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Reprinted from Biooh•.J., '2,4, vii, 1953. 

B,-ynme• of f '6C] lf-Carotate. by J. llwn:a and E. R. Rm,n..\Jllf. 
U""ver,,.ty nf IAvet'f)OOl) \ / 

l.1t<)) ,8 -Ce.rvtenl' 1H requirett for studie11 wit/, experi
mental animala a11d a18t, for thl'l preparatio1, of ["C) 
retizume 1&11d ["CJ vitamin A. Thia commm,ication 
deecrihM prelimin&ry work with detachod tomato 
plant lM.vee. The11e have a relatively high ~-C8,l'O· 
tene content (40--60 µg./g. fresh wt.). The iznmsture 
top lea.vee with low carbohydrate reeen-es were 
Ml.ken from the plant about 8.00-8.30 a..m., dfvided 
into equal groups and floa.wd on distilled we.tor in 
glaae culture-veaaela. The latter were arranged in I\ 

closed system and the col removed by circulating 
the air with a. email bellows pump th.rough alkali 
absorbers. The leaves were then placed in the dark 
for· 24 hr. to use up their remaining carbohydrate 
reserves. 

Analysis of one group at this lltage showed that 
the p-ca.rotene concentration had fallen to 2,5---50 % 
of the original level in different runs. Theu C01 {up 
to 0·3 % gas volume) was admitted to the remaining 
groups and circulated by the pump. The leaves 
were now illuminated by tungsten lamps (intf'nsity 
400 f.c.), and at the end of 24 hr. the P-carotene 
conoont1·e.tion had fallen a further 10 % of . thA 
starting leveL "With oonti.imed ex.J>Ol'Ul't' to light, 
however, for another 48 hr .. the p-carot-011e level 
returned to 80--90 % of it.a initial value. 

That the increue in ,-carotene in these later 
ltege8 was due to synt>-ie de nova and not merely 

t.o 1~ett.tion fro.in /J•ClfU'Otc.ue tipos:iJN w1111 eh, wn 
hy comparillg Uae i,.·>ncentrations of the lattA.\J' with 
thollf' ,,f {J-alM"Otene at Mob at~. Fil'9t, the increMl' 
in P•<'&rotene-epoxide an<l -fur1moid r.oncentrations 
at the vnd of the dark period a.mounted to only 
a smo.11 fraction of the decreue in ,B-carotene. 
Secondly, illumination of the lea.n~s brought the 
,8-carotene-oxidtlil back quickly to their normal 
level in the leave11, wbile ·the ,8-ca.rotono concentra
tion oontinued to fall. Those results suggest that 
once p-carotene-epo.xide or .fure.noid is f?nn8?• !t 
is not directly reduced to p-carotene agam, but ~e 
oxidatively degrl\ded fur ther. New ,B-carotone 1s 
then synthesized from the smo.ller carbon compounds 
of the metabolic pool. This evidence that the syn- · 
thesis of p-carotene follows a different route from 
that of its ca.te.bolism in the plant leaf is in agree
ment with the work of Ba.ndureki ( 1949), who 
observed different temperatw·e coefficients for 
p-carotene synthesis and degradation in bean 
leaves. 

lly depleting detached tomato plant · 1eavos of 
thoir carbop.ydre.te and fJ-carotene in the above 
manner, and allowing new /J-~rotene to bo syn
thesized in the presence of uco,, we have been able 
to obtain [16<;] ,8-caroteue with a specific activity 
( µ.f./m.g. C), approximately ~ th•t of the 
''CO. u.d. Yto Oi.J 
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The Mechanism of the Transformation of ~-Carotene into Vitamin A in vivo. By J. C:t.oVER and 
E. R. REDFEARN. (Department of Biochemu,try, Uni!X!raity of Liverpool) 

Consideration of the formulae of the two molecules - been shown that methyl branchiicf iii.tty -acids are 
.8-carotene and vitamin A, has led many authors t~ oxidized in vivo when the methyl group is in the «
regard the conversion reaction as a hydrolytic but not ,8-poeition to the oarboxyl group (Kuhn & 
fission at the centre.I double bond of p-carotene. Livada, 1933; Carter, Osman, Levine & Gamm, 
Attempts to carry out this unusual reaction chemic- 1939; Weitzel, 1951). The ,8-apo-81 

• and -12'
ally have been unsuccessful and Hunter (1946) then ce.rotenals above have methyl groups in the «
suggested that probably oxidative attack at the position, whereas vita.min A aldehyde is substituted 
central double bond is involved resulting in the in the ,8-position. Hence the latter is not oxidized 
formation of vitamin A aldehyde, which is later Crom the open chain end but is readily reduced by 
~uoed to vitamin A alcohol. aloohol dehydro"enue to vitamin A alcohol. 

,8-Carotene is oxidized with hydrogen peroxide to 
vitamin . A aldehyde (Hunter & Williama, 1945) 
which is obtained in good yield in the presence of , 
a suitable catalyst (Wendler, Rosenblum & 
Tishler, 1960). We have studied this reaction in 1 

more detail and have observed that the initial ' 
attack takes place at a. terminal double bond which 
ia in keeping with physico-chemical theory (Zech
meister, Le Rosen, Schroeder, Polgar & Pauling, 
INS). Si.noe vitamin A aldehyde ia reduced to , 

vitamin A alcohol in vivo (Glover, Goodwin & 
Morton, 1948), the idea. of a reaction involving 
oxidation of the ,8-carotene followed by reduction of 
the vitamin A aldehyde produced, was strengthened. 
Still remaining to be determined, however, is the 
position of initial enzymatic attack. We have 
examined this problem. 

POBSible intermediates -in the stepwise degrada-~ 
tion of ,8-carotene from one end such as ,8-apo-8'-, 
,8-apo-10'- and ,8-apo-12'-ca.rotenala were prepared 
and administered to vita.min A deficient rate, and 
their metabolism studied. All were transformed 
into vitamin A, thereby confirming and extending 
theworkofEuler,Karrer & Solmssen (1938). ltw88 
a.leo noted that the ,B-apo-10'-carotenal undergoes 
,8-oxidation to ,8-apo-12' -ce.rotenol. The reeult11 
indicate that the ca.rotenale are oxidized by a type 
of ,8-oxidation to form vita.min A aldehyde. It haa 

Again, hitherto unidentified eubetanoee related to 
the oarotenoids (Featenatein, 1961), which have 
identical epeotroacopic and chromatographic pro
perties to the ,B-apo-10'- and -12'-carotenals, have 
been obtained from the horse intestine, 

It would seem that provitamins A are first trans
formed into vita.min A aldehyde by stepwise 
oxidation from one end and then reduced to vita.min 
A. Thie mechanism ie also favoured for reasons to 
be diecuaeed. Experiments with [1'C]-labelled .8· 
carotene a.re in progress. 
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The Effect of Va.min A n.Achacy 011 die Acti'- tty of the Liver Succlnoxidaae Syatem ln the Rat. 
By E. R. REDl'URN, (Depomnent of Biochemutry, The Queen', UnitJernty, Btlfaat, N. lrt-larid) 

An investigation iJI being ma.de of the activities of 
oert&in enzymee in the vita.min A-deficient rat in the 
hope that it may help towards explaiping how 
vitamin A act.a in the body. 

We&nling rat.a were grouped in pairs of the 11&me 
litter &nd 88X and were pair-fed on a vitamin A-free 
diet, the control animal of 0&Ch pair receiving in 
addition 2250 i.u. vitamin A per week. When the 
vitamin A-deprived animals were showing the 
usual signs of deficiency (arrested growth and 
xerophthalmia) liver homogenates wore prepared 
for the manometric estimation of endogenous 
respiration and auccinoxid&11e (Potter, 1946) and 
for & apectrophotometric detennination of sucoi
nate-oytochrome c reductaae. Result.a of the mano
metric experirnentAI are exp~ aa µ.I. 0 1/mg. 
N /hr. and thoee of the apectrophotometric method 
u ~ lgg [cytochrome c]/mg. N/min., calculated by 
the method of Cooperatein, Lazarow & Kurfeea 
(1950). The mean valuee ± s.B .H. are given, followed 
by the number of animala in each group. 

It wu found that the liver endogenous respira
tion of the A-deficient B11imal1 (16·2 ± 0·39; 17) wu 
aigni&antly higher (P<0·Ol) than that of the 
oootrol group (12·9 ± 0·89; 1,). Thia result ia in line 
with the reoeot wor~ on the endogenous respiration 
of isolated diaphragm and oxygen uptake of the 
whole rat in vitamin A deficiency (Blaizot & 
Serfaty, 1966; Blaisot & Benac, 1936). 

Although the mean activity of auocinoxidue in 
the A-de6cient group (603 ± 28; 18) wu llightly 

higher than that of the controls (670 ± 34; 16) the 
difference was not atatist.ically significant. 

A marked difference (P<0·OOl), however, W&B 

found in the activities of cytochrome c reduct&Be; 
the mean value of the A-deficient group (1·09 ± 0·02; 
12) wu only 69 % of that of animals receiving 
vitamin A (1·85 ± 0· 17; 9). 

Recent report8 (N aeon & Lohman, 19155; Martha, 
196f) suggest that other fat-soluble vitamin& (E and 
K) are implice.tod in oxidative enzyme proceseee. 
It is posaible that vitamin A (and other fat-soluble 
vitamins) may be ooncemed with preeerving the 
structural integrity of enzyme systems. In this 
connexion it ie interesting to note that Sheldon & 
Zetterqvist (1956) have obeerved an altered mor• 
phology of mitochondria from vitamin A-deficient 
mice. 
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The Synthesis of a C16 Homoloiue of Vitamin A and tta Metaboll■m in the Rat. By E. R. HBoru.&K. 
(Department of Bwclatimuu-y, 'l'M Quun'a Unwerauy, Belfa.tt, N. Ireland) 

A C.•vit&min A homologue, 3:7:11-trimetbyl-
13-(2:6:6-trimethyl- cyclohex-l-en-1,yl) -trideoa-. 
2:,:6:8:10:12•hexaen-l-ol, Wll8 ayntheaized by the 
method deeoribed by Robeeon ~ al. (1966) for the 
synthesia of vitamin A, but instead of using /3· 
ionylideneacetaldehyde aa the atarting material, 
vitamin A aldehyde wu u■ed. The product waa 
obtained pure, free from oontamination with vita
min A. In this C11.a,1oohol, the polyene chain of 
vitamin A baa been extended by five carbon atoms, 
and it poeeeeaea a methyl group in the /3-poeition 
with respect to the alcohol group, a terminal 
grouping simila.r to that of vitamin A. 

When daily doee11 of I 00 µg. of the c • .a,lcohol bad 
been administered to vitamin A-deficient ra.ts over 
perioda of 1-2 week.a, it WM found that the livel'II 
contained vitamin A together with some of the c •. 
&loohol unohangoo. The liver vitamin A wu . 
equivalent to 2-6 % of the total doee of C.-aloohol 
fed. It bu already been ■hown (Redfeam, 19M) 
that an an&logoua IIU~oe, /J•&po-12'-ca.roten&l, 
which ~ a methyl group in the 11-poeition 
with reapeci to the terminal group, giv• a 3---' % 
oonversion to vitamin A when administered at the 
Mme doee level. It appean therefore, tha.t the 
JI-methyl group in the C11-aloohol doee not inhibit 
oxidation to vitamin A any more than a methyl 
gt"Oup in the at•poeition. 

In the hypothesis put forward by Glover & Red
fearn (19M) to explain the oonvet'Bion o( JJ-oa.rotene 
into vitamin A, it wa.s suggested that the progressive 
oxidation o( /3-ca.rotene from one end of the molecule 
wu terminated when vitamin A was formed, ainoe 
thia has a terminal /3-methyl group. It eeema how
ever, that thia type of group in higher homologuee 
of vitamin A does not inhibit further oxidation. 

When the Ca -acid was fed in I 00 ,,_g.-1 mg. daily 
doees, the amount of vitamin A stored in the liV81'8 
aft.er J. 2 weeks wu only O· 1- 0- 3 % of the total doee 
administered ; Fazakerley & Glover ( 195 7) reported 
that the Cl-methylated C.-aoid, /3•1\po• 12' -oaroteuoio 
acid, gave a 7- 21 % oonven,ion to vitamin A. Thua 
although the /3-methyl group in the C.-aoid doea 
not inhibit oompletely oxidation to vitamin A, the 
peroentage convel'llion ia much leu than that for the 
corresponding alcohol and the et-methylated aoid. 
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EXPERI EN TIA 
l3 IR Kll ;\ u s E R V E RLAG, B AS E L, S CHWE IZ 

Vo l. X III / 5, 1957 - pag. 18 9 

Observations on the Alleged Occurrence 
of Vitamin A in Baker's Yeast 

The cla im b y ERNSTER , ZETTERST ROM, a nd L TNDBEHG 1 

t hat vitamin A occurs in respiring ba ker's yeas t h as 
recentl y been refuted 2. 'vVe had a lso repeat ed the experi 
ment o f E RNSTER et al . a nd had been unable to dem on
strate t he p resence of vi tamin A. T he results ob tained 
were simila r to those of H EATON, L owE, a nd MoRTON 2• 

The aqueous extract of the yeast showed a maximum 
a bsorption a t a waveleng th o f 260 m1i but no m ax imum 
in the 32 0- 330 m p reg ion was fo und . T he lip id extract 
(in et her) showed ma xima a t 23 1, 258, 2 70, a nd 282 111ft 

with inflex ions a t 295 a nd 32 5 mp. T hus the predomina nt 
chromogenic materia l in t he lipid ex t rac t a pp ea rs to b e 
ergosterol as a lread y s ugges ted 2 • N ega tive res ults fo r 
vitamin A. were obta ined wh en the SbC13 colour r eaction 
was used. W e fo und however , t hat on test ing th e lipid 
extrac t with SbC13 a red colour (),max 565 m p) was ob
tained immed ia t ely on mi xing; t he co lour then cha nged 
slowly to g ive a stabl e g reenish-blue with a m ax imum 
a t 700 mp. T his blue colour could n ot be du e to caro t en
oids as there was no a bsorption in the v isib le range in 
the orig ina l so lution . It seems likely tha t this result 
could expla in t he observa tion3 o [ E RNSTE R et al .1 who 
based their detection a nd estima tion o ( vita min A on a 
blue colour which, it now see n13, was no t clue to vita
min A. 

E. R . R EDFEARN 

Department of Biochemistr y , The Q1teen 's Uni versity , 
Belfast (N. Ireland ), J anuary 17, 1957. 

1 L. E R NST E R, R. Z ETTERST ROM, and 0 . L I NDBERG, Exp. Cell. Res. 
1, ,194 (1 950). 

2 F . W. H E ATON, J. S . Low E , and R. A. M ORTO N, J. c h e m . Soc . 

1956, 4094. 
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Resume 

Traite au SbCl3 , l'extrait de lipide de lev ure de 
boulangerie prend en aerobiose une cou leur bleue. Ce 
resu ltat n'es t p as df1 a !'act ion de la vitamine A ou des 
caroteno"ides. 

2 
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It is well known that vitamin A deficiency in the rat produces metaplastic changes 
in the epithelia of various organs and tissues (Wolbach, 1954). This metaplasia is 
characterized by a regression of cpithelia of the columnar or ciliated types to a 
stratified keratinizing epithelium; epithelia which are normally stratified become 
hyperkeratinized. Thus it appears that vitamin A is concerned in the maintenance of. 
normal epithelial tissue. The role of vitamin A in this process is not known, but it is 
possible that a knowledge of the mechanism of the keratinization that occurs in the 
deficient animal may lead towards an understanding of the biochemical action of 
the vitamin. 

It has been postulated (Giraud & 'Leblond, 1951; Rothman, 1954) that keratin 
formation involves oxidation of cysteine sulphydryl groups in adjacent polypeptide 
chains to produce disulphide linkages. In an attempt to obtain further knowledge 
of the mechanism of the keratinization process, a study has been made by histo
chemical means of the distribution of sulphydryl (-SH) and disulphide (- SS- ) 
groups in certain tissues undergoing hypcrkeratinization and keratinizing meta
plasia in the vitamin A-deficient rat. 

MATERIALS AND METHODS 

Weanling rats (aged 21 days) of an inbred strain were grouped into pairs of the same 
litter and sex and were pair-fed on a vitamin A-free diet of the following composition: 
rice starch, 65 %; casein (Genatosan, low vitamin content), 18 %; Marmite, -8 %; 
arachis oil, 5 %; salt mixture (Osborne & Mendel, 1913), 4 %- The control animal of 
each pair received in addition 2250 i.u. vitamin A acetate per week. After 4-5 weeks 
the animals receiving th~ diet devoid of vitamin A were showing the usual signs of 
deficiency, viz. arrested growth and xerophthalmia. 

The animals were killed by stunning, followed by bleeding, at various times after · 
the onset of the avitaminotic state. The corresponding control animals were killed· 
on the same day. Tissues were removed immediately and fixed for 24 hr. in a 1 % 
(w/v) solution of trichloroacetic acid in 80 % ethanol. The tissues were then . dehy
drated, embedded in paraffin and sectioned at Bµ. For the demonstration ofprotein
bound -SH and -SS- groups, the histochemical procedures described by Barrnett 
& Seligman (1952, 1954) were followed. The method depends on the reaction of the 
- SH group with 2: 2' -dihydroxy-6: 6' -dinaphthyl disulphide to form a colourless 

· substance which is then converted into an intensely coloured azo dye by coupling 
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with tetrazotizcd o-dianisidine. A red colour (monocoupling) is taken to indicate a 
sparse, widely separa ted distribution of - SH groups, whereas a blue colour 
(dicoupling) innicates a higher concentration of - SH groups. The distribution of 
- SS- groups was determined by blocking the - SH groups with iodoacetic acid 
and then splitting the - SS- linkages with potas ium cyanide to form - SH groups. 
The section was then treated with the staining reagents. Since the blocking of the 
- SH groups was not a lways complete (cf. Goldblum, Piper & Campbell , 1954), it 
was necessary to prepare a so-called - SH-negati, e section which was stained after 
it had been treated with the blocking agent. Thi. section was then compared with 
the cyanide-treated - SS- section in order to determine the true distribution of 
-SS- groups. 

Sections were also sta ined by the standard haemotoxylin-eosin method. 

RES U LT S 

General observations 

The external signs of vita min A deficiency such as loss of body weight and xero
phthalmia appeared in all a nimals which had received the vitamin A-free diet. The 
animals usually reached a weight plateau after approximately 30 days on the diet; 
5- 6 days later xerophthalmia appeared and the animals had then begun to show a 
weight decline. 

An interesting feature of the defi cient animals was the frequent occurrence of 
grossly distended stomachs. These were fill ed with fluid and undiges ted food material 
and the blockage appeared to be in t he region of the pyloric sphincter. The occurrence 
of distended stomachs in v itamin A-deficient rats has been noted previously by 
Mayer & Kreh[ (1948) and H eaton, Lowe & l\lorton (1955). 

Effect of deficiency on epithelial tissues ancl organs 
Tissues and organs of eleven vitamin A-defi cient rats were examined and compared 

with those of the pair-fed controls. The tissues and organs which were selected for 
detailed examination were as follows: oesophagus, forestomach, cornea, vagina, 
skin, bladder, trachea and salivary gla nds. It was found that in · a ll the regions 
normally lined by stratified squamous epithelium, except skin, a hyperkeratinization 
occurred in the deficient animals . In the case of the bladder, trachea and salivary 
glands, metaplastic changes were found only in animals· which had been kept for a 
longer period in the deficient sta te (11- 14 days from the onset of xerophthalmia). 
Thus it appears that hyperkera tinization preceded the metaplastic changes. 

The epithelial changes found corresponded in general to those described by other 
· workers (reviewed by Wolbach, 1954), and can be summarized briefly as follows: 
In the oesophagus and forestomach there was a thinning of the basal layers of the 
epithelium and an increase in number and a loosening of the layers of the stratum 
corneum. R esults were similar to those obtained by Plane), Sardou & Guilhem 
(1955). In the cornea the number of layers in the stratified squamous epithelium 
was increased with an accompanying keratinization of the superficial layer to produce 
a well-marked stratum corneum. In the vagin a there was a non-cyclical cornifica• 
tion of the epithelium. The skin of the ventral a bdominal wall was not markedly 
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affected, but the total thickness was decreased owing to a loss of fat (Ramalinga
swami & Si nclair, 1953). It is noted that Loewentha l {1956) also did not find 
hyperkeratin ization of the skin of the vitam in A-deficient mouse. In t he bladder there 1 

was keratinization of t he transitional epithelium and in the trachea ne ts of flattened 
cells were found among the columnar ce lls. The ducts of the salivary glands showed 
a dilatation with a keratinization of the epithelium; inflammatory cells were seen in 
the lumen. ' 

Distribution of sulphydryl and disulp hide groups 

Cornea. The normal cornea is lined by a non-keratinized stratified squamous 
epithelium and the - SH groups were found evenly distributed throughout the 
layers of the epithelium (Pl. 1, fig. l). - SS- groups were not present, since the 
reaction for - SS- was the same as t hat for an - SH-blocked section treated for 
- SH alone (Pl. 1, figs. 2, 3). 

In the vitamin A-deficient an imals in which marked corn ification was found, 
- SH groups were found throughout the epithelium, with a high concentration in 
the intra-epithelial zone, which appears to correspond to the stratum lucid um and the 
lower layers of the stratum corneum (Pl. l, fig. 4). - SS- groups were absent from 
the l\'lalpighian layers but were found in fair quantity in the stratum corneum 
(Pl. 1, fig. 5). They we1·e not usually particularly concentrated in the intra-epithelial 
zone. 

Bladder. The transitional epithelium of the normal bladder showed a distribution 
of - SH groups (Pl. 1, fig. 6) similar to that of the normal corneal epithelium; 
i.e. they occurred evenly distributed throughout the layers. As in the cornea, no 
- SS- groups were demonstrated (Pl. 1, fig. 7). 

In the bladder of one deficient animal different degrees of metaplasia were found. 
In parts, the epithelium was transitional in character but with an increase in the 
number of layers . · Some of the outermost cells in this region were flattened and 
showed an acidophil cytoplasm. No - SS- groups were found but - SH groups 
occurred throughout the epit helium. In other parts there was a highly cornified 
epithelium with a very thick stratum corneum. - SH groups were present through
out the epithelium with a high concentration in the intra-epithelial zone (Pl. l, 
fig. 8). - SS- groups were found throughout the stratum corneum and the intra
epithelial zone; in some regions of the latter, a n apparent high concentration of 
- SS- groups was observed, but this was due to incomplete blocking of the - SH 
groups (Pl. 1, fig. 9). 

Oesophagus and forestomach. Both the normal and v itamin A-deficient animals 
showed a similar pattern of distribution of -SH and -SS- groups in these areas. 
- SH groups were found throughout the epithelium with a high concentration in the 
intra-ep ithelial zone, whereas - SS- groups were absent from the Malpighian 
layers but present in the rest of the epithelium (Pl. 2, figs. 10- 17). In the fore
stomach, and occasionally in the oesophagus, the - SH in the intra-epithelial zone 
was resistant to the blocking agent and often a well-marked reaction was found both 
in the - SH-blocked and - SS- sections (Pl. 2, fig. 17). 

Vagi'.na. The distribution of - SH and - SS- groups in the vaginal epithelium of 
the vitamin-A deficient rat was similar to that found in other keratinized epithelia 



394 E. R. Redf earn and D. H.. Strangeways 
(Pl. 2, fi gs . 18, rn). The pattern of - SH-group distribution was similar to that 
described by K ahn ( 1954) for the vaginal epithelium of the cas trate ra t treated with 
oestrogen and by Asscher & Turner (1955) for the oestrous vagina of the mouse ; the 
latter authors also found an intense - SH-group reac tion in the region of the stratum 
gra nulosum. It should be noted that in vaginal sections trea ted for - SS- , the 
blockage of - SH groups was always complete. 

Thus, with normal animals, it is seen t hat in t he regions examined the dis tribution 
of - SH groups in stratified squamous epithelia was found to be similar to that 
described by Barrnett (1953). -SH groups were distributed throughout the 
stratum granulosum and the stratum corneum. The presence of a marked band of 
intense reaction in the deeper layers of t he stratum corneum in certain tissues 
(oesophagus and skin) was also confirmed. - SS- groups were absent from the 
nucleated layers of the epithelia but they were present in the stratum corneum. 

In the v ita min A-defi cient a nimals in t he regions which are normally lined by a 
stratified squamous epithelium, the distribution of the -SH and - SS- groups was 
similar to that in the normal animals, but the width of the band of high - SH-group 
reactivity in the intra-epithelial zone was often reduced. Iri the areas undergoing 
keratinizing meta plasia the distribution of both groups conformed to the pattern 
found in the hyperkeratinized epithelia. 

DI SCU SSION 

The widely accepted concept that keratinization in epithelial tissues involves a 
complete oxidation of - SH to - SS- above the Malpighian layer (Giroud & 
Leblond, 1951) is not substantiated by the results of the present investigation. In 
addition to - SS- groups, - SH groups were found in a ppreciable concentrations 
in the cornified layers of stra tified squamous epithelia of normal animals and of 
epithelia undergoing hyperkeratinization and kera tinizing metaplasia in vitamin 
A-deficient animals. Thus these results have confirmed and extended the work of 
Barrnett (1953) and Eisen, Montagna & Chase (1953), who found that - SH groups 
were present in the stratum corneum of normal epithelial tissue. H owever, it was 
confirmed that in the formation of hair keratin there is a complete oxidation of 
- SH to - SS- , since there was a complete absence of -SH in the fully formed hair 
cortex but an .intense reaction for -SS- (cf. Barrnett, 1953; Eisen et al. 1953). 

The occurrence of a deeply staining - SH layer in the region of the stratum 
lucidum and the deeper layers of the stratum corn eum is interes ting, and it is possible 
that it may be analogous to the kera togenous zone of the hair shaft as suggested by 
Eisen et al. (1953). I s this region of high concentration of - SH groups due to a close 
packing of the prekeratinized cells or to an active accumulation of - SH containing 
protein? In studies on keratin formation in normal tissues using 35S-Jabelled 
cystine, Bern, H arkness & Bla ir (1955) found that radioactivity was greatest in the 
region immediately below the keratin layer in the keratinized epithelium of the 
vagina, tongue, foot-pad, oesophagus and forestomach; this region of high 35S con
centration appears to correspond to the region of high - SH concentration as 
revealed histochemically . These aut hors considered the possibility that this higher 
radioactivity could be due to a fl a ttening of the cells and decrease in their volume 
prior to keratinization. However, the activity is present within a short time after 
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the administration of radioactive cystine suggesting that it need not be ascribed to 
the 35S content of the cells which have proliferated from the basal layer. It was 
concluded therefore that keratinization is an active synthetic process as indicated 
by Biggers (1953). 

The present results have thus added to a growing amount of evidence which makes 
it necessary to review the concepts of keratinization in epithelial tissues. Van Scott 
& Flesch (1954) have advanced a new hypothesis based on chemical analyses of 
- SH and - SS- concentrations in human skin. They found practically identical 
concentrations of - SS- in the Malpighian layer and the stratum corneum with 
little evidence for a conversion of - SH into -SS-, and suggested that an - SS
containing substance already formed in the Malpighian layer gives rise directly to 
the keratinous substance of the horny layer. However, in the present investigation, 
the presence of-SS- groups in the Malpighian layer was not confirmed; they were 
found only in the stratum corneum. It seems likely, therefore, that although there 
is a conversion of - SH into - SS- groups above the l\falpighian layer, the conver
sion is an incomplete one, and substantial quantities of - SH groups remain in the 
keratin layer. 

Because ·of the difficulty of interpreting the results quantitatively it was not 
possible to determine whether the relative concentrations of -SH and - SS
groups were affected in the hyperkeratinized epithelia of the vitamin A-deficient 
animals. The pattern of the distribution of the two groups in these epithelia was 
similar to that of the normal keratinized epithelia. It was found, however, that the 
width of the band of high - SH-group concentration in the intra-epithelial zone was 
reduced in the hyperkeratinized tissues. A similar result was noted by Bern, Elias, 
Pickett, Powers & Harkness (1955), who found that the -SH-group reaction in 
this zone was intensified in rat skin after the external application of vitamin A. 
It is possible that this effect could be due to the accelerated rate of conversion of 
- SH into -SS- groups which probably occurs in hyperkeratinization. On the 
other hand, it could also be explained as an apparent difference owing to the loosen
ing of the layers of the stratum corneum in the more highly keratinized epithelia. 

SUMMARY 

l. A comparison has been made of the histochemical distribution of protein
bound sulphydryl (- SH) and disulphide (- SS-) groups in the epithelia of various 
regions in young normal and vitamin A-deficient rats. 

2. - SH groups, but not - SS- groups, were found in normal non-keratinized 
epithelia. In keratinized epithelia in normal animals and epithelia undergoing 
hyperkeratinization and keratinizing metaplasia in vitamin A-deficient animals, 
-SH groups were distributed throughout all the layers, but -SS- groups were 
present only in the keratin layers. 

8. A constant finding in keratinized epithelia was a high concentration of - SH 
groups in the region corresponding to the stratum lucidum and the lower layers of 
the stratum corneum. 

4. The results do not substantiate the concept that epithelial keratinization 
involves a complete oxidation of - SH to -SS- groups immediately above the 
Malpighian layer. 
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EXPLANATION OF PLATES 

All sections were stained by the Barrnett & Seligman method for protein-bound sulphydryl or 
disulphide groups. x 180. Ilford green filter (4850-6000A.). 

PLATE l 

Fig. 1. Corneal epithelium of normal rat stained for - SH groups. Note that they are distributed 
throughout the epithelium. 

Fig. 2. Corneal epithelium of the same rat treated for - SS- groups. Compare with fig. 3. 
Fig. 3. Corneal epithelium of the same rat stained for - SH after blocking of the -SH groups. 

Note that the blocking of the - SH groups is incomplete and that the intensity of stain is the 
same as in the slide treated for - SS- groups (fig. 2). 
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Fig. 4. Corneal epithelium of a vitamin A-deficient rat stained for - SH. Note the distribution 

of the - SH groups throughout the keratinized epithelium. 
Fig. 5. Corneal epithelium of the same vitamin A-deficient rat treated for - SS- groups ; they arc 

found in the stratum com cum but are ab cnt from the J\Jalpighian layers. 
Fig. 6. Bladder epithelium of normal rat showing - SH groups distributed throughout the 

epithelium. 
Fig. 7. Bladder epithelium of the same rat treated for S- groups. No - SS- groups arc 

present as the same intensity of staining was shown in the - SH-blocked slide stained for - SH. 
Fig. 8 . Illadder epithelium of a v itam in A-deficient rat. - SH groups stained. Note the mcta

plasia of the epithelium and the occurrence of the - SH groups throughout the layers. 
Fig. O. Illadder epithelium of the same vitamin A-deficient rat treated for - SS- groups. They 

are confined to the stratum corneum. Note regions of an apparent high concentration of 
- SS- groups owing to incomplete blocking of - SH groups. 

PLATE 2 

Fig. 10. Epithelium of oesophagus of normal rats showing -SH groups throughout the epithelium 
with a concentration in the intra-epithelia l zone. 

Fig. 11. Epithelium of oesophagus of the same rat treated for - SS- groups. They a re found in the 
stratum corneum only, as the apparent staining in the l\Ialphighian layers was found in the 
- SH-blocked slide. 

Fig. 12. Epithelium of oesophagus of a vitamin A-defi cient rat stained for - SH. The - SH groups 
arc present throughout the epithelium. Note the decrease in the number of layers in the 
Malpighian layer. 

Fig. 13. Epithelium of the same vitamin A-deficient rat showing the presence of - SS- groups 
in the stratum corneum only. 

Fig. 14. Epithelium of the forestomach of a normal rat stained for - SI-I groups. They are distri
buted throughout the layers with a concentration in the intra-epithelia l zone. 

Fig. 15. Epithelium of the forcstomach of the same rat showing - SS- groups con fined to the 
stratum corneum. 

Fig. Hi. Epithelium of the forestomach of a vitamin A-deficient rat stained for - SH. - SH groups 
are prc!cnt throughout the layers with a concentration in the intra-epithelia l zone. Note the 
thinning of the Malpighian layer. 

Fig. 17. Epithelium of the forestomach of the same vitamin A-deficient rat treated for - SS
groups. The groups arc present in the stratum corneum and the apparent concentration in the 
intra-epithelial zone is due to incomplete blocking of the -SH groups before staining for 
- SS-. 

Fig. 18. Vaginal epithelium of a vitamin A-deficient rat stained for - SH. The - SH groups are 
distributed throughout the epithelium. 

Fig. 10. Vaginal epithelium of the same vitamin A-deficient rat treated tor - SS- . Note that the 
- SS- groups are confined to the stratum corneum. 
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Distribution of protein-bound sulphydryl and disulphide groups 397 
Fig. 4. Corneal epithelium of a vitamin A-deficient rat stained for - SH. Note the distribution 

of the - SH groups throughout the kcratinizecl epithelium. 
Fig. 5. Corneal epithelium or the same vitamin A-deficient rat treated for - SS- groups; they arc 

found in the stratum corncum but arc absent from the Malpighian layers. 
Fig. 6. Bladder epithelium of normal rat showing - SH groups distributed throughout the 

epithelium. 
Fig. 7. Bladder epithelium of the same rat treated for - SS- groups. No - SS- groups arc 

present as the same in tensity of staining was shown in the - SH-blocked slide stained for - SH. 
Fig. 8. Dladdcr epithelium of a vitamin A-deficient rat. - SH groups stained. Note the mcta

plasia of the epithelium and the occurrence of the - SH groups throughout the layers. 
l?ig. !). ntaddcr epithelium or the . ame vitamin A-deficient rat treated for - SS- groups. They 

a re confined to the stratum corneum. Note regions of an apparent high concentration of 
- SS- groups owing to incomplete blocking of - SH groups. 

PLATE 2 

Fig. 10. Epithelium of oesophagus of normal rats showing-SH groups throughout the epithelium 
with a concentration in the intra-epithelial zone. 

Fig. 11. Epithelium of oesophagus of the same rat treated for - SS- groups. They are found in the 
stratum corncum only, as the apparent staining in the l\Ialphighian layers was found in the 
- SI-I-blocked slide. 

Fig. 12. Epithelium of oesophagus of a vitamin A-deficient rat stained for -SH. The - SH groups 
are present throughout the epithelium. Note the decrease in the number of layers in the 
Malpighian layer. 

Fig. 13. Epithelium of the same vitamin A-deficient rat showing the presence of - SS- groups 
in the stratum corneum only. 

Fig. 1'~. Epithelium of the forcstomach of a normal rat stained for - SH groups. They are distri
buted throughout the laye rs with a concentration in the intra-epithelial zone. 

Fig. 15. Epithelium of the forestomach of the same rat showing - SS- groups connnecl to the 
stratum corneum. 

Fig. 16. Epithelium of the forestomach of a vitamin A-dcllcient rat stained for - SH. - SH groups 
are prc!cnt throughout the layers with a concentration in the intra-epithelial zone. Note the 
thinning of the Malpighian layer. 

Fig. 17. Epithelium of the forestomach of the same vitamin A-deficient rat treated for - SS
groups. The groups a re present in the stratum corncum and the apparent concentra tion in the 
intra-epithelial zone is due to incomplete blocking of the - SH groups before staining for 
- SS- . 

Fig. 18. Vaginal epithelium of a vitamin A-dellcient rat stained for -SH. The -SH groups arc 
distributed throughout the epithelium. 

Fig. 10. Vaginal epithelium of the sam e vitamin A-deficient rat treated for -SS- . Note that the 
- SS- groups arc confined to the stratum corneum. 
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UBIQUINONE, AN ACTIVE COMPONENT OF 
THE RESPIRATORY CHAIN 

By Alison M . Pumphrey, E. R. Redfearn and 
R. A. Morton 

Department of Biochemistry, U11iversity of Liverpool 

The nature and properties of ubiquinone have been 
described recently.1• 2 The widespread distribution of 
ubiquinone and its property of reversible oxidation
reduction suggests that it is a substance of biochemical 
signi ficance. A substance which appears to be 
identical with ubiquinone, named Q275 or mito
quinone, has been shown to function in succinate 
oxidation.3 

A study of the possible function of ubiquinone in 
oxidative processes has been made using a pig heart
muscle preparation made following Morrison et a/.4 
Repeated extraction of this particulate enzyme system 
with isooctane or light petroleum led to a progressive 
loss of succinate- and DPNH-cytochrome c reductase 
activities as measured by the reduction of ferricyto
chrome c. Spectrophotometric examination of the 
isooctane extracts showed fairly well-defined selective 
absorption with a maximum at 272 mµ . By chroma
tographic separation and the application of chemical 
tests (sodium borohydride reduction and the action of 
sodium etboxide measured by its effect on the 
ultraviolet absorption in ethanol! ) it was shown that 
the substance mainly responsible for selective absorp
tion at 272 mµ was ubiquinone. 

The total lipid of the enzyme preparation was 
extracted and the concentration of ubiquinone 
determined spectrophotometrically after chromato
graphy was found to be about 2 µM per gram fat-free 
dry weight. 

Attempts were made to reactivate the extracted 
enzyme by adding ubiquinone as a suspension in 
0·2 % bovine serum albumin. In some experiments a 
reactivation was obtained but the results were not 
consistent. Different- workers have found that a 
number of substances, such as d-0t-tocopbero1,s ,6 
vitamin K 1,6 a long chain keto ester7 and compounds 
with long isoprenoid side-chains,s can reactivate the 
cytochrome c reductase of extracted enzyme prepara
tions. In the present experiments it was shown that 
isooctane itself has an inhibitory effect on the enzyme 
act_ivities. It is possible therefore, that the mechanism 
of reactivation by these substances is mainly a non
specific physical reversal of isooctane inhibition as 
already suggested.6 

More rigorous proof that ubiquinone has a func
tional role in the cytochrome c reductase systems was 
obtained by demonstrating the reduction of the 
endogenous ubiquinone of the enzyme preparation. 
The preparation was incubated with succinate or 
DPNH and then extracted with isooctane containing 
2% n-butanol. A comparison of the absorption 

spectrum of this extract with that of an untreated 
control showed that the intensity of absorption had 
decreased, that the maximum bad shifted from 
272 mµ to 275- 280 mµ , and an inflexion had appeared 
at 290 mµ. The difference spectrum of the two 
curves revealed the disappearance of selective absorp
tion at 272 . mµ with the appearance of a new peak 
at 295 mµ. (See Fig.). These spectral changes 
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Absorption spectra of isoocta11e-11-butanol (98 vol./2 vol.) ex tracts 
of enzyme preparati011 before and after incubation with succinate. 
Curve I, extract from untreated control; curve _2, extract from 
enzyme preparation after i11cubatio11 with succmate; curve 3, 
difference spectrum obtained 011 subtraction of curve 2 from 

cun•e I 

correspond to those obtained on chemical reduction 
of ubiquinone. Thus reduction of the enzyme ~ystem 
with succinate or DPNH results in the reduction of 
endogenous ubiquinone. This is strong evidence _that 
ubiquinone, in virtue of its redox property, 1s a 
component of the respiratory chain, and supports 
other recent work.9 
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An Active Lipid CompoGent of a Heart-Muscle Preparation. By .ALisoN M. PUMPHREY, 
E. R. REDFEARN and R. A. MoBTON. (Department of BiochemiarJI, Univ,;rauy of JAverpool 3) 

A pig heart-muscle preparation waa obtained More rigorous proof that ubiquinone is ~ activo 
~ntially according to the method of Morrison, participant of the •yetem was obtained by incu-
Cnt.wford & Stotz (1956) . Repeated extraction of bating the enzyme preparation, in the presence of 
the preparation with organic solvents, such 88 cyanide, with euccinate or DPNH. The preparation 
wooctane or light petroleum, led to a progressive was then extracted with iaoootane containing 2 % 
loss · of auccinate- and DPNH-cytochrome c n-bute.nol and tho extra.ct examined apectrophoto-
reductase activities. Spectrophotometric exami- metrically. It wu found that the absorption 
nation of the extracts showed fairly sharp selective maximwn after incubation had shifted from 272 mp. 
abeorption with a maximum at 272 m,i. Chromato- to 27 5--280 mp. and that the intensity of abeorption 
graphic and chemical tests indicated that the sub- ' had decreased. Subtraction from this absorption of 
stance mainly responsible for this absorption wae tl1e corresponding curve of an untreated con~rol 
ubiquinone (Morton, Wilson, Lowe & Leat, 1957, revealed the disappearance of selective abeorpt1on 
1958). See also Crane, Hatefi, Lester & Widmer at 272 m,-. and the appearance of a new pee.k at 
(1967) and Hatefi, Lester & Ramasanna (1958), 21U~ mf', Theae apectral change& oorreapood t.o 

who use t\le name mitoquinone. 
In order to test the poBBibility that ubiquinone 

may function as an active member of the electron
tre.naport •yatem the pure trubstance WM added to 

enzyme preparations which bad been extracted 
with organic eolvents. In some experiments 
ubiquinone was able to restore the activities of 
succinate- and DPNH-cytochrome c reductase but 
consistent results were not obtained. 

those obtained on chemical reduction of ubiquinone. 
Thua reduction of the enzyme ayatem with euooin
ate or DPNH Nli!ults in reduction of endogenous 
ubiquinone. This ia strong evidence that ubiquinone 

, is a member of the electron-truuiport system and 
supports the recent report of Hawfi et al. (1958) . 
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The reactivation of the succinate-cytochrome c reductase of 
a heart-muscle preparation extracted with isooctane 

Recent studies1 ---5 have shown that a number of substances, such as d-a-tocopherol, vitamin K 1, 

a long-chain keto ester and ubiquinone, are able to reactivate the DPNH- and succina te-cytochrome 
c reductases of muscle preparations which have been extracted with isooctane. DEUL et. al.2 have 
questioned whether the reactivation process can be explained on the basis of removal and 
restoration of a specific component of the respira tory chain or as a physical reversal of an inhibition 
caused by the isooctane. We have obtained evidence that the la tter is the more likely explanation. 

A pig heart-muscle preparation was obtai ned essentially according to the method of MORRISON 
et al.6 • Succinate-cytochrome c reductase activity was measured spectrophotometrically by the 
rate of reduction of ferricytochrome c. After storing the enzyme at-r 5° for 2 weeks, one extraction 
with isooctane, by the method of NASON AND LEHM AN 1 , resulted in an 83 % reduction in activity. 
It was found that the activity could be restored to 108 % of its original value by the addition of 
the non-ionic, surface-active agent, Tween 80 (final concn., r.33 mg/ml), t o the reaction mixture 
(Fig. 1). Tween 80 had little effect on the unextracted enzyme. 

The reactivating effect of Tween 80 was also t ested with portions of the enzyme preparation 
which had been subjected to more extensive extraction . The results are shown in F ig. 2 where the 
relative activity is plott ed against t he logarithm of the number of extractions; the latter can be 
taken to be roughly proportional t o the amount of lipid extracted. For comparison, the effects of 
d-a-tocopherol and ubiquinone additions as suspensions in 0. 2 % bovine serum albumin are also 

· shown. It can be seen that the reactivating effect of Tween 80 becomes progressively less with 
increasing number of extract ions and the relative activity falls to 42 % after IO extractions. 

0 .3 
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Fig. I. Effect of one extraction with isooctane 
on succinate-cytochrome c reductase activity of 
heart-muscle p reparation and effect of addition 
of Tween 80 (1.33 mg/ml).Succinate-cytochrome 
c reductase measured spectrophotometrically 
at 550 mµ with the following reaction mixture; 
phosphate, pH 7.4, 0 .067 M; succinate, 0 .02 M; 
cytochrome c, 2.6•10---5 M; KCN, 0.004 M; 
heart-muscle preparation, 0 .087 mg dry weight/ 
ml. Curve 1 , unextracted enzyme; curve 2, 

unext racted enzyme + Tween 80; curve 3, ex
tracted enzyme; curve 4, extracted enzyme + 

Tween 80 . 
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Fig: 2. Relation between logarithm of number 
of isooctane extractions of heart-muscle prepa
ration and reactivating effect of Tween 80, ubi
quinone and d-a-tocopherol on the succinate
cytochrome c reductase. Additions to reaction 
mixture (as in Fig. 1) were: Tween 80, 1.33 
mg/ml; ubiquinone, 3 .7 · 10---5 M; d-a-toco
pherol, 3.7• ·10---5 M . Relative activity is equal 
to the activity (LIE6somµ/min) as a percentage 
of the activity of the unextracted enzyme in 
the presence of the appropriate addition. 
- • - • - . no addition; - 0 - 0 -, Tween 80 
addition; -t:.-t:.-, ubiquinone addition; 

- □-□-, d-a-tocopherol addition . 
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The results for d-a-tocopherol and ubiquinone were similar but in the concentrations used 
(3.7· 10--Ji M) neither was as effective as Tween 80 . 

Thus it seems that isooctane deactivates the particulate enzyme system in two ways: (r} by 
removal of lipid essential for activity, and (2) by adsorption of the isooctane on the surface of the 
enzyme. Tween 80 has no effect on the first process but it can reverse the second by dispersal of the 
adsorbed isooctane. The results also suggest that d-a-tocopherol and ubiquinone in a lbumin 
suspension reactivate the system by a similar mechanism. Thus although it has been shown5 , 7 

that ubiquinone is probably a functional member of the respiratory chain, the reactivation by 
ubiquinone in albumin suspension is not due to replacement of extracted endogenous ubiquinone. 

Recently WEBER et al.8 have shown that other substances which can reactivate an isooctane
extracted enzyme preparation include dl-a-t0copheryl acetate, diacetyl-dihydro-ubiquinone, 
diacetyl-dihydro-vitamin K 1 and phytol. Thus the principal criterion for reactivation appears 
to be the possession of a long isoprenoid chain. It seems that these results can best be explained 
by the mechanism of reactivation suggested. 

DQpartn_ient o/ Biochemistry, University of Liverpool, 
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The Rate of Reduction of the Endo~enous Ubiqulnone in a Heart-Muscle Preparation. By 
ALISON M. PuKPBREY and E. R. REDl'l':ARN. (Departmuit of Bioc.lter,•iatry, 'l'M Unit1er.ity, 
r.,,:v«poo1, 3) 

Previoua work bu ahown that ubiquinonu ie likely 
to bo an o.ctin component of tho rtl8pirlltory chain 
(Cr-ane, Hatefi, Lester & \Vidmer, 1957; Pumphrey, 
Redfearn &, Morton, 1968a, b). In orrler to locate 
it8 eite of action in the ~piratory enzyme syewm 
the ratea of l'f'duction of endo~onou11 ubiquinon" by 
11uccinate ancl DPNH have boon measured an<l the 
effect.a of varioua inhibitors on the reactiOl'III 
■tudied. 

The enzyme preparation wu obtained from pig 
heart by a modified Keilin & Hartreo (UM7) 
procedure, and it wu found to havo a ubir1uinono 
conoenttt.tion of 3·6-4·0 ,anolee per g. protein. It 
showed sucoinate- and DPNH-ubiquinonc re
ductaBc and ubiquinol oxidue activities. Tht> 
activity ofubiquinol oxide.ae, bowc-ver, appoal'(\(f to 
depend on the type of buffer uaed aa the suHpenc.ling 
medium; with phosphate the activity WM low. but 
it wu greatly in~ when thi, phosphate, Wi!,8 

replaced by tris. 
In experiment■ with inhibitors it was founc.l tho.t. 

amytal inhibited reduction of ubiquinono by 
DPNH and that cy~de inhibited oxidation of 
reduced ubiquinone, thua confirming tho work of 
Haiefi, Leawr & Ramaaarma (1968) . Roduction of 
ubiquinone by euocinate wu not inhibited by 
antimycin A (Kyowa) in a oonoentration which 
completely inhibited the 1111ccinic oxidue, but re
oxidation of the ubiquinol was inhibited. Theae 

reeults are conlr&r\o' to thOIIO of Hatefi et al. (la68), 
who reported that ~ntimycin A inhibited ubiquinone 
reduotion. 

A met ho<l was developed for mt>aauring the ratce 
of reduction of endogenous ubiquinone by ■uccinate 
and by DPNH. TheMl rates werA compared with 
thoee obtained from meaaurementa of the 11Uocinio 
or DPNH oxida&e activities made under simil8l' 
conditiorut. l''rom meaa11rome11ta ma.de on • 
number of vreparationa it was foun_d that t.he rate 
of succinate oxidation · calculated from the ubi
quinone reJuctuo as.•y wu l ~26 % of that of~ 
complete auccinic oxiciatte ayatem. Simil&r roeultll 
wnc obt&inod u■ing DPXH as substrate. 

Tho result.a will be diecuMed in relation to th .. 
11ito of action c,f uhiquinone. 

One of ua (A . M. P.) ~ in receipt oh D.8.I.R. Studeniahip 
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Qulnone8 in Electron Trnnsport anti Oxidative l'husphorylatton . H) E . I~. H ,EDTJCARN and 
Ar,180N M. Pt:MPlffiEY* . iJ JtJp,,rtmen t ,,j l iio,·hemi11tr.u, [ · 11i,•, raity uf J,it-e.rpoo/, Ltve.rpool 3) 

QuinonOI:! J>OBA\.•S.'I t,hC' property of rever,;iblo nxid- The :\lndis, ,:1 izronp have shown that the 1088 of 
1ition-redu\\!1nn 1.md this 11uggest>1 that the uaturall:-,· enz:-,'Tnic tw tivit.\· which occurs on extract.ion of 
OC<'11rrin!,! q11ino11es 11111.v hmc1.ion aa el0ctron en,fo;ie110 •.te 11hiquino11e with orgunic solvents can 
carrierti in rr•i;piratory em.ynw s:-,·st.eme. Reccntl_v . he rest<>rod by adding ubiquinone 88 an etl1anoli" 
such a f11nction htt0 been prnp,,s,'<.1 for ubiqi1inone solui.io11 to the prepar-a.tion. 
(coenzyrne ()) and for et,rt11in mPrnbon:i of the Tht>lie rf'>l11lt.s s11g1,1:<-"St that uhi1..p1inone occ11pit>,; 
vitamin K eeriPB. u pno:1 iLiP11 ,,n a branch pathw1iy in tho rt•spirat,,ry 

From work which lrn.e l>et,11 c1.,.,,. b~r 12:n,.1p,; in 0111.nue sv;;t, ·111 and that it. is n:clucuJ by flnvo • 
l\Iadie0n aud Liverp()oJ ?t seems thu L uuiqui none is prn~11i11 a;ul uxidizcd hy way uf tlw antimycin A-
an Mtive rnernllt:lr of th1> mitoch.,n<lrial dt>C'1 r,m '<l'nfliti,·o r<'1:1i on and cyu,chrorne oxidl\80. A, posaible 
tru.m1port axswm. Usinii: mitocho1 :Jrial prepnm- fonct iou for nhi'lninom' in oxidati\·e pho8phor:-,·l-
tions from pig heart the Livt>rpool !<!rnup hus sh•lwn ati1H1 will })(, di11cusee<l. 
that these contnin arelati\'ely high eonc1.mi,ruti rm of From results ol,tnined wit It viuunin K 1-dofiei cnt 
endogenous nbiquinone (4·0 ;,mol••ti Jl(•r g. pr,,t...-in). chicks. i\l i\rtiu;; Jl''"tuliite rl tlmt , ·itamin K 1 ifl an 
The endogenous ubiquuiono i11 rAduc,•cl when e!>Scntial cofact Llr in uxi,l11tin• l'hoHphorylation. 
euccinate or Dl'NH are mJdod to the prepa ration :::lupport for thi,; 1.,onccpt cu rne from experimN1tA in 
under &nlM"rohic conditions and t.he uhi1111in(Jl is "hich rat,-livor 111itochondri11 or e:i.:tract,i of C(Jrtain 
reoxidize<l wlten the prt•paration is ox,1·i;:enuted. hacterit1, w,•re irnidiatt·d with ultraviolet light. 
Antimycin A aud ll.-\L had no effect on the reduc- Thi11 rusultt:'d in a purt,iul tle]'ression of the oxid-
tion reaction but thAy inhibited tht- ro-oxidation . alive phosphorylntion which could lie restored t <> 

In a atLtdy of th('I kinetiCR of ('lndogenuus ubi- uonnal by aJdit.iou of vitnrnin K1. The rea.otivat i"n 
qninone it wae found that the maximal ubiquinone is claimed tn ho due to replueemont of the en.J.,. 
reductaee activity ohtaine<l wae.-quiva lent to 50~{, of genoue vitamin destroyed Ly irradiation. Howf' ,.,.r. 
the overall aucoinio oxidMe act.ivity. Tho ubiquinol t.hA eouceutrat ionR of vitamin K in mitoehundriu. 
oxidaee r11.tee were dependent on the buffer used. 11,ro app11.N>ntl:\' much lower th11.n thOdtl of known 
This is reflected in the stearly -st.nto oxidation levPlR rt>f!p irntor,· chain eomponent.<. Thh1 tlll~<•,-t th11,t if 
of ubiquinone; in pho11phatu it w 1\8 :.W- 30 °lo , itumi11 1'. nnnimll,v fuu<'tions in oxi<latin· ph.,~-
whPreae in trie it Wl\8 70- !iO %, plt<>r~·lation, tJ11 ,n it dof';; A<l in II form not dl'kd · 

• In receipt ,,fa lJ.~.T.R. reiie<1 1Th studPnt.sl,ip . tth(,, by tho u,mul methods ,lf a11rny. 
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Dr. E. R. Rf.dfeam (University of Liverpool) said: In oonnection with the 
paper by Prof. D. E. Green I should like to present the results of some experi
ments carried out by Miss A. M. Pumphrey and myself on the role of ubiquinone 
(coenzyme Q) in the respiratory chain. If ubiquinone is on the main electron
transfer chain in succinate oxidation, as indicated by Green, then obviously it 
must be reduced and oxidized at rates at least equivalent to the overall rate of 
succinate oxidation. In order to test this, we have measured the rates of reduction 
and oxidation of the endogenous ubiquinone in a Keilin and Hartree type of 
heart-muscle preparation. These rates were then compared with the overall 
rate of succinate oxidation. Similar experiments using DPNH as the substrate 
were also carried out. In order to locate the site of action of ubiquinone the 
effects of various inhibitors on these reactions were studied. 

OL---~---...1----1----~---~--~::---' 0 2 4 6 8 10 12 

time (sec) 

Fm. ! .-Rate of reduction of endogenous ubiquinone by succinate in a pig heart muscle 
preparation. •• no additiQn ; O, antimycin-A addition. 

The results of these experiments may be summari7.ed IL$ follows. 
(i) The rate of reduction of ubiquinone by succinate was 25 % of that of the 

complete succinic--oxidase system. This is a mean value ; values as low as 10 % 
and as high as 40 % have been obtained. Similar results were obtained when 
DPNH was used as the substrate and we have no evidence for the indirect pathway 
from DPNH to ubiquinone proposed by Green. 

(ii) The rate of the ubiquinol oxidase reaction depended on the type of buffer 
used as the suspending medium. In tris, the activity ranged for 58-84 % of the 
succinic oxidase rate. In phosphate, however, the reaction appeared to proceed 
in two phases. The first phase was rapid and resulted in the oxidation of about 
60 % of the ubiquinol ilt a rate equivalent to 24-38 % of the succinic-oxidase 
rate. The second phase was much slower; oxidation of the remaining 40 % ubi
quinol usually took 2 to 4 min. These results explain the steady-state oxidation
reduction levels of ubiquinone ; in tris buffer the level corresponds to about 70 % 
oxidized ubiquinone whereas in phosphate it is about 20 %, · 
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(iii) Antirnycin A had no ~ffcct on the reduction of ubiquinone by succinate 
(fia. 1) but it inhibited reoxidation of reduced ubiquinone. This result is con
trary to that of the Madison group. Oxaloacetate and amytal inhibited ubi
quinone reduction when the substrates were sucdnate and DPNH respectively. 
Cyanide inhibited uniquinol oxidation by molecular oxygen. 

We interpret these results as follows: ubiquinone is not on the main electron
transfer chain but is on a branch pathway. It is probably reduced directly by 
flavoprotcin and oxidi2.ed by way of the antimycin-scnsitivc region and cyto
chrome oxida,e as follows : 

/b "-._, . 
f p,.,__ x -,.. c1 ➔ c ➔ a -,.. a3 -+ Qi. 

"-uq/ 

Prof. D. E. Green (University of Wisconsin) (communicated): Dr. Redfearn 
has reported experiments, the results of which, according to him, are incompatible 
with the assumption that coenzyme Q (ubiquinone) is in the main'electron transfer 
sequence for oxidation of succinate. · My colleagues, Lester and Fleischer,1 have 
shown that acetone-extracted mitochondria lose the capacity to oxidize succinate 
by oxygen and that coenzyme Q specifically restores this capacity to the level of 
the unextracted particle. In our opinion this simple experiment demonstrates 
unambiguously that coenzymc Q is an essential part of the main electron-transfer 
sequence for oxidation of succinate. The discrepancy between the rates of reduc
tion of Q or oxidation of QH2 and the rate of oxidation of succinate by oxygen 
in the experiments reported by Dr. Morton and his colleagues certainly requires a 
satisfactory explanation. Our own experience has been that the rate of reduction 
and oxidation of internal or particle-bound co-enzyme Q is so rapid that with the 
methods at our disposal it is not feasible to measure initial rates accurately. We 
have been able to obtain a close estimate of the rate only at 0° .2 Until more infor
mation is available on the limits of error of the methods used by Dr. Redfearn to 
assess the rate of reduction and oxidation of particle-bound Q, I am inclined to 
8USpect that the discrepancies in rates may disappear when the methods of extrac
tion and nteasurements are improved. 

There are approximately 6 moles of coenzyme Q per mole of flavin in the 
electron-transport particle or 12 moles of the coenzyme per mole of ,uccinic 
dehydrogcnase. Can one assume that each molecule of coenzyme Q is turning 
over· at the same rate, or that iri the oxidation of succinatc each molecule of oo
cnzyme Q is involved? If this _is,not the case, then a moiety of coenzyxne Q would 
tuni over much more rapidly than the rest. It would be difficult with the methods 
presently available to evaluate this possibility which may be a contributina, factor 
in the disparity in rates strwed by Dr . .Redfearn. 

In complete agreement with the results of Dr. Redfearn, we have shown that 
Anttmytjn A inhibit, the oxidation of bound coenzymc Q in the electron ttansport 
particle, while the ~duction of Q is not affected.2 These results arc consistent 
with our previous ftnding$ that the oxidation of added, reduced coenzyme Q is 
completely mbibittd b}' Antimycin A.3 · 

Finally, I ~ould like ~ mention that on tbe basis of ~t experiments in 
our laboratory we are now inclined to place cocnzyme Q on the main pa.th of 
both the succlnic and DPNH chains. Whenever a particle has DPNH-cytochromo
c reductase activity (antimycin-sensitive) the reduction of Q by DPNH is demon• 
strable in this particle. Since DPNH-cytochr0n»c reductase activity is lackina 
in many of the particles we have studied, it is not surprising, therefore, that we were 
unable to observe reduction of Q by DPNH. 

1 Arch. Bioclum. IJiophys., l 9!59, 80, -470. 
2 Biochim. Blophys. Acta, 1959, 34, 183. 
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39. KlHSTICS AND STEADY ITATE 01" UBIQtnNONl:•COSIIZ1'NS Q 
IN NONPHOSPHORYLATIMQ PIIBPARATIONS. - ~~I. ... 
Erle ll. Redfearn, Joluwoa RHearc:11 P'oundlllloft.. ;;;;.. y 1'..-
e:,lvUl.ia, PhilaNlpbla. Pa., and 0.partment ol Bi.ocMmlatl"J, u. ... 
■h1 of Liverpool, Eftlland. 

A ~ultable 1pectrophotometric metbocl hu beet1. dnelopecl for dlreot 
meuurement■ of ueorbane• c...,.... caiaaed b1 llblql&inoM·eo.a&,-e Q 
(UQ) [Blochlm. et Blopll1■. Acta 25, 110 (11157): lllocbem.1, ti, HP 
( I 958)) reduction ln mitochondria-and 1maller partlcl~ of aoilpllo,.....,. 
latlnc preparatiol'III [B. Chance, Abetracte, Bioph11lcal Soclet7 lilNtllll~ 
I HO I. UQ determinlltlou can be made in protein concntratlou of l -,, 
per 1111. uail\l optical paU.. of 1 cm. in elther opee cuwte or tM r..U 
fto'lJ apparatu,. ThtH matboda permit direct compari■ou of the kinetica 
of the c,tocllrom• and navoprotein component■ with thoH of the fllUIIOM 
(B. Chance, HMmatin Enayme Sympoailllll, Canberra, UH • 

A. decreue of ultraviolet ab1orbanc1 in tbe r11ion 250 to 300 m,,i, cau~ 
by ■ucclnate addition, bu a maximum near· 275 ._, for liver. heart, and 
kidney particle■ ( Ch~ce and Ito, Federation Proc. U (USO)) and for 
cauliflower particle■ (experiment■ in collaboration wl\h BonMr and Ito). 
In ■tlldi-■ of heart muacle preparaUona, thia ab1orbanc1 chance bu ~ 
attributed to UQ reduction. If a chan,• of molar abeorptlvity of 10 cm.· 
mM•l for the wave l•n,th pair 275 to 300 ffllol 1a u■umed, adequate arrN• 
mint le obtained between theae r-■ ult■ and tho•• bued on 1ol~nt -xtrac• 
tion (..., 4 1,1M per 1ram of protein; Biochem. J. 12, 2P (111$1)), 

For a pinlcular preparation, the rate■ of abTorbance· cuace, calculu,ct 
u UQ reductue activity, five 0.90 1,1M of UQ per Hcond per ,ram •t t 0 

and compare cloaely wlth the r-■ulteobta1ned by ■olvent extraction, O.'IS 
~ of UQ per ■econd per 1ra.m at 7°. The o1idue activity 1a fo11nd to~ 

Fz.~ .,1,1 per ■econd per ,ram at 7°. With ·th• rapid flow appvat11■ • the ■peed 
of oxiaation of the ■llccinate-reduced compone!lJ upon addition ol o:111•n i■ 
3.1 ,.,1,1 of UQ per ■econd per cram a& 10° to 11 . Tile ■teady etate recb&c• 
tlon Intl of the quinone at 1° 1a 2eo,.. meuured ■pectrophotom1tric.U1, a 
val11e that appear■ to be in _a,reement with the kinetic data. 

Altbou,b tbe po■_aibillty that UQ may be located on a ■lde path t■ not 
completely eliminated becauae of the diacrepancy betwHn the ■teady ate&• 
rate of ox11en utUlutlon and the maximal rate of UQ reduction (Pumphrey 
and Redfearn, 11159), the relative ratea of red11etlon of tha componel1'• ol 
the chain and the obHrvation that u much UQ 1a reduced 1n the preHnce 
of antimycin A (A!'d) u in the preHnce of cyanide auaeat Ute foUowlnC 
Hquence for nonphoepborylatlnc preparatlona (cytochrome c1 ill not 
meuurf/d l.ndependenUy ol cytochrome c): 



Biochem. J . {l!J60) 76, 61 

Printed in Great Britain 

61 

A Method for Determining the Concentration of 
Ubiquinone in Mitochondrial Preparations 

BY ALISON M. PUMPHREY AND E. R. REDFEARN 
Department o.f B iochemistry, The University of L iverJJool, J,iverpool 3 

(Received 20 November 1959) 

In the course of studies on the possible role of 
ub iquinone (coenzyrne Q) in the r espiratory chain 
it became necessary to devise a rapid and a.ccurate 
m ethod fo1· the assay of the substance in small 
amounts of tissue preparations. The method con
sists essentially of: (a) the simultaneous termina
tion of any enzyrnic r eaction a nd denatm·ation of 
enzyme proteins without destroying the ubiquinone 
or a ltering the ox idation- reduction state of ubi
quinone-ubiquinol mixtures; (b) extraction of the 
lipid with light petroleum; (c) removal of inter
fer ing lipids , such as phospholipids, by partitioning 
the lipid between light petroleum and m ethanol; 
(d) the spectrophotometric determination of the 
ubiquinone. The method can be used for the 
determination of the ubiquinone concentrations in 
mitochond!'ia or other preparations, except in 
specia l cases where the concentration of other 
substances with u.v.-light absorption (e.g. vitamin 
A) is high enough to interfere with the determina
tion . It can also be used for kinetic studie where a 
knowledge of the oxidation- reduction state of the 
riuinone is required (Redfearn & Pumphrey, 1960) . 

MATERIALS Ai~D METHODS 

Mitochondria. These wero prepared from animal tissues 
by the method of Sclmeidor & Hogeboom (1950) and from 
plant tissues by t he method of Simon (1957). 

Heart-muscle preparations. These wero prepared from pig 
heart by a modified Keilin & Hartree (1947) procedure. 
Fresh minced heart muscle (400 g. ) was washed with cold 

water (2 l.) for about 15 min. , collected by straining off tho 
water through mutton cloth and squeezed to remove excess 
of liquid . Tho washing process was repeated six or seven 
times until tho washings were colourless. The washed mince 
was homogenized for 1·25 min. i11 a Waring Blendor with 
0·l M-KH2PO,- Na2HPO, buffer, pH 7·4 (400 ml. ). The 
homogenate was centrifngod for 20 min. at 1800 g to 
remove nuclei, unbroken coils ancl muscle fibres from sus
pension. Tho dark-red turbid supernatant containing tho 
onzymo particles (mitochondrial fragm ents) was decanted 
and centrifuged at 20 000 g for 30 min. Tho resulting pre
cipita te was divided into two parts : one part was sus
pended in 0·l M-phosphato buffer, the other in 0· l M-2-
arnino-2-hy<lroxymethylpropano-1:3-diol (tris) - HCl buffer, 
pH 7·4, and both suspensions were centrifuged at 55 000g 
for 15 min. The Jlrecipitates of washed enzyme particles 
were suspended in the same buffers to give 11. protein concen
tration of 10-30 mg./ml. The whole procedure was carried 
out at 0°. 

Solvents. Ethanol was purified for spectrophotometric 
use by add ing zinc dust (20 g. ) and potassium hydroxide 
(40 g.) to ethanol (I 1.), and refluxing tho mLxture for at 
least 1 hr. before distilling. Light petroleum (A.R., b.p. 
40-60°) was passed through a column (20 cm. x 1·5 cm.) of 
silica gel (200-mesh) to remove benzene and then distilled. 
Methanol (A.R.) was redist illed. 

Protein determinatfons. These were made by the biuret 
method (Cleland & Slater, 1!)53), pnrifi <l fat-free casein 
being used as the stand11.rd. 

Asslty of ub1:quinone. A portion (I ml.) of the tissue pre
paration (m itochondria or heart-muscle preparation) 
containing 10-30 mg. of protein was placed in a 15 ml. 
conical centrifuge tube. Tho preparation was denat~red 
by the rapid addition from 1\ hypodermic or sprmg
loaded pipetting syringe of cold ( - 20°) methanol (4 ml.) 
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containing pyrogallol (1 mg./ml.). Light petroleum (5 ml. ) 
was added immediately and the mbi:ture shaken rapidly for 
1 min. The tube was then given a short spin in a clinical 
centrifuge to separate the layers. The upper light petroleum 
layer was transferred to another 15 ml. centrifuge tube, and 
the denatured enzyme was extracted again with light 
petroleum (3 ml.). The combined light petroleum extracts 
were treated with 2 ml. of 95 % (v/v) methanol and the 
mixture was shaken for 30 sec. After separation of the 
layers the light petroleum layer was transferred to a 5 ml. 
beaker and evaporated nnder reduced pressure in a vacuum 
desiccator. Tho residual lipid was redissolved in spectra. 
scopically pure ethanol (3 ml.) and the spectru m of this 
solution was measured in the 230- 320 mµ. range. The 
presence of ubiquinone was indicated by selective absorp• 
tion with a maximum at 275 mµ.. The ubiquinone was 
reduced by the addition of a small crystal of sodium boro
hydride (approx. 0·5 mg.) followed by rapid stirring. The 
spectrum was determined over the same range; the ab
sorption maximum had now shifted from 275 to 290 mµ., 
and had decreased in in tensity. This spectrum is character• 
istic of ubiquinol. From the decrease in extinction at 
275 mµ. (AE275) the concentration of ubiquinone in the lipid 
extract was calculated by using the molecular extinction 
coefficient for the difference in absorption of the oxidized 
and reduced forms of ubiquinone (,0 ,. - •red.lm = 12 250 
(Hemming, 1958). Ubiquinone concentrations are ex. 
pressed as µ.moles/g. of protein. 

RESULTS AND DISCUSSION 

Assay procedure 

The aim of this method is to isolate ubiquinone 
from small amounts of tissue preparation in a state 
of purity sufficiently high for spectrophotometric 
estimation by the difference in absorption of 
oxidized and reduced forms. The spectrum of the 
whole lipid of mitochondrial preparations contained 
a great deal of end-absorption due to lipids, and 
this tends to obscure and distort the selective 
absorption due to ubiquinone. 

A further difficulty is tha t this extraneous lipid 
may undergo absorption changes on treatment 
with sodium borohydride. In the present method, 
interfering lipid is largely removed by partitioning 
between light petroleum and methanol. Most of the 
phospholipid is preferentially soluble in 95 % 
methanol, whereas ubiquinone is practically in
soluble in this solvent. The spectra obtained in a 
typical assay of ubiquinone in a pig-heart-muscle 
preparation are shown in Fig. 1. Chromatography 
of the lipid extract of the pig-heart-muscle pre
paration on alumina (Heaton, Lowe & Morton, 
1957) or silicic acid (Pumphrey & R edfearn, un
published work), followed by spectrophotometric 
measurement of the fractions, showed that more 
than 97 % of the AE276 could be attributed to 
ubiquinone. The ubiquinone was identified by its 
characteristic absorption spectrum and by ob
serving the effects on the spectrum of sodium boro-

hydride and of sodium ethoxide (Morton, Wilson, 
Lowe & Leat, 1957). The latter test is specific 
for ubiquinone. Ubiquinol is fairly easily auto
oxidizable and oxidation is particularly liable to 
occur in the denatured preparation before extrac
tion into light petroleum. The purpose of the pyro
gallol in the methanol used to denature the pre
paration is to protect any ubiquinol from oxidation 
during the extraction procedure. This is particu • 
larly important when the method is applied to 
kinetic measurements where a knowledge of the 
oxidation-reduction state of ubiquinone is re
quired. 

Ubiquinone concentrations in tissue 
preparations frorr,, various sources 

The method has been applied to the m easure
ment of ubiquinone concentration in heart-muscle 
preparations and in mitochondria from different 
sources (Table 1). The ubiquinone concentrations 
in pig-heart-muscle preparations are relatively 
high (4µmoles/g. of protein). The cytochrome o 
concentration of Keilin & Hartree preparations has 
been given as 0·8 ,~mole/g. fat-free dry weight by 
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Fig. I. Absorption spectrum of lipid extract of a pig
heart-muscle preparation in ethanol (--). This spectrum, 
with a maximum at 275 mµ. , is typical of ubiquinone. On 
reduction with sodium borohydride a spectrum with a 
maximum at 290 mµ., typical of ubiquinol, is obtained 
(---). 
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Slater (1949). Thus the ubiquinone concentration, 
on a molar basis, is approximately five times that 
of the cytochrome c. 

The spadix of Arum maculatum, an active non
photosynthetic tissue, contains l ·4 rmole of ubi
quinone/g. of mitochondrial protein. A mean 
figure for cytochrome c was calculated from 
Bendall's (1958) data for young spadices at 
approximately the same period of development. 
This was 0·23 rmole/g. of protein, or about one
sixth of the concentration of ubiquinone. 

A limitation of the method is that it cannot be 
used on mitochondria which contain large amounts 
of material absorbing in the same spectral region 
as ubiquinone. Thus it is impossible to determine 
directly the ubiquinone concentration of normal 
liver mitochondria because of the intense absorp 
tion of vitamin A. However, the method could 
probably be successfully used in conjunction with 
a suitable paper-chromatographic technique. · 

Effect of phosphate buff er on 
extractability of ubiquinone 

Table 2 shows the ubiquinone concentrations 
obtained for a series of pig-heart-muscle prepara
tions suspended in tris and in phosphate buffers. 
It will be seen that the apparent concentration of 
ubiquinone in the phosphate-buffered enzymes is 
only 70-80 % of that in the tris-buffered enzymes. 

Several tests were carried out to determine 
whether this lower yield of ubiquinone was due to 
a partial reduction to ubiquinol in the phosphate 
medium. Endogenous ubiquinol, formed by incu
bating the enzyme preparation anaerobically with 
substrates such as succinate, is r eadily oxidized to 
the quinone by passage of oxygen through the 
enzyme suspension, or by omission of pyrogallol 
from the m ethanol used for denaturation. Neither 
passage of oxygen through the enzyme nor omission 
of pyrogallol had any effect on the ubiquinone 
yield from phosphate-buffered enzymes. Ubi
quinol is also easily oxidized to the quinone by 
treatment with ferric chloride. Accordingly, a 
small amount of ferric chloride (1-2 mg.) in 
ethanol (3 ml.) was added to the light-petroleum 
extracts from a denatured sample of phosphate
buffered enzyme (1 ml.). After 5 min. at room 
temperature the ferric chloride was removed from 
the petroleum by two washes with a few millilitres 
of water, and the amount of ubiquinone present in 
the extract was measured in the usual way. This 
treatment also had no effect on the ubiquinone 
yield. These r esults show that the lower values 
obtained for ubiquinone in phosphate-buffered 
preparations are not due to a partial reduction to 
ubiquinol. 

It seemed possible therefore that, in the phos
phate medium, some of the endogenous ubiquinone 

might exist in a 'bound' form which was still 
firmly bound even after denatmation of the pro
t ein. To t est whether the 'bound' ubiquinone was 
readily dissociable from t he binding agent, enzyme 
preparations were treated with acid and alkali. 
Either 2N-hydrochloric acid or 2N-sodium hydr
oxide (0·2 ml.) was added to a sample (1 ml.) of 
the pig-heart-muscle preparation. After 1 or 
2 min. at room temperature the enzyme was 
denatured and the ex tractable ubiquinone measured 
in the usual way. Acid treatment of the enzyme in 
bot h buffers lowered the yield of ubiquinone by 
30- 50 %- The reason for this is not apparent since 
pure ubiquinone is relatively stable to acid. 
Alkali treatment of the phosphate-buffered en
zyme, on the other hand, increased the yield of 
ubiquinone to a love! approximating to that ob
tainable from the untreated tris-buffered enzyme 
(Table 2). Alkali-treatment of the extract ed pro
tein residue from a standard ubiquinone assay of 
the phosphate-buffered enzyme, followed by a 
further extraction, was found to release more 
ubiquinone. The combined yields approximately 
equalled the yield from the corresponding tris
buffered enzyme. 

These results indicate that, in the presence of 
phosphat e buffer, endogenous ubiquinone in the 
pig-heart-muscle prepara tion ex ists in two forms. 
One form, representing about 7 5 %, is easily 
extractable by light petroleum after denaturation 
of the enzyme with m ethanol, whereas the remain
ing 25 % is extractable only after treatment of the 
protein with alkali. It is not yet known whether 
the two forms of ubiquinone differ chemically _or 
merely in their location within the mitochondrial 
fragments. In contrast with the results with phos
phate-buffered preparations, alkali-treatment of 

Table 1. Concentrations of ubiquinone 
in tissue preparations 

Preparation 
Pig-heart-muscle preparation 
Guinea-pig-kidney mitochondria 
Pig-kidney mitochondria 
Arum-spadix mitochondria 

Ubiquinone 
(rmole/g. of protein) 

4·0 
1·6 
1-1 
1·4 

Table 2. Apparent ubiquinone concentrations of 
phosphate- and tris-buffered pig-hea.rt-muscle pre
parations and the effect of treatment ivi,th alkali 

For details of alkali-treatment see text. Numbers in 
parentheses indicate the number of determinations. 

Buffer used 
to suspend 
preparation 
Phosphate 
Phosphate 
Tris 

Treatment 
None 
NaOH 
None 

Extractable ubiquinone 
(/lmoles±s.u./g. 

of protein) 
2·80 ± 0·41 (12) 
3·94 ± 0·38 (5) 
4·0 ± 0·21 (12) 
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the tris-buffered preparation resulted in a lower 
than normal yield of ubiquinone. This is what 
might be expected since ubiquinone is rather labile 
in a lkaline solution. For the same reason the large 
increase in ubiquinone y ield from t he phosphate
buffered enzyme after treatment with sodium 
hydrnxide was surprising. Presumably there ex ists 
in the phosphate-buffered enzyme suspension some 
agent which protects ubiquinone very effectively 
from destruction by alkali. Nothing is known 
about t he nature of the bound form of ubiquinone. 

SUMMARY 

1. A method for determination of the ubiquinone 
concentration in small amounts of mitochondrial 
preparations is described. 

2. Ubiquinone occurs in animal and plant mito
chondria in relatively high concentrations. In 
heart-muscle preparations, for example, the con
centration, on a molar basis, is four to five times 
those of the individual cytochromes. 

3. A 'bound' form of ubiquinone appears to 
exist in phosphate-buffered heart-muscle prepara-

tions. This bound form, which amounts to about 
25 % of the total ubiquinone, can be extracted 
only after treatment of the preparation with alkali. 

We should like to thank Professor R . A. Morton, F .R.S., 
for his in terest and encouragement in this work. We are 
indebted to the Department of Scientific and Industrial 
Research for a Research Studentship to one of us (A. M. P. ). 
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The Kinetics of Ubiquinone Reactions in Heart-Muscle Preparations 

BY E . R. REDFEARN AND ALISON M. Pill'.lPHREY 
Department of BiochemistriJ , The University of Liverpool, L iverpool 3 

(Received 20 November 1959) 

A great deal of ev idence has been presented 
(Crane, H atefi, Lester & ·widmer, 1957; Lester & 
Fleischer, 1959; Pumphrey, Redfearn & Moi:ton, 
1958; Pumphrey & Redfearn, 1959; R edfearn, 
1959) which suggests that ubiquinone (coenzyme Q) 
is a functional component of the respiratory chain 
in living organisms. It is widely distributed in 
animal and plant tissues, where it is located 
principally in the mitochondria in a concentration 
four to five times as great as those of the individual 
cytochromes. The endogenous ubiqui.none is re
duced to the quinol when the mitochondrial pre
paration is incubated with dihydrodiphospho
pyridine nucleotide or succinate under anaerobic 
conditions, and is reoxidized when the preparation 
is aerated; the addition of ubiquinone to prepara
tiorui in which the endogenous ubiquinone has been 
removed by acetone-extraction restores enzymic 
activity. Thus ubiquinone fulfils some of the criteria 
necessary for a substance to be conside.red as a. 
functional component of the respiratory chain 

(Slater, 1958). However, before ubiquinone can be 
assigned a position in the chain the kinetics of its 
oxidation and reduction must be known. The 
current concept of the electron-transport system 
for the oxidation of succinate and dihydrodiphos
phopyridine nucleotide is a chain of cytochromes 
with branches at the 'substrate end' to link with 
dihydrodiphosphopyridine nucleotide and succi
nate through their specific fl avoproteins (Chance, 
1957; Slater, 1958). If ubiquinone is a member of 
such a system then its rates of oxidation and re
duction must be at least equivalent t o the overall 
rate of substrate oxidation. 

In this paper the results of a study of the kinet ics 
of the reactions of endogenous ubiquinone in mito
chondrial .preparations are described and they are 
discussed in relation to a possible position for 
ubiquinone in the respiratory chain. Part of 
this work h as already b een presented , as a pre
liminary communication (Pumphrey & R edfearn, 
1959). 
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MATERI ALS AL'l"D METHODS 

Dthydroclipbosphopyridine nucleotide (DPNH) was ob
tained from C. F. Boehringer und Siihne, .Mannheim, 
Germany; ant imyein A from the Kyowa Fermentation Co. 
Ltd., Tokyo; sodium amytal from Eli Lilly and Co., 
Basingstoke; and 2:3-dirnercaptopropanol from L. Light 
and Co. Ltd. Cyt ochrome c was prepared from ox heart by 
the Keilin & H artree (1952) procedure and dialysed against 
water. Phenazine methosulphate was prepared by the 
method of Singer & K earney (1957). 

Heart-muscle preparations. These were made from pig 
heart as deserihecl in the preceding paper (P urn phrey & 
Redfearn, 1960). 

R ate measurements 

Unless otherwise stated, all measurements were carried 
out at room temperature (usually in the range 18- 22°). The 
prepamtions n,nd reagents were a llowed to equilibrate t o 
room temperature before the n,ssays. In the ubiquinone
reductase and ubiquinol-ox idase assays, the room tempera
t ure was recorded fo r each incubation period. It was found 
that the temperature variation for each complete assay was 
not more than ± 0·5°. Any lland.ling whicll was likely to 
cause temperature increases was avoided. Each ubiqui
none-red uctase and u biquinol-ox idase ra te was compared 
with the succinic-oxidase rate measured with the same 
preparation suspended in the same buffer at the same time 
and with the water bath set to the appropriate mean 
temperature. In the DPNH-oxidase assay, the temperature 
of t he cell contents was measured immediately at the end 
of the reaction. It was usually slightly hjgher than t hat of 
the DPNH- ubiquinone- reductase assay. Where there was 
a temperature difference for the two assays to be compared, 
the DPNH-ox idase rate was corrected to the temperature 
of DPNH- ubiquinone-reductase assay assuming a tempera
ture coefficient of 2·0 for a 10° di fference. 

Succinic-ubiquinone reductase. The heart -muscle pre
paration (1 ml.) containing 10- 30 mg. of p rotein in O·h [
KH2P O.-Na2H P O4 or 2-amino-2-hydroxymethylpropane-
1:3-diol (tris) -HCI buffer, pH 7·4, was measlll'ed into a 
15 ml. centrifuge tube. The tube was t hen shaken in air to 
ensure that all of the u biquinone in the preparation was in 
the oxidized state. After addition of 0·2 ml. of 0·06M-KCN 
(to inh ibit cytochrome oxidase) the reduction was started 
by the rapid addition of 0·3 M-sodium succinate (0·2 ml.) 
from a spring-loaded 1 ml. pipetting syringe; a stopwatch 
was started simultaneously. After a suitable t ime interval 
the reaction was stopped by the rapid acldition of cold 
(about - 20°) methanol (4 ml.) containing pyrogallol 
(1 mg./ml.) from a 10 ml. pipet t ing syringe ; the stopwatch 
was stopped simul taneously . The syringe, whfoh was all 
glass and meta.I with no rubber connexions or valves, was 
fi lled with t he methanol- pyrogallol mixture from a flask 
surrounded with crushed solid carbon dioxide. The addition 
of the cold methanol stopped the enzymic reaction practi
cally instan taneously ; thus when the substrate and the 
methanol- pyrogallol mixture were added simultaneously 
there was little 0 1· no reduction of the ubiquinone. The 
denatured enzyme preparation was then extracted with 
light petroleum and the ubiquinone estimated as described 
in the preceding paper (Pumphrey & Redfearn, 1960). The 
whole procedure was then repeated, different time intervals 

being used between the addition of the subst rate and the 
termination of the reaction. 

By plotting 6.E 275 against time a smooth curve was 
obtained and the rate of reduction could be calcula ted 
from the irutial slope. In most cases, however, the maxi
mum rate was calculated from the straight line obtained by 
plott ing log [(6.E275 ) 1 - (6.E275 ) 00 ] against t ime, where 
(6.E 275 ) 1 is proportional to the concent ration of oxidized 
ubiquinone after incubation fo r t sec. with substrate, and 
(6.E 275) 00 is proportional t o the concentration when all 
measurable reduction had ceased (usually after incubation 
for l min.). The concentrations of ubiquinone were calcu
lated from the 6.E276 values as described by P umphrey & 
Redfearn (1960) and the rates were expressed as ,-.moles of 
ubiqumone reduced/mg. of protein/hr. 

The DPNH- ubiquinone-reductase assay was similar 
except that 0·2 ml. of 0·035 M-DPNH was used. 

Ubiquinone reditctase measured after preincubation of the 
enzyme preparation with the snbstrate. The ubiquinone
reductase assay measures reduction in the first few seconds 
a fter the addi tion of substra te, but the manometric 
succinic-oxidase assay measlll'es oxygen uptake 5-10 min. 
after, and the spect rophotometric DPNH-oxidase assay 
measures oxidation of DPNH at least 30 sec. after sub
strate addition. Thus a comparison of the ubiquinone
reductase rate with the overall rate of oxygen uptake 
determined by these methods would be very misleading if 
there happened to be a lag period of even a few seconds 
a.fter the addition of the substrate. In order to eliminate 
any error due to a possible lag period a modified ubiquinone
reductase assay was devised. The heart-muscle preparation 
(1 ml.) was mixed with the substrate (0·2 ml. of 0·3M
sodjum succinate or 0·035 111-DPNH) and left for a suitable 
time in terval (usually 10 min.). The tubes were then shaken 
in air for 1 min. so that the endogenous ubiquinone reached 
its aerobic steady-state oxidation- reduct ion level. Potas
sium cyanide (0·2 ml. of 0·06M) was then added rapidly 
from a spring-loaded pipetting syringe. The reaction was 
stopped after suitable time in tervals (0-60 sec.) and tho 
ubiquinone ext ractecl and determined in the way pre
viously described . 

This method is possible only in the tris-buffered enzyme 
preparations where the ubiquinone in the aerobic steady 
state is predominantly in the oxidized fo rm. When KCN is 
added to inhibit oxidation of ubiquinol, the ubiquinone is 
reduced by the excess of substrate present. In phosphate 
buffer, only about 25 % of the reducible ubiquinone is in the 
oxidized form at the steady state and the concentration of 
ubiquinone is therefore t oo small fo r accurate ra te measure
ments. 

Ubiquinol oxidase. The heart-muscle preparation (1 ml. ) 
was mixed with water (0·2 ml.) or 0·3 mM-cytochrome c 
(0·2 ml.) in a 15 ml. corucal centrifuge tube. Sodium 
succinate (0·2 ml. of 0·3 M) was then added and mixed, 
followed immediately by light petroleum, b.p. 40- 60° 
(0·3 ml.) , to form a layer on the surface. The tube was then 
left to stand at room temperature for 3 min., during which 
time the oxygen in the solution was depleted and the 
respira tory carriers became reduced. A small amount of 
oxaloacetic acid (0·5-1·0 mg.) was then added to the solu
tion with a glass rod and mixed very carefully to avoid 
aeration. The mixture was allowed to stand for another 
3 min. to allow the oxaloacetic acid to dissolve and effec
tively inhibit succinic-dehydrogenase act ivity. Oxidation 



1960 E. R. REDFEARN AND A. M. PUMPHREY 66 

was initiated by bubbling a fine stream of oxygen through 
the mixture. The reaction, which was timed, was stopped 
after a suitable interval by the rapid addition of cold 
methanol- pyrogallol mixture as described above. The pro
cedure was repeated 10-12 times, at different time intervals 
(1 sec.-5 min.) . Ubiquinone concentration was plotted 
against time, and ubiquinol-oxidase rate, calculated from 
the initial slope, was expressed as ,.,.moles of ubiquinol 
oxidized/mg. of protein/hr. The ubiquinol-oxidase reaction 
is not first-order . 

Succinic ox·idase. This was determined manometrically. 
The reaction mixture consisted of KH2PO4- Na2HPO4 or 
tris-HCl buffer, pH 7·4, 0·07M; sodium succinate, 0·043M; 
cytochrome c, 0·043 mM; heart-muscle preparation, approx. 
2 mg. of protein. Final reaction volume of the flask con
tents was 1·4 ml. The centre well contained 0·l ml. of 20 % 
(w/v) NaOH and filter paper. The gas phase was air. The 
curve relating phosphate concentration and succinic
oxidaso activity had been determined for this preparation 
and tho optimum concentration found to be 0·07M. Also, 
it had been found that 0·043 mM-cytochrome c was sufficient 
for maximum succinic-oxidase activity. 

Dihydrodiphosphopyridine nucleotide oxida.se. This was 
determined spectrophotometrically with a Unicam SP. 500. 
The reaction mixture consisted of KH1POcNa2HPO, or 
tris-HCl buffer, pH 7·4, 0·067:r,r; DPNH, 0·l mM; cyto
chrome c, 0·02 mM; heart-muscle preparation, 0·08-
0·15 mg. of protein, in a total volume of 3 ml. The reaction 
was started by adding tho enzyme preparation, and 
extinction readings at 340 ml" were taken at 30 sec. 
intervals. The rate was calculated as ,.,.moles of DPNH 
oxidized/mg. of protein/hr., a molecular extinction coefl1-
cient for DPNH at 340 m,.,. of 6·22 x 103 being used. 

Succinic dehydrogenase. Phenazine methosulphate was 
used as the electron acceptor in the manometric assay 
described by Giuditta & Singer (1959). 

Steady-state measurements 

The enzyme preparation (1 ml.) was mixed with tho sub
strate (0·2 ml. of 0·3M-succinate or 0·035M-DPNH) and 
0·3 mM-cytochrome c (0·2 ml.) or water (0·2 ml.). The 
mixture was left to stand at room temperature for 5 min. 
and was then shaken rapidly in air for 1 min. to allow tho 
respiratory-chain components to a ttain their steady-state 
oxidation-reduction levels. The mixture was denatnrerl 
with cold methanol and the ubiquinone-ubiquinol mixture 
extracted and estimated as already described. 

RESULTS 

Substrate-oxidase activities 

The succinic-oxidase and DPNH-oxidase activi
ties depended on the buffer used (phosphate or tris) 
and on the presence or absence of added cyto
chrome c. The succinic-oxidase values were in the 
range 9·6-26·9 µmoles of succinate oxidized/mg. of 
protein/hr. for the phosphate-buffered preparations 
at room temperature (18-22°) in the presence of 
added cytochrome c. In the absence of added cyto
chrome c values were only 30-50 % of these 
activities. In the tris-buffered preparation, addi
tion of cytochrome c had little or no effect on the 

succinic-oxidase activities; these were 50-70 % of 
the maximal activities in the phosphate-buffered 
preparations. Succinic-dehydrogenase activities of 
the heart -muscle preparations were equivalent to 
those of succinic oxidase measured in the presence 
of added cytochrome c. This finding agrees with the 
work of Giuditta & Singer (1959) . 

The DPNH-oxidase activities, which showed a 
similar dependency on the buffer and addition of 
cytochrome c, were approximately twice those of 
the succinic oxidase. 

The preparations usually retained good enzymic 
activities for 7- 10 days when stored at 2°. 

Steady-state oxidation, reduction 
levels of iibiquinone 

The aerobic steady-state oxidation- reduction 
level of the endogenous ubiquinone depended on 
the medium used to suspend the enzyme particles. 
In phosphate buffer, at the steady state, 60-80 % 
of the total reducible ubiquinone was in the re
duced state, whereas in tris buffer the correspond
ing figure was 30-40 %- Addition of cytochrome c 
decreased the value for the phosphate-buffered 
preparation but had little effect on the tris
buffered preparation (Table 1). This is to be 
expected since added cytochrome c usually resulted 
in a marked increase in succinic-oxidase activity in 
the former preparations but had less effect on the 
latter. 

Ubiquinone reductase 

In the presence of cyanide, about 90 % of the 
extractable ubiquinone is reduced by succinate, 
and about 70 % by DPNH. The difference is not 
due to the different concentrations of substrate 
used in the succinic- and DPNH-ubiquinone
reductase assays, since 0·2 ml. of 0·015M-succinate 
was found to reduce ubiquinone to the same extent 
as the same volume of 0·3M-succinate. 

The reduction of endogenous ubiquinone in the 
presence of cyanide and an excess of substrate is a 
first-order reaction; i.e. by plot,ting log [(ubiquinone 
concn.), - (ubiquinone concn.),,] against time of 

Table l. Steady-state oxidation-reduction levels of 
ubiquinone in pig-heart-muscle preparations 

Details of method, including concn., temp. etc., are 
described in the text. Substrate used was suocina.te. 
Numbers i,1 parenthc~es indicate number of experiments. 

Preparation 
Phosphate-buffered 
Phosphate-buffered 
Tris-buffered 
Tris- buffered 

Cytochrome c 
addition 

(final concn. 
0•043 mM) 

+ 

+ 

Ubiquinone 
(oxidized) as a 

percentage of tho 
total reducible 

ubiquinone ± s.o. 
19 ± 4 (9) 
40 ± 8 (4) 
62±9 (4) 
65 ± 4 (5) 
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incubation, a straight line is obtained (Fig. 1). 
Similar results were obtained when DPNH was 
used as substrate. Also, when preparations sus
pended in tris buffer were used, similar results were 
obta ined with either substrate. 

The rate of reduction of ubiquinone by succinate 
was compared with the succinic-oxidase rate 
measured manometrically at the same temperature. 
The main difference in the conditions between the 
ubiquinone-reductase and the succinic-oxidase 
assays is the concentration of the enzyme prepara
tion. In the former the enzyme is present in about 
five times the concentration used in the latter. The 
concentration of the enzyme preparation (varied 
within the limits imposed by assay procedu.re ), 
however, did not affect the specific ubiquinone
reductase activity. Also, increasing the concentra
tion of the preparation in the succinic-oxidase 
assay to a value equivalent to that used in ubi
quinone-reductase assay had little effect on the 
rate of oxygen uptake per mg. of protein, provided 
that oxygen was used as the gas phase. When air 
was used the rate of solution of oxygen became a 
limiting factor and there appeared to be a decrease 
in the succinic oxidase with increasing concentra
tions of enzyme preparation. It is possible there
fore to make valid comparisons between suc
cinic- ubiquinone-reductase and succinic-oxidase 
rates. 

In the case where DPNH was used as the sub
strate the ubiquinone-reductase rate was compared 
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Fig. l. Logarithmic plot of rate of reduction of ubiquinone 
by succinate at 20·5° in a pig-heart-muscle preparation 
suspended in phosphate buffer. 

with that of DPNH oxidase measured spectro
photometrically, and here the differences in the 
concentration of the enzyme preparation were even 
greater. Since it was not possible to increase sub
stantially the concentration used in this DPNH
oxidase assay it has been assumed that the latter 
behaves similarly to the succinic oxidase in this 
respect. 

In a series of det erminations (Table 2) made on 
different heart-muscle preparations it was found 
that the maximal rate of reduction of endogenous 
ubiquinone by succinate or DPNH was a lways 
much less than the overall ra te of substrate oxida 
tion; e.g. succinic-ubiquinone-reductase rates 
ranged from 13 to 52 % of the succinic-oxidase rates 
in the phosphate-buffered preparations . In order 
to eliminate any error due to a lag period in the 
reaction after the addition of the substrate, the 
ubiquinone-reductase rates were also determined 
by the second method, in which the substrate is 
preincubated with the enzyme preparation. This 
method can be used satisfactorily only with the 
tris-buffered preparations, where the aerobic 
steady-state level of ubiquinone is 60-70 %- The 
ra t es obtained (Table 2), calculated for an initial 
concentration of 100 % of ubiquinone, were higher 
than those obtained by the standard-assay pro
cedure but they were still less than the overall 
substrate-oxidation rates. 

The ubiquinone-reductase rates shown in Table 2 
have been calculated from the logarithmic graphs 
for an initial concentration of 100 % of ubiquinone. 
A more valid rate for comparison with the sub
strate-oxidase rate would be the rate of reduction 
where the initia l ubiquinone concentration is at its 
steady-state level. This rate can be calculated for 
the appropriate steady-state ubiquinone concentra
tion. Thus when succinate is the substrate, the 
steady-state rates will be 40 % of the rates given 
for the phosphate-buffered enzyme in Table 2, and 
65 % for the tris-buffered enzyme. 

A possible criticism of the ubiquinone-reductase 
assay is the use of cyanide to inhibit cytochrome 
oxidase, since it has been shown (Tsou, 1951) that 
cyanide, besides inhibiting cytochrome oxidase, 
has an inhibitory effect at other points in the chain. 
In order to eliminate the possibility of a partial 
inhibition of ubiquinone reductase by cyanide, rate 
measurements were made in the presence of anti
mycin A instead of cyanide. 'Antimycin A is an 
effective inhibitor of ubiquinol oxidase but it does 
not affect ubiquinone reduction (Pumphrey & 
Redfearn, 1959). Rate measurements were made on 
preparations where ubiquinol oxidase was inhibited 
with antimycin A and compared with those ob
tained with cyanide as the inhibitor. The succinic
ubiquinone-reducta.se rates were identical in the 
two cases. 
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Ubiquinol oxidase 

The method used for measuring ubiquinol
oxidase rates was found to be ra ther unsatisfactory 
and the results were not as consistent as those ob
tained by t he ubiquinone-reductase assay. In 
many cases the points on the D.E27~/time graphs 
were scat tered and reliable rate measurements were 
not possible. This scat t ering was attributed mainly 
to the layer of light petroleum used to exclude air 
from the preparation; it is possible that during the 
subsequent passage of oxygen the ligh t petroleum 
becomes thoroughly mixed with the enzyme, 
causing some deactivat ion and premature extrac
tion of lipid. 

The ubiquinol-oxidase rates in phosphate
buffered preparations were too fast to be measm e
ab le at room temperature in the presence of cyto
chrome c but measurable ra tes could be obta ined 
in the absence of added cytochrome c, and a t ypical 
result is shown in Fig. 2. The maximal ubiquinol
oxidase rates were always lower than the succinic
oxidase rates measured under the same condi t ions 
(Table 3). 

Addition of cytochrome c accelerated both the 
ubiquinol-oxidase and succinic-oxidase rat es in 
most phosphate-buffered preparations. Although 
it was difficult to obtain reliable ubiquinol-oxidase 
rates in tho presence of added cytochrome c, it 
seems probable that the two rates were increased 
proportionately because addition of cytochrome c 
increased the steady-sta t e level of ubiquinone and 
succinic-oxidase activity in about the same pr9-
portion. Ubiquinone r eductase is not accelerated 
by addition of cytochrome c. 
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Fig. 2. The rate of oxidation of endogenous ubiquinol at 
21° in a pig-heart-muscle preparation suspended in phos
phate buffer. Cytochrome c was not added in this experi
ment. 
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ubiquinone does not account for the total electron 
flux through the system as measured by the suc
cinic- or DPNH-oxidase activities. These activities 
are governed by the rate-limiting r eactions in the 
system. It was found that the succinic-dehydro
genase activity, measured by the phenazine metho
sulphate method, was equivalent to the succinic
oxidase activity; the latter was measured in the 
presence of added cytochrome c so that the concen
tration of endogenous cytochrome c would not be 
limiting. Thus it seems likely that the rate of 
flavoprotein reduction is the rate-limiting reaction 
in succinate oxidation. The succinic-ubiquinone
reductase rate therefore cannot be greater than the 
rate-limiting reaction, because ubiquinone acts 
after the flavoprotein, but the rates would be 
equivalent if ubiquinone was in the chain. The fact 
tha,t the rates are not equivalent means that a 
position for ubiquinone on a branch pathway must 
be postulated. This raises the question of a possible 
rela tionship with cytochrome b, which has also 
been shown to lie off the main respiratory chain in 
non-phosphorylating preparations (Chance, 1952, 
1958). There are, however, a number of reasons 
why ubiquinone cannot be considered as part of the 
cytochrome b pathway. These are : (a) in non
phosphorylating particles the rate of r eduction of 
cytochrome b is only 2 % of the overall oxidase rate 
(Chance, 1952), whereas ubiquinone reductase is 
about 25 % of the overall rate ; (b) addit ion of 
antimycin A results in a tenfold increase in the 
rate of r eduction of cytochrome b (Chance, 1958) 
but ubiquinone reduction is unaffect ed; (c) the 
)xidation- reduction potential of ubiquinone is 
: a lculated to be + 120 rnv a t pH 7·4 (Joel, Karnov
,ky, Ball & Cooper, 1958), whereas the highest 
value for cytochrome b at the same pH has been 
5iven as + 77 mv (Colpa-Boonstra & Holton, 
I 959); on this basis ubiquinone is more likely to act 
1fter cytochrome b, which would be incons istent 
,vith the kinetic data. 

b 

/ ~ 

T wo schemes for a position for ubiquinone in the 
non-phosphorylating heart-muscle preparation can 
b e put forward (Fig. 3). In scheme (I) ubiquinone 
is part of a branch pathway of the chain linking 
flavoprotein with the antimycin A-sensitive factor 
and directly concerned in electron transport. In 
scheme (II) it is in equilibrium with either the 
flavoprotein or some unknown component so as to 
form a blind alley; in this case it would not be 
directly involved in electron transport. It is not 
possible at present to decide which of these two 
alternatives is more likely, except that Lester & 
Fleischer (1959) claim, on the basis of extraction
reactivation experiments, that ubiquinone is an 
essential hydrogen carrier, a conclusion which 
would appear to favour the first. 

With regard to the function of ubiquinone in the 
respiratory chain two possibilities may be sug
gest ed. The first is that it acts as an electron con
ductor for linking together the chains of respiratory 
carriers. Evidence has been advanced by Kimura & 
Singer (1959) in support of earlier work (Wu & 
Tsou, 1955) that the respiratory chains are inter
linked to form a common system for the various 
deh ydrogenases. The r elatively high concentration 
ofubiquinone with respect to the other carriers, the 
fact that most of it appears to be accessible to both 
the DPNH- and succinate-specific flavoproteins 
and its lipophilic properties make it a suitab_le 
candidate for an interchain carrier in a syst em m 
which lipids undoubtedly play a structural role. 
Such a function would be consistent with scheme 
(I) in Fig. 3. 

The other possible function is in oxidative phos
phorylation. Hatefi (1959) has shown that adeno
sine diphosphate and inorganic phosphate affect 
the steady-sta te levels of ubiquinone in mito
chondria and has suggested that it functions in 
oxidative phosphorylation by the mechanism pro
posed by H arrison (1958). In the preceding paper 
(Pumphrey & R ed fearn, 1960) , evidence was pre-

- FP-X- c1 - c - a---+-a3 -02 
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Fig. 3. Two possible schemes for a position fo r ubiquinone in the non-phosphorylating respiratory chain. 
UQ, Ubiquinone; X, antimycin A-sensitive factor; FP, fi avoprote in. 
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ubiquinone does not account for the total electron 
flux through t he system as m easured by the suc
cinic- or DPNH-oxidase activities. These activities 
are governed by the rate-limiting reactions in the 
system. It was found that the succinic-dehydro 
genase activity, measured by the phenazine metho
sulphate method, was equivalent to the succinic
oxidase activity; t he latter was measured in the 
presence of added cytochrome c so that the concen
tration of endogenous cytochrome c would not be 
limiting. Thus it seems likely that the rate of 
fiavoprotein reduction is the rate-limiting r eaction 
in succinate oxidation. The succinic- ubiquinone
reductase rate therefore cannot be greater than the 
rate-limiting reaction, because ubiquinone acts 
after the flavoprotein, but the rates would be 
equivalen t if ubiquinone was in the chain. The fact 
that the rates are not equivalent means that a 
position for ubiquinone on a branch pathway must 
be postulated. This raises the quest ion of a possible 
relationship with cytochrome b, which has also 
been shown to lie off the main respiratory chain in 
non-phosphorylating preparations (Chance, 1952, 
1958). There are, however, a number of reasons 
why ubiquinone cannot be considered as part of the 
cytochrome b pathway. These are: (a) in non
phosphorylating particles the rate of reduction of 
cytochrome b is only 2 % of the overall oxidase rate 
(Chance, 1952), whereas ubiquinone reductase is 
about 25 % of the overall rate ; (b) addition of 
antimycin A results in a t enfold increase in the 
rate of reduction of cytochrome b (Chance, 1958) 
but ubiquinone reduction is unaffected; (c) the 
oxidation-reduction potential of ubiquinone is 
calculated to be + 120 mv at pH 7·4 (Joel, Karnov
sky, Ball & Cooper, 1958), whereas the highest 
value for cytochrome b at the same pH has been 
given as + 77 mv (Colpa -Boonstra & Holton, 
1959); on this basis ubiquinone is more likely to act 
after cytochrome b, which would be inconsistent 
with the kinetic data. 

b 

/ ""-.. 

Two schemes for a pos ition for ubiquinone in the 
non-phosphorylating heart-muscle preparation can 
be put forward (Fig. 3). In scheme (I) ubiquinone 
is part of a branch pathway of the chain linking 
flavoprotein with the antimycin A-sensitive factor 
and directly concerned in electron transport. In 
scheme (II) it is in equilibrium with either the 
flavoprotein or some unknown component so as to 
form a blind alley; in this case it would not be 
directly involved in electron transport. It is not 
possible at present to decide which of these two 
alternatives is more likely, except that Lester & 
Fleischer (1959) claim, on the basis of extraction
reactivation experiments, that ubiquinone is an 
essential hydrogen carrier, a conclusion which 
would appear to favour the first . 

With regard to the function of ubiquinone in the 
respiratory chain two possibilities may be sug
gested . The first is that it acts as an electron con
ductor for linking together the chains of respiratory 
carriers. Evidence has been advanced by Kimura & 
Singer (1959) in support of earlier work (Wu & 
Tsou, 1955) that the respiratory chains are inter
linked to form a common system for the various 
dehydrogenases. The relatively high concentration 
of ubiquinone with respect to the other carriers, the 
fact that most of it appears to be accessible to both 
the DPNH- and succinate-specific flavoproteins 
and its lipophilic properties make it a suitab~e 
candidate for an interchain carrier in a system m 
which lipids undoubtedly play a structural role. 
Such a function would be consistent with scheme 
(I) in Fig. 3. 

The other possible function is in oxidative phos
phorylation. Hatefi (1959) has shown that adeno
sine diphosphate and inorganic phosphate affect 
the steady-state levels of ubiquinone in mito 
chondria and has suggested that it functions in 
oxidative phosphorylation by the mechanism pro
posed by Harrison (1958). In the preceding paper 
(Pumphrey & R edfearn, 1960), evidence was pre-
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Fig. 3. Two possible schemes for a position for ubiquinone in the non-phosphorylating respiratory chain. 
UQ, Ubiquinone; X, antimycin A-sensitive factor; FP, flavoprotein. 
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Table 3. Comparison of maximum ubiquinol-oxidase rates with those of succinic oxuiase 
in pig-heart-muscle preparations 

Details of methods 11re described in the text. Activities were measured in the absence of added cytochrome c. 

Age of 
Preparation preparation 

no. (days) 

29 l 
34 1 
34 3 
35 l 

Suspending 
buffer 

Phosphate 
Phosphate 
Phosphate 
Tris 

Temp. 

21·0° 
21·0 
21·5 

1·5 

Maximum 
ubiquinol

oxidase rate 
(µmol es of 
ubiquinol 

oxidized/mg. 
of protein /hr.) 

0·8 
1·7 
1·4 
1·8 

Succinic ox ic.lasc 
(µmoles of 
succinato 

oxidized/mg. 
of protein/hr.) 

3·5 
6·7 
6·9 
1·2 

Table 4. Effects of inhibitors on the oxidation-reduction reactions of itbiquinone 

Deta ils of methods are described in the text. 

Inhibitor 
Final concn. 

(mM) Reaction inhibited 

Ubiquinol oxidase 9 KCN (neutra lized) 
Antimycin A 
2:3-Dimercaptopropanol 
Oxaloacetic acid 
Sodium amytal 

7lµg. /ml. 
7 

Ubiquinol oxidase 
Ubiquinol oxidase 
Succinic-ubiquinone reductase 
DPNH-ubiquinone reductase 

5 
1·4 

Ubiquinol-oxidase rates in tris-buffered prepara
tions were too fast to measure at room temperature 
even in the absence of added cytochrome c, but by 
reducing the temperature to 1·5° reasonable rates 
were obtained. These rates were 50 % higher than 
that of the succinic oxidase m easured under the 
same conditions (Table 3). The steady-state level 
of the ubiquinone approached 100 % under these 
conditions. 

Effects of inhibitors 

The effects of various respiratory-chain in
hibitors on the oxidation- reduction reactions of 
ubiquinone are summarized in Table 4. 

As pointed out in an earlier report (Pumphrey & 
R edfearn, 1959), the finding that antimycin A 
inhibited ubiquinol oxidation but not ubiquinone 
reduction was contrary to that of another group of 
workers (Hatefi, Lester, Crane & Widmer , 1959), 
who claimed the converse. This group have now 
repeated their earlier work with a different tech
nique and have obtained results in complete agree
ment with the present results (Green, Ha.tefi & 
Fechner, 1959). 

2:3-Dimercaptopropanol also inhibited the oxid
ation of ubiquinol but had no effect on the reduc
tion reaction. Spectrnphotometric examination of 
the lipid extract after treating the preparation 
with either antimycin A or 2:3-dimercaptopro
panol indicated that neither substance had com
bined chemically with ubiquinone or ubiquinol. 

DISCUSSION 

The r esults have shown that the rate of reduction 
of ubiquinone by either substrate was less than the 
rate of oxidation of that substrate. Also, the rate 
of oxidation of ubiquinol was less than that of 
succinic oxidase, except in one experiment carried 
out at 1·5° ·with a tris-buffered enzyme. Tho 
ubiquinone-reductase and ubiquinol-oxidase rates 
used in these comparisons are maximal rates which 
have been calculated for initial concentrations of 
100 % of ubiquinone and 100% of ubiquinol 
respectively . In the aerobic steady-state condi
tions of the succinic- and DPNH-oxidase assays, 
the concentrations of ubiquinone and ubiquinol 
will, of course, be less than 100 %- Since neither 
the ubiquinone reduction nor ubiquinol oxidation 
are zero-order reactions, their rates at the steady 
state will be less than the maximal rates. Thus the 
rates of the reduction and reoxidation of ubi
quinone at the steady state as percentages of the 
substrate-oxidase rates :would be even less than 
those given in Tables 2 and 3. 

The experiments with inhibitors show that the 
endogenous ubiquinone in heart-muscle prepara
tions is reduced by the succinate- and DPNH
specific flavoproteins and reoxidized by way of 
the antimycin A-sensitive factor and cytochrome 
oxidase. Thus it lies between the flavoproteins and 
the antimycin A-sensitive factor. However, the 
kinetic data indicate that electron transfer through 
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ubiquinone does not account for t he total electron 
flux through the system as m easured by the suc
cinic- or DPNH -oxidase activities. These activities 
are governed by t he rate-limiting reactions in the 
system. It was found t hat the succinic-dehydro
genase activ ity, measured by the phenazine metho
sulphate method, was equivalent to the succinic
ox idase activity; the la tter was measured in the 
presence of added cytochrome c so that the concen
t ration of endogenous cytochrome c would not be 
limiting. Thus it seems likely that the rate of 
flavoprotein reduction is the ra te-limiting reaction 
in succinate oxidation. The succinic-ubiquinone
reductase rate therefore cannot b e greater than the 
rate-limit ing reaction, because ubiquinone acts 
after the fiavoprotein, but the rates would be 
equivalen t ifubiquinone was in the chain. The fact 
that the rates are not equivalent means that a 
posit ion for ubiquinone on a branch pathway must 
be postulated. This raises the question of a possible 
relat ionship with cytochrome b, which has also 
been shown to lie off the m ain respiratory chain in 
non-phosphorylating preparations (Chance, 1952, 
1958). There are, however, a number of reasons 
why ubiquinone cannot b e considered as part of the 
cytochrome b pathway. These a re : (a) in non
phosphorylating par t icles the rate of reduction of 
cytochrome b is only 2 % of the overall oxidase rate 
(Chance, 1952) , whereas ubiquinone reductase is 
about 25% of the overall rate ; (b) addition of 
antimycin A r esults in a t enfold increase in the 
rat e of reduction of cytochrome b (Chance, 1958) 
but ubiquinone reduction is unaffected; (c) the 
oxidation- reduction potentia l of ubiquinone is 
calculated to be + 120 mv at pH 7·4 (Joel, Karnov
sky , Ba.Jl & Cooper, 1958), whereas the highest 
value for cytochrome b at the same pH has been 
given as + 77 mv (Colpa-Boonstra & Holton, 
1959); on this basis ubiquinone is more likely to act 
after cytochrome b, which would be incons istent 
with the kinetic data. 

T wo schemes for a position for ubiquinone in the 
non-phosphorylating heart-muscle preparation can 
be put forward (Fig. 3) . In scheme (I) ubiquinone 
is part of a branch pathway of the chain linking 
flavoprotein with the antimycin A-sensitive factor 
and directly concerned in electron transport. In 
scheme (II) it is in equilibr ium with either the 
flavoprotein or some unknown component so as to 
form a blind alley; in this case it would not be 
direct ly involved in electron transport. It is not 
possible a t present to decide which of these two 
alternatives is more likely, except that Lester & 
Fleischer (1959) claim, on the basis of extraction
reactivation experiments, t hat ubiquinone is an 
essential h ydrogen carrier, a conclusion which 
would appear to favour the first. 

With regard to the function of ubiquinone in the 
respiratory chain two possibilities may be sug
gest ed . The first is that it acts as an electron con
ductor for linking together the chains of respiratory 
carriers. Evidence has been advanced by Kimura & 
Singer (1959) in support of earlier work (~u & 
Tsou, 1955) tha t the respiratory chains are inter
linked to form a common system for the various 
dehydrogenases. The relatively high concentration 
ofubiquinone with respect to the other carriers, the 
fact that most of it appears to be accessible to both 
the DPNH- and succinate-specific flavoproteins 
and its lipophilic proper ties m ake it a suitab~e 
candidate for an interchain carrier in a system m 
which lipids undoubtedly play a structural role. 
Such a function would be consistent with scheme 
(I) in Fig. 3. 

The other possible function is in oxidative phos
phorylation. Hatefi (1959) has shown that adeno
sine diphosphate and inorganic phosphate affect 
the steady-state levels of ubiquinone in mito
chondria and has suggest ed that it functions in 
oxidat ive phosphorylation by the mechanism pro
posed by Harrison (1958). In the preceding paper 
(Pumphrey & R ed fearn, 1960), evidence was pre-

-FP -X- c1 - c - a-a3 --+-02 

"',./ 
UQ 

(I) 

(II) 

Fig_ 3. Two possible schemes for a position for ubiquinono in the non-phosphorylating respiratory chain. 
UQ, U biquinone; X, antimycin A-sensitive factor ; FP, fl avoprotoin. 
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sented for the ex istence of a bound form of ubi
quinone when the heart-muscle preparation was 
suspended in a medium containing inorganic phos
phate. It is possible that part of the oxidative
phosphorylation process is still intact in these 
preparations and that this bound form is a phos
phate-containing derivative of ubiquinone or 
ubiquinol and is an intermediate in the p rocess. 
Such a role would be consistent with scheme (II) 
in Fig. 3. 

SUMMARY 

1. Methods for studying the kinetics of endo
genous ubiquinone in heart-muscle preparations 
are described. 

2. The rate of reduction of ubiquinone was not 
equivalent to the steady-state rate of electron 
transfer as measured by the rate of oxidation of the 
sub trate. 

3. Studies with inhibitors indicated that ubi
quinone was reduced by the flavoproteins and 
oxidized by way of the antimycin A-sensitive 
factor and cytochrome oxidase. 

4. It is suggested that ubiquinone is a branch 
pathway of the respiratory chain, and that it may 
function either as an interchain carrier or as an 
intermediate in oxidative phosphorylation. 

We wish to thank Professor R. A. Morton, F.R. ., for his 
in terest and encouragement in this work. Wo are indebted 
to the Department of Scientific and Industrial Research 
for a Research Studentship to one of us (A. l\f. P.). 
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SUMMARY 

The mechanism of inactivation of respiratory enzyme systems in mitochondrial prepa
rations on tr;eatment with organic solvents has been investigated. It was found that 
the inactivation of the enzyme systems could be attribut_ed mainly to the presence 
of residual solvent which acted as a physical inhibitor. This inhibition could be 
reversed by any one of a number of different treatments which removed the solvent . 
It was shown that the specific reactivations claimed by other workers for substances 
such as tocopherol can be explained on the basis of non-specific reversal of this 
inhibition. Suitable techniques for studying preparations in which lipid has been 
removed by extraction, but without the complicating effect of residual solvent, will 
be described. The results will be discussed in relation to previous work. 

INTRODUCTION 

It was shown by NASON AND LEHM AN 1, 2 that ex traction of muscle mitochondrial 
preparations with isooctane resulted in an almost complete loss of the cytochrome c 
reductase activities. They could, however, be restored to their original levels by 
treating the preparations with (X-tocopherol as a suspension in bovine serum albumin . 
It was suggested, therefore, that tocopherol was either an essential component of 
the respiratory chain or that it could replace some lipid cofactor which was assumed 
to act between cytochromes b and c. It was subsequently found by NASON and his 
group3 and by others4 that a number of substances unrelated to tocopherol would 
reactivate extracted enzyme preparations. The original hypothesis was not abandoned 
however, and the results were explained on the basis of a specific reactivation by 
tocopherol5• DEUL, SLATER AND VELDSTRA6 repeated the work o~ NASON's group and 
concluded that the reactivation by tocopherol was best explained as a non-specific 
physical reversal of an inhibition caused by isooctane which was adsorbed on the sur
face of the enzyme particle. Experimental support for this idea came from the work of 
REDFEARN AND P UMPHREY7 who showed that the non-ionic surface-active agent, 
Tween 80, was a more efficient reactivator than d-(X-tocopherol in the succinic
cytochrome c reductase system of a pig heart-muscle preparation. It seemed, therefore, 

Abbreviations: DPNH, red uced diphosphopyridine nucleotide; Tris, tris(hydroxymethyl )
aminomethane. 
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that the principal mechanism of reactivation was the displacement or dispersal of 
the residual organic solvent which was adsorbed on or associated with the enzyme 
particles so as to prevent access of the reactants, or to inhibit electron transfer a t 
some point in the respiratory chain, or both. This type of reactivation mechanism 
would also explain the reactivating effect of a large number of substances, all pos
sessing long isoprenoid chains, studied by WEBER, GLOOR AND Wrss8 • Further 
evidence in favour of this mechanism came from POLLARD AND BIERI9 who found 
that mechanical treatment, such as high-speed centri fugation or freeze-drying, would 
effectively remove residual solvent and produce a reactivation . 

At the present time, a great deal of interest is being focussed on the possible 
roles of lipids as structu ral and functional components of the electron transport 
system, and a suitable extraction- reactivation technique would seem to be a useful 
tool for these studies. It appears, however, that the predominating fac tor in the in
activation of enzyme systems in preparations treated with organic solvents is a 
physical inhibition caused by the residual solvent . Previous claims for the partici
pation of certain lipid co-factors in the respiratory chain can now be explained on 
the basis of non-specific reactivations by the reversal of the inhibitory effects of the 
solvent and not to the replacement of specific lipids removed by the extraction . If 
the extraction- reactivation technique is to be used as a valid test system for studying 
the structural and functional lipids of the respiratory chain then the inhibitory 
solvent must first be removed. 

In the present paper the results of a study of the mechanisms of extraction and 
reactivation of mitochondrial enzyme systems will be presented and discussed . 

MATERIALS AND METHODS 

Solvents: A. R . isooctane and light petroleum (b.p. 40-60°) were freed from 
benzene by passing them through a column of silica gel (200 mesh) and then distilling. 

Chemicals: Cytochrome c was prepared from ox heart10 and dialysed against 
water. Ubiquinone was obtained from pig heart11 . d-0(-tocopherol was prepared from 
the acetate by saponification . DPNH was purchased from Boehringer und Soehne, 
Mannheim, Tween So from Honeywell and Stein, London, and bovine serum albumin 
from Armour and Co ., Eastbourne. 

Tocopherol and ubiquinone suspensions : These were prepared by dissolving ubi
quinone (3 mg) or d-0(-tocopherol (r.5 mg) in ethanol (r. 2 ml). 4.8 ml of an aqueous 
solution of bovine serum albumin (0.2 %, w/w) were then added and the mixture 
shaken vigorously by hand. The final concentrations were 5.8 · ro- 4 M. 

Heart-muscle preparations: Two types, I and II , were used. These were prepared 
by procedures described by MORRISON, CRAWFORD AND STOTZ12 and P UM PHREY AND 
REDFEARN13, respectively. 

Final protein concentrations14 in both types of preparation varied between 
ro and 40 mg/ml. 

Extraction procedure: Unless otherwise stated, the method used was as follows: 
The enzyme preparation was shaken vigorously by hand with an equal volume 

of isooctane, or other solvent, for r min at room temperature. The organic solvent 
and aqueous layers were then separated by giving the tube a short spin in a clinical 
centrifuge. The upper organic solvent layer was then removed. 

Biochim . Biophys. Acta, 44 (1960) 404- 415 
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Measurement of enzyme activities 

Succinic-cytochrome c reductase was measured spectrophotometrically at 550 m/k 
at room temperature (17- 22°) as already described7, and the reaction started by 
adding the enzyme. 

DPN H-cytochrome c reductase was measured in the same way as the succinic 
cytochrome c reductase except that the succinatewas replaced by DPNH (r.r · ro- 4 M). 

Succinic oxidase was measured manometrically at 37° with a reaction mixture 
as previously described15. The taps were closed 5 min aft er placing the manometer 
in the bath , and the succinic oxidase activity was calcula ted from the oxygen uptake 
in the 5 to 15-min period a ft er closing the taps. 

In order to study the effect of solvent treatment on the succinic oxidase ac tivity 
it was necessary to devise a method for removing the residual solvent before carrying 
out the assay. Interference due to evolution of vapour from residual solvent would 
thus be avoided. The method used was first to blow a stream of nitrogen over the 
extracted preparation for a few minutes at room temperature. The preparation, after 
suitable dilution, was then placed in the Warburg flask with a small concentration 
of succinate (0 .004 M) and with all the other additions. The remainder of the succinate 
addition was placed in the side-arm. The flask was then shaken in the water-bath 
at 37° with the manometer tap open until all the solvent vapour had been evolved. 
The succinate was then tipped into the reaction mixture and the rate of oxygen 
uptake measured. The unextracted controls were treated in the same way. 

DPN H oxidase was measured spectrophotometrically at 340 m/k at room tem
perature (17-22°) using the same reaction mixture as used for DPNH- cytochrome c 
reductase except that the cyanide addition was omitted. 

Cytochrome oxidase was measured manometrically a t 37° with the following 
reaction mixture: KH 2POcNa 2HPO 4 or Tris-RC! buffer, pH 7.4, 0.07 M; p
phenylene diamine, 0.04 M; cytochrome c, 7 · ro- 5 M; heart-muscle preparation , 
0.25-r.o mg protein . The final reaction volume of the flask contents was r.4 ml. The 
gas phase was air. The cytochrome oxidase activity was calculated from the oxyger.. 
uptake in the 5-15 min period. 

RESULTS 

General observations 

It will be shown that treatment of the preparations with organic solvents can 
affect enzyme activities in several ways, quite apart from the removal of lipid. In 
this paper, the term "extraction" will be used to denote the shaking of the preparation 
with organic solvent regardless of the quantity of lipid removed. 

The effects of extraction on enzyme activities depended on a number of factors 
usch as the type of preparation, its age and method of storage, the nature of the 
oslvent and the amount of solvent retained in the preparation after the extraction 
procedure. Most of these factors will be dealt with in the results of experiments on 
the different enzyme systems. However, some general observations on the extraction 
procedure might be described here since they give a clue to an understanding of the 
mechanism of inactivation by solvents. 

In the extraction procedure, the vigorous shaking of the preparation with the 
solvent usually resulted in emulsion formation. After centrifugation, the aqueous and 
solvent layers had separated and most of the enzyme particles had floated to the 

Biochim. Biophys. Acta, 44 (1960) 404-4r5 



REACTIVATION OF MITOCHONDRIAL PREPARATIONS 

top of the aqueous layer instead of sedimenting or remaining dispersed. It appeared 
that the solvent had become adsorbed on the surface or had dissolved in the lipid 
of the particle and so lowered its density. If the upper solvent layer was removed 
and the particles redispersed in the aqueous layer it was found that there was an 
evolution of solvent vapour from the suspension. When all the residual solvent had 
been evolved centrifugation of the suspension caused a sedimentation of the particles. 

Evidence that the solvent itself is the principal cause of inactivation was provided 
by shaking the heart-muscle preparation with a small volume (10-20 % v/v) of the 
solvent. Measurement of succinic cytochrome c reductase activity of the mixture then 
showed that a considerable inactivation had occurred. 

Experiments were performed on two types of preparation, I and II . The es-sential 
differences between them were that type I contained ammonium sulphate and it was 
stored at - 20° for periods up to several weeks while type II did not contain am
monium sulphate and was stored at 3-5° for 6-7 days. In a few experiments, am
monium sulphate was added to a type II preparation which was then kept at -20° . 

This treatment gave a preparation which appeared similar to that of type I. The 
long period of storage of this type at -20° appeared to make it more sensitive to 
treatment with organic solvents; i.e. greater enzyme inactivations were obtained 
after extraction and removal of residual solvent than those obtained with the type II 
preparations. 

Effects of solvent treo.tment on cytochrome c reductase activities 

Succinic- and DPNH-cytochrome c reductase activities were measured in both 
types of preparation. The loss in activities of the heart-muscle preparation after one 
extraction increased after storage at - 20 ° . NASON AND LEmIAN2 had also found that 
enzyme inactivation by extraction was facilitated by storage of their preparation. 
Fig. I shows the succinic- and DPNH-cytochrome c reductase activities of a 
preparation before and after a single extraction with isooctane as a function of the 
age of the preparation. The isooctane extract had an absorption maximum at about 
270 mµ. and as a rough index of the amount of lipid extracted, the extinction at 
270 mµ. was measured. 

The reactivating effect of d-cx-tocopherol1 , 2 , 16 on the succinic- and DPNH
cytochrome c reductase activities was confirmed. It was found also that ubiquinone 
(coenzyme Q) would reactivate, a result which is in agreement with work of another 
group8 . It seemed that these substances could be acting by virtue of their· surface
active properties in removing residual solvent which was inhibiting the enzyme 
systems. The effec t of adding the non-ionic surface-active agent, Tween 80 was 
therefore tried and it was found that it gave 100 % reactivation in the succinic
cytochrome c reductase activity of an isooctane-extracted preparation (Fig. 2). Tween 
80 in the concentration used had little or no effect on succinic-cytochrome c reductase 
in the unextracted preparation. 

In another experiment a preparation of type I was aged for 2 weeks at -20° , 

and then it was successively extracted with isooctane up to IO times. The reactivating 
effect of Tween 80, ubiquinone and d-cx-tocopherol were tested after each extraction 
(Table I). Up to three extractions seemed to have little effect on the maximal-restored 
activity, although as much as 34 % (by weight) of the total lipid had been removed. 
After three extractions the restored activities fell rapidly until with ten extractions, 
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when 49 % of the lipid had been removed, the maximal restored activity had fallen 
to 42 % of the original activity. 

In experiments on DPNH-cytochrome c reductase, it was found that d-a
tocopherol and ubiquinone would reactivate after extraction, but Tween 80 would 
not. In fact, Tween 80 destroyed almost all activity in the unextracted preparation. 
This is in keeping with the greater sensitivity of the DPNH- cytochrome c reductase 
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Fig. 1 . Effec t of one extraction with isooctane 
on succinic- and DPNH-cyt ochrome c re
ductase activities of a t ype I heart-muscle 
preparation as a function of the age of the 
preparation. 0- 0 , DPNH-cytochrome c re
ductase before extraction ; • - • , succinic
cytochrome c reductase before extrac tion ; 
□-□, DPNH-cyt ochrome c reductase after 
extract ion; ■-■ , succinic-cytochrome c re
ductase after extrac tion ; .... - .... , extinction a t 
2 70 m11 of isooctane extract per ml undiluted 
preparation . E nzyme acti vities are expressed 
as rate of change of extinction at 550 mµ /ml 
undiluted preparation. Assay procedures as 

described in the t ext. 
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Fig. 2 . R eactivation of succinic-cytochrome c 
reductase by d-a-tocopherol, ubiquinone and 
Tween So. 0 - 0, unextract ed; □-□, ex
tracted once with isooct ane ; 6-6 , extract ed 
plus d-a-tocopherol, 3.8 · 10-5 Af ; .... - .... , ex
tracted plus ubiquinone, 3.8·10 -5 M ; • - • • 
extrac ted plus Tween So, I .33 /tg/ml. Type II 
preparation with added ammonium sulphate 
(8 .8 % w/v) aged at -20° for 7 days. d-a- toco
pberol and ubiquinone added as suspensions in 
0.2% bovine serum albumin. Assay procedure 

as described in text. 

TABLE I 

EFFECT OF ISOOCTANE EXTR ACTI ON ON THE SUCCIN ! C-CYTOC!-IR OME C REDUCTASE OF 

A PIG HEART-MUSCLE PREPARATION 

Extraction and assay as described in t ext. Type I preparation (age : 2 weeks) used. Final concen
trations of additions: Tween So, 1.33 mg/ml ; d-a-tocopherol, 3.8 · 10 - 5 M; ubiquinone, 3 .8 · 10-5 M. 

Suspensions of d-a-tocopherol and ubiquinone in 0.2 % bovine serum albumin were used. 

Nu mber of Additio,.s: extractions None 

~ c/ative activity 

Tween 80 d-a. -tocopherol Ubiqrduone 

0 JOO JOO JOO TOO 

I 17 108 78 84 
2 l I 103 70 Sr 
3 11 100 58 So 
4 9 89 52 77 
7 7 60 22 5 1 

I O 2 42 13 26 
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system to surface-active agen ts and organic solvents already noted by other 
workers6 , 17 . 

Effect of solvent-treatment on succinic oxidase activity 

The manometric determination of succinic oxidase a ft er treatment of the prepa
ration with organic solvents is complicated by the fact that there is an evolution of 
vapour from the residual solvent during the course of the assay. After a time, when 
all the solvent has been driven off, the manometer indica tes an uptake of oxygen. 
These effects are illustrated in Fig. 3. 
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Fig. 3. Succinic oxidase activity after r, 4 and 9 extractions with isooctane. • - • , unex
tracted ; 0-0, r extraction ; A. - A. , 4 extractions; 6 - 6 , 9 extractions. T ype II preparation 
with added ammonium sulphate (8.8 % w/v) aged a t -20° fo r 7 days. Assay procedure as des-

cribed in text. 

The effects of d-Q:-tocopherol, ubiquinone and Tween 80 additions on the succinic 
oxidase activities of extracted preparations were studied . Tween 80 appeared to 
accelerate the evolution of the residual solvent and consequently the oxygen uptake 
began earlier. Ubiquinone and tocopherol as suspensions in bovine serum albumin 
did not give this effect but often tended to eliminate part of the "lag-period" due 
to solvent evolution, possibly by preferentially adsorbing the solvent ; this would 
reverse the inhibition and perhaps also tend to prevent the solvent from evaporating. 
None of these substances had any effect on the fin al maximum activity after ex
tractions. 

The amount of residual solvent in a preparation depends upon a number of 
factors, such as the number of ex tractions and the dilution aft er extraction. If the 
amount of solvent is small and the succinic oxidase activity high, then there will 
be apparent uptake of oxygen but this will be lower than the true activity. When 
all the solvent has been driven off, the apparent oxygen uptake will attain its maximal 
true value. A plot of the "oxygen uptake" against time will thus give a curve with 
an apparent lag period similar to those published by DE UL, SLATER AND VELDSTRA6. 

The interfering effect of the evolution of residual solvent vapour can, however, be 
eliminated by using the modified procedure described above in which the residual 
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solvent is removed before the assay . Using this procedure the effect of the number 
of extractions and the addition of cytochrome c, tocopherol and ubiquinone on the 
succinic oxidase activity of the preparations after solvent treatment was studied. 

Number of extractions: The effects of an increasing number of extractions of a 
type II preparation which had been aged at - 20° for r week have already been 
shown (Fig. 3). It was found that there was a progressive loss of activity with an 
increasing number of extractions with isooctane. Subsequent experiments employing 
the modified technique for removing residual solvent were done with unfrozen 
type II preparations using the more volatile 40-60° light petroleum as the solvent 
(Table II) . It can be seen that after one or two extractions there was an increase in the 
succinic oxidase activity (> roo % in Expt. r). The activities then fell slowly with 
increasing number of extractions but in one case, even after 40 extractions, the 
.activity was more than roo % greater than the original activity. Preliminary experi
ments have indicated that a considerable amount (30-50 %) of the ubiquinone and 
possibly other lipids can be removed from the particles apparently without this 
having any appreciable effect on the enzyme activities. 

TABLE II 

EFFECT OF NUMBER OF LIGHT PETROLE UM EXTRACTIONS ON THE SUCCINIC OXIDASE AN D 

CYTOCHROME OXIDASE ACTIVITIES OF A PIG HEART-MUSCLE PREPARATION 

Assays as described in text. The experiments were carried out with three different type II prepa
rations. Expt. r: 2 ml preparation (age: 3 days) extracted successively with 4 ml 40-60° light 
petroleum for r min. Expt. 2: 1 ml preparation (age: 1 day) extracted successively with r ml 
40-60° light petroleum fo r I min. Expt. 3: 1 ml preparation (age: 7 days) extract ed successively 

with 5 ml 40-60° petroleum for 1 min. 

Succiuic ox-idase Cytochrome oxidase 
Nuffiber of QO, (t.t.l 0,/11/mg prolei1') QO, 
cxtractiotis 

Expt. No. I 3 I 3 

0 259 216 320 810 1240 
567 293 886 

2 373 297 842 
3 288 
4 243 902 
5 225 
7 220 

10 135 
20 960 1616 
40 770 1880 

Cytochrome c addition: In all these succinic oxidase assays, cytochrome c was 
added. This was necessary because extraction of these preparations with organic 
solvents appeared to increase their dependency on external cytochrome c for attain
ment of maximal activity. If the succinic oxidase activity was measured without 
added cytochrome c, aft er extraction there was an apparent loss in activity which 
could be restored by adding cy tochrome c. Fig. 4 shows the effect of cytochrome c 
addition on a fresh heart-muscle preparation before and after one extraction with 
light petroleum. 

d-a.-tocopherol addition: The effects of the addition of d-a.-tocopherol either as 
a solution (ethanol) or a suspension (bovine serum albumin) were studied. The results 
of one experiment are shown in Fig. 5. A Tris-buffered preparation of type II was 
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extracted four tim'es with isooctane and once with 40-60° light petroleum. The purpose 
of the latter was to remove most of the residual isooctane; the residual light petroleum, 
being much more volatile, was then driven off by shaking the fl asks for 20 min at 37° _ 
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f 
ONSO 

20·· - ' 
t im~(tnin) 

F ig. 4. Effect of extraction o'n ' added cyto
chrome c requirement of succinic' oxidase. 
• - •, unextracted plus added cytochrome c, 
4.3 · 1 0 - 5 M; t:,-t:, , unextracted without 
added cyt ochrome c; 0-0, extracted (once 
with 40-60° light pet roleum using I ml p repa
ration and 3 ml solvent) p lus added cyto
chrome c, 4.3 ·10-5 M; .A. - .A. , extracted with
out a dded cytochrome c. Type II preparation 
suspended in T ris-H Cl b uffer. R esidual solvent 
removed an d succinic oxidase assayed as 

described in -text. 
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F ig. 5. Effect of d-a-tocoph erol a nd ubiq uinone 
additions on succinic oxidase of extract ed 
p reparation . • - • . unextrac ted ; t:,-t:, , ex
tracted (fou r times with isooct ane and once 
with 40-60° ligh t petroleum using r m l prepa
ration a nd 3 ml solvent); 0-0, ext racted p lus 
d-a-tocopherol (ethanolic solution), 2 • 10-4 NI; 
.A. - .A. , ex tracted p lus ubiquinone (ethanolic 
solution), 2 · 1 0 -4 M. Type II p reparation sus
pended in Tris- HCl buffer. R esidual solvent 
removed and succinic oxidase assayed as 

described in t ext . 

Although there were no significant differences in the maximal activities, it will be 
noticed that d-a-tocopherol prevented the falling-off in activity with time. It seems 
that tocopherol is acting here as an antioxidant and is protecting some essential groups 
or components from destruction by oxidation. Tocopherol showed a similar effect with 
the unextracted enzyme preparations. AMES AND RISLEY18 showed that although a 
suspension of a-tocopherol in bovine serum albumin inhibited the succinic oxidase 
activity of their preparations, it protected the system against inactivation for approx. 
3 h. More recently, TAPPEL AND ZALKIN 19 fo und that tocopherol inhibited lipid 
peroxidation and stabilized DPNH-cytochrome c reductase in mitochondria. 

Ubiquinone (coenzyme Q) addition: In a number of experiments, preparations of 
type II were extracted with isooctane and 40-60° light pet roleum. The final extraction 
was usually made with light pet roleum since this was more volatile and the residual 
solvent could be more readily driven off by incubating at 37° for relatively short 
periods (up to 20 min). The succinic oxidase activity could then be measured in the 
presence and absence of added ubiquinone (in ethanolic solution) and cytochrome c. 
The results (Table III) may be summarized as follows: 
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TABLE III 

EFFECT OF ADDITION OF UBIQUI NONE AND CYTOCHROME C ON SUCCINIC OXIDASE ACTIVITY OF 

SOLVENT-EXTRACTED PIG HEART-MUSCLE PREPARATIONS 

.All experiments were performed with t ype II preparations. R esidua l solvent removed and succinic 
-oxidase assayed as described in t ext. Ubiquinone added where indicated ( ± U Q) as a ethanolic 
solution to give final concentration of 2 • ro-4 11I. Same volume of ethanol added to controls. 
D etails of individual experiments as follows: Expt. r : 2 ml preparation extracted. once with 2 ml 

·isooctane and then once with 2 ml 40- 60° light petroleum. Expt. 2 : 1 ml preparation extracted 
once with 3 ml isoocta ne and then once with 3 ml 40-60° light petroleum. Expt. 4: r ml prepa
ration extracted once with 3 ml 40- 60° light petroleum. Expt. 5: r ml. preparation extracted 
i:wice with 3 ml isooctane and then once with 3 ml 40-60° light petroleum. Expt. 6: 2 ml prepa-

ration extracted with 4 ml 40-60° light petroleum. 

Presence ( + ) S uccinic oxidase (QO,) 

Expt. Preparation A ge at time Su.spending or 

number nwnber 
of Expt. b1<ffer absence(-) U nextracted Extracted 
(days) of added 

cytochrome c - UQ + UQ -UQ + UQ 

3 1 B 6 Tris r28 129 58 50 
31 B 6 Tris + 248 253 

2 28 A 6 Phosphate + 480 486 468 486 

3 28 B 8 Tris + 244 267 

4 28 B 12 Tris 93 93 47 41 

+ 152 r52 

5 25 B 2 Tris + 278 221 226 

6 29 A 2 Phosphate 76 5r 41 41 

(a) when cytochrome c was omitted, there was a loss of succinic oxidase activity 
after extraction; (b) in the presence of added cytochrome c, succinic oxidase activities 
either increased (e.g. to 22 % higher after two extractions) or decreased (e.g. 20 % 
lower after three extractions); (c) Ubiquinone added to the extracted preparation 
.appeared to produce small increases in activity in two experiments ; in most cases 
however, there were no significant changes in activity when ubiquinone was added 
with or without added cytochrome c except that it sometimes tended to prevent 
the falling-off in oxygen uptake with time. This effect may explain the slightly higher 
activities sometimes obtained with added ubiquinone. (d) Addition of ubiquinone to 
the unextracted preparation appeared to have little or no effect. 

Effect of solvent-treatment on cytochrome oxidase 

Extraction with non-polar solvents such as 40-60° light petroleum usually 
produced a marked increase in activity after removal of residual solvent as shown 
in Table II . It is known that surface-active agents have an activating effect on 
cytochrome oxidase20 and it seems that non-polar solvents behave similarly. 

When polar solvents are used, however, the results are rather different . In an 
experiment where a preparation was first extracted with isooctane, then with 40-60 ° 

light petroleum and fin ally with diethyl ether it was found that there had been a 
considerable inactivation of cytochrome oxidase and it had become the rate-limiting 
step in the succinic oxidase system. In another experiment in which a preparation 
was extracted once with 40 -60 ° light petroleum containing 20 % (v/v) acetone the 
cytochrome oxidase was completely inactivated but succinic cytochrome c reductase 
was still relatively high. Thus it seems that treatment with non-polar solvents stimu
lates cytochrome oxidase activity bt,t polar solvents produce an inactivation. 
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DISCUSSION 

The heart-muscle preparations of the types described in this paper are colloidal sus
pensions of fragments of mitochondrial membranes and cristae. They contain 30- 35 % 
lipid on a dry weight basis. Approx. go % of this lipid is phospholipid with smaller 
amounts of cholesterol (3- 4 %), neutral lipid (2-3 %), ubiquin one (o.6 %) and other 
minor constituents21 . There is a substantial amount of evidence to support the view 
th at th e phospholipid22 is an importan t structLiral element, and th e ubiquinone23 , 24 

a function al component of the respiratory chain . Hence, removal of these lipids by 
ex t raction with organic solvents would be expected to have a profound effect on 
the enzymic activities of the system. However, the inactivation of the enzyme 
systems of the respiratory chain which occurs when heart-muscle preparations are 
treated with non-polar organic solvents appears to be due primarily to the inhibitory 
effect of the residual solvent present, and not to the removal of the lipid. In fact, 
in some experiments even aft er fo rty ext ractions there did not appear to be a loss 
in activity due to removal of lipid per se . In general , however, some loss in activity 
due to removal of lipid can usually be achieved after a sufficiently large number of 
extractions with non-polar solvents. Under the conditions usually employed by 
earlier workers (i.e. one or two extractions with isooctane) very little lipid was 
removed and the activity after removal of the residual solvent was usually higher 
than the original activity. The increase in activity which occurs after a few extractions 
can probably be attributed to the physical action of the solvent in breaking down 
larger particles or aggregates into smaller ones, or causing an alteration of the particle 
structure which allows an easier access of the enzyme system to the reactants. This 
process is probably analogous to the effect of freezing and thawing or to the action 
of certain surface-active agents, both of which result in increased enzyme activities. 
To summarize therefore, treatment of heart-muscle preparations with organic solvents 
has three principal effects: (a) the physical action of the solvent producing a change 
in particle size or morphology, (b) the removal of lipid from the particle by solution 
in the solvent, and (c) the retention of a small amount of the solvent by the particles 
by surface adsorption or by solution in the lipid. The observed loss in enzymic 
activities aft er one or two extractions with isooctane or other solvents is due primarily 
to the third effect . After removal of the inhibitory residual solvent the true activity 
of the extracted preparation can be measured. This may be higher or lower than the 
activity of the untreated control depending on the number of extractions and other 
factors such as the age and t ype of preparation. 

It has been shown that a non-ionic surface active agent will effectively remove 
the inhibitory effect of the residual solvent presumably by dispersing it. It seems 
very likely that tocopherol, ubiquinone and other compounds with long isoprenoid 
side chains act similarly to surface active agents and are able to remove the solvent 
from its inhibitory site on the enzyme particle. WEITZEL et al. 25 have shown that 
tocopherol and vitamin K 1 exhibit surface-active properties. Compounds possessing 
long isoprenoid chains are however not the only ones which will reverse the inhibition 
due to solvent as recently pointed out by DRAPER AND CsALLANY26 . 

In order to study the effect of various added lipids in lipid-extracted preparations 
it was necessary to devise another method for removing completely the residual 
solvent. This was achieved quite simply by first blowing a stream of nitrogen over 
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the preparation at room temperature for a few minutes and then incubating for 
a short period at 37° to remove the last traces of solvent. Using this technique the 
effect of ubiquinone addition to extracted preparations was tested but in no case 
could an unequivocal activation by replacement be demonstrated. Thus although it 
seems probable from other work23 , 2~ that ubiquinone is a functional member of the 
respiratory chain, under the conditions of the present experiments, added ubiquinone 
cannot restore activity by replacing extracted ubiquinone. CRANE et al.27 extracted 
ETP with isooctane and found that succinic oxidase was partially reactivated with 
ubiquinone alone, completely reactivated by ubiquinone together with a special 
phospholipid fraction and completely reactivated by cytochrome c alone. There was 
no summation of the activities induced by ubiquinone and cytochrome c. These 
workers also found that although succinic oxidase activity fell after extraction 
succinic- and DPNH-cytochrome c activities increased markedly. It has been shown 
subsequently that ubiquinone acts before cytochrome c (see ref. 23) and its removal 
would, therefore, be expected to affect cytochrome reduction. Thus it is now very 
doubtful whether the reactivation obtained by these workers was due to a specific 
action of ubiquinone. The most likely explanation is that it was due to the removal 
of traces of solvent-from the preparation . The explanation of the reactiva ting eff ect 
of cytochrome c is that treatment with organic solvents induces a · requirement for 
added cytochrome c as already indicated in the present experiments. Recently the 
same group of workers28 , 29 have reported a specific reactivating effect of ubiquinone 
in acetone-extracted mitochondria. In this case the reactivation was only obtained 
when cytochrome c was also added; no reactivation was obtained with cytochrome c 

alone. It is difficult to understand why ubiquinone cannot reactivate preparations 
in which ubiquinone has been removed by extraction with non-polar solvents such 
as light petroleum while reactivations are obtained after much more drastic treatment 
with acetone. The explanation may be that the enzyme particles have to undergo 
some structural change only brought about by more polar solvents such as acetone, 
in order that the added ubiquinone can enter the active site. In support of this it 
has now been shown by CHANCE AND REDFEARN 30 that pure ubiquinone added to 
unextracted preparations is reduced at a very low rate compared with that of the 
endogenous material. An investigation of the mechanism of a specific reactivation 
by ubiquinone is in progress. 

Finally, it is appropriate to mention the recent work of WEBER AND W1ss31 . 

These workers have shown that the inhibition of succinic-cytochrome c reductase 
activity in a mitochondrial preparation by isooctane and a number of other hydro
carbons is due not only to their lipid solubility but also to their structural properties. 
The length of the hydrocarbon chain was an important factor, chains of 6- 7 carbon 
atoms being the most active. The inhibitory effect of the n-alkanes was decreased 
by the introduction of a hydroxyl group but was increased by bromine substitution. 
Of the other compounds with inhibitory effects it was interesting to note that a 
vitamin K 2 analogue with a side-chain consisting of one isoprenoid unit was 30 times 
as active as isooctane. In all cases the inhibition could be reversed by substances 
with long isoprenoid side chains such as vitamin K1, phytol and ubiquinone. The 
potent inhibition caused by the vitamin K 2 analogue with a short side chain suggests 
a mechanism for the inhibition process. The short lipophilic side chain dissolves 
in the lipid phase of the enzyme particle leaving the large naphthoquinone 
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nucleus proj ecting from the surface and acting as an efficient barrier to the reactants. 
The structural similarity of the vitamin K 2 analogue and the 2-hydroxy-3-alkyl

naphthoquinone inhibitors described by BALL, ANFINSEN AND CoOPER32 is striking. 
It is possible that the inhibitory effects of the latter can now be explained in t erms of 
a purely physical non-specific effect ra ther than as a specific inhibition of a naturally 
occurring quinone, as recently suggested33• Work in progress may help to elucidate 
this point . 

NOTE ADDED IN PROOF 

After this paper was submitted for publication, a paper by HENDLIN AND CooK34 

has come to our notice. These workers have put forward evidence which supports 
the suggestion that naphthoquinones act as non-specific inhibitors. 

(R eceived Sept. 22nd, 1960) 
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Direct Spectrophotometric Studies of the Kinetics of Oxidation and 
Reduction of Ubiquinone of Heart-Muscle Particles 

BY B. CHAl.'l"CE AND E. R. REDFEARN* 
J ohnson R esearch Foundation, University of Pennsylvania, Philadelphia, P ennsylvania, U.S.A. 

(R eceived 6 Febrnary 1961) 

Spectrophotometric m easurement of extinction 
changes associated with oxidation and reduction of 
the respiratory components of K eiHn & Hartree 
hear.t-muscle particles has led to a clearer under
standing of the reaction sequen ce and mechanism 
of action of t hese components (Chance, 1952a). In 
some cases it has been possible to distinguish 
between components whose reaction kinetics a re 
either consistent 01· inconsistent with the rate of 
electron transfer through t he system (Chance, 
1952a, 1958). Although these methods have been 
applied to the ultrav iolet region of the spectrum, 
for example to soluble enzymes (Chance & H arting, 
1953; Harting & Chance, 1953), and to measure
m ents of the 340 mµ. band of reduced pyridine 
nucleotide in mitochondrial suspensions (Chance, 
1954a, b; Chance & Williams, 1955b), th eir appli
cation to turbid heart-muscle preparations in
volves formidable technical difficulties. The a r
r angement of an 'end-on' photomultiplier placed 
very close t o a cuvette containing dilute suspen
sions and the use of a high sensit ivity to extinction 
changes (Chance, 1952a, 1954a, 1957a ) have 
largely solved the problems discussed by K eilin & 
Hartree (1958), who encountered difficul t ies in the 
measurement of extinction changes of heart
muscle particles in t he visible region of the 
spectrum with commercially available spectro
photometers. 

In view of the intense interest in t he possiblo 
role of ubiquinon e (coenzyme Q) in electron 
transfer in various t issues and tissue fractions, 
more accurate and detailed information on the 
kinetics of its reduction and oxidation is needed. 
Up to this time, determinations of th e ratio of 
oxidized to reduced forms of ubiqu inone have 
been made by rapid stopping of th e reaction 
either with cold meth anol followed by a ligh t 
petroleum extraction (Pumphrey & R edfearn, 
1960; R edfearn & P umphrey, 1960) or by heat 
denaturat ion , fo llowed by cyclohexan e extraction 
(Crane, Lester, W'idmer & H atefi, 1959; Hatefi, 
Lester, Crane & Widmer, 1959). 

Direct spectrophotometric m easurement of re
actions of ubiquinone at 275 mµ. requires light-

• Pernrnn 11 nt addroBs : Department of Biochemistry, 
University of Liverpool, Liverpool 3. 

sources of high intensity and stability. Further 
difficulties arise in providing optics of appropriate 
aper ture and photosurfaces of adequate sensitivity, 
and in minimizing stray and scattered light. Also, 
extinction changes at 275 mµ. occur rapidly upon 
addition of succinate to cyanide-treated heart
muscle particles . In t his paper t echnical considera
tions involved in such measurements are described 
and ultraviolet-extinction changes are compared in 
both rate and extent with those computed from 
measurem ents of light-petr oleum extracts of 
heart-muscle particles (P umphrey & Redfearn, 
1960). 

Ubiquinone is th e first componen t of heart
muscle particles to be studied simultaneously by 
direct spectroph otometry and by extraction from 
the particles. In hear t-muscle and guinea-p ig
kidney mitochondria assays of the ch anges of con 
centration of bound pyrid ine nucleotide (Chance & 
Williams, 1955 b; Chance & Baltscheffsky, 1958a; 
Chance & H ollunger, 1960) have been con-elated 
satisfactorily with chemical ana lyses (Klingenberg, 
Slenczka & Ritt, 1959). 

, ve have sh own that t he ultraviolet -extinction 
changes measured in heart-muscle particles can be 
attributed to reduction of ubiquinone to the 
quinol. In terms of the kinetics and inhibitor
sensitivity of this reaction, our results confirm and 
expand those of Pumphrey & R edfearn (1959, 
1960). A preliminary report of these studies is 
presented elsewhere (Chance & R edfearn, 1960). 

EXPERIMENTAL 

Ma,terials 
. H orse heart i~ the most satisfactory material for chemical 

analys is because of its freedom from in terfe ring pigments. 
Heart-muscle particles were obtained according to the 
general directions of Keilin & Hartree (1938, 1947) but 
with certain modifications, which are de cribed in full 
in the a.ppropriate references. The following terminology 
wiH be nsed: method M, particles prepared by grinding the 
mince in a mocha.nical mortar (Kellin & Hartree, 1038, 
1947); method B, particles prepared by homogenizing the 
mince in a Waring Blendor (Chance, 1952b; elab~rated by 
Pumphrey & R edfe11rn , 1960); method B, particles pre
pa.red from muscle min ce washed ,dth 0·9 % NaCl soln . to 
remove cytochrome c (Tsou, 1952). 



633 KINETIC STUDIES ON UBIQUINONE Vol. 80 

Since the mechanism of action of ubiquinone does not 
appear to differ in tbe three prepar11tions, 11 detailed 
description of their properties is not included. 

Pure crystalline ubiqu inone-50, m.p . 48·5°, was obtained 
from pig heart (Morton et al. 1958). 

Phosphate buffers were prepared from KH2P04 and 
Na2HP04 • 

Metlwds 
Spectrophotometry. Application of a double-beam 

spectrophotometer (Chance, 1954a) to the me11surement of 
small extinction changes of cytochromes in heart-muscle 
mitochondria has been described by Chance & Balts
cheffsky (1958b). The electronic output of the instrument 
represents the difference between extinction changes of the 
particle suspension at two wavelengths. Light-beams of 
the required wavelengths, obtained from a pair of Bausch 
and Lomb 250 mm. focus grating monochromators are 
flickered alternately through the sample, and chang~s at 
one (reference) wavelength compensate for non-specific 
chan~es at t he other (measurement) wavelength. To study 
the kmet1cs of reduction of ubiquinone, the measurement 
wavelength was set at 275 mµ, and the reference wave
length at 300 m µ, (275 - 300 mµ,). To determine difference 
spectra, the reference wavelength was fixed at 300 mµ, and 
various wavelengths in the range 250-310 mµ, were used to 
measure the reduction of ubiquinone by addition of 
succinate to cyanide-treated heart-muscle particles. The 
spectrophotometer was illuminated with a 100w Nestor 
arc la~p, the intensity of which was stabilized by a photo
electnc control circuit in the same way as tungsten and 
mercury lamps (Chance, 1957 a; Chance, Conrad & Legallais 
1958). ' 

Accurate optical measurements at 275 mµ, are difficult 
because of ~he sharp increase of extinction and scattering 
observed with heart-muscle particles at wavelengths below 
320 mµ,, and because extinction changes due to cytochromes 
in the Soret region may alter the amount of stray light 
falling upon the photocell. 

The simplest test for the la t ter possibilit,y is to use heart
muscle _p~rticles so highly concentrated that essentially no 
transmission occurs at 275 mµ, . It is then possible to 
observe spurious_ respon~es at this wavelength due to cyto
chrome changes rn the Soret region . In experimental tests, 
the double-beam spectrophotometer gives decreasing 
responses with increasing concentrations of particles and no 
spurious responses were observed. Co-Ni fi lters, trans
mitting between 250 and 310 mµ,, were used to eliminate 
stray light, in determination of both extinction coeffi cients 
and difference spectra. 

The extinction coefficient of ubiquinone is smaller with
out fil ters than with them, which is to be expected if some 
stray light passes through the monochromator. The 
si~nificant fact is that the difference spec~rum obtained 
\~1thout fi lters, and therefore in the presence of some stray 
light, agrees satisfactorily with that of ethanolic solutions 
~f ubi_quinone. This means that the absorption of stray 
hght 1s not measurably changed by oxidation and re
duction of cytochromes at other wavelengths, probably 
becaus~ _the stray light has no sharp wavelength maxima. 
In add1t1on, the largest changes due to cytocluomes are in 
the region of the Soret band where both increases and 
decreases occur on reduction, and these changes apparently 
cancel out. This is important in determining difference 
spectra with the double-benm spectrophotometer and in 

recording rapid kinetic changes with the regenerative fl ow 
apparatus because opt imum signal-to-noise ratios can be 
obtained only without fi lters. The double-beam apparatus 
has the advantage that it accurately measures increments 
of specific extinction in spite of appreciable amounts of 
'constant' stray light. 

Respiratory activity. Respiratory activity was measured 
by a vibrating platinum microelectrode (Chance & Williams, 
1955a) or, at temperatures below 20°, by a stationary 
electrode in a rotating cell, a method developed by G. R. 
Williams. The latter assembly combines a calomel or Ag
AgCl reference electrode and a platinum microelectrode. 
These dip into a cell rotating a t 120 rev./min. At the 
specified temperatures, the concentration of heart-muscle 
particles was high enough to avoid diffusion of 0 2 into the 
cuvette (Chance & \Villiams, 1955a). 

Kinetic analysis . The reduction of ubiquinone was initi
ated by stirring succinate rapidly into an open cuvette of 
1 cm. path, contain ing 1- 2·5 ml. of heart-muscle particles. 
The mixing time was < 1 sec. (Chance, 1950) . Exper iments 
were conducted at 25° or at 10° (Table 3). Assays at tho 
lower temperature are believed to be more rel.iable sin ce the 
reduction of ubiquinone may be so rapid in active prepara
tions at 25° that it is incorrectly recorded. 

Methods of determining (i) the rates of oxidation and 
reduction of ubiquinone and (ii) the steady-state oxid
ation- reduction levels of endogenous ubiquinone are de
scribed elsewhere (Pumphrey & Re-dfearn, 1960; Redfearn 
& Pumphrey, 1960). 

Determination of exogenous ubiquinone. A mixture of 
0·2 ml. of heart-muscle particles (method B, 34·7 mg. of 
protein /ml.) , 0·8 ml. of phosphate buffer (0·hr, pH 7·4), 
0· l ml. of K CN (0·06M) and 0·05 ml. of ubiquinone in 
ethanol was incubated at 26° with 0·2 ml. of 0·3M-sodium 
succinate. The reaction was stopped and ubiquinone was 
extracted and assayed as described by Pumphrey & 
Redfearn (1960). 

Kinetics of reduction of exogenous ubiquinone. The re
action mixture consisted of heart-muscle particles, buffer 
and KCN as a.hove, together with 0·05 ml. of ethanolic 
ubiquinone (3·5 mM). The reaction was started by the 
addition of 0·2 ml. of 0·3M-succinate. The reaction was 
stopped and the residual ubiquinone assayed as above. 

Estimation of protein. The heart-muscle particles were 
d iluted to between 1 and 10 mg. of protein/ml. and 1 ml. 
of the dilu ted particles was mixed with 0·5 ml. of water, 
1·5 ml. of biuret reagent (Goruall, Bardawill & David , 
1949) and 2 drops of 40 % (w/v) sodium cholate. The mixture 
wa.s incubated for 30 min. at room temperature, and the 
extinction at 540 mµ, then read in a spectrophotometer. 
The protein concent ration in the dilu ted particles is given 
hy E 040 mµ /0·096 mg. of proteir1/ml. 

In the experiments of F igs. 1, 2a and 3, the simple 
relationship, fat-free dry weight = 1·3 x Hsoomµ (Chance, 
1952b), was used. 

RESULTS 

Optical data 

A criterion f or the measurement of a valid opt-ical 
response. Addit ion of succinate to heart-muscle 
par t icles gives a readily m easurable signa l due to 
furnarate prod uction (Chance, 1952a, b). A typical 
example of s uch an experimen t is shown in Fig. l. 
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272- 295 inµ 
Ext inction at 272 Ill/I t 

1 ·6 lllM· 1 ·6 rnM- 1 ·0 111M· 

cyanide cyanide succinate 

/~ 
/~! 

£ = 0·004 E = 0·004 

T T 
I----- 50 sec. ---i 

Fig. 1. Kinetics of u.v.-extinction changes in heart
muscle particles. Left. Treated with succinate and then 
with cyanide. M-Succinate was added to a final concentra
tion of 8 mM. The upward slope of the trace indicates in
creasing extinction, measured at 272 - 295 mµ, due to the 
formation of fumarate. M-Cyanide was added to a final 
concentration of 1·6 mM; after a small artifact caused by 
stirring, there was decreased extinction at 272 mµ (down
ward slope of the trace). Right. Particles were pretreated 
with M-cyanide to a final concentration of 1 6 mM. After 
an artifact caused by stirring, no net change of extinction 
occurred. Tho addition of M-succinate to a final concentra
tion of l·O mM was followed by a large decrease of extinc
tion, measured at 272 - 295 mµ. Particles (method B, 
0·5 mg. of protein/ml.) in 0·hc-phosphate buffer, pH 7·2; 
temp. 26°; Co-Ni filter. (Expt. 956b.) 
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l◄'ig. 2a. Comparison of the magnitude of extinction 
changes caused by adding cyanide (0 ) to succinate
treated heart-muscle particles (0·42 mg. of protein/ml.) 
with the rate of extinction changes caused by adding 
succinate (e ) and with the spectrum of pure fumarate {(!)). 
The left-hand scale of the ordinate corresponds to changes 
with cyanide for an optical path of 1 cm., the right-hand 
scale to the rate of change in extinction with succinate and 
to the extinction of pure fumnmte. The peak observed in 
tho presence of cyanide ( ~ 280 mµ) is close to the expected 
location for the extinction peak ofubiquinone. (Expt. 955.) 

On the le ft the rise of tho trace, corresponding to 
increasing extinction (272- 295 mµ), indicates 
production of fum arate. Add ition of cyanide 
causes an abrupt downward deflexion, indicating 
a decrease of E 272 mµ. On the right the preparation 
is pretreated with cyanide, wh ich causes no 
extinction change other than that due to the 
stirring artifact (small dip and rise of the trace). 
On addition of succinate, there is an abrupt 
downward deflexion, which exceeds considerably 
that observed on the addition of cyanide (left). 
This suggests that the reaction is incomplete in the 
presence of succinate only. To determine the wave
length dependence of these effects the latter 
experiment was repeated at a succession of wave
lengths (Fig. 2a, solid circles). Since concentra
tions of h eart-muscle particles and of succinate 
were not varied in these experiments, the slope of 
the trace representing fumarate production should 
be proportional to the extinction coefficient of 
fumarate at the wavelengths used. To verify this, 
the rate of extinction change in the presence of 
succinate is p lotted as a function of wavelength in 
the spectral region 250- 300 m/.L (solid circles). The 
extinction rises at shorter wavelengths in a manner 
characteristic of the extinction spectrum of 
fmnarate . A quantitative test of the shape of the 
fumarate spectrum is affo t·cled by the circled points, 
which represent the spectn1m of fumarate in 
solution (Racker, 1050) . This result supports the 
conclusion that the shape of u.v. spectra can be 
measured without measurable e ffects from light
scattering and stray- light errors, and verifies that 
the oxidase activity of heart-muscle particles can 
be m easured by the rate and extent of fumarate 
production (Chance, 1952b). 

The difference spectrum of extinction changes 
that occur upon adding cyanide to succinate
treated h eart-muscle particles is represented by 
the open circles of Fig. 2a. Values of the ordinate 
here correspond to the change of extinction for a 
I cm. optical path. The peak just below 280 mµ is 
near the expected location for the peak of ubi
quinone. Since this peak disappears upon reduc
tion, the values of the ordinate are given a n egative 
sign. 

Activity critei·ion and ejject of d-ilution of heart
muscle particles. It was desirable to have a 
standard value relating rate of fumarate production 
to concentration of material reducible by cyanide in 
succinate-treated heart-muscle particles. The left 
trace of Fig. 1 indicates the nature of this test, 
which consists m erely of determining the quotient 
of the slope of the fumarate trace and the extinc
tion change occurring on addition of cyanide to 
succinate-treated particles. For a g iven prepara
tion this quotient should be constant, since it has 
the dimensions of enzymic activity (rate of produe-
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t ion of product divided by amount of enzyme, i.e. 
sec. - 1 ). Table 1 summarizes these values for a 
variety of dilutions of a heart-muscle suspension. 
Experimentally, t he method is sufficiently sensitive 
for satisfactory measuremen ts with heart-muscle 
particles diluted 167 times, at which a value of 210 
is obtained. With dilutions of 130- and 86-fold 
slightly lower values are obtained, but, with a 
60-fold dilution, a large discrepancy in the ratio is 
observed. However, dilutions between 167- and 
86-fold (0·4-0· 7 mg. of fat-free dry wt./ml.) a re 
satisfactory for experimental studies at ~ 272-
295 mµ. The constancy of these values does not 
necessarily imply t hat extinction changes due to 
production of fumarate and reduction of ubiquinone 
a re individually measured with accuracy, but 
rather that proportional errors may be made. 

Comparison of difference spectra of ultraviolet
extinction changes with those of ubiquinone extracted 
with light petroleum. In Fig. 1 (left) extinction 
change observed on adding cyanide could con
ceivably have been due to a stray-ligh t effect, ligh t
leakage in the v isible region being modified by 
reduction of cytochrome that occurs when cyanide 
is added to succinate-treat ed heart-muscle par
ticles. However, since reduced forms of cyto
chromes absorb more light than oxid ized forms, it 
is unlikely that reduction of cytochromes is 
responsible for the apparent decrease of extinction. 
Nevertheless it was considered important to make 
a detailed investigation of the nature of the u.v.
extinction band that disappears on reduction of the 
components in heart-muscle particles. For this 
reason we have repeated the experiment of Fig. 2a 
(solid trace) without Co-Ni filters (Fig. 2b ) and 
have superimposed upon it the spectrum of an 
ethanolic solution of ubiquinone extracted from 
identical particles. These two spectra are normal
ized so that their maxima are superimposed. 
Although the shapes are similar, t here is some dis
placement toward longer wavelengths of the 
difference spectrum for heart-muscle particles. 
There are three possible explanations for this. The 
first is t hat ethanol was the solvent for the differ
ence spectrum of extracted ubiquinone, whereas 
the medium for endogenous ubiquinone might in 
effect be water or lipid. The second is t hat a certain 
amount of 'pulling' of the spectrum of endo
genous ubiquinone towards longer wavelengths 
might be expected because (a) in this region ex
tinction by protein components of heart-muscle 
particles increases rapidly with decreasing wave
lengths and (b) there is increased light-scattering at 
shorter wavelengths. The third is that extinction 
changes due to haemoproteins might contribute on 
the long-wavelength side of the extinction band. 
Of these possibilities, the last is t he most improb
able: cytochrome c, for which quantitative data are 

available (l\iargoli ash & Frohwirt, 1959) , shows the 
same changes of exti11ction upon oxidation a nd 
reduction at 275 mµ. as at 300 mµ.. Between these 
two wavelengths, there would be a relative 
diminution of extinction in the transition from 
oxidized to reduced states, so that, at least for 
cytochrome c, any influence from the ll band is 
unlikely. vVe consider the first and second explana
tions for t he shifted extinction peak more likely. 

Ta blo 1. E.ffect of dilution of heart-muscle particles 
on extinction changes of ubiquinone (Expt. 955 c) 

Heart-muscle particles (method BJ, 63 mg. of fat-free 
dry wt./ml. , were used at the dilutions indicated ; O·l M
phosphate, pH 7·8. The reaction was initiated with M· 

succinate to a final concentration of 8 mM. After the rate of 
fumarate production had been measured, Al-cyanide was 
added to a final concentration of 1·6 mM, causing tho 
reduction of ubiquinone from the steady state to the 
fully reduced state. The ratio of the rate of fumarate 
production to the extinction change of ubiquinone in 
response to the addition of cyanide is termed the 'activity 
value'. 

-Dilution 
Concn. (mg. /ml.) 
Activity va lue 

(sec.- 1) 

"-1 
<I 

0-020 

0·015 

0-010 

0 

250 

167 
0·4 

210 

130 
0·5 

180 

86 
0·7 

180 

60 
l ·O 

320 

' q D.. E on addition of 
\.¥ succinate to cyanideq treated particles 

ubiquinone 
(red .-ox.) 

.>. (mµ.) 

300 

Fig. 2b. Superposition of extinction changes observed on 
addition of succinate to cyanide-treated heart-muscle 
particles (0·8 mg. of protein/ml.) (0) and those recorded 
for an ethanolic solution of ubiquinone extracted from 
identical particles (e ). The latter spectrum was obtained by 
the indirect method described hy Pumphrey & Redfearn 
(1960), t he former by the direct method. Heart-muscle 
particles (method B) were diluted in 0· 15M-phosphate 
buffer (pH 7·8) for 30 sec. ; M-cyanide was added to a fi na l 
concentration of 1·2 mM; M-succinate was added to A. final 
concentration of 4 mM. Temp. 26° ; Co- Ni fil ters woro not 
used. (Expt. 987 a. ) 
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The first is particularly applicable because ubi
quinone absorbs at a longer wavelength in aqueous 
suspension than it does in ethanol (B. Chance & 
E. R. Redfearn, 1959, unpublished work). In fact, 
it is possible that in the heart-muscle particles 
ubiquinone absorbs at a wavelength differing from 
that of ubiquinone in any known solvent. 

Extinction coefficient of ubiquinone. The extinc
tion change observed on reducing ubiquinone with 
succinate in the presence of cyanide in heart
muscle particles is less than that computed from 
the chemically determined ubiquinone content of 
particles having the same protein concentration 
(Table 2). Further experiments were therefore 
made to determine the effective value of the ex
tinction coefficient of a solution of ubiquinone 
under both sets of experimental conditions. 
According to Pumphrey & R edfearn (1960), the 
change of molar extinction coefficient corresponding 
to the reduction of ubiquinone dissolved in ethanol 
and measured at 275-300mµ is 13cm.- 1 mM- 1 • 

This value was calculated from the absolute 
absorption spectra of ubiquinone and the quinol. 
A value of 13 is also obtained in the apparatus we 
use, but if ubiquinone is dispersed in water the 
extinction coefficient is less (Table 2). If an 
ethanolic solution of ubiquinone is added to heart
muscle particles and Co- Ni fil ters are used, the 
extinction coefficient is between 5 and 8 cm. - 1 rnM- 1• 

Under these conditions, the extinction change due 
to reduction of endogenous ubiquinone divided by 
the concentration of ubiquinone obtained on 
analysis of an extract gives a coefficient of 
~ 6 cm.- 1 mM- 1 for a 1 cm. path cuvette and the 
particular optical geometry described under 
Methods. Since there are uncertainties in the 
completeness of the indirect extraction method and 
in optical calibration obtained by adding a sus 
pension of ubiquinone to the heart-muscle particles, 
we have arbitrarily chosen a value of 10 cm. - 1 mM- 1 

for rate calculations in this paper. 
Extinction coefficient of fumarate. As a further 

check upon the accuracy of the spectrophotometric 
method, the extinction coefficient of fumarate was 
determined by quantitative reduction of the 
oxygen dissolved in the air-saturated buffer solu
tion of heart-muscle particles with formation of a 
corresponding concentration of fumarate. The 
fumarase activity of these particles is negligible 
compared with the succinic-oxidase activity. For 
the reaction to be complete within a reasonable 
time, a relatively high concentration of particles is 
used (0·5 mg./ml.), and this· requires an optical 
path of 2 mm. rather than 1 cm. for accurate 
measurement of the large extinction change. 
A typical record appears in Fig. 3, where the 
extinction change corresponding to the formation of 
fumarate is 0·0356. Taking the solubility of oxygen 

in phosphate buffer to be 240 µM (Chance & 
Williams, 1955a), the extinction coefficient is 
calculated to be 0·37 cm. - 1 mM-1 . 

'l'itrimetric and inhibi tion data 

Effect of succinate concentration on the reduction of 
ubiquinone. In some heart-muscle-particle prepar
ations, the rate ofreduction of ubiquinone on adding 
succinate was sufficiently slow that it could be 
measured at 26° (cf.Figs. I, 4and 5). Fig. 4illustrates 
the effect of two concentrations of succinate on the 
rate and extent of reduction of ubiquinone in 
cyanide-treated heart-muscle particles. A straight 
line is obtained when reciprocals of the rates are 
plotted against reciprocals of succinate concentra
tion within the range 0·030-1·00 mM-succinate. 
The succinate affinity for ubiquinone reduction is 
0·5 mM and that for half-maximal respiration, as 

Table 2. Millimolar extinction coefficients 
(Expt. 990) 

The millimolar extinction coefficients of endogenous and 
added ubiquinone ·were determined llllder the following 
conditions: particles (method B), were diluted to 0·8 mg. 
of protein/ml. in 0·lM-phosphate, pH 7·2. They were 
treated at 26° with M-cyanide to a. final concentration of 
1·2 mM and then with M-succina.te to a. final concentration 
of 4 mM. The extinction change was measured at 275 -
300 mµ, with Co-Ni filters. Ethanolic ubiquinone (0·5 mM) 
was added to a. final concentration of l ·85 µM and the 
change measured again. Extinction coefficients were 
determined as described in the text. 

Solvent 

Ethanol Water 

13 9 

l _,. 
= 10 mH·SUCCi nate 

Heart-muscle 
particles 

Hoa.rt-muscle 
particles 

6 (endogenous) 
5- 9 (added) 

T 
E = 0-036 

(2 mm. path) 

[02) = ~ 1 

Fig. 3. Determination of a molar extinction coefficient for 
fumarate in succinate-trea.ted heart-muscle particles. The 
downward deflexion of the trace indicates fumara.te pro
duction and an increase of extinction at 275 - 300 mµ. 
Particles (method B, 0·5 mg. of protein/ml.) in 0·l !If· 
phosphate buffer were oquilibruted with air at 26°. (Expt. 
96-95b.) 
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measured by the platinum microelectrode, is a lso 
0·5 mM (Chance, 1952b). 

4 mM-succinate is added to cyanide-treated heart
muscle particles (left), the spectrophotometric 
trace shows an upward deflexion, corresponding to 
a decrease in extinction at 27 5 - 300 m µ,. If, 
instead of cyanide, sufficient antimycin A is added 
t o inhibit respiration complet ely (right), subsequent 
addition of succinate a lso causes an upward 
deflexion. In this case , the rate of change of 
extinction is only 4 % less than that observed with 

Effect of antimycin A. Pumphrey & R edfearn 
(1960) found that both the rate and the extent of 
r eduction of ubiguinone in heart-muscle particles 
were unaffect ed by antimycin A. Since this is a 
crucial observation in interpreting the locus of 
action of ubiquinone, we have repeated the experi
ment spectrophotometrically (Fig. 5). ,¥hen 

1·6 mM- 1·2 mM
cyanide succinate 1 ·6 mM· 0·12 mM-

L .... ~ .. .J 
cyanide succinate 

~ 

~ 50 sec. ---+-i 

!~ 
~ 

Decreasing £272 m,, ♦ 
272-295 mµ 

..1. 
£ = 0·004 

T 

0·033 JIM· 

ubiquinone/sec. 

Fig. 4. Effect of succinate concentration on the rate of Pxtinction change of heart-muscle particles, 
measure<l at 272 - 295 mµ,. The particleR were pretreated with M-cyanide to a final concentration of 1·6 mM. 
Succinate was added to a final concentration of 1·2 mM (left) and 0·12 mM (right). The experimental conditions 
were identical with those of Fig. I. (Expt. 956.) 

4 mM· 

Cyanide
treated~ 
particles 

275- 300 m1, T 

-+ 0·50 µ M-ubiquinone/sec. 

£ = 0·010 
i 

Antimycin-A---+,-..-,/1 
treated 
particles 

f-- S0sec. ~ 

Fig. 5. Comparison of the kinetics and extent of reduction of ubiquinone in cyanide-inhibited and antimycin
inhibited heart-muscle particles. Left. Particles were pretreated for ~ 30 sec. with M-cyanide to a final 
concentration of l ·2 nm and then with M-succinate to a final concentration of 4 m~r. The rise of the trace 
indicates decreased extinction at 275 - 300 mµ,, and the reduction of ubiquinone. Right. Particles were 
pretreated for ~ 30 sec. with antimycin A ( I mg. dissolved in ethanol) to a final concentration of 2 µ,M and 
then with M-succinate to a fina l concentration of 4 m~r. The experimental conditions were as in Fig. 2b. 
(Expt,. 990b- ll , 12.) 
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cyanide-treated particles. The equality, within 
experimental error, of the changes of extinction in 
the two experiments is of particular interest. lt 
appears that all the u.v.-absorbing material can be 
reduced as effectively in the presence of antimycin 
A as in the presen ce of cyanide. Chemical assays 
a lso indicate that all the petroleum-extractable 
ubiquinone is reduced under these conditions 
(Pumphrey & R edfearn, 1960). Thus it seems 
reasonable to conclude that the quinone acts on the 
substrate side of the antimycin-A-sensitive point 
and that no detectable amount operates between 
cytochrome c1 and oxygen. 

I( inetic data 

Nature of the reaction kinetics. Examination of 
the reduction kinetics, as illustrated particularly in 
Figs. 4 and 5, shows that the reaction is zero order 
for the first two-thirds of its course. No measurable 
'jump' in the reaction kinetics occurs on addition 
of succinate. For this reason, rates of reduction 
are computed on the basis of the slope of the linear 
portion of the traces. It is a m atter of some con
cern that chemical extraction gives results which 
appear to fit first-order kinetics (Pumphrey & 
R edfearn, 1960; Chance, 1960). 

E.flect of adding ubiquinone to heart-'llmscle 
particles. In view of the considerable interest in 
reactivation of electron transfer in solvent
extracted heart-muscle particles (Green , 1959), we 
have determined the spectrophotometric response 
of particles to added solutions of ubiquinone. 
Fig. 6 illustrates the reduction of endogenous 
ubiquinone by addition of succinate to cyanide
treated particles. vVben reduction is practically 
complete, ethanolic ubiquinone is added to a fmal 
concentration of l ·85 µ.M. The abrupt rise of the 
trace is due to extinction of the added oxidized 
ubiquinone, but the ensuing horizontal trace 
shows that this ubiquinone remains oxidized for 
at least 30 sec., whereas the endogenous ubi
quinone was reduced in a few seconds. 

This result was confirmed by chemical studies in 
which the time scale was extended beyond 30 sec . 
Only 25 % of the total ubiquinone was reduced in 
1 min., and less than 50 % in 5 min. The concentra 
tion of the added ubiquinone ( 134 µ.M) was about 
six times that of the endogenous ubiquinone and 
therefore represented a more favourable condition 
for a rapid reduction r eaction than in the spectro
photometric study of Fig. 6. 

It is thus apparent that there is little relationship 
between the activities of the respiratory chain with 
respect to endogenous ubiquinone and to added 
ubiquinone. 

Kinetics of reduction of endogenous ubiquinone: 
comparison of indirect chemical and direct spectra-

scopic methods. In several experimen ts spectro
scopic and chemical methods were compared in the 
same preparations under n early identical conditions. 
The ubiquinone-reductase activities are compared 
with the succinic-oxidase activities in Table 3. The 
values in the Table indicate, as was found pre
viously (Pumphrey & R edfearn, 1959; R edfearn & 
Pumphrey, 1960), that the rate of reduction of 
ubiquinone by succinate is only a fraction of the 
succinic-oxidase rate. The validity of this con
clusion is considered in more detai l in the Dis 
cussion. 

Comparison of rate of f itrnarate proditction wi.th 
rate of nbiquinone reduction. Experiments such as 
those of Fig. 1 g ive rates of fmnarate production and 
u biqu in one reduction under identical conditions. In 
Fig. l the ratio of the rate of extinction change of 
ubiquinone to that of fwnarate is 7. An experi
m ent in which an attempt was m ade to obtain a 
higher accuracy is illustrated by Fig. 7. Here the 
temperature was 8° and the optical path was 2 mm. 
Under these conditions, a higher concentration of 
heart-muscle particles was permissible and the rate 

275 - 300 mp i 
AE = 0·010 

T 
4 mM-succinate 

Cyanide
treated ~ 

particles 

-\ 60sec. ~ 
Fig. G. Comparison of the rates of reduction of endo
genous and exogenous ubiquinone in heart-muscle par• 
ticles. The particles were pretreated with M-cyanide for 
30 sec. to a final concentration of 1·2 nm and then with 
M-succinate to a fin al concentration of 4 mAr. The reduction . 
of ubiquinone is indicated by the downward doflexion of 
the spectrophotometric tmce ( decreased extinction at 
275 - :300 mµ.). When the reaction was substantially com
plete, 0·5 ml. of ethanolic ubiquinone was added to a final 
concentration of 1·85 µ.M. The upward deflexion of the 
trace corresponds to increased extinction of oxidized 
ubiquinone. The horizontal portion of the trace indicates 
that ubiquinone was not significantly reduced. The Co-Ni 
fil te r was used; conditions otherwise were its in Fig. 2b. 
(Expt. 990b.) 
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of production of fumarate was rapid even at the 
low temperature. The ratio of rates of extinction 
changes was now 7·5 or 9·0 depending upon the 
order of addition of succinate and cyanide. 

Steady state. Fig. 1 clearly indicates that the 
extinction change obtained on adding succinate to 
cyanide-treated particles exceeds that obtained on 
adding cyanide to succinate-treated particles. If 
this is considered evidence of partial reduction of 
ubiquinone in the steady state of succinate utiliza
tion in heart-muscle particles, the percentage 
reduction of ubiquinone under these conditions 
was ~ 30 % (Table 4). In general, the extent of 
reduction found chemically considerably exceeded 
that measured optically, at both room and low 
temperatures. The cause of this discrepancy is not 
known. However, in a cytochrome c-deficient 
preparation (method S), the values are in reason
able agreement. 

DISCUSSION 

The fundamental result of these experiments is 
that a decrease of u.v. extinction occurs upon 
addition of succinate to either cyanide-free or 
cyanide-inhibited heart-muscle particles but that 
the decrease is considerably greater in the presence 
of the inhibitor. The succinate concentration 
required for half-maximal change of extinction is 
roughly the same as that required for h alf-maximal 
respiratory activity. Upon addition of oxygen to 
anaerobic, succinate-reduced heart-muscle par
ticles, u.v. extinction increases rapidly, later 
subsiding at a rate consistent with the rate of 
oxygen exhaustion by the system. Although these 
observations suggest that a component of the 
respiratory chain is being studied (Green, 1959), a 
more detailed investigation is required if this 
point is to be established. 

A quantitative study of the kinetics of the 
change of u.v. extinction necessitates (i) identifica
tion of the substance involved, (ii) an estimate of 
its molar extinction coefficient, (iii) determination 
of its site of action in the respiratory chain, and 
(iv) comparison of the rates . of its oxidation and 
reduction with the rate of electron transfer in the 
cytochrome chain. 

(i) Interpretation of the u.v.-extinction change 
as a reduction of ubiquinone depends upon satis
factory agreement between the change caused by 
succinate addition to intact heart-muscle particles 
described in this paper and that caused by addition 
of sodium borohydride to a light-petroleum 
extract of ubiquinone from identical particles 
(Pumphrey & Redfearn, 1960). 

The possibility might be considered that ubi
quinone is reduced to a free radical or semiquinone 
(Michaelis & Schubert, 1938) which could mediate 
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275 - 300 m;,. 
_L_ 

E = 0·010 

5 mM-succinate 5 mM-cyanide 

Heart- -1 ,,..,,..-. ,-:--
--i- 5 mM-succinate 

Heart-muscle -----Jr-- u 

muscle..... ...,.,.,..,..,-• /'----
particl es ....__., ....... _..-~ 

particles •""", · 1 ·8 x 10 - 3/sec. ~..,...... 
pretreated , 

with5mM- ~"' 
0·2 x 10 - 3/sec. 1 ·5 x 10 - 3/sec. 

cyanide 

1===50 sec. ==::::!j 

Fig. 7. Comparison of the rates of change of extinction in heart -muscle particles caused by the production of 
fumarate (a) in the presence of succinate (upward slope of t he trace) with the rate of reduction of ubiquinone 
after cyanide addition or (b) with the rate of reduction of ubiquinone upon addition of succinate to cyanide
treated particles. Particles (method B, 0·39 mg. of protein/ml.) in 0· l M-phosphate buffer, pH 7·4; temp. 8°, 
(Expt. 95.) 

Table 4. Steady -state oxidatio'Ylrreduction levels of endogenous ubiquinone 

Experiments were carried out as described in the text and Figure legends. For the spectrophotometric experi
ments, the percentage reduction was calculated from the ratio of the recorder deflexions obtained on adding 
succinate to cyanide-free heart-muscle particles to the sum of this deflexion and that obtained on adding suc
cinate to cyanide-inhibited particles. For the extraction method, t he values were obtained by adding first suc
cinate and then cyanide to heart-muscle particles. 

Age of 
Particle prep. 

Steady-state 
reduced ubiquinone (% ) 

Spectra-
Extraction photometric 

preparation (clays) Temp. method method 

B 8 9·5° 35 13 
B 2 26 
M 2 7 
M 3 7 
M 3 9·5 
s 5 26 

between two-electron steps in flavins and one
electron steps in cytochromes (Chance & "Williams, 
1956). However, the close correspondence of the 
difference spectra of solutions of ubiquinone with 
those of heart-muscle particles provides no evi
dence for such an intermediate. These observations 
also make it unlikely that a spectroscopically 
distinct ubiquinone-phosphate compound is present 
at measurable concentrations in the non-phos
phorylating particles. 

(ii) Although a precise determination of the 
molar extinction coefficient of ubiquinone in the 
heart-muscle particles is not yet possible, an 
approximate value can be suggested. The extinction 
coefficients measured in ethanol or in water in the . 
double-beam spectrophotometer agree with those 
m easured in the Beckman DU spectrophotometer 

50 
47 29 
55 25 

35 
73 88 

in ethanol or in water. However, the extinction 
coefficient in water is much less than that in 
ethanol and agrees with the coefficient computed 
from addition of known concentrations of ubi
quinone to a water suspension of heart-muscle 
particles. This value in turn agrees with the ex
tinction coefficient of endogenous ubiquinone 
calculated from the quotient of the extinction 
change, measured by addition of succinate and 
cyanide to the particles, and the concentration 
obtained by analysis of an extract of the par ticles. 
Although the coefficient for endogenous ubiquinone 
may be as low as ~6 cro .- 1 mM- 1 we have con
cluded that a value of 10 cm.-1 roM- 1 represents as 
good a value as the data warrant at the present 
time. It is obvious that the rates of reduction 
of ubiquinone given here would be increased 
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proportionally if 6 cm. - 1 m111- 1 were subsequently 
found to be a more nearly correct value for the 
extinction coefficient. 

(iii) Experiments with antimycin A indicate that 
ubiquinone is on the substrate side of the anti
mycin-sensitive point in the respiratory chain. The 
extinction change at 27 5 m/1- that accompanies 
succinate reduction in the presence of cyanide is no 
greater than in the presence of antimycin A. Nor 
does addition of cyanide to a system blocked with 
antimycin A and reduced with succinate cause any 
further increase of extinction (B. Chance, 1959, 
unpublished work) . These results suggest, con
trary to the postulates of Martius (1955) on the 
general function of quinones and those of Green 
( 1959) on the role of ubiquinone in particular, that 
no measurable amount of ubiquinone participates 
between the antimycin-sensitive point and oxygen. 
These results confirm previous titrations of the 
respiratory chain with reduced DPN (Chance, 
1957 b). Those titrations showed that ubiquinone 
does not act as an intercytochrome carrier but the 
possibility that ubiquinone participates near the 
substrate end of the chain (Slater, 1957) was not 
eliminated. The remarkable inactivity of heart
muscle particles in the reduction of added ubi
quinone suggests that high reductase activities 
towards exogenous ubiquinone can be obtained 
only by structural alteration of the particles to 
enhance accessibility of the reductase (Bendall & 
de Duve, 1960). 

(iv) Correlations of ubiquinone and oxygen 
reduction activities have been made on various 
preparations. Results observed with our spectro
photometric or 'direct' method can now be com -
pared with those reported by Redfearn & Pum
phrey (1960) for the chemical extraction or ' in
direct' method. Since none of the assays given 
here was made in the presence of added cytochrome 
c, the comparison is limited to data in Table 3 of 
Redfearn & Pumphrey (1960). It is apparent that 
in the absence of added cytochrome c, the succinic
oxidase values in this paper, measured ,at 25°, are 
considerably greater than those measured at 21° by 
Redfearn & Pumphrey. For example, an experi
ment at room t emperature (Table 3, first row), 
suitably corrected, gives 38 fl-moles/mg. of protein/ 
hr., whereas Redfearn & Pumphrey report values 
between 3·5 and 6·9 fl-moles/mg. of protein/hr. Thus 
the values in this paper pertain to much more 
active preparations. 

An activity of 38 fl-moles/mg. of protein/hr. 
corresponds to 11 /1-moles/g./sec. With a ubiquinone 
concentration of 4 /1-moles/g., this amount would be 
turned over in 4/11 = 0·36 sec. at 25°, provided it 
were in the main pathway of electron transfer. This 
time is too short for manual mixing, i.e . indirect, 
methods at room temperature . It is important to 

note that dilution of the heart-muscle particles will 
not increase the time available for the measurement 
of ubiquinone reduction because this is a bound 
enzyme and its turnover time is independent of 
dilution (Chance, 1952a). For these reasons Table 3 
includes four measurements of ubiquinone-reduc
tase activities at 7-9·5° where the time, as calcu
lated above, ranges from 8 t o 1·4 sec., the latter 
being just satisfactory. 

The ubiquinone-reductase activities are com
puted from the initial slopes of the reaction kin
etics as measured by the indirect chemical extrac
tion method or by the direct spectroscopic method 
with a value of l:!,.e271,-aoomµ of 10 cm.- 1 m11i-1• The 
three values obtained in the temperature range 
7-9·5° agree to within 20 %, which is considered 
highly satisfactory for present purposes. 

The ratios of the ubiquinone-reductase activities 
(means of direct and indirect methods) to the 
succinic-oxidase activities measured polarographic
ally have a mean value of 0·36. Thus the ubi
quinone-reductase activity would appear to be 
about one-third of the succinic-oxidase activity. 

The agreement between determinations of the 
steady-state reduction of ubiquinone by indirect 
and direct measurements is not as close as desir
able, the latter method giving smaller values. 
Direct measurement of steady-state reduction was 
made approximately 30 sec. after adding succinate 
to the heart-muscle particles, whereas with the 
indirect method 6 min. elapsed between the addi
tion of succinate and the measurement. The former 
is probably more relevant to recluctase activity 
and the latter to the steady-state oxidase activity. 
A method which would compare the two under the 
same conditions is highly desirable. 

In the experiments of Figs. 1 and 7 we have com
pared the rate of reduction of ubiquinone with the 
rate of formation of fumarate under very similar 
conditions: the particle suspensions and temperatures 
a re identical and the times are almost the same. If 
one assumes agreement between the two rates, the 
ratio of the rates of extinction change should 
be equal to the ratio of the millimolar extinction 
coefficients. 

If d[Q] d[fum] 

dt dt 
(I) 

then (2) 

and, since values of l:!,.e are not functions of time, 

d(l:!,.Eq]_ 
__ d_t __ == l:!,..:Q 

d(!:!,.Erum) 6.£rum 
(3) 

dt 
where Q represents ubiquinone, and furn represents 
fumarate. 
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Fig. 7 illustrates an experiment in which the 
ratio of the rates of change of extinction was 9 and 
the millimolar extinction coefficient of fumarate 
(~€tum) was found to be 0·37 cm. - 1 mM- 1 by inde
pendent calibrations. From equation (3), ~Eq is 
3·3 cm. - 1 m11-r-1• If the actual value of ~€ is 
10 cm.-1 mM- 1 then the ratio of the rate of ubi
quinone reduction to the rate of fumarate produc
tion is 0·33 as compared with the value 0·36 g iven 
above. Similarly, if~€ is 6 cm. - 1 m11-r-1 the ratio is 
0·66 and a value for ~Eq of 3·3 would be required to 
give equal rates of ubiquinone reduction and 
fumarate production. 

If participation in electron transfer requires an 
initial rate of ubiquinone reduction at least as 
great as the steady-state rate of fumarate produc
tion, these results indicate that ubiquinone is not 
in the main electron-transport pathway. 

So far we have tacitly assumed that, as a basis 
for comparison of the oxidase and reductase 
activities of ubiquinone with the steady-state rate 
of oxygen utilization, the initial rate of reduction of 
ubiquinone must be at least equal to the steady
state rate of reduction, i.e. 

d[QH2] 1 d[02] d[fum] 
dt = -2 dt- = dt (4) 

where QH2 is reduced ubiquinone. This is appro
priate only if the measured rates of change of 
ubiquinone are unaffected by 'back' reactions. 
For example, in the reduction of ubiquinone by 
flavoprotein, 

(5) 

where rfp represents reduced fl.avoprotein, a 
'back' reaction would be provided by the reoxid
ation of reduced ubiquinone by the adjacent oxid
ized component, especially since this component is 
fully oxidized at the time of addition of succinate : 

d[~~2
] = k1[Q] [rfp]-k2[QH2] [oxidant]. (6) 

Thus the maximal rate of reduction of ubiquinone 
may not be observed under the experimental con
ditions, whero it is difficult to measure the reaction 
before a small amount of reduced ubiquinone has 
been formed. In order to keep the amount of 
oxidant as low as possible, the kinetics of reduction 
have usually been measured in the presence of 
cyanide. However, adjacent m embers of the 
respiratory chain on the oxygen side of ubiquinone 
may act as oxidants. Their concentration is 
reduced by the use of antimycin A as an inhibitor, 
but no measurable change of rate is observed 
(Fig. 5). Thisresultsuggests eitherthat (i) the 'back' 
reaction does not significantly affect the kinetics 
or (ii) antimycin treatment does not completely 
oliminate the store of oxidizing equivalents. The 

fact that cytochrome b is so much more rapidly 
reduced in the antimycin-treated material (Chance, 
1958) suggests that it can act as an oxidant of 
reduced ubiquinone under these conditions. Thus, 
as the reduction of ubiquinone is still opposed by a 
'back' reaction in the presence of antiroycin A, 
a lternative (ii) appears to be the more 
acceptable. However, the fact that the stoicheio
metric ratio of ubiquinone to cytochrome b is <J:: 4 
weakens this argument: insufficient cytochrome b 
is present in the respiratory chain to oppose the 
reduction of ubiquinone during the entire course of 
the reaction. Thus the reduction kinetics in the 
presence of antimycin A would largely represent the 
unopposed reduction of ubiquinone and this 
favours the first alternative. This conc lusion is 
supported by Fig. 5, which shows that the reduc
tion kinetics of ubiquinone are zero order to the 
same extent in the presence of antimycin A as in the 
presence of cyanide. 

Before the role of ubiquinone in electron trans
port can be elucidated, severa l questions raised by 
these kinetic studies must be answered. First, it 
will be essential to find an explanation of the 
difference between the maximum rate at which 
electron transport can occur in the steady state and 
the maximum rate at which electrons are trans
ferred to uhiquinone. Secondly, the possibility that 
an immeasurably small amount of ubiquinone is 
reduced as rapidly as succinate is oxidized must be 
considered. Thirdly, it will be necessary to explain 
the zero-order kinetics of reduction of ubiquinone 
over such a large part of the reaction. Experiments 
bearing upon this problem have been published 
elsewhere (Chance, 1960). Finally, for a complete 
analysis, quantitative comparisons between ubi
quinone and the other components of the respir
atory chain, in terms of oxidation and reduction 
kinetics and of steady-state levels, must be ob
tained. 

This paper, while extensive in its terms of 
reference, covers only a few of the many possible 
m echanisms of electron transfer and other mech
anisms could make different demands upon the 
ubiquinone kinetics. 

SUMMARY 

1. An ultraviolet-extinction change is caused by 
addition of cyanide or antimycin A to a succinic
oxidase system. The magnitude of the change is 
proportional to the rate of production of fumarate. 

2. The spectn1m representing the extinction 
change caused by a,ddition of cyanide to the 
succinic-oxidase system has a peak near 275 m,_., 
and a shape resembling the difference spectrum of 
ethanolic solutions of reduced and ox idized ubi
quinone derived from h eart-muscle particles. The 
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former spectrum is, however, shifted to longer 
wavelengths. 

3. The ultraviolet-extinction change is identi
fied with the reduction of endogen_ous ubiquinone. 
No spectroscopic evidence for a semiquinone, free 
radical or otherwise altered reduction product has 
been obtained. 

4. The extinction change is incomplet e in the 
presence of succinate alone, but goes rapidly to 
completion in the presence of cyanide or antimycin 
A. About 0·5 ml\1-succinate gives half-max imal 
reduction of ubiquinone in the cyanide-inhibited 
system. 

5. Shortly after the addition of succinate to the 
succinic-oxidase system, the reduction of ubi
quinone is about 30 % of the total reduction ob
tained in the presence of cyanide. This represents 
a steady-state reduction of ubiquinone that is less 
than that observed by the chemical extraction 
m ethod and at longer times after adding succinate. 

6. No spectroscopically detectable ubiquinone 
is found on the oxygen side of the antimycin
sensitive point, and insufficient ubiquinone is 
available to act as an 'intercytochrome carrier' . 

7. Upon adding succinate to cyanide- or anti
mycin-treated particles, quinone is reduced in 
what appears to be a zero-order reaction for the 
first two-thirds of the reaction. The high activity of 
the heart-muscle preparations precluded accurate 
ubiquinone-reductase activity measurements by 
manual mixing at 26° and studies in the tempera
ture range 7-9·5° are reported. 

8. The kinetics of reduction of endogenous 
ubiquinone (derived from the direct spectrophoto
metric data) agree to within 20 % with those ob
tained by chemical assay on light-petroleum 
extracts of ubiquinone. The direct data are com
puted on the basis of Li£275_ 30o mµ = 10 cm.-1 mM- 1 • 

9. The direct spectrophotometric and indirect 
chemical methods give ubiquinone-reductase rates 
at 7-9·5° that are about one-third of the succinic
oxidase rates. 

10. A comparison of the reduction ofubiquinone 
and the production of fumarate made by the 
spectrophotometric method at 8° shows that the 
maximum rate of ubiquinone reduction is one
third that of the steady-state rate of fumarate 
production. It follows that only if the value of 
Li£275_ 30omµ for ubiquinone were 3·3 cm.- 1 mM- 1 

would the rates of ubiquinone reduction and 
fumarate production be equal. 

1 I. The effect of the 'back' oxidation reaction 
upon ubiquinone-reductase activity is shown to be 
insignificant. 

12. On the basis of the chemical mechanism 
proposed here the kinetic discrepancies between ubi
quinone-reductase activity and succinic-oxidase 
activity are irreconcilable, and so for no part of the 

total ubiquinone has been found to be red uced at a 
rate equal to that at which succinate is oxidized in 
the steady state. 

'.!'his work has been supported in part by grants from the 
National Science Foundation and the U.S. Public Health 
Service. 
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The metabolism of acids related to vitamin A, vi tamin A acid , and its C2, homolog 
was studi ed . The resul ts of p revious \\"O rk on vi tamin A acid we re confirmed . In ad
di t ion it was shown that . mall amoun ts of v itamin A acid methyl ester could be 
stored in t he fat depots. The C2, homolog had a curative action in t he v itamin A 
defi cient rat, but unlike vi tamin A acid i t was converted in to vi tamin A. 

INTRODUCTIOK 

In l!)-!6 Arens a nd van Dorp (1, 2) showed 
that v itamin A acid exhibited a curat ive 
action in the vitamin A-defi cient rat . How
ever, no trace of either vitamin A alcohol or 
of the acid itself could be found in t he t issues 
of ra t.- which had been given v itamin A acid 
eit her ora lly or subcutaneou. ly, and it was 
concluded tha t vitamin A acid i either active 
per se or is converted in to an active com
pound which is not v itamin A alcohol. These 
observations have been confirmed by other 
workers (3- 5) . 

The presen t paper describes some experi
men ts on the metabolism of vitamin A acid 
and a related substance, t he C25 homolog of 
vitamin A acid. 

I 

EXPERIMENT AL 

l\lL\ TE RIALS 

COCH 

All -trans vi tamin A acid and vitamin A acid 
methyl ester were generous gif ts from Dr . H . 0. 
Huisman of N. V. Ph ili ps-Roxane, Wee. p, The· 
Netherl ands. The method of synthesis and spec
t ral data have already been publi . heel (6) . The 
ant imony t ri chl oride (SbCl a) color reaction (7) 
was determined using the Ha rt rid ge reversion 
s pectroscope. Vitamin A acid gave a mauve colora
t ion with an abso rp t ion max imum at 574 mµ . The 

226 

color developed slowl y and t hen faded to a color
less solut ion . 

The C2, homolog of vi tamin A acid , 3, 7, 11 -
t rimethyl - 13- (2,6,6-trimethylcyclohex-l - enyl) 
t rideca-2,4,6,8, 10 , 12- hexaenoic acid (I ), was 
synt hesized by a modification of a method (8) 
used fo r t he syn thesi of vitamin A. Instead of 
using /3 -ionylideneacetaldehyde as t he start ing 
materi al , vi tamin A aldehyde was used (9). The 
absorp t ion maxima of the C2, acid and Ce& ac id 
methyl ester in cyclohexane were 408 m µ (E\~m 
1600) and 402 mµ (E:~m. 1430), respectively . The 
SbCia color reaction of t he acid and methyl ester 
gave a gree n color whi ch changed in about- 30 sec. 
to an in tense blue wi t h an abso rp t ion maximum 
at 715 mµ \\·i th E\~m. values of 2400 and 2200, 
respectively . Synthetic all -trans /3 -carotene was 
obtained from Roche Prod ucts Ltd , Welwyn Gar
den City, I-Ie rts . 

A:--r rMALS AND DrET 

Weanling albino and hooded ra ts of in bred 
strains were feel ad libi tu m on a vi tamin A-free 
diet (10) . After 4-5 weeks on t he di et , t he animals 
were showing . igns of vitamin A defi ciency. 
Vitamin A acid and C2s acid were administe red 
orall y or by in traperi to neal inj ecti on as solu tions 
in arachi s oil or as t he sodium salts in aqueous 
solut ion . The esters \\·ere given as solu ti ons in 
a rachis oil. 

ANA LY1'lCAL PROCE DURES 

Ti sues were ground wi t h anhydrou. sodium 
sulfate a nd ext racted four times wi th hot ethyl 
ether (peroxide-free). The combined ether extracts 
were eva porated to d ryness in vacuo, and t he lipid 
residue was di ssolved in a sui table volu me of 40-
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G0° li ght petrol eum or cyc lohexanc and the spec 
t rnm was measured in the range 250- 450 mµ using 
t he Uni cam S.P. 500spectrophotometer. Vitamin A 
was determined on suitable port ions of the li pid dis
solved in CHCl3 from t he in te nsity at G20 mµ of the 
blue color given wi th SbCla (7). Where necessa ry, 
t he latte r was co rrected for absorption due to the 
react ion of Ces acid wi th SbCla whi ch gives an ex
t incti on at G20 mµ equiva lent to 3G% of t hat at the 
maximum at 715 mµ . The extinction of t he vita
min A-SbCIJ, blue color at 715 mµ is negli gible (7). 

[n so me ex periments the t issue lipids were 
chromatographed on alumina. Spence Type '0 ' 
alumina, whi ch had bee n deactivated by t reatment 
wi th methanol (11) , was used . Columns of interna l 
di ameter , 1.5 cm. , containing IO g. adsorbent were 
deve loped wi th 40-G0° ligh t petroleum , and the 
fractions were eluted by grad ua ll y increasing con
cen (,rations of ethyl ether. 

RESULT S 

ExPE ll I MENTS WITH VrrAM I N 

AAcm 

The administration of daily doses of 
vitamin A acid or v itam in A acid methy l 
ester to vitamin A-deficient rats cured the 
external signs of deficiency and . t imulated 
growth . When the daily dose was stopped it 
was fo und that in most cases t he anima ls 
which had received the free acid stopped 
growing immediately or wi thin a few days, 
remained on a weight plateau fo r about 20 
days, a nd then lost weight rap idly a nd 
showed signs of xerophthalmia . This con
firms previous work (5). The a nimals which 
had received v itamin A acid methyl ester, 
however, did not stop growing when the dose 
was discontinued but continued to gain in 
weight for about 20 days wi thout showing 
signs of vitamin A defi ciency. The explana
t ion for this difference came from a n exami
nation of the t issue lipids of a nimals which 
.had been fed these substances. 

After the administration of the relatively 
large daily dose of l mg. vitam in A acid or 
its methyl ester for periods of 8- 24 days in 
order that there might, have been a reason
able chance of detecting sma ll amounts of 
the acid or its metaboli tes at the end of t he 
experiment, the lipids of liver, kidney, and 
depot fat (mesenteric and perirena l) were 
extracted. In the animals which had been 

given vitam in A acid the:;e lipids did not 
contain a ny t race of the acid, alcohol, 
aldehyde or of a ny other ul traviolet light
absorbing material that could be identified 
as having been derived from the acid. The 
same resul t was obtained wi th the a nimals 
which had been dosed wi th vitamin A acid 
methyl ester except that the depot fat 
showed the presence of .-ma ll amoun ts of the 
ester. In three an ima ls which had been given 
8, 1 :3, a nd 15 daily oral doses of 1 mg. v ita
min A ac id methyl ester, the fat conta ined 
respectively 14, 21, and 19 µg. ester/ g. dry 
weight of fat . Thus presumably some of the 
ester can pass t hrough the in testine un
changed and be transported to the fat depots 
where it is stored. 

The absence of any vitam in A acid or 
a lcohol or of any other biologically active 
metabolite in the lipid of the livers of the 
acid-fed animals was confirmed by feeding 
t he liver lipid to a vitam in A-deficient 
a nimal. The liver lipid of an anima l which 
had been given 17 daily oral closes of l mg. 
vitam in A acid was dis.-o lved in arachis oil 
and admini.-terecl orally to a vitamin A-de
ficient rat in fo ur daily doses. The a nima l did 
not show a ny relief of the symptoms of v ita
min A-defic iency. 

EXPERIME:'\TS Wl'l'H 'l' H E C2, H OMOLOG 0~' 

V rTAM I N A Ae ro 

The C25 homolog of vitamin A acid had 
a ppreciable growth-promoting activi ty and 
was converted in to vitamin A when admin
istered to the vitamin A-deficient rat as the 
free acid , sodium salt, or methyl ester. T he 
results of a number of experiments a re given 
in Table I. For comparison, the re ul ts of 
experiments wi t h {3-caro tcne are a lso given. 
The conversion of the C25 acid in to v itamin 
A was confirmed by chromatography of the 
li ver lipid on alumina . A fraction elu ted 
with 100 % ether was shown to be vitamin 
A by the ul t raviolet spect rum and ShCl3 
color reaction. 

It was fo und that the liver a nd kidney 
lipids a lso contained un changed C2o acid 
when this .-ubstance was given . After feeding 
the C 21, acid methyl ester, substant ia l 
amoun ts of thi .- were a lso found in the depot 
fat and the color of the fat was qui te yellow. 
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T ABLE I 
C2s H oMOLOG OF VIT,UII N A Acrn: GRO W'l'H-PR0~10TIN G AcTIVI'l'Y 

AND CO NVERSION IN'l'O VITAMIN A 

Rat No. Sex Substance adm inistered 

1(3) 7 M C 2s :1cid , Na salt 
1(3) 5 F C2s acid , Na s:1lt 
B (4) 7 F C2s ac id , free 
B (4) 4 M Ce; ac id , free 
G (2) D :\[ C,. acid , free 
G(2) 5 1\1 C2s acid , free 
G (2) 5 M C2s ac id , free" 
G(2) D j\'[ C2• acid , free• 
K ( l ) 3 F ,B-Ca rotene 
K (l ) 4 J\ [ ,B-Carotene 
B (4) 6 M ,B-Carotene 
B (4) D M ,B-Carotene 

« Admini ste red by inj ection . 

DISCUSS fON 

The experiments with vitamin A acid have 
confirmed that it has a curat ive action when 
administered to the vitamin A-deficient rat 
and that it does not appear to exer t this 
action through its prior conversion in to vita
min A a lcohol. Thus it seems that, vitamin A 
acid or a metabolite derived from it, which 
is not vitamin A, has activity per se and that 
the acid or act ive derivative is rapidly 
metabolized to an inactive substance or 
substances. It is possible that vitamin A is 
normally converted in to its active form 
t hrough an irreversible process which is 
normally cont rolled according to metabolic 
requirements. When vitamin A acid is fed, 
the contro lling mechanism may be by
passed. 

When the vitamin A acid methyl ester was 
administered , some of it escaped breakdown 
and was carried to the fat depots where it 
was stored . The utilization of this stored 
ester enabled the animal to continue growing 
for a fairly long period afte r the dose was 
discontinued. Again , however, there was no 
storage of vit amin A a lcohol. 

The C2s homo log of vitamin A acid a lso 
exhibited a curative action when adminis
tered to the av itami notic rat, but in thi case 
t here had been a conversion in to vitamin A. 
The conver. ion, however, was small (0.3 %) 

Percentage 
No. of Body wt . Daily dose Li ver vita min conversion into 
doses gain A v itamin A 

(mean value) 

g. / week µg.fliver 

1 mg. 18 21 49.0 0.31 
1 mg . 14 12 43. 0 0.34 
1 mg. 12 20 34.0 0 .31 
1 mg. 12 15 38.0 0 .33 

10 µg. 20 13 - -
5 µg. 19 5 - -
1 mg. 7 35 11 .0 0.19 
1 mg. 7 29 11 .0 0. 20 

100 mg. 7 21 103 25.6 
100 µg . 7 28 82 21. 6 

5 µg. 24 21 - -
2.5 µg . 24 17 - -

compared with that of ,B-carotene (21- 25 %), 
and it seems possible that part of the growth
promoti ng activity of the C25 acid could be 
due to its conversion into vi tamin A acid. 
In contrast to that of vitamin A acid , the 
oxidation of the C25 acid appears to be rela
t ively slow sin ce unchanged acid can usua lly 
be found sto red in the liver . It is possible 
t hat the presence of a methyl group in the 
,B-posit ion wi th respect to t he terminal group 
may hinder rapid oxidation (12) . Thus it has 
been reported (13) that the a -methylated 
C2s acid , ,B-apo-12' -carotenoic acid, gave a 
much higher percentage (7 %) conversion to 
vitamin A. 

Like the methyl ester of vitamin A acid , 
t he C2s acid ester also escapes complete 
hydroly, is and may be stored in t he fat 
depots. 
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THE POSSIBLE ROLE OF UBIQUINONE 
(COENZYME Q) IN THE RESPIRATORY 

CHAIN 

E. R. REDFEARN 

Department of Biochemistry, The University of Liverpool 

A LARGE amow1t of recent work (Crane et al., 1957; Pumphrey, 
Redfearn and Morton, 1958; Green and Lester, 1959; Pumphrey 
and Redfearn, 1959) has suggested that ubiquinone (coenzyme Q) 
functions as a hydrogen carrier in the respiratory chain of living 
organisms. It is widely distributed in the mitochondria of animals 
and plants; it is reduced when citric acid cycle substrates or re
duced diphosphopyridine nucleotide (DPNH) are added to mito
chondria rmder anaerobic conditions and oxidized back to the 
quinone when the preparation is aerated; replacement of ubi
qq.inone in preparations in which the endogenous ubiquinone has 
beery removed by extraction with organic solvents restores en
zymic activity. Thus, ubiquinone appears to be a likely candidate 
as a functional component of the electron transport system. In 
the present paper, this possibility is examined by a discussion of 
the results of experiments on ubiquinone which have been carried 
out mainly on non-phosphorylating heart-muscle preparations. 
Aspects of the problem which have been studied in some detail 
are: the concentration of mitochondrial ubiquinone relative to 
those of the cytochromes, kinetics of the oxidation-reduction 
reactions of ubiquinone and the effects of inhibitors, and the effect 
of the extraction of endogenous ubiquinone. Most of this work 
was carried out in collaboration with Miss A. M. Pumphrey and 
Mr. G. H. Fynn. 
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The concentration of ubiquinone in mitochondrial 
preparations 

A method was devised for measuring the ubiquinone con
centration in small amounts (10-30 mg. protein) of mitochon
drial preparations (Pumphrey and Redfearn, 1960) and some 
results are shown in Table I. 

Table I 

CONCENTRATION OF UBIQUINONE IN VARIOUS PREPARATIONS 

Preparation 

Pig heart-muscle preparation 
Horse heart-muscle preparation 
Guinea pig kidney mitochondria 
Guinea pig kidney microsomes 
Rat liver mitochondria 
Pig kidney mitochondria 

Ubiq11inone 
µrnoles/g. protein 

4·0 

I•2 

Arum maculat11m spadix mitochondria 

Determinations of the relative concentrations of ubiquinone 
and the cytochromes were made on pig heart-muscle preparations. 
The mean values for four determinations were as follows: cyto
chromes (a + a3), b, c, Ci, ubiquinone had concentrations of 
0·74, 0·60, 0·085, 0·37, 4· 39 µmoles/g. protein respectively. Thus, 
the molar concentrations (a + a3) : b: c: c1 : ubiquinone are in 
the ratio 2 : 1·6 : 0·23 : 1·0 : 12·0. Thus, on an electron
carrying basis, the concentration of ubiquinone is 24 times that 
of cytochrome c1• Another interesting feature of the ubiquinone 
concentration in pig heart-muscle preparation is that in the pre
sence of inorganic phosphate the total ubiquinone is not extract
able by the method used. On treating the preparation with 
sodium hydroxide, however, the previously non-extractable 
ubiquinone, which amounts to 25 per cent of the total, is re
leased and can be extracted by the solvent. In the tris-buffered 
preparation the total ubiquinone is extractable without prior 
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treatment with alkali (Table II). The nature of the non-extractable 
form of ubiquinone is not known at present. 

Table II 

APPARENT CONCENTRATIONS OF UBIQUINONE IN PIG HEART-MUSCLE PREPARATIONS 

Concentrations expressed as µmoles/g. protein ± s.o. Numbers in parentheses 
indicate number of determinations. 

Tris-b1iffered 
preparntio11 

Phosphate-b,ifjered 
preparation 

Phosphate-buffered 
preparatio11 after NaOH 

treatment 
4·0 ± 0 ·3 (10) 

Oxidation-reduction reactions of ubiquinone 

When mitochondrial preparations are incubated with succinate 
or DPNH w1der anaerobic conditions, the endogenous ubiqui
none is reduced to ubiquinol. On aerating the suspension the 
ubiquinol is oxidized back to the quinone (Hatefi et al., 1959; 
Pun:iphrey and Redfearn, 1959). These changes are detected by 
examining the ultraviolet absorption spectrum in ethanol of the 
lipid extracted from the enzyme preparation with light petroleum 
after denaturation with methanol. By partitioning the light 
petroleum extract with methanol most of the lipid with end
absorption in the ultraviolet region can be removed. In this way 
the ubiquinone can be extracted quantitatively in an almost 
spectroscopically-pure form. The concentration of ubiquinone 
can then be calculated by the difference in extinction at 275 mµ 
before and after the addition of sodium borohydride (Pumphrey 
and Redfearn, 1960). This extraction technique was applied to a 
study of the kinetics of reduction of ubiquinone and oxidation of 
ubiquinol in non-phosphorylating heart-muscle preparations 
(Pumphrey and Redfearn, 1959; Redfearn and Pumphrey, 1960). 
The enzymic reactions could be stopped rapidly by the addition 
of cold ( -20°) methanol and any ubiquinol present was protected 
from 11011-enzymic autoxidatio1~ during the extraction procedure 
by having pyrogallol present. The enzymic reduction of ubiqui-
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none was studied by stopping the reaction at suitable time inter
vals after the addition of cyanide (to inhibit reoxidation by 
cytochrome oxidase) and substrate (succinate or DPNH). In the 
absence of substrate or at zero time of incubation in the presence of 

O 2!,:,10,,...-----.-50~--::,270="""· --::,;iho,------,,,.,_ 

~ (mp) 

Fie . 1 . Absorption spectra of lipid 
extracts (in ethanol) of a pig heart
muscle preparation {treated with 
cyanide) at different time intervals 
after the addition of succinate. The 
dashed curve shows the spectrum of 
the extract after complete reduction 

with sodium borohydride. 

substrate the spectrum has a sharp 275-mµ ma>.'lmum which has 
been shown by various tests to be almost entirely due to ubiqui
none. With increasing times of incubation with the substrate 
there is a progressive fall in the extinction at 275 mµ with a 
gradual broadening and shift of the peak towards 290 mµ, the 
absorption maximum of ubiquinol (Fig. r). By calculating the 
ubiquinone concentration at each time interval and plotting 
against time a smooth curve (Fig. 2) is obtained from which the 
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rate of reduction can be calculated from the initial slope. The 
reaction appears to be first-order since the logarithmic plot gives 
a straight line. This enables a more precise calculation of the 
maximum rate to be made. A number of determinations of the 
DPNH- and succinic-ubiquinone reductase rates were made on 
different heart-muscle preparations and they were compared with 
the corresponding substrate oxidase rates measured at the same 

[uol 

0 '---'----'--...J'-----l---~----- ,__.____, 
0 2 4 6 8 10 25 27 

Time (secs.) 

Fie. i. Curve showing the rate of reduc
tion of ubiquinone by succinate in a pig 
heart-muscle preparation. [UQ]= concen
tration of ubiquinone (oxidized state) in 

µmoles/g. protein. 

temperature. It was fow1d that in all cases the maximum rates at 
which ubiquinone was reduced were not fast enough to accotmt 
for all the substrate oxidized by the enzyme. In the case of phos
phate-buffered preparations ubiquinone reductase rates, calculated 
as a percentage of the substrate oxidase rates, were in the range 
13-52 per cent with succinate as the substrate and 13-15 per cent 
with DPNH. Ubiquinone reductase rates used in these calcul
ations were determined for initial concentrations of 100 per cent 
oxidized ubiquinone. The more valid rate for comparison would 
be that determined at the steady-state level of ubiquinone. It is 
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possible to determine this in the case of the tris-buffered enzyme 
where the steady-state level of ubiquinone is fairly high (about 
65 per cent). The rate measurement is made after preincubation 
of the preparation with the substrate by starting the reaction by 
the addition of cyanide, thus eliminating any lag period due to 
slow entry or reaction of the substrate with the particles. Results 
obtained by this method with succinate as substrate gave ubi
quinone reductase rates equivalent to 55-59 per cent of the suc
cinic oxidase rates. 

In other experiments, succinic-ubiquinone reductase rates were 
compared with the rate of succinate oxidation using phenazine 
methosulphate as the electron acceptor (Giuditta and Singer, 
1959) and essentially similar results were obtained. 

Measurements of the extent of reduction of ubiquinone by the 
substrates indicated that about 90 per cent of the ubiquinone was 
reducible by succinate and about 70 per cent by DPNH. The . 
lower figure for DPNH may be due to damage to part of the 
DPNH-oxidizing system during the preparation of the particles. 
Therefore, it seems reasonable to suggest that under optimal con
ditions all the endogenous ubiquinone will be accessible to both 
substrates. 

Ubiquinol oxidase rates were measured by a similar incubation 
and extraction technique. The ubiquinone was reduced with 
succinate and air excluded by a layer oflight petroleum. Further 
reduction by the succinate was inhibited by adding oxaloacetate 
and the reaction started by bubbling m,)'gen through the mixture. 
The results obtained by this method were less consistent than 
those of the reductase assay. However, it was possible to show 
that in phosphate-buffered preparations without added cyto- . 
chrome c, ubiquinol oxidase rates were only 20-25 per cent of the 
succinic oxidase rates. In the tris-buffered preparation the ubi
quinol oxidase rate appeared to be higher. This is reflected in the 
higher ubiquinone/ubiquinol steady-state level in the tris-buffered 
preparation as compared with that of the phosphate-buffered 
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preparation (Table III). The higher values obtained in both 
types of preparation in the presence of cytochrome c are due 
presumably to an increased rate of m.'idation of ubiquinol be
cause of the stimulation of cytochrome oxidase activity. 

In experiments done in collaboration with Professor Britton 
Chance at the University of Pennsylvania it was shown that direct 
spectrophotometric measurement of the kinetics of reduction of 
ubiquinone gave good agreement with the indirect extraction 
method (Chance and Redfearn, 1960). For these experiments, 

Table III 

STEADY-STATE OXIDATION-REDUCTION LEVELS OF UBIQUlNONE IN PIG HEART

MUSCLE PREPARATIONS 

S11spendi11g bu_ffer 
(final concn.: 0·1 M) 

phosphate 
phosphate 

tris 
tris 

Cytochrome c 
addition (final con cu.: 

4•3 X 10-5 M) 

+ 

+ 

Ubiquinone (oxidized) as a 
percentage of the total reducible 
ubiquinone ± s.D. (number of 
determinations indicated in 

parentheses) 
16 ± 6(7) 
38 ± 8(6) 
59 ± 10(5) 
67 ± 2(4) 

horse heart-muscle preparations were used and the rate of re
duction of ubiquinone by succinate at 275-300 mµ was measured 
in the double-beam spectrophotometer. This rate was only a 
fraction of that of succinic oxidase measured polarographically 
(Table IV). This result was confirmed by comparison of the rate 
of reduction of ubiquinone with that of fumarate formation, both 
measurements being made spectrophotometrically w1der the 
same conditions. 

The lack of any effect of antimycin A on the rate or extent of 
reduction of ubiquinone was also confirmed by the direct spectro
photometric assay. 

The rate of reduction of ubiquinone added to the preparation-as 
a solution in ethanol was also studied. In the spectrophotometric 
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determination there was no detectable reduction of the added 
ubiquinone by succinate in a time interval greater than that re
quired for the complete reduction of the endogenous material. 
A similar experiment employing the extraction method was 

Table IV 

COMPARISON OF SUCCINIC-UBIQUJNONE REDUCTASE RATES DETERMINED BY TH E 

EXTRACTION AND SPECTROPHOTOMETRIC METHODS 

Succi11ic-ubiqui11011e re-
d11ctase acti11ity (µmoles UQ 

red11ced/111g. protein/hr.) Succinic oxidase acti-

Horse heart- Extractio11 Spectro-
11ity (µmoles succiuate 

oxidized/mg. 
m11scle Temp. of 111etlrod plroto111etric protein/hr.) 

preparntio11 assay method 

I. 26° l ·4 1·7 16·9 
2. 70 . 0·75 0·45 2·9 

carried out and by extending the time scale it was shown thanhe 
exogenous ubiquinone was reduced at a rate equivalent to one
sixth that of endogenous ubiquinone. 

Effect of inhibitors on the oxidation-reduction reactions of 
ubiquinone 

Oxaloacetate and malonate inhibited the reduction of ubiqui
none by succinate, and Amytal inhibited the reduction by DPNH. 
Antimycin A, 2: 3-dimercaptopropanol (BAL) and cyanide in
hibited the oxidation of ubiquinol but they had no effect on the 
rate or extent of reduction of ubiquinone by either succinate or 
DPNH (Pumphrey and Redfearn, 1959; Redfearn, 1959). Thus, 
it appears that the position of ubiquinone in the respiratory chain 
is between the flavoproteins and the antimycin A-sensitive factor. 

The oxidation-reduction potential of ubiquinone is consistent 
with this position. In an acid medium the potential is + o· 542 v. 
(Morton et al., 1957) from which it can be calculated that the 
potential at pH 7·4 will be + o· 122 v. (Joel et al., 1958). 
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Effect of extraction of ubiquinone from heart-muscle 
preparations 

The use of organic solvents for the extraction of lipid substances 
from mitochondrial preparations has recently enjoyed a wide 
vogue and at the moment there seems to be a certain amount of 
confusion regarding the interpretation of the results of those 
experiments. A fairly detailed study of the mechanism of in
activation of enzyme systems by organic solvents has been made 
(Redfearn, Pumphrey and Fynn, 1960) in which it was shown that 
inactivations due to removal of essential lipid components must 
be clearly distinguished from those in which the solvent itself acts 
as a reversible inhibitor. It has been shown that with freshly 
made heart-muscle preparations, non-polar solvents such as iso
octane and light petroleum are unsatisfactory solvents for the 
removal of ubiquinone because of the large number of extractions 
required. In fact, the succinic oxidase activity after removal of 
residue solvent actually increases with up to as many as 20 extrac
tions provided the preparation is adequately supplemented with 
cytochrome c (treatment of the preparation with organic solvent 
induces a requirement for added cytochrome c). In one experi
ment, 40 extractions with 40-60° light petroleum gave a succinic 
oxidase activity equivalent to 190 per cent of the original activity; 
30 per cent of the total extractable ubiquinone had been removed. 

Polar solvents proved to be more effective for the removal of 
ubiquinone, and diethyl ether has been used successfully. Acetone 
has been used by another group (Lester, Smith and Fleischer, 1960) 
but with our preparations this has the disadvantage that it seems to 
have a greater inactivating effect than ether on the cytochrome 
oxidase system. In some experiments removal of up to 90 per 
cent of the total extractable ubiquinone with ether appeared to 
produce only small changes in succinic oxidase and cytochrome c 
reductase activities although cytochrome oxidase activity had 
fallen slightly. In other experiments, in which the nuniber of 
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extractions was increased, little more than 90 per cent of the 
ubiquinone was removed but succinic oxidase activity had fallen 
to about 25 per cent of the original activity. The explanation of 
these results probably lies in the differential extraction of ubiqui
none and the other mitochondrial lipid by the solvent. One or 
two extractions can remove 90 per cent of the ubiquinone along 
with small amounts of other lipid without producing very great 
changes in enzymic activities, while increasing the number of 
extractions does not remove much more ubiquinone but other 
lipid continues to be extracted, resulting in a progressive fall in the 
activities. 

A number of recent investigations have shown that ultraviolet 
irradiation of mitochondrial preparations of rat liver and bacteria 
results in a fall in the P/ 0 ratio, but that this can be restored by 
the addition of certain vitamin K derivatives (Brodie, Weber and 
Gray, 1957; Dallam and Anderson, 1957). The possibility that 
these quinones might be replacing ubiquinone, at least in liver 
mitochondria, was considered but in experiments with rat liver 
mitochondria it was found that exposure to ultraviolet light did 
not destroy mitochondrial ubiquinone. 

Conclusions 

The results of these experiments suggest that ubiquinone can be 
placed in the non-phosphorylating respiratory chain in at least 
three possible ways (Schemes I, II and III). 

In Scheme I, ubiquinone simply becomes another member of 
the respiratory chain mediating the reaction between the flavo
proteins and cytochrome c1 via the antimycin A-sensitive region. 
This scheme, however, is not supported by the kinetic data, which 
show that the rate of reduction of ubiquinone is less than that of 
the oxidation of the substrate. It could be suggested, however, 
that only a portion of the total ubiquinone may be necessary for 
electron transport and that this may have reaction rates con
sistent with the overall rate of electron transfer. This is possible 
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because the ubiquinone concentration in relation to those of the 
other respiratory chain components is very high and only a 
small fraction is actually necessary for stoicheiometric equi
valence. Experimental support is provided by the extraction 
experiments in which, under certain conditions, 90 per cent of the 
extractable ubiquinone can be removed without having an ap-
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II Scheme I 
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1
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preciable effect on enzyme activities. However, a definite con
clusion on this point must await kinetic studies on suitably ex
tracted preparations. 

Consideration should also be given to scheme II in which the 
ubiquinone is placed on a "blind-alley" and is not directly in
volved in the transfer of electrons from substrate to oxygen. Suck 
a scheme would, perhaps, be consistent with a function for 
ubiquinone as an intermediate in oxidative phosphorylation or as 
a source of reducing equivalents for some other process (Corn
forth, 1959). In this case, complete removal of the ubiquinone · 
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should have little effect on the rate of electron transport. This, 
however, is not supported by the work on acetone-extracted 
particles (Lester, Smith and Fleischer, 1960) in which ubiquinone 
is totally removed and enzyme activity restored by replacing it. 

In scheme III, ubiquinone is placed on a branch pathway be
tween the flavoproteins and the antimycin A-sensitive region. This 
scheme is consistent with the kinetic data and, if it is assumed that 
all the ubiquinone present reacts at the same rate, up to ap
proximately 50 per cent of the total electron flux could pass 
through the ubiquinone pathway. Further support for this 
scheme comes from a study of the DPNH-fumarate reaction. 
This reaction is only 30 per cent inhibited by antimycin A (Red
fearn and Pumphrey, 1959) which suggests that the two flavo
proteins must be linked by at least two pathways, one involving 
the antimycin A-sensitive region and the other ubiquinone. At 
the moment there is no experimental evidence to indicate the 
precise function of ubiquinone in such a branched pathway, but 
it is possible that in the intact mitochondria it may be involved in 
oxidative phosphorylation (Harrison, 19 5 8; Hatefi, 19 59; Chm.ie
lewska, 1960). The concept of branched pathways in the res
piratory chain need not be objectionable. The present picture of 
the system as a chain of electron carriers with branches at the 
substrate end to link up with the different flavoproteins may be 
an oversimplification. When we come nearer to an understand
ing of the process of oxidative phosphorylation a much more 
complex picture may emerge. 

Summary 

Some studies on the function of ubiquinone in the respiratory 
chain, with particular reference to non-phosphorylating heart
muscle preparations, are described. The results of experiments 
on the concentration of ubiquinone relative to the other respira
tory carriers, the kinetics of the oxidation-reduction reactions, the 
action of inhibitors and the effect of extraction of mitochondrial 
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ubiquinone with organic solvents have been presented and dis
cussed in relation to possible sites of action of ubiquinone in the 
electron transport system. 
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Mitochondria contain relatively large amounts of lipids and there is 
now a great deal of evidence which suggests that they play both structural 
and functional roles in mitochondrial metabolism. We have been studying 
the problem of lipid function in the respiratory enzyme system, both in 
intact phosphorylating mitochondria and in non-phosphorylating mito
chondrial fragments. 

Nature of mitochondrial lipids 

Non-phosphorylating preparations of pig-heart muscle [I] were 
denatured with methanol and the lipid extracted with 40- 60° light 
petroleum. The extract was then chromatographed on silicic acid (Mallin
krodt) and fractions eluted with increasing concentrations of diethyl 
ether in 40- 60° light petroleum. Strongly adsorbing material at the top of 
the column was eluted with methanol. One result of such an analysis is 

TABLE I 

LIPID CoMPOStTION OF Pie HEART-MuscLE PREPARATION 

Lipid Concentration Percentage of 
(mg./g. protein) total lipid 

Total lipid 420 100 ·0 
Phospholipid 378 90 · I 
Sterol 14·3 3·4 
Neutral lipid 16·3 3·9 
Ubiquinone 4. I 0 ·98 

shown in Table I. The total lipid which amounts to 30% of the total dry 
weight of the preparation, contains 90% phospholipid while smaller 
amounts of sterol, neutral lipid and ubiquinone make up the total. 

All the fractions were examined spectrophotometrically. Apart from 
ubiquinone which showed intense selective absorption at 275 mµ,, a number 
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of fractions showed weak absorption at various wavelengths between 230 

and 300 mf-l. There was, ho,vever, no evidence of spectra characteristic of 
the tocopherols or the vitamins K. 

Extraction of lipids with organic solvents 
An obvious way to tackle the problem of lipid function in mitochondrial 

particles is to remove the lipid by a suitable extraction procedure and 
observe the effect on enzyme activities. Nason and Lehman [ 2, 3] did this 

TABLE II 
EFFECT OF NUMBER OF EXTRACTIONS WITH LICHT PETROLEUM ON TI-IE SUCCINIC 

OXIDASE AND CYTOCHROME OXIDASE ACTIVITIES OF PI G HEART-
MUSCLE PREPARATION 

Succinic oxidase Cytochrome oxidase 

Number of (µl.O 2 /hr. /m g. protei n) (µl.O 2 /hr. /m g. protein) 
extractions 

Expt. No. Exp t . No. 
2 3 2 3 

0 259 320 242 810 1240 628 
567 886 

2 373 842 
3 
4 243 902 

15 492 rn56 
20 960 
30 54° 1616 828 
40 770 1880 

Expt. No. 1 : 2 ml. preparation (age 3 days) extracted successively with 4 ml. 
40- 60° light petroleum for 1 min. 

Expt. No. 2: 1 ml. preparation (age 7 days) extracted successively with r ml. 
40-60° light petroleum for 1 min. 

Expt. No. 3: 1 ml. preparation (age 1 day) extracted successively with 5 ml. 
40- 60° light petroleum for 1 · 5 min. 

Enzyme activiti es determined as described by Redfearn et al. [11]. 

simply by shaking the enzyme preparation with an organic solvent such 
as isooctane. After such a treatment it was found that the succinic- and 
DPNH-cytochrome c reductase activities had fallen considerably but 
that they could be restored to their original levels by adding a -tocopherol 
as a suspension in bovine serum albumin. Although it was later shown [4] 
that other substances would also reactivate solvent-extracted preparations 
a hypothesis was put forward implicating ix-tocopherol as an essential 
component of the electron transport system [5]. The specificity of 
the reactivation by tocopherol was doubted by Deul et al. [6]. Redfearn 
and Pumphrey [7] then showed that the loss of enzymic activity after 
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shaking with an organic solvent was due principally to small amounts 
of the solvent retained in the enzyme suspension acting as a physical 
inhibitor. Removal of this residual solvent by physical means, e.g. dis
persion with a surface-active agent, gave complete restoration of enzymic 
activities. These findings, which have since been confirmed by others [8, 
9], make it necessary to be extremely cautious in evaluating the results of 
extraction-reactivation experiments. Thus inactivation of an enzyme system 
due to an inhibition by the solvent must be clearly distinguished from 
inactivation brought about by the removal of lipid essential for some 
structural or functional role. 

In a study of the effect of removal of lipid on enzyme activities, pig 
heart-muscle preparations were extracted with organic solvents by Nason's 

TABLE III 
EXTRACTION OF A PIG HEART-MUSCLE PREPARATION WITH DIETHYL ETHER 

Succinic 
Succinic- Ubiquinone 

Lipid Number 
oxidase 

cytochrome c extracted 
extracted of 

(% original 
reductase (% total (% total extractions (% original extractable 

activity) 
activity) ubiquinone) 

lipid) 

0 100 100 0 0 
106 73 50 I 

2 75 63 78 7 
4 63 61 79 II 

8 50 54 96 16 

r ml. preparation (35 m g. protein /ml.) extracted successively with 5 ml. 
peroxide-free diethyl ether for r · 5 min. Extracts washed with water, dried and 
solvent evaporated. Lipid residue weighed. Lipid dissolved in 40-60° light petrol
eum and ubiquinone separated and determined as described by . Pumphrey and 
Redfearn [r]. Enzyme activity determined by the methods described by Redfearn 
et al. [1 r]. 

technique and the residual solvent removed by incubating the suspension 
in a Warburg manometer until solvent evolution had ceased. In this way, 
the effects of extraction could be studied without the additional complica
tion of the inhibitory effects of the solvent itself. In experiments using 40-
600 light petroleum as the solvent it was found that one or two extractions 
produced marked increases in the succinic oxidase and cytochrome oxidase 
activities (Table II). The amount of total lipid removed from the particles 
appeared to be small and less than 50% of the total extractable ubiquinone 
was removed even after forty successive extractions. 

With diethyl ether, the endogenous ubiquinone of · heart-muscle 
preparations could be extracted much more effectively. The results of an 
experiment are shown in Table III. 96% of the total extractable ubiquinone 
was removed after eight extractions with ether; the succinic oxidase and 
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succinic cytochrome c reductase activities had fallen to approximately 50% 
of the original activities. Polar solvents, such as ether and acetone, differ 
from non-polar solvents in that cytochrome oxidase is much more readily 
inactivated. Thus after one or two extractions with ether, cytochrome 
oxidase becomes the rate-limiting step in the respiratory chain. 

Although much remains to be done on the correlation between enzymic 
activites and lipid content of respiratory chain particles, certain conclusions 
can be drawn from these preliminary experiments. Treatment of heart
muscle preparations with organic solvents appears to have three principal 
effects: (i) the physical · action of the solvent producing changes in particle 
size and morphology, (ii) the removal of lipid from the particle by solution 
in the solvent, and (iii) the retention by the particles of small amounts of 
the solvent by surface adsorption or solution in the lipid. The first of these 
is undoubtedly the cause of the increased enzyme activities obtained after 
shaking the preparation with the solvent. This treatment probably results 
in the breaking down of large particles or aggregates into smaller particles 
or in changes in particle structure which allow an easier access of the 
reactants to the particles. The effec..t is probably analogous to the action 
of surface-active agents and the effect of freezing and thawing, processes 
which also result in increased enzyme activities. The solvent probably also 
displaces endogenous cytochrome c, which explains why solvent treated 
particles show a complete requirement for added cytochrome c. 

With regard to the second effect, lipid is removed only with great 
difficulty by non-polar solvents but more readily by polar solvents, e.g. 
certain lipid components, such as ubiquinone, can be almost completely 
removed by extraction with ether. Cytochrome oxidase activity appears to 
be much more sensitive to polar solvents than to non-polar solvents. 

The third effect, inhibition by the solvent itself, can be reversed by any 
one of a number of methods which depend on the removal or displacement 
of the solvent. It is interesting to note that this type of inhibition depends 
upon the structure of the particular solvent. Weber and Wiss [JO] have 
shown with the n-alkanes, those with 6- 7 carbon atoms are the most 
active. Even more potent inhibitors are the vitamin K2 analogues with 
short side-chains. Weber and Wiss [ ro] showed that like the organic 
solvents, the inhibition due to these substances could be reversed by 
vitamin Ki, phytol and ubiquinone. Redfearn, Pumphrey and Fynn [II] 
suggested that the action of naphthoquinone inhibitors described by Ball, 
Anfinsen, and Cooper [ r 2] could be explained in terms of a similar non
specific physical effect. Thus it could be imagined that the short lipophi lic 
side-chains dissolve in the lipid phase of the particle with the projecting 
layer of large naphthoquinone nuclei acting as a barrier to the reactants. 
Recently, Hendlin and Cook [ 13] have presented evidence which appears 
to support this idea. 
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Ubiquinone (Coenzyme Q) 

There is now a large amount of evidence which suggests that ubiqu in
one is a functional component of the respiratory chain. It is widely dis
t ributed in mitochondria, it undergoes enzymic oxidation-reduction and 

TABLE IV 

CONCENTRATION OF UB IQUINONE IN M ITOCHONDRIAL PREPARATIONS 

Preparation 

Pig heart-muscle preparation 
Horse heart-muscle preparation 
Gui nea-pig kidney mitochondria 
Rat liver mitochondria 
Pig kidney m itochondria 
Arum maculatum spadix mitochondria 

Ubiqu inone 
(µmo les /g. protein) 

4· 0 
4· 0 
I •6 
I '4 
I ' 2 

1 ·4 

it is able to restore enzyme activity to solvent-extracted preparations [ I 4, 
15, 16]. 

A survey of ubiquinone concentrations in a number of t issue prepara
tions has been made by the method described by Pumphrey and Redfearn 
[I ] and some results are shown in Table IV. The concentration of 

TABLE V 

RELATIVE CONCENTRATIONS OF THE CYTOCHROMES AND lJB IQUINONES 

Concentration 
Rat io 

Preparation (µmo les /g. protein) 

a b C Ci UQ a b C Ci UQ 

Pig heart-
muscle 
prepara-
tion o· 74 o ·6 0· 085 o·37 4·39 2· 0 I ' 6 0 ·23 I ' O 12· 0 

Rat liver 
m ito-
chondria 0. 13 o · 13 0 ' 12 o · 14 I ·41 o ·93 0 ·93 0 ·9 r ·o 10· 0 

The concentrations of cytochromes a, b, and c were determ ined using the 
wavelengths and molar extinction coefficients given by Chance and Wi ll iams [26] 
and Ci from the data of Green et al. [27 J. 

ubiquinone relative to the cytochromes has also been determined in pig 
heart-muscle preparations and rat liver mitochondria (Table V). The 
cytochrome concentrations were determined spectrophotometrically after 
solubil ization of the preparations in sodium cholate. It will be seen that in 
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both cases, on a molar basis, ubiquinone is present in a considerable excess 
over the cytochromes. On an electron-carrying basis the ubiquinone /cyto
chrome ratio is, of course, increased further by a factor of two to give 
ratios of 20- 24. The reason for this large excess of ubiquinone is not clear 
at the moment although it has important consequences when discussing its 
possible function in the respiratory chain. It is interesting to note the 
extraction experiments already described indicate that relatively large 
amounts of ubiquinone may be removed from mitochondrial particles 
without apparently having drastic effects on enzymic activities. Thus it is 
possible that only the stoicheiometric amount is necessary for efficient 
operation of the respiratory chain. 

The results of a study of the kinetics of ubiquinone reactions in heart
muscle preparations, the action of inhibitors on these reactions and a 
discussion of the possible function of ubiquinone in the non-phosphorylat
ing respiratory chain have been presented recently [17, 15, . 16]. To 
summarize briefly, the rate of reduction of ubiquinone by DPNH or 
succinate is less than the total electron flux as measured by the substrate 
oxidase rates; most of the endogenous ubiquinone appeared to be accessible 
to both substrates; inhibitor studies indicate that its site of action is 
between the flavoproteins and the antimycin-A-sensitive region. Three 
possible schemes for the position of ubiquinone in the non-phosphorylating 
chain can be put forward [ 16]. These are: (i) that ubiquinone is on the 
main respiratory chain mediating the reaction between the flavoproteins 
and the cytochromes. (ii) that it reacts only with the flavoproteins to form 
a blind-alley pathway, and (iii) that it is on a branch pathway linking the 
flavoproteins with cytochrome c1 via the antimycin-A-sensitive region. 

In order to try to elucidate the mode of action of ubiquinone in the 
intact phosphorylating system we have begun experiments with rat-liver 
mitochondria. The mitochondria were prepared by a modification of the 
method of Schneider and Hogeboom [18] and ubiquinone determined by 
the method of Pumphrey and Redfearn [ 1]. Respiratory control and P /0 
ratios were determined with the oxygen electrode [ 19], and steady-state 
oxidation-reduction levels of ubiquinone were measured in the different 
metabolic states [ 20] of the mitochondria. Typical spectra are shown in 
Fig. 1. It can be seen that in the absence of added substrate or ADP 
(State 1) the ubiquinone is 45% reduced while on adding ADP (State 2) 
it becomes 38% reduced. In the presence of added substrate (succinate) 
but no ADP (State 4) the ubiquinone is 80% reduced but on adding ADP 
(State 3) falls to 72% reduction. The results of experiments on four 
different mitochondrial preparations are shown in Table VI. When 
succinate is the substrate ubiquinone is largely reduced (80- 89% ) in State 4 
and becomes less reduced (70- 86% ) in State 3 while the corresponding 
figures for ,8-hydroxybutyrate are 53- 72% (State 4) and 40- 63% (State 3). 
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Experiments with antimycin A, which inhibits oxidation of ubiquinol, 
have shown that the enzymically reducible ubiquinone is only 80- 90% of 
the total. Thus succinate in State 4 is actually giving complete reduction 

E 

240 260 280 300 320 
Wavelength (mµ) 

Fie. I. Steady-state oxidation-reduction levels of ubiquinone m rat-liver 
mitochondria. 

- 6. - total ubiquinone (oxidized); 
- 0- total ubiquinone reduced with NaBH 4 ; 

-x- P1+air;-.a.- P 1+ADP+air; 
- o- P 1+succinate+air; - •- P 1+succinate+ADP+air. 

of the enzymically active material, while ,B-hydroxybutyrate in State 4 is 
giving about 80% reduction. 

These changes are qualitively similar to those reported by Chance [ 21] 

for guinea-pig kidney mitochondria and support the view that the oxida
tion of ubiquinol is blocked in the absence of a phosphate acceptor by an 
inhibitory interaction which could involve energy conservation as a high
energy intermediate UQH2 ~ I by a series of reactions as fo llows: 

UQ+I ~ UQ.I 

UQ.I+FPH2 ~ UQH2 ~I+FP 

UQH2 ~I+X ~ UQH2 +I~X 

I~X+ADP+Pi ~ X+I+ATP 
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TABLE VI 

STEADY-STATE OXIDATION-REDUCTION LEVELS OF U131QUINONE IN VARIOUS 

METABOLI C STATES OF RAT-LIVER lv1 ITOCHONDRIA 

Ubiqui
none 

Preparation concentra-
number tion 

rs 

r7 

(!-'moles /g. 
protein) 

r. 3 

2·2 

Substrate 

endogenous 
succinate 
endogenous 
,B-hydroxy-

butyrate 
succinate 
endogenous 
,B-hydroxy 

butyrate 
succinate 
endogenous 
,B-hydroxy-

butyrate 
succinate 

Steady-state percentage 
reduction of total ubiquinone 

+P;+ +P,+O 2 +ADP+ +0 2 

ADP+O 2 02 

38 
72 
45 
44 

80 
33 

63 
86 

45 
80 

85 

53 
81 

44 
80 

68 

72 
88 

82 

88 

Steady-state determinations were m ade with a reaction mixture of the following 
final composition: Sucrose, 107 mM; MgCl2, 15. 5 mM; KCI, 25 mM; Na 2HPOc 
KH 2PO~, pH7·4, r2·5 m M (or tris-HCI, pH 7·4, 18·8 mM) ; ADP, 18 mM; 
sodium ,B-hydroxybutyrate, 4 · 5 mM; sodium succinate 3 · o mM; mitochondrial 
protein, approx. 6 mg. /ml. Total volume 1 ·4 ml. Mixture aera ted for 30 sec. 
Temp. 17- 20°. 

Hatefi [ 22] has also described results of experiments on beef-heart mito
chondria which support such a role for ubiquinone. He found also that 
when phosphate in the medium was replaced by tris the ubiquinone went 
into the completely oxidized state. This was interpreted as being due to the 
release of the inhibitory effect of phosphate on the oxidation of ubiquinol. 
In the present work this phosphate effect could not be demonstrated in 
rat-liver mitochondria; the steady-state levels of ubiquinone were almost 
the same in the absence of phosphate, in the presence of phosphate, and 
in the presence of ADP without added phosphate (Table VI). 

Recently a number of workers have put forward hypotheses implicating 
phosphorylated derivatives of qui nones in oxidative phosphorylation [ 23, 
24, 25]. Ubiquinol monophosphate, a possible intermediate in these 
postulated reaction mechanisms has been synthesized by Dr. K. J. M. 
Andrews of Roche Products Ltd., Welwyn. In a preliminary experiment 
this substance was added to rat-liver mitochondria in the presence of ADP 
but no stimulating effect on the rate of oxygen uptake was observed. Also 
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spectrophotometric examination of light petroleum extracts of mito
chondria did not reveal anything with the spectral characteristics of 
ubiquinol monophosphate. 

Summary 

1 . Mitochondrial preparations contain relatively large amounts of 
phospholipids with smaller concentrations of neutral lipid, sterol and 
ubiquinone. 

2. The extraction of mitochondrial preparations with organic solvents 
was studied and three principal effects were distinguished. 

3. The concentrations of ubiquinone in a number of mitochondrial 
preparations were measured. Ubiquinone concentrations with respect to 
the individual cytochromes were shown to be relatively high. 

4. The steady-state oxidation-reduction levels of ubiquinonc in rat
liver mitochondria in various metabolic states have been measured. The 
possible role of ubiquinone in oxidative phosphorlyation was discussed. 
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Discussion 
ZIEGLER: I would like to p oint out that it would be difficult to m easure the 

initial rates of endogenous Q red uction by the m ethod Dr. Redfearn used . The 
particles contain a large excess of Q relative to the cytochromes or flavoprotein 
and only p art of it m ay be rapidly reduced in a blocked system. In order to m easure 
initial rates at 22 ° the reaction would have to be stopped in less than a second and 
I believe your reaction times were of the order of several seconds . L ater in this 
Symposium we will present data which show that the rate of reduction of exogenous 
Q is full y compatible with the assumption that it functi ons as an electron carrier 
between the fl avoprotein and cytochrome c. The turnover of the fl avop rotein with 
Q as the acceptor is m ore rapid than it is in the intact particle with oxygen as the 
acceptor. 

R EDFEARN: This is a derivative particle that you are using? 
Z IEGLER: The naturally occurring quinone, Q 10, is reduced as rapidly as the 

synthetic Q hom ologues . 
REDFEARN: We have m easured the rate of reduction of exogenous ubiquinone 

in our preparation, and found the rate to be very much slower than that of the 
reduction of the endogenous m aterial. 

ZIEGLER: You do require lipids. Coenzyme Q 10 is extrem ely insoluble in water, 
and by adding a mixture of phospholipids you can increase its effective concentra
tion to the point where you can use it as the final electron acceptor. 

REDFEARN: I would like to add that in exp eriments we did with Dr. Chance we 
m easured the rate of reduction of endogenous ubiquinone in the double beam 
spectrophotom eter at the sam e time as we m easured the rate by the extraction 
procedure, and we got very close agreem ent. 

CHANCE: We have been interested in the m aximal rate at which the endogenous 
Q could be reduced . I think that Dr. R edfearn and I had already observed rates 

at 22 ° of about 5 micromoles per hour p er milligram protein for the reduction of 

endogenous Q on adding succinate to the CN-inhibited system . By using a rapid 
fl ow apparatus and m ore acti ve prep ara tions we have observed values of Q-reduc
tase activi ty up to this level, which is a rather high activity, but this is s till som e
what less than the rates of oxygen reduction . 

S INGER: I was wondering, since you did not commit yourself, which of the 
three p ossible hypotheses of the m ode of action you favour, and whether the sum 
total of the data presented today plus those you published in the Biochemical 
J ournal do not point to a possible fun ction of Q in interchain electron transport ? 
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In weighing the evidence it is well to remember that what matters is not that under 
certain sets of conditions the rate of cycling of ubiquinone approaches that of the 
respiratory chain, but rather that it is relatively easy to produce conditions under 
which the turnover of ubiquinone is lower than the rate of succinate oxidation . 
The latter type of experiment would not suggest that ubiquinone is an obligatory 
component of the electron transport chain, but it would by no means exclude its 
function as an interchain lipid . This function would, of course, also lead to a reduc
tion of cytochromes c and c 1 but not necessaril y in the same chain. 

REDFEARN: I, of course, rather favour this idea and I discussed it at som e length 
in a recent paper, but I didn ' t want to commit myself here. I think this possibility 
fits the results well but we can't exclude the other p ossibilities. 

ESTABROOK: I have a question of terminology on your very interesting observa
tion. You Jose only 20% of the succinate oxidase activity on rem oving 96 % of what 
you said was extractable Q10 • Is this total ubiquinone or that extracted by your 
solvent system? Was there still over 10% rem aining ? 

REDFEARN: Yes . 

WILLIAMS: I wanted to ask whether it would be a logical consequence of Dr. 
Singer's hypothesis, that you should be able to isolate chains which do not contain 
ubiquinone ? 

R EDFEARN: Yes, that is what we are trying to do. We find it very difficult to 
remove the remaining few per cent of ubiquinone. As you continue extracting you 
remove more and more phospholipids and other structural lipids and then you 
start losing acti vity. It is very difficult to remove 100% of the ubiquinone without 
removing other lipids. 
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OF UBIQUINONE (COENZYME Q) 

IN .ELECTRON TRANSPORT AND OXIDATIVE 
PHOSPHORYLATION 

by E. R. REDFEARN 

Department of Biochemistry, The Universr'ty of Liverpool, Liverpool 3, Great Britain 

(Received 5 January 1961) 

THE ubiquinones or coenzymes Q (Fig. 1) are a group of fat-soluble tetra
substituted benzoquinones which are found widely distributed in' living 
organisms.(l, 2> The value of n (i.e. the number of isoprenoid residues in 
the side chain) depends upon the source of the quinone and can vary 
from 10 to 6. Thus the quinone from pig heart muscle has n = 10 whereas 
that from baker's yeast has n = 6; these are designated ubiquinone-(50) 
or CoQ10 and ubiquinone-(30) or CoQ6 respectively. In some organisms 
more than one homologue may be found. ' 

0 

CHf> CH3 

~I 
H H

2t CHf) c/4c .... c H 

II H2 I 
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FIG. 1. Structure or the ubiquinones. 

The ubiquinones all have the same characteristic absorption spectrum 
with a peak at 275 mµ (in ethanol), an inflexion at 320 mµ and a minor 
peak at 407/m11. On reduction to the quinol, the main absorption peak 
shifts to 290 1111, with a fall in the abso rption intensity and the 320m,a infle
xion and 407 mµ p ak di appea r. 

The fa ct that the ubiqu inone of animal and higher plant cells are found 

69 
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TABLE 2 

Relatil'e Concentrations of Ubiqui11011e and Cytochromes 

Preparation 
Cyt.• a 

Pig heart-muscle preparation I 2·0 
Rat liver mitochondria 

1 
0 ·93 

• Cytochrome. 
t Ubiquinone. 

Raii o of co ncentrations 

Cyt. b 

J ·6 
0·93 

Cyt. C 

0·23 
0 ·9 

Cyt. c, 

1 ·0 
1 ·0 

UQt 

12·0 
JO ·O 

THE KINETICS OF THE OxIDATION- REDUCTION R EACTIONS OF UDIQUINONE 

As already mentioned, endogenous ubiquinone of mito~hondrial pre
parations undergoes enzymic oxidation-reduction reactions. Because of 
the spectral differences between the oxidized and reduced forms of the 
quinone, the reactions can be studied conveniently by the spectrophoto
metric examination of the purified lipid extracts of the preparations.181 

The oxidation-reduction state of the quinone in these extracts can be cal
culated from the difference in the extinctions at 275 m1t before and after 
the addition of a reducing agent (sodium borohydride). It was found that 
the enzymic reactions could be stopped rapidly by the addition of cold 
( - 20°) methanol and that non-enzymic oxidation of ubiquinol was 
prevented during the extraction procedure by having an antioxidant 
(pyrogallol) present. These techniques were applied to a study of the reaction 
kinetics of endogenous ubiquinone in non-phosphorylating preparations. 
of pig heart-muscle. 171 

The kinetics of the ubiquinone-reduction reaction were studied by 
adding the substrate (succinate or DPNH) to the preparation which had 
been pretreated with cyanide to inhibit the reoxidation of ubiquinol by 
way of cytochrome oxidase; the reaction was stopped after a suitable 
time interval. The procedure was repeated using a different time interval 
in each case. The spectra of the lipid extracts showed that at zero time 
of incubation with substrate, the ubiquinone was entirely in the oxidized 

form but with increasing times of incubation there was a progressive 
broadening of the peak at 275 mµ with a shift towards 290 mµ accom
panied by a fall in extinction. The ubiquinone concentration was calculated 
for each time interval and the concentration-time curve plotted. A smooth 
curve was obtained from which the maximal rate of reduction could . be 
calculated from the initial slope. Logarithmic plots indicated that the 
reaction followed first-order kinetics and these enabled the maximal rate -
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of reduction to be c,Jculated with greater precision. The results of a 
number of determin,it.ions of the succinic and DPNH- ubiquinone rcductase 
rates are shown io Table 3. It will be seen that the ubiquinonl! rcductase 
rates are not high enough to account for all the substrate oxidized as 
indicated by the substrate oxidase activities. 

TADLE 3 
Comparison of Ubiquinone Reductase and Substrate Oxidase Rates in 

J/eart-11111scle Preparations 

Ubiquinone Substrate Ubiquinone 
Temp. reductase rate oxidase rate reductase rate 

Preparation Substrate of (.umolcs) ubiqui- (µmoles substrate as percentage 
assay 

none reduced/mg oxidized/mg of substrate (°C) 
protein/hr) protein/hr) oxidase rate 

Pig heart Succinate 18·1 2·6 11·4 23 
Pig heart Succinate 20·7 3-6 16:J 13 
Pig heart Succinate 19·7 5·0 9·6 52 
Pig heart DPNH 19·0 4·2 31 ·3 13 
Pig heart DPNH 22-1 5·9 39·9 15 
Horse heart Succioate 26·0 1·4 16·9 8 
Horse heart Succioate 7·0 2·7 8·8 31 
Horse heart Succioate 7-0 1-1 4·2 26 

' 

Substantial confirmation of these findings was provided by experiments 
carried out in collaboration with Professor Britton Chance at the Uni
versity of Pennsylvania. In these, the rate of reduction of endogenous 
ubiquinone was measured in the double-beam spectrophotometer (wave
lengths 275 mµ and 300 mµ) and compared with the substrate oxidase 
rate measured polarographically at the same time. It was always found 
that the rate of reduction of ubiquinone was less than the overall electron
flux. 

There was the possibility that the relatively low rate of ubiquinone 
. reduction was due to a slow entry of the substrate to the active centres 
of enzyme particles. This possibility was eliminated by pre-incubating 

the preparation with the substrate and starting the reaction by the addition 
of cyanide. This was possible when the particles were suspended in Tris-HCl 
buffer because under these conditions the steady-state oxidation- reduction 
level of the ubiquinone was predominantly in the oxidized form (approx. 
65 per cent quinone). Results obtained by this method using succinate 
as the substrate gave slightly higher ubiquinone reductase rates, equi
valent to 55- 59 per cent of the succinic oxidase rates. 
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In all these experiments 90 per cent of the total endogenous ubiquinone 
was reducible by succinate and 70 per cent by DPNH. Incomplete reduc
tion, particularly in the case of the DPNH system, may be the result of 
damage caused during the isolatio n of the particles. 

Measurement of ubiquinol oxidase ratl.!s presented certain technical 
difficulties and the results obta ined were less consistent than those of 
ubiquinone reductase. The procedure used was as follows: the endogenous 
ubiquinone was reduced to ubiquinol with succinate under anaerobic 
conditions (a layer of 40-60° light petroleum was added to the mixture 
to exclude air); oxaloacetate was then added to inhibit reduction by suc
cinate of ubiquinone formed <luring the reaction. TI1e reaction was started 
by bubbling oxygen through the mixture and stopped after a suitable 
time interval by the addition of cold methanol. Ubiquinol oxi<lase rates 
measured by this method in the absence of added cytochrome c were 
20-2S per cent of the succinic oxidase rate measured under the same 
conditions. In the presence of added cytochrome c, the ubiquinol oxidase 
rates were too fast to be measurable with accuracy at room temperature. 

EFFECT OF INHIBITORS ON THE OXIDATION-REDUCTION REACTIONS. 

The study of the action of inhibitors on the oxidation- reduction re
actions of ubiquinone enables its site of action in the respiratory chain 
to be located. Ubiquinone reduction by succinate is inhibited by inhibitors 
of succinic dehydrogenase, oxaloacetate and malonate, while reduction 
by DPNH is inhibited by Amytal. Antimycin A had no effect on the extent 
or rate 01 reduction by either substrate but it completely inhibited the 
oxidation of ubiquinol. BAL (2,3-dimercaptopropanol) behaved similarly 
to antimycin A . . Ubiquinol oxidation was also inhibited by inhibitors 
of cytochrome oxidase such as cyanide. These results suggest that ubiqui
none lies between the flavoproteins and the antimycin A-sensitive factor. 
This position is consistent with its calculated oxidation- reduction poten-
tial of +0·122 v.<8> . 

THE EFFECT OF EXTRACTION OF UBIQUINONE ON ENZYME ACTIVITIES . . 

Another approach to the problem of lipid cofactors, such as ubiquinone, 
in the respiratory chain is to study the effect of their removal by extraction 
with organic solvents. It has been clearly shown19• 16> that many organic 
solvents are themselves potent inhibitors of the electron-transport system · 
and precautions must therefore be taken to ensure the complete removal 
of all residual solvent. Non-polar solvents, such as iso-octane, have been 
used to extract endogenous ubiquinone, at least partially, and the succinic 
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oxidase of such ex tracted preparations has been shown to be reactivated 
by adding ubiquinone as an cthanolic solutio n.<_5) Since this earlier work 
was published the action of orga nic solven ts on particulate enzyme prepa
rations has been studied in grea ter detail and shown lo be a fairly complex 
proccss.<n> ln the light of this new information the interpreta tion of these 
earlier reactivation experiments now appears to be equivocal. Further 
developments in the extraction technique, however, have now shown that 
ubiquinone can be removed rapidly and completely, or almost completely, 
by extraction with the polar solvent, acetone.02> Using this method,'t1ie. 
Madison group have demonstrated unequivocally the react iva tion of 
enzyme systems by the addition of ubiquinone or one of its homologues 
to the extracted preparation. There appear to be three diffe~ent pathways 
by which quinones mediate the oxidation of succinate. <13> Also, the require
ments for the reactivation of succinate oxidation appear to be different 
depending upon whether cytochrome c or oxygen is used as the terminal° 
acceptor. 

Experiments _carried out at "Liverpool using tJ1e acetone-extraction 
technique · have, to a large degree, confirmed the work of the Madison 
group. Pig heart-muscle preparations were used; these are probably 
comparable with ETP ("open" type). They were extracted by pipetting 
a small volume (2-4 ml with a protein cone. of 30- 50 mg/ml) on to the 
surface of cold ( -10° to -20°) acetone (30 ml) contained in a burette. 
The particles, which collected at the bottom of the tube within 1- 2 min, 

. werl! drawn off and the residual acetone removed by washing with 0· l M 
phosphate buffer, pH 7·4, followed by centrifugation; the washing procedure 
was repeated 4-5 times. The final residue was resuspended in a buff er 
medium and homogenized in a Potter-Elvejhem homogenizer. Succinic 
oxidase activities were measured polarographically and ubiquinone and 
its homologues added as ethanolic solutions. The results of one experiment 
are shown in Fig. 2. It will be seen that the preparation still had succinic 
oxidase activity after extraction although 95 per cent of the tota] endo
genous ubiquinone bad been removed. Addition of ubiquinones-(5), 
-(10) and - (15) gave appreciable increases (3-4-fold) ll1 su·ccinic oxidase 

activity. In each case the reactivated system was completely antimycin 
A-sensitive. When ubiquinones-(25) and - (50) were added, only slight 
increases in enzymic activity were obtained. As already suggested, <a> 
these differences may be explained by gre~ter insolubility in water of the 
higher homologues which probably renders them less accessible to the 
active sites of the extracted particles. Additional factors such as lipids 
(NL II) and detergents (Triton X-100) have been shown1141 to facilitate 
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succ ---

I. 

I 
ontimycin A 

60seC 

Fm. 2. Reactivation of succinic oxidase of an acetone-extracted pig heart
muscle preparation with ubiquinone homologues. Activities were deter

mined polarographically (oxygen uptake is indicated by a downward 
deflection) in a reaction mixture containing 0·075 M Na/K phosphate, 
pH 7:4; 0·015 M KCI; 3x lo -• M cytochrome c, 0·07M sodium succi
nate; 3·4 mg enzyme protein. Total volume 4·03 ml, 18°. Additions 
were as follows: (I) 0· 16 .umole UQ(5), 25 ,,g antimycin A; (2) 0·26 µmole 
UQ(I0); (3) 0·21 pmole UQ(15); (4) 0·201,mole UQ(25), 0·8 mg Triton 

X-100; (5) 0·086 !,mole UQ(50), 0 ·4 mg Triton X-100. 
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the accessib ility of the higher homologues. Tn the experiments shown 
in Fig. 2 addition of Triton X-100 had slight stimulntory effec ts but did 
not bring the ac tivities up to the levels produced by the lower homologues 
alone. When the isoprenoid side chain was replaced by a methyl gro up 
as in aurantiogliocladin, a reactiva ting effect was also produced. 
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F10. 3. Effect of extraction with ether on ubiquinonc concentration and 
enzyme activities of a pig heart-muscle preparation. 

EB- EB, ubiquinonc extracted; 0 - 0, cytochrome oxidase activity; O-D 
succinic oxidase activity; LI-LI, succinic-cytochrome c rcductase activity. 

Activities determined at 20° as previously described.<7• 111 

If the extraction procedure was carried out with acetone at room 

temperature, the resulting preparation had little or no succinic oxidase 

activity. This was shown to be due to an almost complete loss of cyto
chrome oxidase activity. Ubiquinone homologues had no reactivating 
effects on this system. It seems, therefore, that under these conditions, 
in addition to ubiquinone, some lipid factor . essential for cytochrome 
oxidase is also extracted. 

As already pointed out, mitochondrial preparations co ntain relatively 
high concentrations of ubiquinone compared with the other respiratory-
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chain co mponents. In order to throw so me light on the significa nce of 
this large excess an attempt has been made to measure ac ti vities of enzyme 
systems of preparations in which the endogenous ubiqui no ne ,vas extracted 
progrcssiycly. Diethyl ether which removes ubiquinone less rapid ly than 
acetone was a useful solvent in these experiments. The results of one ex peri
ment are shown in Fig. 3, where it will be seen that after approximately 
75 per cent of the total ubiquinone had been removed the succinic oxid ase 
activity had apparently decreased by only 10 per cent. 

REDUCTION OF EXOG ENOUS UBIQUINONE 

It has been shown that ubiquinone added to mitochondrial prepara
tions is reduced enzynucally.05> In a study of the rate of the reduction, 
ubiquinone homologucs were added as ethanolic solutions to pig heart
muscle preparations pretreated with cyanide and the reaction started 
by the addition of succinate. It was found that exogenous ubiquinone 
-(50) was reduced at a very slow rate but ubiquinone- (15) was reduced 

rapidly at a r ·\te comparable to the reduction of the endogenous ubiqui
none (Fig. 4). As in the reactivation experiments, these results may be 
explained in terms of the rela tive solubilities of the two substances. Further 
studies on the kinetics of the oxidation-reduction reactions of exogenous 
ubiquinone are in progress. 

STEADY-STATE OXIDATiuN- REDUCTION LEVELS OF UDIQUIN0NE 

IN RAT LIVER MITOCHONDRIA 

" 
Most of the work on the function of ubiquinone has so far been done 

on non-phosphorylating preparations. Since fundamental changes in 
the electron-transport system may have occurred in _these, the results 
obtained cannot necessarily be translated to the intact system. It is neces
sary, therefore, to study the mode of action of ubiquinone in mitochondrial 
preparations in which oxidative phosphorylation is still coupled to electron 
transport. Preliminary experiments have been done on rat liver mito
chondria. (ia> 

Rat livers were isolated in 0·25 M sucrose. Respiratory control and 
P/0 ratios were determined with the oxygen electrode.01> Ubiquinone 
oxidation-reduction levels were measured by methods previously de-
scribed. <e> · 

The results of steady-state _ oxidation-reduction levels of endogenous 
ubiquinone in the various inetabolic states of rat liver mitochondria may 
be' summarized as follows: in the absence of added substrate or ADP 
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(state l of Chance anJ Williams 11 8l) 45 per ce nt of the total endogenous 

ubiquinonc is reduced; on the audition of ADP (sta te 2) it becomes 38 per 

cent reduced . With succina te as the substrate in the absence of added 
ADP (state 4 or quiescent state) there is 80--89 per cent reduction while 
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F1G. 4. Rate of reduction of exogenous ubiquinonc-(50) (0-0) and 
ubiquinone-(15) (0---0), Measurements made at 18° by modification· 
of method of Pumphrey and Redfearn.I •) The fast initial rate of reduction 

is due to the endogenous ubiquinone. 

on adding ADP (state 3 or active state) the steady state is 69- 86 per cent 
reduced. When the substrate is .,8-hydroxybutyrate, the ubiquinone 
is 53- 72 per cent reduced in state 4 and 40- 63 per cent reduced in state 3. 
These figures are based on the tot al mitochondrial ubiquinone concen
trations. There appears, however, to be a small proportion of the total 
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ubiquinone, varying between 10 and 20 per cen t, which is enzym ically 

inactive; thus when an timyci n J\ is added to inhibit ubiquin ol ox ida tion, 
only 80- 90 per cent of the total ubiquinone is red uced by the substrates. 
Thus in state 4, succinate is actually givi ng 100 per cent reduction and 
.,8-hydroxybutyratc 80 per cen t reductio n of the enzymica lly active ubi
quiaone. 

These effects of /\DP on the steady-sta te oxidation- reduction level 

of ubiquinonc confirm the work of H a tcfi 09> on beef heart mitochondria. 
Hatcfi found a lso that when inorgan ic phosphate was replaced with 
Tris the ubiquinone beca me comple tely oxidized. This result was not 
confirmed by· the experiments described above; when phosphate was 
replaced with Tris buffer in rat li ve r mitochondria the ubiquinone was 
reduced to a level comparable to that obtained in the absence of ADP. 

DISCUSSION 

The results of experiments on non-phosphorylating heart-muscle prepa

rations suggest that ubiquinonc may act in ·one of three possible ways 

(Fig. 5). In the first, ubiquinone is simply an obligatory member of the 
respiratory chain for mediating the reactions between the flavoproteins and 
the cytochromcs. This scheme appears to conflict with the kinetic data but 
these could be explained by assuming that only the stoichiometric equiv
alen t amount of the large excess of ubiquinone is necessary for electron 
transport. .The reaction rates which a~e measured would then be made up 

of a fast component due to this moiety and a much slower one due to the 
remainder. 'TI1e extraction experiments in which 75 per cent of the qui
none may be removed without apparently having an appreciable effect on 

, enzyme activities appear to support this suggestion. On the other hand 
this scheme does not seem to offer a sa tisfactory explanation of the rela
tively large ·amounts of ubiquinone in all mitochondrial preparations; on 

Purely teleological grounds this would be expected to have some special 
significance. 

Probably the most direct evidence in support of this first scheme is 

the results of extraction-reactivation experiments. It has been claimed<13> 

. that preparations which have completely lost all enzymic activity after 
extraction can be restored to their original level by the addition of ubiqui
none. However, this bas not yet been confirmed; in fact, other work has 
shown that appreciable activity remains even after removal of 95 per cent 
of the ubiqufoone. 

In the seco nd scheme the ubiquinone is not in the direct pathway of 
electron transfer but Jinks together the two flavoproteins. It may be sug• 

/ · 
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gested that the function of ubiquin one in this scheme would be to ae.tt in 
some ancillary process such as oxidative p hosphoryla tion o r as a sornrce 
of reduci ng eq ui valen ts in a biosynthe tic reaction. A ll the oxidation- rc1lluc
tion re:1ctions of ubiquinonc could be explained in terms o f th is sys;tem 
but the extraction- reactivat ion re ults co uld no t. Since the ubiquinom.c is 
not Oil the main patllway of electron tran sfer its removal and rcplaccnnen t 

shou ld kwc no effect Oil enzyme act ivities. T his scheme thcrl.!fore sciems 
to be very unlikely. 

(ii) 

F10. 5. Possible schemes for the position of ubiquinone in the non-phos- · 
phorylating respiratory chain. 

The third scheme shows ubiquinone on a branch pathway linkin@ the 
fl avoproteins to a point in the chain on the substrate side of the antiiu~ycin 
A-sensitive region. Th.is is well supported by the kinetic data,. by·extnnction 
experiments in which it is shown tha t removal of ubiquinone does; not 

completely inactiva te the enzy"mc systems and by reactivation experiiments 

where replacement of the extracted ubiquinone restores enzymic acffivity. 
TJ1us this sys tem has the advantage over the others in that it receiv.11:s the 
greatest support from the experimental data. It is difficult at the m<1ument, 
however, to sugges t a precise function for ubiquinone in such a paL1hway. 
It is possible that it may be involved in the process of oxida tive phosplboryl
ation. The possibility that it may act as an interchain cond uctor hatii also 
been discussed. <7> 
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Finally, wi th regard to the results obtained wit h intact ra t li ver mi to

chondria, the changes in the steady-stale ox id ation-reduction levels of ubi
quin one in the different metabolic staks or the mitoch ondria arc in agree
ment with those of the o ther resp iratory-c hai n co mponents.( ts> ft is hoped 
tha t further work on phosphorylating preparations will help to elucidate 
the function of ubiqui none in the intac t resp iratory chain. Jn the mean
time, it is probably reasonable to speculate o n the poss ible participa tion 
of ubiquinone in oxida ti ve phospho rylatio n. Various hypotheses have been 
put forward< 20 , 21• 2 t> and these may form a useful basis fo r future work. 
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SUMMARY 

The nature and distribution of ubiquinone (cocnzyme Q) is descr ibed. 
The concentration of ubiquinone rela tive to those of the individual cyto- · 
chromes in mitochondria is shown to be very l1igh. The results of a study 
of the kinetics of the oxidation- reduction reactions of endogenous ubi
quinone, the action of inhibitors on these · reactions and the effects of 

ex trac tion and replacemen t of ubiquinone on enzyme activities in non
phosphorylating heart-muscle preparations are described and discussed in · 
relation to the possible mode of action of ubiquinone in the respiratory 

chain. It is concluded tha t the quinone acts as a_ hydrogen carrier in the 
, non-phosphoryla ting chai n linking the flavoproteins with the cytochromes 

by way of the antimyci n A-sensitive region either in a single or a branched 
Pa thway. The experimental evidence appears to favour the latter. Results of 
111easurements of the steady-sta te oxida tion- reduction level of ubiquinone 
in intact phosphorylating rat liver mitochondria are also described and 
discussed. -
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AD D EN DUM 

(Received 28 August 1961) 

The following is a summary of results o f recent work on tltc fun ction 
of ubiquinonc in the respiratory chain. . 

l. Methods have bee!1 devised for measuring the reduction of added 
ubiquinone and its homologues in unextracted mitochondrial preparations 
by coupling the reaction to an external electron acceptor. 2,6-Dichloro
phenoljndophcnol was used in a spectrophotometric assay and methyl C1;1e 
blue in a manometric method. For example, in the methylene blue reduc
tasc assay, the activity in the absence of added quinones was equivalent 
to approx im ately 20 per cen t of the succinic oxidase activity. Addition of 

ubiqu in one homologues, however, grea tly stimulated the activity. Ubiqui

nonc- (5) was the most effective, giving up to · 7-fold increases in activity. 
The activating effect declined with increasing length of side-chain and it is 
tho ught this may be correlated with the decreasing solubility and therefore 
the access ibility of the quinone to the active sites of the enzyme system. 

The succini methylene blue reductasc act ivi ty media ted by the short
chain homologucs, such as ubiquinonc- (5), '~'as found to be comparable 
wi th phenazine mcthosulphatc reductasc and succinic oxidase activities. 
Thus it may be assumed that the added homologucs a rc reduced at a rate 
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com :Hable with the overall electro n flu x. [fit is assumed llw t the ad ded 

ubiquinonc h o rnologues react similarly to the en dogenous ubittuinonc, 
then rhi s is . su3gcst ivc ev id ence in support o f the hypo th 'S is that u biq ui-
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FJG. I. Spec ifici ty of quinones in the succinic- methylenc blue rcductase system. 

none is a member of a single pathway of electron carrier from the sub
strate to oxygen. 

2. The me thylene blue reduetase sys tem is useful for test ing the ·speci

ficity o f ubiquinonc (Fig. I). In add ition to ubiqui11one h o mologucs, 

2,3-dimethoxy-5,6-dimethyl-l ,4-bcnzoquinone (aura nti ogliocladin), 3,6-
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dimcthoxy-2 ,5- toluqu inone, 4,6-dime thoxy-2,5- toluqu ino nc and 2-me thyll-

1,4-na phthoqui nonc (mcnad ione) showed acti vity. 
Other quino ncs were either inactive o r inltibitory. Among the inac ti we 

quinoncs were d uroquinone and the vi t:unin K~ se ri es o f homologueg;. 

The inhibitory quinoncs were found to inhibi t succinic ox idasc amrll 

ubiqu inonc-mediated me thylene blue rcductasc no n-co mpditivcly. Tlwe 

prjncip[l l cr ite ria for inhibitio n is tha t the quinone sho uld possess a t lea5itt 

one free position which enables it to react w ith a n essent ial sulphyd!'Jfa 

g roup of the enzyme . The nature o f the substituen t adjace nt to the fr©e 
posit ion is, however, important. A strong elec t ro n-supplying group, sucdln 

as mcthoxyl, prevents the react io n with a sulphydryl group. 

3. In an ex tens ion o f the acetone-ex traction experiments, equimofoiir 
concentrations of ubiquinone homologues we re added to an ex tracteidl 

preparation and the succinic-melhy\ene blue red uctasc and succinic o:ii
dasc ac tivit ies measured (Table I) . 

TAJ)LE 1 
Reactii•atio11 of a11 Acetone-extracted Pig Heart-//111scle Preparation 

ll'il h Ubiq11i11011e Hol/lologues 

Add ition 

Succinic
mcthylcnc blue 

rcductasc 
activ ity• 

Succinic 
oxidase 
activity• 

--- - - --·-·------ --------'-~---- --··-- ----· ·-------
None 
/\uranti ogliocladin 
Ubiquinonc-(5) 
Ubiquinonc-(1 0) 
Ubiquinonc-~1 5) 
Ubiquinonc-(20) 
Ubiquinonc-(25) 
Ubiquinone-(50) 

1·07 
2-60 
3-30 
1·90 
1·84 
1·54 
l ·46 
1 ·46 

* Activities expressed as ,,1 O:/min/mg protein at 37°. 

1·23 
2·46 
4·77 
5·07 
4·38 
4·23 
2·62 
2·00 

Ubiquinone-(5) gave the highes t activity in the succinic-methylcne btim.e 
rcdt1 ctasc sys tem whereas ubiquinone- ( 10) was most active in succinic oxii-
dase . This suggests that added ubiquinonc homologucs may have different 
affiniti es for the fl avopro tein a nd cytochrome ends of the r~spira tory chain•. 
The succ inic oxidase acti vi ty resto red by auran tiogliocla<lin, however, wa:s; 
on ly pa rti a lly ant imycin A-sensitive whereas the act ivities restored by am 
the other homologues we re completely antimtcin A-sensitive. 
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Since.the topic of thi ympo. ipm is phosphoryla ting an d non-phosphor
ylating systems, we may refer to the kine tics or Q reduction i11 these two 
systems as a pccia l exam ple of differe nces bdwccn them. ln the forme r, 
Q reductio n on the adclitioi1 of succ i11 atc may n:quirc a minute o r so, 
while in the lat ter, th1.: red uct ion may occur in less than a second. Q sec111s 
more active in the 11 011 -p 10s phoryla ting prepar,ttions. Thus it may 
be misleading to draw conclu <; ions on the fun ,;tion of Q in the phospho
ryl at ing systems on the basis of experimen ts on non-phospho rylating 
systems. 

Even in the non-phosphorylat ing systems neither chemical assays nor 
direct spec troplto to111etric obs1.:rvations (E. R. REDFEARN and A. M . Pu.\t
PITREY; Biochem. J., 76, 64 (1 960) and D. CIIANCE am! E. R. R EDFEARN; 

Riochem. J., 80, 632 (1 96 1)) have indicated a rate of Q reducti on equal 
to that of the rate of oxygen reduction; discrepancies of approximately 
50 per cen t still ex ist. 

K 1NG, U.S.A.: 

Would Dr. Red fea rn make some comments on the Madison work of 
reconstruction, since all their work centers on ubiquinone. 

RED FEARN, Great Bdtai11: 

Professor Green's evidence that ubiquinone (coenzyme Q) is a member 
of the clectron-tnrn sport chain is based almost entirely on extraction
reactivation experi ments. When he extracts his preparation with acetone 
there is a complete loss of activi ty which can be restored on adding ubi
quinone or one of its. homologues. When we extract our preparation with 
acetone, however, we find that we do not lose activity completely. This 
suggests, perhaps, that there is a pathway that docs not depend on ubi
quinonc but, on the other hand, there may have been a fai lure to remove 

the ubiquinonc completely. Our extracted prepara tions do, howeve r, re
spond to added ubiquin one homologucs. Our experiments on the ki netics 
of the reduction of endogenous ubiquinone do show that the rate of re
duction of the total ubiquinone is less than the overall electron flux. The 
methods used, however, do not enable us to distinguish poss ible different 
moieties of ubiquino11e with different reacti on rates. 

t'LE!SCII ER, U.S.A.: 

' I was pleased to hear !hat Dr. Redfearn now utilizes acetone extraction 
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for study ing the rok o f coe111.yme Q i11 elec tro n transp0 rt. T he retention 

of some respira tory capaci ty i1l_ his aceto ne-t reated prep:1rations would 
suggest im:omplc te cx t rn cti o 11 of coenzym..: Q . Our own studies 0 11 ac..: tone 
extract io n (L ESTER ;rn d FLuscm'R; Arch. Bioc/1e111 . Biopliys. 80, 470. (L959)) 
d..:monstrakd unamb iguously tile requirement of coenzy me Q for ekctron 
tr,rnspo rt. The method for extractio n which we described fo r heavy beef 

heart mit ochondria is effi cien t and qua.ntitative. The rem oval o f coenzymc 
Q k acls to complete loss o f respiration with succinate as substrate. When 
activity is restored by addition of coe nzyme Q the restored act ivi ty is co m
pletely sensi tive to an timycin a t low concentra tion levels. Fu rthermore, 
the arnouu t of coenzyme Q required fo r half maximum react iva tion is 

approximately the sa me as the amoun t origina lly present in the particle 
before extraction. No lipid componen t yet t~stcd ca n duplic~te this restor
ative effect of coe11zy111e Q. To o ur way o f thinki11g, these sirnplc, clea r-cut 
obse rva tions leave no doubt o f the essen ti ality of coenzyme Q in the oxi

dat ion of succina te by oxygen catalyzed by mitochondria a nd deriva tive 
particles. 

The evidence from our labo rator·y on the position of cocnzyme Q in 
electron transport comes from studies on the component complexes of the 
chain. For exa mple, one complex, a DPNH-CoQ rcductnsc, can catalyze 
the reduction of cocn zyme Q. Another, a CoQH2-cytochrome c reductase, 
ca talyzes the oxida tio n of reduced coe nzymc Q by cytochrome c. Since 

the coenzymc Q rcductasc contains flavin while the QH~-cytochro me c 
reductase contains cy tochromes b and c1 it wo uld follow that coenzyme 

Q lies between the fl avin on the substrate side and cy tochromes b and Ci 

o n the oxygen side. Since the reduction of cocnzyme Q by DPNH is Amy
tal sensitive and the oxid a tion of reduced cocnzyme Q by cytochrome c 
.is antimycin sensitive it follows tha t coenzymc Q co mes a ft er the Amytal 
site and before the a ntimycin site. Iloth of these sites a re believed to in
volve the non-heme iron components of the DPNH-Q reductase and. 
the QH2-c rcductasc respectivc~y. 

KING, U.S.A.: 

The Madiso n group has certai nly done beautiful work on the recon
struction recently. It seems to me that the evidence ava ilable in the litera
ture as we ll as the description just made by Dr. Fleischer docs not 
excl ude the possibility of non-specific li pid- lipid solution. This argument 
is further suggested by the fad that the reconstitution can take place 
only in concent ra ted solutions and all pa rticles used have a high lipid, 
content. 
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FLEISC IIFR, U.S.A.: 

vVe have so me id ea<; abou t the na ture o r the .bond ing invo lved in the 
recombinati o n o f co mplcxe~ . Tl1ese ideas s te m fro m rec-~ nt wo rk on lhc 
reve rse pheno menon, i. e. th.: fragmc 11la tio n o f tl1e· 111i tocl10nclrion iJ1 to 

subunits. 
We have rece nt ly o bserved th a t m itocho ndrial-bound phosp l1o lipids 

exchange with externally added phospholipiJ (la belled w ith ~2 P) only in 

the p resence of th ose reagents that have been foui1 d to be successful in the 

rragmentation of the mitoehond ri on into ~ubun its (S. Fr.1:rsCHER a nd 

G. IlR IER T. EY; lJiocl,i111. Bioplzys. Acta 53, 609 (1 96 1)). T l a t is to say, the 
forces which n o rma lly bind the phospltolipi I to prote in in th mitoehon

clrio n are \\"Cakened sufficiently by fragmenti ng agents tha t. phospholipid 

molecules ca n move in and ou t a lthough there may be no net ch ange in the 

li pid co ntent of the particle_. When the fragmentin g rc:agen ts arc removed

the phospho li pid molecu les once aga in become firmly bo uml a nd no long

er excha nge wi th ex ternally added phospholipid. These observations sug

gest the followi ng ex plan a tion fo r the fragment ation of mitochondria by 
bile acids i1t the presence o f sa lt, tcrt.-amyl alcohol and other such rea
ge nts. 

(I) The mitochondrion is a giant network of pro te in- li p id- Lipid- protein 

interfaces. The fragmenting agent weakens the protein- lipid bond as well 
as the lipid- lipid bond . (2) The protein faces on both sides of the lipid 

int erface ca n now move one with respect to the other and can be separa ted 

by a ppropri:-i te resolution procedures (sedimentation, sa lt fract io na tion etc.). 

(3) Tn any g ive n procedure, separation may be acllieved at one particular 

i11tcrface although other interfaces a re equa lly affec ted . The particular 
co nditions o f the fragmentation procedure wi ll determine where separation 
will take place. (4) Onc_c the fragmenting reagent is removed lipid-protein 

bonds arc re-es ta blished a t least for the unaffected interfaces. W here the 
actual sc1)aration has taken place there is a separation of lipid between 

the two di sociating complexes. In turn the sepa rated complexes can re

c?mbine when the fragmenting :1gcnt is removed and then a protein- lipid
lipid- prot cin interface is rc-cstab li heel. 

CHANCE, U.S.A.: 

It is extremely difficult to prove the p a thway o f electron transfer ~n 
in tact mit ocho ndria by studi es of fragments o f the system. Surely the Wis

consin Group has made ome stri king rccon titutions of electron transfer 

from succinatc o r DPN H to cy tochro me c. While these recon stitutions 



88 D [ SCUSS ION 

:ire :ippa n.:ntly highly speci fi c fo r the qu inonc, we do.no t know whdlMr 
or not tlte reconstituted 111atei-ia ls have acqu ired a need fo r the quin omc 
for electron tr:rnsfer because or the disruptive processes to whic h they h:u.•~•e 
been submitted or whethe r they had a Q requirement before such trc:11tt-

111ents. 

I {OLTON, Great Britain: 

Since Q is reduced so much more slowly in a phosphorylati ng rcspii1l"a
tory chain tita n in the non-phosphorylating chain , surely the kinetic e~v.i
dence on this point oppose5 the concept that Q is part or the rcspiral'ir; ry 
chain? 

REDFEARN, Great Britain: 

Professor Chance has spectrophotomet ric evidence tl1a t ubiquinon,r ·is 
reduced much more slowly than the other carriers in phosphorylau:ing 
preparations than in non-phosphorylating Kci lin and 1-lartrcc type p1 ·p a
rations. This wou ld indeed sugges t that ubiqu inone is not a member of ct'he 
main electron-transport chain in the intac t phosphorylating sys tem . H 11~w
ever, it is interesting to recall that cytochrome b also has different re;ac
ti on kinetics in the phosphorylating and 11011-phosphorylating sys tems Uni t 
in this case the difference is the converse of that of ubiquinone. Thcrcffwre, 
we could speculate and use these results to support the hypo thesis ollwt 
ubiquinonc and cytochrome b arc on two separate branches of the res,niir
atory-cnzyme sys tem and that electron transfer through each b ranch. Jle
pcnds upon the particular state of the system. Thus when phosphoryb tliing 
particles arc in their "active" state or bccoi11c uncoupled the main elccttJron 
transfer may be th ro ugh the ubiquinonc pathway whi le the cytochronn. b 
pathway may predominate when the particles arc in their "res ting" su:ate. 
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BIOLOGICAL CHEMISTRY 

1. INTRODUCTION 

IT is now clearly established that deoxyribonucleic acid (DNA) is the carrier 
of genetic information in the cell and that ribonucleic acid (RNA) is, amongst 
other things, intimately concerned with the biosynthesis of proteins. It 
therefore comes as no surprise to find that the number of investigations on 
these biological materials which are being carried out in numerous labor
atories over the world is very great; in particular the nucleic acids, more 
than any other compounds, carry with them the glittering prospect of an 
explanation of the ultimate mysteries of living matter. 

This year's Report, therefore, begins with a discussion of the elegant 
work leading to the enzymic synthesis of both RNA and DNA in cell-free 
systems; the equally important investigations, at the moment only in the 
embryonic state, dealing with the mechanisms by which the synthesis of 
these compounds is controlled in the living cell are also considered. 

The second and third Sections are devoted to topics not previously 
discussed in Annual Reports; they are also closely linked. Developments in 
neurochemistry during the past decade have been considerable and many 
have been due to the thoughtful application of new biochemical techniques 
to appropriate problems, although, as indicated in the second Section, 30 
divisions of the subject based on many fundamental disciplines have been 
made. The topics selected for discussion-neural maintenance and excit
ation- ramify wideiy into almost all these divisions. The movement of 
ions in nerve cells is intimately concerned with neural activity and it is this 
aspect of " active transport " which is emphasised in the third Section. 
Space did not allow a detailed consideration of the active transport of 
organic materials. In the field of ion transport it is probably correct to say 
that most progress has so far been made by the physiologist, and it is only 
comparatively recently that biochemically meaningful questions could be 
posed. The possibilities of development in this field are fascinating. · 

The terminal steps in cellular respiration are concerned with the move
ment of electrons from a substrate to oxygen against a potential gradient, 
with the accumulation of available energy in the form of adenosine tri
phosphate, the energy currency of the cell. This process takes place in the 
mitochondria of the cell and the final Section of this Report concerns in
vestigations which have been carried out to relate the structure of the mito
chondrion to its function, to define more clearly the electron carriers involved, 
and to reveal the mechanism involved in the formation of ATP (oxidative 
phosphorylation). 

T.W.G. 

2. BIOSYNTHESIS OF NUCLEIC ACIDS 

Abbreviations Employed.-In conformity with common usage the ribo
nucleoside mono-, di-, and tri-phosphates of adenosine are denoted by 
AMP, ADP, and ATP, of guanine by GMP, GDP, and GTP, of uracil by 
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UMP, UDP, and DTP, of cytosine by CMP, CDP, and CTP, and of hydroxy
methylcytosine by HMCMP, HMCDP, and HMCTP. The prefix dis used 
to denote the corresponding deoxyribonucleoside derivatives. PP stands 
for inorganic pyrophosphate and P1 for inorganic orthophosphate. 

THE chemistry of the nucleic acids has been surveyed recently in these 
Reports 1 and the biosynthesis of the purine and pyrimidine nucleotides has 
been covered in several reviews.2 The report that now follows is concerned 
essentially with the biosynthesis of polynucleotides from mononucleotide 
units. The subject has been reviewed by several authors.3 

Deoxyribonucleic Acid (DNA).-Our present knowledge of the mechanism 
of the biosynthesis of DNA originates from the work of Kornberg and his 
colleagues 4 who showed that cell-free extracts made from exponentially 
growing cultures of Escherichia coli contained an enzyme (polymerase) 
which could bring about the synthesis of DNA in the presence of the deoxy
nucleoside triphosphates of the four predominant bases adenine, guanine, 
cytosine, and thymine, Mg++, and DNA primer, according to the following 
reaction: 5,8 

ndATP [ dAMPJ + 
ndGTP dGMP 

+ + DNA ~ DNA- + 4nPP 
ndCTP dCMP 

+ 
nTTP TMP ,. 

The reaction is accompanied by the release of inorganic pyrophosphate 
equimolar with the amount of nucleotide incorporated and is inhibited by 
high concentrations of pyrophosphate. Pyrophosphorolysis can be demon
strated by carrying out the reaction in presence of 32P-pyrophosphate which 
exchanges with the terminal pyrophosphate group of the deoxyribonucleoside 
triphosphates.6 The presence of DNA is essential for the reaction to occur. 

The enzyme catalysing the reaction has been purified more than 2000-
fold and has been used to demonstrate net synthesis of DNA as measured 
by the incorporation of isotopically labelled substrates, by ultraviolet 
absorption or deoxypentose estimations in the acid-precipitable products of 
the reaction, or by the increase in the viscosity of the reaction mixture.7 

1 D. M. Brown, Ann. Reports, 1958, 55, 330. 
. 1 J. Baddiley and J. G. Buchanan, Ann. Reports, 1957, 54, 329; J . M. Buchanan 
in "The Nucleic Acids" (eds. E. Chargaff and J . N. Davidson), Academic Press, New 
York, 1960, Vol. III, p . 304; G. W. Crosbie, op. cit., p. 343. 

• H. G. Khorana, op. cit., p. 105; J. N . Davidson," The Biochemistry of the Nucleic 
Acids," Methuen, London, 1960; A. M. Michelson, Acta Biochim. Polan., 1959, 6. 335; 
H. K. King, Science Progr., 1960, 48, 284; "Enzymes of Polynucleotide Metabolism," 
Ann. New York Acad. Sci., 1959, 81, Art. 3, pp. 511-804. 

• A. Kornberg, Science, 1960, 131, 1503; Hat'Vey Lectures, 1959, 53, 83. 
5 I. R. Lehman, M. J. Bessman, E. S. Simms, and A. Kornberg, ] . Biol. Chem., 

1958, 233, 163. 
e M. J. Bessman, I. R. Lehman, E. S. Simms, and A. Kornberg, ]. Biol. Chem., 

1958, 233, 171. , 
1 H. K. Schachman, I. R. Lehman, M. J, Bessman, J. Adler, E. S. Simms, and A. 

Romberg, Fed. Proc., 1958, 17, 304. 
REP.-VOL. LVII M 
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The increase in DNA is 10-20-fold, indicating that 90-95% of the DNA 
isolated from the reaction mixture has its origin in the deoxyribonucleoside 
triphosphatc substrates. 

The enzyrnically synthesised DNA has essentially the same physical 
properties as DNA isolated from natural sources in terms of sedimentation 
coefficient and of the results of measurement of reduced viscosity which 
indicate a molecular weight of 4-6 million. It appears to be organised as 
relatively stiff macromolecules which, like those of calf thymus DNA, 
collapse in 15 min. at 100° with a pronounced reduction in intrinsic viscosity 
but only a slight lowering of sedimentation coefficient. Digestion with 
pancreatic deoxyribonuclease produces an increase in ultraviolet absorption 
to an extent identical with that observed with thymus DNA.7 

The deoxyribonucleotides incorporated into the enzymically synthesised 
DNA are joined by the 3',5'-phosphodiester linkage which is characteristic 
of DNA isolated from cell nuclei.6 If, in the synthetic reaction, the four 
triphosphates are replaced by a single radioactive deoxyribonucleoside 
triphosphate, a "limited reaction" occurs in which only one or a very few 
molecules of the added deoxyribonucleotide react at the end of the DNA 
primer chain, becoming attached by 3' ,5' -phosphodiester linkages.8 Hydro
lysis of this material by snake-venom phosphodiesterase causes sequential 
liberation of deoxyribonucleotides from the deoxyribonucleoside end of the 
chain and liberates nearly all the radioactivity as acid-soluble deoxyribo
nucleotides at a time when less than 3% of the total deoxyribonucleotides 
have been released. This limited reaction appears to represent the repair 
of the shorter strand of a double helix in which the strands are of unequal 
length.' Further synthesis cannot occur in the absence of the other three 
triphosphates. 

On the basis of this and other evidence it has been concluded that the 
mechanism of the synthetic reaction involves a nucleophilic attack on the 
pyrophosphate-activated deoxyribonucleoside 5' -phosphate by the 3' -
hydroxyl group at the growing end of a polydeoxyribonucleotide chain 
(Formula I). Inorganic pyrophosphate is liberated and the chain is length
ened by one unit.4 

A similar · polymerase system requiring the deoxyribonucleoside tri
phosphates, primer DNA, and Mg++ occurs in cell-free extracts of Ehrlich 
ascites carcinoma cells,9 regenerating rat liver,10,11 calf thymus,12,13 HeLa 
cells,13 mouse leukaemic cells,14 and Novikoff hepatoma.16 It is most 

8 J. Adler, I. R. Lehman, M. J. Bessman, E . S. Simms, and A. Kornberg, Proc. 
Nat . A cad. Sci . U.S.A., 1958, 44, 641. 

• J. N. Davidson, R. M. S. Smellie, H . M. Keir, and A.H. McArdle, Nature, 1958, 
182, 589; R. M. S. Smellie, H . M. Keir, and J. N. Davidson, Biochim. Biophys. Acta, 
1959, 35, 389; R. M. S. Smellie, E . D . Gray, H . M. Keir, J. Richards, D . Bell, and 
J. N. Davidson, ibid., 1960, 37, 243. 

1° F. J. Bollum and V. R. P otter, ] . Biol. Chem., 1958, 233, 478; R . Mantsavinos 
and E. S. Canellakis, ibid., 1959, 234, 638. 

11 F . J. Bollum anti V. R. Potter, Cancer Res., 1959, 19, 561. 
12 F. J. Bollum, J. Biol. Chem., 1960, 235, 2399. 
13 C. G. Harford and A. Kornberg, Fed. Proc., 1958, 17, 516. 
14 R. Mantsavinos and E . S. Canellakis, Cancer Res., 1959, 19, 1239. 

_ 1 5 N . B. Furlong and A. C. Griffin, Fed. Proc. , 1960, 19, 300; N. B . Furlong, Arch. 
Biochem. Biophy s., 1960, 87, 154. 
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abundant in extracts of rapidly proliferating cells 9 and has been purified 
from extracts of calf thymus 12 and Ehrlich ascites cells.16 

Since the product of polymerase action is a con
ventional double helix conforming to the Watson
Crick model it is not surprising to find that specific 
replacement of certain bases by analogues can be 
made provided that the correct hydrogen bonding 
relations are maintained in the "fraudulent" DNA's 
so formed.17 Thus uracil and 5-bromouracil (sup-
plied as the deoxyribonucleoside triphosphates) can 

Polynucleotide replace thymine since they possess the 6-keto-group 
and the I-hydrogen atom necessary for hydrogen 
bonding with the corresponding 6-amino-group and 
I-nitrogen atom of adenine. 5-Methyl- and 5-bromo
cytosine can replace cytosine, and hypoxanthine can 
replace guanine. The absence of uracil from ordinary 
DNA may be explained by the fact that extracts of 
Esch. coli contain no kinases for the phosphorylation 
of deoxyuridylate to the triphosphate although they 
can phosphorylate 5-bromodeoxyuridylate.17 

Hurwitz 18 has purified from extracts of Esch. 
coli an enzyme system which brings about the in
corporation dATP, dGTP, TIP, and CTP into a poly
deoxynucleotide material in which the ribonucleotide 
CMP occurs in a position adjacent to a deoxy

ribonucleotide. The resultant mixed polynucleotide is rendered at least 
partly acid-soluble by alkali and by both deoxyribonuclease and ribonuclease. 
Partial degradation yields a dinucleotide composed of a ribonucleotide and 
a deoxyribonucleotide and the 3',5'-diester linkage is confirmed by the 
transfer of labelled 5' -phosphate from the added ribonucleotide to the 3' -
position on the adjacent deoxyribonucleotide in the final polynucleotide chain. 

Determination of the chemical composition of the DNA synthesised 
enzymically by the Kornberg system in the presence of a variety of DNA 
primers shows the close correspondence of adenine and thymine residues and 
of guanine and cytosine residues required by the Watson-Crick structure.19 

Moreover the ratio of the number of adenine-thymine pairs to the number 
of guanine-cytosine pairs reflects the ratio present in the primer; such ratios 
vary from 0·5 for the DNA of M. phlei to 40 or more for the copolymer of 
deoxyadenylate and thymidylate (see below). This close correspondence 
between product and primer holds even with widely differing molar 
concentrations of the four substrates and with net increases in DNA varying 
from I to 1000%.19 

10 E. D. Gray, S. M. Weissman, J. Richards, D. Bell, H. M. Keir, R. M. S. Smellie, 
and J. N. Davidson, Biochim. Biopliys. Acta, 1960, 45, 111. 

17 M. J. Bessman, I. R. Lehman, J. Adler, S. B. Zimmerman, E. S. Simms, and 
A. Kornberg, Proc. Nat. Acad. Sci. U.S.A., 1958, 44, 633. 

18 J. Hurwitz, J. Biol. Chem., 1959, 234, 2351. 
11 I. R. Lehman, S. B. Zimmerman, J. Adler, M. J. Bessman, E. S. Simms, and 

A. Kornberg, Proc. Nat. Acad. Sci. U.S.A., 1958, 44, 1191. 
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The polymerase enzyme is therefore unique in taking directions from a 
template and in faithfully reproducing the pattern of the primer.4 While 
extensive destruction of the primer with pancreatic deoxyribonuclease 
destroys the priming capacity of thymus DNA, heating to 100°.for 10 min. 
with resultant collapse of the macromolecular structure, as shown by a 30% 
hyperchromicity and a loss of viscosity, produces a primer which is twice as 
effective in supporting DNA synthesis as the unheated material and the 
product synthesised is highly viscous.20 Since heating results in the form
ation from the double-stranded helix of two single-stranded polynucleotide 
chains 21 on each of which a complementary chain is presumably constructed, 
it is not surprising to find that the single stranded non-viscous DNA 22 

isolated from the small phage ¢,X 174 is an excellent primer for the Esch. 
coli polymerase.29 

Treatment of primer DNA with minute amounts of deoxyribonuclease, 
while failing to cause extensive degradation, results in a two- or three-fold 
increase in priming ability.6.2° It may well be that the activity of the 
nucleases which still contaminate even purified polymerase preparations, 
causes sufficient degradation of DNA for it to be possible to use ordinary 
double-stranded DNA as primer in partly purified systems. 

This view receives support from Bollum's observation 23 that, whereas 
calf-thymus polymerase 12 cannot use "native" DNA as primer for DNA 
synthesis, either the single-stranded cf,X 174 DNA, or a deoxyribopoly
nucleotide formed from native DNA by any physical or chemical treatment 
which leads to denaturation of the double-stranded molecule, is effective. 
Thus treatment with pancreatic deoxyribonuclease or heating at 99° for 
10 minutes followed by rapid cooling, so as to cause denaturation by breakage 
of hydrogen bonds with single chain formation, is effective, whereas sonic 
degradation producing molecular-weight reduction by double-chain scis
sion,24 and digestion by micrococcal nuclease or snake-venom diesterase, are 
ineffective unless the product is denatured after digestion with the formation 
of single-stranded regions which are the actual priming sites. Unlike the 
polymerase from Esch. coli the thymus polymerase can utilise as primer the 
acid-soluble limit deoxyribopolynucleotides in a pancreatic digest of DNA 
or chemically synthesised thymidylate polymers containing 3-7 thymi
dylate residues.25 

When the Esch. coli polymerase is incubated with dATP and TTP in the 
absence of the other two triphosphates and of DNA primer an A-T polymer 
is formed after a lag period of about 4 hours.20, 26 It has the physical 
properties of natural DNA with adenine and thymine in alternating sequence. 

• 0 I. R. Lehman, Ann. New York Acad. Sci., 1959, 81, 745. 
• 1 P. Doty, J. Marmur, J. Eigner, and C. Schildkraut, Proc. Nat. Acad. Sci. U.S.A., 

1960, 46, 461. 
21 R. L. Sinsheimer, J. Mol. Biol., 1959, l, 43. 
23 F. J. Bollum, J. Biol. Chem., 1959, 234, 2733; Fed. Proc., 1960, 19, 305. 
24 P. Doty, B. B. McGill, and S. A. Rice, Proc. Nat. Acad. Sci. U.S.A., 1958, 44, 

432; F . J. Bollum, in "The Cell Nucleus," ed. J. S. Mitchell, Butterworths, London, 
1960, p. 60. 

2• F. J. Bollum, ]. Biol. Chem., 1960, 235, PC18. 
28 H . K. Schachman, C. M. Radding, J . Adler, I. R. Lehman, and A. Kornberg, 

]. Biol. Chem., 1960, 235, 3242. 
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When this polymer is used as primer, synthesis of A-T polymer starts 
immediately and the product contains no trace of guanine or cytosine even 
though all four triphosphates are present in the incubation mixture. 

Of the nucleotide sequences in enzymically synthesised DNA little is 
known, but it has been shown by degradation with DNA primer samples 
from six natural sources that all sixteen possible dinucleotide sequences are 
found in each case, that the pattern of relative frequencies of the sequences 
is unique in each case and is not predicted from the base composition of the 
DNA, and that enzymic replication involves base pairing of adenine to 
thymine and of guanine to cytosine in two strands of opposite direction as 
predicted by the Watson-Crick model.4, 27 

The kinases which bring about phosphorylation of deoxyribonucleosides 
or their monophosphates have been intensively studied in soluble extracts 
of Esch. coli,6 Ehrlich ascites tumour cells 28 and regenerating rat 
liver,10,11, 29 - 31 and the reaction may be used on a preparative scale for the 
synthesis of the triphosphates.6•28 The enzymes responsible for the phos
phorylation of thymidine and TMP to TIP are of special interest, for 
although their activity is very low in extracts of normal liver, it is pro
nounced in extracts of liver regenerating after partial hepatectomy. In this 
respect the thymine nucleotide kinase system differs from the kinases in
volved in the phosphorylation of dAMP, dGMP, and dCMP which are of 
comparable activity in normal and regenerating liver.11•31 During the 
regeneration of liver the kinases for the phosphorylation of thymidine, 
TMP, and TIP appear in that order, reach maximum activity at the time 
of maximum DNA synthesis, and then decline.30•31 A similar sequential 
appearance of kinases is found in cultures of the L strain of fibroblast 
inoculated into fresh medium.30, 31 

The appearance of new enzymes involved in polynucleotide metabolism 
is well illustrated in the case of cells of Esch. coli infected with bacteriophage 
T2 whose DNA contains, in place of cytosine, the base hydroxymethyl
cytosine (HMC) to some residues of which glucose is linked.32 Within 
3 minutes of infection the new enzyme, deoxycytidine hydroxymethylase, 
appears and catalyses the conversion of dCMP into dHMCMP.33 Three 
other enzymes also appear which are undetectable in extracts of uninfected 
Esch. coli or in cells infected with phage T5 which contains cytosine and not 

27 J . Josse and A. Kornberg, Fed. Proc., 1960, 19, 305. 
28 H. M. Keir and R. M. S. Smellie, Biochim. Biophys. Acta, 1959, 35, 405. 
29 L. I. Hecht, V. R. Potter, and E. Herbert, Biochim. Biophys. Acta, 1954, 15, 

134 ; E. S. Canellakis, J . J. Jaffe, R. Mantsavinos, and J . S. Krakow,]. Biol. Chem., 
1959, 234, 2096; E. S. Canellakis and R. Mantsavinos, Biochim. Biophys. Acta, 1958, 
27, 644; H. H. Hiatt and T. B. Bojarski, Biochim. Biophys. Res. Comm., 1960, 2, 35. 

•
0 S. M. Weissman, J. Paul, R. Y. Thomson, R. M. S. Smellie, and J. N. Davidson, 

Biochem. ]., 1960, 76, lP. 
81 S. M. Weissman, R. M. S. Smellie, and J. Paul, Biochim. Biophys. Acta, 1960, 45, 

101. 
32 R. L. Sinsheimer, Science, 1954, 121, 551; Proc. Nat. Acad. Sci. U.S.A., 1956, 

42, 502; E. Volkin, J. Amer. Chem. Soc., 1954, 76, 5892; M.A. Jesaitis, ]. Exp. Med., 
1957, 106, 233; Fed. Proc., 1958, 17, 250 . 

• 
13 J. G. Flaks and S. S. Cohen, ]. Biol. Chem., 1959, 234. 1501 ; J. G. Flaks, J. 

Lichtenstein, and S. S. Cohen, ibid., p. 1507; S. B. Zimmerman, S. R. Kornberg, J. 
Josse, and A. Kornberg, Fed. Proc., 1959, 18, 359; K. Ebisuzaki, E. A. Figueiredo, and 
S. Schlesinger, ibid., p. 219. 
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HMC. They are (a) a kinase which phosphorylates dHMCMP to the tri
phosphate,34•35 (b) a pyrophosphatase which removes the t erminal pyro
phosphate group specifically from dCTP and so ensures the absence of 
deoxycytidylate from T2 DNA,34,36 and (c) a glucosylase which transfers 
glucose from uridine diphosphate glucose to the hydroxyl groups in certain 
of the residues of HMC in the DNA after it has been formed.34 Since the 
glucose contents of the DNA's of phages T2, T4, and T6 are quite different 32 
and are genetically determined, it is to be concluded that three different 
glucosylases operate in the biosynthesis of these three phage DNA's.37 

The level of polymerase also increases about 12-fold after T2 infection,34 

and the kinases responsible for phosphorylating the deoxyribonucleosides of 
thymine and guanine (but not of adenine or cytosine) increase 2O-4O
fold. 34,38 The rise in dGMP kinase may represent the production of a new 
enzyme rather than an increased production of host enzyme since the kinase 
formed after infection has properties differing from those of the host 
enzyme.39 Infection with T5 phage involves an increase in the kinases 
for TMP, dGMP, and dCMP, but not for dAMP.34,38 Infection with phage T2 
or T5 also causes the rapid appearance of the enzyme, thymine synthetase, 
which converts deoxyuridine monophosphate into TMP.40 

While the kinase systems for phosphorylating thymine deoxyribo
nucleotides clearly occupy a key position in the control of DNA bio
synthesis,30,31•41•42 as also does the system involved in the conversion of 
uracil into thymine nucleotides,40- 43 several other factors also play an im
portant part : (a) the control of the biosynthesis of purine and pyrimidine 
derivatives in general by feedback mechanisms,41,42•44 (b) the elimination 
from rapidly growing tissues of the enzymes responsible for nucleotide 
catabolism,41•45 (c) the conversion of ribonucleotides into deoxyribonucleo
tides,46-49 which appears to take place at the nucleoside diphosphate 

84 A. Kornberg, S. B. Zimmerman, S. R. Kornberg, and J. Josse, Proc. Nat. A cad. 
Sci. U.S.A., 1959, 45, 772. 

85 R. Somerville and G. R. Greenberg, Fed. Proc. , 1959, 18, 327; R. Somerville, 
K. Ebisuzaki, and G. R. Greenberg, Proc. Nat. Acad. Sci. U.S.A., 1959, 45, 1240. 

86 J . F . Koerner, M. S. Smith, and J .M. Buchanan, J. Amer. Chem. Soc. , 1959, 81, 
2594 ; J. F. Koerner, M. S. Smith, and J.M. Buchanan, J. Biol. Chem., 1960, 235, 2691. 

37 L. M. Kozloff, Ann. Rev. Biochem., 1960, 29, 475. 
88 M. J. Bessman, ] . Biol. Chem., 1959, 234, 2735. 
39 M. J . Bessman and M. J . Van Bibber, Biochem. Biophys. Res. Comm., 1959, 1, 
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40 J. G. Flaks and S. S. Cohen,]. Biol. Chem., 1959, 234, 2981; H . D. Barner and 
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u V. R. Potter, Un iv. Michigan Med. Bull., 1957, 23, 401. 
" V. R. Potter, Fed. Proc., 1958, 17, 691. 
'" M. Friedkin, in " Kinetics of Cellular Proliferation," ed. F. Stohlman, Grune & 

Stratton, New York, 1959, p. 97. 
•• B. Magasanik, in "The Regulation of Cell Metabolism," ed. G. E . W . Wolsten

holme and C. M. O'Connor, Churchill, London, 1959, p. 306; J . B. Wyngaarden and 
D. M. Ashton, ]. Biol. Chem. , 1960, 234, 1492. 
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stage 47,4s and in the case of the cytosine nucleotides, at least, to be in
hibited by deoxyribonucleoside triphosphates,47•49 and (d) the presence of 
tissue factors 16,50 in non-proliferating cells which interfere with the poly
merase and the kinases for the thymine deoxyribonucleotides but not with 
those of adenine, guanine, and cytosine. 

Ribonucleic Acid (RNA).-Polynucleotide phosphorylase. The important 
work of Ochoa and his colleagues on the enzyme polynucleotide phos
phorylase and the biosynthetic ribopolynucleotides which are produced 
under its influence has already been discussed in these Reports 1 and in 
other reviews.3,51, 52 The enzyme catalyses the reaction by which ribo
nucleoside diphosphates are condensed to give a ribopolynucleotide with the 
elimination of inorganic orthophosphate in the presence of Mg++, thus: 

n Nucleoside-P-P ~ (nucleoside-P)n + nP1 

and also the exchange reaction 

Nucleoside-P-P + 12P1 ~ Nucleoside-P-32P + P1 

where P1 = inorganic phosphate. 
The enzyme appears to be essentially bacterial in occurrence although 

its presence has been reported in yeasts and plants and in several mammalian 
tissues such as liver nuclei,63 Ascaris lumbricoides,54 rat epithelioma,55 and 
human sperm and urine.56 Only a few important new developments will be 
discussed here. 

Partly purified enzyme preparations from Azotobacter vinelandii cause 
immediate formation of polymer from ribonucleoside diphosphates in 
presence of Mg++. With more fully purified preparations polymerisation 
occurs only after a lag period which can be overcome by addition of poly
nucleotide or of simple oligonucleotides 52,57,58 of tlie type pApApA, ApApA, 
ApU, or UpApU.• The essential features of the primer are that it should 
be a dinucleotide or larger and that it should contain a terminal nucleoside 
residue with a free C-3' hydroxyl group with which a new phosphodiester 
bond can be formed thus 

pApA + nUDP ---1 ... ► pApAUpU ... pUpU + nP1 
60 S. M. Weissman, E. D. Gray, R. Y. Thomson, R. M. S. Smellie, and J. N. David

son, Biochem. ]., 1960, 76, 26P. 
11 S. Ochoa, Onzieme Conseil de Chimie, Institut de Chimie Solvay, " Les Nucleo

proteines," R. Stoops, Brussels, 1959, p. 241; 7th Internat. Congr. Microbial. Stock• 
hohn, 1958; "Recent Progress in Microbiology," ed. G. Tunevall, 1959, p. 122; Ann. 
New York Acad. Sci., 1959, 81, 690; Angew. Chem., 1960, 72, 225. 

62 M. F. Singer, L.A. Heppel, R. J. Hilmoe, S. Ochoa, and S. Mii, Proc. 3rd Canad. 
Cancer Res. Confer., 1959, Vol. III, p. 41. 

53 R. J. Hilmoe and L. A. Heppel,]. Amer. Chem. Soc., 1957, 79, 4810. 
64 N. Entner and C. Gonzalez, Biochem. Biophys. Res. Comm., 1950, 1, 333. 
60 K. Yagi, T. Oyowa, and H. Konogi, Nat-ure, 1959, 184, 1939. 
61 A. A. Hakim, Enzymologia, 1959, 21, 81. 
67 R. J. Hilmoe, Ann. New York A cad. Sci ., 1959, 81, 660; M. F. Singer, L. A. 

Heppel, and R. J. Hilmoe, J. Biol. Chem., 1960, 235, 738. 
68 L.A. Heppel, M. F. Singer, and R. J. Hilmoe, Anii. New York Acad. Sci., 1959, 

81, 635. 

• In this commonly used form of notation a phosphate group is denoted by p; 
when it is placed to the right of the nucleoside symbol (A, G, C, or U) the phosphate is 
esterified at C-3' of the ribose moiety; when it is placed to left of the nucleoside symbol, 
the phosphate is esterified at C-5' of the ribose moiety, 
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The first bond formed is a diester bridge between the 5' -phosphate of a 
UMP residue and the free terminal 3' -hydroxyl group of pApA, and the 
chain is extended by similar condensations, the primer being incorporated 
into the product. The mechanism of the reaction is illustrated in (II) in 
which the terminal unit of the existing polynucleotide (or oligonucleotide) 
chain is represented by the nucleotide residue attached to R. 

'ii 
R-o-r-o-CH2 0 Bas~ 

o· 0 
OH OH 

+ 

(II) 

'i? R-o-g_·Ov6a•• 
0 OH 

• I 
P1 + 0-P=O 

I 
0 
I o·~ 

OH OH 

If this mechanism is correct, oligonucleotides with a terminal 3'-hydroxyl 
esterified with phosphate should not act as primers. Nevertheless, such 
oligonucleotides as ApApUp can abolish the lag period without themselves 
being incorporated into the polymer.52 

Polynucleotides themselves can abolish the lag period but in a more 
selective way. Thus polyA will prime its own synthesis but not that of 
polyU or polyAGUC, while polyAGUC and polyAU will both prime the 
synthesis of polyA and of polyU.61, 62 

It was originally reported that when GDP is used as substrate for poly
nucleotide phosphorylase, polymer formation is either very slow or un
detectable although it does occur in presence of such primers as pApA or 
ApApU,59 but more recent work with enzyme preparations from Esch. coli 
and Azotobacter agilis has shown that a reaction takes place with GDP alone 
provided that favourable concentrations of Mg++ and inorganic phosphate 
are employed.60 

The reversal of the polymerisation, namely, phosphorolysis, in which 
the polynucleotide is incubated with the enzyme in presence of an excess of 
inorganic phosphate to yield the nucleoside diphosphates by stepwise re
moval of mononucleotide units has also been studied.62, 68, 61 The bio
synthetic polymers are readily phosphorolysed and so are oligonucleotides 
which act as primers, but, as might be expected, dinucleotides and dinucleo
side monophosphates are not. Tobacco mosaic virus RNA and highly 
polymerised yeast RNA are phosphorolysed readily, but yeast RNA treated 
with alkali is phosphorolysed slowly. The formation of multistranded chains, 
as between polyA and polyU, results in a slow rate of phosphorolysis.52, 58 

&t M. F. Singer, R. J. Hilmoe, and L.A. Heppel,]. Biol. Chem., 1960, 235, 751. 
ao M. F. Singer, R. J. Hilmoe, and M. Grunberg-Manago,]. Biol. Chem., 1960, 235, 

2705. 
11 M. Grunberg-Manago, ]. Mal. Biol., 1959, 1, 240; M. F. Singer, S. Luborsky, 

R. A. Morrison, and G. L. Cantoni, Biochim. Biophys .. Acta, 1960, 38, 568. 



DAVIDSON: BtoS\'NTi-11':S1S OF NUCLEtC ACtDS. 361 

The soluble RNA of the cell cytoplasm is peculiar in being incompletely 
phosphorolysed, 70-80% being left unchanged.61 The phosphorolysis 
appears to affect mainly the terminal groups.62 

It has been considered that polynucleotide phosphorylase from A zoto
bacter vinelandii and Esch. coli also catalyses the exchange reaction between 
nucleoside diphosphates and inorganic phosphate, but in yeast the enzyme 
responsible for this reaction can be separated from polynucleotide phos
phorylase.63 

The terminal addition of nucleotide units to RNA. The addition of a 
limited number of nucleotide units to the end of an existing ribopolynucleo
tide chain cannot be regarded as polynucleotide synthesis but is nevertheless 
an allied reaction of considerable importance about which much is now 
known. Heidelberger and his associates 64, 65 showed in 1956 that 32P
adenosine-5' monophosphate in the presence of a phosphorylating system 
was incorporated into the RNA of rat liver cytoplasm. Hydrolysis with 
snake-venom diesterase yielded 32P-5'-AMP, and hydrolysis with alkali 
yielded 32P-cytidine-2' and -3' monophosphate. This suggested a prefer
ential linkage of AMP to CMP in the RNA. Similar observations on various 
biological materials by a number of workers,66 - 78 together with the finding 
that most of the ine:orporated adenine is released as the nucleoside on alkaline 
hydrolysis, indicated that the AMP had been added in the terminal position 
on an RNA chain. The significance of some of these observations has been 
elucidated by Zamecnik, Hoagland, and their colleagues,79 - 82 working with 
the soluble or transfer RNA (sRNA) of rat-liver cytoplasm which differs 
from the RNA of the ribosomes or microsomes in its peculiar capacity to 
act as acceptor in terminal-group additions. Such additions are an oblig
atory prelude to amino-acid attachment in the process of protein bio-

•2 E. S. Canellakis, Biochem. ]., 1960, 77, 14P. 
83 M. Grunberg-Manago, Bioclietn. ]., 1960, 77, 13P. 
0
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Academic Press, New York, 1960, Vol. III, p . 349. 
80 L . I. Hecht, P. C. Zamecnik, M. L. Stephenson, and J. F . Scott, J. Biol. Chem., 

1958, 233, 954. 
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synthesis.79, 82 The sRNA's from mammalian tissues, yeast, and bacteria all 
behave in the same manner. 

The precursors of the t erminally added nucleotide units are the ribo
nucleoside triphosphates, and their attachment involves a reversible pyro
phosphate splitting. Pyrophosphate inhibits the attachment and accumu
lates during the process.76 

The base sequence in sRNA is unknown, but "preincubation." followed 
by precipitation at pH 5 gives an acceptor material whose end groups may 
be represented as X and Y (see III). Two CMP moieties are first attached 

XY C C X YC C 

.,JJJ+PP,,J=JJ,J,J+PP 
X YCC A X YC CA 

. I I I J + PP, J ~ I I I I J + pp 
0'P"1'P"1P"1P. P ··p"1 P~P~P~P. 

(III) 

sequentially to the 3'-hydroxyl grnup of the ribose in the terminal nucleo
tide Y. The new terminal CMP now accepts an AMP residue by a similar 
pyrophosphoryl cleavage of ATP. The final sequence at the end of the 
polynucleotide chain is therefore··· pXpYpCpCpA.67b, 76, 79, 82 The evidence 
for this may be summarised as follows: (a) incubation of sRNA with 14C
CTP causes incorporation of 14C into the RNA which on alkaline hydrolysis 
yields one half of its 14C as cytidine and one half as cytidine 2'(or 3')-mono
phosphate ; (b) when ATP is also present in the incubation mixture all the 
HC is recovered as cytidine 2' (or 3')-monophosphate ; (c) incubation with 
14C-ATP results in terminal attachment of 14C-AMP which is released by 
alkali as 14C-adenosine; (d) the incorporation is inhibited by pyrophosphate; 
and (e) addition of other nucleoside triphosphates has no effect on the pattern 
of labelling with ATP and CTP. 

In an attempt to purify the enzyme fraction responsible for terminal 
incorporation of nucleotides 82 it has been shown that the system can be 
fractionated from rat liver along with the sRNA into three enzymically 
active ribonucleoproteins designated ix, ~, and y.62, 83 Each of these has in 
tum been separated into an enzyme component and an sRNA component 
in which base pairing appears to be significant since in all cases the ratio of 

83 E . H erbert and E. S. Canellakis, Biochim. B iophys. A eta, 1960, 42, 363; Fed. 
P roc. , 1960, 19, 318 ; E . Herbert, B iochem. ]., 1960, 77, 14P. 
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pseudouridylic acid (the 5'-phosphate of 5-ribosyluracil) plus uridylic 
acid to adenylic acid, and of cytidylic acid to guanylic acid, is close to 
unity.84 

While most work on the terminal incorporation of nucleotides into RNA 
has been carried out with sRNA derived from liver tissue,65,66,70, 79, 80, 82,84 

similar systems are also present in other tissues. For example, an enzyme 
has been purified from chick embryos which stimulates the terminal in
corporation of 14C-ATP into RNA without being affected by addition of 
CTP, UTP, and GTP.85 Disrupted calf-thymus nuclei have yielded an 
enzyme fraction which in presence of Mg++ and ATP (or an ATP-generating 
system) stimulates incorporation of both ribonucleotides and deoxyribo
nucleotides into a polynucleotide-like material. 73 The process is inhibited 
by deoxyribonuclease but not by ribonuclease, and the product labelled by 
incorporation of 14C-CTP shows most of its radioactivity in the form of 
terminal CMP. This product appears to resemble Hurwitz's hybrid poly
nucleotide already referred to.18 A similar enzyme has been purified from 
calf-thymus nuclei which, in presence of Mg++, stimulates incorporation of 
CTP into the terminal position in RNA with the release of pyrophosphate, 
provided that the RNA is derived from thymus.86 RNA from most other 
sources is without effect, but RNA. from Esch. coli can partly (10%) replace 
thymus RNA. The enzyme, however, can be replaced by a partly purified 
enzyme fraction from Esch. coli. 

Another enzyme fraction from Esch. coli catalyses the terminal incorpor
ation of 14C-ATP into the sRNA of the same organism.71 This incorpor
ation is unaffected by the presence of UTP, GTP, or deoxyribonuclease but 
is sensitive to ribonuclease. On the other hand the incorporation of 32P-UTP 
by Esch. coli preparations is dependent on the addition of ATP, GTP, and 
CTP and is prevented both by ribonuclease and by deoxyribonuclease.72 In 
this reaction Esch. coli RNA does not act as nucleotide acceptor but the 
presence of DNA from thymus, liver nuclei, or bacteriophage T2 is essential. 
The reason for the DNA-dependence and the nature of the product formed 
are obscure, but the product does not appear to be a mixed polynucleotide 
of the type already mentioned 18 since alkaline hydrolysis yields all four 
expected ribonucleotides, all labelled with 32P. TI?.is random distribution of 
label excludes simple terminal addition of the 32P-UTP. 

Terminal addition of UMP units to RNA chains can, however, be readily 
accomplished by enzyme systems present in extracts of Ehrlich ascites 
carcinoma cells.77,78 The process is inhibited by pyrophosphate and requires 
Preliminary phosphorylation of uridine to the triphosphate level. Such 
extracts also bring about non-terminal incorporation (see below). 

Non-terminal incorporation of nucleotide units into RNA. While in
corporation of nucleotide units on the ends of existing RNA chains clearly 
does not represent true polynucleotide biosynthesis, incorporation of nucleo
tides into non-terminal positions in polynucleotide chains must represent 

84 E. S. Canellakis and E. Herbert, Proc. Nat. Acad. Sci. U.S.A., 1960, 46, 170. 
85 C. W. Chung, H. R. Mahler, and M. Enrione,]. Biol Chem., 1960, 235, 1448. 

]\,J 86 J. Hurwitz, A. Bresler, and A. Kaye, Biochem. Biophys. Res. Comm., 1959, 1, 3; 
• Alexander, A. Bresler, J. Furth, and J. Hurwitz, Fed. Proc., 1960, 19, 318. 
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either a more radical extension of the chains or formation of new chains, if 
the unlikely possibility of simple exchange is excluded. Such non-terminal 
incorporations have been reported by a number of authors.69, 74, 75, 77, 78, 85,87- 91 

The picture is at present confused and requires clarification by the co
ordination of the results obtained by various groups of workers. 

Terminal and non-terminal incorporation can readily be distinguished 
by alkaline hydrolysis of the product after incorporation of a radioactive 
nucleotide. Alkaline fission (broken lines in IV) yields a mixture of nucleo· 

(a) (b) 

(IV) 

side-3'(2') monophosphates together with a single nucleoside derived from 
the terminal nucleotide unit. If, for example, UMP labelled with 14C or 31! 
in the uracil portion is incorporated terminally into a ribopolynucleotide 
chain, the single nucleoside liberated on alkaline hydrolysis will be radio· 
active. If it is incorporated non-terminally, radioactive uridine-3'(2') 
monophosphate will be released by alkali (!Vb). 

If the uridine-5' monophosphate unit incorporated is labelled with 32P, 
the uridine released by alkali after t erminal incorporation will, of course, 
not be radioactive but the nucleoside-3' (2') monophosphate in the pen
ultimate position in the chain (containing the base Zin !Va) will be labelled 
with 32P. After non-terminal incorporation of uridine-5' monophosphate, 
the uridine-3'(2') monophosphate released by alkali will be non-radioactive 
but the nucleoside-3'(2') monophosphate released from the adjacent position 
in the chain (carrying the base Qin !Vb) will be radioactive. This argument 
is, of course, based on the assumption (which can be supported on other 
grounds) that polynucleotide chains are extended at the end carrying a 
nucleoside unit not substituted in position 3' of the ribose residue. 

Canellakis .68 showed in 1957 that 14C-UMP could be incorporated into a 
ribopolynucleotide by a soluble enzyme system in rat liver in the presence 
of Mg++ and a phosphorylating system. Incorporation took place in a non
terminal position since alkaline hydrolysis yielded radioactive uridine-
3' (2') monophosphate. 

Cell-free extracts of osmotically disrupted Ehrlich ascites carcinoma cells 
also contain kinases for the phosphorylation of uridine and enzyme systems 
responsible for the incorporation of a UMP unit into RNA. Incorporation 
takes place both terminally and non-terrninally.77•78•92 Pyrophosphate de-

87 M. Edmonds and R. Abrams,]. Biol. Chem., 1960, 235, 1142. 
88 C. W. Chung and H. R. Mahler, Biochem. Biophys. Res. Comm., 1959, 1, 232. 
89 S. B. Weiss, Proc. Nat. Acad. Sci. U.S.A., 1960, 46, 1020. 
90 A. Stevens, Biochem. Biophys. Res. Comm., 1960, 3, 92. 
91 E. Goldwasser, ]. Amer. Chem. Soc., 1955, 77, 6083. 
~2 R.H. Burdon and R. M. S. Smellie, Biochem. ]., 1960, 76, 21P. 
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presses terminal incorporation whereas orthophosphate depresses non
terminal incorporation. Some (about 20%) of the incorporated uridine is 
aminated to cytidine and appears as a CMP residue both terminally and non-
~~~ ' 

Optimal incorporation of uridine requires the presence of a mixture 
either of glucose, DPN, and UTP or of TPN and DPNH, the effect of which 
is to increase UTP formation and to promote terminal incorporation. In
creased incorporation is also brought about by the presence in the reaction 
mixture of low concentrations of ADP, GDP, and CDP, or of GTP and 
CTP, and by the addition of microsomal RNA. In the presence of Mg++, 
TPN, DPNH, ATP, GTP, CTP, and UTP, net synthesis of RNA (up to 
20%) has been demonstrated by use of the enzyme system from ascites 
carcinoma cells. 77, 78 

Net synthesis of RNA has also been demonstrated with an enzyme 
system prepared by fractionation of ascites carcinoma extracts by am
monium sulphate. This system promotes the incorporation of 82P-UTP 
into RNA in presence of DPNH. The reaction is stimulated by addition of 
ATP, GTP, and CTP and is inhibited by inorganic pyrophosphate. The 
distribution of 32P in alkaline hydrolysates indicates random distribution of 
the uridine residue, but when ATP, GTP, and CTP are omitted, a high 
proportion of the uridine residues is present as polyuridylic acid.93 

Similar enzyme systems are present in many mammalian tissues. With 
most of these systems non-terminal incorporation of UMP residues pre
dominates but terminal incorporation is particularly noticeable with enzyme 
systems from brain and muscle. 78 

Liver tissue contains an enzyme system, particularly abundant in the 
nuclear fraction, which promotes the incorporation of the nucleotides into 
RNA from the nucleoside triphosphates. 75•89 The reaction has been fol
lowed by using 32P-CTP or 32P-UTP or 32P-ATP. Incorporation of any one 
of these is greatly increased by the addition of Mg++ and the other three 
nucleoside triphosphates; the di phosphates are much less effective and the 
reaction is inhibited by pyrophosphate. Alkaline hydrolysis of the poly
nucleotide product yields nucleoside-3'(2') monophosphates, all of which 
are labelled. While this is strongly suggestive of non-terminal incorpor
ation, it does not exclude the possibility of terminal addition to different 
end groups of different RNA's present in the enzyme preparation, i.e., 
Where R in (IVb) might be A, G, U, or C. The 32P-RNA was therefore 
digested with snake-venom diesterase which attacks RNA in stepwise 
fashion from the end of the chain carrying the nucleotide residue with a 
free 3'-hydroxyl group, liberating nucleoside-5' monophosphates, which 
Were dephosphorylated by venom phosphomonoesterase to yield nucleosides 
and inorganic phosphate. Such treatment applied to terminally labelled 
RNA would release a high proportion of 32P-orthophosphate before much 
of the chain had been degraded, but the 32P-RNA formed by the liver
enzyme system yielded 32P-orthophosphate and unlabelled orthophosphate 
at the same rate. The labelled substrate must therefore have , been incor
porated throughout the entire polynucleotide chain.89 The system is there-

es R. H. Burdon, Biochem. ]., 1960, 77, 14P. 
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fore very similar to that involved in DNA biosynthesis (see above) . It is I 
peculiar in being activated by pre-incubation with deoxyribonuclease but 1 

not ribonuclease. The location of such an enzyme system in the nuclear 
fraction of liver has been noted by other authors.70 

From calf-thymus nuclei an enzyme has been purified which promotes , 
the synthesis of a polyadenylic acid chain from 32P-ATP or 14C-ATP.74,

87 

From the ratio of 14C as adenosine to 14C as adenosine-3'(2'} monophosphate 
and from similar data for 32P distribution after hydrolysis, it has been con
cluded that the chain formed consists of a linear sequence of 25-100 AMP 
units. No primer requirement has been found and the system does not 
utilise UTP or GTP, but a similar though separate enzyme system for 
incorporating CTP to form a polycytidylic acid has also been purified from 
thymus nuclei. For this system a primer polynucleotide is necessary.74 

Evidence has also been presented for the presence in bone marrow and 
Ehrlich ascites cells of a similar system promoting incorporation of ATP into 
polynucleotide. 69 

Crude preparations from chick embryo contain an enzyme system, 
already mentioned, which promotes terminal incorporation,85 but from such 
extracts a second system has been isolated, which promotes the incorpor· 
ation of AMP units into RNA in non-terminal positions adjacent to any of 
the other three monomeric units.85, 88, 94 Again the substrates utilised are 
the nucleoside triphosphates, and pyrophosphate is released; Mg++ and 
primer polynucleotide are required. The o?eration of the system can be 
demonstrated by the incorporation of 32P-pyrophosphate into nucleoside 
triphosphates in presence of added RNA.85, 95 

The same type of mechanism has also been reported in extracts of Esch. 
coli which in presence of Mg++ can promote incorporation of AMP units 
from 32P-ATP into RNA in internucleotide linkage, provided that the other 
three nucleoside triphosphates are also present.90 

It appears therefore from the results of observations on a wide variety 
of biological materials, including ascites carcinoma cells,93 liver nuclei,75,

89 

chick embryo,85•88•93 and Esch. coli,90 that RNA can be synthesised by a 
reaction very like that involved in DNA biosynthesis, in which the sub· 
strates are the ribonucleoside triphosphates, Mg++ is required, and pyro
phosphate is eliminated. 

Conclusion.-Four main mechanisms have been described for the bio
synthesis of nucleic acids: (a) the UNA polymerase system which utilises 
deoxyribonucleoside triphosphates as substrates; (b) a similar system for 
RNA biosynthesis which utilises ribonucleoside triphosphates as substrates; 
(c) the enzyme system involved in the formation of the terminal nucleotide 
sequence in sRNA; and (d) polynucleotide phosphorylase, which utilises 
nucleoside diphosphates as substrates. 

J. N. D. 
94 C. W. Chung, Fed. Proc., 1958. 17, 201. 
95 C. W. Chung and H . R. Mahler,]. Amer. Chem. Soc., 1958, 80, 3165. 
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3. NEUROCHEMISTRY: NEURAL MAINTENANCE AND EXCITATION 
t 
r CHEMICAL techniques have been applied widely in investigation of neural 

systems since the term Nervenchemie was used 1 in the last century. Recent 

5 
a?counts carrying introductions to literature 2•3 include among some ·30 

1 div!sions of the subject: the composition of neural tissues; their meta
~ bolism; chemical factors in neural transmission and in electrophysiology; 
_ interactions between neural systems and the rest of the animal body on 
J metabolic and endocrinological levels; and the chemical pathology and 

pharmacology of neural system. 4 

r A great variety of neural systems exists in the animal kingdom, diverse 

1 chemically as well as anatomically; but much current work is interesting 
, through the connections which it affords between systems as diverse as the 
l giant axons of marine invertebrates and the finely ramifying neurons of the 
J mammalian brain. Neural tissues of higher animals consume energy-yield-

ing substrates at much the same rate as do muscles in yielding mechanical 
Work, the kidneys in performing osmotic work, or the liver in chemical 

1 synthesis: yet the neural systems have no comparably obvious output. The 
• nerve impulse itself involves little energy but it and the neurons carrying it 

are the units of the most sensitive, most rapidly acting, and most complex 
system of the animal body; much neural metabolism is concerned with 
maintaining structure and readiness to react. The theme of neural main
tenance and excitation has therefore been chosen in introducing the subject 
of neurochemistry to these Reports. 

Maintenance.-Energy-yielding and associated processes are considered 
first, and subsequently the main energy-consuming processes: those of main
taining the differential ion concentrations on which neural action depends. 

Glucose and amino-acids. The majority of material exchange between 
the mammalian nervous system and the rest of the body takes place by the 
blood stream; in the case of the brain, analysis of blood entering and leaving 
it is adequate to detect the substrates which contribute most immediately 
to its maintenance. Recent observation and appraisal confirm that oxygen 
and glucose meet the main energy requirements, yielding . carbon dioxide; 
small changes in lactic and pyruvic acid content have been noted.5•6 Use 

1 J. E. Schlossberger, "Erster Versuch einer Allgemeine und Vergleichenden Thier-
Chemie," Winter, Leipzig, 1856. • 

2 H . Mcllwain, "Neurochemistry," Lectures on the Scientific Basis of Medicine, 
6, Athlone Press, London, 1958. · 

3 H. Mcllwain, " Biochemistry and the Central Nervous System," Churchill, 
London, 1959. 

' K. A. C. Elliott, H. I. Page, and H. I. Quastel (eds.). "Neurochemistry," Thomas, 
Springfield, 1955; S. R. Korey and J. I. Nurnberger {eds.), "Neurochemistry," Cassel, 
London, 1956; H. Waelsch (ed.), "Biochemistry of the Developing Nervous System," 
Proc. 1st Internat. Neurochem. Symp., Academic Press, New York, 1955 ; D. Richter 
(ed.), "Metabolism of the Nervous System," Proc. 2nd Internat. Neurochem. Symp., 
London, 1957; H. Mcilwain, "Chemotherapy and the Central Nervous System," 
Churchill, London, 1957; H. Mcllwain and R. Rodnight, "Practical Neurochemistry," 
Churchill, London, 1961. 

5 G. G. Rowe, G. M. Maxwell, C. A. Castillo, D. J. Freeman, and C. W. Crumpton, 
]. Clin. Inv., 1959, 38, 2154; R. Rodnight, H. Mcilwain, and M. A. Tresize, J. Ncuro
chem., 1959, 3, 209; H. Lennartz and R. Seifert, J(lin. Wochschr., 1959, 37, 296; R. V. 
Coxon and R. J. Robinson,]. Physiol., 1960, 147,487. 

• D. B. Tower, "The Neurochemistry of Epilepsy," Thomas, Springfield, 1960._ 
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of [14C]glucose, and analysis of the brain itself or of cerebral tissue, show, 
however, not only the labelling of intermediates of the tricarboxylic acid 
cycle but also extensive exchange with amino-acids,6 - 8 especially glutamic 
acid, glutamine, aspartic acid, asparagine, and y-aminobutyric acid, which 
occur in the brain at relatively high concentration. N-Acetylaspartic acid, in 
which also the brain is relatively rich, did not undergo rapid exchange; 8 with 
the other amino-acids, exchange occurred also with pyruvate as substrate.9 

Transamination affords enzymic basis for such interchange; that with 
glutamic and oxaloacetic acid is potent in neural as in other tissues, but more 
characteristic of cerebral tissues are the links through y-aminobutyric acid 10 

which in effect provide an alternative route between ketoglutarate and 
succinate in the tricarboxylic cycle. Little y-aminobutyrate exists in most 
organs of the body but the brain contains 4-6·5 µmoles/g., and cerebral 
tissues are unusual also in their content (i) of the decarboxylase, which 
produces it from glutamic acid 11 at about 35 µmoles per g. of tissue per hr., 
and (ii) of the y-aminobutyrate-cx-ketoglutarate transaminase,12,13 operating 
at 10- 60 µmoles per g. of tissue per hr. and yielding succinsemialdehyde, 
subsequently oxidised to succinate.13 Administration of [14C]glutamate to 
mice,14 or its addition to cerebral tissue in vitro,6 leads promptly to the 
appearance of y-aminor4CJbutyrate, r 4CJaspartate, and 14C02• At a slower 
rate, r'CJproline added at the brain in vivo yields glutamic and aspartic acid, 
and alanine.13 

Metabolism of y-aminobutyrate appears essential for normal cerebral 
functioning. The decarboxylase and transaminase which form and remove 
y-aminobutyrate require pyridoxal phosphate and, in the epileptiform 
conditions which result from pyridoxal deficiency, cerebral y-aminobutyrate 
diminishes. This occurs also in convulsions caused by isonicotinoyl
hydrazine and -thiosemicarbazide (which inactivate pyridoxal by forming 
hydrazides) and by the inhibitory analogue deoxypyridoxine.10 y-Amino· 
butyrate has proved too versatile a substance for a simple reason to be given 
as basis for these phenomena. Respiration of the brain or of cerebral 
tissues is depressed in the pyridoxine-deficiencies referred to,6 suggesting 
that its oxidative route is important; a role in transmission is also proposed 
(see below). 

Urea, guanidines, and phosphagens. Urea, isolated as its dixanth
hydryl derivative, has been proved to be produced at the brain of the rat 
in vivo from 14C-labelled arginine; 15 it is present in greater concentration in 

7 A. Beloff-Chain, R. Catanzavo, E . B. Chain, I. Masi, and F. Pocohiari, Proc. Roy. 
Soc., 1955, B, 144, 22. 

8 A, Geiger, N. H orvath, and Y. Kawakita, ]. Neurochem., 1960, 5, 311; A. Geiger, 
Y. Kawakita, and S. S. Barkulis, ibid., p. 823; S. S. Barkulis, A : Geiger, Y. Kawakita, 
and V. Aguiler, ibid., p. 339. 

• A. D. Freedman, P. Rumsey, and S. Graff,]. Biol. Chem., 1060, 235. 1854. 
10 (a) E. Roberts (ed .), "Inhibition in the Nervous System and y-Aminobutyric 

Acid," Pergamon, London, 1960; (b) R. 0. Brady and D. B. Tower (eds.), "The Neuro
chemistry of Nucleotides and Aminoacids," Wiley, New York, 1960. 

11 E. Roberts and S. Frankel, ]. Biol. Chem., 1951, 190, 505. 
12 C. F . Baxter and E. Roberts, J. Biol. Chem., 1958, 232. 1135. 
13 R. W, Albers, in ref. 10b, p. 146. 
u A. Lajtha, S. Berl, and H. Waelsch, J. Neurocliem., 1959, 4, 322. 
15 M. B. Sporn, W. Dingman, and A. Defalco, ]. Neurochem..., 1959, 4, 141; W . 

. Dingman and M. B. Sporn, ibid., p. 148. 
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the rabbit brain (based on tissue water) than in the animal's blood plasma.16 

Enzymic basis for the synthesis is given by the demonstration of arginase in 
cerebral tissue, yielding 7-12 µmoles of urea per g. per hr.17 Moreover, 
the tissue contained arginosuccinase, yielding 1-3 µmoles of arginine and 
fumaric acid per g. per hr. from arginosuccinic acid.17 This acid was 
previously recognised as an intermediate in the production of arginine from 
citrulline in other organs but does not normally accumulate in appreciable 
amounts; its abundant excretion in the urine of subjects suffering a rare 
mental defect was thus surprising.18 The defectives' plasma and urinary 
urea were normal; the concentration of arginosuccinic acid in the cerebro
spinal fluid was greater than th~t in the blood, and the arginosuccinic acid 
excreted corresponded to about 1 µmole per g. of brain per hr.: a cerebral 
origin for the acid is thus suggested. 

Cerebral tissues have been examined systematically for simple mono
substituted guanidines; 19 those found were all derived from amino-acids, 
being (mµ moles per g. of guinea-pig brain): arginine, 100; y-guanidobutyric 
acid,10 50; glycocyamine and taurocyamine, 30 each. (The mammalian 
brain is rich in taurine and related substances.20) Several guanidino-acids 
and amino-acids affect the electrical activity of the brain when applied to its 
surface.21 

Arginine phosphate constitutes a major phosphagen of the nerves of cer
tain invertebrates; other 'aspects of their composition have been examined. 22 

In the mammalian brain some indication has been given that the guanidino
acids named above exist partly in a combined form,19 but the major cerebral 
phosphagen is phosphocreatine.3•23 Aspects of its role in the control of 
metabolism have been noted.3,2' Diminution of phosphocreatine in isolated 
cerebral tissue is caused by addition of glutamic acid, and is attributable to 
the utilisation of energy-rich phosphate in the synthesis of glutamine; 25 it 
is associated with a fall in membrane potential.26 Aspartic and y-amino
butyric acid also diminish the phosphocreatine content, apparently by their 
conversion into glutamic acid by routes outlined above. One important 
result of the synthesis of glutamine is the removal of ammonia,3•6•10b for 
accumulation of ammonia is associated with certain convulsive conditions.6,27 

It can also be suggested 25 that the synthesis is the basis for an additional 
uptake of potassium salts by cerebral tissues 28 which does not, however, 
appear to afford the basis for the tissue's major ion turnover described below. 

11 H. Davson and C. R. Kleeman, personal communication. 
17 S. Tomlinson and R. G. Westall, Natuf'e, 1960, 188, 235. 
18 J. D. Allan, D. C. Cusworth, C. E. Dent, and K. V. Wilson, Lancet, 1958, I , 182. 
19 J.P. Blass, Biochem. ]., 1960, 77, 484; Thesis, London, 1960. 
20 D. B. Hope, Proc. 4th Internat. Congr. Biochem., 1959, 13, 63 . 
21 D. P. Purpura, M. Girado, T. G. Smith, D. A. Callan, and H . Grundfest, J. Neiwo

chem., 1959, 3, 238. 
22 G. G. J. Definer and R. E. Hafter, Biochim. Biophys. Acta, 1960, 42, 189, 

2220. 
23 P. J . Heald," Phosphorus Metabolism of Brain," Pergamon, London, 1960. 
u H. Mcilwain, in Ciba Foundation Symposium, "Regulation of Cell Metabolism," 

Churchill, London, 1959, p. 127. 
26 R. J. Woodman and H. Mcilwain, Biochem. ] ., in the press. 
26 H. H . Hillman and H. Mcilwain, J. Physiol., 1960, 152, 59P. 
" M. Kurokawa, ]. Neurochem ., 1960, 5, 368. 
' 6 C. Temer, L. V. Eggleston, and H . A. Krebs, Biochem. ]., 1950, 47, 139. 
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Distribution of ions and electrical charge. Although a neural organ such 
as the brain can often be regarded as a whole, as was done in the preceding 
sections, other questions demand study on a smaller scale. The unit is the 
nerve cell: from cerebral tissue, cells can be teased out for analysis 29 or 
metabolic study,30 and can be penetrated by microelectrodes.31 Experi
mentally more accessible are the giant nerve fibres of certain animals includ
ing the squid, which have given many of the following data.32 The neurone 
membrane shows a high electrical resistance of some 1000 0./cm.2 and 
capacity of about 1 µF/cm. 2, consistent with the properties of a double 
layer of oriented lipid molecules, as is also the electron-microscopic appear
ance of several types of nerve fibre, which_ exhibit outer membranes 50-
100 A in thickness.33 

The membrane separates the cell interior, relatively high in K+ but low 
in Na+ and c1-, from the cell exterior which is low in I(+ and high in Na+ 
and c1- (for specific values in different neural systems, see refs. 3, 6, 32, 
34, 35). The small but finite conductance quoted above corresponds to an 
appreciable permeability of the membrane to ions which is increased on 
excitation (see below).32, 35 Thus to maintain the differential concentrations 
quoted, processes resulting in extrusion of Na+ and absorption of I(+ are 
constantly in progress, movements of some 0· l µmole of the ions per cm.2 

of surface per hr. occurring in the squid axon.32, 34, 36 In isolated cerebral 
tissues under good metabolic conditions and stable in potassium content, 
use of 42K showed some 3-5% of the tissue content to be exchanging per 
min., corresponding to a movement of 400 microequiv. of K per g. of tissue 
per hr.37 

Another indication of the permeability of normal neural tissues to 
potassium salts is the existence of a resting membrane potential comparable 
in magnitude to that given by applying the Nemst equation to the differential 
concentration of potassium salts: the interior of most nerve cells is 50-
100 mv negative with respect to the exterior.32, 34 This applies also to 
isolated cerebral tissues 26, 31 which, furthermore, lose their membrane 
potential on increasing the external potassium concentration. This normal 
membrane potential is, on the other hand, incompatible with comparable 
permeability of the neurone to sodium; the ratio of the permeabilities for 
sodium and potassium in the giant axon 32 is ahout 1 : 100. Sodium enter
ing during activity is, however, extruded despite the contrary concentration 
gradient; but for this and the concomitant uptake of potassium, energy
yielding processes are required. Thus efflux of sodium from the giant axon 

20 0. H. Lowry, J. H istochem. Cytochem., 1953, 1, 420; see also ref. 3. 
so H. Hyden and A. Pigon, ]. Nem-ochem., 1960, 6. 57. 
31 C-L. Li and H. Mcilwain, J. Physiol., 1957, 139, 178. 
•• A. L. Hodgkin, Proc. Roy. Soc., 1958, B, 148, 1. 
13 J. D. Robertson,]. Biophys. Biochem. Cytol., 1958, 4, 349; Biochemical Society 

Symposium No. 16, Cambridge University Press, 1959, 16, 3; E . G. Gray, Nature , 1959, 
183, 1592. 

u A. M. Sbanes, Pharmcol. Rev., 1958, 10, 61, 165. 
35 A. F. Huxley, Ann. N. Y. A cad. Sci., 1959, 80, 221. 
31 E. J. Harris, "Transport and Accumulation in Biological Systems," Butter

worth, London, 1960. 
87 (a) H. A. Krebs, L. V. Eggleston, and C. Terner, Biochem. ]. , 1951, 48, 530; 

(b) ]. T. Cummins and H. Mcilwain, ibid. , 1960, 76, 64P. 
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after injection of 24Na is inhibited by azide, cyanide, or 2,4-dinitrophenol 32
•
38 

and when inhibited by 2-millimolar cyanide is in part restored by injection 
of adenosine triphosphate into the axon. This enabled the amount of 
sodium extruded after a given dose of energy-rich phosphate (~P) to be 
estimated, affording a Na/~P ratio of 0·67. Further results of this type have 
been obtained by measurements during recovery after excitation, as described 
below. 

Excitation and Recovery.-Ion movements on excitation. Osmotic work 
is performed by most cells and tissues and results in potential differences 
between their interior and exterior. More characteristic of nerve cells are 
the events which follow a change in resting potential, caused by chemical or 
electrical means. These events have been measured in detail and expressed 
mathematically, the analysis being based on a fundamental observation 
that neural permeability to sodium and potassium depended on membrane 
potential and was independent of membrane current.32,35 After diminution 
in resting potential by some 20 mv two successive changes rapidly ensue. 

(a) Membrane conductance first increases, by a factor of about 40, 
current flows into the nerve, and within a millisecond the interior becomes 
positive, approaching the potential to be expected from the distribution 
of Na+ inside and outside the fibre. This is attributed to a change in the 
neural membrane which greatly increases its permeability specifically to 
sodium; the entering current is lacking if solutions outside lack sodium. 
Absence of sodium makes many excitable tissues non-responsive,32 including 
cerebral tissues.39 In electrical terms the changed permeability results in a 
flow of current, which diminishes the membrane potential of adjacent regions 
beyond that first involved. This diminution in potential again causes 
increased permeability and current flow, so that the phenomenon spreads 
along the nerve. The increase in sodium conductance with fall in membrane 
potential is thus fundamental to neural transmission. It has been attributed 
to movements of charged membrane components, or to changed configuration 
at membrane-pores.'° In explanation of effects of Ca++ on permeability, 
these components or pores are pictured to be normally associated with Ca++, 
Which itself enters the fibre to a small extent on excitation.u 

(b) In a normal neurone, processes (a) are observed to be followed, at 
any one point on the nerve and within a fraction of a millisecond, by a 
further group of changes which restore membrane potential. Potassium 
conductance of the membrane increases by a factor of about 100, permitting 
an outflow of K+ which exceeds the influx of Na+ and so again leaves the 
interior of the membrane with a negative charge. When the potential 
approaches that (-50 to -100 mv) normal for the neuron, potassium con
ductance falls. This increased permeability of the membrane to potassium 
is also attributed to a movement of membrane constituents, quantitative 
data being consistent with movement of the outgoing potassium by a path 
Which requires the juxtaposition of 4 charged particles, conceivably in a fine 

88 A. L. Hodgkin and R. D. Keynes, J. Physiol., 1055, 128, 28, 61; P. C. Caldwell, 
A. L. Hodgkin, R. D. Keynes, and T. I. Shaw, J. Physiol., 1960, 152, 561. 

39 M. B. R. Gore and H. Mcilwain,]. Physiol., 1052, 117, 471. 
40 L. J. Mullins, J. Gen. Physiol., 1959, 42, 817, 1013. 
41 A. L. Hodgkin and R. D. Keynes, J. Physiol., 1957, 138, 253. 
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"pore." ss,4o The extent of the efflux of K+ is small, membrane potential e 
and resistance being recovered at any one point on the fibre of the giant 
axon in a few milliseconds, and briefer periods sufficing in mammalian nerves. 
The K+ movements giving recovery proceed along the fibre in the wake of 
the depolarisation, the two resulting in the action potential. 

The nerve has thus returned to its resting electrical condition, but has 
gained Na+ and lost K +. The net ionic changes following the passage of 
some hundreds of impulses have been determined by direct analysis of neural 
tissue and surrounding fluids. Sepia axons 38 lose about 4 µµ equiv. of K+ 
per cm.2 per impulse; a similar value in a Libinia fibre is equivalent to 
3 mµ equiv. of K+ per g. of tissue per impulse.42 Mammalian cerebral 
cortex lost K+ on applying pulses at 100 per sec., at the rate of 240 µequiv . 
of K+ per g. per hr., giving a minimum loss of 0·7 mµ equiv. per g. per 
impulse.37b The changes quoted are the net result of influx and efflux of 
each ion, and by the use of 24Na and 42K these movements have been 
measured separately. In the systems just quoted, the additional potassium 
efflux was 3-10 times the concomitant influx, the total efflux in mammalian 
cerebral cortex rising to 700 µequiv. per g. of tissue per hr. 

Initiation of discharge. The diminution of membrane potential which 
initiates the changes described, is conveniently arranged for experiment by 
electrical means; that is, by the route normally involved in transmission. 
In vivo, initiation is ordinarily by other nerve fibres or at sensory nerve 
endings and evidence often favours a change in permeability as the means of 
causing the fall in membrane potential.'3 Permeability may in some in
stances be affected mechanically and in others chemically. Events in the 
retina, involving the visual pigments,44 in taste,45 and in detecting motion 46 

have been reviewed recently. 
The apparatus by which a nerve affects a muscle or another nerve fibre 

is highly specialised structurally and chemically, and many potent drugs 
act at such junctional sites. Recent investigation of the cholinergic systems 
of the brain exemplifies this, and has shown in parts of the brain a pattern, 
found elsewhere, of (i) synthesis of acetylcholine at the endings of one 
nerve, (ii) its release from that nerve on stimulation, and (iii) the stimulation 
of a second nerve, across the narrow synapse, by the liberated acetylcholine. 
Previous study had suggested acetylcholine to be " synthesised into " a 
bound form,47 and differential and gradient density centrifugation indeed 
showed both it and choline acetylase, the enzyme concerned in synthesis, 
to coexist in particular subcellular fractions of ground cerebral tissue.48 

These fractions were shown by electron microscopy to be enriched in a 
specific and quite elaborate type of structure.49 This was visible also on 

u A. M. Shanes, J. Gen. Physiol., 1951, 34, 795. 
" J. A. B. Gray, in "Neurophysiology," 1, 123, American Physiological Society, 

Washington, 1959. 
" R. Hubbard and A. Kropf, Ann. N. Y. A cad. Sci., 1959, 80, 388. 
45 Y. Zotterman, Ann. N. Y . A cad. Sci ., 1959, 80, 358. 
46 W. R. Loewenstein, Ann. N. Y. A cad. Sci., 1959, 80, 367. 
n W. Feldberg, Physiol. Rev., 1945, 25, 596. 
u C. 0. Hebb and B. N. Smallman, ]. Physiol., 1956, 134, 385; C. 0 . Hebb and 

V. P . Whittaker, ibid., 1958, 142, 187. 
0 E . G. Gray,]. Anat., 1959, 93, 420; E.G. Gray and V. P. Whittaker,]. Physiol., 

1960, 153, 35P. 
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examination of the tissue before grinding, and represented part of a synaptic 
region; the end of one nerve containing small mitochondria and a pattern 
of vesicles, retaining attached to it part of the post-synaptic membrane. 

Addition of acetylcholine to sliced or to ground cerebral tissues alters 
certain aspects of their phospholipid metabolism. For instance, inorganic 
[32P]phosphate was then incorporated to an increased extent in phospho
inositides and phosphatidic acids.60 A cerebral microsomal fraction carried 
a kinase which synthesised the phosphatidic acids from diglycerides and 
adenosine triphosphate at a rate that was accelerated 40-90% by 10-
100µ:M-acetylcholine (an alternative synthetic route to the phosphatidic acid 
Was not similarly sensitive 51). The fraction carried also a phosphatidic 
acid phosphatase. It was proposed 62 that acetylcholine acted by causing 
depolarisation and influx of sodium, and that the two enzymes participated 
in the active extrusion of sodium. Rates observed for the two enzymes 
appear however to be about 1 µmole per g. of fresh tissue per hr., and thus 
to preclude appreciable contribution to active transport in the tissues as a 
Whole, for transport of the order of 600 µequiv. per g. per hr. is required.376 

Conceivably the processes observed reflect a localised relation between 
acetylcholine and specifically the postsynaptic membrane or the synaptic 
vesicles; considerable physical movement, if not synthesis and breakdown, 
of membrane constituents must be involved in their formation and dis
charge. 63 

Acetylcholine is important in many neural systems 64 including that of 
electric fishes which in special electric organs can generate potentials of 
100 v or more. Interesting attempts have been made to isolate the sub
stances with which acetylcholine interacts in discharging the electric organs, 
by employing substances which inhibit its action.65 Extracts from the 
organ in Electrophorus were fractionated by ammonium sulphate and found 
to yield a precipitate with curare at particular pH and ionic strength. The 
tissue constituent concerned was stated to be a protein and to bind certain 
choline derivatives, especially acetylcholine. 

Not all interactions between neurones are in the sense of one, presynaptic, 
causing excitation of a second, postsynaptic, cell; instead depression of 
excitability can resu1t.10a, 66 y-Aminobutyric acid may act as mediator of 
such inhibitory impulses in certain crustacea,10a in addition to having the 
metabolic importance in the brain referred to above.57 In the mammalian 
brain also, some correlations between cerebral activities and level of y-amino
butyrate have led to proposals 6,10a that the substance performs there an 
inhibitory role. 

Recovery. A period of maximal excitation of a neural system leads to 

60 L. E. Hokin and M. R. Hokin, Biochim. Biophys. Acta, 1955, 18, 102. 
61 M. R. Hokin and L. E. Hokin, J. Biol. Chem., 1959, 234, 1381, 1387. 
62 L. E. Hokin and M. R. Hokin, Internat. Rev. Neurobiol., 1960, 2, 99. 
63 H. Mcilwain, Proc. 4th Internat. Neurochem. Symp., 1960. 
64 D. Nachmansohn, "Chemical and Molecular Basis of Nerve Activity," Academic 

Press, New York, 1959. 
56 C. Chagas, E. Penna-Franca, K. Nishie, and E. J . Garcia, Arch. Biochem. Biophys., 

1958, 75, 251; S. Ehrenpreis, Science, 1959, 129, 1613. 
68 J.C. Eccles, "The Physiology of Nerve Cells," University Press, Oxford, 1957. 
67 E. Roberts and E. Eidelberg, Internal. Rev. Neu,obiol., 1960, 2, 279. 



374 BIOLOGICAL CHEMISTRY. 

considerable change, not only in sodium and potassium, but also in many b 
associated materials.3,58 A group of such changes in cerebral tissue (derived ,1 

from three separate investigations) 37, 59 is shown in Fig. 1; after a few t 
minutes' stimulation a new equilibrium state is reached in which the tissue d 
has about 70% of its original potassium content and has little phospho- v 
creatine, but shows increased rates of respiration and glycolysis. These a 
increased rates are attributed 3•58, 60 to increase in inorganic phosphate and v 
phosphate acceptors which can be limiting intermediates in respiration and a 
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Changes in cerebral cortical tissue during and after electrical stimulation in vitro 
(cf. refs. 37, 59). 

l, Respiration (µ.moles of oxygen per g. per hr.). 
2, Inorganic phosphate (µ.moles per g.). 
3, Adenosine triphosphate (µ.mol es per g.). 
4, Phosphocreatine (µ.moles per g.), (a) after 7 seconds' stimulation, {b) after 20 minutes' 

stimulation. 
5, Potassium (µ.equiv. per g.), after 20 minutes' stimulation. 

A, Before stimulation. 
B, During stimulation. 
Abscissae give time after stimulation has stopped. 

glycolysis; and the increased phosphate to the utilisation of energy-rich 
phosphate in ion transport. An indication of the speed and relation be
tween these processes is given by events when stimulation is stopped. If 
stimulation has been for a brief period only, phosphocreatine is resynthesised 
rapidly, at a maximum speed of 150 µmoles per g. per hr. However, if 
pulses have been applied for some 20 min. resynthesis occurs more slowly, 
little being regained during the first 30 sec. It is during this period that the 
most rapid reassimilation of potassium takes place when, after pulses have 

"" H. Mcllwain, Physiol. Rev., 1956, 36, 355. 
59 H. Mcllwain, ]. Physiol., 1954, 124, 117; P. J. Heald, Biochem. ]., 1954, 67, 673. 
60 H. Mcllwain, Proc. 2nd lnternat. Neurochem. Symp., London, 1957. • 
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f been applied for some minutes, the 12 µequiv. of potassium per g. of tissue 
i Which have been lost are in the course of being reabsorbed: reassimilation 
~ takes place at a maximum rate of about 600 µequiv . per g. per hr. The 

data suggest 37b a K/~P ratio of about l and the performance of osmotic 
- Work equivalent to 18% of the additional free energy supplied. The squid 

axon after stimulation extruded 30 µequiv _ of sodium per g. per hr., which 
Was estimated to require 10% of the energy supplied by its resting respir
ation. 61 

Few neural enzymes react with energy-rich phosphates at speeds adequate 
to form a basis for these processes, but the properties of adenosine triphos
phatases are relevant.60 The rates required in cerebral tissues probably 
involve about 500-1000 µmoles of ~P per g. per hr., and adenosine tri
phosphatases from this source have been observed capable of causing loss 
of 800-2000 µmoles of the triphosphate per g. per hr.; 62 more than one 
enzyme is involved. In certain neural preparations the enzyme has an 
interestingly relevant sensitivity to ions. Finely particulate material from 
crab nerve contained an adenosine triphosphatase whose action was acceler
ated by magnesium or sodium or by low concentrations of potassium; it 
was inhibited by calcium and by higher concentrations of potassium, the 
potassium and sodium then competing for a common site.63 Some analogous 
properties are shown by adenosine triphosphatases of cerebral preparations,64 

including fractions likely to be derived from membrane structures. 
Adenosine triphosphatases can be incorporated into mechanisms of 

active transport in many ways; some of these are analogous to the role of 
the enzyme in muscle and others involve phosphorylating a hypothetical 
ion-carrier or membrane component. One general sequence with such a 
component (Y; conceivably part of the enzyme itself) is: 60 

(I) ATP+ Y - - ADP+ YP (2) YP_,. Y+ P 

Of known cerebral reactions of this type, that leading to incorporation of 
32P of ATP into phosphoprotein 23 is relevant and can proceed at rates of 
at least 400 µmoles per g. of tissue per hr. Although this reaction in cerebral 
tissues was specifically stated to have been differentiated from that of 
adenosine triphosphatase 9n the basis of fluoride inhibition,23 this does not 
preclude it from forming part of an adenosine triphosphatase comprising a 
series of linked steps, as (1), (2), above, of which only one is fluoride-sensitive, 
especially as the different cerebral adenosine triphosphatases could differ 
in fluoride sensitivity. The phosphoprotein was found to be attached to 
structures which were not nuclei or mitochondria. Mechanisms utilising 
adenosine triphosphate in ion transport need not, however, involve an 
easily isolable phosphorylated intermediate. 

Characterisation of other neural constituents involved in ion selection or 
transport is given in the following section. 

Newly Recognized Constituents in Excitation and Recovery.-The normal 

• 1 A. L. Hodgkin and R. D. Keynes, Symp. Soc. exp. B iol., 1954, 8, 423. 
82 M. B . R. Gore, Biochem. ]., 1951, 50, 18. 
63 J. C. Skou, Biochim. Biophys. A eta, 1957, 23, 394 ; 1960, 42, 6. 
61 H. Hess and A. Pope, Fed. Proc., 1957, 16, 196; J. Jii.rnefelt, Biochim. Biophys. 

Acta, 1961, 48, 104, 111; D. H. Deul and H. Mcilwain, unpublished work. · 
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response of isolated cerebral tissues to electrical excitation (Fig. 1) is lostl va 
when the tissues are kept in cold media 66 but can be restored by incubating! l3 
them with certain tissue extracts or blood-plasma preparations. The 20 
plasma fractions which were active contained glycoproteins and their re 
Potency was correlated with their content of neuraminic acid derivatives.66 sh 

11'] Activity in restoring excitability was shown by other neuraminic acid 
derivatives and was greatest in preparations of cerebral gangliosides 66 

which acted at O· l mg./ml. The inactive condition was found to be due to ai 
migration of basic proteins from the neurone nuclei to elsewhere in the n, 
tissue,67 and could be reproduced by addition of other basic proteins and tl 
peptides to normal cerebral tissues.67, 68 Both basic proteins 69 and ganglia- g, 
sides 70 became attached to the tissue during these interactions; the quantity fl; 

of gangliosides required as antagonist approximated to the quantity native st 
to the tissue.66 

When normal cerebral tissues were ground and fractionated by differential ri 
and density-gradient centrifugation, gangliosides were found in greatest 81 

quantities in fractions derived from membranes of the cell boundary or its s1 
endoplasmic reticulum,71 and these fractions possessed greatest ability to g 
combine with basic proteins.72 Protamines were among the most potent 0 

of the basic proteins and inhibited, not only the respiratory response of the t ; 

tissue to excitation, but also the loss of phosphocreatine shown in Fig. 1, a 
implying diminution in energy-consuming reactions. Protamines were fi 
without effect on the loss of I(+ during excitation but inhibited its subse- a 
quent reassimilation 73 and thus acted at a major system concerned with ion- n 
selection or active transport. The gangliosides thus appeared to be part of n 
such a system.73 s 

Other properties of gangliosides which indicate a role in neural activities 
concern a bacterial toxin and a virus. Tetanus toxin owes its spectacular c 
effects to action at motor or associated neurons of the central nervous c 
system.7' Mixing the crude 75 or purified 76 toxin with suspensions. of l 
cerebral tissue, and filtering, gives a fluid of diminished toxicity. Prepar
ations of cerebral lipids, especially sphingolipids, could be substituted for ~ 
the tissue suspension and the most active fraction contained gangliosides.77 1 

The toxin protein and the gangliosides were shown by ultracentrifugal and I 
electrophoretic examination to form complexes, which however remained I l 
soluble unless calcium salts and a cerebroside or sphingomyelin were 
present. Purified ganglioside fractions proved highly active, their potency 

•• N. Marks and H. Mcilwain, Biochem. ]. , 1059, 73, 401. 
•• H. Mcilwain, Biochem. ]., 1960, 76, 16P; 1961, 78, 24. 
67 H . Mcllwain, Biochem. ]., 1959, 73, 514. 
•• H . Mcilwain, J. Physiol ., 1960, 152, 60P. 
•• C. G. Thomson and H . Mcllwain, Bioclmn. ] ., 1961, 79, 342. 
10 S. Balakrishnan and H . Mcilwain, Biochem. ]., in the press. 
71 L. S. Wolfe, Biochem. ]., 1960, 77, 9P. 
72 L. S. Wolfe and H. Mcilwain, Biochem. ] ., 1960, 76, 65P; 1961, 78, 33. 
73 J. T. Cummins, H. Mcilwain, a nd R. J . Woodman, unpublished work. 
" V. B. Brooks, D. R. Curtis, and J.C. Eccles,]. Physiol., 1957, 135, 655. 
75 A. Wasserman and T. Takaki, Berlin. Klin. Wochschr., 1898, 35, 5; K. Land

steiner and A. Botteri, Z entr. Bakt. (Orig.). 1906, 42, 562. 
71 A. J . Fultborpe, J. Hyg., 1956, 54, 315. 
11 W. E. van Heyningen, J. Gen. Microbial ., 1959, 20, 291, 301, 310. 
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ti varying with N-acetylneuraminic acid content (see below) between 950 and 
5 1300 receptor units/mg., implying combination of 1 mg. of ganglioside with 
~ 20 mg. of toxin, of which 10-7 mg. is lethal to a mouse. Combination 
r required the N-acetylneuraminic acid portion of the molecule, but was not 
6 shown by other sialic acid derivatives such as ovine mucoid or a ganglioside-

like substance from horse erythrocytes.78 

Material in ganglioside preparations inhibits hcemagglutination 79, 80 

> and neurotoxicity 81 in certain influenza viruses. The viruses contain a 
neuraminidase 82 and the inhibitions have been ascribed to gangliosides 
themselves 80,81 and to associated neuraminic acid derivatives.711 Certain 
ganglioside preparations contain neuraminic acid residues not released by 

' neuraminidase and these preparations do not inhibit hcemagglutination but 
still fix tetanus toxin in proportion to their neuraminic acid content.83 

Characterisation of the gangliosides. Neuraminic acid, the subject of a 
recent Report,84 was recognised and named in 1941 as a distinctive con
stituent of a group of cerebral lipids which also contained fatty acids (mainly 
stearic), sphingosine, and galactose.85 These were subsequently named 
gangliosides 86 and prepared (Method a) from chloroform-methanol extracts 
of cerebral tissue from which phosphorus-containing compounds were 
removed by cadmium salts and cerebrosides by extraction with aqueous 
acetone; purification proceeded through lead salts, adsorption on alumina 
from a solution made in hot pyridine, and precipitation from hot glacial 
acetic acid. The product yielded 21-22% of a chromogen, in current 
nomenclature 82, 84 N-acetylneuraminic acid, which was obtained as its 
lllethyl glycoside. Galactosamine 87 was also found to be part of the ganglia
side molecule. 

It was at first suggested that normal brain contained only about 0· l % 
of its fresh }Veight of ganglioside and that this increased to about 1 % in 
certain lipidoses.88 By a simple chloroform-methanol (2: 1) extraction of 
brain, and partition dialysis (Method b) a distinctive glycolipid was found 
to constitute 0·7% of normal cerebral tissue and named strandin,89 but it 
'.'Vas subsequently found 90 to contain some 23% of N-acetylneuraminic acid 
in addition to each of the constituents already recognised in the gangliosides; 
Peptides were also present. Peptides were not present in material made 
by other methods 91 including that extracted from acetone-dried cerebral 

78 W. E. van Heyningen and P. Miller, ]. Gen. Microbial., 1961, 24, 107. 
79 A. Rosenberg, C. Howe, and E. Chargaff, Nature, 1956, 177, 234. 
80 S. Bogoch, Virology, 1957, 4, 458. 
81 S. Bogoch, P. Lynch, and A. S. Levine, Virology, 1959, 7, 161. 
82 A. Gottschalk, " The Chemistry and Biology of Sialic Acid and Related Sub-

stances," Cambridge, Univ. Press, 1960. 
83 A. W. Bernheimer and W. E. van Heyningen,]. Gen. Microbial., 1961, 24, 121. 
8

'
1 W. J. Whelan, Ann. Reports, 1957, 54, 319. 

85 E. Klenk, Z. physiol. Chem., 1941, 268, 50. 
86 E. I{Jenk, Z. physiol. Chem., 1942, 273, 76. 

1 
"' G. Blix, L. Svennerholm, and I. Werner, Acta Chem. Scand., 1950, 4. 717; E. 

(!enk, Z. physiol. Chem., 1951, 288, 216. 
88 E . Klenk, Proc. 1st Internat. Neurochem. Syrop., 1955, p. 397. 
89 J. Folch, S. Arsove, and J. A. Meath, J. Biol. Chem., 1951, 191, 819. 
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°0 H. Daun, Diss., Cologne, 1952; J. Folch, J. A. Meat:Ji, and S. Bogoch, Fed. Proc., 

956, 15, 254. 
91 L. Svennerholm, Acta Chem. Scand., 1956, 10, 694. 
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tissue by hot chloroform-methanol (1 : 2) (Method c) .91 Material prepared rn 
by Method b has also been termed 92 " brain mucolipid " which does not se 
appear an adequately specific description of the major group of cerebral N
sialmucolipids, for which it is suggested that the name " gangliosides " be 
retained; subsequent ganglioside preparations, based on Method a, have 
given yields approaching those from Method b. Brain also contains other tc 
acidic glycolipids 3 and protein-bound derivatives of neuraminic acid not b< 
soluble in lipid solvents; 91 also further ganglioside-like extractives are Ill 

yielded to chloroform-methanol (2: 1) in presence of the antitrypanosomal s~ 
drug suramin.93 w 

Properties and structure of gangliosides. The distinctive oil-water ~ 
solubility of ganglioside mixtures enables crude preparations to be made a, 
relatively easily and gives specificity to methods for their determination a· 
based on measurement of N-acetylneuraminic acid.66•94, 95 Although p 
extremely water-soluble after extraction, gangliosides appear to be in firm a, 
association in the tissue with other materials and are not extracted by a \\ 
variety of aqueous reagents. After extraction, e.g., by Method b (above) b 
they are easily washed out of chloroform-methanol by dilute aqueous salt c, 
solution; 95, 96 they are not easily diffusible 86, 89 and dialysis of the aqueous 0 
solution, followed by evaporation, gives a preparation containing 26-30o/o (: 
of N-acetylneurami11ic acid, representing an enrichment of about 300-fold g 
over the original cerebral content. a 

Ultracentrifugal measurement of molecular weight in aqueous solution f, 
has suggested values of 180,000-250,000 or more for material prepared by c 
Method b.89, 92, 97 Method a yielded material having M 1500 in dimethyl
formamide 98 and as this material also was non-diffusible in aqueous solu- c 
tion 86 a molecular weight of this order appears likely to represent the 
ganglioside molecule; the larger values will represent colloidal aggregates 91 

or micelles.78 Preparations b were salts of an acid of equiv. wt. 1200-
1500; 86, 89 they contained little sulphur or phosphorus and so were distinct 
from sulphatides and phosphatides. N-Acetylneuraminic acid, the only 
acidic moiety, was split from the molecule by mild acid-hydrolysis; 85,91,97,

98 

in the early stages of hydrolysis it is the only diffusible product and has 1 
therefore been considered to be a terminal grouping. Further hydrolysis 
of the residue yields also galactose and galactosamine and leaves a < 

cerebroside; the quantities involved led to tentative structures con
taining 2 cerebroside, 1-2 hexosamine, 2-3 hexose, and 2-3 neuraminic 
acid residues.88•97 Fractionation of gangliosides (Method c) on cellulose 
columns,99 ion-exchange resins,91 or silicic acid 78 has, however, yielded 

•• A. Rosenberg and E. Chargaff, ]. Biol. Chem., 1958, 232, 1031. 
93 S. Balakrishnan and H. l\'Icllwain, unpublished work. 
9·1 L. Svennerholm, Acta Soc. Med. Uppsalla, 1957, 62, l; Acta Chem. Scand., 1958, 

12. 547. 
• 5 C. Long and D. A. Staples, Biochem. ]., 1959, 73, 385. 
96 J. Folch, M. Lees, and G. H. Sloane-Stanley, J. Biol. Chem., 1957, 226, 497. 
97 S. Bogoch, Biochem. ]., 1958, 68, 319. 
98 E. Klenk and W. Gielen, Z. physiol. Chem., 1960, 319, 283; A. Rosenberg and 

E. Chargaff, Biochim. Biophys. Acta, 1960, 42, 357; J. D. Karkas and E. Chargaff, 
Biochim. Biophys. Acta, 1960, 42, 359. 

91 L. Svennerholm, Acta Chem. Scand., 1954, 8, 1108; R. Kuhn, Proc. 4th lnternat. 
Congr. Biochem., 1959, 1, 60. 



WHITTAM: CHEMICAL ASPECTS OF ACTIVE TRANSPORT. 379 

!d material of simpler molar ratios, for one of which was proposed the 
ot sequence: 100 

al N-Acetylneuraminic acid-N-acetylgalactosamine-galactose-glucose-sphingosine-
)e fatty acid 
re 
!f From products of methylation (which proved difficult and was achieved 
>t to the extent of 86%) and hydrolysis, provisional structural formulre have 
·e been proposed,98 one of which contains the above sequence. A second 
u lllaterial without hexosamine was considered to be present; others 78 have 

separated two ganglioside components both containing hexosamine, but 
~r With varying content of N-acetylneuraminic acid. Values quoted above for 
!e lv-acetylneuraminic acid in ganglioside preparations obtained by Method b 
n are higher than required by the preceding formula, implying the presence of 
h a further constituent. The separation of 8 or 9 ganglioside fractions by a 
n Partition method 101 appears likely to be related to micelle formation in 
a. aqueous solution; the material contained peptides which, it was concluded, 
:) Were an essential part of the molecule. However, the material was prepared 
t by Method b and lipophilic proteins and peptides are extractable from 
5 Cerebral tissue in conditions similar to Method b but to a smaller extent 
, 0 nly in those of Method c.102 One protein associated with ganglioside 
i (Method b) contained 35% of arginine 103 and firm associations between 

gangliosides and arginine-rich histones have been observed.66• 72,104 Many 

1 aspects of ganglioside chemistry remain to be solved, and at present the 
, formulation above may be regarded as a probable structure of one major 
_ component of the ganglioside mixture. 

Comment. Ion movements, reviewed in this and the following section, 
~onstitute very much the centre of neurochemistry. Their interpretation 
is now the subject of many hypotheses; one, concerning the active move
lllents of Na+ and K+, is based on evidence suggesting that the Na+- and 
!{+_activated adenosine triphosphatase acts in association with neuraminic 

, acid derivatives in utilising phosphate-bond energy for extrusion of Na+.105 

While not attempting appraisal here, it is to be noted that several such 
hypotheses have reached points at which purely chemical studies can make 
lllajor contributions; when, for example, stereochemical aspects of ganglio
side structure, or the kinetics of postulated metabolic changes, can become 
critical in choice of mechanism. 

H. Mel. 

4. CHEMICAL ASPECTS OF ACTIVE TRANSPORT 

h, view of the absence of previous Reports on active transport the present 
article will be devoted mainly to an outline of the problem and to the trans
port of alkali metals. A description of cation movements in certain cells 
and a discussion of recent chemical investigations will be made. General 

100 L. Svennerholm, Nature , 1956, 177, 824. 
101 H. L . Meltzer, ] . Biol. Chem., 1958, 233, 327. 
102 L . L. Uzman and M. K. Rumley, A rch. Biochem. Biophys., 1960, 89, 13. 
103 F. N. Le Baron and J. Folch, Physiol. Rev., 1957, 37, 539. 
'
0

' A. F. Harris and A. Saifer, ]. Neurochem., 1960, 5, 218, 383. 
t o & H. Mcilwain, Res. Publ. Assoc. Res. Nerv. Me11t. Dis., 1960, 40, in the press. 
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publications on the subject include a monograph,1 reviews,2 and proceedinglspec 
of symposia; 3 and related reviews have appeared on the transport of sugars,1ant1 
water,Sa fats,5b and amino-acids.6 ' 

Definition.-The potassium concentration in almost all the living cell! desc 
that have been studied is higher than in the fluid normally surroundint equ 
them, and in most cells the sodium concentration is lower than that outside.I ~it! 
These concentration gradients are not maintained by non-diffusible anion! otl 
located on one side of inert semi-permeable membranes, or by impermeable and 

membranes, because a leakage of potassium and an uptake of sodium occurl f0 t_ 
when the cell metabolism is inhibited. Radioactive tracers of these metal! ~a 
also reach approximate isotopic equilibrium between intracellular and extra· Witl 
cellular fluids in vivo under conditions such that the concentration gradients ~nl: 
remain constant.8 Further, potassium and sodium ions may be selectivel1 . rai 
transported into and out of cells against concentration and electrical poten· i~ 
tial gradients. These facts, together with similar facts about the transport, fit 
across membranes, of sugars, amino-acids, and carboxylic acids, raise the 1~ 
problem of "active transport ." 1 

It is worth stating first that the maintenance of concentration gradients . 
of alkali-metal ions across cell membranes generally is closely related to tht ~! 
problems of secretion and absorption. Secretion involves the elaboratio~ 0 t 
from one side of cells of material that is either absent or in low concentration ;a 
on the other side, and absorption implies the transport of material across e 
cells; in both cases, cells are joined together as an epithelium which separateS rne 
the fluid on each side of it. Whilst trans-cellular flow of material is there· ~e 
fore the property of certain epithelia only, active transport across ceU kir 
membranes appears to be a property of all cells whether they are bacteria 9 

~' 

or from plants 10 or animals.1 Secretion and absorption may be regarded aS \\lib 
1 

0 
1 E. J.' Harris, "Transport and Accumulation in Biological Systems," 2nd ed,, th1 

Butterworth's Sci~ntific Publications, London, 1960. Ce] 
8 A. L. Hodgkm, Proc. Roy. Soc., 1958, B, 148, 1; I. M. Glynn, Internat. Rev. Cytol., 

1959, 8,449; A. Leaf, Ann. New York Acad. Sci., 1959, 72,396; F. A. Fuhrman, Anti• eq 
Rev. Physiol., 1959, 21, 19; A. M. Shanes, Pharm. Rev., 1959, 10, 59. th, 

8 J. Coursaget (editor), "The Method of Isotopic Tracers Applied to the Study of h 
Active Ion Transport," Pergamon, London, 1959; Q. R. Murphy (editor), "Metabolic . a 
Aspects of Transport Across Cell Membranes," Univ. of Wisconsin Press, Madison, 101 
U.S.A., 1957; G. E.W. Wolstenholme and C. M. O'Conner (editors), Ciba Foundatioil th 
Study Group No, 5, "Regulation of the Inorganic Ion Content of Cells," J. and J\.. 
Churchill Ltd., London, 1960; A. M. Shanes (editor), "Electrolytes in Biological 
Systems," Amer. Physiol. Soc., Washington, D.C., 1955. al: 

' W. Wilbrandt, ]. Phann. Pharmacol., 1959, 11, 65; C. R. Park, D. Reinwein, a 
M. J. Henderson, E. Cadenas, and H. E . Morgan, Amer.]. Med., 1959, 26, 674; R. J3. 11 

Fisher, Brit. Med. Bull., 1960, 16, 224; P. J. Randle and F . G. Young, ibid., p. 237; of 
F . Bowyer, Internal. Rev. Cytol., 1957, 6, 469. W] 

6 (a) J. R. Robinson, Physiol. Rev. , 1960, 40, 112; R. P. Durbin, P. F. Curran, , . 
and A. K. Solomon, Adv. Biol. Med. Physics, 1958, 6, 1; (b) A. C. Frazer, Brit. IO 
Med. Bull., 1958, 14, 212; D. S. Fredrickson and R. S. Gordon, Physiol. Rev., 1958, fr, 
38.585. I 

• H. N. Christensen, Adv. Protein Chem., in the press. p . 
7 F. Brown and W . D. Stein in M. Florkin and H. S. Mason's (editors)," Comparative ' 

Biochemistry," Academic Press, London, Vol. II, 1960, p. 403. 
s A. Krogh, Proc. Roy. Soc., 1946, B, 133, 140. 2

3 9 P. Mitchell, Ann. Rev. Microbial., 1959, 13, 407; A. Rothstein, Bact. Rev., 1959, 
23, 175; H. A. Krebs, R. Whittam, and R. Hems, Biochem. ]., 1957, 66, 53. 

10 E. A. C. McRobbie and J. Dainty,]. Gen. Physiol., 1958, 42, 335; J. F . Sutcliffe, ll 
Biol. Rev. Camb. Phil. Soc., 1959, 34, 159; R. N. Robertson, ibid., 1960, 35, 231. 
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:lin~specialised aspects of active transport in which the transport is predomin
rars,1antly in one direction across a layer of cells. 
' Active transport may be said to occur when ion movements cannot be 
cell! described by the forces of diffusion, the membrane potential, or a Donnan 

1dinlequilibrium and, instead, depend on chemical reactions intimately connected 
:ide_f With metabolism. A rigorous definition is a movement occurring against 
iioni both a concentration and an electrical potential (or electrochemical) gradient 
!able and hence, more generally, from a phase of low to one of high electrochemical 
:cur. Potential.11,12 The direction of active movements is, therefore, opposite to 
eta.Is that which would cause the cell to approach thermodynamic equilibrium 
ctra· With its environment. This means that energy must be provided, and the 
ents only possible source is metabolism. The fundamental problems of active 
velY ~ransport are the chemical nature of the mechanism responsible for these 
,ten· ion movements and the way in which the transport is linked to metabolism. 
>ort, Kinetic and metabolic aspects of active cation transport will be considered 
the first, because these have established the facts and characterised the process. 

1'he basic theories will then be discussed. 
ents Kinetics.-Very many data (referred to as flux data) on the rates of 
the migration of sodium and potassium ions across membranes have been 

tioO obtained with 24Na and 42K under conditions such that a steady state was 
tioP maintained. (For discussions of the steady state in biology, see ref. 13.) 
ross Net changes in concentrations have also been measured by flame-photo
ateS metric analysis; both kinds of data show some common features in the move
ere· ments of sodium and potassium ions that occur across membranes of different 
ceJI kinds of cells. The most precise information has been obtained with muscle 
-ia 9 and nerve fibres, in which the membrane potential can be measured, and 
i a5 With red blood cells, in which the membrane potential can be regarded as 

both small and constant. Although the latter has never been measured, 
ed,, the distribution of chloride between the inside and the outside of human red 
,tol.. cells depends primarily 14 on pH and appears to be determined by a Donnan 
!nt1• equilibrium created mainly by hremoglobin; it is reasonable to suppose that 
'f oi the potential difference is similarly dependent. Essentially, the experiments 
,oJic have been concerned with the measurement of the rates of movement of 
!?n, ions into and out of cells and with the effect on these movements of varying :ir the composition of the saline medium in which the cells are immersed. 
ical After it had been established in the early experiments with tracers, 
·n about 1941, that cell membranes generally were permeable to both sodium 

eB'. and potassium ions,8•15 two concepts arose to explain the uneven distribution 
37; of these ions across the membrane. First, there is the membrane hypothesis, 
an, '.Nhich supposes that the intracellular ions are almost completel.Y, freely 
,u. / ionised and that the selectivity of cells towards sodium and potassium arises 
'58• from chemical forces, by which they are moved across the membranes of 

I 1> 11 T. Rosenberg and W. Wilbrandt, Internal. Rev. Cytol., 1952, 1, 65; I. M. Glynn, 
ive rogr. Biophys-ics Biopliys. Chem., 1957, 8, 241. 

12 H . H. Ussing, Physiol. Rev., 1949, 29, 127; Nature, 1947, 160,262. 

2 
18 E . J. Conway, Physiol. Rev., 1957, 37, 84; A. von Bertalanffy, Science, 1950, 111, 

59, a. 
14 E. J. Harris and M. Maizels, ]. Physiol., 1952, 118, 40. 

ffe, l 15 W. 0. Fenn, T. R. Noonan, L. G. Mullins, and L. ~aege, Amer.]. Physiol., 1941, 
35, 149; L.A. Hahn, G. C. Hevesy, and 0. H . Rebbe, Biochem. ]., 1939, 33, 1549. 
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living cells, metabolic _energy being used to accumulate potassium and tomusc 
expel sodium. A substance in the membrane is thought to combine speci!both 
fically with the ion to be actively transported and the complex then -diffusesconce 
across the membrane.16- 18 By liberating the ion at the opposite face ofthan 
the membrane, a concentration gradient for the complex can be set up intratic 
the direction of transport. Mathematical equations describing the kinetics~han1 
of this system have been derived but almost nothing is known about the~nwa1 
chemical nature of the carrier molecules. Secondly, there is the view thatln th 
the high potassium concentration inside cells is due to the intracellular bind- thro, 
ing of this ion in preference to sodium. concc 

The membrane hypothesis. The evidence for the membrane hypothesis for p 
is: (1) The interior of muscle and nerve fibres is at a uniform potential I 
about 50-95 mv negative with respect to the outside, and the potential discr 
drop apparently occurs abruptly over a depth of less than 1 µ when the that 
microelectrode impales the membrane.19 (2) Intracellular 42K in cuttlefish With 
nerve axons 20 and in frog muscle fibres 21 moves down a longitudinal voltage mov, 
gradient with a mobility similar to that of potassium ions in potassiurJI and 
chloride solution. Further, osmotic balance suggests that almost all the Pass 
internal potassium ions must contribute towards the intracellular osmotic bran 
pressure.22 (3) The time course of the exchange of 24Na and 42K between !hat 
the inside and the outside of single muscle 23 and nerve fibres 24 follows simple lil o 
exponential laws for first-order processes, as is to be expected for a two- tnov 
phase system in which the membrane is the main barrier to diffusion. A ex.tr 
small amount of sodium less mobile than the bulk of the sodium in the fibreS the 
has been reported,25 but it is probably bound in connective tissue at the of p 
ends of the muscle. The general applicability of first-order kinetics to the ax.01 
exchanges . of ions across cell membranes has, however, been doubted i,i!CI Pote 
on the grounds that diffusion within cells is rate-limiting as well as the the 
transfer across the membrane. (4) The membrane resting potential agrees Pot. 
well with that predicted by the Nernst equation diffi. 

E _ RT 1n activity of potassium inside 
- F activity of potassium outside 

where E is the membrane potential, and RT and F have their usual mean
ings. 27 Concentrations have been used in the equation instead of activities, 
but it is perhaps reasonable to assume that the activity coefficients are close 
to unity. The dependence of the potential difference of frog striated 

16 J. F. Danielli, Symp. Soc. Exp. Biol., 1954, 8, 502. 
17 A. L. Hodgkin and R. D. Keynes, J. Physiol., 1955, 128. 28. 
18 T._ I. Shaw, J. Physiol., 1055, 129, 464. 
19 A. L. Hodgkin, Biol. Rev. Camb. Phil. Soc., 1951, 26. 339. 
20 A. L. Hodgkin and R. D. Keynes, J. Physiol., 1953, 119, 513. 
11 E. J. Harris, J. Physiol .. 1954, 124, 248. 
•• E. J. Conway and J. I. McCormack, J. Physiol., 1053, 120, 1. 
23 A. L. Hodgkin and P. Horowicz, J. Physiol., 1059, 145, 405. 
H R. D. Keynes, J. Physiol., 1951, 114, 119; A. M. Shanes and M. D. Bermann, 

J. Gen. Physiol., 1955, 39, 279. 
u E. J. Harris and H.B. Steinbach,]. Physiol., 1956, 133, 385. 
25 E. J. Harris,]. Gen. Physiol., 1957, 41. 169; C. Edwards and E. J. Harris, ]. 

Physiol., 1957, 135, 567. 
27 G. Ling and R. W. Gerard, Nature, 1950, 165, 113. 
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tornuscle on the distribution of potassium at equilibrium holds for a variation 
~ciJboth of internal and of external potassium.28 When the external potassium 
sesconcentration was rapidly raised, the resulting depolarisation was faster 
olthan the repolarisation found when a high external potassium concen

. intration was rapidly lowered.29, 3° Chemical estimations show that these 
:icschanges are correlated with a movement of potassium chloride that is faster 
theinwards that outwards.30 These observations recall the rectification effect 
1atin the muscle membrane that was in the same direction.31 The above facts 
1d- throw doubt on the alternative hypothesis that the high internal potassium 

concentration is due to binding to (unknown) compounds with a high affinity 
•sis for potassium,32 but discussion on this controversial matter continues.33•34 

ial Inter-relation of ion movements. That the membrane is the site of the 
ial discrimination between sodium and potassium is suggested by the linkage 
he that has been observed between part of the outward movement of sodium 
.sh With part of the inward movement of potassium. Whilst the outward 
.ge movement of sodium is clearly active, for it is against both a concentration 
trJI and an electrical gradient, the inward movement of potassium might be 
he Passive and occur to maintain electroneutrality or as a result of the mem
tic hrane potential. Further, it would not be evidence of a linkage to show 
en ~hat metabolic inhibitors cause passive movements of sodium and potassium 
>le 1n opposite directions, for this would be expected even if the potassium 
·o- lllovements were consequential to the sodium movements. However, the 
A extrusion of sodium from frog muscle requires the presence of potassium in 

·es the saline medium,35 and a similar reduction in sodium efflux -after removal 
he of potassium from the outside solution has been shown in Sepia giant nerve 
he axons 17 and in horse 18 and human 36,37 red cells. The maintenance of the 
•26 Potassium concentration in brain-cortex slices is also partly dependent on 
he the presence of sodium in the medium.38 The effect of the external 
es Potassium concentration on the outward movement of sodium from cells is -

difficult to explain other than by a chemical reaction in the membrane that 
~imultaneously, causes a movement of sodium outwards and of potassium 
inwards. 

To test whether part of the sodium efflux from frog muscle was dependent 
11- also on the presence of sodium in the outside solution, a detailed study of 
s, the efflux of sodium was made when lithium and choline were substituted 
;e for sodium in the external solution. A one-to-one exchange of internal 
d Sodium for external sodium would not cause a net movement and could be 

1, 

r. 

similar to the exchange of ions between a cation-exchange resin and a 

28 R. H . Adrian, J. Physiol., 1956, 133, 631. 
" 9 A. L. Hodgkin and P. Horowicz, J. Physiol., 1959, 148, 127. 
00 R. H. Adrian, J. Physiol., 1960, 151, 154. 
3 1 B. Katz, Arch. Sci. physiol., 1949, 3, 285. 

l 32 G. Ling, J. Gen. Physiol., 1960, 43, supplement, 149 ; S. E. Simon, Nature, 1959, 
84. 1978. 

83 L. M. Chailakhian, Biophysics, 1959, 4, 1; A. S. Troskin, ibid., 1960, 5, 104. 
34 E. J. Conway, J. Gen. Physiol., 1960, 43, supplement, 17. 
" 5 R. D. Keynes, Proc. Roy. Soc., 1954, B, 142, 359. 
38 E. J . Harris and M. Maizels, J. Physiol., 1951, 113, 506. 
37 I. M. Glynn, ] . Physiol., 1956, 134, 278. 

J 
38 H . M. Pappius, M. Rosenfeld, D. McL. Johnson, and K. A. C. Elliott, Canad. 

· Biochem. Physiol., 1958, 36, 217. 
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solution, and for cases where this kind of exchange is apparently mediat whicl 
by a carrier in the membrane the term exchange diffusion has been su re-ac 
gested.12 It was shown by Keynes and Swan 39 that the sodium efflux waJ cenb 
reversibly reduced by about 50% in the absence of external sodium, anl leaks 
the suggestion of exchange diffusion thus received experimental support hour 
The effect of removing external sodium was found to add to that of removin! of p< 
external potassium, which had earlier been shown in itself to reduce sodi~ hydr 
efflux.35 The outward movement of tracer sodium from frog muscle JS sodi, 
therefore coupled partly to an inward movement of sodium and partly to aJI such 
inward movement of potassium. A linkage between movements of sodi1Jlll acfo 
and of potassium has also been found in rat skeletal muscle, in which th1 cells 
sodium efflux was affected by the concentrations of both sodium and potas· acti, 
sium in the bathing solution; the potassium uptake was also facilitated bY firm 
the presence of sodium.40 Part of the sodium efflux from human red cel!S the 
can also be ascribed to exchange diffusion, as it persists in the absence of cent 
glucose and of external potassium.37 Kinetic studies with both human red due 
cells and striated muscle therefore show that the movements of sodium and 
potassium across membranes are partly coupled in a way which does not gra< 
seem to be a simple requirement of maintaining electroneutrality. of 1 

Metabolic Aspects.-There has been much interest in the effects of meta· ana 
bolism on the distribution and rates of movements of ions across meJll' rnoi 
branes, because a knowledge of the way in which metabolism is linked to gly< 
active transport is almost certain to throw light on the chemistry of the Th( 
transport process. Tissues and cells appear to fall into three groups aS bal: 
regards their dependence on metabolism for active transport. First, there are 
are mammalian red cells which do not respire very markedly and depend abi 
on glycolysis for energy for active transport. Then there are cells which resi 
derive energy from either respiration or glycolysis, depending on whether ani 
they are incubated aerobically or anaerobically. These cells exhibit a high car 
Pasteur effect in being able to adapt metabolically to the deprivation of inc 
oxygen by increasing their rate of lactic acid production. This metabolic are 
phenomenon is characteristic of fretal tissue and of rapidly dividing cells, lys 
such as those in cancerous tissues and some epithelia.41 A third kind of cell wa 
depends almost entirely on respiration because the rate of glycolysis is too gl) 
low anaerobically to provide sufficient energy. The only common features fre 
in the various kinds of dependence on metabolism are the synthesis of ATI' 
from ADP, and the oxidation and reduction of co-enzyme 1 (DPN); evidence! 
will be noted later which suggests that a supply of ATP is the requirement 
from metabolism for active transport. 

Dependence on glycolysis. Human red blood cells were among the first E:c 
living cells to be shown to require energy from metabolism for the mainten· 
ance of concentration gradients of alkali metals, as distinct from processes 
of absorption and secretion which have long been known to require metabolic A. 

energy. During cold storage of blood at 4°, the red cells lose potassium 42 

39 R. D. Keynes and R. C. Swan,]. Physiol., 1959, 147, 591. 
• 0 H . McLennan, Biochim. Biophys. Acta, 1957, 24, 333. 13 
41 0. Warburg, Science, 1956, 123, 309. 
41 M. Maizels and N. Whittaker, Lancet, 1940, I, 590; C. B. B. Downman, J. O. lI 

Oliver, and I. M. Young, Brit. Med.]., 1940, I, 559. 
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ate Which can be regained when the temperature is raised to 37°.43•44 The 
su~ re-accumulation of potassium requires glucose and is blocked by low con-1 centrations of fluoride and iodoacetate which inhibit glycolysis.43•45 Sodium 
~ leaks into cells at 4°, but is expelled again when they are warmed for some 

>~ I hours after cold storage, and glucose is also required.44 Active accumulation 
~1~ of potassium occurs also in fermenting yeast with considerable specificity, 
m., hydrogen ions being liberated into the medium in exchange for potassium; 46 

e ~ sodium can also be expelled actively from yeast.47 Inhibitors of respiration 
~urli such as malonate, azide, cyanide, and fluoroacetate have no effect on the 
\he active movements in red cells.48 Similar results have been found with red 

cells of other mammals, such as rabbit, horse, and dog.49 The normal 
tas· a t· f d' d . . h d bY c 1ve transport o so mm an potassmm m uman re cells depends on a 

US firm union of calcium in the membrane, because once this bond is broken 
e f the cells become highly permeable to electrolytes.60 The effect of high con
: d centrations of fluoride in rendering the cells permeable to ions 51 is probably 
red due to removal of calcium from the membrane. 
Lnt An ability to transport sodium and potassium ions against concentration 
10 gradients both aerobically and anaerobically has been demonstrated in slices 

of the cortex cut from kidneys of new-born rabbits and rats.112 During ta: m- anaerobic incubation in a medium 5 mM in potassium, the tissue retained 
to tnore potassium (about 65 m.-equiv. per kg. of tissue) than it did when 

:ht glycolysis was inhibited with iodoacetate (about 25 mmole per kg. wet wt.). 
as The loss of potassium on inhibition of both respiration and glycolysis was 

balanced by a gain of sodium. Immature young animals of some species 
!ft 
nd are able to survive anoxia for appreciable periods (about 30 min.),63 and the 
c!J ability of kidney slices to prevent a loss of potassium is one aspect of the 

resistance to anoxia which is not shown by the same tissue from adult .er ,-Ji animals of the same species. Slices of seminal vesicle mucosa of guinea pigs 
~f can also transport ions actively during anaerobic, as well as during aerobic, 

incubation.64 Ascites tumour cells manifest a marked Pasteur effort and jc 
are able to expel sodium actively provided that either respiration or glyco-;1 lysis is allowed. Thus, no fall in sodium efflux occurred when respiration 
Was depressed with cyanide, but further addition of iodoacetate, to inhibit 

)0 
glycolysis also, did cause a fall in the efflux.65 The potassium influx into 

~s f P resh duck red cells, which are nucleated and can both respire and glycolyse, 

43 J. E. Harris, J. B iol. Chem., 1941, 141, 579. 
44 M. Maizels, ]. Physiol., 1949, 108, 247. 
46 T. S. Danowski, ]. Biol. Chem., 1941, 139, 693. 
u E. J. Conway and E. O'Malley, Biochem. ] ., 1946, 40, 59; A. Rothstein and L. H. 

;t Enns,]. Cell. Compt. Physiol., 1946, 28, 231. 
47 E. J. Conway and D . Hingerty, Biochem. ]., 1953, 55, 455. 
48 M. Maizels, ] . Physiol., 1951, 112, 59. 

S •• M. Maizels, Symp. Soc. Exp. Biol., 1954, 8, 202; H. S. Frazier, A. Sicular, and 
c A. K. Solomon, ] . Gen. Physiol., 1954, 37, 631. 
2 

60 V. Bolingbroke and M. Maizels, J. Physiol., 1959,. 149, 563. 
61 R. E . Eckel, Amer. ]. Physiol., 1954, 179, 632. 
62 R. Whittam, J. Physiol., 1960, 153, 358. 
61 J. F. Fazekas, F. A. D. Alexander, and H. E. Himwich, Amer.]. Physiol., 1941, 

134, 281, 
64 H. J. Breuer and R. Whittam, ]. Physiol., 1957, 131, 213; R. Whittam and 

Ii. J. Breuer, Biochem. ]., 1959, 72, 638. 
•• M. Maizels, M. Remington, and R. Truscoe, ]. Physiol., 1958, 140, 80. 
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appears to be greater under anaerobic conditions that aerobically, although Sli 
the effect depends on the external potassium concentration.56 Another When 
example of active transport independent of respiration is potassium uptake of inl 
by rabbit polymorphonuclear leucocytes, in which the rate of glycolysis and cells e 
also the rate of potassium uptake are increased when the respiration is condi 
inhibited by cyanide. In these cells, there seem to be separate mechanisms there 
for the uptake of potassium and the extrusion of sodium, but both these of wa 
active transfers, which occur after a period of storage at 4°, depend on that 
glycolysis rather than respiration.57 A net trans-cellular movement of view 
sodium chloride across anaerobic frog skin separating two pools of the same press 
fluid suggests that ~his tissue is able to transport sodium anaerobically, state 
although at a much lower rate than that is found aerobically.58 The trans· the E 

port was measured as the current flow across the short-circuited skin, which, acco1 
under aerobic conditions, has been shown to arise from the active transport failu: 
of sodium.59 sodh 

Dependence on respiration. By far the largest group of tissues is that entr, 
requiring oxygen for active transport. The study of the effects of a variety extr. 
of conditions (cooling, cyanide, anoxia) causing either inhibition of respir· cons 
ation or (2,4-dinitrophenol) an uncoupling of the supply of ATP from Whic 
respiration has shown that the following tissues require the normal respir· \ Wat( 
atory activity and concomitant formation of ATP: brain 60,61 and kidney 62 1 
cortex slices from adult guinea pigs and rabbits, retina of the ox,60 rat j Thu 
diaphragm 63 and skeletal muscle,64 and giant nerve axons of squids.17•65 ~he) 
Inhibition of respiration in this group of tissues causes a net gain of sodium in s1 
and a net loss of potassium, and these changes can usually be reversed by stor 
restoring the respiration. It is certain that sodium is actively expelled from cya1 
the cells, but in tissue slices the potential difference across the membranes is of i 
not accurately known, although in the cells that have been studied, the inside rnui 
is negative to the outside.66 It is therefore difficult to decide whether add 
potassium is actively transported inwards or whether it is attracted inwards sho 
by the internal negative electrical potential. The inhibition of metabolism allo 
may, therefore, cause a leakage of potassium because of an inhibition of an for 
active transport mechanism for potassium, or as a secondary effect because sim 
another cation must move in an opposite direction to preserve electro· 
neutrality when a net entry of sodium occurs. These possibilities cannot ine 
be distinguished until the membrane potential is known. 

44, 
51 D. C. Tosteson and J. S. Robertson, J. Cell. Compt. Physiol., 1956, 47, 147. 
57 P. Eisbach and I. L. Schwartz, ]. Gen. Physiol., 1959, 42, 883. 34, 
58 A. Leaf and A. Renshaw, Biochem. ]., 1957, 65, 90. 
59 H. H. Ussing and K. Zerahn, Acta Physiol. Scand., 1951, 23, 110. 
6° C. Terner, L. V. Eggleston, and H. A. Krebs, Biochem. ]., 1949, 47, 139. Pai 
81 H. A. Pappius and K. A. C. Elliott, Canad. ]. Biochem. Physiol., 1956, 34, 1053. 
•• H. A. Krebs, L . V. Eggleston, and C. Terner, Biochem. ]., 1951, 48, 530; G. H. 

Mudge, Amer.]. Physiol., 1951, 165, 113; R. Whittam and R. E. Davies, Biocl1em. ]., 
1953, 55, 880; H. Aebi, H elv. Physiol. Pharmacol. Acta, 1953, 11, 96; I. Deyrup,' Amer. Ph 
]. Physiol., 1953, 175, 349. J .. 

83 R. Creese, Proc. Roy. Soc., 1954, B , 142, 497; E. Calkins, I. M. Taylor, and A. B. 191 
Hastings, Amer. ]. Physiol., 1954, 177, 211. 

et H. McLennan, Biochim. Biophys. Acta, 1956, 22, 30. 
65 A. M. Shares and M. D. Berman, J. Gen. Physiol., 1955, 39, 279. 
66 C.-L. Li and H . Mcilwain, J. Physiol., 1957, 139, 178. 
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;h Slices of brain 67,68 and kidney cortex 69 and of liver 70 swell considerably 
er When the aerobic metabolism is reduced either by cooling or by the addition 
,e of inhibitors at 37°. The swelling is due to an entry of water into the 
1d cells 69• 71 and, in kidney slices, the water content decreases when optimum 
is conditions for respiration at 37° are restored. The uptake of water is 
1s therefore reversible. Although it was held that the prevention of the entry 
;e of water into respiring cells may itself require energy,72 on the supposition 
n that the intracellular osmotic pressure was greater than that outside, this 
>f view is no longer tenable.5a Direct cryoscopic measurements of osmotic 
1e pressure have shown that no activity gradient of water exists, whatever the 
r, state of hydration of the cells.22•73 Furthermore, to a first approximation, 
;- the entry of water into cells in metabolically unfavourable conditions is 
t, accompanied by an entry of sodium chloride, which may be ascribed to a 
t failure of the active transport mechanism for sodium.74 The entry of 

sodium is therefore balanced partly by a loss of potassium and partly by an 
t entry of chloride,71 and the net uptake of sodium chloride is in the form of 
y extracellular fluid. The maintenance of the normal volume of cells may be 
· considered to depend upon the active transport mechanism for sodium 
1 Which can thus be seen to occupy a central position in the control of the 
· Water, chloride, and potassium concentrations of the cells. 
1 The results obtained with sartorius muscles from frogs are conflicting. 
t ' 1'hus, cyanide did not cause a net loss of potassium from frog muscles when 

they were in a condition close to the state in vivo,75 nor did it cause a change 
1 in sodium efflux from muscles containing a high sodium concentration after 
' storage for several hours at 4°.76 Other recent work, however, shows that 
1 cyanide and anoxia inhibit net sodium extrusion by 60% during a period 

of incubation after the muscles had been soaked overnight at 0°.77 The 
muscle sodium concentration also decreased when 2,4-dinitrophenol was 
added at a concentration that inhibited oxidative phosphorylation. lt 
should be noted that the large store of creatine phosphate in striated muscle 
allows contraction to continue even after poisoning and may also account 
for the apparent insensitivity of sodium extrusion towards inhibitors by a 
similar provision of ATP from the operation of creatine phosphokinase. 

The Redox Pump Theory.-A theory to explain how energy derived from 
Inetabolism may be linked to active movements of cations has been formul-

67 J. R. Stern, L. V. Eggleston, R. Hems, and H . A. Krebs, Biochem. ]., 1949, 
44,410. · 

68 H. M. Pappius and K. A. C. Elliott, Canad. ] . Biochem. Physiol., 1956, 
34, 1007. . 

•• J. R. Robinson, Proc. Roy. Soc., 1950, B, 137, 378. 
70 J. R. Robinson, Proc. Roy. Soc., 1952, B, 140, 135; K D. Heckmann and D. S. 

Parsons, Biochim. Biophys. Acta, 1959, 36, 203, 213. 
71 R. Whittam, J. Physiol., 1956, 131, 542. 
12 J. R. Robinson, Biol. Rev. Camb. Phil. Soc., 1953, 28, 158. 
' 8 J. W. T. Appelboom, W. A. Brodsky, W. S. Tuttle, and I. Diamond, J. Gen. 

Physiol., 1958, 41, 1153 ; W. A. Brodksy, J. W. Appleboom, W. H. Dennis, W. S. Rehm, r W. Miley, and I. Diamond, ibid., 1956, 40, 183; R. H. Maffly and A. Leaf, ibid., 
959, 42, 1257. 

" A. Leaf, Biochem. ]., 1956, 62, 241. 
73 R. D. Keynes and G. W. Maisel, Proc. Roy. Soc., 1954, B, 142, 383. 
76 H . S. Frazier and R. D. Keynes,]. Physiol., 1959, 148, 362. 
17 M. J. Carey, E. J. Conway, and R. P. Kernan,]. Physiol., 1959, 148, 61. 
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ated by Conway.3• 78 although Lund 79 first introduced the concept of oxido-cell 
reduction as sources of bioelectric phenomena in cells. A redox theory forcan 
active accumulation of anions by plants has been formulated; 80 a similarapI 
concept to account for the secretion of hydrochloric acid was proposed,81 \Vh, 
and later modified to account for high rates of secretion.82 The crux of the:all 
hypothesis is that the flow of electrons through the reduction- oxidation infl 
chain of reactions of the cytochrome system liberates hydrogen ions, frolll the 
the hydrogen of metabolites, at a site in the cell different from that where tha 
the electrons are accepted by oxygen to form hydroxyl ions. The reactions to · 
depend on the oxidation and reduction of iron: als 

4FeH + 4H = 4Fel+ + 4H+ 
4Fel+ + 2H10 + 0 1 = 4FeH + 40H-

cer 
Wi1 
tra 

2Hp + 0 1 = 4H+ + 40H- pn 
The theory suggests that hydrogen ions are either secreted or are free to co· 
exchange with other cations across the cell membrane, instead of combining lin 
with hydroxyl ions to form water. The high specificity of the transport inJ 
mechanism presents a difficulty, which is overcome, however, by postulating be 
that a membrane carrier is directly connected with the iron pigments in the 
cytochrome chain. A recent account of this theory stresses the importance ha 
of the size of the hydrated cations that may exchange for hydrogen ions.34 ha 
It follows that, if sodium and potassium ions are transported as a secondary ac 
exchange with hydrogen ions, then four is the maximum number of ions that to 
could be moved per molecule of oxygen reduced. or 

A critical test of the theory has been made with frog skin where the sodiurn so 
ions actively transported across the short-circuited epithelium were shown a1 
to range from 2-13 per molecule of oxygen consumed.83 The sodium fluJC tc 
across the skin accounts for the current flowing when identical solutions on s, 
opposite sides of the skin are short-circuited to abolish the potential differ- st 
ence that normally exists.59 Similar results have been obtained with toad e1 
bladder,84 and appear to invalidate for these tissues a simple mechanism of c1 
active transport causally linked to the oxidation and reduction of iron- s, 
containing compounds in the cell. The question is still open as regards frog c, 
sartorius muscle for, as described above, similar experiments have given a 
conflicting results. 76• 77 le 

Role of ATP.-An alternative to the redox pump as the link between e 
metabolism and ion transport is a mechanism dependent on a supply of ATP, t 
which is synthesised during both respiration and glycolysis. This possibility 
has recently received much attention as it might apply generally to anaerobic, 
as well as to aerobic, active transport. 

Red cells. Two kinds of experiment have been made with human_ red ~ 
78 E. J. Conway, Internal. Rev. Cytol., 1953, 2, 419; 1955, 4, 377. 
79 E. J. Lund, J. Exptl. Zool., 1028, 51, 265. 
• 0 H. Lundegardh, Symp. Soc. exp. B iol., 1054, 8, 262; Nature, 1939, 143, 203. 
81 E . E . Crane, R. E. Davies, and N. M. Longmuir, Biochem. ] ., 1948, 43, 321. 
82 R. E . Davies and A.G. Ogston, Biochem. ]. , 1950, 46, 324. 
83 A. Leaf and A. Renshaw, Biochem. ]., 1957, 65, 82; K. Zerahn, Acta Physiol. 

Scand., 1956, 36, 306. 
H A. Leaf, L.B. Page, and J. Anderson, J. Biol. Chem., 1959, 234, 1625; A. Leaf, 

J. Anderson, and L.B. Page, J. Gen. Physiol., 1958, 41, 657. 
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o-cells to find out whether the active movements of sodium and potassium 
orcan occur in the absence of metabolism provided ATP is available. One 
:irapproach was to measure the potassium influx into cells deprived of glucose 
.81 iWhen they contained different amounts of endogenous ATP, to see whether 
1e !alling concentrations of ATP were associated with reduced rates of potassium 
inlilflux. After allowance for some production of ATP from ADP owing to 
n the metabolism of endogenous phosphorylated intermediates, it was shown 
:e that the potassium influx, measured at hourly intervals, was linearly related 
LS ~o the amount of ATP hydrolysed in the same time.85 A similar result has 

lalso been quoted in an abstract.86 Studies of net changes in potassium con
centration also show that the prevention of a loss of potassium is correlated 
With the hydrolysis and re-synthesis of ATP.85•87 The fall in ATP concen
tration and potassium influx caused by metabolic inhibitors is not in itself 
Proof that the active transport depends on ATP, because the inhibitors 

o c_ould affect the transport and metabolic processes separately without a 
g ~nk via ATP existing between them. The correlation between potassium 
t influx and the rate of hydrolysis of ATP suggested, however, that ATP may 
s be a link between metabolism and active transport. 
~ A more direct approach has made use of the phenomenon of reversible 
~ hcemolysis. When red cells are lysed, the membranes become permeable to 
1 hcemoglobin and other solutes within the cell, and yet the subsequent 
' addition of 3M-sodium chloride to restore isotonicity causes the membranes 

to become again impermeable to hremoglobin.88•89 The reconstituted cells, 
0r ghosts, behave as osmometers 90 in solutions of various non-penetrating 
Solutes. Ghosts with a low permeability towards sodium and potassium 
are best prepared by incubating the hremolysate, after the addition of salt 
to restore isotonicity, for about 30 min. at 37°.91 The ghosts may then be 
suspended in a physiological saline medium and their membrane properties 
studied in the absence of the complications that arise from the presence of 
endogenous me~abolites, which are removed during lysis. Reconstituted 
Cells prepared in this way have been shown to accumulate potassium when a 
substrate for glycolysis is provided.92 Ghosts have also been prepared from 
cells that had been lysed in a dilute solution of ATP, and an active accumul
ation of potassium, insensitive to arsenate, was found in the absence of 
lactic acid production.93 Hoffman 94 reports that ATP supports an active 
efflux of sodium which does not occur with inosine triphosphate or ADP; 
this work has not been described in full, but it appears from the abstracts 

85 R. Whittam, ]. Physiol., 1958, 140, 479. 
86 E. T. Dunham, Fed. Proc., 1957, 16, 33. 
87 E. Gerlach, A. Fleckenstein, and E. Gross, Pflug. Arch. ges. Physiol., 1958, 266, 

t28; E. Gerlach, A. Fleckenstein, and K. J. Freundt, ibid., 1957, 263, 682; T. A. J. 
rankerd and K. I. Altman, Biochem. ]., 1054, 58, 622. 

88 L. E. Bayliss, ]. Physiol., 1924, 59, 48. 
89 J. F . Hoffman, ]. Gen. Physiol., 1959, 42, 9. 
• 0 T. Teorell, ]. Gen. Physiol., 1952, 35, 669. 
91 J. F. Hoffman, D. C. Tosteson, and R. Whittam, Nature , 1960, 185, 186. 
• 2 J. F . Hoffman and D. C. Tosteson, Proc. 20th Internat. Physiol. Congr., 1956, 

P. 429. . 
l 98 G. Gardos, Acta Physiol. Acad. Sci. Hung., 1954, 6, 191; F. B. Straub, ibid., 
954, 4, 235. 

u J. F. Hoffman, Fed . Proc., 1960, 127. 
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that human red-cell membranes are able selectively to transport sodiu gi 
and potassium ions against concentration gradients provided ATP is presell in 
and in the absence of lactic acid production. P1 

Nerve. Three papers have appeared giving results on the effects of th m 
injection of ATP and other phosphate esters on the efflux of sodium fro!II . 
squid giant nerve axons. It had been shown previously that the sodiu!II hl 
efflux and potassium influx in giant axons of cephalopods are reduced bi ~1 

metabolic inhibitors 17 and by anoxia,65 and this work raised the questio u: 
whether their effects might be due to interference with reactions involvin fc 
ATP. Caldwell 95 showed that cyanide and 2,4--dinitrophenol, at suitabll h 
pH,96 caused falls in the concentrations of ATP and arginine phosphate tha1 u 
ran parallel with the reductions that these inhibitors caused in the sodiull1 d 
efflux. A technique had been developed for the injection of material into t, 
giant axons by means of a fine pipette attached to a syringe inserted longi· tl 
tudinally,97 and this method was used for the injection of phosphate esters c: 
into poisoned axons, in which the normal active transport of sodium waS si 

t: blocked. The injection of arginine phosphate or phosphoenolpyruvate 
restored the normal efflux of sodium that is coupled to the entry of potassiuJll, 
and the injection of ATP increased only the sodium efflux that is indepen' n 
dent of potassium influx.98 Thus, the effects of arginine phosphate and o~ (, 
phosphoenolpyruvate on the sodium efflux were abolished by the removal o

1 
v 

potassium from the outside saline medium, although the effect of ATP w4 a 
unaltered. It is suggested that the greater effects of arginine phosphate an i 
of phosphoenolpyruvate might arise from the regeneration of ATP as sooJI a 
as it is hydrolysed by reactions similar to those catalysed by creatine phospho- ~ 
kinase, viz.: t 

Creatine phosphate+ ADP= Creatine + ATP 

Arginine phosphate + ADP= Arginine + ATP 

and by pyruvate kinase, viz. : 
Phosphoenolpyruvate +ADP= Pyruvic acid+ ATP 

A higher ratio ATP: ADP might therefore be maintained near the meJ111 
brane after injection of either arginine phosphate or phosphoenolpyruvat 
than after injection of ATP. The experiments support the view tha 
metabolism drives the cation-transport system by formation of compoundS 
such as arginine phosphate and ATP. Support for the view that arginin 
phosphate is important was found by studying in detail the effects of poison· 
ing with cyanide and 2,4-dinitrophenol on sodium efflux. In conditions 
such that the concentrations of both arginine phosphate and ATP were 
reduced, the sodium efflux coupled to potassium influx was also reduced, 
and, when the concentration of ATP was maintained but that of arginine 
phosphate was reduced, the coupled sodium-potassium transport was 
abolished.99 Very little is known about the intermediary metabolism of 

•• P. C. Caldwell, ]. Physiol., 1960, 152, 545. 
•• P. C. Caldwell, Biochem. ]., 1957, 67, lP. 
97 A. L. Hodgkin and R. D. Keynes, ]. Physiol., 1956, 131, 592. 
98 P. C. Caldwell, A. L. Hodgkin, R. D. Keynes, and T . I. Shaw, ] . Physiol., 1960, 

152, 561. 
99 P . C. Caldwell, A. L. Hodgkin, R. D. Keynes, and T . I. Shaw, ] . Physiol., 1960, 

152, 591. 
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giant nerve axons, and the effects of the metabolic inhibitors and of the 
1 injection of phosphate esters on the rates of respiration and of lactic acid 

production, which have not yet been measured, appear to be relevant to the 
, interpretation of the studies on sodium efflux. 
i Adenosine Triphosphatase.-The evidence for the participation of enzyme-

like protein in the transport of certain organic compounds such as sugars 
and carboxylic acids is strong,100 but only recently have enzymes been 
implicated in the active transport of cations. Discussion of possible systems 
for cation transport originates from Osterhout's work with marine algre,101 
but nothing definite has been known about their chemical nature. The 
involvement of enzymes in a transport process need not present more 
difficulties than the migration of any other carrier molecule between the 
two surfaces of a membrane. The evidence already discussed indicates 
that ATP is probably somehow involved in active transport in human red 
cells and giant axons of crustacean nerves, and various studies of the adeno
sine triphosphatase (ATPase) in these cells have been undertaken to see if 
this enzyme might be connected intimately with the transport process. 

ATPase activity in the sheath of giant nerve axons 102,103 and in peripheral 
nerves from the rat 103 has been described. Nerves from the shore crab 
(Carcinus maenas) appear to contain two kinds of ATPase, the activity of 
Which may be increased by the addition of calcium or magnesium, sever
ally.104 The enzyme in crab nerve activated by magnesium is localised 
in submicroscopic particles, as is also the enzyme from the sheath of giant 
axons. An ATPase isolated from muscle was also activated by magnesium 
and strongly inhibited by calcium.106 The important recent discovery is 
that the ATPase from crab nerve that is activated by magnesium is further 
activated when sodium is present as well as magnesium, and still further 
activated on the concomitant addition of potassium in small concen
trations.104 A similar observation has been made with a brain prepar
ation.106 The presence of magnesium is obligatory for any activity of the 
enzyme and hence for the further activation by sodium and potassium. 
The effect of potassium depended on its concentration, because high concen
trations inhibited the activity due to sodium, although the activity due to 
magnesium was unaffected. The effect of calcium was entirely inhibitory 
under all conditions. When the enzyme preparation contained sodium, 
potassium, and magnesium in concentrations equal to those in the nerve 
axoplasm, decrease in the potassium concentration, as well as increase in 
the sodium concentration, increased the enzyme activity. These are the 
Passive changes in the intracellular sodium and potassium concentrations 
that occur on stimulation of nerves 19 which are later reversed more slowly 
by active transport. It was therefore suggested that ATPase may be in
volved in the active movements during the recovery of the concentration 

100 G. N. Cohen and J . Monod, Bact. Rev. , 1057, 21, 169. 
101 W. J . V. Osterhout, Ergebn. Physiol., 1933, 35, 967. 
102 B. Libet, Fed. Proc., 1048, 7, 72. 
10s L . G. Abood and R. W. Gerard, ] . Cell. Comp. Physiol., 1954, 43, 379. 
10• J.C. Shou, Biochim. Biophys. Acta, 1957, 23, 394. , 
m W. W . Kielly and 0. Meyerhof, ]. Biol. Chem., 1948, 176, 591. 
1°1 H. Hess and A. Pope, Fed. Proc., 1957, 16, 196. 
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gradients after stimulation. The different activating effects of sodium and in 1 

potassium suggest that they may differ in their site of activation of the th, 
enzyme and that the inhibitory effect of potassium at high concentrations po: 
may be due to an interference with sodium activation. If the substrate of rec 
the enzyme is Na-Mg-ATP, the various effects could be explained. It was Th 
not suggested that covalent bond between sodium and ATP is formed, and of 
the details of the reaction have not been completely elucidated. io1 

A later study 107 of the enzyme showed that an inhibitor of active trans· 
port, namely, strophanthin, inhibited the activating effect of sodium, and ne 
of sodium and potassium added together. It is now further suggested that nc 
the enzyme is phosphorylated and that the phosphorylation occurs only pl 
with magnesium. The liberation of orthophosphate from the enzyme- sy 
substrate complex appears to be the step that is activated, either by sodiuill fo 
alone or by sodium and potassium together. [Cardiac glycosides, e.g., cl 
digoxin and strophanthin (or ouabain) have a powerful inhibitory effect on of 
active transport on such diverse tissues and cells as human red cells,108,109, 110 

frog skin,111 giant nerve axons,112 gastric mucosa,113 frog sartorius muscle,114 tr 
ascites tumour cells,115 and the thyroid gland; 116 they have been assumed le 
to act directly on a membrane carrier involved in the active transport or to fc 
act as carrier molecules,117 and not to inhibit the rates of aerobic or anaerobic C< 

metabolism; the evidence for the latter belief is, however, scanty, and is S< 

largely the fact that glycolysis is not inhibited in red cells,109 even though 1, 
this lack of effect probably does not apply to other, more complex cells.] 0 

Recent work with fragmented membranes, obtained by the lysis of s: 
human red cells, has shown that they also liberate orthophosphate from ATP a 
by a catalyst that is activated by sodium and potassium ions in the presence a 
of magnesium.118 Nine characteristics of the mechanism of hydrolysis of i 

ATP were similar to those of the active transport process. Thus, for i 
example, both the enzyme and the transport system are located in the mem· i 
brane, the activation due to potassium was also obtained with ammonium 
ions, and the concentrations at which potassium and ammonium ions 
show half their maximal effects are the same in the two processes. A further 
similarity 119 is that the inhibition by a cardiac glycoside (scillaren) can be < 

overcome by raising the potassium concentration, as can its inhibition of 
potassium influx into intact cells.110 There are considerable differences in 
the potassium concentration in red cells of different mammalian species and, 

1o7 J.C. Skou, Biochim . Biophys. Acta, 1960, 42, 6. 
10s C. R. B. Joyce and M. Weatherall, J. Phy siol., 1955, 127, 33P; J. B. Kahn 

and G. H . Acheson,]. Pharmacol. Exp. Therap., 1955, 115, 305. 
109 H. J. Schatzmann, Helv. Physiol. Pharmacol. Acta, 1953, 11, 346. 
11o I. M. Glynn, J. Physiol., 1957, 136, 148. 
m V. Koefoed-Johnsen, Acta Physiol. Scand., 1957, 42, Suppl. 145, p. 87. 
"" P. C. Caldwell and R. D. Keynes, J. Physiol., 1959, 148, Sr. 
113 I. L. Cooperstein, J. Gen. Physiol., 1959, 42, 1233. 
114 J. A. Johnson, Amer.]. Physiol., 1956, 187, 328; C. Edwards and E . J . Harris, 

J. P/iysiol., 1957, 135, 567. 
116 M. Maizels, M. Remington, and R. Truscoe, J. Physiol., 1958, 140, 61. 
118 J. Wolff and J. R. Maurey, Nature, 1958, 182, 957. 
117 W. Wilbrandt, Schweiz. med. Woch., 1959, 14, 363. 
118 R. L. Post, C. R. Merritt, C. R. Kinsolving, and C. D. Albright, ]. Biol. Chem., 

1960, 235, 1796. 
110 E.T. Durham and I. M. Glynn, J. Physiol., 1960, 152, 61P. 
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nd in the case of sheep, even within the same species. It is, therefore, significant 
he that sheep red cells with a low potassium concentration are reported to 
ns Possess lower ATPase activity sensitive to sodium and potassium ions than 
of red cells of the same species that contain a high potassium concentration.120 

as l'his recent work suggests that a system for hydrolysing ATP may be part 
1d ?f the mechanism responsible for active movements of sodium and potassium 
j 1ons in crab nerve and in human and sheep red cells . 

. s- Phosphatidic Acid.-The occurrence of phosphoglycerides in brain and 
1d nervous tissue, and in cell membranes, is well-known but their function is 
:i.t not yet understood.121 An important member of this class of compound is 
ly Phosphatidic acid (diacylglycerophosphoric acid), which is involved in the 
•-- synthesis of phospholipids and triglycerides. When secretion is stimulated 
:n from slices of the pancreas in vitro,122 and also after the addition of acetyl-

choline to brain-cortex slices,123 there is a marked increased in the tum-over 
n of the phosphate of phosphoinositide and phosphatidic acid. 
10 The suggestion 124 that phosphatidic acid may be the carrier for the 
L
4 transport of cations across cell membranes merits careful consideration, as it 
d leads to critical experimental tests and also accounts for some of the known 
o facts about the transport process. Thus, phosphatides form lipoid-soluble 
c complexes with cations and solubilise sodium or potassium chloride in a 
s Solution of light petroleum.125 A preference for potassium over sodium of 
'i 10: 1 has been noted with pure phosphatides.126 Other evidence in favour 

of the suggestion is that the stimulation with acetylcholine of slices of the 
f Salt gland of the albatross causes an increased turn-over of phosphatidic 
> acid.127 Acetylcholine causes a secretion of sodium chloride in vivo 128 

~nd, although the secretion could not be measured from slices of the gland 
in vitro, an increase in oxygen consumption, which also accompanies secretion 
in other tissues, was observed on the addition of acetylcholine.127 The 
increased turnover of phosphatidic acid was, therefore, thought to be 

1 associated with the secretory activity both in slices of pancreas and in the 
1 salt gland of the albatross. The enzymes necessary for the turn-over are 

present in the gland, viz., diglyceride kinase, to form phosphatidic acid from 
diphosphoglycerate and ATP, and phosphatidic acid phosphatase, to cause 
hydrolysis: 

ATP+ Diglyceride =ADP + Phosphatidic acid 

Phosphatidic acid = Diglyceride + Orthophosphate 

As phosphatidic acid is dibasic, a maximum of two sodium ions could be 
secreted for the tum-over of one molecule of phosphatidic acid and, with a 

120 D. C. Tosteson, R. H. Moulton, and M. Blaustein, Fed. Proc., 1960, 19, 128. 
m R. M. C. Dawson, Ann. Reports, 1958, 55, 365 ; Biol. R ev. Camb. Phil. Soc ., 

1957, 32, 188. 
122 L. E . Hokin and M. R. Hokin, ] . Biol. Chem., 1958, 233, 800, 805; B iochim. 

Biophys. Acta, 1955, 18, 102. 
m L. E. Hokin and M. R. Hokin, ]. Biol. Chem., 1958, 233, 818. 
12, L. E. Hokin and M. R. H okin, Internal. Rev. N eurobiol., 1960, 2, 99. 
125 H . N. Christensen and A. B. Hastings,]. Biol. Chem., 1940, 136, 387. 
m A. K. Solomon, F. Lionetti, and P. Curran, Nature, 1956, 178, 582. 
•~7 L . E. Hokin and M. R. Hokin, ] . Gen . Physiol. , 1960, 44, 61. 
ns R. F ange, K. Schmidt-Nielsen, and M. Robinson, Amer. ]. Physiol., 1958, 

195, 321. 
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phosphorylation quotient assumed to be 3, a maximum of twelve sodiuU} o 
ions could be secreted per molecule of oxygen used in respiration. Furthe11 s 
work is in progress in several laboratories to test whether the turn-over o~I I: 
phosphatidic acid accompanies active transport in non-secreting cells, sucli1 r 
as red blood cells and muscle and nerve fibres, and also whether the rate o~ € 

turn-over of phosphatidic acid is compatible with the observed rates or ) 
cation transfer. 

Microbial Permeases.-Important discoveries about the penetration o I 
organic compounds into micro-organisms have originated from the study of, 
the " adaptive " formation of enzymes in bacteria. An example is provided 
by the bacterium, E. coli, which is normally unable to utilise lactose as a 
source of energy because it lacks the enzyme, ~-galactosidase. (This enzyme 
catalyses the hydrolysis of lactose to galactose and glucose.) When grown 
in the presence of lactose, however, the synthesis of this enzyme is induced 
and the organism therefore becomes adapted to the use of lactose. Com· 
pounds similar to lactose, such as methyl and butyl ~-n-galactoside, are\ 
hydrolysed by the enzyme and also induce its formation provided they are 
present during the growth of the cells.129 Monod made the important 
observation that although the sulphur analogues of these compounds 
(methyl and butyl ~-thiogalactoside) are not hydrolysed by ~-galactosidase, 
they nonetheless induce its synthesis.100 Whilst studying the process of 
enzyme formation induced by methyl ~-thiogalactoside, it was found that 
this compound is accumulated within the cells in a concentration about fifty 
times higher than that in the external medium.100 The uptake was com· 
petitively inhibited by a similar compound, phenyl ~-thiogalactoside, it had 
a high temperature-coefficient between 0° and 37°, and it was prevented by 
inhibitors of metabolism such as azide and 2,4-dinitrophenol. 

The high concentration of methyl ~-thiogalactoside in the cells was not 
due to chemical binding to the enzyme because the compound was osmotic
ally active.130 Methyl ~-thiogalactoside can, therefore, be actively trans
ported into the cells, and lactose, o-nitrophenyl ~-galactoside and ~-thio
digalactoside also appear to be transported by the same mechanism. The 
fact that the uptake occurs when synthesis of protein has been permitted 
leads to the suggestion 100 that, besides the synthesis of ~-galactosidase, a 
further specific protein, termed galactoside permease, is formed which is 
responsible for the active uptake. It is necessary to assume that an inter
mediate complex is formed between the substance accumulated and the 
permease, similar to the complex formed between an enzyme and its sub
strate. Although the permease shows some of the properties of an enzyme 
(specificity and competitive inhibition) it differs from an enzyme in changing 
the location instead of the chemical nature of the substrate. The permeation 
mechanism is distinct from the metabolic enzymes involved in the degrad
ation of metabolites.131 

Further instances have been reported of specific transport mechanisms 
involving a protein, the formation of which is induced by exposure of the 

129 M. Cohn, Bacl. Rev., 1957, 21, 140. 
130 W. R. Sistrom, Biochim. Biophys. Acta, 1958, 29, 579. 
131 B. L. Horecker, J. Thomas, and J. Monod, ]. Biol. Chem., 1960, 235, 1580. 
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organism to the compound that is later accumulated. Thus, Davis demon
strated a mechanism for the uptake of citrate by Aerobacter aerogenes which 
had been grown in the presence of citrate. 132 This adaptation to citrate 
required the formation of the transport mechanism only, because the 
enzymes which degrade citrate were already present in the unadapted cells. 
During the lag period that occurs before several other intermediates of the 
tricarboxylic acid cycle are oxidised by micro-organisms, a transport mechan
ism is induced that allows access of the substrates to the enzymes already 
present. There is evidence that separate permeases exist in some Pseudo
monads for the transport of citrate, acetate, fumarate, succinate, a:-oxo
glutarate, malate, and pyruvate.133 In another micro-organism, Coryne
bacterium erythrogenes, a common inducible permease transports both 
succinate and malate.134 Permeases in other micro-organisms may also 
cause the accumulation of amino-acids, tartaric acid, and phenyl ~-thio
glucuronide (see ref. 100). The above studies have, therefore, clearly 
established that specific proteins with properties similar to enzymes control 
the entry of some organic substances into micro-organisms . 

R. w . 

5. ELECTRON TRANSPORT AND OXIDATIVE PHOSPHORYLATION 

ELECTRON TRANSPORT and the associated process of oxidative phosphoryl
ation are among the most active fields of biochemical research at the present 
time and considerable progress has been made since the subject was last 
reviewed in these Reports ten years ago. In the present review an attempt 
will be made to present a broad picture of recent progress and current views. 

The electron-transport system or the respiratory chain is the system , 
whereby the metabolites derived from carbohydrates, proteins, and fats are 
oxidised and the energy released is conserved and stored as adenosine tri
phosphate (AT;p). The overall process may be represented by equation (1). 

2AH2 + 0 1 __., 2A + 2Hp + Energy (I) 

The hydrogen atoms do not react with oxygen in a single step; this 
would be a wasteful process. Instead they are transferred through a 
sequence of hydrogen- and electron-carriers and at various stages the energy 
released is conserved by the esterification of inorganic phosphate to afford 
ATP. The principal components of the electron-transport system or respir
atory chain are the dehydrogenases, pyridine nucleotides, flavoproteins, 
cytochromes, and probably quinones. Each oxidisable substrate has its 
own specific dehydrogenase. These are protein enzymes which activate 
the substrate and catalyse the transfer of the hydrogen atoms to the first 
carriers in the system, the di- and tri-phosphopyridine nucleotides (DPN or 
Co I, and TPN or Co II). From the pyridine nucleotides the pairs of 
hydrogen atoms are transferred to a ..flavoprotein and, from there, electrons 
are carried by the cytochromes to the enzyme, cytochrome oxidase, which 

m B. D. Davis in 0. H. Gaebler (editor)," Enzymes: Units of Biological Structure 
and Function," Academic Press, Inc., New York, 1966. 

133 P.H. Clarke and P. M. Meadow,]. Gen. M icrobial., 1969, 20, 144, 
1u R. G. Tucker, ]. Gen. Microbial., 1960, 23, 267. 
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t: 
catalyses the reduction of oxygen to water. In the case of succinic acid, 1 
the dehydrogenase is a flavoprotein which itself carries the hydrogen atoms n 
and transfers electrons to the cytochromes. This is because the oxidation- 1 
reduction potential of the succinate-fumarate system is more positive than 
those of the other dehydrogenase systems and does not permit reduction of 
the pyridine nucleotides. Thus hydrogen atoms can be fed into the respir
atory chain from two sources, the pyridine nucleotides and succinate. 

It is now well established that the electron-transport and oxidative
phosphorylation systems of animal and plant cells are localised in the solid 
phase (membranes and cristae) of the mitochondria.1 These are small 
intracellular structures, usually rod-shaped, about 3-5 µ in length and 
0·2-0·5 µ in diameter. Electron microscopy has shown that they consist 
of an outer double membrane, which is probably lipoprotein, with deep 
unfoldings of the membrane (cristae) into the interior of the mitochondrion. 
The inner fluid matrix appears to contain soluble enzymes of the tricarboxylic 
acid cycle. The concept of the respiratory chain as an organised structural 
system rather than a simple mixture of the various components was stressed 
many years ago by D. E. Green. Recently, Green 2 has even gone so far as 
advancing the idea that the mitochondrion can be visualised " as a giant 
macromolecule or supramolecule which is no different except in respect to 
size from macromolecules such as proteins." While some may disagree 
with such a rigorous concept there is fairly general agreement that the 
respiratory-chain carriers are embedded in the lipoprotein framework of the 
mitochondria in a particular spatial arrangement which allows a rapid flow 
of electrons from the substrate to oxygen via the appropriate carriers with 
the concomitant formation of ATP from ADP and inorganic phosphate. 
The mitochondrion is the principal site of energy conservation in the cell 
and can be thought of as a biochemical machine which oxidises intermediates 
of the citric acid cycle and conserves the energy released as ATP, the prin
cipal energy currency of living organisms. 

In the intact organism the efficiency of the coupling of phosphorylation 
to electron transport is probably regulated by metabolic and hormonal 
control mechanisms according to energy requirements. In isolated mito~ 
chondria oxidative phosphorylation is exceedingly labile and can readily be 
uncoupled from electron transport. For example, when mitochondria are 
" aged " simply by incubating them at 37° or are subjected to various 
chemical or mechanical treatments, phosphorylation is abolished but 
electron transport may not be affected. Uncoupling in these cases has 
probably been induced by disruption of the mitochondrial structure and 
the loss of certain essential factors. However, certain potent uncoupling 
agents, such as 2,4-dinitrophenol, do not affect the structure but probably 
act on specific enzyme systems concerned in oxidative phosphorylation. 

Most of the pioneering work on the structure and function of the respir
atory chain has been done on mitochondrial preparations which have lost 

1 G. E . Palade, in " Enzymes: Units of Biological Structure and Function " (ed. 
0. H. Gaebler), Academic Press, New York, 1956; P. Siekevitz, in Ciba Foundation 
Symposium on" The Regulation of Cell Metabolism," Churchill, London, 1959. 

1 D. E. Green, Adv. Enzymol., 1959, 21, 73. 
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d the capacity for oxidative phosphorylation during the course of isolation. 
' Thus the preparations used by Keilin and Hartree are now recognised as 

;~ non-phosphorylating fragments of heart-muscle mitochondria (sarcosomes).3 

These particles are probably also identical with the electron-transport 
particles (ETP) described by Green and his associates.2 These non-phos
phorylating preparations do not contain the complete sequence of com
ponents; they have lost all the DPN-specific dehydrogenases and bound 
DPN, but they still oxidise DPNH2 and succinate. It is interesting that the 
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intact mitochondrion will.not oxidise external DPNH2 • 

Recently various authors 4 have described techniques for obtaining sub
tnitochondrial particles which still possess the ability of oxidative phos
phorylation. These have proved very useful in studies on the mechanism of 
phosphorylation (see below). 

Nature and Sequence of Components of the Electron-transport System.
The pioneering work of Keilin's school 5 on the spectroscopic identification 
and the structure of the respiratory chain formed the basis of the present 
concepts. This early work has been developed and extended by Slater, 
Chance, Green, and other workers largely through the application of new 
and powerful techniques. Green and his group 2 have been particularly 
successful in the development of procedures for the fractionation of mito
chondria. Using organic solvents and surface-active agents coupled with 
high-speed centrifugation they have been able to obtain a number of mito
chondrial fragments containing one or more components of the respiratory 
chain. These have yielded valuable information on the structure of the 
electron-transport system and the properties of the individual components. 
It is hoped that these studies will eventually lead to the reconstitution of the 
electron-transport system from its component parts. 

The components of the respiratory chain have characteristic absorption 
spectra in the oxidised and the reduced forms. This fact is made use of by 
Chance 6 and his colleagues who have studied the reactions of the components 
of the respiratory chai~ in situ, using sensitive spectrophotometers. 
Chance's double-beam spectrophotometer consists of two monochromators, 
one of which is set on the absorption peak of the carrier being studied while 
the other is set at a reference wavelength where the absorption difference 
between the oxidised and the reduced state is negligible. The light from 
each monochromator is then switched alternately through the particle 
suspension and the output from the " end-on " photomultiplier is amplified 
and fed to a suitable recorder. In this way the rate of change of absorbancy 
differences at the two wavelengths can be measured. 

The main components of the electron-transport system are the dehydro
genase enzymes specific for each substrate, the pyridine nucleotide co-

a E. C. Slater, Adv. Enzymol., 1958, 20, 147. 
4 C. Cooper and A. L. Lehninger, ]. Biol. Chem., 1956, 219, 489; W. W. Kielley and 

J. R. Bronk, ibid., 1958, 230, 521; W. W. McMurray, G. F. Maley, and H. A. Lardy, 
ibid., p . 219; D. M. Ziegler, R. L. Lester, and D. E. Green, Biochim. Biophys. Acta, 
1956, 21, 80. . 

5 D. Keilin and E. C. Slater, Brit. Med. Bull., 1953, 9, 89. 
6 B. Chance and G. R. Williams, Adv. Enzymol., 1956, 17, 65; B. Chance, in Proc. 

Internat. Symposium on Enzyme Chemistry, Tokyo and Kyoto, 1957, Pergamon Press, 
London, 1958. 
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enzymes, the flavoproteins, and the cytochromes. In addition, certain lipid 
cofactors (e .g., quinones) and metal ions may prove to be essential com- ih 
ponents. All these components appear to be embedded in the mitochondria cb 
to form an organised structural system. This has made the isolation of 
most of the individual carriers difficult. Exceptions are the water-soluble at 
carriers, the pyridine nucleotides and cytochrome c, and the lipid-soluble v, 
quinone, ubiquinone (coenzyme Q), which can be readily isolated and tr 
purified. m 

In the last few years, however, there has bee1:1 considerable progress in ra 
the development of techniques for the isolation of the other components. P: 
Succinic dehydrogenase has been isolated in a pure form and shown to be a 
flavoprotein. 7 It can be obtained in two forms; one isolated from fresh oJ 
preparations of beef heat mitochondria always contained 4 atoms of iron a 
per mole of flavin, while a less active enzyme with 2 atoms of iron per mole c, 
of flavin was obtained from mitochondrial acetone powders which had been f~ 
kept for several months. Attempts are now being made to isolate and purify d 
the flavoprotein specific for the dehydrogenation of DPNH2•8 

The cytochromes are hremoproteins which act as electron carriers by 
virtue of the reversible oxidation-reduction of the iron atom; the reduced 
form (ferrocytochromes) exhibit sharp selective absorption bands in the 
visible region. The three groups of cytochromes, a, b, and c, have different 
hrem prosthetic groups.5 Cytochrome c, first isolated by Keilin many years 
ago, has now been crystallised.9 Recently it has been claimed that the 
water-soluble form is an isolation artifact and that the actual functional 
form in the intact particle is a lipid-soluble cytochrome c.10 

Wainio,11 Green,2 Okunuki,12 and Stotz 13 and their colleagues have 
applied fractionation techniques which have led to the isolation of highly 
purified preparations of cytochromes b, c1, and a (or a + a3). 

Keilin 5 in his early work had shown that "cytochrome a" actually 
consisted of two spectroscopically distinguishable cytochromes, a and ~• 
and that the a3 component was a very autoxidisable member of the respir- I 
atory chain. Thus, cytochrome a3 was identified with cytochrome oxidase. 
Subsequently it was shown that a and¾ always occur together in constant 
proportions and that they could not be physically separated. It has been 
suggested therefore, that a + a3 is a single entity consisting of two different 
prosthetic groups attached to the same protein; this complex is often 
referred to as cytochrome oxidase. Others workers 2•12 are doubtful about 
the existence of two different prosthetic groups and designate cytochrome 
oxidases simply as cytochrome a. 

1 T. P. Singer, E. B . Kearney, and V. Massey, Adv. Enzymol. , 1957, 18, 65. 
8 T. E. King and R. L . Howard, Biochim. Biophy s. Acta, 1960, 37, 557 ; R. L. 

Ringler, S. Minakani, and T. P. Singer, B iochem. B iophy s. Res. Comm., 1960, 3,417. 
' G. Bodo, Nature, 1955, 176, 829 ; B. Hagihara, I. Morikawa, I. Sekuzu, T . H orio, 

and K. Okunuki, ibid., 1956, 178, 630. 
1o C. Widmer and F . L . Crane, B iochim. Biophys . Acta, 1958, 27, 203. 
11 D. Feldman and W. W. W ainio, S cience, 1959, 130, 796. 
11 K. Okunuki, B . H agihara, I. Sekuzu, and T. Horio, in Proc. Internat. Symp. on 

Enzyme Chemistry, Tokyo and K yoto, 1957, Pergamon Press, London, 1958. 
13 L . Smith and E . Stotz, J. Biol . Chem ., 1954, 209, 819; C. Widmer, H. W . Clark, 

H. A. Neufeld, and E . Stotz, ibid., 1954, 210, 861. 
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The presence of copper in purified cytochrome oxidase is interesting and 
m· its role is now being investigated.14 The mechanism of action of cyto
ria chrome oxidase has been the subject of a number of recent papers .15 

of Studies on the stoicheiometric relations of the components of the respir
Jle atory chain in various mitochondrial preparations have indicated that the 
Jle Various cytochromes are present in approximately equimolecular concen
rrd trations.6 In ETP the flavin concentration appears to be roughly stoicheio-

metrically equivalent to the cytochromes,2 but in rat liver mitochondria the 
in ratio of flavin to cytochrome a is 3·6: 1, while the corresponding ratio for 
ts. pyridine nucleotide is 19 : 1. 
a A number of authors have put forward schemes showing the pathways 

5h of hydrogen and electron carriers in the respiratory chain. These differ on 
>D a number of points but the main controversy centres on the position of 
le cytochrome b. Probably the simplest scheme is that favoured by Chance 
m for the phosphorylating system (Fig. 1) . This forms a useful basis for the 
fy discussion of the other schemes. 
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FrG. l. The phosphorylating electron transport system and sites of action of inhibitors. 

(fp0 = DPNH2 dehydrogenase flavoprotein, f Pa = succinic dehydrogenase ftavo
protein. ) 

This scheme is consistent with the standard oxidation-reduction poten
tials of the carriers, with the action of inhibitors, and with Chance's kinetic 
studies 6 of intact phosphorylating mitochondria. In non-phosphorylating 
heart-muscle preparations of the Keilin-Hartree type, the kinetics of the 
oxidation-reduction of cytochrome b are not consistent with its position on 
the main respiratory pathway. Chance has therefore proposed that cyto
chrome b is by-passed in the non-phosphorylating system. This view has 
been criticised by Slater,3 who finds it difficult to accept a fundamental 
change in the pathway without loss of efficiency when phosphorylation is 
uncoupled. Slater's view is that cytochrome bis part of the succinic oxidase 

u S. Takemori, I. Sekuzu, and K. Okunuki, Biochim. Biophys. Acta, 1960, 38, 
158; R.H. Sands and H. Beinert, B iochem. Biophys. Res. Comm., 1960, 1, 175; C. V. 
Wende and W.W. Wainio, J. Biol. Chem. , 1960, 235, PC 11. 

15 T. Yonetani, ]. B iol. Chem., 1960, 235, 845; J. H . Wang and W. S. Brinigar, 
Proc. Nat. Acad. Sci. U.S.A., 1960, 46, 958; I. Sekuzu, S. Takemori, Y. Orii, and K. 
Okunuki, B iochim. Biophys. Acta, 1960, 37, 64; T. E . King and C. P. Lee, ibid., p. 342. 
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system, but not of the DPNH2 oxidase system, in both phosphorylating and oxi 
non-phosphorylating particles. A third and different view is taken by El 
Green and his school 2· 16 who suggest that cytochrome b lies off the succinate· cla 
and DPNH2-oxidising chains under all conditions. This raises the question DI 
of the precise function of cytochrome b in the electron-transport system. Is pa 
it concerned in some ancillary function such as a biosynthetic process, or is re~ 
it essential for electron transport and oxidative phosphorylation in a more of 
complex arrangement of carriers than has been considered hitherto? There 
is obviously a need for further investigation of this problem. th 

There are four principal sites of action of inhibitors in the electron- va 
transport system (see Fig. I). These are (i) cytochrome a3 (cytochrome m: 
oxidase), inhibited by cyanide, azide, and carbon monoxide, (ii) a site be- of 
tween cytochromes b and c1, inhibited by antimycin A, British Anti-Lewisite th 
(BAL) (2,3-dimercaptopropanol), -the naphthaquinone antimalarials, and ar 
2-alkyl-4-hydroxyquinoline oxides, (iii) a site between DPNH2 and flavo- sy 
protein in phosphorylating preparations, inhibited by sodium amytal. ac 
though in non-phosphorylating preparations the inhibitory site moves to a at 
point between the flavoprotein and cytochrome b, and (iv} succinic dehydro- ac 
genase inhibited by oxaloacetate and malonate which, unlike the others, is hi 
a competitive inhibition. is 

Studies with BAL led Slater 3 to postulate the presence of an additional rt 
factor between cytochromes b and c1 . There appears to be some evidence ti 
that this factor is different from the antimycin A-sensitive region but this is 
is not completely convincing. Recent work 17 has implied that at least the d 
naphthaquinone inhibitors probably act by virtue of a non-specific physical h 
effect. This would favour the view that the inhibitory site is a structural ri 

factor, perhaps of a lipid nature. A similar explanation may also apply to 
amytal-sensitive region, but the apparent movement of the site in the non- n 
phosphorylating system is diffi~ult to explain. Is this another manifestation o 
of fundamental changes in the structure and sequence of carriers when r 
oxidative phosphorylation is uncoupled? It is interesting that the DPNH2- 1 
oxidising system is much more sensitive than the succinic oxidase system r 
to the action of surface-active agents and organic solvents; this points, 1 
perhaps, to the presence of a lipid-containing structural factor in the DPNH2 

system. 
The question whether separate and independently active respiratory 

chains serve the individual dehydrogenases, or all the dehydrogenases are 
linked to a common electron-transport system, has been discussed recently 
by Kimura and Singer.18 These authors concluded from a study of the 
choline and succinate oxidase systems of rat-liver mitochondria that the 
pathway of carriers from cytochrome c1 to a3 was common to bo~h systems. 
This supported earlier work 19 which indicated that the DPNH2 and the 
succinate oxidase system of Keilin-Hartree preparations had a common 
point of fusion. An alternative view that separate chains exist for the 

18 D. E. Green and R. L. Lester, Fed. Proc., 1959, 18, 987. 
17 D. Hendlin and T. M. Cook, Biochem. B iophys. Res. Comm., 1960, 2, 71. 
1s T. Kimura and T. P. Singer, Nature, 1959, 184, 791. 
19 C. Y. Wu and C. L. Tsou, Sci. Sinica, 1955, 4, 137. 
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1d oxidation of succinate and DPNH2 has been advanced by Green.2 The 
>Y ETP has been likened to a sandwich made up of the two chains. It is 
e- claimed that the sandwich can be separated to give a preparation with only 
>n DPNH2-oxidising activity; however, the corresponding succinic oxidase 
Is particle has not yet been isolated. A more likely explanation of these 
is results is that the isolation procedure results in selective destruction of one 
re of the oxidising activities. 20 

re It is convenient at this point to explain the terminology used to describe 
the various enzyme systems of the respiratory chain. The activities of the 

1- various enzyme systems which make up the respiratory chain are deter
le rnined by adding the appropriate substrate and then measuring the reduction 
~- of a natural or artificial hydrogen- or electron-acceptor which reacts with 
e the chain at a particular point. Thus succinic and DPNH2 oxidase activities 
d are a measure of the rate of oxidation of the substrate by the complete 
,. system with molecular oxygen as the terminal acceptor. In measuring the 
I, activity of cytochrome c reductase, cytochrome c is added to the prepar
a ation and its rate of reduction measured spectrophotometrically after 

addition of the substrate; in this case cytochrome oxidase must be in
s hibited with cyanide; it should be noted, however, that added cytochrome c 

is not as catalytically active as the bound material and that activities deter
.I rnined by this method are, in terms of electron transfer, usually much less 
e than those of the substrate oxidase. The activity of succinic dehydrogenase 
5 is measured by the rate of reduction of phenazine methosulphate, an artificial 

dye which reacts with the flavoprotein; the activity of cytochrome oxidase 
is measured by the rate of oxygen uptake in the presence of its substrate, 
reduced cytochrome c. 

The Role of Lipids in the Respiratory Chain.-It has been known for a 
number of years that mitochondria contains relatively high concentrations 
of lipid substances and that the phospholipids, which make up the major 
part, were probably important structural factors in the respiratory chain.21 

This idea was strengthened when electron microscopy revealed that the 
rnembranes and cristae are made up of what appear to be layers of phospho
lipid molecules sandwiched between layers of protein molecules.1 Thus the 
electron-transport system is localised in a structure in which lipids play a 
predominant role. In the last few years there has been an intensification of 
interest in the role of lipid substances as structural and functional factors in 
electron transport. 

Lipid analyses of rat-liver mitochondria, ETP, and Keilin- Hartree pre
parations have given values of, respectively, 23%,22 34%,22 and 38% 3 on 
a dry-weight basis. In each case the predominant lipid was phospholipid, 
With smaller amounts of cholesterol and neutral lipids. 

An interesting approach to the problem of lipid function in electron 
transport was that used by Nason and his colleagues.23 In this, the prepar
ation (skeletal- or heart-muscle particles) was shaken with an organic solvent 

20 M. Klingenberg and T . Bucher, Ann. Rev. Biochem., 1960, 29, 669. 
21 E. G. Ball and 0. Cooper, ] . Biol. Chem., 1949, 180, 113. 
22 M. J. Spiro and J.M. McKibbin, ]. Biol. Chem., 1956, 219, 643. 
23 A. Nason and I. R. Lehman, Science, 1955, 122. 19; J. Biol. Chem., 1956, 222, 

5ll. 
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such as i~o-octane, the layers were separated by a short spin in the ~entrifuge, a~~t 
and enzyme activities, such as the succinic- and DPNH2-cytochrome c 

8 1 k 
reductase, were determined. It was found that the solvent-treatment tea 
usually resulted in a marked inactivation of these systems but that they een 
could be restored to their original levels by adding ( + )-1X-tocopherol as a annt 
suspension in bovine serum albumin. A hypothesis implicating tocopherol 
as an essential factor in electron transport was presented, even though the 
same group of workers and others 24 found that other lipid substances, Il 

unrelated to tocopherol, would also reactivate the systems. It soon became UQ(. 
evident that the specificity of reactivation by tocopherol was doubtful and, 
as originally suggested by Deul et al.,25 it was shown first by Redfearn and 
Pumphrey 26 and then by others 27 that the marked inactivation of enzyme UQ( 
systems after a short treatment with an organic solvent was due primarily 
to the retention of small amounts of the solvent which acted as an inhibitor, UQi 
rather than to the removal of lipid. The mechanism of reactivation by 
tocopherol and many other substances appeared to be removal or dispersal 
of the traces of inhibiting solvent. A further blow to the claim that toco· ~8 
pherol was an essential component of the chain came when it was found 
that the relatively high concentration of tocopherol previously reported in 
mitochondrial preparations was in error because of the presence of another 
substance with similar spectral and chemical properties.28 Nevertheless; in 

mitochondria do appear to contain a small amount of tocopherol and while aei 
it is probably not functioning as an electron carrier it may serve in a pro-
tective capacity by virtue of its antioxidant property.29 mi 

Ubiquinone (Coenzyme Q).-The history of the discovery of the ubi- tr, 
quinones, or coenzymes Q, by groups in Liverpool and Madison has been ~~ 
adequately reviewed recently.30 

They are compounds which can be represented by the general formula (1), tr 
where n indicates the number of isoprenoid residues in the side-chain and 

MeO~o Me [ j I I CH CH2 - -H 
MeO -CH2 ~ C,, 

I 
0 Me n 

(I) 

may be 6-10 in the naturally occurring quinones. They can be designated 
as ubiquinone (50), (45), etc., or as CoQ10, 9, etc., depending on the nomen
clature adopted. All the ubiquinones have the same absorption spectra 
with a principal maximum (in ethanol) at 275 mµ, an inflexion at 320 mµ, 

24 K. 0. Donaldson, A. Nason, and R. H. Garret, ]. Biol. Chem., 1958, 233, 572; 
F. Weber, U. Gloor, and 0. Wiss, Helv. Chim. Acta, 1958, 41, 1038, 1040. 

25 D. Deul, E. C. Slater, and L. Veldstra, Biochim. Biophys. Acta, 1958, 27, 133. 
28 E . R. R edfearn and A. M. Pumphrey, Biochim. Biophys. Acta, 1958, 30, 437; 

E. R. Redfearn, A. M. Pumphrey, and G. H. Fynn, ibid., 1960, 44, 404. 
27 C. J. Pollard and J. G. Bieri, Biochim. Biophys. Acta, 1958, 30, 658. 
28 J. Bouman, E. C. Slater, H. Rudney, and J. Links, Biochim. B iopliys. Acta, 1958, 

29, 456. 
29 J. G. Bieri and A. A. Anderson, Arch. Biochem. Biopliys., 1960, 90, 105. 
30 R. A. Morton, Nature, 1958, 182, 1764. 
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ige and a minor peak at 407 mµ. On reduction to the quinol the maximum 
e ; shifts to 290 mµ with a fall in extinction; the 320 mµ inflexion and the 407 mµ 
ent peak disappear. The distribution of the ubiquinones in various tissues has 
rrey been surveyed by a number of workers 31 and a summary is given in the 

annexed Table. It will be seen that the ubiquinones are widely distributed s a 
~rol 
the 

Distribution of the ubiquinones. 

:es, Homologue 
me UQ(50); CoQ10 

M. p. Ef ~m. • Distribution 
49·9° 165 Hu_man kidney, huma~ liver, beef heart, pig 

kidney, cod heart, pike heart, rat liver, rat 
heart, Pseudomonas denitriftcans, Arum macu1d, 

nd 
UQ(45); CoQ9 45·2 

latum spadix 
185 ne 

ily 
Jr, UQ(40); CoQ8 37 206 

Rat liver, rat heart, housefly, bowfly larvae, 
·walleyed pike, Rhodospirillum rubrum, Pseudo
monas pyocyanea, Torula u.tilis 

Escherichia coli, Proteus vi1lgaris, Azotobacter 
vinelandii , Neisseria catarrhalis, Aerobacter 
aerogenes, Pasturella pseudotuberculosis, Serby 

;al ratis marcescens 

0 _ DQ(35); CoQ7 

id DQ(30); CoQ8 

30·5 
19-20 

221 
260 

Torula utilis, Chromatium sp. strain D 
Saccharomyces cerevisiae, Saccharomyces cava

lieri, Saccharomyces fragilis 
in 
er 
S; 

le 
)-

i-
n 

I, 
:I 

• At 275 mµ, in EtOH. 

in Nature. As a general rule there are relative large amounts in highly 
aerobic tissues, but there are exceptions in the bacteria. 

In animal and higher plants the quinone is located principally in the 
mitochondria. By using a method for determining the ubiquinone concen
tration in small amounts of mitochondrial preparations, it has been shown 
that the concentration with respect to the individual cytochrome is very 
high; e.g., in pig heart-muscle preparations the ratio of the molar concen
trations of ubiquinone to cytochrome c1 is 12: 1.32 

Evidence that' ubiquinone functions as an oxidation-reduction carrier 
in the respiratory chain is based on the facts that incubation of mitochondrial 
preparations with intermediates of the tricarboxylic acid cycle under 
anaerobic conditions results in the reduction of the quinone, while on 
aeratio~ the quinol is reoxidised,33 and that the quinone specifically restores 
enzymic activities in suitable extracted preparations.34 

The kinetics of the oxidation-reduction reactions of ubiquinone have been 
studied,35 It was shown that the rate of reduction of endogenous ubi
quinone by s~ccinate or DPNH2 or heart-muscle preparations was less than 
the rate of the overall clectron-flux as measured by the substrate oxidase 
activities. Thus in a number of determinations, succinic-ubiquinone 
reductase rates were 13-52% of the succinic oxidase rates. 

81 R. L , Lester and F. L. Crane, J. ]!Jiol. Chem., 1959, 234, 2169; D. H. L. Bishop, 
KP. Pandya, and H. IC King, unpublished work; J. F. Pennock, R. ,A. Morton, and 
D, E, M, Lawson, Biochem. ] .• 1959, 73, 4P; B. 0. Linn, A. C. Page, E. L. Wong, P.H. 
Gale, C.H. Shunk, and K. Folkers, J. Amer. Chem. Soc., 1959, 81 4007. 

31 A. M. Pumphrey and E. R. R edfearn, Biochim. ]. , 1960, 76, 61. 
33 F. L. Crane, Y. Hatefi , R. L. Lester, and C. Widmer, Biochim. Biophys. Acta, 

1957, 25. 220; A. M. Pumphrey, E. R. Redfearn, and R. A. Morton, Chem. and Ind., 
1958, 978. 

u R. L. Lester and S. Fleischer, Arch. Biochem. B iophys. , 1959, 80, 470. 
35 E. R. Redfearn and A. M. Pumphrey, Biochem. J., 1960, 76, 64. 
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The action of inhibitors on the oxidation-reduction reactions of ubi 1'he a 
quinone was also investigated.35 Amytal inhibits the reduction of ubi portic 
quinone with DPNH2 as substrate, while malonate or oxaloacetate inhibits actua 
the reduction with succinate as substrate. Antimycin A has no effect on presu 
ubiquinone reduction but it inhibits the oxidation of ubiquinol. Cyanide secon 
also inhibits oxidation of ubiquinol. It appears that the site of action of the fL 
ubiquinone is between the flavoproteins and the antimycin A-sensitive 
region. 

The mechanism of restoration of enzymic activities with ubiquinone and 
its derivatives in solvent-extracted preparations appears to be complex. 
Ambe and Crane 36 have carried out experiments with ETP and succinic 
dehydrogenase complex (SDC) which have been extracted with iso-octane 
and acetone. SDC was prepared by treatment of ETP with deoxycholate. 
This preparation, previously referred to as the red fraction, contains a small 
amount of cytochrome a, and when supplemented with cytochrome c it 
catalysed the oxidation of succinate by oxygen. The main conclusions of 
this work were that SDC has three pathways involving cytochrome c (or 
oxygen) which respond to the addition of quinones. These are: (1) the 
antimycin-insensitive pathway to external cytochrome c induced by addition 
of menadione (2,3-methoxy-5-methylbenzoquinone) and short-chain ubi
quinone homologues; (2) the antimycin-sensitive pathway to external cyto
chrome c that can be induced only by homologues of ubiquinone [ranging 
from ubiquinone(50) to ubiquinone(lO)], but not by analogues of ubiquinone 
such as plastoquinone and the heptadecyl derivative; and (3) the antimycin
sensitive pathway to molecular oxygen which involves bound cytochrome c 
and can only operate in the presence of ubiquinone and its homologues, 
ubiquinone analogues (heptyl and heptadecyl), or plastoquinone. It was act 
found also that a lipid component, NL II, was essential for maximal restor- qui 
ation of succinic oxidase activity with ubiquinone homologues with more the 
than two isoprenoid units in the side chain. In contrast, ubiquinone(50) me 
was maximally active without added NL II in the restoration of the activity int 
of cytochrome c reductase of the same particle. 

Recently an enzyme system catalysing the reduction of ubiquir).one by on 
succinate has been isolated.37 It consists of a flavoprotein and cytochrome b, · ati 
although it has been shown that the latter does not participate as an oxid- stc 
ation-reduction carrier in the reaction. Since pure succinic dehydrogenase 'fl 
flavoprotein does not catalyse the reduction of ubiquinone by succinate, it 
is assumed that there is some other essential factor-between the flavoprotein th 
and the quinone in the active system. at 

The precise position of ubiquinone as a hydrogen carrier in the respiratory ar 
chain has not yet been settled. Redfearn 38 has discussed three possible 1 
schemes on the basis of results obtained with non-phosphorylating prepar- (c 
ations (Fig. 2). In the first , ubiquinone is a member of the main respiratory s, 
chain acting between the flavoproteins and the antimycin A-sensitive factor. a 

a 
36 K. Ambe and F . L. Crane, B iochim. Biophys. A cta, 1960, 43, 30. 
37 D. M. Ziegler and K. A. Doeg, Biochem. B iophys. Res. Comm., 1960, l , 344. 
as E. R. Redfearn, in Ciba Foundation Symposium on" Quinones in Electron Trans

port," Churchill, London, 1961. 
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ub~ l'he anomalous kinetics could then be explained by assuming that only a 
.u?1 Portion of the large excess of ubiquinone, with a fast rate of tum-over, was 
ibt actually required. This scheme is favoured by the Madison workers, 
t _on Presumably on the basis of extraction-reactivation experiments. In the 
ntd~ second, the quinone is assumed to lie on a blind alley pathway reacting with 
n_ 0 the flavoproteins only. In this scheme, the large excess of ubiquinone may 
tive 
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DPNH 1 ~fPo~ 
UQ~c1 ~c~o~o3 ~O2 

Succinate ~ f Ps ___.. 

Succinate ~ f Ps 
(ii) 

DPNHa ~ fPo ~ 

__..,Y UQ ~ c1 ~ c~ a~ a3 ~ 0 2 

Succinate ~ (Ps ~ 
(iii) 

FIG. 2. Three possible schemes far the participation of ubiquinone (UQ) in the 
non-phospharylating electron-transport system. 

act as a source of reducing equivalents for some other process. Thirdly, the 
quinone may be placed on a branch pathway, linking the flavoproteins with 
the antimycin A-sensitive factor. This would be in accord with the kinetic 
~easurements. In such a scheme the ubiquinone could be acting as an 
interchain conductor or as an intermediate in oxidative phosphorylation. 

Most of the work on the enzymic function of ubiquinone has been done 
0n non-phosphorylating preparations. Experiments with intact phosphoryl

. ating mitochondria have indicated that significant changes in the steady
state oxidation-reduction levels occur in the different metabolic states. 
These experiments will be discussed in the last section below. 

Oxidative Phosphorylation.-The overall free-energy changes involved in 
the oxidation of the substrates can be calculated from the standard oxid
ation-reduction potentials. The reduction of oxygen to water by DPNH2 
and succinate gives values of -51·9 and -39·7 kcal./mole, respectively. 
l'he number of ATP molecules formed per molecule of substrate oxidised 
(or P/O ratio) gives maximum experimental values of 3 for DPHN2-linked 
Substrates and 2 for succinate. The three sites of the phosphorylation 
appear to be between DPNH2 and flavoprotein, between cytochromes b 
and c1, and between cytochromes c and a.6 

The mechanism of oxidative phosphorylation is not yet understood, but 
Steady progress is being made in a several laboratories and a number of 
Working hypotheses have been suggested. Basically, all these propose that 
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a carrier C couples with a molecule to form a high-energy intermediate whi 
in the presence of ADP and inorganic phosphate forms ATP. 

c+x~c~x (2) 

C ~ X + ADP + Pi ~ C + X + ATP (3) 

A further property of the phosphorylating system is that of respirator 
control.6, 39 If substrate is added to mitochondria in a medium containin 
inorganic phosphate there is a very slow oxygen uptake (resting or quiescen 
state). On addition of ADP, however, rapid oxygen uptake is induce 
immediately (active state) and this continues until all the ADP has bee 
phosphorylated, the mitochondria then returning to the quiescent state 
Experiments have shown that ADP does not activate electron transfer, bu 
that it reverses an inhibition of respiration. The control mechanism prob 
ably operates in vivo to regulate the ATP supply of the organisms. Chane 
has identified spectrophotometrically three sites of inhibition in the restin 
state which he calls "cross-over" points.6 These are between DPNH 
and flavoprotein, cytochrome b and c, and cytochrome c and a. Thes 
are the sites of phosphorylation and Chance has suggested that a natur 
inhibitor, I, inhibits electron transport in the quiescent state. Thus th 
mechanism of oxidation phosphorylation can be written as follows: 

Cox.+ I ~ Cox.I (4) 

Cox.I + 2e ~ C~ ~ I (5) 

C,.d ~ I + X ~ Cred + X ~ I (6) 

X ~ I + Pi ~ X ~ P + I (1) 

X ~ P + ADP~ X + ATP (8) 

In the absence of inorganic phosphate (P1) or ADP the inhibited form of 
the carrier Cox.I builds up and electron transport slows down or stops. 
Uncoupling by 2,4-dinitrophenol is assumed to act by irreversible binding 
of I: 

X ~ I + DNP _.., X + 1.DNP (9) 

The natures of X and I are not known; it is possible that there are three 
different I's corresponding to the three sites of phosphorylation. 

Lehninger's group 40 have been working mainly with phosphorylating 
sub-mitochondrial fragments prepared by treating rat-liver mitochondria 
with digitonin.4 Lehninger's scheme for oxidative phosphorylation can be 
written: 

Electron transfer 
c+x------c ~ x (IO) 

C ~ X + Pi C + X ~ P (11) 
X ~ P + ADP X + ATP (12) 

Instead of trying to identify the primary " high-energy " form of the 
three specific respiratory carriers which are involved in the energy coupling, 
Lehninger has approached the problem from the " back-door " and has 

39 B. Chance, in Ciba Foundation Symposium on "The Regulation of Cell Meta
bolism," Churchill, London, 1959. 

• 0 A. L. Lehninger, C. L. Wadkins, C. Cooper, T. M. Devlin, and J. L. Gamble, 
Science, 1958, 128, 450. 
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investigated the terminal reactions leading to the formation of ATP through 
a transphosphorylation to ADP. In the absence of net electron transfer 
the submitochondrial fragments bring about three characteristic .trans
formations of ATP. These are: (i) adenosine triphosphatase activity, 
activated by 2,4-dinitrophenol; (ii) an ATP-Pi exchange reaction, inhibited 
by dinitrophenol and azide, and ADP-dependent; and (iii) an ATP-ADP 
exchange reaction, inhibited by dinitrophenol but not by azide, and with its 
rate not modified by presence or concentration of inorganic phosphate. 
These three processes appear to be manifestations of a sequence of reactions 
as shown above. The ATP-Pi exchange is the sum of reactions (11) and 
(12), the ATP-ase activity is the sequence of reactions (12) and (11), followed 
by hydrolytic breakdown of C ~ X with liberation of inorganic phosphate, 
and the ATP-ADP exchange is represented by reaction (12). It has also 
been established that the high-energy complex is formed with the carrier in 
the oxidised state. Thus the reaction leading to the complex is analogous 
to substrate-level phosphorylation in which energy-conservation occurs in 
an oxidative reaction. These findings are, however, contrary to those of 
'chance who claims that the high-energy complex is formed with the reduced 
carrier. 

Slater's group 41•42 have proposed a mechanism of oxidative phosphoryl
ation very similar to that of Chance and his colleagues except that the inter
mediate, I (not an inhibitor in the sense used by Chance), forms a high-energy 
intermediate with the oxidised form of the carrier. The energy is trans
ferred to a second hypothetical compound, X, giving X ~ I. For respir
ation and ATP synthesis to continue, X and I must be re-formed in reactions 
involving inorganic phosphate and ADP. This provides a control mechan
ism regulating the rate of ATP formation according to the energy needs of 
the cells. The same group of workers have shown that there are four 
different DNP-sensitive enzymes with ATPase activity and they suggest 
that three of them are intimately concerned with the three phosphorylation 
reactions. These results, however, have been criticised by Chance and 
Conrad 43 who claim that the identification of the phosphorylation sites by 
the determination of pH optima is not feasible at the present time. 

Naturally Occurring Coupling and Uncoupling Factors.-As already 
pointed out, mitochondria possess the property of respiratory control in 
addition to the ability to synthesis ATP. It has been shown that the two 
processes are dissociable.39 Thus loss of respiratory control is not necessarily 
accompanied by a loss of phosphorylation efficiency. Uncoupling agents 
have a differential effect on the two processes. Thus 4-hydroxy-3,5-di-iodo
benzoate (DIB) can bring about an almost complete loss of respiratory con
trol without having much effect on the P/0 ratio. Further, mitochondria 
in a magnesium-deficient medium have low respiratory control ratio but 
high P/0 ratios. However, addition of magnesium ions restores respiratory 
control. 

u E. C. Slater, in Proc. Internat. Symp. on Enzyme Chemistry, Tokyo and Kyoto, 
1957, Pergamon Press, London, 1958. 

u E. C. Slater and W. C. Hiilsmann, in Ciba Foundation Symposium on "The Regul
ation of Cell Metabolism," Churchill, London, 1959. 

u B. Chance and H. Conrad,]. Biol. Chem., 1959, 234, 1568. 



408 IJIOLOGICAL CHEMISTRY. 

Recently, several naturally occurring controlling factors in mitochondria 
have been recognised. Pullman et al.44 have described a soluble heat-labile 
non-dialysable fraction isolated from disrupted mitochondria which, when 
added to submitochondrial fragments, restores the P/O ratio. Another 
factor, this time heat-stable, which stimulates oxidative phosphorylation, 
has been isolated from the soluble fraction after the treatment of mito
chondria with ultrasound.45 The activity of this substance is paralleled by 
that of coenzyme A. 

The presence of an endogenous uncoupling factor in aged mitochondria 
has been demonstrated. This substance was shown to have the spectrum 
of a hrem compound and was named "mitochrome." 46 Hiilsmann et at.42, 47 

have now shown that the uncoupling factor could be separated from the I 
hrem compound by extraction with iso-octane. It is postulated that the 
factor is a lipid (possibly an unsaturated fatty acid) which was originally 
bound to a cytochrome but is liberated when the cytochrome is converted 
into mitochrome. Bovine serum albumin, which restores phosphorylation 
in aged mitochondria, probably acts by binding the uncoupling factor. 

An interesting soluble mitochondrial protein named R factor has been 
isolated from mitochondria treated with ultrasound.48 This factor has been 
shown to abolish respiratory control in mitochondria without affecting 
phosphorylation; in high concentrations it also uncouples phosphorylation. 
R factor may be a mixture, because different preparations vary in their 
uncoupling and " respiration-releasing " activities. 

An extra-mitochondrial uncoupling factor which is of major physiological 
importance is thyroxine. This has been shown to be a potent uncoupling 
factor in intact mitochondria; it causes swelling, possibly by an interaction 
with a bound form of DPN. It does not have any action on mitochondrial 
fragments.48 In vivo, thyroxine may act on the respiratory control mechan
ism. Hoch and Lipmann 49 found that mitochondria isolated from livers of 
hyperthyroid rats have normal P/O ratios but are loosely coupled; i'.e. , 
they respire at a high rate in the absence of a phosphate-acceptor system. 

Quinones in Oxidative Phosphorylation.-Martius and his group 43, 50 put 
forward evidence that vitamin K is a functional component of the respiratory 
chain. They suggested that vitamin K1 was a hydrogen carrier, mediating 
the reaction between DPNH2 and cytochrome bin a phosphorylating path
way, while the reaction through the flavoprotein represented a non-phos
phorylating pathway. Experiments carried out by Colpa-Boonstra and 
Slater 51 on Keilin-Hartree preparations using menadione (vitamin K3) 

showed that this substance did not act as a hydrogen carrier between 

« M. E. Pullman, H. Penefsky, and E. Racker, Arch. Biocltem. Biophys., 1958, 76, 
227. 

•• W. C. McMurray and H. A. Lardy, J. Biol. Chem., 1958, 233, 754. 
" B. D. Polis and H. W . Shmukler, J. Biol. Chem., 1957, 227, 419. 
47 W. C. Hiilsmann, W. B. Elliot, and H . Rudney, Biochim. Biophys. Acta, 1958, 

27. 664. 
48 A. L. Lehninger, C. L. Wadkins, and L. F. Remmert, in Ciba Foundation Sym-

posium on "The Regulation of Cell Metabolism," Churchill, London, 1959. 
49 F. L. Hoch and F. Lipmann, Proc. Nat. A cad. Sci. U.S.A .• 1954, 40. 909. 
•° C. Martius and D. Nitz-Litzow, Biochim. Biophys. Acta, 1954, 13, 152, 288. 
61 J.P. Colpa-Boonstra and E. C. Slater, Biochim. Biophys. Acta, 1958, 27, 122. 
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L DPNH2 and cytochrome b. Furthermore, Martius's hypothesis was weak
ened by the fact that vitamin K could not be detected spectroscopically in 

t mitochondrial preparations.16, 52 

Recent experiments involving a new technique have, however, provided 
further support for the participation of vitamin K in oxidative phosphoryl
ation. When rat-liver mitochondria are exposed to ultraviolet light the 
P/0 ratios for the oxidation of ~-hydroxybutyrate and succinate are de
pressed. Restoration of the P/0 ratio with succinate was achieved by 
adding cytochrome c to the reaction mixture while that of the DPN-linked 
substrates required both cytochrome c and vitamin K1.53 Thus it seemed as 
if vitamin K1 could replace a factor at the first site of oxidative phosphoryl
ation which had been destroyed or inactivated by the ultraviolet light. 
The facts that vitamin K is rapidly destroyed by ultraviolet light and that the 
reactivation is specific for vitamin K1 support the hypothesis that the vitamin 
or a very closely related substance is an essential functional component of 
the oxidative phosphorylation system. However, the inability to detect 
vitamin K1 or any closely related compound in mitochondria makes it diffi
cult to accept this hypothesis unreservedly. 

The possibility that ubiquinone may be intimately concerned in oxidative 
phosphorylation is being actively investigated. Oxidation-reduction of the 
endogenous quinone in intact mitochondria has been studied by Hatefi, 
Chance, and Redfearn and Pumphrey.54 These authors have shown that 
the changes in the steady-state oxidation-reduction levels in the various 
metabolic states are consistent with those of the other respiratory chain 
carriers, but at the moment there is no evidence for its direct participation 
as an intermediate in oxidative phosphorylation. 

The work on vitamin K and ubiquinone has stimulated the production 
of a number of t,heoretical schemes for the participation of quinones in 
oxidative phosphorylation. 55 

62 E. R. Redfearn and A. M. Pumphrey, unpublished work. 
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53 W. A. Anderson and R. D. Dallam, J. Biol. Chem., 1959, 234, 1959; R. E. Beyer, 
ibid., 1959, 234, 688. 

•• Y. Hatefi, Biochim. B iophys. A cta, 1959, 31, 502; B. Chance, in Ciba Found
ation Symposium on "Quinones in Electron Transport," Churchill, London, 1961; 
E. R. Redfearn and A. M. Pumphrey, Biochem. Biophys. Res., Comm., 1960, 3, 650. 

•• K. Harrison, Nature, 1959, 181, 1131; V. M. Clark, G. W. Kirby, and A. Todd, 
ibid., 1958, 181, 1650; I. Chmie!ewska, Biochim. Biophys. Acta, 1960, 39, 170. 
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DIFFERENT METABOLIC STATES OF RAT LIVER NITOCHONDRIA 
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The precise role of ubiquinone (coenzyme Q) in the phosphory-

lating electron transpo·rt system is not yet understood; Hatefi 

(1959) has measured the steady-state oxidation-reduction levels of 

the quinone in beef heart mitochondria and suggested that it may be 

intimately concerned with one of the sites of oxidative 

phosphorylation. In the present paper the results of a ·study ,of 

the oxidation-reduction levels of ubiquinone in rat liver mito

condria are ·presented and discussed in ·relation to its possible mode 

of action, 

2at liver mitochondria were isolated in 0.25 M sucrose 

·essentially by the method of Schneider and Hogeboom (1950) and were 

used i mmediately after preparation. P/0 and respiratory control 

·; ratios 11ere determined ·polarograp•hically (Chance and Williams, 1955a ). 

Oxidation-reduction levels of ubiquinone were measured by methods 

described previousii (Pumphre·y · and Redfearn·, 1960; ·Redfearn and 

Pumphrey, 1960). Cytochrome concentrat'i'ons w~re· rire'asured by 

modificati'ons of the methods of Chance and' -Williams · (1955b) and Green 

•In a previous report (Pumphrey and Redfearn, 1960) it was , stated 

that t he determinat~on of -4biquinone concentration in rat , liver 

mitochondria was •difficult owing to - the presence of vitamin A. 

It has now , been found ~hat when .liver mitochondria from -hooded 

. 650 
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rats from an inbred strain at Liverpool are analysed by the !)rocedure 

described, there is little or no interference from vitamin A. 

The relative concentrations of the cytochromes and ubiquinone 

were determined in a number of mitochondrial preparations and the mean 

molar ratio cytochrome~:~: ,=.1: _£: UQ was 1: 1: 1.3: 0.9 11. 

Thus ubiquinone is present in considerable excess compared with the 

other carriers. 

Neasurement of oxygen consumption of the mitochondria at room 

temperature (16-18°) in the presence of ADP and inorganic phosphate 

gave values of 3.8, 1.0 1 1.4 a,nd o.4 µatoms Dt/hr,/mg. protein for 

succinate, ~-hydroxybutyrate, a-ketoglutarate and internal substrate 

respectively; in the absence of ADP the corresponding values were 

o.6, 0.1, 0.2 and 0.2 µatoms O./hr./mg. protein. P/0 ratios were 

1.8, 3.0 and 3.0 for succinate, p-hydr6xybutyrate and a-ketoglutarate 

respectively. 

The oxidation-reduction ievels of ubiquinone under various 

metabolic conditions of the mitochondria are shown in Table . I. 

A small portion of the total ubiquinone, varying between 10 and 2($ 

in different preparations,appeared to be enzymically inactive; in the 

presence of antimycin A, which inhibite ubiqu.inol oxidation, only 

8o-90% of the total ubiquinone is reducible enzymical.17~ Thus in the 

absence of ADP or inorganic phosphate, succinate is actually giving 

complete reduction and P-hydroxybutyrate about~ reduction of the 

enzymically active ubiquinone. 

Omission of ADP from the reaction mixture always resulted in an 

increased reduction of ubiquinone; this result is qualitatively 

similar to that of Hatefi (1959). Alao when inorganic phosphate was 

omitted and replaced by tria-HCl buffer there was an increased 

. reduction, usually of the same magnitude as that obtained in the 

absence of ADP. This result is contrary to that of Hatefi (1959) 

651 
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TABLE I 

Steady-state Oxidation-Reduction Levels of Ubiquinone in Different 
Metabolic States of Rat Liver Mitochondria, 

?reparation Ubiquinone Substrate Steady-state percentage 
number concentra- reduction of total ubi9uinone 

tion 
+P:i. +Pi (lJJ!loles/g. 

protein) +ADP +ADP 
+o. +o. +o. +o. 

14 1.3 endogenous 38 45 44 
succinate 72 Bo Bo 82 

15 1.6 endogenous . 45 
j)-hydroxy- 44 64 68 
butyrate 
succinate Bo 85 87 88 

17 1.3 endogenous 33 
~-hydroxy- 30 53 
butyrate 

84 succinate 69 81 

18 2.2 endogenous 63 
ll-hydroxy- 63 72 72 
butyrate 
succinate 86 89 88 

19 1.8 endogenous 35 
a-ketoglu- 48 67 69 85 
tarate 

Reaction mixture as follows: sucrose, 107 mM; KCl, 25 mM; 
N8tHPCli.-KH1~, pH 7.4, 12.5 mM (or tris-HCl, pH 7.4, 18.8 mM); 
ADP, 18 mM; sodium ll-hydroxybutyrate, 4.5 mM; sodium a-ketoglutarate, 
4.5 mM; sodium succinate, 3.0 mM; mitochondrial protein, approx. 
6 mg./ml. 

0
Total volume, 1.4 ml. Mixture aerated for 30 sec. 

Temp. 17-20. 

who found that when phosphate was replaced by tris there was no 

reduction ot ubiquinone. It is possible that Hateti 1s results 

can be explained on the basis of a non-enzymic oxidation of 

ubiquinol during the isolation· procedure; the susceptibility of 

ubiquinol to oxidation may be increased when phosphate is absent, 

particularly when heat treatment is used to stop the reaction. 

' The changes in the steady-state oxidation-reduction levels ot 
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ubiquinone in the dif f er ent me t a bol i c s t a t es of □i to chondria are 

in line with those of the other r espiratory chain cor.iponent s and with 

the mechanism of oxidative phosphorylation suggested by Chance and 

Williams (1956). -· It 1.s possible that ubiquinone may function· in 

oxidative ~hq$phory+~ti~n in a high-energy for'ro, UQH,,..,I, as 

suggested by Chance (1960) and Hatefi (1959) but no evidence for 

the existence of such a compound has yet been obta ined, 
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(Reprinted from Nature . Vol 191. No. 4790, pp. 806-807, 
August 19, 1961) 

Oxidation-Reduction Reactions of 
Plastoquinone in Isolated Chloroplasts 

QUINONES have previously been implicated as 
oxidation-reduction carriers in the photosynthetic 
electron transport system on the assumption that 
chloroplasts of higher plants contained vitamin 
/(1

1 - 3 • It has now been shown that chloroplasts 
contain little or no vitamin K, but that another 
quinone, 2,3-dimethyl-5-solanesyl-benzoquinone, is 
present in relatively large amounts4 - 0 • This quinone 
is !mown as plastoquinone, Q 255 and Kofler's quinone. 

Evidence that plastoquinone functions in the 
electron transport system associated with photo
synthesis has been presented by Bishop6, who has 
shown that it will restore photolytic activity when 
added to spinach chloroplasts which have been 
extracted with organic solvents . Recently, Crane 
et al. 7 have claimed that exposure of spinach chloro
plasts to light r esulted in an 80 per cent reduction 
of the endogenous plastoquinone. In the present 
communication we provide some further observations 
on the oxidation-reduction reactions of endogenons 
plastoquinone in isolated chloroplasts. 

Chloroplasts were isolated from sugar-beet leaves 
(var. Sharp's Klein Wanzleben E) by the method of 
Mayer and Friend 8, except that the isolation medium 
was buffered to pH 7·8 with 0·05 M sodium/potassium 
phosphate instead of tris-hydrogen chloride. The 
chloroplasts (0·4- 0·8 mgm. chlorophyll/ml.) were 
suspended in a medium containing 0·4 M sucrose, 
0·01 M potassium chloride and 0·05 M sodium/ 
potassium phosphate, pH 7·0. 

Plastoquinone was extracted by a modification 
of the method• used for the extraction of ubiquinone 
from mitochondrial preparations, and the oxidation
reduction state of the quinone measured by the 
change in extinction at 255 mµ after the addition 
of sodium borohydride. 

The concentration of plastoquinone in the chloro
plasts was 9 µmoles/gm. protein or 0· l mole per mole 
chlorophyll. This concentration agrees with that 
determined in spinach chloroplasts by Crane ~t al._7. 
There was no evidence for the presence of v1tamm 
/(1 • It is interesting to compare this concentration 
with that of another electron carrier in the chloro
plast, cytochrome f. It has been shown10

,
11 that 



the molar ratio of chlorophyll to cytochrome f in a 
number of chloroplast preparations is a bout 200- 400. 
Thus the molar concentration of plastoquinone 
exceeds that of cytochrome f by a factor of 20-40. 
In this connexion, it is interesting to note that a 
related quinone, ubiquinone (coenzyme Q), in 
mitochondria is a lso present in a considerable molar 
excess over the individual cytochromes in mito
chondria. 

The oxidation-level of plastoquinone (that is, 
percentage of total in oxidized form) in freshly 
isolated chloroplasts varied between 45 and 90 
per cent; the oxidation-level appeared to increase 
as the chloroplasts aged. Illumination (5 min. at 
3,200 ft .-candles) resulted in a fall of the level to 
35-65 per cent. Thus there had been approximately 
only 15 per cent r eduction of the qui.none. Crnne 
et al.7, on the other ha nd, have reported an 80 per 
cent reduction in a spinach chloroplast preparation 
incubated under similar conditions. The reason for 
this discrepancy is not apparent at the moment. 

In order to obtain further information on the 
oxidation-reduction reactions of plastoquinone and 
its site of action in the electron transport system, 
the effect of certain natural and artificial electron 
carri ers was studied. 

Addition of 2,6-dichlorophenolindophenol (final 
concentration 0·5 mM) to the chloroplasts in the 
dark converted all the plastoquinone into the oxidized 
form. When this mixture was illuminated there was 
5 per cent reduction to the quinol. Thus, under 
conditions where the Hill reaction is operative, the 
steady-state level of the plastoquinone is 95 per cent 
oxidized. 

It was found that incubation of the chloroplasts 

Table 1. REDUCTION OP ENDOGENOUS PLASTOQUINONE IN CHLORO
PLASTS BY TPNB 

Incubation 

Addition Light 
Plasf.oquinone 

(per cent in oxi-
Time or dark d ized form) 

Experiment 1 
None 0 dark 45·8 
TPNil 5 min. dark 26·0 
TPNH 5 min. 

Experlmen t 2 
light 34·3 

None 0 dark 87·5 
None 5 min . li ght 73·5 
TPN + chloroplast 

extract 15 min . dark 80·5 
TPN + chloroplast 15 min. 

extract 
light 59·0 

The Incubation mixture contained l ml. chloroplast suspension, 
ml. chloroplast cxt.rnct or water, 0·625 m.M TPN or TPNH. 



with reduced triphosphopyridine nucleotide (TPNH) 
in the dark resulted in a reduction (20- 30 per cent) 
of the plastoquinone. A simila r reduction could a lso 
be brought about by TPNH formed photochemically 
in a reaction mixture consisting of chloroplasts, 
triphosphopyridine nucleotide (TPN) and a chloro
plast extract containing photosynthetic pyridine 
nucleotide reductase12 (Table I) . 

These results provide further evidence that 
plastoquinone is a functional member of the photo
synthetic electron transport system. The site of 
action of the quinone is now under investigation. 
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THE INHIBITORY EFFECTS OF QUINONES ON THE SUCCINIC 

OXIDASE SYSTEM OF THE RESPIRATORY CHAIN 
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SUMMARY 

A number of p-benzoquinones have been shown to be inhibitors of the succinic oxidase 
system of heart-muscle preparations. Two representative quinone inhibitors were 
shown to act non-competitively in the succinic- methylene blue reductase system med
iated by ubiquinone homologues or other active quinones. Certain relationships be
tween the structure of a quinone and its inhibitory action were established. A new 
finding is that the nature of the substituent adjacent to an unsubstituted position 
influences the reaction of the latter with a sulphydryl group. A probable mechanism 
is proposed. 

INTRODUCTION 

Recently it has been shown that certain quinones related to ubiquinone (coenzyme Q), 
such as 2,3-dimethoxy-5-methyl-p-benzoquinone and 2,3-dimethoxy-5-methyl-6-
bromo-p-benzoquinone, are inhibitors of succinate and DPNH oxidation in mito
chondrial preparations1 , 2 . It was suggested that these quinones act non-competitively 
by combining with essential sulphydryl groups of the enzyme systems. In the present 
study the inhibitory action of a number of benwquinones has been tested. Certain 
relationships between structure and inhibitory action have been established. The non
competitive nature of the inhibition has been determined rigorously. 

MATERIALS AND METHODS 

Quinones: Ubiquinone homologues and analogues were generous gifts from Dr. 
0. ISLER, Hoffman-La Roche and Co., Ltd., Basel. Most of the other quinones were 
kindly given by Dr. F. M. DEAN, Organic Chemistry Department , University of Liver
pool. The quinones were usually added to reaction mixtures as ethanolic solutions. 

Heart-muscle preparations: These were obtained by a method previously de
scribed 3. 

Enzyme activities: Succinic oxidase was measured at 37° as previously described4 

except in one experiment (see Table II) where it was measured polarographically at 
20°. Succinic methylene blue reductase was determined by the method of REDFEARN5. 

Biochim. Biophys. Acta, 56 (1962) 440- 444 
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RE SULTS 

Structural criteria for inhibition 

441 

A number of p-benzoquinones were tested as inhibitors of succinic oxidase activity. 
The results (Table I) suggest that certain structural requirements are necessary for 
inhibition to occur. Firstly, all the inhibitory quinones tested possess at least one 
free position in the nucleus. Secondly, the nature of the substituent adjacent to the 
free position appeared to determine whether or not the quinone was inhibitory. Thus, 

TABLE I 

INHIBITION OF SUCCINIC OXIDASE BY p-BENZOQUINONES 

Quinone 

Aurantiogliocladin 
Ubiquinone-(5) 
2,5-Dimethoxy-6-methylbenzoquinone 
3,5-Dimethoxy-6-methylbenzoquinone 
2,3-Dimethoxy-5-methylbenzoquinone 
2,3,5,6-Tetramethylbenzoquinone (duroquinone) 
2,3,5-Trimethylbenzoquinone (cumoquinone) 
2,6-Dimethylbenzoquinone (m-xyloquinone) 
2,5-Dimethylbenzoquinone (p-xyloquinone) 
2-Methylbenzoquinone (toluquinone) 
2,5-Dimethoxybenzoquinone 
2-Methoxy-6-methylbenzoquinone 
2-Methoxy-6-propylbenzoquinone 
2-Methoxy-5-acetyl benzoq uinone 
2-Methoxy-5-acetyl-6-ethylbenzoquinone 

Inhibitory 
efftcl 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

hydrogen, methyl, propyl or acetyl groups permitted inhibition, whereas a methoxyl 
group destroyed the inhibitory effect. This effect is illustrated clearly with the isomers 
of dimethoxy-methyl-p-benzoquinone. Of the three isomers, only 2,3-dimethoxy-S·· 
methylbenzoquinone is inhibitory. This is because the unsubstituted position is 
adjacent to a methyl group rather than a methoxyl as in the other two isomers. 

Relation between structure and degree of inhibition 

The methyl substituted p-benzoquinones were taken and the lowest concentration 
required to give complete inhibition was found by extrapolation of the activity
inhibitor concentration curve (Table II) . It will be seen that the potency of the in
hibitor can be correlated with the number of free positions in the nucleus. 

The type of inhibition 

In view of the functional participation of ubiquinone in the respiratory chain it 
is of considerable interest to determine whether the inhibitory quinones are acting 
competitively or non-competitively. This was done using the methylene blue reductase 
system mediated by an added ubiquinone homologue which is assumed to react 
similarly to the endogenous ubiquinone5 • All the quinones which inhibited succinic 
oxidase also inhibited this system. The ubiquinone homologue or other quinone medi
ator was used at two different concentrations and the activity of the enzyme system 
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TABLE II 

MINIMAL CONCENTRATIONS OF METHYL-SUBSTITUT ED p-BENZOQUINONES FOR COMPLETE INHIBITION 

OF SUCCINIC OXIDASE ACTIVITY 

Succinic oxidase activity was determined polarographically at 20° with the following reaction 
mixture: KH 2P04-Na2HP04 buffer, pH 7.4, 7.7· 10- 2 M·; K C!, 7.7· 10- 3 M; cytochrom e c, 

3.8· ro-5 M ; sodium succinate, 10- 2 M; enzyme protein , 7.3 mg. The total reaction volum e was 

3.25 ml. The quinones were added in a small volume (0.01-0.02 ml) of ethanol and allowed to 
incubate for 2 min at 20° befote adding the succinate to start the reaction. 

p-benzoquinone 
derivaJive 

2-Methyl-
2,5-Dimethyl-
2,3,5-Trimethyl-

Least ccmunt,atwn f or complete inhibitio11 of 
succinic oxidase actitiity 

o.6· 10-4 M 
3.2• 10-4 j\,'[ 

7.1 · ro-4 M 

measured at a series of concentrations of the quinone inhibitor. In the first experiment 
aurantiogliocladin was used as the quinone carrier and 2-methoxy-6-propyl-p-benzo
quinone as the inhibitor. In the second experiment ubiquinone-(5) was the carrier 
with the same inhibitor, while in the third, 2-methyl-r,4-naphthoquinone (menadione) 
was the carrier with z-methyl-p-benzoquinone (toiuquinone) as the inhibitor. The 
results when plotted as the reciprocal of the reaction velocity against the concentra
tion of the inhibitor gave graphs characteristic of non-competitive inhibition6• The 
results of the first experiment are shown in Fig. r. 

0.8 

Fig. I. Inhibition of aurantiogliocladin-mediated methylene blue reductase by 2-methyl-6-propyl
p-benzoquinone. v, reaction velocity (µl 0 2/min/mg protein); i, final concentration of 2-methyl-6-
propyl-p-benzoquinone (ro- 4 M). • - •. 7.5· 10-4 M aurantiogliocladin; 0 - 0, 3· ro-5 M 

aurantiogliocladin (final concentrations). 

Reaction of inhibitory quinones with cysteine and 2 ,3-dimercaptopropanol 

SMITH AND LESTER2 using a spectrophotometric technique showed that 2,3-
dimethoxy-5-methyl-6-bromo-p-benzoquinone and 2,3-dimethoxy-5-methyl-p-benzo
quinone reacted with cysteine while aurantiogliocladin and ubiquinone-(50) did not. 
The same method was used in the present investigation to study the effect of the 
substituent adjacent to an unsubstituted position on the reactivity with sulphydryl 
compounds. The results of experiments using cysteine are summarized in Table III. 
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Similar results were obtained with 2,3-dimercaptopropanol. It will be seen that a 
methoxyl group adjacent to an unsubstituted position appears to render that position 
unreactive towards sulphydryl compounds. 

TABLE III 

REACTION OF BENZOQUINONES WITH CYSTEINE 

Q uinones were dissolved in o.r M KH 2PO, -Naz HPO4 buffer, pH 7.4, to give a final concentration 
of about 6· ro- 6 M. Spectra were determined in a recording spectrophotometer (Unicam S.P. 700) 
An aqueous solution of cysteine (0.03 ml) was added to the quinone solution (2.8 ml) to give a 
final concentration of 2 • ro4 M . The data given are those obtained 15 min after the addition. 
-·---·------------------------------- -

p•benzoquinone derivat ive InhibiJory acli-on 

2,5-Dimethoxy-
2-Methoxy-5-methyl- + 
2,5-Dimethyl- + 
3, 5-Dimethoxy-6-meth yl-
2,3-Dimethoxy-5 -methyl- + 

M ai,s absorpti-on maxims,m ( mµ) 

Bef ore addition of Aft,r addition of 
cysttine cysteine 

285 285 
270 323 
258 3o7 
284 284 
270 310 

DISCUSSION 

Extinction of new absorption 
maximum as pe,centage 

of iniJial value 

100 

45 
19 

73 
28 

It was shown by BERGSTERMA NN AND STEIN7 that p-benzoquinone inhibited succinic 
dehydrogenase and that the probable mechanism was a combination of the quinone 
with essential sulphydryl groups of the enzyme system by addition reactions similar 
to those described in organic chemistry8 , 9 . Recently it has been shown that certain 
quinones related to ubiquinone inhibit the enzyme systems of the respiratory chain 
and that the inhibition is probably exerted by addition reactions with sulphydryl 
groups1, 2. The results of the present paper have confirmed and extended these findings. 

It has been shown that one criterion for inhibition b that the quinone should have 
at least one unsubstituted position which enables it to react with a sulphydryl group 
and that the degree of inhibition can be correlated with the number of unsubstituted 

Fig. 2. Reaction of a trisubstituted benzoquinone with a sulphydryl compound. 

positions. Furthermore, the nature of the substituent adjacent to an unsubstituted 
position is important. The reaction of a quinone containing one unsubstituted position 
with a sulphydryl compound is depicted in Fig. z. The important determining feature 
is the electron-deficient site (marked with an asterisk). When the adjacent substituent, 
R, is a strong electron-attracting group such as acetyl or a weak electron-supplying 
group such as methyl or propyl , the reaction with a sulphydryl group is able to proceed 
as shown. However, when R is a strong electron-supplying group such as methoxyl,. 
the reaction is prevented. 
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The role of ubiquinone (coenzyme Q) and 
its homologues in mediating the reduction of methylene blue by 

succinate in heart-muscle preparations 

The use of methylene blue as a hydrogen acceptor in the manometric assay of the 
succinic dehydrogenase complex of mitochondrial preparations has been described by 
SLATER1. It was shown, however, that the dye appeared to be a relatively inefficient 
acceptor since its rate of reduction was only a small fraction of the succinic oxidase 
rate . Also the precise site action of methylene blue in the respiratory chain was not 
known . It was found that antimycin A only partially inhibited the reduction2 and 
that pure succinic dehydrogenase showed very little reactivity towards the dye3 • 

Thus it must be assumed that its main site of action is between the flavoprotein and 
the antimycin A-sensitive region. In the present study it has been found that 
ubiquinone (coenzyme Q) and its homologues can be used to mediate the reaction 
between the respiratory chain and methylene blue. 

Pig heart-muscle preparations were obtained as previously described4 and were 
stored at - 15°. The reaction mixture for the manometric determination of the 

Biochim. Biopl;ys . Acta, 53 (1961) 581- 583 



582 SHORT COMMUNICATIONS 

succinic-methylene blue reductase activity was as follows: KH 2PO4-Na2HPO4 buffer 
(0.06 M, pH 7-4); 0.036 M sodium succinate; r.7 mM KCN; r.6 mM methylene blue; 
0.5-0.8 mg enzyme protein. Quinones were added in 0.05 ml ethanolic solution. The 
total reaction volume was r.7 ml. The reaction was carried out at 37° after an equili
bration period of 5 min . The oxygen uptake was measured for 30 min after closing the 
taps and the maximum rate, which usually occurred in the 5-15-min period, was 
calculated. Since the uptake observed was due to autoxidation of reduced methylene 
blue to give H 20 2 , the rates were halved to make them directly comparable with 
those of succinic oxidase. Phenazine methosulphate reductase activity was determined 
manometrically with a similar reaction mixture except that the methylene blue was 
replaced by phenazine methosulphate at the two concentrations r.9 mM and 3.8 mM. 
The activity calculated for infinite concentration was halved as in the case of methylene 
blue reductase. Succinic oxidase activity was measured manometrically by substituting 
cytochrome c (3.6· rn- 5 M) for the dye and omitting the KCN . 

In the absence of added quinones, methylene blue reductase activity was 
equivalent to approx. 20 % of the succinic oxidase activity. Addition of ubiquinone 
homologues to the reaction mixture, however, resulted in up to a 7-fold increase in 
activity. Table I shows the activities obtained with equimolar concentrations of the 
ubiquinone homologues. The highest activity was obtained with ubiquinone-(5) and 
activities declined with increasing length of side-chain. By determining activities at 
different quinone concentrations and extrapolating to infinite concentration using 
the double-reciprocal-plot method, the maximum rates were calculated. These were 
found to be essentially the same for the homologues up to ubiquinone-(15). As 
expected from the results in Table I, ubiquinone-(5) had the lowest Michaelis constant 
with a value of 2.0 · rn-5 M. The concentration of endogenous ubiquinone in the heart
muscle preparation in the reaction mixture was rn-0 M. 

It is possible that the falling-off in activity with increasing length of side-chain 
may be due to the decreasing solubility and therefore the accessibility of the quinone 
to the active centres of the enzyme system5• When ubiquinone-(50) was added as a 
dispersion in a sucrose-Triton X-rno mixture prepared by a modification of the method 
of DoEG, KRUEGER AND ZIEGLER6 a higher activity was obtained. 

A large number of other quinones were tested for their ability to mediate the 
reduction of methylene blue by succinate; e.g. duroquinone, phthiocol, lawsone, 
lawsone methyl ether, vitamin K 2-(5), vitamin K 2-(rn), vitamin K 2-(25) were found 

TABLE I 

EFFECT OF UBIQUINONE HOMOLOGUES ON METHYLENE BLUE REDUCTASE ACTIVITY 

OF A PIG HEART-M USCLE PREPARATION 

Addition Activity 
(final concn. 1.4 ·ro- • M) (µI 0,/min /mg protein} 

None 1.8 
Aurantiogliocladin 4 .8 
Ubiquinone-(5) 9.0 
Ubiquinone-(10) 5-7 
Ubiquinone-(15) 6 :1 
Ubiquinone-(20) 4 .4 
Ubiquinone-(25) 3-9 
Ubiquinone-(50) 2.9 
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to be inactive while many others were actually inhibitory. 3,6-Dimethoxytoluquinone, 
4,6-dimethoxytoluquinone and menadione (z-methyl-r ,4-naphthoquinone), however, 
showed activity approximately equivalent to that given by aurantiogliocladin. Thus 
with these exceptions, the reaction is specific for ubiquinone homologues. 

Maximal rates of ubiquinone-mediated methylene blue reductase were compared 
with phenazine methosulphate reductase and succinic oxidase rates (Table II). It 
will be seen that the increase in the rate of methylene blue reduction brought about 
by the addition of ubiquinone-(5) is comparable with the phenazine methosulphate 
reductase rate and greater than the succinic oxidase rate. 

TABLE II 

COMPARISO N OF UBIQUINONE-MEDIATED SUCCINIC-METHYLENE BLUE REDUCTASE ACTIVITY WITH 

SUCClNIC-PHENAZlNE METHOSULPHATE REDUCTASE AND SUCC!NIC OXIDASE ACTIVITIES 

Assay system 

Methylene blue 
Methylene blue + ubiquinone-(5) 
Phenazine methosulphate 
Oxygen 

Activity 
( µl 0,/min/mg protei n) 

1.6 
l 1.2 
10.5 
9.0 

There are two possible ways in which the added quinones may react with the 
respiratory chain. The first is by direct reaction with the flavoprotein or the complex 
which may be designated ubiquinone reductase7 and the second is by a reaction with 
the endogenous ubiquinone. The specificity of the reaction indicates that the first 
possibility is probably the major pathway. The question whether the basal methylene 
blue reductase activity is mediated by the endogenous ubiquinone remains to be 
determined. 

The assay procedure described can be used as a method for measuring the rate 
of reduction of exogenous ubiquinone and its homologues in mitochondrial prepara
tions and derivative particles. One of its principal advantages in this respect is that 
it measures the reduction rate under steady-state conditions unlike the extraction 
procedures and direct spectrophotometric measurement9 which measure the rate of 
reduction of the total reducible quinone. 

Thanks are due to Dr. 0. ISLER, Hoffmann-La Roche and Co., Ltd., Basel, and 
Dr. F. M. DEAN, Organic Chemistry Department, University of Liverpool, for generous 
samples of quinones. 
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Spectrophotometric Methods for the 
Determination of Succinic-Dehydrogenase and 
Succinic- Oxidase Activities in Mitochondrial 
Preparations 

By E. R. REDFEARN and JEAN M. DIXON. (Depart
ment of Biochemistry, University of Liverpool) 

The reduction of phenazine methosulphate by 
succinate in mitochondrial preparations can be 
coupled to 2:6-dichlorophenolindophenol and the 
rate of reduction of the latter measured spectro
photometrically (Ells, 1959). This reaction has been 
investigated in further detail. 

Pig-heart-muscle preparations (Pumphrey & 
Redfearn, 1960) were used. Succinic dehydrogen
ase activity was measured by the rate of reduction 
of 2:6-dichlorophenolindophenol at 600 mµ, u sing 
a series of concentrations of phenazine methosul
phate. The double-reciprocal plot of the activity 
concentration curve gave a straight line for concen
trations less than a certain value (66-136 µmoles of 
phenazine methosulphate/mg. of enzyme protein 
depending on the age of the preparation) above 
which phenazine monosulphate was inhibitory. 
Extrapolation of the straight portion of the curve 
gave the maximum activity for infinite concentra 
tion of phenazine roethosulphate. 

,In order that the succinic oxidase activity could 
be measured under comparable conditions, the 
following method was devised. The reaction 
mixture containing cytochrome c was placed in a 
spectrophotometer cell. The cytochrome c remains 

in the oxidized form until all the oxygen in the 
mixture has been utilized. The cytochrome c then 
immediately begins to be reduced and this can be 
detected by the sudden rise in extinction at 550 mµ,. 
Thus, by observing the time between the start of 
the reaction and the onset of cytochrome c reduc
tion and calculating the concentration of oxygen 
in the mixture at the temperature of the assay, the 
succinic oxidase activity could be determined . 
Parallel determinations by polarographic and 
manometric methods gave very close agreement. 

The succinic deh ydrogenase and succinic oxidase 
activities were determined in a heart-muscle pre
paration (stored at - 20°)·over a period of 23 days . 
It was fow1d t hat the succinic deh ydrogenase 
activity declined steadily as the preparation aged 
whereas succinic oxidase remained at a fairly con
stant level of activity. The ratio succinic dehydro
genase/succinic oxidase was as high as 4·9 in the 
fresh preparation but declined to 2-0 at the end of 
23 days . These ratios are much higher than those 
obtained by Giuditta & Singer (1959) using mano
rnetric methods. The explanation for tho difference 
may be that reduced phenazine rnethosulphate 
reacts much faster with 2:6-dichlorophenolindo
phenol than it does with oxygen. 

Ells, H. A. (1959). Arch. Biochem. Biophys. 85, 561. 
Pumphrey, A. M. & Redfearn, E. R. (1960). Biochem. J . 76, 

61. 
Giudit t.a , A. & Singer, T. P. (1959). J. biol. Chem. 234,662. 
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Reactions of Plastoquinone in Isolated 
Chloroplasts 

By J. FRIEND and E. R. REDFEARN. (Botany 
Department, University of Hull, and Biochemistry 
Department, University of Liverpool) 

Evidence that plastoquinone (2,3-dimethyl-5-
solanesyl-1,4-benzoquinone) functions as an oxid
ation-reduction carrier in the photosynthetic elec
tron transport system has been presented recently 
(Bishop, 1959; Crane, Ehrlich & K egel, 1960; 
Redfearn & Friend, 1961). 

Illumination of freshly prepared sugar-beet 
chloroplasts reduced the oxidation level of plasto
quinone by approximately 20 % (Redfearn & 
Friend, 1961). The reduction was inhibited by 
o-phenanthroline (0·59 mM). Addition of ascorbic 
acid plus 2,6-dichlorophenolindophenol to chloro
plasts stimulated the photoreduction of the quinone 
and this stimulation was not appreciably affected 
by the presence of o-phenanthroline. 

Other compounds which stimulated the photo
reduction of plastoquinone were hydroxylamine 
hydrochloride (24 mM), potassium cyanide (20 mM) 
and sodium azide (mM). 

Addition of partially purified photosynthetic 
pyridinenucleotide reductase raised the oxidation 
level of the quinone in the dark but had no effect on 
the extent of the light-catalysed reduction. 
Addition of both the reductase and ascorbic acid, 
however, resulted in an enhanced reduction of the 
quinone in the light. 

The mechanism of reduction of endogenous 
plastoquinone appears to be similar to the one by 

which external cofactors, such as flavin mono
nucleotide (FMN) are reduced by illuminated 
chloroplasts. Thus the photoreduction of FMN is 
inhibited by o-phenanthroline (Jagendorf & Avron, 
1959). Also the inhibition of the reduction of 
FMN by 3-(3,4-dichlorophenyl)-l,l-dimethylurea 
(Vernon & Zaugg, 1960), which is believed to act 
similarly to o-phenanthroline (Bishop, 1958), can be 
relieved by the addition of ascorbic acid and 2,6-
dichlorophenolindophenol. 

Bishop (1959) showed that extraction of lyo
philized chloroplasts with organic solvents re
moved plastoquinone and decreased their Hill 
reaction activity. Activity could be restored by 
adding plastoquinone to the extracted chloroplaRts. 
We have devised a method for extracting chloro
plasts in suspension (i.e. without prior lyophiliza
tion) and have confirmed that addition of plasto
quinone restores photolytic activity. However, 
addition of plastoquinone to unextracted chloro
plasts considerably stimulated photolysis. Thus 
extraction-reactivation experiments cannot be 
explained simply in terms of removal and replace
ment of plastoquinone since the stimulatory effect of 
plastoquinone per se must also be taken into account. 

Bishop, N. I. (1958). Biochim. biophys. Acta, 27, 505. 
Bishop, N. I. (1950). Proc. nat. Acad. Sci., Wash., 45, 1696. 
Crane, F. L., Ehrlich, B. & Kegel, L. P. (1960). Biochem. 

biophys. Res. Commun. 3, 37. 
Jagendorf, A. T. & Avron, M. (1950). Arch. Biochem. 

Biophys. 80, 246. 
Redfearn, E . R. & Friend,J. (1961). Nature,Lond., 191,806. 
Vernon, L. P . & Zaugg, W. S. (1060). · J biol. Chem. 235, 

2728. 
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The Effect of Quinones on the Hill Reaction 
Activity of Isolated Chloroplasts 

By E. R. REDFEARN* and J. FRIEND. (Department 
of B iochemistry, The University of L iverpool and 
Department of Botany, 'l'he University of Hull) 

Plastoquinone (2,3-dimethyl-5-solanesyl-1,4-ben
zoquinone) functions in the photosynthetic electron 
transport system as an oxidation- reduction carrier, 
as has been shown by studies on the reactions of the 
endogenous material (Crane, Ehrlich & Kegel, 
1960; R edfearn & Friend, 1961 ; Friend & R edfearn, 
1962). Earlier it had been shown by Bishop 
(1959) that extraction of freeze-dried chloroplasts 
with light petroleum resulted in a loss of Hill 
reaction activity and that the loss of activity could 
be correlated with the amount of endogenous 
plastoquinone removed. R estoration of photolytic 
activity was achieved by adding plastoquinone to 
the extracted preparation. 

In a study of the effect of quinones on the Hill 
reaction activity of chloroplasts before and after 
extraction with organic solvents, Bishop's (1959) 
results have been confirmed. In addition, however, 
it was found that a number of other quinones would 
also restore photolytic activity in extracted pre
parations and that some were more effective than 
plastoquinone. Furthermore, most of these qui
nones had marked stimulatory effects, although 
quantitatively smaller than the reactivating effects, 
on the Hill reaction activity of unextracted chloro
plasts. These results raise certain problems re
garding specificity and the mechanism of inter
action of quinones with the photosynthetic 
electron-transport system. 

Chloroplasts were isolated from sugar-beet or 
spinach leaves (Redfearn & Friend, 1961) and were 
extracted with light petroleum, b.p. 40-60°, with-

* Indicates that the Mem her received a grant from the 
Travel Fund of the Society. 

out prior freeze-drying . Hill reaction activity was 
m easured potentiometrically (Spikes, Lumry, 
Rieske & Marcus, 1954) with potassium ferri
cyanide as the electron acceptor. 

The endogenous plastoquinone was removed 
progressively by successive extractions until the 
total extractable quinone had been removed. The 
reactivating effect of added quinones was inversely 
related to the amount of plastoquinone extracted. 

In addition to plastoquinone, 1,4-benzoquinones 
with the following substituents were found to 
reactivate extracted preparations and to activate 
unextracted preparations: trimethyl- (cumoqui
none); tetramethyl- (duroquinone); 2-methoxy-6-
propyl-; 2,5-dimethyl-; 2-acetyl-3-ethyl-5-meth
oxy- . On an equimolar basis, cmnoquinone and 
2-methoxy-6-propylbenzoquinone were more effec
tive than plastoquinone. Of the quinones tested 
related to the ubiquinone (coenzyme Q) series, 
aurantiogliocladin and ubiquinone-5 were active 
but ubiquinone-24 was inhibitory. 2-1\iethylnaph
thoquinone (menadione or vitamin K 3) was found 
to be active, thus confirming the work of Bishop 
(1958), but 3-hydroxy-2-methylnaphthoquinone 
(phthiocol), vitamin K 2-5, K 2-10 and K 2-25 were 
inhibitory. 

The results will be discussed in relation to the 
site and mode of action of quinones in the photo
synthetic electron-transport system . 

Bishop, N. I. (1958). Proc. nat. Acad. Sci., Wash., 44, 
501. 

Bishop, N. I. (1959). Proc. nat. Acad. Sci., Wash., 45, 
1696. 

Crane, F. L., Ehrlich, B. E. & Kegel, L. P. (1960). Biochem. 
biophys. Res. Commun. 3, 37. 

Friend, J. & Redfearn, E. R. (1962). Biochem. J. 82, 13P. 
Redfearn, E. R. & Friend, J. (1961). Nature, Land., 191, 

806. 
Spikes, J. D., Lumry, R., Rieske, J. S. & Marcus, R. J. 

(1954). Plant Physiol. 29, 161. 
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Inhibition of Succinate Oxidation in a Heart
Muscle Preparation by Thenoyltrifluoro
acetone 

By P. A. WHITTAKER and E. R. R E DFE ARN . 

(Department of Biochemistry, Universi ty of L eicester ) 

Thenoyltrifiuoroacetone [ 4,4,4-trifluoro-l-(2-thi
enyl) -l,3-butanedione], a powerful metal-chelating 
agent, has been shown to be a potent inhibitor of 
succinate oxidation in mitochondrial preparations 
(Zeigler, 1961; Doeg, 1961; Green, 1961). The 
mechanism of the inhibition was assumed to be 
chelation of non-haem iron, which was believed to 
play an essential role in electron t ransfer. 

We have studied the inhibitory action ofthenoyl
trifluoroacetone and rela ted subst ances on the 
succina te oxidase system of heart-muscle prepar

. a tions in an a t tempt to elucidate the site of action 
of the inhibitor and to clarify the role of metals in 
the mitochondrial electron-transfer system. 

At 1 mM final concentra tion, thenoyltrifluoro
acetone inhibited succina te oxidase, 86 % ; suc
cina te- cytochrome c reductase, _83 % ; succina te
meth ylene blue reductase, 67 % ; succinat e--methyl
ene blue reductase media ted by ubiquinone, 68 %; 
succina te--phenazine methosulpha te redtictase, 
23 % ; succinate-methylene blue reductase medi
a ted by phenazine methosulphate, 27 %; cyto
chrome ox idase activity was not inhibited. 

These results suggest that there a re at least two 
sites of action of thenoy ltrifluoroacetone. One is 
before the s ite of action of phenazine metho
sulphate (approx. 25 % inhibition) , and the second 
is between the sites of action of phenazine motho
sulphate and methylene blue (approx. 70 % inhibi
tion of the res id ual activity ). There may also be a 
third site of action beyond these points as succina te 
oxidase was inhibi ted to a greater extent than 
succinate meth ylene blue reductase . 

Trifluoroacetylacetone, which is also a m etal
chelating agent, inhibited the same systems simi
larly but to a proportionally smaller extent. Acetyl 
thiophen, on the other hand, which is not a metal
chelating agent, did not inhibit these enzyme 
systems. 

Further evidence that thenoyltrifluoroacetone 
was inhibiting by virtue of its metal-chelating 
property was obtained by demonstrating that the 
thenoyltrifluoroacetone-iron complex had no effect 
on the enzyme activities . 

In addition to confirming the essential role of 
metals in electron t ransport, t hese results a lso 
emphasize the difference in properties of the 
particle-bound and soluble forms of succ inic 
dehydrogenase. In contrast to the particle-bound 
enzyme, the reduction of phenazine methosulphate 
by soluble succinic dehydrogenase is not inhibited 
by thenoyltrifluoroacetone (Ziegler, 1961) and 
non-haem iron does not appear to play a functional 
role (Massey, 1958). In fact, it m ay be necessary to 
investigate in greater deta il the relationship 
between t he soluble and pa rticle-bound forms of 
the enzyme. King (1962) has already shown that 
phenazine m ethosulphat e reduction is not neces
sarily a criterion that soluble succinic d ohyd ro
genase will be active in the reconstit ution of the 
respiratory chain. 

This work was done during the tenure of a Medical 
Research Council Scholarship by one of us (P.A. W.). 

Doeg, K. A. (1961). Fed. Proc. 20, 44. 
Green, D. E. (1961). Plenary Lecture, 5th int. Gongr. 

B iochern .. Moscow. London: P ergamon Prnss. 
King, T. E. (1962). B ioch·ini. biophys. Acta, 59, 492. 
Massey, V. (1958). Biochirn. biophys. Acta, 30, 500. 
Ziegler, D . M. (1961). In IUB/IUBS Symp. Biological 

S tructure and Fiinction, vol. II, p. 253. Ed. by Goodwin, 
T. W. & Lindberg, 0. New York : Academic Press. 
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BARBITURATES IN TIGHTLY COUPLED MITOCHONDRIA 
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SUMMARY 

317 

r. Polarographic assays showed r mM amytal to inhibit oxidation of NAO-linked 
substrates a lmost completely, and succinate oxidation in presence of phosphate and 
ADP by about 30 %. but had little effect on the low rates of oxidation found in 
absence of ADP. Amytal did not affect the stimulation of tetramethyl-ji-phenylene
diamine oxidation by ADP. 

2. In manom':! tric assays, amytal inhibited succinate oxidation to a less extent 
than in the polarographic method, but it stimulated oxygen uptake in absence of 
phosphate-acceptor system under these conditions. Phosphorylation was inhibited 
to a greater extent than oxidation. 

3. Amytal inhibition of succinate oxidation was not prevented by 2,4-dinit ro
phenol or EDTA, although these substances release respiratory control by ADP. It 
could be prevented (or reversed) by disruption of the mitochondria and by addition 
of Ca2+. Study of the light-scattering properties of the mitochondria indicated that 
prevention of amytal inhibition by Ca2+ was associated with a rapid swelling, greater 
than the reversible swelling shrinkage caused by substrates and ADP, but Jess 
extensive than the effects of other disruptive treatments. 

4. These results are discussed in relation to other work which has suggested 
interference by barbiturates in the energy-transfer sequence of oxidative phos
phorylation. 

INTRODUCTION 

Barbiturates have lorig been known to depress respiration . QUASTEL et al. 1
•
2 showed 

that various dia lkyl barbiturates inhibited the oxidation of glucose, lactate and 
pyruvatc by tissue slices, while the oxidation of succinate was slightly stimulated. 
The site of inhibition has since been more precisely located. CHA~ CE3 deduced from 
sp~ctrophotometri c evidence that amytal (5-ethyl-5-isoamyl barbituric acid) blocks 
the reduction of flavoprotein by NADH 2 in mitochondria. EsTABRO0K4 also used 

Abbreviation~: TMPD, t etramethyl-p -phenylenediamine; DIB, 4-hydroxy-3,5-diiodobenzoic 
a cid butyl ester. 

• Present address: Department of Physiology, University of Aberdeen (Great Britain) . 
•• Present address: Department of Biochemistry, University of Leicester (Great Britain). 
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spectrophotometric methods to show a different action in a non-phosphorylating 
NADH 2-cytochrome c reductase preparation from heart-muscle : amytal inhibited 
the reduction of cytochromes b and c1 and the oxidation, not reduction, of the flavo
protein. 

Amytal has generally been regarded as a specific agent for blocking electron 
transport in the region of the NAD-linked flavoprotein. In this capacity it has been 
widely employed, usually in concentrations in the range r- 3 mM. There have, 
however, been indications that barbiturates can influence mitochondrial reactions 
other than NADH 2-dehydrogenation. BRODY AND BAIN5 compared the effects of a 
number of barbiturates and thiobarbiturates on oxygen and phosphate uptakes of 
brain mitochondria . While all the drugs tested inhibited both phosphorylation and 
oxidation of NAD-linked substrates, they all , at sub-optimal concentra tions, tended 
to inhibit phosphorylation t o a greater extent than oxidation . This preferential 
inhibition of phosphate uptake was more marked with the thio- than with the oxy
barbiturates. The thiobarbiturates also inhibited the phosphorylation coupled to the 
oxidation of succinate, and BRODY AND BAIN suggested that they had an effect 
qualitatively ~imilar to 2,4-dinitrophenol. SIEKEV ITZ et al.6 found that increasing 
the concentration of amytal over 0.5 mM gave a progrrssive inhibition of 2,4-dinitro
phenol-stimulated ATPase of liver mitochondria , until a t 4 mM roughly half the 
maximum activity had been lost . At the same timr, the higher concentrations of 
,amytal were reported to give rise to a small ATPase activity in the absence of· 2,4-
dinitrophenol. Low et al.7 found that amytal inhibited ATP - P 1 exchange of liver 
mitochondria, about 20 % at I mM, 70 % at 4 mM, and So % at 8 mM. HATEFI et al.8 

showed that amyt al (r.5 mM for ox·-heart mitochor.dria, 3 mM for rat-liver mito
chondria) abolished virtually all the stimulation by ADP of oxygen uptake in the 
presence of succinate. The observations of these last three groups were plausibly 
interpreted as consequences ofthe action of amytal on the NAD-linkcd fl avoprotein. 

A different type of action was postulated by CHANCE AKO HoLLUKGER9• They 
stated that inhibition of NADH 2 oxidation in tightly coupled mitochondria by low 
concentrations of amyt al was slightly relieved by uncoupling agents, and they 
suggested that amytal interacted with a "site-specific intermediate such as X ~ lct" , 

An inhibition of succinate oxidation by r.5 mM amytal was also mentioned, and it 
was therefore suggested that amytal affected two phosphorylation sites. In a com
munication which appeared while the present paper was in preparation CHANCE , 
HoLLUNGERAND H AG IHARA10 gave a further account of the effect of amytal on NADH 2 

oxidation in tightly coupled mitochondria. They described in particular its effects 
on NAD, fl avoprotein and cytochrome b steady-state reduction levels, and their 
reversal by the uncoupling agent DIB: these results were in accord with the earlier 
observed differences in site of action of amytal in phosphorylating and non-phos
phorylating preparations3 , 4 . The partial inhibition by r. 9 mM amytal of succinate 
oxidation in glutamate-treated pigeon-heart mitochondria in the presence of ADP 
was again also recorded, and was shown to be reversed by the uncoupling agent 
hexetidine. 

During attempts to isolate tightly coupled mitochondria from abattoir material 
in this laboratory , the inhibition of succinate oxidation described by HATEFI et al.8 

and mentioned by CHANCE AND HOLLUNGER9 was essentially confirmed. Some 
previously unreported features of the inhibition were noticed, however·. These proved 

Biochim. Biophys. Acta, 74 (1963) 317- 327 
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more difficult to explain in terms of the known site of action of amytal than were 
the results of HATEFI et al.8• In view of the frequent use of amytal in experiments 
on mitochondrial systems, the problem appeared to merit more detailed study: 
before using amytal to inhibit selectively the NAD-flavoprotein section , it was of 
practical importance to determine its effect on other portions of the coupled electron
transfer chain under a variety of experimental conditions. Studies of the action of 
amytal and other barbiturates on oxidase activities of rat-liver mitochondria were 
therefore carried out. 

MATERIALS AND METHODS 

Mitochondria were isolated from rat liver by differential centrifugation in 0.25 M 
sucrose, after the method of SCHNEIDER AND HOGEBOOM 11 • 

Oxygen uptake was measured at room temperature, polarographically and 
manometrically. Polarographic measurements were made with platinum (surface 
area 0.16 mm2) and silver electrodes in an open cell rotating at 60 rev./min. The silver 
electrode was separated from the reaction medium by a KCl-agar gel bridge. A 
potential of - o.6 V was applied to the platinum electrode, and the output from the 
electrodes was dropped across a 500 k.Q variable resistance used as a sensitivity 
control and then connected to a D.C. amplifier (W. G. Pye and Co. Ltd ., Nanoammeter, 
Cat.Nos. II342, II352). The output of the amplifier was connected to a I mA, 1500.Q 
recorder (Record Electrical Co. Ltd., Altrincham, Cheshire). Oxygen concentrations 
were calculated from figures given for Ringer's solution12• In calculating ox-ygen 
uptake rates, correction was made for diffusion of atmospheric oxygen into the 
reaction medium. The rate of diffusion was determined empirically by measuring 
increase of oxygen in a dilute KC! solution, made anaerobic by boiling and cooling 
under nitrogen, and incubated in the polarograph cell under the same conditions of 
temperature, rotation, etc., as were used for oxidase assays. The rate of diffusion 
(proportional to the difference between the actual and the saturating concentrations 
of oxygen in solution) was 0.022 µ,atom/ml/min at 18° when the solution was com
pletely anaerobic. Manometric measurements were made in the conventional Warburg 
apparatus, with mitochondria in the side-arm during the 5-min equilibration period. 
Uptake of inorganic phosphate during manometric assays was determined after the 
method of MARTIN AND DoTv13 , 14 . 

Sodium amytal (sodium 5-ethyl-5-isoamyl barbiturate) and sodium seconal 
(sodium 5-allyl-5 [r-methylbutyl ] barbiturate) were kindly supplied by Eli Lilly and 
Co. Ltd., Basingstoke. Solutions were freshly prepared at the start of each experiment. 
Since the mono-sodium salts are strongly alkaline, their addition to the reaction 
medium caused a rise in pH. The initial pH of reaction medium with mitochondria 
was about 7.2, and pH changes were checked with a pH meter. Where necessary 
to prevent the pH rising above 7-4, sufficient 0.15 :N' HCI was added to neutralize 
each addition of barbiturates. Contrary to an earlier report 15 seconal was found to 
be effective in rather lower concentrations than amytal (compare Fig. 4 with Figs. I 

and 3). This somewhat reduced complications due to pH changes. Therefore, since 
seconal appeared to give, qualitatively, the same results as amytal, it has been used 
in some of the experiments reported here. 

Biochim. Biophys. Acta, 74 (1963) 317- 327 
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RESULTS 

Polarographic measurements of amytal inhibition 

When successive additions of amytal were made to tightly coupled liver mito
chondria, the rate of oxygen uptake in the presence of succinate fell progressively 
after oxidat ion of other substrates had been entirely suppressed. At I mM amytal, 
NAD-dependent substrate oxidation was negligible while oxygen uptake in the 
presence of succinate, phosphate and ADP was 20-30 % inhibited. Further increase 
in amytal concentration decreased oxygen uptake until, between 4 and 5 mM, about 
So% of the original activity was lost. The low rate of oxygen uptake which occurred 
in the presence of succinate and absence of ADP was not much affected by amytal. 
One experiment showing these results is given in Fig. 1. 

M anometric demonstration of inhibition of succinate oxidation by barbiturates 

One inference of the polarographic measurements was that amytal v.:as genuine!y 
blocking the oxidation of succinate to fumarate, and not merely (cf. ref. 8) the further 
oxidation of fumarate via malate. The use of amytal as a specific inhibitor of the 
NADH 2 dehydrogenase flavoprotein was, however, too well established for this 
-inference to be immediately accepted. It seemed necessary to confirm the inhibition 
by other assay methods. Manometric studies were, therefore, carried out and the 
results of one such experiment are shown in Fig. 2 . 

c o.o4 .-----,-----.-----,.----,-----, Fig. 1. Effect of amytal concentration on 
oxygen uptake of rat-liver mitochondria 
incubated with various subst rate.,. The re
action mixture (total YOlum e 4 ml) contain
ed: sucrose, 56 m:VI ; 1'a2 HPO~- KH 2 PO 4 
buffer (pH 7.4). 5o mM ; MgC12 , 16mM; 
mitochondrial protein , 4. 7 mg protein/ml 
Substrates added were: 0-0, succinate 
with ADP (o .75mM); 0---0. succinate 
without .-\DP; 6-6, glutamate; □- □, 
/J-hydroxybutyrate; • - • . pvruvate plus 
malate (all approx. 2 ml\'1) ; A - A , gluta
mate plus /J-hydroxybutyrate plus pyruvate 
p lus mala te (each approx. 1 mM) . Oxygen 
uptake measured polarographically at 16.5°. 
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Fig. 2. Effect of seconal concentration on 
succinate oxidation and coupled phosphoryl
ation, measured manometrically. The reac tion 
mixture (total volume, 1 ml) contained: sucrose, 
47-70 mM; Na 2HPOcKH 2PO4 buffer (pH 7.4), 
44 mM; MgC1 2 , 13 mM; rat-liver mitochondria, 
5.9 mg protein/ml ; succinate, 15 mM; ADP. 
0.47 mM ; glucose, 37 mM, and hexokinase 
(Sigma Type III). 0.65 mg/ml were a lso added, 
except where indicated. • - • , maximum 
rate of oxygen uptake; 0-0, mean rate 
of oxygen uptake ; 6 -6 , mean rate of P 1 
uptake; A,. --- A , rate of oxygen upta ke when 
glucose and hexokinase were omitted. Reaction 

carried out at 19.7°. 
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In most manometric assays, there appeared to be a slight lag during the first 
4 or 5 min aft er tipping, particularly at the higher concentrations of the barbiturates. 
A lag was not noticeable in the polarographic assays. Comparison of oxygen uptake 
rates in the absence of inhibitor obtained by the two methods showed that , although 
there was a ce rtain amount of scatter, the average value of succinate oxidase measured 
manometrically was higher than that measured polarographically at the same 
temperature (compare the maximum activity in Fig. 2 with Fig. 3). It was not 

F ig. 3. E ffect of various uncoupling treatments 
on the susceptibility of succinate oxida tion t o 

] 0 .04r---4.'-. 

· a m ytal. The reaction mixt m e (tot a l volume 
4 ml) contained : sucrose, 11 2 mM ; Na 2H PO~
NaH 2P04 buffer (pH 7.4), 13 mM ; l(Cl, 26 m M; 
MgCl2 , 1 2 mM; rat -liver m it ochondria, 2. 2 mg 
protein /ml ; succina te , 2 ml\t . Other additions 
or conditions were : A - A , CaC12 (0.2 mM, 
KC! substituted for MgCl2 in this assay) ; 
□- □ , mitoc hondria frozen overnight a t 
- 25 ° : 0 -- 0 , ADP (o.6 mM); e - e . 2,4-
dinitrophenol ( 1 2 µM); 6 -6 , E DT A (3.8 mM, 
KC! substituted for MgCl2 in t his assa y). 
Oxygen uptake measured p olarographically 
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possible to measure accurately the initial ra te in manometric assays but it seems 
likely that this was equal to the rate in the short-term polarographic assay, and that 
somewhat higher rates developed a ft er a few minutes of shaking the mitochondria 
in the reaction medium. No definit e reason is apparent for the occurrence of a lag 
in the absence of inhibitor , but the more pronounced lag found in the presence of the 
higher concent rations of barbiturates can be explained in terms of a delayed un
coupling effec t (see below). Although none of the reactants (suc.cinate, phosphate, 
glucose) was added in limiting amounts, there \\'as also a tendency for the rate of 
oxygen uptake to begin to fall off aft er about 20---30 min . For these reasons the 
maximum rate of uptake (measured over the 5- 15 min period a ft er tipping) is given 
in Fig. 2 to provide a better comparison with the polarographic data shown in Fig. r; 
and the mean rate of oxygen uptake ovl' r the \\'hole pr riod of assay is given for 
comparison with the inorganic phosphate uptake. (The falling-off was unfortunately 
unusually marked in the control (no seconal) fl ask in Fig. 2 : hence the a typically 
low mean oxygen a nc.1 phosphate uptakes. ) 

A subs tantial inhibition of oxygen uptake was observed in manometric assays, 
but it was not as great as that routinely obtained in the polarographic method. 
It was fo und , however, that amytal or seconal stimulated the low rate of succinate 
oxidation observed when hexokinase and glucose were omitted from the manometer 
flaskc; (Fig. 2). This effec t was not noticeable in polarographic assays, possibly because 
prolonged shaking with the barbiturate was needed to produce the decline in respira
tory cont rol. If this partial uncoupling is taken into account , it can be seen (Fig. 2) 
that high concentrations of the barbiturate abolished stimulation of oxygen uptake 
by the phosphat e-acceptor system in manometric as well as polarographic assays. 
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The inhibition of phosphate uptake was rather greater than the inhibition of (mano
metric) oxygen uptake: thus in Fig. 2, the maximum rate of oxygen uptake was 
inhibited 43 %, the mean oxygen uptake 36 %, and the mean phosphate uptake 
72 % at 3.2 mM seconal. Since this concentration of seconal would have suppressed 
all the stimulation of succinate oxidation by ADP in polarographic assays, phosphate 
uptake by the manometric method might have been expected to approach zero. 
However, seconal and amytal do not prevent the stimulation of ascorbate-TMPD 
oxidation by ADP in polarographic assays (see below). It is, therefore, possible that 
in manometric experiments phosphorylation at the cytochrome oxidase level is still 
able to proceed, while phosphorylation at the cytochrome b level is inhibited and 
electron-transfer in this region is partially uncoupled. The residual phosphate uptake 
found in manometric experiments at high levels of barbiturate could thus be due 
largely to the cytochrome oxidase site. 

Results similar to those in Fig. 2 were obtained with amytal. For example, in an 
experiment performed under similar conditions to Fig. 2 (except that both phosphate 
buffer and mitochondrial protein were added in about half the concentration) 
maximum oxygen uptake was inhibited 56 %, mean oxygen uptake 53 %, mean phos
phate uptake 78 %. and oxygen uptake in the absence of hexokinase and glucose 
was stimulated by 75 %, by 6.o mM amytal. The control (no amytal) P/O and 
respiratory-control ratios in this experiment were r.g and 3.3 respectively. 

These results afford a partial explanation of why amytal inhibition of succinate 
oxidation has previously escaped much attention. The inhibition , which in any case 
only occurs in intact tightly coupled mitochondria (see Fig. 3) at higher concentrations 
than are needed to block NADH 2 oxidation (see Fig. r), is more noticeable in the 
short-term polarographic assay than in the conventional manometric assay. 

Uncoupling treatments affecting sensitivity to amytal 

The requirement of the liver mitochondria for a high-energy phosphate-acceptor 
system for maximum succinate oxidase activity can be removed by various "un
coupling" treatments. Thus 2,4-dinitrophenol is a widely used uncoupling agent 
which gives high activities in the absence of added phosphate as well as of phosphate 
acceptor16, 17 and stimulates ATPase activity in fresh mitochondria18 ; ageing or treat
ment with detergents such as deoxycholate also stimulates ATPase6 ; Ca2+ or EDTA 
remove respiratory control3. Some conditions which release respiratory control by 
ADP were found to be without effect on the susceptibility of succinate oxidation to 
amytal: these included addition of 2,4-dinitrophenol (approx. r · 10 - 5 M) and omission 
of Mg2+ with the addition of EDTA (approx. 4 mM) to the reaction medium. Other 
uncoupling treatments were able to prevent amytal inhibition of succinate oxidation: 
these included (a) freezing and thawing the mitochondrial suspension, (b) suspension 
of mitochondria in water instead of isotonic sucrose, (c) addition of deoxycholate 
(about 0.04 % final concentration) to the reaction medium , (d) addition of CaCl 2 

(about o.6 mM) to the reaction medium. These latter treatments did not prevent 
the inhibition of NAD-dependent oxidases by amytal. Some examples of the effect 
of amytal on succinate oxidation under various uncoupling conditions are shown 
in Fig. 3. 

Possibly because of variations in the rate of freezing and length of time kept 
frozen, the activity after freezing and thawing tended to vary from one preparation 
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to another: it was sometimes a little less than the maximum (plus ADP) activity of 
the fresh preparation , sometimes considerably more. The activation of succinate 
oxidation in the absence of ADP by deoxycholate could also be- rather variable. It 
was affected by the amount of mitochondrial protein as well as by the concentration 
of deoxycholate in the medium. While low deoxycholate concentrations failed to 
give complete uncoupling, too high a deoxycholate/protein ratio destroyed electron
transfer as well as phosphorylation activity. Deoxycholate was effective in reversing, 
as well as preventing, the amytal inhibition of succinate oxidation. The activation 
of succinate oxidation by 2,4-dinitrophenol and its inhibition by amytal was, as 
expected, unaffected by the substitution of Tris- HCJ buffer for phosphate in the 
react ion medium. Unlike 2,4-dinitrophenol, Ca2+ only released respiratory control in 
the presence of phosphate. Suboptimal concentrations of CaC12 gave only a temporary 
stimulation of oxygen uptake (as reported by CHANCE19) and the concentration of 
Caz+ needed for irreversible release of respiratory control appeared to be proportional 
to mitochondrial protein concentration (very approximately 0.15 µmole Ca2+/mg 
protein in the sucrose- phosphate-MgC12 (13 mM) medium ; the effect of altering 
Mg2+ concentration, etc., was not measured). Reactivation of the amytal-inhibited 
succinate oxidation by CaC1 2 could be obtained, but only with Ca2+ concentrations 
about 5- rn times higher than those required before addition of amytal, and only 
after a lag of 0.5-2 min . Phosphat e in the reaction medium was also found to be 
necessary for stimulation of succinate oxidation (in absence of ADP) by omitting 
Mgz+ and adding EDT A. 

Failure of di-alky l barbiturates to inhibit oxidation of tetramethy l-p-pheny lenediamine 

Respiratory control of the cytochrome O}ddase portion of the electron-transfer 
chain has recently been demonstrated20 using ascorbate in substrate quantities with 
TMPD in trace amounts. This system was studied to see if a response to amytal could 
be detected. 

Ascorbate alone gave very low rates of oxygen uptake, unaffected by ADP. 
When both ascorbate and TMPD were added, a relatively high rate of oxygen uptake 
was found in the absence of ADP. This was several-fold higher than succinate oxidation 
rates obtained under the same conditions and roughly equal to succinate oxidation 
in presence of ADP; it was little affected by omission of phosphate from the reaction 
medium, with substitution of Tris- HCI buffer. ADP (with phosphate) stimulated 
the ascorbate-TMPD oxidation by 30-80 %- ADP/O ratios were 0.8-1.0. 2,4-Dinitro
phenol gave an equal or slightly greater stimulation than ADP in presence or absence 
of phosphate, and CaC1 2 gave a similar stimulation in the presence of phosphate. 
Antimycin A had no measurable effect on ascorbate-TMPD oxidation. 

Dialkyl barbiturates had little effect on ascorbate-TMPD oxidation, in concen
trations that strongly inhibited succinate oxidation. Fig. 4 shows the results of an 
experiment with seconal; similar results were obtained with amytal. 

Effect of uncoupling treatments on the light-scattering properties of mitochondria 

Freezing and thawing, suspension in water instead of isotonic sucrose, and mixture 
with detergents such as deoxycholate, are all known to break up mitochondrial struc
ture. Ca2+ ions induce swelling of mitochondria21• 2,4-Dinitrophenol and EDTA, on 
the other hand, have been reported to have a protective action against swelling under 
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certain circumstances21 , 22 . In order to determine whether there was a correlation 
between the structural integrity of the mitochondria and the susceptibility of succinate 
oxidation to amytal, measurements of absorbancy at 520 mµ, were carried out. The 
reaction media used for these experiments were similar to those used for assay of 
oxygen uptake, but the concentrations of mitochondrial protein were necessarily 
much lower, 0.1- 0.05 of those suitable for polarographic or manometric measurements. 

o.oe~--.---- .----.-------,.--- ----, 

C 

l 0.06 
Fig.· 4. Failure of seconal t o inhi bit a£corbate 
TMPD ox idat ion. The reaction mixture (total 
volume 4 ml) contained: su crose, 86 mM; phos
phate buffer , 42 mM; MgCl2 , 13 mM; rat-li ver !1. 
mitochondria , 1 .65 mg 'protein /ml for ascorb- 3 
ate-TM PD assay and 2. 5 m g/ml for succinate g
assay. Substrates: - , ascorbate (3.8 mM) a nd ~ 
TMP D (0.3 mM); - - - - , succ inate (2 mM) . ~ 

Other additions were: 0 - 0, O' --- 0, ADP 0 
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polarographically at 17°. 
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Freezing and thawing, suspension in water, and addition of deoxycholate all 
gave a marked fall in the turbidity of the rat-liver mitochondrial suspension, resulting 
in a drop of 75 % or more in the absorbancy at 520 mµ, , 2,4-Dinitrophenol (2 · ro -5 M) 
had no effect, but under appropriate conditions CaCl2 rapidly reduced the turbidity 
of the mitochondrial suspension by 15-25 % : this was much less than other fragment
ing treatments , but several-fold greater than the reversible (c/ Phase I swelling of 
PACKER22) swelling and shrinkage observed on addition of substrates and ADP. The 
initial rapid fall in the absorbancy at 520 rrtµ, caused by Ca2+ lasted 1- 4 min, and was 
followed by a slower decline which appeared to continue indefinitely, Since polaro
graphic assays took only a few minutes to perform, it is presumed that only the first 
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Fig. _;. Effect of CaCl2 and 2,4-dinit raphenol on 
the 520-m,, absorption reading of rat- li ver
mitoc hondrial suspension. The reaction medium 
(total volume 3 ml) in (a) and (c) cont a ined: 
sucrose, 165 mM; Na 2Hl'OcKH 2 1'O 4 buffer 
(pH7.4), 16 ml\I ; MgCl2 , 15m;\1 ; rat-liver 
mitochondria , 0. 17 mg protein /ml , was added 
a t zero time. In (b) Tris- H Cl buffer (pH 7.4), 
23 mM, was substituted fo1 phospha te . Other 
add itions (where indicated): CaCl2 , 333 1-iM; 
K 2H PO4- KH 2 PO4 buffer (pH 7.4), 6.7 mM; 
2,4-dinitrophenol, 20 111\'1. Correction has been 
made for dilution by the additions, which did 
not in a n y case exceed 1 % of the total volume. 
Readings of 520-m1-i absorption were made in a 
Unicam SP 600 spectrophotometer against a 

wa';er blank, at approx . 20° , 

Biochim . Biophys. Acta, 74 (1963) 317- 327 



BARBITURATE INHIBITION OF SUCCINATE OXIDATION 

rapid changes in turbidity are relevant to observed changes in enzyme activity. The 
minimum Ca2+ concentrations required for swelling were lower than those preventing 
amytal inhibition of succinate oxidation. This was perhaps to have been expected 
from the different protein concentrations used in the two measurements, and the 
dependence of the uncoupling concentration of Ca2+ on the concentration of mito
chondrial protein in polarographic assays. The loss of turbidity caused by Ca2+ 

required phosphate in the reaction medium, as did prevention of amytal inhibition 
of succinate oxidation. 

The effect of CaC1 2 on the absorbancy at 520 mµ, and the lack of effect of 2,4-
dinitrophenol, are shown in Fig. 5. Unless CaC1 2 had previously been added in amounts 
just insufficient to cause a decrease in turbidity , a lag was generally observed between 
stirring in excess of CaCl 2 and the resultant fall in absorbancy (Fig. 5). An increase 
of 2- 4 % in 520-rnµ, reading (more distinct than the slight rise seen in Fig. 5) was 
frequently associated with the lag period . This increase was presumably due to an 
effect of Ca2+ on the mitochondria, because no precipitate or increase in absorbancy 
was detected when CaC12 was added to the reaction medium alone. Both the dura tion 
of the lag and the appearance of an increase prior to the decrease in absorption were 
rather variable, however, depending on the concentration of Ca2+ and the presence 
or absence of ADP, substrates , inhibitors, etc., in the reaction mixture. 

The relationship between the structural sta te of mitochondria and their light 
scattering properties is not precisely understood . Consequently, these results are 
not amenable to a very exact interpretation. It nevertheless seems probable that 
the irreversible release of respiratory control and prevention of amytal inhibition 
by excess Ca2+ in the presence of phosphate are both associated with a change in 
mitochondrial structure. 

DI SCUSSION 

The oxygen uptake of tightly coupled liver mitochondria incubated with succinate, 
phosphate and ADP can be substantially inhibited by amytal or seconal. Two fea tures 
make it impossible to attribute the whole of this inhibition to the effect of the barbi
turates on the NADH 2-dehydrogenase fl avoprotein: (a) Inhibition of NADH 2 and 
NAO-dependent substrate oxidations is complete at r mM amytal; succinate oxidation 
is 30 % (or less) inhibited at this point , but increasing the amytal concentra tion to 
4 mM suppresses 75- 80 % of the original activity (i.e. virtually a ll the portion 
stimulated by ADP or 2,4-dinitrophenol). (b) The amyt al inhibition of succinate oxi 
dation can be relieved by various treatments, freezing and thawing the mitochondria, 
suspending them in water instead of an isotonic medium, adding CaC12 or deoxy
cholate. These treatments did not prevent the inhibition of oxidation of NAO-linked 
substrates. 

If inhibition of succinate oxidation is not due to a block of electron-transfer in 
the NADH 2-dehydrogenase region, then other modes of action must be considered. 
Amytal inhibition of tightly coupled succinate oxidation can be relieved by some 
uncoupling t reatments but not by others. One possible explanation of this fact is 
that high concentrations of amytal may block phosphorylation coupled to succinate 
oxidation. The phosphorylation step affected would be at the cytochrome b, not the 
cytochrome oxidase (EC 1.9.3. r) level, since ascorbate-TMPD oxidation is not 
appreciably inhibited by amytal. There are many precedents for compounds producing 
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this type of inhibition of coupled electron-transfer, e.g. oligomycin23, guanidine24, 
biguanides25 , 26 , atractylate27 , 28• Inhibition of succinate oxidation by amytal, unlike 
inhibitions of electron transfer by these other agents, is not prevented by 2,4-dinitro
phenol. This docs not invalidate the above hypothesis, since amytal could block the 
energy-transfer sequence at or before the point attacked by 2,4-dinitrophenol, but 
it makes more careful consideration necessary. 

A common feature of the treatments here found to prevent or reverse amytal 
inhibition of succinate oxidation is that they all show signs of damaging mitochondrial 
structure. The physical treatments, freezing and suspension in a hypotonic medium, 
can be presumed to exert their effects by purely mechanical means, and deoxycholate 
treatment can almost certainly be placed in the same category. Studies of the structur
al integrity of mitochondria, as measured by their 520-mµ. light-scattering, indicate 
that the rapid swelling promoted by Ca2+ is less extensive than the damage caused 
by the other fragmenting procedures. This, together with its requirement for phos
phate, distinguishes the Ca2+-induced uncoupling from other treatments preventing 
amytal inhibition and prompts further speculation. It seems unlikely that Ca2+ 
prevents amytal inhibition of electron-transfer simply by directly catalysing the 
breakdown of a high-energy intermediate, formed in the energy-transfer sequence 
before the postulated amytal block. Phosphate is required for a rapid uncoupling of 
respiration by Ca2+, and hence if Ca2+ acts on a high-energy intermediate, it presuma
bly needs to be a phosphorylated one. This does not fit in with other results which 
place the hypothetical amytal block of energy-transfer at or before the entry of 
phosphate; 2,4-dinitrophenol uncouples electron-transfer in the absence of added 
phosphate, but it does not prevent amytal inhibition. A more convincing interpretation 
of the action of Ca2+ is that uncoupling is produced indirectly by alterations ac
companying (or caused by) the swelling. The requirement for phosphate might on 
this basis mean that a phosphorylated intermediate in the energy-transfer sequence 
plays a part in the rapid swelling induced by Ca2+, perhaps as a swelling agent, or as 
an acceptable source of energy for transport or binding of Ca2+ (cf. ref. 29). The 
existence of a lag between the addition of Ca2+ and P 1 and the onset of swelling is of 
interest in connection with the biphasic effects of Ca2+ on oxygen uptake rates 
described by CHANCE19 (cf. also ref. 29). A strict comparison of the sequence of events 
in these two measurements could be misleading, however, because of the difference 
in protein concentrations needed for absorbancy at 520 mµ. and oxygen-uptake 
studies. 

Of the uncoupling treatments studied here, those preventing amytal inhibition 
differ from the rest in that they are accompanied by alterations in the structural 
state of the mitochondria: in an enquiry into the site of action of amytal on succinate 
oxidation, this observation complicates the issue. It is still probable that the un
coupling treatments which release amytal inhibition do so by interrupting the energy
transfer sequence at a site closer to the electron-transfer chain than 2,4-dinitrophenol. 
But it is also conceivable that the uncoupling action is coincidental. Amytal could 
inhibit mitochondrial components other than those involved in energy-transfer. 
Alterations other than uncoupling could result from a breakdown of mitochondrial 
structure and qe responsible for loss of susceptibility of succinate oxidation to amytal. 
However, besides the result obtained here with oxidase activities, the other effects of 
high concentrations of amytal, on 2,4-dinitrophenol-stimulated ATPase and ATP-Pi 

Biochim. Biophys. Acta, 74 (1963) 317-327 



BARBITURATE INHIBITION OF SUCCINATE OXIDATION 327 

exchange6 , 7 must be considered. Although there is no a priori reason why the pro
gressive inhibition of coupled succinate oxidation, of ATPase and of ATP - P1 ex
change by 1- 4 mM amytal should be due to a single action a t a locus common to 
all three activities , the balance of probability seems in favour of this idea. The locus 
indicated would be a component in the energy-transfer sequence coupled to the 
cytochrome b region of the elec tron-transfer chain, with which both 2,4-dinitrophenol 
and P1 can react. No da.ta on the effect of hexetidine on mitochondrial swelling are 
a t present available. If this uncoupling agent proves, like 2,4-dinitrophenol, to have 
no swelling action, then its release of succinate oxidation from amytal inhibition10 

is of obvious interest. Hexetidine has been shown to lower the P/O of succinate oxidase 
and to give rise to ATPase activity23 . This ATPase was lower than that produced by 
2,4-dinitrophenol, and hexetidine added to the 2,4-dinit rophenol-stimulated ATPase 
assay decreased activity . LARDY et al. therefore suggested that hexetidine might have 
a stronger affinity for the same site as 2,4-dinitrophenol but be less effective in 
liberating P1. Although 2,4-dinit rophenol differs from amytal in attacking (apparently 
unselec tively) a ll three sites of oxida tive phosphorylation, a similar argument could, 
of course, apply to interference by hexetidine with the amytal inhibition of coupled 
succinate oxidation. 
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Abstract-After illumination of isolated sugar-beet chloroplasts, there was a reduction of the endogenous 
plastoquinone measured as a fall in the oxidation level of the quinone. The value of the photo-reduction 
varied between 10 and 30 per cent in different preparations of chloroplasts. The reduction was inhibited by 
either o-phenanthroline or DCMU (3-(3,4-dichlorophenyl)-1,l-dimethylurea). Addition of ascorbic acid 
plus 2,6-dichlorophenol indophenol stimulated lhe photo-reduction and the stimulation was not appreciably 
affected by either o-phenanthroline or DCMU. These results are interpreted on the assumption that plasto
quinone photo-reduction occurs via the light reaction involved in water photolysis. The possible site of action 
of plastoquinone in the photosynthetic electron transport system is discussed in relation to these and other 
experimental results reported. 

INTRODUCTION 

THE PREVIOUS paper in the series 1 described a method for measuring the concentration and 
oxidation-reduction state of plastoquinone in isolated chloroplasts. 

This method has now been used to measure the changes in oxidation-reduction level of 
plastoquinone after illumination, and the effects of inhibitors on such changes in an attempt 
to implicate plastoquinone as a member of the photosynthetic electron transport chain. 
Preliminary reports of some of these results have been published previously.2, 3 

RES UL TS AND DISCUSSION 

Illumfnation of the chloroplast suspension resulted in a reduction of endogenous plasto
q uinone, shown by a drop in the oxidation level (Table I). The new level was attained within 
the first minute and remained steady during continuous illumination for 10 min. In further 
experiments, the change in oxidation-reduction level was measured after a fixed time interval. 

In the experiment reported in Table 1, 20 per cent of the total plastoquinone present 
became reduced on illumination. In other preparations the reduction of plastoquinone varied 
and from 10 to 25 per cent of the total quinone present was reduced. Some of these results are 
listed in Table 2. Crane et al. 4 found in preparations of isolated chloroplasts from spinach, 
80 per cent of the total endogenous plastoquinone was reduced after 5 min illumination. No 
suitable explanation can be suggested at present for this discrepancy. 

1 E. R. REDFEARN and J. FRIEND, Phytochemistry 1, 147 (1962). 
2 E. R. REDFEARN and J. FRIEND, Nature 191, 806 (1961). 
3 J. FRIEND and E. R. REDFEARN, Biochem. J. 82, 13P (1962). 
4 F. L. CRANE, B. EHRLICH and L. P. KEGEL, Biochem. Biophys. Research Communs. 3, 37 (1960). 

• Present Address: Department of Biochemistry, University of Leicester. 
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The extent of the reductions shown in Table 2 could not be correlated with the initial 
oxidation-reduction level of plastoquinone which, as we have previously reported, 1 showed 
considerable variation in chloroplasts prepared from different batches of leaves. The Hill 
reaction activities of the chloroplasts also varied and although a few chloroplast preparations 
which had low activity in the Hill reaction had high initial oxidation levels of quinone, there 
was, in general, little correlation between the Hill reaction activity and the oxidation-reduc
tion level of plastoquinone in the chloroplasts. 

The oxidation-reduction state of plastoquinone may depend upon the metabolic status 
of the leaves prior to isolation of the chloroplasts since, as will be shown later,plastoquinone 
can be reduced by various compounds in dark reactions. The oxidation level of plastoquinone 

TABLE 1. CHANGE IN OXIDATION-REDUCTION LEVEL 
OF ENDOGENOUS . PLASTOQUINONE IN ISOLATED 

CHLOROPLASTS 

Percentage oxidation of quinone 
Time 
(min) Dark Light 

0 53·5 53·5 
1 52·7 35·8 
2 51 ·2 35·8 
3 50·0 33·6 
5 48·9 33·8 

10 48·9 35·1 

1 ml chloroplast suspension containing 1 ·01 mg 
chlorophyll and 1·5 ml 0·05 M pH 7·0 phosphate 
buffer containing 0·01 M KC!. Illumination con
ditions described in text. 

may therefore reflect the general oxidizing or reducing level in the chloroplasts and presum
ably in the leaf prior to isolation. 

Since it was difficult to achieve close environmental control over the plants used in these 
experiments, it was expected that there would be variations in the metabolic status of different 
batches of leaves. 

Effect of NADPH2 

Incubation of the chloroplast preparation with NADPH2 in the dark at 20° resulted in a 
reduction of 20 per cent of the plastoquinone (Table 3) although there was only 10 per cent 
reduction of the quinone when such a mixture was illuminated. 

Using a system which was presumed to produce NADPH2 by a photochemical reaction, a 
stimulated photo-reduction of plastoquinone was found. In these experiments the chloro
plasts were incubated with NADP and a chloroplast extract containing photosynthetic 
pyridine nucleotide reductase. 5 Without any addition to the chloroplast suspension there 
was a reduction of 14 per cent of the plastoquinone after 5 min illumination. With the addi
tions already described there was a drop in oxidation level of7 per cent after 15 min incubation 
in the dark but there was a reduction of28·5 per cent after 5 min illumination. 

s F. R. WHATLEY, M. B. ALLEN and D. I. ARNON, Biochim. Biophys. Acta 32, 32 (1959). 
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Since chloroplasts contain an enzyme having NADPH2 diaphorase activity which will 
reduce quinones such as menadione, 6, 7 it seems likely that the action of such an enzyme could 
account for the reduction ofplastoquinone both by added NADPH2 and by photochemically
formed NADPH2• The smaller reduction obtained upon illumination of chloroplasts to 
which NADPH2 was added may be explained on the basis of a photo-oxidation ofNADPH2 

similar to the one observed by Jagendorf, 8 which would effectively lower the concentration 

TABLE 2. EFFECT OF LIGHT ON THE OXIDATION- REDUCTION STATE OF ENDOGENOUS PLASTOQUINONE IN ISOLATED 
SUGAR-BEET CHLOROPLASTS 

Treatment Hill Chlorophyll 
Plastoquinone reaction activity concentration 

Time Light or (per cent in (µ.M dye reduced/ (mg/ml of 
Experiment (min) dark oxidized form) mg/chlorophyll/hr suspension) 

1. 15 dark 50·5 135 0·28 
15 light 40·8 

2. 0 dark 96·6 99 0·38 
5 light 74·9 

3. 0 dark 60·0 134 0·79 
10 light 44·5 

4. 0 dark 75·7 116 0·69 
5 light 54·8 

5. 0 dark 85·2 123 0·65 
5 light 60·5 

6. 0 dark 62·1 91 0·95 
5 light 49·7 

7. 0 dark 74·0 130 0·91 
5 light 42·3 

8. 0 dark 64·0 158 0·80 
5 light 47·0 

9. 0 dark 61·2 144 0·87 
5 light 42·5 

10. 0 dark 68·8 164 0·77" 
5 light 52·0 

11. 0 dark 69·5 175 0·57 
5 light 46·8 

Experimental conditions as described in the text. 
1 ml chloroplast suspension and 1 ml 0·05 M pH 7·0 phosphate buffer containing 0·01 M KCI. 

of NADPH2 available for reaction with plastoquinone. In this experiment there was no 
additional chloroplast extract which could catalyze the photochemical resynthesis of 
NADPH 2• 

Effects of Inhibitors 

The effects of two inhibitors of the photosynthetic electron transport system, o-phenan
throline and 3-(3,4-dichlorophenyl)-l, 1-dimethylurea (DCMU) on the light-catalysed reduc
tion ofplastoquinone were examined. As shown in Table 4 both these compounds inhibited 
the light-catalysed reduction of endogenous plastoquinone, thus providing additional evidence 

6 M. AVRON and A. T. JAGENDORF, Arch. Biochem. Biophys. 65,475 (1956). 
7 D. L. KEISTER, A. SAN PIETRO and F. E. STOLZENBACH, J. Biol. Chem. 235, 2989 (1960). 
8 A. T. JAGENDORF, Arch. Biochem. Biophys. 62, 141 (1956). 
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that the light-catalysed reduction is associated with photosynthetic electron transport. 
o-Phenanthroline actually raises the oxidation level of plastoquinone and it is this raised level 
which is unaffected by light. Wessels has previously shown that addition of o-phenanthroline 
to chloroplasts which were reducing toluylene blue raises the redox potential of the system.9 

Vernon and Zaugg found that the inhibition of photo-reduction by DCMU could be 
overcome by addition of ascorbic acid and indophenol.1° Therefore the effect of these two 
compounds together was examined. When ascorbic acid and 2,6-dichlorophenol indophenol 
were added together to chloroplasts they stimulated the photo-reduction of endogenous 

TABLE 3. EFFECT OF NADPH2 ON THE OXIDATION-REDUCITON STATE OF 
ENDOGENOUS PLASTOQUINONE IN SUGAR-BEET CHLOROPLASTS 

Addition 

None * 
NADPH2* 
NADPH2* 
Nonet 
Nonet 
NADP+ chloroplastextractt 
NADP+chloroplast extractt 

Treatment 
,-----A----, 

Time Light or 
(min) dark 

0 dark 
5 dark 
5 light 
0 dark 
5 light 

15 dark 
15 light 

Plastoquinone 
(per cent in 

oxidized form) 

45 ·8 
26-0 
34·3 
87-5 
73·5 
80·5 
59·0 

Reaction mixtures were as follows: Chloroplast suspensions con
taining 0 ·44 • and 0·84 t mg chlorophyll per ml respectively (1 ml), 
chloroplast extract (equivalent to 5 g fresh wt. leaves per ml) or water 
(1 ml). NADP or NADPH2 (0·625 mM). Total volume 2·2 ml. 

plastoquinone (Table 4). Addition ofDCMU did not inhibit this accelerated photo-reduction. 
o-Phenanthroline appeared to inhibit this reaction to some extent; however, closer examina
tion of the results shows that the difference in oxidationlevelofplastoquinone between chloro
plasts plus phenanthroline in the dark, and chloroplasts plus ascorbate and indophenol and 
phenanthroline in the light is 44 per cent. This is almost identical with the difference between 
chloroplasts in the dark and chloroplasts plus ascorbate and indophenol in the light (42 per 
cent). 

Thus in these experiments the light-catalysed reduction of endogenous plastoquinone is 
following a similar pattern to the photo-reduction of added co-factors by isolated chloro
plasts. It has been found that photo-reductions of added NADP, NAD, flavin mononucleo
tide and menadione were inhibited by DCMU and that the inhibition was relieved by addition 
of ascorbate and 2,6-dichlorophenol.10 Since DCMU blocks reactions involved in the evolu
tion of oxygen, 11 it has been assumed that any photo-reduction which is inhibited by DCMU 
must be mediated through that light reaction concerned in photolysis of water and oxygen 
evolution. The action of ascorbate and indophenol is to provide an alternative source of 
electrons ( or reducing equivalents ).10 

We may therefore postulate that plastoquinone is reduced by the photochemical system 

9 J. S. C. WESSELS, Thesis, University of Leiden (1954). 
10 L. P. VERNON and W. S. ZAUGG, J. Biol. Chem. 235, 2726 (1960). 
11 N. I . BISHOP, Biochim. Biophys. Acta 27, 505 (1958). 



Oxidation-reduction reactions of plastoquinone in chloroplasts 401 

involved in water photolysis, and that when this system is inhibited, plastoquinone can be 
photo-reduced by electrons provided by ascorbate and indophenol. 

The results in Table 4 also show that there is an enhanced photo-reduction ofplastoqui
none in the presence of ascorbate and indophenol. This additional reduction is apparently 
due partly to a reduction which does not involve a light reaction, since incubation of chloro
plasts in the dark with ascorbate and indophenol lowers the oxidation level of plastoquinone 

TABLE 4. EFFECT OF INHIBITORS ON THE LIGHT-CATALYSED REDUCTION OF 
ENDOGENOUS PLASTOQUJNONE OF ISOLATED SUGAR-BEET CHLOROPLASTS 

Treatment Plastoquinone 
(per cent in 

Time Light or oxidized form) 
Compound added (min) dark (a) (b) 

None 0 dark 85·5 88·7 
None 5 light 75·4 61-7 
o-Phenanthroline 0 dark 96·5 
o-Phenanthroline 5 light 98·5 
DCMU 0 dark 87·3 
DCMU 5 light 88·7 
Ascorbic acid+ 

2,6-dichlorophenol 
indophenol 5 light 43 ·3 33·5 

o-Phenanthroline + 
ascorbic acid+ 
2,6-dichlorophenol 
indophenol 5 light 52·5 

DCMU + ascorbic acid+ 
2,6-dichlorophenol 
indophenol 5 light 33·5 

o-Phenanthroline and DCMU were added in 0·05 ml ethanol to give 
a final concentration of 5·9 x tQ- 4 M of each compound. 0·05 Ml 
ethanol was added to those tubes without inhibitor. The final concen
trations of ascorbic acid and 2,6-dichlorophenol indophenol were 
l ·6 x 10-2 and 8 x 10- 4 M respectively. The chlorophyll concentrations 
in the chloroplast suspension used were (a) 0·97 mg/ml, (b) 0·85 mg/ml. 

(Table 5). The plastoquinone became more reduced when such a reaction mixture was 
illuminated; DCMU did not affect the dark reduction but in this later series of experiments the 
light reduction catalysed by ascorbate plus indophenol appeared to be slightly stimulated by 
DCMU (7 per cent stimulation). 

Two sites at which ascorbate plus indophenol could react with the photosynthetic electron 
transport system have been proposed by Witt et al. 12 One reaction is with one of the reactants 
in the photochemical system concerned in photolysis of water and the other is with the cyto
chrome situated between the two light reactions. We should agree that one site of action 
must involve a light reaction at the site suggested by Witt 12 but our results raise the possibility 
of a more direct dark reaction between ascorbate plus indophenol and plastoquinone. 

The effect of other inhibitors of either photosynthetic electron transport or photophos-

12 H. T. WITT, A. MULLER and B. RuMBERG, Nature 192, 976 (1961). 
·1 
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phorylation was examined. It was found (Table 6) that addition of ammonia caused the 
plastoquinone to become more oxidized in the light than in the dark; in other words, it 
appeared to catalyse a photo-oxidation of plastoquinone as opposed to the more usual 
photoreduction found when chloroplasts were illuminated on their own. Methylamine 
hydrochloride caused a very slight inhibition of photo-reduction. 

Addition of either of the respiratory inhibitors potassium cyanide or sodium azide caused 
an increase in photo-reduction of the endogenous plastoquinone. 

TABLE 5. EFFECT OF ASCORBATE PLUS INDOPHENOL ON THE OXIDATION 
LEVEL OF ENDOGENOUS PLASTOQUINONE IN ISOLATED SUGAR-BEET 

CHLOROPLASTS 

Plastoquinone 
Incubation (per cent in 

Compound added (Light or dark) oxidized form) 

None dark 58·0 
None light 47·5 
Ascorbic acid+ 2,6-dichloro-

phenol indophenol dark 45·0 
Ascorbic acid+ 2,6-dichloro-

phenol indophenol light 32·0 
DCMU dark 61·0 
DCMU light 59·0 
Ascorbic acid+ 2,6-dichloro-

phenol indophenol + DCMU dark 47·5 
Ascorbic acid+ 2,6-dichloro-

phenol indophenol + DCM U light 30·0 

1 ml chloroplast suspension containing 0·56 mg chlorophyll and 
1 ·5 ml 0·05 M pH 7·0 phosphate buffer containing 0·01 M KCI and the 
appropriate additions. The incubation time was 5 min in all experi
ments. The final concentrations of ascorbic acid and 2,6-dichlorophenol 
indophenol were 1 ·6 x 10- 2 M and 8 x lQ- 4 M respectively. DCMU 
was added in0·05mlethanol to give a final concentration of5·9 x 10- 4 M ; 
0·05 ml of ethanol was added to those tubes which did not contain 
DCMU. 

One explanation of these results is based upon the assumption that the measurements we 
are making are of steady-state levels of endogenous plastoquinone. The steady-state level 
will be controlled by a balance between oxidizing and reducing reactions, thus in any situation 
where the steady-state level of oxidation falls, the reducing reactions are more rapid than the 
oxidizing ones and vice-versa. On this basis, ammonia and methylamine are either stimulating 
the re-oxidation of plastoquinone, or blocking the photo-reduction of the quinone, whereas 
hydroxylamine hydrochloride, cyanide and azide are either inhibiting the re-oxidation of the 
quinol or stimulating the reduction of quinone. 

Ammonia is known to stimulate the Hill reaction and uncouple photophosphorylation 13 

at about the same concentration as has been used in our experiments. It could conceivably 
act by stimulating electron flow at one point in the photosynthetic electron transport system; 
stimulation after the site of action of plastoquinone would thus account for the observed 

IJ D. W. KROGMANN, A. T. JAGENDORF and M . AvRON, Plant Physiol. 34, 272 (1959). 
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photo-oxidation of plastoquinone. A similar explanation would hold for the action of 
methylamine hydrochloride since methylamine also stimulates the Hill reaction.14 

Cyanide and azide could act by inhibiting the re-oxidation of plastoquinol, if this were 
mediated through a cytochrome or other metalloenzyme system, and hydroxylamine hydro
chloride, which has been found to inhibit the photo-reduction of added FMN by chloro
plasts, 10 would act by inhibiting the photo-reduction of plastoquinone. 

TABLE 6. EFFECT OF VARIO US COMPOUNDS ON THE OXIDATION-REDUCTION STA TE OF PLASTOQUINONE IN ISOLA TED 
SUGAR-BEET CHLOROPLASTS 

Incubation 

Compound added Time Light or 
and its final cone. (min) dark 

None 0 dark 
None 0 light 
NH2OH. HCI (2·4 x lQ- 3 M) 5 light 
MeNH2. HCl (2·4 x lQ-3 M) 5 light 
NH4OH (2·4 x lQ- 3 M) 5 light 
KCN (2 x 10- 2 M) 5 light 
NaN3 (I0- 3 M) 5 light 

Plastoquinone (per cent 
in oxidized form) 

(a) (b) (c) 

57-4 61 ·2 87·5 
36·7 42·5 75·5 
34·5 
39·3 
77·1 

36-4 
65·0 

Per cent stimul
ation of inhibition 

of the photo
reduction with
out additions 

+10·4 
-12·5 

photo-oxidation • 
+33 

+88·5 

• Ammonia stimulates a photo-oxidation of plastoquinone ; after illumination in the presence of ammonia, 
the plastoquinone became 34·6 per cent more oxidized. 

I ml chloroplast suspension containing (a) 1 ·02 mg chlorophyll/ml, (b) 0·87 mg chlorophyll/ml, (c) 0·97 mg 
chlorophyll/ml; 1 ·5 ml 0·05 M pH 7·0 phosphate buffer containing 0·01 M KC! and the appropriate compound. 

Concluding Discussion 

The first suggestion that plastoquinone functions in photosynthetic electron transport 
was made by Bishop.15 He found that the Hill reaction of lyophilized isolated chloroplasts 
was inhibited by extraction of plastoquinone and that activity was restored by addition of 
plastoquinone back to the extracted chloroplasts. 

We have endeavoured, by measuring the oxidation-reduction state of endogenous plasto
quinone before and after illumination, to show the place of plastoquinone in the photosyn
thetic electron transport system. The oxidation-reduction level of endogenous plastoquinone 
varies in freshly isolated chloroplasts; the reasons for this variation are probably complex, 
but we can surmise that one factor controlling the variation is the metabolic status of the leaf 
prior to isolation of the chloroplasts. Despite the variations of initial oxidation level, when 
isolated chloroplasts are illuminated, about 25 per cent of the endogenous plastoquinone 
becomes reduced. This reduction involves the light reaction involved in photolysis of water 
(system 2 ofDuysens et al. 16, 17) because it is inhibited by DCMU and the inhibition is released 
by addition ofascorbate and indophenol. As mentioned earlier, in these reactions the reduc
tion of endogenous plastoquinone is similar to the reduction of added co-factors. 

14 N. E. Gooo, Biochim. Biophys. Acta 40, 502 (1960). 
15 N. I. BISHOP, Proc. Nat. Acad. Sci. U.S. 45, 1696 (1959). 
16 L. N . M. DUYSENS, J. AMESz and B. KAMP, Nature 190, 510 (1961). 
17 L. N. M. DuvsENS and J. AMESz, Biochim. Biophys. Acta 64, 243 (1962). 



404 J. FRIEND and E. R. REDFEARN 

Since under certain circumstances we have observed a photo-oxidation of plastoquinone 
(addition of NHt ions; occasional experiments with phenanthroline and DCMU), there is a 
strong possibility that plastoquinol is re-oxidized by a second light reaction (system I of 
Duysens et al. 16 , 17). Furthermore, Whittingham and Bishop have shown that NHt ions 
accelerate the reaction between the two light reactions. 18 If our postulates are correct, plasto
quinone would be situated between the two light reactions, and NHt ions would accelerate 
reactions after plastoquinone; that is, the reactions involved in the re-oxidation of plasto
quinol. 

The position of plastoquinone in the scheme postulated independently by Duysens 16 and 
by Amon 19 would be at the positions outlined in Fig. 1. This site of action of plastoquinone 
has also been indicated by the flash-photometric experiments of Witt et a!.20 The situation of 
plastoquinone before the cytochro~e is then analogous to the location of ubiquinone in the 
mitochondrial electron transport chain.21 

PO. 
(2nd. site) 

t ',, t 
I ', 

NADP Blocked by 
DCMU 

I 
I 
I 
I 
I 
I 
I 

i \,\{ 
i System I I- cyt.f_ ----

1 
Ascorbote + 
indophenol ( ?l t 

'12 02 : 

I ~ ... _s_y_s1e_m_2~C i H,O 

I t Ascorbote + 
Light 

I indophenol 
I Light 

Ascorbote + 
indophenol ( ?l 

Both Witt et a!. 20 and Trebst22 have suggested that plastoquinone may be involved at 
another site in the photo-reduction of ferricyanide which occurs after the light reaction of 
pigment system 1. We have placed this site before Bin Fig. 1. The measurements made by 
our method are of the overall oxidation-reduction level of plastoquinone in the isolated 
chloroplasts. Since we only find changes of about 20-30 per cent of the total quinone it is 
possible that part of,the plastoquinone is in a storage site as suggested by Trebst and does not 
show much change in the light under the experimental conditions we have used. 

If there is a large excess ofplastoquinone in the inactive site, the oxidation level at this site 
would be the major factor in determining the overall oxidation level in freshly isolated chloro
plasts. This may be why we can find no correlation between the initial oxidation level of the 
plastoquinone and the change in oxidation level on illumination. 

Two positions of plastoquinone could also be invoked to explain the enhanced photo
reduction of plastoquinone by ascorbate plus indophenol. It has been pointed out that this 
consists of both a light catalysed reduction and a dark reduction ofplastoquinone, and these 
two reductions could conceivably occur separately at the two sites. 

1s C. P. WHITTINGHAM and P. M. BISHOP, Nature 192,426 (1961). 
19 M. LoSADA, F. R. WHATLEY and D. I. ARN0N, Nature 190, 601 (1961). 
20 H. T. Wtrr, A. MOLLER and B. RuMBERG, Nature 191, 987 (1963). 
21 E. R. REDFEARN, in Ciba Foundation Symposium on Quinones in Electron Transport, eds. G. E. W. 

WOLSTENHOLME and C. M. O'CoNNOR. J. & A. Churchill, London (1961). 
22 A. V. TREBST, Proc. Roy. Soc. (London) B157, 355 (1963). 
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EXPERIMENTAL 
Chloroplasts 

405 

Chloroplasts were isolated from leaves of sugar-beet plants by the method given 
previously .1 

Illumination of Chloroplast Suspensions and Determination of the Oxidation-Reduction state 
of Plastoquinone 

The reaction mixture, consisting of 1 ml chloroplast suspension in 0·05 M pH 7·0 Na/K 
phosphate buffer containing 0·01 M KC! and the appropriate additions was pipetted into a 
test-tube with a standard C14 taper. The tube was illuminated from each of two opposite 
sides using 500-W tungsten lamps as light sources; the lights were focused with condensers 
made from 500-ml round-bottom flasks filled with water. These also acted as heat filters. 
The reaction was terminated by the addition of 4 ml of a solution of pyrogallol in methanol 
(0· l % w/v), which had been cooled to - 20°. The tube was then removed from the light, 4 ml 
light petroleum added as quickly as possible and the tube was shaken. 

The plastoquinone was extracted and its oxidation-reduction state determined by the 
method already described. 1 The differences between replicate determinations did not exceed 
l ·6 per cent of the estimated oxidation-reduction level. 

Hill Reaction Measurements 

Hill reaction was assayed using 2,6-dichlorophenolindophenol as electron acceptor. 
Assays were made by illuminating a cuvette containing 2·9 ml of a solution ofO·0l M KCl in 
0·05 M Na/K phosphate buffer pH 7·0, 0· l ml 1 ·6 x 10-3 M 2,6-dichlorophenolindophenol 
solution, and 0· l ml chloroplast suspension containing 0·04-0·08 mg chlorophyll. The dif
ference in absorbance was measured after 30 sec. Compensation for any possible dark reduc
tion ofindophenol was made by measuring the absorbance change in a cuvette containing an 
identical mixture which was kept in the dark. In the spectrophotometric blank, 0· l ml of the 
phosphate-KC! solution replaced the dye solution. 

The chlorophyll concentration used in these assays was higher than that used by others 
( e.g. Jagendorf6). Although higher rates of activity were obtained when a more dilute chloro
plast suspension was used, it was routinely more ·convenient to use the same concentration of 
chloroplasts, which was used in the plastoquinone assay. 

Reagents 

All chemicals were of the highest grade of purity commercially available. 
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Abstract-In order to study the possible function of plastoquinone in the photosynthetic electron transport 
system, a method for extracting the endogenous quinone from isolated chloroplasts and measuring its 
concentration and oxidation-reduction state has been devised. Using this method it has been shown that 
the plastoquinone in freshly isolated chloroplasts is predominantly in the oxidized form. The concentration 
of plastoquinone was 0· 1 mole per mole chlorophyll (mean value). Comparison of this concentration with 
that of the published concentration of cytochrome/indicated that plastoquinone was present in a considerable 
excess on a molar basis. 

INTRODUCTION 

PLASTOQUINONE (koflerquinone) is a lipid-soluble trisubstituted benzoquinone, 2,3-dimethyl-
5-solanesyl-l ,4-benzoquinone, (I).1, 2 It possesses a characteristic absorption spectrum in the 
oxidized form with peaks at 255 and 262 mµ, while on reduction a single absorption of 
reduced intensity at 290 mµ is obtained. 

0 

::~[-cH-CH=l~cH-]-H ~ 2 2 9 

0 . 

I 

It was shown by Crane3 that plastoquinone is localized in the chloroplasts of higher 
plants, and there is now a good deal of evidence which suggests that it functions as an 
oxidation-reduction carrier in the photosynthetic electron transport system. Bishop4 

showed that when lyophilized chloroplasts were extracted with organic solvents they lost 
their Hill-reaction activity, but that this could be restored by adding plastoquinone. 
Furthermore, Crane et al.6 have shown that the endogenous plastoquinone is reduced to the 
quinol when isolated chloroplasts are illuminated. It was of interest therefore to devise a 
method for the determination of the concentration and oxidation-reduction state of plasto-

1 N. R. l'RENNER, B. H. ArusoN, R. E . ERICKSON, C. H. SHUNK, D. E. WoLF and K. FOLKERS, J. Am. Chem. 
Soc. 81, 2026 (1959). 

2 M. KOFLER, A. LANGEMANN, R. RUEGG, u. GLOOR, u. S CHWIETER, J. WVRSCH, 0 . WISS and 0. ISLER, 
Helv. Chim. Acta 42, 2252 (1959). 

3 F. L. CRANE, Plant Physiol. 34, 128 (1959). 
'N. I. BISHOP, Proc. Natl. Acad. Sci., U.S. 45, 1696 (1959). 
5 F. L. CRANE, B. EHRLICH and L. P. KEGEL, Biochem. Biophys. Research Communs. 3, 37 (1960). 
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quinone in isolated chloroplasts. A preliminary report of part of this work has already 
appeared.6 

EXTRACTION AND PURIFICATION OF PLASTOQUINONE 

Using a chloroplast preparation from sugar beet prepared in a similar way to that 
described previously, 7 it was found that plastoquinone could be extracted and its oxidation
reduction state determined spectrophotometrically by a method similar to that used for 
ubiquinone in mitochondrial preparations. 8 The chloroplast preparation (1 ml) was placed 
in a glass-stoppered test-tube and cold ( -20°) methanol (4 ml) containing pyrogallol 
(I mg/ml) added rapidly from a hypodermic or pipetting syringe. The purpose of the 
pyrogallol was to prevent the reoxidation of any quinol present during the isolation procedure. 
Light petroleum (40°-60°, 4 ml) was then added and the mixture shaken rapidly by band for 
1 min. After separation·ofthe layers by low-speed centrifugation the light petroleum layer 
was removed and another extraction with light petroleum (3 ml) was made. The light 
petroleum extracts were combined in a glass-stoppered test-tube or 50 ml separating 
funnel and aqueous methanol (90 per cent (vol./vol.) 5 ml) added (in later experiments 95 per 
cent (vol./vol.) methanol (2 ml) was used and found to be satisfactory-. The mixture was 
shaken five times and the layers allowed to separate; the methanol layer was removed and 
the partitioning process with methanol and water continued until the methanol layer was 
colourless. This procedure removes all the chlorophyll and most of the hypophasic caro
tenoids, which would otherwise interfere seriously with the spectrophotometric determina
tion of plastoquinone. The yellow light petroleum layer which contained plastoquinone and 
epiphasic carotenoids (mainly P-carotene) was evaporated to dryness in a vacuum desiccator 
and the residue dissolved in spectroscopically pure ethanol (3 ml). 

DETERMINATION OF THE OXIDATION-REDUCTION STATE OF THE 
ENDOGENOUS PLASTOQUINONE 

The spectrum of the ethanol solution was determined from 230 to 310 mµ. The plasto
quinone was then reduced by the addition of a small crystal of sodium borohydride (0· 1-
0·5 mg) followed by rapid stirring, and the spectrum redetermined over the same range. 
A typical result showing the spectra of the original and the reduced solutions is shown in 
Fig la and the difference spectrum in Fig. lb. It will be seen that the difference spectrum 
has peaks at 255 and 262 mµ characteristic of plastoquinone, and a negative peak at 290 mµ 
of lower intensity characteristic of plastoquinol. Isosbestic points occur at 276 and 308 mµ. 
These values were found to be identical with those given by solutions of pure plastoquinone 
and plastoquinol (Fig. le and d). The plastoquinone concentration was calculated from the 
difference in extinction at 255 mµ (~ £ 255) using the molecular extinction coefficient for 
the difference in absorption of the oxidized and reduced3 forms of plastoquinone, (e0 x.

ercd)256 = 14,800. 
To determine the total oxidized level of the quinone, 2, 6-dichlorophenolindophenol or 

potassium ferricyanide (1 µmole) was first added to the chloroplast suspension and the 
mixture left to stand in the dark for 5 min before extraction and estimation as before. 

The validity of the method was tested by taking an ethanolic solution of pure plasto
quinone (125 µg in 0·5 ml) through the complete extraction and partitioning procedure. 
This concentr~tion is of the same order as that of the endogenous plastoquinone in a typical 

8 E. R. REDFEARN and J. FRIEND, Nature 191, 806 (1961). 
7 A. M. MAYER and J. FRIEND, J. Exp. Bot. 11, 141 (1960). 
8 A. M . PUMPHREY and E. R. REDFEARN, Biochem. J. 76, 61 (1960). 
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determination. After treatment with methanol and extraction with light petroleum, the com
bined light petroleum extract was partitioned with 95 per cent (vol./vol.) methanol as before. 

(a) 
0·4 

(bl 

0•6 

0·2 
0 •4 

0·2 
-0·1 

E 

0 0·4 (d) (C) 

0•4 

0·2 

0 ·2 
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230 270 310 230 310 

Wavelength, mµ 

FIG. 1. ABSORPTION SPECTRA OF CHLOROPLAST LIPID EXTRACT AND PURE PLASTOQUINONE. 

(a) --spectrum of chloroplast lipid extract;-------same after reduction with NaBH, 
using ethanol as blank); (b) difference spectrum (oxidized minus reduced) of chloroplast lipid 
extract ; (c) --plastoquinone, - - - - - - -plastoquinol (using ethanol as blank); (d) difference 

spectrum (plastoquinone minus plastoquinol). 

After twelve partitions 95 per cent of the plastoquinone was recovered. A similar experiment 
done with an ethanolic solution of plastoquinol (0·5 ml containing 0·2 mg) showed that the 
recovery depended upon the number of partitions with 95 per cent methanol, indicating 
that the quinol was more soluble in the methanol phase than was plastoquinone . . The 
recovery value for 12 extractions (mean of three determinations) was 65 per cent. However, 
since in the method the total concentration of the quinone is measured as the oxidized form, 
the recovery of the. quinol can be disregarded. 

RES UL TS AND DISCUSSION 

The procedure described is a rapid and convenient method for determining the con
centration and oxidation-reduction state of the endogenous plastoquinone of isolated 
chloroplasts. The difference spectrum of the oxidized and reduced chloroplast extract 
shows that plastoquinone is the principal chromophoric substance capable of undergoing 
oxidation-reduction. The isosbestic point for plastoquinone-+ plastoquinol reduction at 
276 mµ9 is close to the absorption maximum of ubiquinone (275 mµ). Thus the lack of any 
change in extinction at 276 mµ indicates the absence of ubiquinone in the chloroplast 
preparations. Although the extracts also contain carotenes which possess absorption bands 
in the same spectral region as plastoquinone these are not reduced by sodium borohydride 
and thus do not affect the difference spectrum. 
1 F. L. CRANE, Plant Physiol. 34, 546 (1959). 
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Extraction of a number of chloroplast preparations immediately after they had been 
prepared showed that the oxidation-level of the endogenous plastoquinone varied from 45 
to 90 per cent (Table I). The mean value of 0· l mole of plastoquinone per mole chlorophyll 
agrees well with Crane's result for spinach chloroplasts. 

Quinones have previously been implicated as oxidation-reduction carriers in the photo- . 
synthetic electron transport system on the assumption that the chloroplasts of higher plants 
contained vitamin K1 .10-12 Recent attempts, however, to isolate vitamin K1 from chloro- · 
plasts have been unsuccessful1 3 and in the present work vitamin K1 could not be detected 
spectrophotometrically in the chloroplast lipid extracts. Thus it now seems that vitamin K1 
is either completely absent or present in such small quantities so as to make a functional 
role in electron transport seem very unlikely. Plastoquinone, however, is present in the 

TABLE I. CoNCENTRATION AND OXIDATION-REDUCTION STATE OF 
ENDOGENOUS PLASTOQUINONE IN SUGAR-BEET CHLOROPLAST 

PREPARATIONS 

Date of Plastoquinone concentration 
preparation ------~--------.. Percentage in 

1960 chlorophyll moles/mole protein µmoles /g oxidized form 

11 May 0·072 17·3 59 
9 June 0·132 13·5 62 

16 June 0 ·097 81 
17 Aug. 0·124 15·7 SI 
19 Aug. 0·075 9·15 46 
6 Sep. 0 ·095 8·87 97 

chloroplasts in a relatively high concentration. It is interesting to compare the molar ratio 
of chlorophyll to plastoquinone (mean value of 10) with that of chlorophyll to cytochrome 
/whose value has been given as 200-400.14,15 Thus there is 20 to 40-fold excess of plasto
quinone compared to cytochrome f on a molar basis. It is interesting also to recall that the 
related mitochondrial quinone, ubiquinone, is present in a considerable excess compared 
with the individual cytochromes in the mitochondria of non-photosynthetic plant tissues 
and of animal tissues. 

There was considerable variation in the oxidation-reduction level of the quinone in 
freshly isolated chloroplasts, but the oxidized form usually predominated. The reason for 
this variation is not clear at the moment but it probably depends upon a number of factors 
such as the environmental conditions during the growth of the plant and the time of storage 
of the detached leaves before isolation of the chloroplasts. 

It is considered that the method described will be a useful technique for studying the 
possible function of plastoquinone as an oxidation-reduction carrier in the photosynthetic 
electron transport system. · 

1 0 J . S. C. WESSELS, Rec. Trav. Chem. 73, 529 (1954). 
11 N. I. BISHOP, Proc. Natl. Acad. Sci, U.S. 44, 501 (1958). 
12 D. I. A.RNoN, Nature 184, 10 (1959). 
1 3 N. I. BISHOP, Ciba Foundation Symposium on Quinones in Electron Transport , p. 385, J. and A. Churchill, 

London (1961). 
14 H. E. DAVENPORT and R. HILL, Proc. Roy. Soc. , B, 139, 327 (1952). . 
1• F. H . HuLCHER, and W. VJSHNIAC, Brookhaven Symposia in Biology No. 11, The Photochemical Apparatus, 

Its Structure and Function, p. 348. Brookhaven National Laboratory, Upton, New York (1!159). 
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EXPERIMENTAL 

Solvents 

151 

Light poetroleum, b.p. 40-60°, methanol and ethanol were purified as previously 
described. 8 

Chloroplasts 

These were isolated from the leaves of sugar-beet (var. Sharpe's Klein E) grown in a 
greenhouse. The method used was that previously described8 except that the isolation 
medium was buffered to pH 7·8 with 0·05 M Na2 HPO-KH2PO4 buffer instead oftris-HCl. 
After one washing, the chloroplasts were suspended in a medium consisting of 0·4 M 
sucrose, 0·01 M KCl and 0·05 M Na2HPO-KH2PO4 buffer, pH 7·0, to give a chlorophyll 
concentration in the range 0·4-0·8 mg/ml. The chlorophyll and protein concentrations 
were determined by the methods of Mackinney16 and Cleland and Slater17 respectively. 

Spectra 

These were determined in 1 cm matched quartz cells using a Unicam SP500 spectro
photometer. 

Acknowledgements-We are indebted to Mr. J. K. Hulme, Director, Liverpool University Botanic Gardens, 
and Mr. G. E. Russell, Plant Breeding Institute, Cambridge, for generous supplies of sugar-beet plants. 

11 G. MACKINNEY, J. Biol. Chem. 140, 315 (1941). 
17 K. W. CLELAND and E. C. SLATER, Biochem. J. 53, 547 (1953). 
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Amytal has been widely used to inhibit NADH.i dehydrogenase, and is 

generally regarded as a specific tool for this purpose. DUring attempts 

to prepare intact mitochondria -from abattoir material, it was noticed that 

succinate oxidation waB inhibited by amytal in tightly coupled but not in 

aged or damaged preparations. This observation was studied further, 

using rat liver mitochondria, and preliminary findings are presented here. 

Materials and Methods. Rat liver mitochondria were ieolated in 

0.25 M sucrose, after the method of Schneider and Hogeboom (1950), 

Except where otherwise stated, oxygen con8Ullption was followed 

polarographically, Amytal (eodium 5-ethyl 5-!!2_amyl barbiturate) was 

eupplied by Eli Lilly le Co., Basingstoke. Hexokinase (Type Ill) we.a 

obtained fro■ Sig,na Chemical Co. 

Reaults. The effects of incre&JSing concentrations ot amytal on the 

oxygen uptake of a fresh linr mitochondrial preparation are shown in 

Figure l. Oxidation ot N~dependent substrates waa c011pletely inhibited 

by uytal (about l mM). Oxygen uptake in the presence of euccinate waa 

30-3~ inhibited by l mM amytal; turther addition of amytal caused a 

progressive fall in the rate of oxygen uptake until, at 5 mM, ~ or more 

of the original activity was lost. 

A similar but lees intense inhibition could be demonstrated 

unoaetrically, using hexokinaae (0.05 mg/mg mitochondrial protein) and 

glucose instead of ADP as the phosphat'e acceptor e:stem. Succinate 
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Fig. 1. The effect of amytal 
concentration on oxygen uptake by 
liver mitochondria in the presence 
of various substrates. 
The reaction mixture (4 ml) 
contained sucrose (0.12 M); 
phosphate pH 7.4 (13mM); 
KCl (26mM) ; MgCJ.. (13mM) ; 
mitochondria (3.6 mg protein/ml; 
-- fresh; --- frozen 2 hr. at -25°) 
Other additions: curves A,B,C, 
succinate (2mH); curve D, NAD~ 
(0.6mH); curves E, F, glutamate 
(5mM); ADP was added in Band E. 
Oxygen uptake measured 
polarographically at 19.5°. 

amytal concentration (mM) 

oxidation rates measured manometrically tended to be higher than when the 

polarographic method was used. (Differences of this sort have been 

noticed previously; see, for example, Bellamy and Bartley, 196o.) 

Since the increase in activity produced by manometric assay conditions was 

about the same at all levels of amytal tested, the percentage inhibition 

by amytal was lower than that found polarographically. 50-65% inhibition 

was reached at 6mM amytal, the highest concentration used in most 

manometric experiments. Though accurate measurement of initial rates 

in the manometers was not possible, there was some indication of a lag 

period during the first few minutes of the assay, more noticeable with the 

higher concentrations of amytal. The higher activities found 

manometrically were not reproduced when mitochondria were preincubated 

5 minutes with gentle shaking in the usual assay medium (see Fig. 1), plus 

succinate and ADP (in excess, or with hexokinase and glucose), before 

assaying in the polarograph cell. 

If the mitochondria were disrupted by freezing and thawing, succinate 

oxidation was no longer inhibited by amytal (Fig. 1). Oxidation of 

NAO-dependent substrates, on the other hand, was still completely blocked 

by amytal after freezing. (If the system ~as supplemented with NAD, or 

if added NADI-le was used instead of an NAD-dependent substrate, some 
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activity was still apparent at l mM amytal, This residual activity was 

unaffected by raising the amytal concentra t i on.) 

The freshly prepared mitochondria showed a low oxygen uptake in the 

usual isotonic medium, containing sucrose, phosphate buffer, MgClq, in 

the presence of substrate and absence of ADP, The r espiratory control 

ratio, i.e. the rate of oxygen uptake in presence of ADP divided by the 

rate in absence of ADP, was between 3 and 8 with succinate as substrate, 

in manometric as well as polarographic assays. High activities could 

be obtained in the absence of ADP under the following conditions:-

(a) on addition of DNP (1.2 x l0-5H), either to the usual reaction medium, 

or in the absence of phosphate to a Tris-HCl buffered medium; (b) on 

addition of EDTA (2 ,5 mM) and omission of MgClq from a phosphate buffered 

medium; (c) on addition of CaCl,z (0.38 mM) to a phosphate buffered 

medium; (d) on addition of deoxycholate (0.03%) to phosphate or Tris-HCl 

buffered media. Succinate oxidation under conditions (a ) and (b) was 

inhibited by amytal; inhibition followed the same course as curve B 

in Figure l. Succinate oxidation under conditions (c) and (d) was not 

significantly affected by amytal. Addition of CaClq or deoxycholate 

to the polarograph cell restored the original activi ty to amytal-inhibited 

mitochondria, when succinate was used as substrate but not when NAD

dependent substrates were used, 

A less detailed examination of some other barbiturates has shown that 

seconal and pentobarbital (5-allyl,5-(1-methyl butyl) barbi turate and 

and 5-ethyl,5-(l-methyl butyl) barbiturate respectively) inhibit 

succinate oxidation in a similar manner and at about the same 

concentrations as amytal. Barbitone (5-diethyl barbiturate) also 

inhibited succinate oxidation, but about twice the concentration was 

required to give the same degree of inhibition as amytal. 

Discussion. Amytal inhibited the succinate stimulated oxygen uptake 

of tightly coupled liver mitochondria. There is close agreement between 

this finding and eome results described previously by Hatefi, Jurtshuk 



I/et 8, No. 2, 1962 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

and Haavilc (1961). These authors discovered a partial inhibition of 

oxygen uptake in the presence o! succinate, by 3 mM amytal. They 

suggested it was due to the effect of amytal on the oxidation of malate 

and other NAD-dependent substrates produced !i! tumarate from succinate, 

rather than to an inhibition of succinic oxidase itself. The present 

experiments show that (in liver mitochondria at least) inhibition of 

oxygen uptake with euccinate added as substrate differs from inhibition 

of oxidation of other substrates in that: (a) it needs more amytal; 

(b) it can be prevented or reversed by treatments which swell or disrupt 

the mitochondrion. These differences make it probable that the 

inhibitory effect of amytal on oxygen uptake in the presence of BUccinate 

is largely due to a block of the oxidation of succinate itself. 

Susceptibility of succinate oxi dation to amytal was retained in the 

presence of IllP (l0-5M) or EDTA (2 . 5 mM). These substances, although 

they allow oxidation to proceed without coupled phosphorylation, do not 

appear to cause swelling of the mitochondria; on the contrary, they are 

said to have a protect i ve action in certain circumstances against swelling 

and ageing (Hunter and Ford, 1955 ; Weinbach, 1956; Tapley, 1956 ; 

Packer, 1961). Susceptibility t o amytal was lost if the mitochondri a 

++ 
were frozen, or if deoxycholate or Ca . were added. TheGe treatments 

are known to cause swelling and other destructive changes in mitochondrial 

structure, in addition to lo s s of respiratory control (Tapley, 1956; 

Siekevi t z ~ !!•, 1958 ; Chance, 1959; ) , though they do not necessarily 

destroy the whole of the pho sphoryl at ive machinery (Pritver a et al., 1958). 

The l os s of succ ini c oxidase susc ept i bility t o amytal dur i ng the 

transi tion f r om more-or-less i ntact to damaged mitochondria is open to 

s everal interpr e t a t i ons: - (1) amytal (5 mM) might block par t o f the high 

ener gy bond t r ans f er s equence , in a manner similar to guanidine (Hollunger , 

1955) and oligomycin (Lardy, Johnson and HcMur r ay , 1958 ; Es t abrook , 1961), 

t hough po ssibly a t a diffe r en t site s ince amytal inhibition does no t appear 

to respond to respond to DNP ; (2 ) an electron-carrier essential to the 
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coupled system might be bypassed on damage of the mitochondrion. or else 

so altered that it lost its sensitivity to amytal; (3) amytal might affect 

the permeability of the intact mitochondrial membrane to succinate. 

In connection with possibility (1) above, the inhibitition of P. -ATP 
l. 

exchange by amytal (113w !.!_ al., 1958) is of interest. 

Until more is known about the actions of amytal on tightly coupled 

mitochondria, it seems desirable to interpret with caution experiments in 

which amytal has been used. 
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QUINONES IN RESPIRATION AND PHOTOSYNTHESIS 

By Dr. E. R. REDFEARN Department of Biochemistry, University of L eicester 

Introduction 

Quinones are an important class of naturally 
occurring lipid co-factors. We now want to des
scribe how these quinones work in biochemical 
processes and in particular, in photosynthesis and 
respiration. These are the processes whereby living 
organisms transform the energy of sunlight and 
chemical bonds into a form which is readily 
utilisable for the various vital processes; these are, 

ENERGY a= 
SUNLIGHT 

~ PHOTOSYNTHESIS . 
/ IN GREEN PLANT_S ~ 

CO2•H2O / CARBOHl~ATES 

) RESPIRATION IN ' 
/ ANIMALS & PLANTS 

ENERGY FOR ' 
CELL WORK 

Fig. 1.-The energy cycle of living organisms. 

mechanical work ( e.g. muscular action), chemical 
work (e.g. biosynthesis of complex molecules), 
osmotic work (e.g. transfer of substances across 
membranes) and electrical work (e.g. nervous 
activity). The energy cycle of living organisms is 
illustrated in Fig. 1. Green plants transform the 
energy of sunlight into chemical energy which is 
then used to synthesise complex substances like 
carbohydrates from the simple molecules, carbon 
dioxide and water. These complex substances can 
now act as a store of energy and building material 
for the plant itself and as a source of food for 
animals. In the process of respiration these sub-
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stances react with oxygen, carbon dioxide and 
water are formed, and the energy which was 
locked up in the bonds linking the carbon atoms is 
released and trapped in a special substance called 
adenosine triphosphate (ATP). The ATP then 
acts as a source of energy for the various vital 
activities of the cell. 

Respiration and Photosynthesis 

Let us consider these energy-conserving systems 
of photosynthesis and respiration in a little more 
detail. For the sake of convenience we shall begin 
with respiration. Before finally reacting with 
oxygen to give up their energy, foodstuffs (proteins, 
fats and carbohydrates) go through a series of 
complex chemical changes in which they are 
broken down to simpler substances. We shall not 
be concerned here with these initial metabolic 
reactions but only with the final oxidative phase. 
In this phase, the substances or metabolites 
derived from the foodstuffs do not react directly 
with oxygen but indirectly through a chain 
consisting of several kinds of substances which 
carry the hydrogen atoms from the metabolites to 
oxygen, where they react to form water. In this 
way, the energy, instead of being released all at 
once, can be tapped off in small packets at a time 
at different points along this respiratory chain. 
This enables a highly efficient utilisation of the 
energy to be achieved. The overall process of 
respiration is shown diagrammatically in Fig. 2. 

The respiratory chain ( or electron transport 
system) is made up of specific dehydrogenases for 
each substrate, nicotinamide nucleotides, flavo
proteins, cytochromes and metal ions and it is 
located in the membranes and cristae of the small 
bodies called mitochondria. These membranes 
are highly ordered structures made up of protein 
and a kind of fat called phospholipid. This provides 
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Fig. 2.-Generalised scheme of respiration. 

a framework for the components of the respiratory 
chain which are arranged in an organised manner to 
allow for the rapid passage of hydrogen atoms and 
electrons and for the energy transfer reactions to 
occur (Fig. 3). 

outer membran¢ inner membrane 

matrix 

Fig. 3.-Diagrammatic representation of a mitochondrion. 
The inner membrane has numerous infoldings into the 
fluid matrix to form structures called cristae. These, 
together with the membranes, constitute the solid phase 
of the mitochondrion where the electron transport 
system is located. 

Let us turn now to photosynthesis. The overall 
process of photosynthesis may be separated into 
two distinct phases. The first is called the 'light 
phase' and consists of the transformation of light 
energy into chemical energy. When light falls on 
the green pigment of plants called chlorophyll, the 
energy of the electromagnetic radiation is absorbed 
by the chlorophyll molecules. The energised or 
excited chlorophyll molecules can now be made to 
give up their extra energy as chemical bond energy 
by coupling them to a system of electron carriers, 

like those in the respiratory chain, in which energy 
can be trapped and stored as ATP. In addition to a 
supply of energy, a source of hydrogen or reducing 
power is also required to effect the biosynthesis of 
carbohydrate from carbon dioxide. This is pro
vided by a reaction in which part of the light 
energy is used to split water into oxygen and 
hydrogen and the latter utilised for the formation 
of the reducing substance (known as NADPH2). 

In the second stage of photosynthesis called the 
'dark phase', carbon dioxide is converted into 
carbohydrate, the energy and reducing power being 
provided by the ATP and NADPH2 formed during 
the light phase. 

Both phases of photosynthesis take place in the 
small particles of leaves called chloroplasts, the 
light phase in the highly organised green grana 
and the dark phase in the non-green stroma (Fig. 4). 

grana 

>-
..-<::CC --->---

a===C ,____ ---=:-:-== ~ 
~ 
-2 ~ 

double membrane stroma 

Fig. ·4.-Diagrammatic representation of a chloroplast. 
The double membrane encloses a granular ground 
substance called the stroma and the highly-organised 
lamellae called the grana. The latter consist of layers of 
chlorophyll and phospholipid molecules sandwiched 
between layers of protein. 

From this brief survey, you will have seen 
that the energy-transforming systems of photo
synthesis and respiration have a number of features 
in common. They both consist of electron trans
port chains made up of similar types of carriers 
with a special mechanism for coupling the energy 
released to the formation of ATP. These electron 
transport systems are not simply mixtures of various 
substances in solution but highly organised arrange
ments of components in the insoluble parts of the 
mitochondria and chloroplasts. It is in this context 
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that we must discuss the function of the lipid
soluble quinones. 

The Discovery of Lipid Co-factors in Electron 
Transport Systems · 

Before describing the work which has been done 
on the function of the lipid-soluble quinones, I 
should like to give a brief account of the 
research which led to their discovery. 

It has been known for a number of years that 
mitochondria contain a great deal of fat or lipid. 
In fact 30 per cent of the dry weight of mito
chondria is lipid and the rest is mainly protein. 
The total lipid of mitochondria is made up of a 
number of different types of lipid. Most of it (more 
than 90 per cent) is phospholipid with smaller 
amounts of triglycerides, sterols and other lipids. 
The precise function of all this lipid was not 
understood but there were clear indications that it 
played an important role in maintaining the 
structural integrity of the mitochondrial mem
branes. However, no serious attempts to investigate 
the functions of mitochondrial lipids were made 
until about 1956. It was then that Alvin Nason and 
his colleagues at the Johns Hopkins University in 
Baltimore hit upon a simple but ingenious tech
nique. This was to extract mitochondria with 
organic solvents to remove the lipids and see what 
happened to enzymic activities. The lipids in the 
solvent extract could then be added back to the 
extracted particles. Nason's technique was soon 
taken up and developed by other workers. D. E. 
Green's group at the Institute for Enzyme Re
search, University of Wisconsin, were able to 
prepare mitochondria on a large scale. They 
extracted the mitochondria with organic solvents 
and examined the extracts in a spectrophotometer. 
This revealed the presence of a previously unknown 
substance. Further work soon showed that this was 
a lipid-soluble compound with the properties of a 
quinone. At this stage it was clear that they were 
dealing with the same compound which Prof. R. A. 
Morton and his group at Liverpool had been 
studying since about 1953 using an entirely 
different approach. The Liverpool group christened 
the substances ubiquinone on account of its wide
spread occurrence whereas the Wisconsin group 
gave it the name coenzyme Q because it appeared 
to fulfil a coenzymic function in electron transport. 
Thus when the quinone was extracted by shaking 
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the mitochondria with organic solvents, electron 
transport activity was lost but it could be restored 
by adding back the quinone. 

Further work at Liverpool in collaboration with 
Dr. 0. Isler of Hoffmann-La Roche and at 
Wisconsin in collaboration with Dr. K. Folkers of 
Merck, Sharp and Dohme led to the elucidation of 
the structure of ubiquinone in 1958. 

The lipids of chloroplasts from higher plants 
were subsequently studied similarly by the 
Wisconsin group and led to the isolation and 
characterisation of another quinone which was 
called plastoquinone. It was then realised that this 
quinone was identical with a quinone which had 
been first isolated by Dr. M. Kofler of Hoffmann
La Roche in 1946. 

The Functions ofUbiquinone and Plastoquinone 

The structures of ubiquinone and plastoquinone 
are shown in Fig. 5. They are both benzoquinones 

UBIQUINONES 
[n•I0, 9, 8,7,6) 

c~o I I 
CHj J-H 

0 9 

PLASTOQUINONE 

Fig. 5.-Structure of the ubiquinones and plastoquinone. 

with long isoprenoid side-chains. The side-chain 
in the ubiquinones varies from 30 to 50 carbon 
atoms depending on its source. Thus yeast 
ubiquinone has 30 carbon atoms and is designated 
UQ-30 or UQ6 whereas ubiquinone from pig heart 
is UQ-50 or UQ 10• These side-chains are lipo
philic and they give the quinones their lipid-soluble 
properties. 

It is clear that ubiquinone is tetrasubstituted 
but plastoquinone is only trisubstituted leaving one 
free position. This may have some importance in 
regard to the function of plastoquinone since free 
positions in quinone nuclei are very reactive 
towards certain chemical groups. 

Probably the most important property of 
quinones ·is that of reversible oxidation-reduction. 
This is illustrated in Fig. 6. The quinone can 
accept two hydrogen atoms from a hydrogen donor 
(or reducing agent) and be converted into the 
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quinol, while in the reverse reaction the quinol 
donates the hydrogen atoms to a hydrogen 
acceptor (or oxidising agent) and is converted back 
to the quinone. Quinones can, therefore, be 
regarded as hydrogen carriers and could mediate 
hydrogen transfer within a chain of carriers. This 
is the way they appear to function in biological 
electron transport systems. Let us consider the 
respiratory chain of the mitochondrion in a little 
more detail. We will deal with this first mainly 
because we know more about it than the photo
synthetic system. The mitochondrial quinone is 

0 

BH2 

A B 

OH 

Fig. 6.-Reversible oxidat ion-reduction reaction of a 
qu i none. 

ubiquinone and the first rather striking thing we 
notice is that its concentration is very high in 
relation to the other respiratory chain components. 
In fact there are about ten molecules of ubiquinone 
for every molecule of the individual cytochromes 
(Fig. 7). When we consider that ubiquinone can 
carry two hydrogens (or electron equivalents) and 
that the cytochromes carry only one electron per 
molecule, there is actually a twenty-fold excess of 
ubiquinone in terms of electron-carrying capacity. 
Any account of the function of u biquinone will be 
incomplete until the reason for this large excess is 
understood. 

Two properties of ubiquinone which have made 
it amenable to study are its lipid-solubility and its 

absorption spectrum. The first has enabled us to 
extract the ubiquinone from mitochondria with
out removing the other components, while the 
second affords a method of measuring its con
centration and oxidation-reduction state since the 
position and intensity of the absorption band 
changes on reduction to the quinol (Fig. 8). Using 
these techniques, we have shown that when a 
suitable oxidisable substrate, such as sodium 
succinate, is added to mitochondria and air is 
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Fig. ?.-Concentration of cytochromes and ubiquinone in 
rat-liver mitochondria. 

excluded, the ubiquinone becomes reduced to the 
quinol while on aerating the mixture it is re
oxidised back to the quinone. This type of experi
ment has established that ubiquinone undergoes 
cyclic oxidation-reduction during the oxidation of 
the substrate and by the use of certain selective 
inhibitors of the electron transport system, its site 
of action could be determined. This was found to be 
between the flavoproteins and the cytochromes 
(Fig. 9). 

These findings alone are not sufficient proof that 
ubiquinone is a member of the electron transport 
system since they do not take into account the rate 
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at which ubiquinone is reduced and ubiquinol 
oxidised. In other words information on the kinetics 
of the ubiquinone reactions was needed. To obtain 
this we devised a method for extracting ubiquinone 
from mitochondria at different time intervals after 
the addition of the oxidisable substrate and so 
determining the rate at which it was reduced. At 
about this time we were fortunate in being able to 
collaborate with Prof. Britton Chance of the 
University of Pennsylvania, Philadelphia. Pro
fessor Chance suggested that it might be possible 
to measure the spectral changes of ubiquinone 
directly in the mitochondria themselves if a 
sufficiently sensitive spectrophotometric technique 
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Fig. 8.-Ultra-violet absorption spectra of the oxid ised and 
reduced forms of ubiquinone and plastoquinone. 

were used. This presented a formidable technical 
problem because ubiquinone absorbs u.v. light in 
the same spectral region as proteins so that the 
changes due to ubiquinone would be very small in 
relation to a large background absorption due to the 
mitochondrial protein. However, these difficulties 
were eventually overcome using specially con
structed apparatus and the rate of reduction of 
ubiquinone was measured in heart-muscle mito
chondrial particles. It was found that measure
ments by this method gave excellent agreement 
with the indirect extraction method. The outcome 
of these experiments was that the rate of reduction 
of ubiquinone in mitochondrial particles was 
somewhat less than the overall rate of oxidation of 
the substrate. This implies that ubiquinone cannot 
be a member of a single electron transport chain 
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but must be on a branch pathway. There is no 
reason why a branched electron transport chain 
cannot be seriously considered; perhaps the single 
chain concept has been an oversimplification. 
However, another possibility has to be considered. 
This is that perhaps only a small portion of the 
large excess of ubiquinone may be necessary for 
electron transport and this may be capable of a 
faster rate of reduction. The methods described 
measure the rates of reduction of the total quinone 
and cannot distinguish between fast- and slow
reacting moieties. 

Another type of experiment which has been done 
to study the function of ubiquinone is that of 
extraction of mitochondrial preparations with 
organic solvents. Acetone is a solvent which has 
been successfully used. The mitochondria are 
treated with acetone which extracts the ubiquinone. 

ll:i~~gt: 
locla\C} 
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mQ Q\f I : uo : 

cyt b:- cytc1-cyt c - cyt o -cyta,- o, 
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Fig. 9.-The mitochondrial electron transport system 
showing the probable site of action of ubiquinone. 

The extracted particles have little or no electron 
transport activity but if they are supplemented 
with ubiquinone and cytochrome c, activity is fully 
restored. The results of these experiments may be 
taken as proof that ubiquinone is an essential 
component of the electron transport system but it 
must be remembered that treatment with acetone 
is a fairly drastic procedure and that besides 
ubiquinone, other lipid-soluble substances are 
removed so that the physical state of the particle 
may be grossly altered. The so-called restoration 
of activity in such particles may represent the 
result of only a partial restitution of the original 
structure. 

What conclusions can we draw from these 
experiments? It is fairly certain that ubiquinone 
is a functional member of the electron transport 
transferring hydrogen atoms or electrons between 
the flavoproteins and cytochromes (Fig. 9). There 
are, however, some outstanding problems; e.g. 
why is there so much ubiquinone compared with 
the other components ? ; is it on a single or branch 
pathway?; what role, if any, does it play in the 
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energy transfer reactions ? This last question is of 
great interest at the moment because it is believed 
that ubiquinone may be intimately concerned in 
the reactions involved in the formation of ATP 
during electron transport. There is, therefore, the 
exciting possibility that studies on ubiquinone may 
provide the key to an understanding of the 
mechanism of mitochondrial energy production, 
one of the major unsolved problems of bio
chemistry. 

Let us turn now to the other energy-conserving 
system, that of photosynthesis. As we have already 
seen, this takes place in the small bodies, called 
chloroplasts, in the leaves of higher plants. Instead 
of ubiquinone, we find plastoquinone concen
trated in the chloroplasts. Plastoquinone, like 
ubiquinone, has characteristic absorption spectra 
in the oxidised and reduced forms. It has been 
possible, therefore, to use the same sort of tech
niques to study plastoquinone function as those 
used for ubiquinone in mitochondria. The results 
show some striking similarities with those of 
mitochondria. Thus the plastoquinone concentra
tion is twenty times that of cytochrome f ( one of 
the cytochromes of the chloroplast's electron 
transport system) in terms of electron carrying 
capacity. Also the quinone undergoes cyclical 
oxidation-reduction when electron transport occurs, 
i.e. when the chloroplasts are exposed to light. 
Thus it seems as if plastoquinone fulfils the same 
kind of function in the photosynthetic electron 
transport system as ubiquinone does in the mito
chondrial system (Fig. 10). 

Possible Role of Vitamin Kin Electron Transport 

In this brief survey I have tried to present a 
broad picture of current lines of research on the 
modes of action of lipid-soluble quinones in 
electron transport processes. Although I have 
concentrated attenti0n on the ubiquinones and 
plastoquinone, the vitamins K should also be con
sidered. Professor R. A. Morton's paper on Lipid 
Co-Factors in Biochemistry (see Advancement of 
Science,81, p. 383-395) showed that the vitamins K 
are naphthoquinones with lipophilic side-chains. 
There is now clear evidence that vitamin Kin certain 
bacteria plays a role in electron transport. Claims 
for a similar role in mitochondrial electron trans
port have been put forward but the evidence for 
this is not very strong, e.g. there appears to be 

little or no vitamin K in mitochondria. In chloro
plasts, the presence of vitamin K has recently been 
demonstrated. Its concentration is about one
tenth that of plastoquinone but at the moment there 
is no clear evidence whether or not it functions in 
electron transport. 

In conclusion, therefore, except for certain 
bacteria which contain vitamin K but no ubiqui
none, we know very little about the modes of action 
of the vitamins K in electron transport systems. 

NADPH2 

e·~ cofactor 

ATP 

LIGHT 

Fig. 10.-The photosynthetic electron transport system of 
higher plants showing the probable site of action of 
plastoquinone. 

Conclusions 

We have seen that the fat-soluble quinones, 
ubiquinones, plastoquinone and possibly the 
vitamins K, are components of the energy trans
forming systems of photosynthesis and respiration. 
They appear to function by mediating hydrogen 
or electron transfer in the electron transport chains 
and it is possible that they are also concerned in the 
energy transfer reactions. Thus, the derivatives, 
ubichromenol and solanochromene referred to by 
Prof. Morton may be intermediates in these 
reactions. 

These studies on the modes of action of the fat
soluble quinones are contributing towards an 
understanding of the mechanism of electron 
transport systems. A knowledge of the mechanism 
of these systems is not only of academic importance 
but it is of great practical significance in agriculture 
and medicine since the maintenance of life •depends 
on the continual supply of energy. 
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365 The role of benzoquinones in the electron transport system 

In a second series of experiments the effects of extraction of the endogenous 
plastoquinone with organic solvents were studied. Chloroplasts were extracted 
with light petroleum without prior lyophilization and photolytic activity measured 
by the potentiometric determination of the reduction of potassium ferricyanide. 
It was shown that extraction resulted. in a loss of the Hill-reaction activity, that 
the loss could be correlated with the amount of plastoquinone removed, and that 
activity could be restored by au.ding plastoquinone to the extracted chloroplasts, 
thus confirming the earlier findings of Bishop (1959). In addition to plasto
quinone, however, it was found that a number of other quinones would also re
activate extracted preparations and some appeared to be more effective than 
plastoquinone. Thus trimethyl-1,4-benzoquinone and 2-methoxy-6-propyl-1,4-
benzoquinone gave greater reactivations than an equimolar concentration of 
plastoquinone. Furthermore, these quinones, including plastoquinone, also 
stimulated the rate of ferricyanide reduction, although quantitatively to a smaller 
extent, in unextracted chloroplasts. Of the quinones tested related to the ubi
quinone (coenzyme Q) series, aurantiogliocladin and ubiquinone-5 were effective 
in the activation and reactivation reactions but ubiquinone-25 was inhibitory. 
In the naphthoquinone series, 2-methyl-1,4-naphthoquinone (menadione) was 
active but vitamin K 2-5, K 2-10 and K 2-25 were inhibitory. 

The experiments on the endogenous plastoquinone suggest that it acts at a 
point after the light reaction concerned in the photolysis of water. This is in 
agreement with the main site of action proposed in the schemes of Duysens, "\Vitt, 
Wessels and Trebst presented in this Discussion. The extraction-reactivation 
experiments have indicated that a wide range of quinones may restore ferricyanide 
reduction in extracted chloroplasts and it is possible that the oxidation-reduction 
potential may be a more important factor than structural specificity in this respect. 
However, Dr Trebst's interesting scheme with plastoquinone acting at two sites 
in the isolated chloroplast may mean that reactivation is a more complex process. 
Thus, ferricyanide reduction may be mediated specifically by plastoquinone at 
on~ site and non-specifically by other quinones having the proper oxidation
reduction potential at the other. 
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Discussion 

E. R. Redf earn and J. Friend. Department of Biochemistry, University of 
Liverpool and Department of Botany, University of Hull. 

Several speakers in this Discussion have referred to the possible role of plasto
quinone or koflerquinone (2,3-dimethyl-5-solanesyl-1,4-benzoquinone) in the photo
synthetic electron transport system. We should like to present the results of some 
experiments which we have carried out in an attempt to elucidate the function 
of plastoquinone. 

Chloroplasts were isolated from sugar-beet or spinach leaves. In the first series 
of e~periments the oxidation-reduction reactions of endogenous plastoquinone 
were studied (Redfearn & Friend 196!, 1962; Friend & Redfearn 1962). The results 
of these experiments may be summarized as follows: 

(1) Illumination of freshly isolated chloroplasts resulted in approximately 20 % 
reduction of the endogenous plastoquinone. Crane, Ehrlich & K egel (1966) have 
reported 80 % reduction. 

(2) This light-catalyzed reduction was inhibited by o-phenanthroline and 
3-(3,4-dichlorophenyl)-l,l-dimethylurea (DCMU). Addition of ascorbic acid and 
2,6-dichlorophenol-indophenol stimulated the photoreduction of plastoquinone 
and this reaction was not affected by either of the two inhibitors. 

(3) Endogenous plastoguinone was reduced by NADPH in the dark or by 
N ADP plus chloroplast extract (containing photosynthetic pyridinenucleotide 
reductase) in the light. 

(4) Hydroxylamine hydrochloride, potassium cyanide and sodium azide stimu
lated the photoreduction of plastoquinone but ammonia was inhibitory. 

[ 364] 



365 The role of benzoq_uinones in the electron transport system 

In a second series of experiments the effects of extraction of the endogenous 
plastoquinone with organic solvents were studied. Chloroplasts were extracted 
with light petroleum without prior lyophilization and photolytic activity measured 
by the potentiometric determination of the reduction of potassium ferricyanide . 
It was shown that extraction resulted in a loss of the Hill-reaction activity, that 
the loss could be correlated with the amount of plastoquinone removed, and that 
activity could be restored by adding plastoquinone to the extracted chloroplasts, 
thus confirming the earlier findings of Bishop (1959). In addition to plasto
quinone, however, it was found that a number of other quinones would also re
activate extracted preparations and some appeared to be more effective than 
plastoquinone. Thus trimethyl-1 ,4-benzoquinone and 2-methoxy-6-propyl-1,4-
benzoquinone gave greater reactivations than an equimolar concentration of 
plastoquinone. Furthermore, these quinones, including plastoquinone, also 
stimulated the rate of ferricyanide reduction, although quantitatively to a smaller 
extent, in unextracted chloroplasts. Of the quinones tested related to the ubi
quinone (coenzyme Q) series, aurantiogliocladin and ubiquinone-5 were effective 
in the activation and reactivation reactions but ubiquinone-25 was inhibitory. 
In the naphthoquinone series, 2-methyl-1,4-naphthoquinone (menadione) was 
active but vitamin K 2-5, K 2-10 and K 2-25 were inhibitory. 

The experiments on the endogenous plastoquinone suggest that it acts at a 
point after the light reaction concerned in the photolysis of water. This is in 
agreement with the main site of action proposed in the schemes of Duysens, Witt, 
Wessels and Trebst presented in this Discussion. The extraction-reactivation 
experiments have indicated that a wide range of quinones may restore ferricyanide 
reduction in extracted chloroplasts and it is possible that the oxidation-reduction 
potential may be a more important factor than structural specificity in this respect. 
However, Dr Trebst's interesting scheme with plastoquinone acting at two sites 
in the isolated chloroplast may mean that reactivation is a more complex process. 
Thus, ferricyanide reduction may be mediated specifically by plastoquinone at 
one site and non-specifically by other quinones having the proper oxidation
reduction potential at the other. 
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