



















































































28°C. A mixture of 5% carbon dioxide in air was bubbled through
them. After a week's growfh, the cells were transferred to 15¢ jars

containing 12¢ of medium, and allowed to grow for a further fortnight.

Heterotrophic Growth

The growth medium was supplemented with 0.5% glucose and 0.25%
yeast extract (Pratt and Bishop, 1968). The alga was grown in 2¢
conical flasks containing 1¢ of medium, maintained at 28—°C n
darkened orbital incubators (Lazaro et al., 198G). The alga was

harvested after six days growth.

Photoheterotrophic Growth

Heterotrophic growth was also carried out in the presence of light.
The alga was initially grown in 250me flasks kept in illuminated
orbital incubators for a week, before béing transferred to 15¢ glass
jars, containing 12¢ of heterotrophic medium, placed between two
banks of white fluorescent lighting and aerated at ca. 4¢/min (Lazaro

et al., 1986), for a further six days in the 28°C warm room.
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Harvesting of Alga

The algal cells were spun down at 2 000 x g for 10min. The solid green
algal paste was resuspended in distilled water and then centrifuged at
2 000x g for a further 10min. The green pellet was finally resuspended
in a minimal volume of breaking buffer, divided into batches of about

50g wet weight of alga, and stored at -20°C (Lazaro et al., 1936).

Preparation of Crude Extract

Batches of alga were thawed and 50p¢ of mercaptoethanol were added
to each batch. The cells were adequately diluted with'breaking buffer
and were broken by grinding in the presence of 120mt of glass beads
(diameter of 0.25-0.30mm) per batch for 10min, in a Dynomill. Efficient
cooling of the breaking chamber was achieved by continuously
circulating cold water, maintained at -5°C by an ice-salt mixture

(Nicholson et al., 1987).

The glass beads were separated from the extract by filtering the
extract through a sintered glass funnel (porosity #1) and were
subsequently washed with additional buffer for further recovery of
~broken and whole algal cells. The filtrate was centrifuged at 48
000xg for 10min, the residue discarded, and the supernatant

centrifuged at 190 000xg for 5h. The resulting supernatant was
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filtered through glass wool and then dialyzed overnight against 5¢ of

dialysis buffer (Nicholson et al., 1987).

General Enzyme Purification

All protein samples were centrifuged, just before application to the
chromatographic column.- The phenyl superose column was
pre-equilibrated with 1.2 or 1.7M ammonium sulphate in a phosphate
buffer of ionic strength 0.221 and pH 7.0. All other purification
columns were pre-equilibrated with the equilibrating buffer. Fractions
from each chromatographic run, having activities of at least 50% of
the peak fraction of the required enzyme, were pooled and

concentrated.

Protein Concentration

Protein solutions were concentrated by ultrafiltration under nitrogen
pressure (3.5 bar) in a stirred cell with a UM10 membrane, which

restricted the passage of molecules of molecular weight higher than

10 000.
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DEAE-Cellulose Chromatography

Ion exchange chrbmatography on DEAE-cellulose was the first step
used in the purification of proteins from S. obliquus. Being a strong
anion exchanger, the nucleic acids in the crude extract bound strongly
to DEAE-cellulose. This prevented interference by nucleic acids in the
estimation of proteins by measurement of the absorption of the extract
at 280nm. Being the first step, DEAE-cel'lulose also acted as a filter,
adsorbing lipids and other material which are difficult to remove from

purification columns, thereby protecting the expensive FPLC™ and

Ultrogel™ columns.

The preswollen, microgranular form of DEAE-cellulose (Whatman
DE-52™) was prepared and recycled according to the manufacturer’s
instructions. The dialyzed crude extract was divided into three equal
volumes and each applied to a Whatman DE-52 ion exchange column
(2.2x29.5cm), previously equilibrated with equilibrating buffer. A
linear salt gradient wés made by mixing 220m¢ of equilibrating buffer
with 220m¢ of strong buffer (Nicholson et al., 1987). After eluting any
unbound protein with equilibrating buffer, the salt gradient was
applied to the column. Using a flow rate of approximately 50m¢/h,
6me fractions were collected and assayed for protein (E

zao)’

conductivity, and the various enzyme activities.
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Gel Filtration

The pooled fractions from Whatman DE-52 chromatography were
concentrated down to a final volume of approximately 4me
(approximately 4% of the column volume), the limit set by Scopes
(1975) for good resolution during gel filtration. €oncentrated protein
was applied to a pre-equilibrated Ultrogel™ AcA™ column
(2.6x83.0cm) and the applied proteins were eluted with equilibrating
buffer at a flow rate of 20me¢/h. Fractions of 4me¢ were collected and
assayed for the required enzyme activity. Gel filtration also provided
a means of determining the molecular weight of native globular
proteins (Pharmacia, 1979). Although the elution volume was a
function of the Stoke's radius (Siegel and Monty, 1966), there was also
a negative correlation between the elution volume and the logarithm
of the molecular weight of globular proteins of a similar Stoke's radius

(Andrews et al., 1964).

Hydroxyapatite Chromatography

As a phosphate-containing sorbent, hydroxyapatite has been used for
the separation of phosphate dependent enzymes (Life Science, 1971).
The mechanism of purification is different from that of ion exchange.
Proteins bind to the column through its negative (i.e. carboxyl and

phosphate) and positive (probably calcium) groups (Bernardi, 1971).
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The bulked fractions frc;m Ultrogel AcA-34 chromatography were
concentrated and applied to a hydroxyapatite column (1.6x27.8cm).
After unbound proteins were eluted with equilibrating buffer, a linear
phosphate gradient was applied, formed by mixing 500me¢ of
equilibrating buffer with 500meé of 200mM phosphate buffer, pII 7.0,
with 10% v/v glycerol (Nicholson et al., 1987). The flow rate was

20me/h, and six fractions (8me) of highest enzyme activity were pooled.

Triazine Dye-ligand Chromatography

Various triazine dyes, obtained from ICI, had previously been
covalently bound to an Amicon matrix. These were made into columns
of 2me for analytical studies. For preparative uses, columns of 15m¢
were used. Protein samples were applied to a dye column, and the
equilibrating buffer was then used to elute the unbound proteins.
Bound proteins were eluted with either strong buffer or with the
equilibrating  buffer  containing 10mM ATP or 12mM
3-phosphoglycerate (PGA), to elute phosphoglycerate kinase (PGK),
and 0.56mM fructose 1,6-bisphosphate (FBP), to elute FBP aldolase.
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Fast Protein Liquid Chromatography

A Pharmacia FPLC system was used for ion exchange and hydrophobic
interaction chromatography according to the manufacturer’s

instructions.

Ion Exchange Chromatography

Samples were applied to either an HR 5/5 or HR 10/10 mono Q™
column and eluted using either a phosphate gradient (buffers C and

A) or a Tris-HCI gradient (buffers E and F).

Hydrophobic Interaction Chromatography

In the presence of a high concentration of ammonium sulp;hate, the
exposed hydrophobic regions on proteins édsorbed onto the
hydrophobic phenyl residues bound to thei'superose base-matrix.
Selective elution was effected by a gradual decrease in hydrophilicity
brought about by a decreasing concentration of ammonium sulphate

(Pharmacia, 1986).

Samples were applied to an HR 5/5 phenyl superose column and
eluted using a reverse ammonium sulphate gradient (buffer G and 1.2

or 1.7M ammonium sulfate in buffer G).
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SDS-Polyacrylamide Gel Electrophoresis

SDS-PAGE was performed in a discontinuous buffer system in the
vertical plane, according to the method of Laemmli (1970). The gels
were stained with Coomassie blue R250, and subsequently destained
with a 30% methanol and 10% acetic acid solution. The molecular
weight of the subunit of a protein under investigation was determined
by comparing its electrophoretic mobility with those of protein
subunits of known molecular weight. The mobility was inversely
related to the logarithm of the molecular weight of the subunit

(Pharmacia, 1980).

Iso-Electric Focusing

Aldolase samples were focused according to a method devised by
Giulian et al. (1984). The presence of aldolase was detected by the use

of an enzyme activity stain or by western blotting.

The activity stain was developed using a modification of the method
of Susor et al. (1975). The gel was incubated at 37°C in the dark in
25m¢ of a solution containing the components of the NADH detection

system (0.58mg phenazine methosulphate and 10.00mg nitro blue
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tetrazolium) and the aldolase assay (17.50mg NAD, 495.0umoles PGA,
65umoles ATP and 20U NADH-G3PDH).

The iso-electric point of aldolase was estimated by iso-electric
focusing. A set of coloured marker proteins of known iso-electric
points was focused together with aldolase. Soon after blotting, the
markers were clearly visible on the blot. Before they disappeared,
fheir positions were marked on the blot with a pencil. The pI of
aldolase was obtained from a plot of the distance travelled by a

focused protein versus its pl (Pharmacia, 1982).

Raising of Antisera

An emulsion of the purified G3PDH, PRK or RuBPC was made with
an equal volume of complete Freund's adjuvant. The emulsified
protein (ca. 500pg/4—5m8) was injected intramuscularly into the back
of a New Zealand rabbit. A booster was given subcutaneously, five
weeks later in incomplete Freund's adjuvant (Klein et al., 1983).
Approximately, 7-9m¢ of blood was obtained four to five weeks after
every dose. It was left at room temperature for approximatrely 4h, to

give it adequate time to clot. The serum was frozen in 25u¢ batches.

The antisera to phosphoglycerate kinase (PGK) and aldolase were
raised in Dutch rabbits. Since these rabbits were of a smaller size, a

lower amount of protein was required to immunise them. About
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150ug of PGK or aldolase was used for each dose. The time intervals
observed were the same as for the previous antigens, but no more than

2-3m¢ of blood was obtained from a single bleed.

Western Blotting

SDS-PAGE or i.so-electrically focused gels were blotted on to
nitrocellulose - (0.45pm pore size) using an LKB Transphor
electroblotter according to the manufacturer’s instructions. The blots
were probed using the following method (S. Clasper, personal
communication):

All steps were performed at room temperature in 50mé of phosphate
buffered saline (10mM NaH PO,, 150mM NaCl, pH 7.5) plus 0.2% (v/v)

Tween 20 on a shaker except where stated..

1. The blot was incubated with 25u¢ of rabbit antiserum for two hours.

2. The blot was washed three times for five minutes each.

3. 20ut of horse radish peroxidase conjugated goat anti-rabbit IgG was
added and the blot incubated for two hours.

4. Asin 2/

5. 10mg of 3,4,3'4’-Tetra-aminobiphenyl hydrochloride and 100u¢ of
hydrogen peroxide were added.

6. When the optimum colqur intensity was achieved the blot was

washed thoroughly.
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7. The blot was immersed in an aqueous solution of 0.9% sodium
chloride containing 0.5% copper sulphate for a few minutes to

intensify the colour before being washed in water and dried.

Protein Estimation

The protein elution profile for Whatman DE-52 chromatography was
obtained either by measuring the absorption at 280nm of each fraction,

or by continuously monitoring the eluant at 280nm.

The tannin precipitation method of Mejbaum-Katzenellenbogen and
Dobryszycka (1959) was used for determining protein concentrations
used in calculating specific activities and the protein content of pure

enzyme preparations, prior to raising antibodies

Protease Assay

The protease activity in crude extracts was measured by the rate of

hydrolysis of azocasein (Beynon, 1989).
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Estimation of Cytochrome c

S. obliquus cytochrome ¢ does not bind to Whatman DE-52 under the
conditions applied. An oxidised versus reduced difference spectrum
was obtained by using the basic protein eluted from Whatman DE-52.
Oxidation and reduction were carried out by the addition of potassium
ferricyanide and sodium dithionite, respectively (Henderson and

Rawlinson, 1956).

Enzyme Assays

The activities of all enzymes were measured by following the decrease
in absorbance at 340nm (Racker, 1947), at 30°C in a volume of Im¢ in
a plastic cuvette. All solutions were made up in a Tris-HCI buffer of
ionic strength 0.038 and pH 7.5. One unit of enzyme activity was
defined as the amount of enzyme required to catalyse the oxidation of
one micromole of substrate per minute (Woodrow et al., 1979), which
was equivalent to the oxidation of one micromole of NADH per minute,
under the above conditions. The only exception occurred in the case
of the aldolase assay. Here, the rate of NADH consumption was twice
that of the substrate (Kriiger and Schnarrenberger, 1983). The amount
of NADH oxidised, was calculated using the molar absorbance of

NADH as 6.22x10* at 340nm (Jagannathan et al., 1956).
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Glyceraldehyde 3-Phosphate Dehydrogenase

The assay for NADH-G3PDH consisted of 2.60pmol. ATP, 0.21umol.
NADH, 113U PGK, 19.80umol. PGA, 3.17umol. cysteine-hydrogen
chloride, 10.00umol. MgCl, and 50.10umol. KCl.

For NADPH-G3PDH, .the assay for NADH-G3PDH assay was used,
except that 0.30umol. NADPH was substituted for 0.21ymol. NADH.

Phosphoribulokinase

The assay was based on the dependence of the dephosphorylation of
phosphoenolpyruvate (PEP) by pyruvate kinase (PK) (EC 2.7.1.40) on
ADP. Formation of pyruvate, the product of this reaction, was
determined with lactate dehydrogenase (LDH) (EC 1.1.1.27) (Racker,
1957). The assay consisted of 2.00umol. ribose 5-phosphate (R5P),
2.70umol. phosphoenolpyruvate, 2.60pmol. ATP, 0.21umol. NADH and
3.8U phosphoriboisomerase (EC 5.3.1.6), 50U PK, 5.00umol. redﬁced
glutathione and 13.8U LDH, 10.00umol. MgCl, and 50.10umol. KCL

Ribulose 1,5-Bisphosphate Carboxylase

The transformation of R5P to ribulose 1,5-bisphosphate and then to
PGA, was measured by the reduction of the latter by NADH in the
presence of ATP, PGK and NADH-G3PDH (EC 1.2.1.12) (Racker, 1957).

30u¢ of enzyme preparation was activated by addition of 29.76umol.
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sodium hydrogencarbonate and 61.48umol. magnesium chloride in a
total volume of 90ut of a Tris-HCI buffer of ionic strength 0.038 and
pH 7.5. The assay consisted of 3.8U PRI, 2.00umol. R5P, _. U P.RK,
0.21pmol. NADH, 0.97umol. dithiothreitol (DTT), 2.60umol. ATP, 0.8U
NADH-G3PDH, 11.3U PGK, 10.12umol. sodium hydrogencarbonate, 7.0U
creatine kinase (EC 2.7.3.2) and 9.80umol. creatine phosphate.,
10.00pumol. MgCl, and 50.10umol. KCL.

Aldolase

The assay was a modification of that devised by (Wu and Racker, 1959)
and consisted of 0.21umol. NADH, 0.97umol. DTT, 2.00umol. fructose
1,6-bisphosphate, 8.5U a-glycerophosphate dehydrogenase and 10.0U

triosephosphate isomerase.

Phosphoglycerate Kinase

The PGK reaction was coupled to the G3PDH reaction (Scopes, 1975).
The assay consisted of 0.2lumol. NADH, 19.80umol. PGA, 2.60umol.
ATP, 0.97umol. DTT and 0.8U NADH-G3PDH, 10.00umol. MgCl, and
50.10umol. KCI.
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GLYCERALDEHYDE 3-PHOSPHATE
DEHYDROGENASE,
PHOSPHORIBULOKINASE AND
RIBULOSE 1,5-BISPHOSPHATE
CARBOXYLASE

Prior to the commencement of the project, much research had been
carried out on the glyceraldehyde 3-phosphate
dehydrogenase-phosphoribulokinase (G3PDH-PRK) complex in this
laboratory. Consequently, the first enzymes to be purified in the
project were G3PDH and PRK. Since ribulose 1,5-bisphosphate
carboxylase (RuBPC) co-eluted with PRK during ion exchange
chromatography on Whatman DE-52™, RuBPC was the third enzyme
to be purified.

Heterotrophically grown Scenedesmus obliquus was used as the
source of G3PDH, PRK and RuBPC because the cellular yield of
heterotrophically grown alga was approximately four fold more than

that obtained through autotrophic growth (Eppley and Macias, 1962).
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First Purification Step

The extracted soluble proteins were applied to three similar Whatman
DE-52 ion exchange columns (Fig. II.1). The first peak of eluted
protein (fractions 1-11) consisted of basic protein which did not bind
to the anion exchanger at pH 7.5. The second protein peak included
phosphoglycerate kinase and fructose 1,6-bisphosphate aldolase, which

were subsequently purified.

Since the alga was grown heterotrophically, the chloroplast G3PDH
present in the crude extract, showed NADH-dependent activity and was
complexed with PRK (O'Brien et al., 1976; Nicholson et al., 1987). In
the column eluant, NADPH-dependent activity accounted for less than
25% of the total eluted G3PDH activity and this NADPH-dependent
activity eluted from the column, along with the NADH-dependent
activity. Such NADPH-dependent activity was due to the large
G3PDH-PRK complex. Ion exchange chromatography caused the
G3PDH-PRK complex to dissociate into a form of G3PDH with
NADPH-dependent activity and an active form of PRK. This
dissociation could be prevented by the addition of NAD to the buffer
system (Powls and Woodrow, 1981; Lazaro et al., 1986). NAD is known

o in GOPDH
to promote subunit interactions A(Seydoux et al., 1973).
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Figure III.1 Ion exchange of crude extract from heterotrophically
grown S. obliquus on Whatman DE-52.

The gradient was developed by mixing phosphate buffers of ionic strength 0.050 and
0.985 on a 2.2x295cm column. Elution was performed in the presence of NAD at
pH 7.5 with a flow rate of 50mé/h and 6mf fractions were collected. Buffers were
supplemented with 0.5m¢/€ mercaptoethanol, 7.7mM sodium azide and 10% v/v

glycerol.
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In heterotrophically grown S. obliquus, not all the PRK was latent
and complexed with G3PDH. A substantial proportion of PRK was

free and hence active. This active PRK was eluted in fractions 30-40.

When the aim was to purify PRK, NAD was not added to the
buffers. Consequently the G3PDH-PRK complex dissociated to give the
form of G3PDH showing NADPH-dependent activity as well as active
PRK. This newly formed PRK eluted from the column in the same

fractions as did the original active PRK.

The elution profile was similar to that seen, when the buffers
contained NAD (Fig. IIL1), except that in the absence of NAD, there
was much more of both the active form of PRK and NADPH dependent
G3PDH. A corresponding decrease in the NADH-dependent G3PDH
activity was observed. RuBPC was eluted in the fractions containing
the major protein in the extract, and its activity was unaffected by

NAD.

The spectrophotometric assay for RuBPC, involving the oxidation
of NADH, was time consuming as it required a preliminary activation
step. The assay was also characterised by an unusually long
hysteresis. Thus, for routine purification, it was easier to detect the
presence of RuBPC in the various fractions by SDS-polyacrylamide gel
electrophoresis (PAGE). The larger subunit of RuBPC was clearly
visible in the SDS-PAGE of the crude extract, and was the major
protein in fractions 30-32 (Fig. IIL.2). This was not surprising, as

RuBPC constitutes about 65% of the total protein in the aqueous
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Figure II1.2 SDS-PAGE of fractions eluted from Whatman DE-52.
{1] Mr marker proteins (66 000, 45 000, 36 000 and 29 000); [3] crude extract from
heterotrophically grown S. obliquus; [4-14] fractions 25-33, 35 and 37 gluted from

Whatman DE-52 chromatography (Fig. 1IL.1).
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extracts of higher plants ( sce review by Foyer (1948)). There was very
little resolution of peptides below a molecular weight Iof 29 000,
probably because the gel may have been overloaded with protein.
Consequently, the smaller subunit of RuBPC, having a molecular

weight of less than 29 000, was not visible.

Further Purification of G3PDH

The best fractions containing G3PDH activity from the three Whatman
DE-52 columns were pooled, concentrated and divided into two equal
portions. Each portion was subjected to gel filtration on an Ultrogel
AcA-3d4™ column (Fig. II1.3). The considerable spread in enzyme

activity was a characteristic feature of gel filtration on Ultrogel.

The advantage in keeping G3PDH in the form with
NADH-dependent activity was quite evident. Due to its high molecular
weight, the G3PDH-PRK complex eluted much earlier than the
majority of other proteins. Gel filtration in the absence of NAD, did
not cause the depolymerization of G3PDH, probably because it was a
much gentler technique than ion exchange chromatography. Hence, it
was not necessary to add NAD to the buffers used for gel filtration

of G3PDH.
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Figure II1.3 Gel filtration of NADH-G3PDH (G3PDH-PRK complex)
on Ultrogel AcA-34.

The extract from heterotrophically grown S. obliquus had previously been purified on
Whatman DE-52. Elution was performed in the absence of NAD on a 2.6 X83.0cm

column at pH 7.5 with a flow rate of 20mé/h. Fractions of 3mf were collected. The

eluting buffer was phosphate with an ionic strength of 0.050 and supplemented with

0.5m¢/€ mercaptocthanol, 7.7mM sodium azide and 10% v/v glycerol.
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FPLC on Mono-Q

In the Absence of NAD

The fractions with the highest NADH-dependent G3PDH activity from
gel filtration were pooled, .divided into three portions and
chromatographed on an FPLC mono Q™ anion exchange column in the
absence of NAD. This promoted depolymerization of the complex and
the consequent separation of the NADPH-dependent form of G3PDH
and active PRK (Fig. III.4). A small amount of NADH-dependent
G3PDH activity was associated with the depolymerised form of the
enzyme which had high NADH-dependent activity. The fractions

containing the highest activities of G3PDH were pooled and frozen.

During this depolymerization, PRK was not eluted as a distinct
peak. Moreover, the eluted PRK activity was very much less than the
NADPH-dependent G3PDH (Fig. III.4). This contrasts with the
situation when depolymerisation of the complex was promoted by
incubation with DTT and NADPH. In the latter case, although both
PRK and NADPH-dependent activities were stimulated (Fig. IIL.5), the
resulting PRK activity was more than double the resulting

NADPH-dependent G3PDH.
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Figure III.4 Ion exchange chromatography of NADH-G3PDH
(G3PDH-PRK complex) on FPLC mono Q.

The gradient was developed by mixing phosphate buffers of ionic strength 0.050 and
0.985 on a HR5/5 column. Elution was performed in the absence of NAD at pH 7.5

with a flow rate of Im&/min. The extract from heterotrophically grown S. obliquus

had previously been eluted from Whatman DE-52 and Ultrogel AcA-34. Buffers were
supplemented with 0.5m€/¢ mercaptoethanol, 7.7mM sodium azide and 10% v/v

glycerol.
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Figure IIL.5 Effect of incubating NADH-G3PDH (G3PDH-PRK
complex) with DTT and NADPH.

50p¢ of NADH-G3PDH (G3PDH-PRK complex) previously eluted from Whatman
DE-52 and Ultrogel AcA-34 was incubated with 1pmol. NADPH and lumol. DTT. The

incubation volume was made up to 200p€ with Tris-HCI buffer of ionic strength 0.038
and pH 7.5.
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In the Presence of NAD

If the FPLC on mono Q was carried out in the presence of NAD, the
G3PDH-PRK complex was partially stabilised, resulting in fhe elution
of two major peaks of G3PDH abtivity (Fig. II1.6). The first showed
predominantly NADPH-dependent activity and was due to dissociated
G3PDH, whilst the second was due to the complex and was
characterised by NADH-dependent activity and a small amount of
NADPH-dependent activity. NAD absorbs strongly at 280nm and this
interfered with the protein estimation. The best fractions of the latter

form were pooled and frozen.

Gel Filtration of PRK and RuBPC

Fractions eluted from the Whatman DE-52 columns containing both
RuBPC and PRK were concentrated and applied in two batches to the
Ultrogel AcA-34 gel filtration column. RuBPC, being the larger
molecule, eluted before PRK (Fig. IIL.7). Although the two enzymes
co-eluted on the Whatman DE-52 column, if this had been due to
molecular interaction it was not apparent during gel filtration. Since
gel filtration was believed to be a gentler technique, it was more likely
that a PRK-RuBPC complex, if present, would have dissociated during

ion exchange chromatography, rather than during gel filtration.
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vFigure I11.6 Ton exchange chromatography of NADH-G3PDH

(G3PDH-PRK complex) on FPLC mono Q.
The gradient was developed by mixing phosphate buffers of ionic strength 0.050 and
0.985 on a HR5/5 column. Elution was performed in the presence of NAD at pH 7.5

with a flow rate of Im&/min. The extract from heterotrophically grown S. obliquus

was previously purified on Whatman DE-52 and Ultrogel AcA-34. Buffers were
supplemented with 0.5m¢/€ mercaptoethanol, 7.7mM sodium azide and 10% v/v

glycerol.

G3PDI, PRK and RuBPC



15 2.50

~ : RUBPC
'\é —¢PRK
= —Protein ~
~ 10 8
3 N
pot s
2 {1.25
e =
< P
<C 5 2
v [
£ a.
o
N
C
L

0 ' s 0.00

3 45 S0 80

Fraction Number

Figure 1117 Gel filtration of RuBPC and PRK on Ultrogel AcA-34.

Elution was performed in the absence of NAD on a 2.6 X83.0cm column at pH 7.5

ith a flow rate of 20m¢/h. The extract from heterotrophically grown S. obliquus had
w

eviously been purified on Whatman DE-52. The eluting buffer was phosphate with
pr

ionic strength of 0.050 and supplemented with 0.5m¢/¢ mercaptocthanol, 7.7mM
an

sodium azide and 10% v/v glycerol. Fractions of 3mé were collected.
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SDS-PAGE of fractions eluted from gel filtration indicated that the
peak fraction of RuBPC was almost pure, whilst there were many
bands present even in the best PRK fraction (Fig. IIL.8). After staining
with Coomassie blue, the larger subunit of RuBPC was more prominent
than the smaller subunit. The best fractions of both enzymes were

pooled separately and concentrated.

Further Purification of PRK

The PRK preparation was further purified by chromatography on a
hydroxyapatite column using a linear gradient of phosphate (Fig. II1.9).
There was a considerable spread in enzyme activity, which may have

been partly caused by overloading the column.

The fractions eluted from hydroxyapatite showing the highest PRK
activity were subjected to ion exchange chromatography on the FPLC
mono Q column (Fig. IT11.10). Theé single major protein peak was eluted
in the same fractions as those with PRK activity. The fractions with
the highest PRK activity (fractions 13-15) were pooled and their purity
checked by SDS-PAGE.

G3PDH, PRK and RuBPC al



Figure III1.8 SDS-PAGE of RuBPC and PRK eluted from Ultrogel
AcA-34.

[4] crude extract from heterotrophically grown S. obliquus; [9] peak fraction of PRK
cluted from Ultrogel AcA-34 (Fig. IIL.7); [10] peak fraction of RuBPC cluted from

Ultrogel AcA-34 (Fig. I11.7) and [11] Mr marker proteins (66 000, 45 000, 36 000, 29 000,
24 000, 20 000 and 14 200).

G3PDIHi, PRK and RuBPC



G3PDH, PRK and RuBPC

9

10 11



8 0.40 _9
~ — PRK
= — Protein .
5 61 —&-Conductivity ~ (g
~ 3 E
) g‘) 16 o
- N 3
': 4— - -0.20 b >
3 s| 3

u

: 213 13
E 2 o <
3 T & S
N
C
W

0 ' ' ' . 0.00 |

0 12 24 36 48 0

Fraction Number

Figure II1.9 Chromatography of PRK on hydroxyapatite.
The gradient was developed by mixing phosphate buffers of ionic strength 0.050 (pH
7.5) and 0.450 (pH 7.0). Elution was performed in the absence of NAD with a flow

rate of 20mé/h. The extract from heterotrophically grown S. obliquus had previously

been purified on Whatman DE-52 and Ultrogel AcA-34. Buffers were supplemented
with 0.5m¢/€ mercaptoethanol, 7.7mM sodium azide and 10% v/v glycerol. Fractions

of 8m¢{ were collected.
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Figure I11.10 Jon exchange chromatography of PRK on FPLC mono

Q.

The gradient was developed by mixing phosphate buffers of ionic strength 0.050 and
0.985 on a HR5/5 column. Elution was performed in the absence of NAD at pH 7.5

with a flow rate of 1m¢/min. The extract from heterotrophically grown S. obliquus

had previously been purified on Whatman DE-52, Ultrogel AcA-34 and by

hydroxyapatite chromatography. Buffers were supplemented with 0.5mé/¢

mercaptoethanol, 7.7mM sodium azide and 10% v/v glycerol.
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SDS-PAGE of G3PDH and PRK

SDS-PAGE of the G3PDH-PRK complex, NADPH-dependent G3PDII
and PRK indicated that the three enzyme preparations had been
completely purified (Fig. III.11). PRK and NADPII-dependent G3PDII
were each homopolymers, whilst the complex was composed of subunits
of two different sizes, as shown earlier (Powls et al.,, 1983). The
molecular weights estimated, were 42 000 for PRK, 39 000 for
NADPH-dependent G3PDH and 39 000 and 42 000 for the G3PDII-PRK
complex (Fig. III.12).

Further Purification of RuBPC

The best fractions of RuBPC from gel filtration were chromatographed
on FPLC mono Q (Fig. II1.13). There was only one significant protein

peak, which co-eluted in fractions possessing RuBPC activity.

SDS-PAGE of the RuBPC eluted from FPLC mono Q indicated that
it was completely pure (Fig. II[.14). As expected, it was composed of
subunits of two different sizes. RuBPC from various other plant
species, such as Spinacia oleracea leaf (Sugiyama and Akazawa, 1970)
and the marine alga, Porphyra umbilicalis (Hill et al., 1988) was also
composed of subunits of two different sizes. The molecular weights

of the subunits were 15 000 and 51 000 (Fig. II.15), which was

G3PDH, PRK and RuBPC a



Figure III.11 SDS-PAGE of purified NADPH-G3PDH, G3PDH-PRK
complex and PRK.

The extracts from heterotrophically grown S. obliquus had been purified on Whatman
DE-52, Ultrogel AcA-34 and F PLC mono Q. The PRK preparation was also subjected
to hydroxyapatite chromatography. [1] Mr marker proteins (67 000, 57 000, 43 000, 40
000, 35 000, 31 000 and 21 000); [2] purified PRK; [3) purificd G3PDH-PRK complex;
[5] purified NADPH-G3PDH.
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Figure IIL.12 M determination of the subunits of PRK and G3PDH

by SDS-PAGE.

The relative mobilities were measured from the gel and the above plot was used to

obtain their Mrs.
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Figure III.13 Ion exchange chromatography of RuBPC on FPLC

mono Q.

The gradient was developed by mixing phosphate buffers of ionic strength 0.050 and
0.985 on a HR5/5 column. Elution was performed in the absence of NAD at pH 7.5
with a flow rate of Imé/min. The extract from heterotrophically grown S. obliquus
had previously been purified on Whatman DE-52 and Ultrogel AcA-34. Buffers were
supplemented with 0.5mf/f mercaptoethanol, 7.7mM sodium azide and 10% v/v

glycerol.
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Figure II1.14 SDS-PAGE of purified RuBPC.

The extract i
) ract from heterotrophically grown S. obliquus was purified on Whatman
E-52
‘, Ultrogel AcA-34 and FPLC mono Q. [5) purified RuBPC; [6] M marker
proteins (66 000, 45 000, 36 000, 29 000, 24 000, 20 000 and 14 200) r
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Figure IIL15 M determination of RuBPC subunits by
SDS-PAGE.

The relative mobilities were measured from the gel and the above plot was

used to obtain their Mrs.
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comparable to the values of 17 000 and 51 500, obtained for the RuBPC

subunits obtained from P. umbilicalis.

Antisera

Rabbits were used to raise antisera against all three purified enzymes.

Western blots of SDS-PAGE of the purified enzymes were used to
detect whether antibodies had been raised, whilst blots of SDS-PAGE

of the crude extract of S. obliquus were used to test the specificity of

the antibodies for their corresponding antigens.
The antibodies raised against G3PDH, PRK and RuBPC were stored

at -20°C, whilst other key enzymes of the RPPP were purified, and

antisera raised against them.

Anti-G3PDH

The antibody to G3PDH not only bound to the G3PDH subunit, but
also to several other peptides, predominantly of higher molecular

weight than G3PDH in the crude extract (Fig. IIL.16).

There was a slight amount of cross-reaction with the PRK subunit,

a constituent of the G3PDH-PRK complex from which the G3PDH
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Figure II1.16 Western blot using antiserum raised against G3PDH.
The protein samples were subjected to SDS-PAGE prior to blotting. [1-3] samples of
crude extract from heterotrophically grown S. obliquus; [4 and 5] samples of

NADH-G3PDH; [6 and 7] samples of purified PRK.
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subunit, used to raise the antibody, had been isolated. The other bands
giving a positive reaction in the blot were probably an artefact of
blotting experiment, as they were observed in the tracks containing the
purified G3PDH and PRK enzymes. The specificity of this antibody
preparation was unfortunately not high enough to be used in a search

for multi-enzyme complexes.

Anti-PRK

The PRK antibody was much more specific than the G3PDH antibody
(Fig. I11.17). When the amount of crude extract applied to SDS-PAGE
was reduced, most of the contaminating bands disappeared, leaving a
distinct and easily visible band for PRK in the blot. The PRK band
in the crude extract was much darker and more distinct than the
purified PRK band. The amount of PRK in the crude extract track
was much higher than the amount of the enzyme in the PRK track.
The blot detected a small measure of binding of the antibody to both
subunits of RuBPC.

Anti-RuBPC

The western blot of the antisera raised against RuBPC (Fig. III.18)
showed it to be the best of the antibody preparations. There was no

hint of a cross-reaction with the PRK subunit. As in the case of the

blot against PRK, the amount of RuBPC applied to the SDS-PAGE

G3PDH, PRK and RuBPC y



Figure I11.17 Western blot using antiserum raised against PRK.
The protein samples were subjected to SDS-PAGE prior to blotting. [1-3] samples of
crude extract from heterotrophically grown S. obliquus; [4 and 5] samples of purified

RuBPC; [6 and 7] samples of purified PRK.
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Figure I11.18 Western blot using antiserum raised against RuBPC.
The protein samples were subjected to SDS-PAGE prior to blotting. [1-3] samples of
crude extract from heterotrophically grown S. obliquus; [4 and 5] samples of purified

RuBPC; [6 and 7} samples of purified PRK.
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could have been considerably reduced, which would have led to the
disappearance of the minor peptide bands. The antiserum cross reacted

with both subunits.

The antisera raised against either subunit from S. oleracca leaf
(Nishimura and Akazawa, 1974) did not cross-react with the other
subunit. This probably indicates that antisera raised against RuBPC

from S. obliquus was a mixture of antibodies to both subunits.

Summary

NADPH-dependent G3PDH, PRK and RuBPC were extracted from
heterotrophically grown S. obliquus and purified using ion-exchange
and gel filtration. Antisera to the three enzymes were raised and their
specificity was tested by western blotting. The antibodies to PRK and
RuBPC were found to be specific whilst the antibody to G3PDH was

not.

The next step in the project was the purification and the raising of

an antiserum to fructose 1,6-bisphosphate aldolase.
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ALDOLASE

Isozymes

A number of enzymes, such as fructose 1,6-bisphosphate (FBP) aldolase,
are common to both, the reductive pentose phosphate pathway (RPPP)
and glycolysis (Lebherz, ef al., 1984). In eukaryotic cells, such enzymes
would be expected to be present in both the cytoplasm and the
chloroplast. An attempt was made to isolate the aldolase localised in
the chloroplast of Scenedesmus obliquus since it would be this, rather
than the cytoplasmic isozyme, which would have been expected to be

a constituent of a multi-enzyme complex participating in the RPPP.

The method used for Breaking the cell wélls of S. obliquus caused
considerable damage to the chloroplasts, making it impossible to
isolate intact chloroplasts (Graham and Smillie, 1971). As a result,
aldolase localised in the chloroplast could not be extracted separately

from that found in the cytoplasm.
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Initial Purification

First attempts to purify aldolase were by the standard chromatography
methods in use in the laboratory, namely ion exchange
chromatography on Whatman DE-52™, followed by gel filtration on
Ultrogel™ and further ion exchange chromatography by FPLC™ on

mono Q™.

S. obliquus was grown photoheterotrophically with a view to
improving the algal yield obtained from heterotrophically grown alga.
Following overnight dialysis, the extract of soluble algal proteins was
appliéd to Whatman D_E-52 and proteins were eluted with a linear
gradient of phosphate. The fractions with the highest activity of
aldolase were pooled, concentrated by ultrafiltration and applied to an
Ultrogel AcA-44™ gel filtration column. Fractions eluted from the
column subjected to polyacrylamide gel electrophoresis (PAGE) in the
presence of SDS showed a need for further purification (Fig. IV.1).
The best fractions were again pooled, concentrated and
chromatographed on a FPLC mono Q column linked to an FPLC
system using a linear gradient of phosphate. The fractions with the
highest activity were shown by SDS-PAGE (Fig. IV.2i), to each contain
a number of peptide bands, indicating a non-homogeneity of the enzyme
preparation. Further chromatography on FPLC mono Q using a much

shallower gradient did not remove the contaminating proteins.

ALDOLASE .



Figure IV.1 SDS-PAGE of aldolase eluted from Ultrogel AcA-44.

The extract from photoheterotrophically grown S. obliquus had previously been
purified on Whatman DE-52. [8] Mr marker proteins (66 000, 45 000, 36 000, 29 000,
24 000, 20 000 and 14 200); [9 and 10] peak fractions of aldolase from different gel

filtration experiments.
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Figure IV.2i SDS-PAGE of aldolase eluted from FPLC mono Q.

The extract from photoheterotrophically grown S. obliquus had previously been
purified on Whatman DE-52 and Ultrogel AcA-44. The protein samples were pooled
and concentrated prior to application on the gel. [6] peak fraction of aldolase eluted
from FPLC mono Q; [7] best fractions of aldolase from FPLC mono Q were dialysed
and reapplied to FPLC mono Q and eluted with a phosphate gradient; [10] M_ marker

proteins (66 000, 45 000, 36 000, 29 000, 24 000, 20 000 and 14 200);
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Dye-Ligand Chromatography

As these methods had been unsuccessful in purifying aldolase to
homogeneity, the possibility of using dye-ligand chromatography was
explored. Rabbit liver aldolase had previously been shown to bind to
Cibacron blue F3GA in the presence of low ionic strength buffers, from
which it was eluted by either high ionic strength, or one of its
substrates, FBP (Kido et al., 1980). Gel matrices with a number of

covalently-bound dyes were tested for their ability to bind aldolase.

Aldolase previously eluted from Ultrogel did not bind to either an
Amicon™ orange or, surprisingly, to a Cibacron™ blue column.
Unfortunately, aldolase was not the only protein in the Ultrogel
AcA-44 eluaﬁt not to bind to these columns (Fig. IV.2ii), and so other

dye-ligand columns were tested, to see if they were more successful in

binding the enzyme.

Aldolase did bind to Procion™ red HE-7B™, but neither aldolase
activity nor protein was eluted even with 2M KCI (Fig. IV.2ii). When
FBP was applied to the column, aldolase activity was detected in the
eluant. The activities measured were not continuous, and were
directly proportional to the concentration of FBP used to wash the
column. It was most likely that aldolase bound to the column with the
active site free to cleave the FBP used to equilibrate the column. The
aldolase assay used (Wu and Racker, 1959) estimated the activity of

aldolase (i.e. the cleavage of FBP to dihydroxyacetone phosphate

ALDOLASE a8



Figure IV.2ii SDSPAGE of aldolase eluted from dye-ligand

chromatography.

The extract from photoheterotrophically grown S. obliquus had previously been
purified on Whatman DE-52 and Ultrogel AcA44. [1 and 15] M marker proteins (66
000, 45 000, 36 000, 29 000, 24 000, 20 000 and 14 200); [2] unbound protein (Cibacron
blue F3GA); [3] unbound protein (Orange dye); [4] FBP-eluted protein (Procion green
H4G); [5] unbound protein (Procion green H4G) [6 and 7] KCl-cluted protein (Procion

green H4G); [14] FBP-eluted protein (Procion red HE-7B).
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(DHAP) and glyceraldehyde phosphate) by measuring the reduction of
DHAP, produced by the enzyme, to glycerol 3-phosphate. Thus, if
DHAP was present in the eluant, it would have led to the generation
of glycerol phosphate in the assay, until all the DHAP had been

utilised, hence mimicking aldolase activity.

Aldolase was also found to bind to a Procion green 4G column.
Activity was eluted by both 0.56mM FBP in a phosphate buffer of ionic
strengt}-l 0.028 and pH 8.0 and 2M KCl. Surprisingly, aldolase was not
the only protein eluted by its substrate (Fig. IV.2ii).

FPLC on Mono-Q

The aldolase eluted from the green dye column with FBP eluant was
then subjected to further ion exchange chromatography by FPLC on
the mono Q column. The gradient was developed with phosphate
puffers of ionic strength 0.028 (pH 8.0) and 0.392 (pH 7.7). Aldolase

activity was resolved into three components (Fig. IV.3).

Occurrence of Isozymes

The question now addressed was, did aldolase exist naturally, as three
forms in S. obliquus- or did two arise from a partial

post-homogenisation modification of the other, such as in vitro

protease action?
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Figure IV.3 Ion-exchange chromatography on FPLC mono Q.

The three forms of aldolase (forms 1-3) were numbered in order of decreasing acidity.
The extract from photoheterotrophically grown S. obliquus had previously been cluted
from Whatman DE-52, Ultrogel AcA-44 and Procion green H4G. The gradient was
developed by mixing phosphate buffers of ionic strength 0.028 (pH 8.0) and 0.392 (pH
7.7) on a HR10/10 column with a flow rate of 4mf/min. Buffers were supplemented

with 0.5m(/€ mercaptoethanol, 7.7mM sodium azide and 10% v/v glycerol.

ALDOLASE



When an aldolase fraction previously chromatographed on Whatman
DE-52 and Ultrogel AcA44 was chromatographed on the FPLC mono
Q column, the activity was resolved into at least two isozymes (Fig.
IV.4). This would suggest that if multiple isozymes were being
produced during the purification, it was not occurring during the

dye-ligand chromatography step.

Since multiple isozymes of aldolase were only resolved on FPLC
mono Q, it was possible that ion exchange on FPLC mono Q could
have been responsible for generating artefacts of aldolase. Aldolase
‘that had been previously subjected to chromatography on Whatman
DE-52 and Ultrbgel AcA44 and subsequently eluted from the green
dye-ligand column with FBP was applied to FPLC mono Q (Fig. IV.5).
The first and second isozymes eluted (aldolases -3 and -2, respectively)
were pooled separately, concentrated, dialysed and reapplied separately
to FPLC mono Q (Figs. IV.6 and IV.7). Each isozyme was eluted at
an identical concentration to that required for the corresponding
original elution. There was no evidence from the elution profile, of

an interconversion during the intervening period between the two ion

exchange steps.

The possibility of multiple isozymes being formed as a result of
post-homogenisation proteolytic action would appear unlikely, as
azo-casein hydrolysis (a measure of protease activity) was shown to

occur only at a very low rate in the crude algal extract (Fig. IV.8).
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Figure IV.4. Ion-exchange chromatography on FPLC mono Q.

Only the two most basic forms, aldolase-2 and aldolase-3 were assayed. The extract
from photohcterotrophiCa“y grown S. obliquus had previously been purified on
Whatman DE-52, and Ultrogel AcA-44. The gradient was developed by mixing
phosphate buffers of ionic strength 0.028 (pH 8.0) and 0.392 (pH 7.7) on a IR10/10

column 'with a flow rate of 4m{/min. Buffers were supplemented with 0.5mé/¢

mercaptoethanol, 7.7mM sodium azide and 10% v/v glycerol.
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Figure IV.5 Ion-exchange chromatography on FPLC mono Q of

aldolase.

Only the two most basic forms, aldolase-2 and aldolase-3 were assayed. The extract
from photoheterotrophically grown S. obliquus had previously been cluted from
Whatman DE-52, Ultrogel AcA-44 and Procion grecen H4G. The gradient was
developed by mixing phosphate buffers of ionic strength 0.028 (pH 8.0) and 0.392 (pH

7.7) on a HR10/10 column with a flow rate of 4m¢/min. Buffers were supplemented

with 0.5m¢&/£ mercaptoethanol, 7.7mM sodium azide and 10% v/v glycerol.
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Figure IV.6 JIon-exchange chromatography on FPLC mono Q of

aldolase.

Basic isozyme (aldolase-3) from previous chromatography on FPLC mono Q (Fig. IV.5)
was reapplied to FPLC mono Q. Only the two most basic forms, aldolase-2 and
aldolase-3 were assayed. The gradient was developed by mixing phosphate buffers of
jonic strength 0.028 (pH 8.0) and 0.392 (pH 7.7) on a HR10/10 column with a flow rate

of 4mf/min. Buffers were supplemented with 0.5m€/€ mercaptocthanol, 7.7mM sodium

azide and 10% v/v glycerol.
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Figure IV.7 Ion-exchange chromatography on FPLC mono Q of
aldolase.

Acidic isozyme (aldolase-2) from penultimate chromatography on FPLC mono Q (Fig.
IV.5) was reapplied to FPLC mono Q. Only the two most basic forms, aldolase-2 and
aldolase-3 were assayed. The gradient was developed by mixing phosphate buffers of

jonic strength 0.028 (pH 8.0) and 0.392 (pH 7.7) on a HR10/10 column with a flow rate
of 4mf/min. Buffers were supplemented with 0.5m€/€ mercaptoethanol, 7.7mM sodium

azide and 10% v/v glycerol.
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Figure IV.8 Estimation of protease activity in crude extract from S.

obliquus.
The extract was obtained from heterotrophically grown 8. obliquus and diluted two-
and five-fold, prior to assaying. The blank did not contain any crude extract. The

absorbance was measured at 340nm.

ALDOLASE



Samples of aldolase were isoelectrically focused, the presence of
aldolase being detected by the use of a positive activity stain. Since
DTT caused a darkening of the whole gel, reduced glutathione, a
milder reducing agent, was substituted. A zymogram with dark bands
on a lighter background was expected (Spencer et al, 1961), but
surprisingly, the background was still stained and the protein bands,
excluding aldolase, were visible as much lighter bands (Fig. 1V.9). At
least two bands were visible in the autotrophic crude extract, whilst
only one was visible in the heterotrophic extract. Thus, the variation
in the isozyme profiles was shown to occur, prior to employing any

purification procedures.

Phosphate buffers were found to be essential for the resolution of
aldolase activity during chromatography on FPLC mono Q. When
FBP-eluted aldolase from green dye-ligand chromatography was
subjected to lon exchange on FPLC mono Q using Tris-HCI buffers,
only a single peak of aldolase activity, associated with the major
protein peak was observed (Fig. IV.10). However, following dialysis
of this aldolase preparation into phosphate and re-application to FPLC
mono @, the expected aldolase isozymes were re‘solved when elution
was performed with a phosphate gradient (Fig. 1V.11). The
conductivity of the Tris-HCl equilibrating and strong buffers were
comparable to the corresponding phosphate buffers (Table IV.1), thus,
phosphate appears to differentially elute the various isozymes of

aldolase from FPLC mono Q.
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Figure IV.9 Isoelectric focusing of crude extract.
Gel developed with aldolase activity stain. [1] crude extract from autotrophically
grown S. obliquus; [2) crude extract from heterotrophically grown S. obliquus; (3] pl

marker proteins (10.60, 8.30, 7.30, 6.45, 5.90, 5.65 and 4.85).
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Figure IV.10 Ion-exchange chromatography of aldolase on FPLC
mono Q.

The gradient was developed by mixing Tris-HCl buffers of ionic strength 0.025 and
0.392 at pH 85 0on a HR10/10 column with a flow rate of 4mé€/min. The extract from
autotrophically grown S. obliquus had previously been purified on Whatman DE.52,
Ultrogel AcA-44 and Procion green H4G. Buffers were supplemented with 0.5mié/¢

mercaptoethanol, 7.7mM sodium azide and 109 v/v glycerol.
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Figure IV.11 Ion-exchange chromatography of aldolase on FPLC

mono Q.

All fractions containing aldolase activity from previous chromatography on FPLC
mono Q (Fig. 1V.10) were pooled, dialysed against a phosphate buffer of ionic strength
0.028 of pH 8.0 concentrated and reapplied to FPLC mono Q. The gradient was
developed by mixing phosphate buffers of ionic strength 0.028 (pH 8.0) and 0.392 (pH
7.7) on a HR10/10 column with a flow rate of 4m€/min. Buffers were supplemented

with 0.5m¢/€ mercaptoethanol, 7.7mM sodium azide and 10% v/v glycerol.
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Conductivity (mS)
Buffer '
Phosphate Tris-11Cl
Equilibrating 2.85 2.15
Strong 19.50 19.50

Table IV.l1 Conductivity of phosphate and Tris-IICl buffers used for

the purification of aldolase and phosphoglycerate kinase (PGK).

Cellular Localisation of Isozymes

Having determined that multiple isozyfnes of aldolase were present in
vivo in S. obliquus, it was extremely likely that at least one of the
isozymes was localised in the chloroplast. Since the' alga had been
grown photoheterotrophically, the predominant isozyme would be

expected to be the cytoplasmic aldolase.
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By means of SDS—PAGE, all the aldolase isozymes isolated from S.’
obliquus were shown to have subunits of 40 000 (Fig. IV.12). This is
in contrast to the aldolases from the leaves of Spinacia oleracca
(Lebherz et al., 1984; Jacobshagen and Schnarrenberger, 1988) or from
Pisum sativum (Anderson et al., 1975) or even the green alga Chara
foetida (Jacobshagen and Schnarrenberger, 1988), where the chloroplast

aldolase was characterised by a smaller subunit.

The molecular weight of all three native aldolase isozymes was
estimated by gel filtration to be 109 000 (Fig. IV.13). This value is
much lower than the molecular weights published for aldolase from the
leaf of P. sativum (Anderson et al., 1975), Zea mays (Gasperini and
Pupillo, 1982/83) or wheat (Murphy and Walker, 1981). The implication
of the molecular weight studies of the aldolase from S. obliquus was
that it was present in the extract as a trimer. The aldolases from S.
obliquus were not sensitive to metal ions and were thus classed as type
I (Lebherz and Rutter, 1975). Since all other type I aldolases
characterised were tetramers (Anderson et al., 1975), it was highly
unlikely that S. obliquus would possess the only trimeric type I
aldolase. This discrepancy was attributed to the inherently limited
accuracy of using gel filtration in the determination of the molecular
weight of undenatured proteins (Bio-Rad, 1971). In fact, Winzor and
Scheraga (1963) discovered that the migration of proteins frequently
depended on the protein concentration. Nevertheless, it was a rapid

and simple method for obtaining approximate values, whilst purifying

proteins.
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Figure IV.12 M determination of aldolase subunit by
SDS-PAGE.

The relative mobilities were measured from the gel and the above plot v
vas

used to obtain their Mrs.
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Figure IV.13 M determination of native aldolase from Ultrogel

AcA-44™.

The mobilities were measured from the elution profile and the above plot was

used to obtain their Mrs.
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For the algal aldolase isozymes, aldolase-3 had a much higher
specific activity (14.9) than aldolase-2 (5.5U (mg protein)™*). This was
consistent with a cytoplasmic origin for aldolase-3, since both Lebherz
et al. (1984) and Jacobshagen and Schnarrenberger (1988) showed that
in purified aldolase preparations from S. oleracea leaf and C. foctida,
respectively, the specific activity of the chloroplast aldolase was

considerably lower than that of the cytoplasmic isozyme.

Lebherz et al. (1984) discovered that the cytoplasmic aldolase from
S. oleracea leaf was stable to prolonged heating at 50°C, whilst the
chloroplast isozyme was inactivated by this treatment. In the case of
the algal isozymes, aldolase-2 was found to be more susceptible to
thermal denaturation than aldolase-3 (Fig. IV.14). This finding lent
further credence to the notion that aldolase2 was the chloroplast

aldolase, whilst aldolase-3 was localised in the cytoplasm.

Further evidence for the cellular distribution may be obtained from
the study of aldolase found in autotrophic S. obliquus, since it had
previously been discovered that the chloroplast aldolase was the
dominant isozyme in Chlamydomonas mundana (Russell and Gibbs,

1967), only when the organism was grown autotrophically.

Autotophically grown S. obliquus cells were extracted in the usual
way, chromatographed as previously described and the eluant from the
Procion green column applied to FPLC mono Q. The elution profile
on FPLC mono Q showed that aldolase 3, which was the predominant

isozyme, when heterotrophic cells were used (Fig. IV.3), now accounted
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Figure 1V.14 The thermal stability of aldolase isozymes.

Since the protein content of the aldolase-3 preparation was approximately twice that
of aldolase-2, aliquots of aldolase-3 were diluted two-fold prior to heating. Aliquots
of enzyme were heated to 50°C in a water bath between 0-12min. This experiment

was based on that carried out by Lebherz et al. (1984).
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for less than a quarter of the total aldolase activity (Fig. IV.15). This
was consistent with the suggestion that aldolase-3 was the cytoplasmic

enzyme functioning in glycolysis and gluconeogenesis.

The other two isozymes whilst representing a quarter of the total
aldolase isolated from heterotrophic cells (Fig. IV.3), made up
approximately three quarters of the total aldolase activity isolated
from autotrophically grown cells (Fig. IV.15). Since aldolases -2 and
-1 were induced by photosynthetic activity, they were considered to be
involved in the RPPP and hence localised in the chloroplast. Two
isozymes of chloroplast aldolase have previously been detected in
extracts from leaves of Z. mays (Valenti et al., 1987) and P. sativum
(Anderson and Pacold, 1972). The changes in the protein profile in the

extracts from S. obliquus indicated that the requirements of

photosynthesis could be met by:

1. the de novo synthesis of the second and third isozymes;

9. a structural modification of the first to yield the other two;
3. the inhibition of the synthesis of the first isozyme;
4

or a combination of any of the above.

Murphy and Walker (1981) believed that the sedoheptulose
1,7-bisphosphate (SBP)-aldolase activity (i.e. the condensation of
erythrose 4-phosphate and DHAP to SBP) was catalyzed by the same
molecule as that catalysing the FBP aldolase activity in the
chloroplast of wheat leaves. Nevertheless, it is quite possible, that in

S. obliquus, the two reactions may not preferentially, be catalysed by
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Figure IV.15 Ion-exchange chromatography of aldolase on FPLC
mono Q.

The extract from autotrophically grown S. obliquus had previously been purified on
Whatman DE-52, Ultrogel AcA-34 and Procion green H4G. The gradient was
developed by mixing phosphate buffers of ionic strength 0.028 (pH 8.0) and 0.392 (pH
7.7) on a HR10/10 column with a flow rate of 4m€/min. Buffers were supplemented

with 0.5m¢/€ mercaptocthanol, 7.7mM sodium azide and 10% v/v glycerol.
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the same molecule. Thus aldolases -2 and -1 could have been the
chloroplast FBP and SBP aldolases. Since the commercial preparation
of SBP, a substrate for SBP-aldolase was contaminated with FBP
(Sigma, 1990), it was not possible to confirm the nature of these two

aldolases, which are dominant in autotrophically grown alga.

Having taken into account the differences in specific activities and
thermal stabilities of the first two isozymes, together with the elution
profiles on the FPLC mono Q of both photoheterotrophic and
autotrophic grown S. obliquus, it is strongly believed that the first
isozyme was localised in the cytoplasm, whilst the remaining two

isozymes were from the chloroplast.

Quantification of Aldolase Activity

Unfortunately, due to the extremely tough cell walls of S. obliquus,
the degree of breakage of batches of the alga was found to be
1ncon51stent This variation was found to be even more pronounced
when breakage of algal cells grown under different conditions was
examined. In order to quantify the release of aldolase from algal cells,
an attempt was made to find an internal marker which would enable
the degree of cell breakage to be estimated. Mitochondrial cytochrome
¢ was originally used. This protein was estimated in algal crude
extracts from its difference spectrum (Fig. 1V.16). However, there did

not appear to be any correlation between cytochrome ¢ and either PGK

ALDOLASE 56



0.08
¢ 0.06 —Spectrum
g — —Basel ine
n
C
0
v 0.04
<
0.02L

0.00 ! ) ,
4890 515 3540 565 380
Wavelength (nm>

Figure V.16 Oxidised versus reduced difference spectrum of

cytochrome ¢ in crude extract from S. obliquus.

The crude extract was concentrated by ultrafiltration, prior to estimation. Oxidation

and reduction were carried out by the addition of potassium ferricyanide and sodium

dithionite, respectively
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or aldolase in a number of extracts isolated from heterotrophically

grown cells.

Whilst searching for a marker for cell breakage, it was discovered
that the ratio of aldolase to PGK in extracts depended on the manner
under which S. obliquus was grown. The ratio was high (21.0) when
the alga was grown photoheterotrophically and low (4.0) under
autotrophic conditions. As no measurement was made of the degree
of cellular breakage during enzyme extraction, it was not possible to
determine whether the decrease in the aldolase to PGK activity ratio

under autotrophic growth was due to:

1. an increase in aldolase activity;
2. a decrease in PGK activity;

3. or a combination of both.

Nevertheless, it seems reasonable to assume that proteins are

synthesised during adaptation to autotrophic growth (Russell and

Gibbs, 1967).

Purification of Aldolase-2

The dominant aldolase present in autotrophic S. obliquus was purified

and an antibody raised against it.
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Two batches of autotrophically grown S. obliquus suspended in a
phosphate buffer of ionic strength 0.130 and pH 7.5, broken and the
extracts f:ombined. After overnight dialysis, the combined extract was
subjected to ion exchange chromatography on Whatman DE-52 (Fig
IV.17). All fractions containing aldolase activity were pooled

concentrated and applied to Ultrogel AcA-34™ in two portions (Fi
| “ig.

IV.18).

The eluted aldolase activity was pooled, concentrated, divided into
ten portions and each portion chromatographed on Procion green
H-4G. The bound aldolase was eluted with O.SGmM FBP in a phosphate
buffer of ionic strength 0.028 and pH 8.0. (Table IV.2). The eluants
from all tgn chromatographic runs were pooled, concentrated and

applied to the FPLC mono Q column.
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Figure IV.17 Ion-exchange chromatography of crude extract from
autotrophically grown S. obliquus on Whatman DE-52.

The gradient was developed by mixing phosphate buffers of ionic strength 0.028 (pH
8.0) and 0.392 (pH 7.7) on a 2.2 X 29.5cm column with a flow rate of 50mf/h. Fractions
of 6mt were collected. Buffers were supplemented with 0.5mf/€ mercaptoethanol,

7.7mM sodium azide and 10% v/v glycerol.
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Figure IV.18 Gel filtration of aldolase on Ultrogel AcA-34.
Elution was performed on a 2.6 x 83.0cm column at pH 8.0 with a flow rate of 20m{/h.
The extract from autotrophically grown S. obliquus had previously been purified on

Whatman DE-52. The eluting buffer was phosphate with an ionic strength of 0.028
and supplemented with 0.5mf/€ mercaptocthanol, 7.7mM sodium azide and 10% v/v

glycerol. Fractions of 3m{ were collected.
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Activity Activity Yield
Run Applied Eluted
) (U) (%)
i 9.90 7.93 80.1
ii 11.14 11.61 104.2
111 11.14 8.50 76.3
iv 11.14 8.11 72.8
v 11.14 8.11 72.8
vi 11.14 8.22 73.8
vii 12.38 8.40 67.9
viil 8.66 6.11 70.6
ix 9.90 5.73 57.9

Table IV.2 Dye-ligand chromatography of aldolase on Procion green

HA4G.

The extract from autotrophically grown S. obliquus was purified on Whatman DE-52
and Ultrogel AcA-34, prior to application on H4G. Elution was performed on a
15mé column at pH 7.5 with a flow rate of 20m€/h. The eluting buffer was phosphate

with an ionic strength of 0.050 and supplemented with 12mM PGA, 0.5mé/¢

mer

was collected in a single fraction of 20mf

ALDOLASE

captoethanol, 7.7mM sodium azide and 10% v/v glycerol. The PGA-eluted protein




The initial chromatography using a complicated gradient, to save
time, did resolve the algal aldolase into three components (Fig. IV.15).
However, a much better separation was obtained by
re-chromatographing the total aldolase, after concentration and
dialysis, using a much simpler gradient (Fig. IV.19). It was now more
obvious that in autotrophically grown S. obliquus, aldolase-2 was the
predominant isozyme. All three isozymes, upon elution from the first

FPLC mono Q step, were shown by SDS-PAGE (Fig. IV.20) to be

completely pure.
The details of the purification are shown in Table IV.3. Although

a low yield of 3.6% was obtained, it was considerably higher than that

of 0.14% achieved by Hatz and Leuthardt (1967) from Pisum sativum.
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Figure 1V.19 Ion-exchange chromatography of aldolase on FPLC

mono Q.

All fractions containing aldolase activity from chromatography on FPLC mono Q
(Fig. 1V.15) were pooled, dialysed against a phosphate buffer of ionic strength 0.028
and pH 8.0, concentrated and reapplied to FPLC mono Q. A simple gradient was

developed by mixing phosphate buffers of ionic strength 0.028 (pH 8.0) and 0.392 (pH
7.7) on a HR10/10 column with a flow rate of 4dmt/min. Buffers were supplemented

with 0.5m¢/¢ mercaptoethanol, 7.7mM sodium azide and 10% v/v glycerol.
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Figure 1V.20 SDS-PAGE of purified aldolase.

Extract from autotrophically grown S. obliquus was purified on Whatman DE-52,
. & ted prior

Ultrogel AcA-34, Procion green H4G and FPLC mono Q, kthen concentrated p

to application on gel. (7] aldolase-3; [8] aldolase-2; [11] aldolase-1; [13] M, marker

proteins (66 000, 45 000, 29 000, 29 000, 24 000, 20 000 and 14 200).
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Step To?a'l Protein | Enzyme| Specific| Purific- iel¢

Activity] Conc. [ Activity| Activity :;;:i)rllc Yield

(U) (mg/me) [ (U/me) | (U/mg)| (Fold) (%)

Crude
Extract 922.2 8.26 0.96 0.12 1.0 100.0
DE-52 415.0 3.84 2.26 0.59 52 45.3
AcA-34 304.2 3.11 5.63 1.70 14.7 33.1
H4G 63.1 0.08 0.35 4.32 374 6.9
mono Q

(1) 33.8 0.03 0.15 4.90 422 3.6
mono Q

(ii) 2.1 0.02 0.10 5.50 474 0.2

Table IV.3 Purification profile of ald . .
grown S. obliquus. aldolase-3 from autotrophically
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Western Blotting

Aldolase-2 from the second FPLC mono Q chromatography was used

to raise an antibody against chloroplast aldolase.

Western blotting of SDS-PAGE (Fig. IV.21) indicated that the
antibody raised against aldolase-2, cross-reacted with algal aldolases
-3 and -1, but did not cross-react with any other proteins in the soluble
crude extract from the alga, although multiple bands were detected by
the blot at the top of each track containing protein. It appeared as
if a high molecular weight peptide, with the ability to bind the
antibody was present in all the protein preparations used in the blot,
including a purified commercial preparation of rabbit muscle aldolase.

. Tt was more likely an artefact of that particular blotting.

Iso-electric focusing was performed on the three aldolases. The
aldolase bands being detected by western blotting (Fig. IV.22), since
this had a much greater sensitivity than Coomassie blue for aldolase
detection. Hence, much less protein could be applied in iso-electric
focusing, leading to narrower bands and hence, better resolution. The
pI's of the three aldolases were determined with a set of coloured
marker proteins (Fig. IV.23). The pl's of the three isozymes are given

in Table IV4.
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Figure IV.21 Western blot using antiserum raised against aldolase-2.
Protein samples were subjected to SDS-PAGE prior to blotting. [1 and 2] two samples
of extract from autotrophically grown S. obliquus; [3] commercial preparation of
rabbit muscle aldolase; [4) partially purified PGK; [5] extract from autotrophically
grown S. obliguus eluted from Whatman DE-52 and Ultrogel AcA<4; [6] purified
aldolasc-3; [7] purified aldolase-2; [8] purified aldolase-1; concentrated prior to

application on gel.
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Figure IV.22 Western blot using antiserum raised against aldolase-2.
Protein samples were isoelectrically focused prior to blotting. Positions of pI protein
markers etched with pencil prior to developing blot. [1 and 6] crude extract from
autotrophically grown S. obliquus; [2 and 7] aldolase-3; [3 and 8] aldolase-2; [4 and 9]
aldolase-1; [5) pI protein markers (10.60, 8.30, 7.30, 6.45, 5.90, 5.65 and 4.85).  2pt of

samples were loaded in tracks 14 and Ip€ in tracks 6-9.
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Figure IV.23 Determination of the isoelectric points of aldolase
jsozymes.

The relative mobilities were measured from the gel and the above plot was used
) yas used to

obtain their isoelectric points. The arrows indicate the three positions of the tl
wree

forms of aldolase.
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Isoelectric Point (pI)
Isozyme
S. obliquus Z. mays Leaf
1 5.75 4.20
2 5.80 4.60
3 6.05 6.70

Table IV.4 Comparison of the isoelectric points of aldolase isozymes

from S. obliquus and Z. mays Leaf.

The .S. obliquus was grown autotrophically whilst the values for Z. mays

were obtained from Valenti et al. (1987).

Summary

Aldolase was extracted from autotrophically grown S. obliquus and
purified using ion exchange, gel (filtration and dye ligand
chromatography. It was resolved into three components during FPLC
on mono Q, and indirect methods hinted that the two acidic forms were
localised in the chloroplast. An antibody was raised against one of the
acidic forms, which although was specific for aldolase, was found to

cross react with the other two forms.
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PHOSPHOGLYCERATE KINASE

Search for Isozymes

Phosphoglycerate kinase (PGK) would be expected, like fructose
1,6-bisphosphate (FBP) aldolase, to be localised in both, the chloroplast
and the cytoplasm of algal cells. In fact, isozymes of PGK have been
detected in extracts of Pisum sativum (Anderson and Advani, 1970) and
barley (MacMorrow and Bradbeer, 1987) leaves. If an antibody to PGK
was to be used in studying the multi-enzyme complexes in the reductive
pentose phosphate pathway (RPPP) it would be necessary to purify the

isozyme localised in the chloroplast and raise an antibody against it.

Numerous attempts to separate PGK isozymes by gel filtration, ion
exchange chromatography and SDS-polyacrylamide gel electrophoresis
(PAGE), from both heterotrophic and autotrophic algal cells were
unsuccessful. When a PGK preparation from autotrophically grown
cells, which had previously been purified on DE-52'™, Ultrogel
AcA-44™ and FPLC mono Q™, was subjected to hydrophobic
interaction chromatography on phenyl superose, a considerable spread
of PGK activity was observed (Fig. V.1). Initially, the trailing
fractions were thought to be a different isozyme to the peak fractions.
The trailing fractions were pooled, dialysed and re-applied to the FPLC
phenyl superose column. The spread in enzyme activity re-appeared

(Fig. V.2), implying that hydrophobic interaction had not separated
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Figure V.1 Hydrophobic interaction chromatography of PGK on

FPLC phenyl superose.

The gradient was developed with a decreasing concentration of ammonium sulphate

in a phosphate buffer of ionic strength 0.221 and pH 7.0 on a HR5/5 column with a

flow rate of 0.5mé/min. The extract from autotrophically grown S. obliguus had

previously been purified on Whatman DE-52, Ultrogel AcA-44 and FPLC mono Q).

The buffer was supplemented with 0.5m¢€/€ mercaptoethanol and 7.7mM sodium azide.
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Figure V.2 Hydrophobic interaction chromatography of PGK on

FPLC phenyl superose.
Trailing fractions of PGK from the previous hydrophobic interaction chronmtogr;mh}'
(Fig. V.1) were pooled, dialysed, concentrated and reapplied to FPLC phenyl superose.
The gradient was developed with a decreasing concentration of ammonjum sulphate
in a phosphate buffer of ionic strength 0.22

1 on a HR5/5 column with a flow rate of

0.5mé€/min. The buffer was supplemented with 0.5mé&/€ mercaptoethanol and 7.7mM

sodium azide.
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PCK into isozymes. Thus if more than one isozyme existed in

Scenedesmus obliquus, then they were- indistinguishable by the

techniques employed.

Having failed to detect a specific chloroplast PGK, the total cellular

PGK from autotrophically grown cells was purified, and an antibody

raised against it.

Choice of Buffers

During the purification of PGK, it was noticed that the levels of
enzyme activity were considerably lower when phosphate buffers were
used than with Tris-HCI buffers. Soluble proteins were extracted from
the alga using either a Tris—HCi buffer of ionic strength 0.025 and pll
8.5 or a phosphate buffer of ionic strength 0.130 and pH 7.5, followed
by chromatographing the crude extracts separately on  Whatman
DE-52™ using the relevant buffers. The gradients for protein elution
were developed with Tris-HCI buffers of ionic strength 0.025 and 0.392
and pH 85 or phosphate buffers of ionic strength 0.028 (pH 8.0) and
0.392 (pH 7.7). The ratio of PGK to aldolase activities was much lower

when the purification used phosphate buffers (Table V.1).
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Step Ratio of Activity of PGK to Aldolase
Phosphate Tris-HCl
Crude Extract 0.22 1.50
DE-52 Eluant 0.40 2.00

Table V.1 The effect of Tris-HCl and phosphate buffers on the ratio

of activities of PGK to aldolase.

When a sample of aldolase in a phosphate buffer of ionic strength 0.028
and pH 8.0 was redialysed against a Tris-HCI buffer of ionic strength
0.025 and pH 8.5, or vice versa, there was no significant change in
enzyme activity. However, there was a considerable reduction in
activity when PGK was transferred from the Tris-HCIl buffer to the
phosphate buffer. A change from the phosphate to the Tris-HCI buffers
did not result in a significant increase in PGK activity. The various
Tris-HCl buffers used were of comparable ionic strength to the
corresponding phosphate buffers. The low levels of PGK activity when
phosphate buffers were used probably resulted from an inactivation by

phosphate. Consequently, purification of PGK was carried out using

Tris-HCl buffers.
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Initial Purification

Initial attempts to purify PGK consisted of iop exchange
chromatography on Whatman DE-52, followed by gel filtration on
Ultrogel AcA-44. SDS-PAGE of the peak fraction eluted from Ultrogel
AcA-44 (Fig. V.3) indicated that there were many contaminating
protein bands present. The PGK band was just below the major
peptide band. Neither further ion exchange on an FPLC mono Q
column nor a second mono Q step, using a shallower gradient, was able

to remove all of the contaminating protein (Fig. V.4i).

Dye-ligand chromatography was then tested for its ability to further
purify PGK, as PGK had previously been shown to bind to
Cibacron™ blue F3GA™ (Kawailet al,, 1982). PGK eluted from gel
filtration was found to bind to a Procion™ HE-7B™ dye-ligand column
in the presence of a Tris-HCI buffer of ionic strength 0.025 and plI 8.5,
and could be eluted with one of its substrates, 3-phosphoglycerate
(PGA) (12mM in the Tris-HCl buffer). Surprisingly, PGA did not
selectively elute PGK from this dye column, as could be seen by
examining the eluted fractions with SDS-PAGE (Fig. Vdii). Not all
the PGK was eluted with PGA, some enzyme remained bound to the
column in the presence of PGA and this was eluted with 2M KCl.
However, elution with PGA turned out to be very inconsistent as PGA
often did not elute PGK activity. ATP, another substrate of PGK was
substituted for PGA. This nucleotide, at a concentration of 6mM also

eluted PGK activity from the HE-7TB column. Moreover, this elution

PHOSPHOGLYCERATE KINASE o



Figure V.3 SDS-PAGE of PGK eluted from Ultrogel AcA-44.

Extract from autotrophically grown S. obliquus had previously been purified on
Whatman DE-52. [11 and 12] peak fractions of PGK from two different gel filtration
experiments; [15) M marker proteins (66 000, 45 000, 36 000, 29 000, 24 000, 20 000
and 14 200).
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Figure V.4i SDS-PAGE of PGK eluted from FPLC mono Q.

Extract from autotrophically grown S obliquus had previously been purified on
Whatman DE-52 and Ultrogel AcA-44. [1] M marker proteins (66 000, 45 000, 36 000,
29 000, 24 000, 20 000 and 14 200); [2] eluted from FPLC mono Q. [3] protein sample
depicted in track 2 was dialysed, concentrated and re-applied to FPLC mono Q and

eluted with a shallower phosphate gradient.
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Figure V.4ii SDS-PAGE of PGK eluted from Procion red HE-7B and
FPLC mono Q.

Extract from autotrophically grown S. obliquus had previously been purified on
Whatman DE-52 and Ultrogel AcA-44. [9] Protein that did not bind to the column
in the presence of Tris-HC] buffer of ionic strength 0.025 and pH 8.5; [10] protein
cluted with 12mM PGA in the same buffer; [13] M_marker proteins (66 000, 45 000,

36 000, 29 000, 24 000, 20 000 and 14 200). The buffer was supplemented with

0.5m¢/€ mercaptocthanol, 7.7mM sodium azide and 10% v/v glycerol.
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was reproducible. Unfortunately, ATP like PGA, eluted other proteins
along with PGK, these could not be removed by further
chromatography on FPLC mono Q (Fig. V.5).

Substituting hydrophobic interaction chromatography for dye-ligand
chromatography in the purification procedure, proved to be successful.
Consequently a method involving lon exchange chromatography, gel
filtration and hydrophobic interaction chromatography was used to

isolate PGK from S. obliquus.

Purification of PGK

A batch of autotrophically grown S. obliquus cells was divided into
six portions and each portion was ground with glass beads. The crude
extract was divided into four equal portions and each portion was
applied to a Whatman DE-52 column (Fig. V.6). PGK was one of the
first proteins to elute from the column following the application of the
Tris-HCl gradient. The fractions with the highest PGK activity
eluting from all four columns were pooled, concentrated and divided

into three portions.

Each portion was chromatographed separately on an Ultrogel
AcA-44 gel filtration column (Fig. V.7). The characteristic spread of
enzyme activity on gel filtration was apparent. The best fractions from

all three chromatographic runs were pooled, concentrated and divided
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Figure V.5 SDS-PAGE of PGK eluted from Procion red HE-7B and
FPLC mono Q.

Extract from autotrophically grown S. obliquus that had previously been purified on
Whatman DE-52 and Ultrogel AcA-44, was applied to Procion red HE-7B. [14] protein
cluted from Procion red HE-7B with 10mM ATP; [13] ATP-eluted protein from
Procion red HE.7B (track 14) was applied to FPLC mono Q and eluted with a
Tris-HCl gradient made by mixing buffers of ionic strength 0.025 and 0.392 and pH
8.5; [16] M_marker proteins (66 000, 45 000, 36 000, 29 000, 24 000, 20 000 and 14 200).
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Figure V.6 Ion exchange chromatography of crude extract from
autotrophically grown S. obliquus on Whatman DE-52.

The gradient was developed by mixing Tris-HCl buffers of ionic strength 0.025 and
0.392 and pH 85 0on a 2.2x29.5¢cm column with a flow rate of 50m{/h. Fractions of

6m¢e were collected. Buffers were supplemented with 0.5mf/€ mercaptocthanol,

7.7mM sodium azide and 10% v/v glycerol.
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Figure V.7 Gel filtration of PGK on Ultrogel AcA-34.
Elution was performed on a 2.6 X 83.0cm column at pH 8.5 with a flow rate of 20mf/h.
The extract from autotrophically grown S. obliquus had previously been purified on

Whatman DE-52. The ecluting buffer was Tris-HCI with an ionic strength of 0.025 and
supplemented with 0.5m¢/€ mercaptoethanol, 7.7mM sodium azide and 10% v/v

glycerol. Fractions of 3ml were collected.
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into six portions. Each portion was subjected to ion exchange
chromatography on the FPLC mono Q column (Fig. V.8). Although the
major protein peak eluted inlthe fractions possessed PGK activity,
SDS-PAGE detected the presence of other proteins in these fractions
(Fig. V.9). The best fractions from all four runs were pooled,

concentrated and divided into six portions.

Each portion was subjected .to hydrophobic interaction
chromatography on a FPLC phenyl superose column (Fig. V.10). Under
hydrophilic conditions (high concentration of ammonium sulphate),
proteins adsorbed through their hydrophobic domains to the phenyl
superose. These adsorbed proteihs, including PGK, were differentially
desorbed by eluting with a decreasing gradient of ammonium sulphate
(i.e. increasing hydrophobicity). The single protein peak corresponding
to PGK activity during ion exchange on FPLC mono Q was resolved
into two protein peaks during hydrophobic  interaction
chromatography. It was the smaller protein peak eluted earlier, which
corresponded to the PGK activity peak. The fractions with the highest
activity of PGK from all six runs were pooled. Considerable trailing

of enzyme activity was readily apparent.

The protein concentration of the best fractions pooled from the
former hydrophobic interaction step was too low to be detectable on
SDS-PAGE using the Coomassie-blue stain. Since silver staining was
a much more sensitive technique for visualising proteins in
polyacrylamide_gels (Switzer et al., 1979), the method of Wray et al.
(1981) was attempted, whic did detect the presence of only a single
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Figure V.8 Ion exchange chromatography of PGK on FPLC mono Q.

The gradient was developed by mixing Tris-HCl buffers of ionic strength 0.025 and
0.392 and pH 8.5 on a HR10/10 column with a flow rate of 4mé/min. Buffers were

supplemented with 0.5mf/€ mercaptoethanol, 7.7mM sodium azide and 10% v/v

glycerol.
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Figure V.9 SDS-PAGE of PGK eluted from FPLC mono Q.

Extract from autotrophically grown S. obliquus had previously been purified on
Whatman DE-52 and Ultrogel AcA44. [6 and 7] peak fractions of PGK from different
FPLC mono Q experiments; [10] Mr marker proteins (66 000, 45 000, 36 000, 29 000,

24 000, 20 000 and 14 200).
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Figure V.10 Hydrophobic interaction chromatography of PGK on

FPLC phenyl superose.

The gradient was developed with a decreasing concentration of ammonium sulphate

in a phosphate buffer of ionic strength 0.221 and pH 7.0 on a HR5/5 column with a

flow rate of 0.5m€/min. The extract from autotrophically grown S. obliquus had

previously been purified on Whatman DE-52, Ultrogel AcA<44 and FPLC mono Q.

The buffer was supplemented with 0.5m€/€ mercaptocthanol and 7.7mM sodium azide.
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protein band. Unfortunately, the staining reaction could not be
stopped at the appropriate time, leading to the PGK protein band being

overshadowed by the background.

The details of the purification are shown in Table V.2. The
purification was accompanied by a very poor yield. Scopes (1969)
attributed the low levels of PGK recovery to inhibition by heavy metal
impurities. This low yield was especially apparent during FPLC on the
mono Q and phenyl superose columns. This purification protocol
produced purified PGK, from S. obliquus, on an analytical scale,
although the quantity of enzyme obtained was sufficient to raise an

antibody in a Dutch rabbit.
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Total Protein | Enzyme| Specific| Purific- | Yield
Step Volume| Conc. | Activity] Activity| ation

(me) (mg/me) | (U/me)| (U/mg)| (Fold) (%)
Crude
extract 2 441 15.23 2.65 0.17 1.0 100.0
DE-52 1 670 6.60 13.05 1.98 114 68.5
AcA-54 915 0.44 3.00 6.82 39.2 37.5
mono Q 200 0.06 1.68 27.92 160.4 8.4
phenyl
superose 31 0.03 1.74 58.00 333.3 1.3

Table V.2 Purification profile of PGK extracted from autotrophically

grown S.

obliquus.

Raising of Antiserum

The purified PGK preparation was injected into the rabbit in two

doses.

The antibody raised was shown to bind to PGK, but
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unfortunately there was a double band in the western blotting of
SDS-PAGE of both crude algal extract and purified PGK from 8.
obliquus (Fig. V.11). The first and second antibodies raised were

stored at -20°C, until required for further use.

Properties

The molecular weight of the subunit of PGK, estimated by
SDS-PAGE to be 45 000 (Fig. V.12), compared favourably with the size
of 43 500 obtained for halibut muscle PGK (Huskins et al., 1982). Gel
filtration of the native enzyme on Ultrogel AcA-44 yielded a molecular
weight of 38 000 (Fig. V.13), which was over 15% less than the size of
the subunit. Andrews (1965) estimated that the level of uncertainty in
the determination of the molecular weight of globular proteins using
gel filtration was 10%. Nevertheless, it was a rapid and simple method
for obtaining approximate values whilst purifying proteins. These two
results together would suggest that PGK isolated from S. obliquus was
a monomeric enzyme, in agreement with the assertion by Banks et al.
(1979) that PGK isolated from a wide variety of sources was

monomeric.
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Figure V.11 Western blot using antiserum raised against PGK.
Protein samples were subjected to SDS-PAGE prior to blotting. [1] crude extract
from heterotrophically grown S. obliquus; [2] crude extract from autotrophically

grown S. obliquus; [3] purified PGK.
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Figure V.12 M _determination of the PGK subunit by SDS-PAGE.

The mobilities were measured from the gel and the plot was used to obtain their

Mrs.
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Figure V.13 M determination of native PGK by gel filtration.

The mobilities were measured from the Ultrogel AcA-44™ elution profile and

the above plot was used to obtain their Mrs.
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Complexed PGK

An attempt was made to detect the presence of multi-enzyme complexes
in the crude extract of S. obliquus. If the intramolecular forces
binding enzymes together in a complex were too weak to withstand
chromatography on Whatman DE-52, one would have expected the
enzymes to elute separately from Whatman DE-52. Although RuBPC
co-eluted with PRK (Fig. III.1), the other three RPPP enzymes studied
eluted separately. Since gel filtration was considered to be a gentler
technique, and especially since any complex would have been of a high
molecular weight, the crude extract was directly applied to the

Ultrogel AcA-34™ column.

Initially, no evidence for the presence of complexes was obtained.
The breaking and equilibrationg buffers used were then changed from
phosphate to Tris-HCl; Various supplements were then added to the
buffers in an attempt to stabilise any complex(es) in vitro. After
supplementing the buffers with 250mM sucrose and 5mM magnesium
ions, in an attémpt to stabilise cell membrane-protein interactions
(Hoober, 1984), PGK activity was detected in the void volume of the
Ultrogel AcA-34 column (Fig. V.14). Because of its small size, any
uncomplexed PGK would have eluted much later. This finding
suggested that PGK was probably bound to another molecule or
molecules, with the resulting complex having a considerably higher

molecular weight. The PGK activity of the enzyme form with high
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Figure V.14 Gel filtration of crude extract from S. obliquus on

Ultrogel AcA-34.

Elution was performed on a 2.6 x 83.0cm column at pH 8.5 with a flow rate of 20mé/h.

The eluting buffer was Tris-HCI with an ionic strength of 0.025 and supplemented

with 250mM sucrose, 5mM magnesium ions, 0.5m¢{/¢ mercaptocthanol, 7.7mM sodium

azide and 10% v/v glycerol. Fractions of 3mé were collected.
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molecular weight was greatly enhanced by incubation with DTT, prior

to assaying.
Unfortunately, attempts to reproduce this result proved fruitless.

None of the other four RPPP enzyme activities were ever detected in

or near the void volume during gel filtration on AcA-34.
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DISCUSSION

Since the enzymes of the RPPP mediate reactions which constitute
consecutive steps in a metabolic pathway, the existence of enzymes
physically linked together for facilitating the sequential transfer of
substrate/product molecules is a distinct possibility (Akazawa, 1970).
Recent reports suggest the occurrence of associations between certain
enzymes of this cycle in Pisum sativum (Sainis and Harris, 1986),
Spinacia oleracea (Gontero et al., 1988), and Scenedesmus obliquus

(Nicholson et al., 1987).

The complex isolated from S. obliquus consisted of glyceraldehyde
3-phosphate dehydrogenase (G3PDH) and phosphoribulokinase (PRK).
Since these two enzymes did ﬁot catalyse consecutive reactions and
were activated upon dissociation, the possible role envisaged for their
complexing was that of regulation. The multi-enzyme complex in S.
oleracea was reported by Gontero et al. (1988) to consist of G3PDH,
PRK, phosphoriboisomerase, ribulose 1,5-bisphosphate carboxylase, and
phosphoglycerate kinase (PGK). The occurrence of both, G3PDH and
PRK in this complex, suggests that thle G3PDH-PRK complex in S.
obliquus might be a constituent of a larger multi-enzyme complex in

vivo.

A surprising feature of the S. oleracea multi-enzyme complex was its
dependence on NADH, which is in vari.ance with the fact that NADPH
is the nucleotide utilised by the RPPP. Although this feature was also
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characteristic of the S. obliquus multi-enzyme complex, this

discrepancy was eliminated once the complex was activated.

Concrete evidence for the presence of other protein-protein
interactions between the enzymes of the RPPP of Scenedesmus obliquus
has not been forthcoming. Loose associations of enzymes form
unstable complexes (Fulton, 1982; Clegg, 1984), which may be disrupted
upon extraction (Gaertner, 1978) and dilution (Clarke and Masters,
1974). Evidence suggesting that phosphoglycerate kinase (PGK) was
probably bound to (an)other molecule(s) was not reproducible.
Nevertheless it is still possible that PGK could be involved in loose
protein-protein interactions, which due particularly to the harsh

method employed to break the cell walls, might be liable to disruption.

PGK activity of high molecular weight was greatly enhanced by
incubation with DTT prior to assay. PGK could have been inactive
whilst complexed, but this would have meant that the complexing of
PGK was of no benefit to the alga. It was more likely that the enzyme
was not accessible to its substrate, supplied exogenously, whilst in the
complex. Possibly PGA has to be channelled to the complexed PGK
from ribulose 1,5-bisphosphate carboxylase (RuBPC), which therefore
would have been part of the complex. DTT may have caused the
dissociation of the complex, thus making PGK accessible to the PGA
supplied in the assay. DTT had previously been shown by Bradbeer
et al. (1981) to mimic in vitro the in vivo activation mediated by
photoreduced thioredoxin, probably by reducing disulphide bonds
(Anderson and Avron, 1976).
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Whilst purifying frqctose 1,6-bisphosphate (FBP) aldolase, multiple
forms were detected. Two forms were expected, one localised in the
chloroplast and the other in the cytoplasm, but surprisingly three were
encountered. Due to the extremely tough cell wall of S. obliquus.,
attempts to isolate intact chloroplasts, proved to be fruitless. Hence,
the cellular localisation of these isozymes had to be determined using

indirect means.

The definition of the term ‘isozyme’ was revised by the International
Union of Pure and Applied Chemistry-International Union of
Biochemistry in 1976 and now requires a difference in primary
structure IUPAC-IUB, 1976). Since recent relevant publications refer
to the different forms of aldolase present in algal cells as isozymes, the

multiple forms occurring in S. obliquus were also referred to as such.

All three isozymes from S. obliquus had similar properties and
studies of the isozymes from leaves of S. oleracea (Lebherz et al., 1984)
and P. sativum (Anderson and Pacold, 1972) also indicated that these
species possessed very similar isozymes. Although, there scems to be
no advantage for the plant to have exceedingly similar isozymes, there
is no reason to believe that the chloroplast isozyme is more effective
in synthesising'FBP, and the cytoplasmic isozyme more suitable for

cleaving FBP (Anderson and Pacold, 1972).

Since the antibody raised against G3PDH was not specific enough,
attempts are being made in this laboratory to raise a new antibody.

The specificity of the antisera against RuBPC, PRK and aldolase are
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adequate to be used in the detection of multi-enzyme complexes in
crude cell extracts. It would also be of interest to test for
cross-reactions between the S. obliquus antibodies and the enzymes of
the RPPP or glycolysis from other species, especially higher plants and

other green algae.

DISCUSSION
78



BIBLIOGRAPHY

Akazawa, T. (1970) Prog. Phytochem. 2, 107-141

Anderson, L.E. (1975) in Proceedings of the Third International
Congress on Photosynthesis (Avron, M., ed) pp. 1393-1405, Elsevier
Scientific Publishing Company, Amsterdam

Anderson, L.E. (1987) FEBS Lett. 212, 4548

Anderson, L.E., and Advéni, V.R. (1970) Plant Physiol. 45, 583-585
Anderson, L.E., and Avron, M. (1976) Plant Physiol. 57, 209-213
Anderson, L.E., and Fuller, R.C. (1967) Plant Physiol. 42, 487-190
Anderson, L.E., and Pacold, 1. (1972) Plant Physiol. 49, 393-397

Anderson, L.E., Heinrikson, R.L., and Noyes, C. (1975) Arch. Biochem.
Biophys. 169, 262-263

Andrews, P. (1965) Biochem. J. 96, 595-606

Andrews, P., Bray, R.C., Edwards, P., and Shooter, K.V. (1961)
Biochem. J. 93, 627-632

Arnold, H., and Pette, D. (1968) Eur. J. Biochem. 6, 163-171

Banks, R.D., Blake, C.C.F., Evans, P.R., Haser, R., Rice, D.W., Hardy,
G.W., Merrett, M., and Phillips, A.W. (1979) Nature. 279, 773-177

Bassham, J.A. (1972) in Proceedings of the Second International
Congress on Photosynthetic Research (Forti, G., Avron, M., and
Melandri, A., eds) pp. 1723-1735, Dr. W. Funk N.V. Publishers, The
Hague

Bassham, J.A., and Calvin, M. (1957) The Path of Carbon in
Photosynthesis, Prentice Hall, Englewood Cliffs

Bassham, J.A., and Kirk, M. (1968) in Comparative Biochemistry and
Biophysics of Photosynthesis (Shibata, K., Takamiya, A., Jagendorf,

BIBLIOGRAPHY 79



A.T., and Fuller, R.C., eds) pp. 365-378, University of Tokyo Press,
Tokyo

Bassham, J.A., and Krause, G.H. (1969) Biochim. Biophys. Acta 189,
207-221

Bassham, J.A., Benson, A.A., Kay, L.D., Harris, A.Z., Wilson, A.T., and
Calvin, M. (1954) J. Am. Chem. Soc. 76, 1760-1770

Berlyn, M.B., and Giles, N.H. (1969) J. Bacteriol. 99, 222-230

Bernardi, G. (1971) Enzyme Purification and Related Techniques
(Jakoby, W.B., ed) pp. 325-339, Academic Press, New York

Beynon, R.J. (1989) in Protein Purification Methods: A Practical
Approach (Harris, E.L.V.,, and Angal, S., eds) pp.40-54, Oxford Press,
Oxford

Bio-Rad (1971) Gel Chromatography, p. 65, Bio-Rad Laboratories,
Richmond

Bjorkman, O. (1975) in Environmental and Biological Control of
Photosynthesis (Marcelle, R., ed) pp. 1-16, Dr. W. Junk b.v., Publishers,
~ The Hague

Bradbeer, J.W., Ruffer-Turner, M.E., De Ferrer, E.J.,, Wara-Aswapati,
0., and Kemble, R.J. (1981) in Photosynthesis: Regulation of Carbon

Metabolism (Akoyunoglou, G., ed) pp. 339-394, Balaban International
Science Services, Philadelphia

Buchanan, B.B. (1980) Annu. Rev. Plant Physiol. 31, 341-374
Buchanan, B.B. (1981) in Photosynthesis: Regulation of Carbon

Metabolism (Akoyunoglou, G., ed) pp. 245-256, Balaban International
Science Services, Philadelphia

Clarke, F.M., and Masters, C.J. (1974) Biochim. Biophys. Acta 358,
193-207

Clegg, J.S. (1984) Am. J. Physiol. 246, R133-R151

Criddle, R.S., Dau, B., Kleinkopf, G.E., and Huffaker, R.C. (1970)
Biochem. Biophys. Res. Commun. 41, 621-627

BIBLIOGRAPHY R0



Dennis, D.T., and Miernyk, J.A. (1982) Annu. Rev. Plant Physiol. 33,
27-50

Devlin, R.M., and Barker, A.V. (1971) Photosynthesis, 304pp., Van
Nostrand Reinhold Company, New York

Droop, M.R. (1974) in Algal Physiology and Biocl.zcmistry (Stewart,
W.D.P., ed) pp. 530-559, Blackwell Scientific Publications, Oxford

Easterby, J.S. (1981) Biochem. J. 199, 155-161
Easterby, J.S. (1989) Biochem. J. 264, 605-607
Eppley, R.W., and Macias, F.M. (1962) Plant Physiol. 15, 72-79

Fischer, K.H., and Latzko, E. (1979) Biochem. Biophys. Res. Commun.
89, 300-306

Foyer, C.H. (1984) Photosynthesis, 219pp., John Wiley and Sons, New
York '

Fulton, A.B. (1982) Cell 30, 345-347

Fuller, R.C., and Hudock, G.A. (1967) Biochemistry of chloroplasts pp.
181-190, Academic Press, London

Gaertner, F.H. (1978) in Microcnvironments and Metabolic
Compartmentation (Srere, P.A., and Estabrook, R.W., eds) pp.345-351,
Academic Press, New York

Gaertner, F.H., and DeMoss, J.A. (1969) J. Biol. Chem. 244, 2716-2725
Gasperini, C., and Pupillo, P. (1982/3) Plant Sci. Lett. 28, 163-171

Ginsburg, A., and Stadtman, ER. (1970) Annu. Rev. Biochem. 39,
429-472

Giulian, G.G., Moss, R.L., and Greaser, M. (1984) Anal. Biochem. 142,
421-436

Gontero, B., Cirdenas, M.L., and Ricard, J. (1988) Eur. J. Biochem.
173, 437443

Graham, D., and Smillie, R.M. (1971) Methods Enzymol. 23, 228-242

BIBLIOGRAPHY 81



Griffiths, D.J. (1965) Sci. Prog. 53, 553-566
Hatch, M.D., and Turner, J.F. (1960) Biochem. J. 76, 556-562
Hatz, C., and Leuthardt, F. (1967) Biochim. Biophys. Acta 139, 460-468

Heldt, HW., Werdan, K., Milovancev, M., and Geller, G. (1973)
Biochim. Biophys. Acta 314, 224-241

Henderson, R.W., and Rawlinson, W.A. (1956) Nafure. 177, 1180-1181
Hers, H.G. (1952) Biochim. Biophys. Acta 8, 424430

Hill, C.M., Smith, A.J.,, Rogers, L.J., and Balding, P. (1988) in
Biochemistry of the Algae and Cyanobacteria (Rogers, L.J., and Gallon,
J.R., eds) pp. 4444, Clarendon Press, Oxford

Hoober, J.K. (1984) Chloroplasts, 280pp., Plenum Press, New York

Hoober, J.K., and Blobel, G. (1969) J. Mol. Biol. 41, 121-138

Huskins, K.R., Bernhardi, S.A., and Dahlquist, F.W. (1982)
Biochemistry 21, 41804188

IUPAC-IUB (1976) J. Biol. Chem. 252, 5939-5041

Jacobshagen, S., and Schnarrenberger, C. (1988) Plant Physiol. 87,
78-82

Jagannathan, V., ‘Singh, K., and Damodaran, M. (1956) Biochem. J.
63, 94-105

Jarabak, J., Seeds, Jr., A.E., and Talalay, P. (1966) Biochemistry 5,
1269-1279

Kalman, M., and Boross, L. (1982) Biochim. Biophys. Acta 704, 272-277

Kawai, K., Mori, M., Kumagai, K., Horitsu, H., and Egughi, Y. (1982)
J. Ferment. Technol. 60, 211-214

Keleti, T., Batke, J., Ovadi, J., Janscik, V., and Bartha, F. (1977) Adv.
Enz. Regul. 15, 233-265

BIBLIOGRAPHY %2



Kessler, E., Arthur, W., and Brugger, J.E. (1957) Arch. Biochem.
Biophys. 71, 326-335

Kido, H., Vita, A., and Horecker, B.L. (1980) Anal. Biochem. 106,
450-454

Klein, U., Chen, C., Gibbs, M., and Platt-Aloia, K.A. (1983) Plant
Physiol. 72, 481-487

Krietsch, W.K.G., and Bucher, T. (1970) Eur. J. Biochem. 17, 5(68-530

Kriiger, I., and Schnarrenberger, C. (1983) Eur. J. Biochem. 136,
101-106

Laemmli, U.K. (1970) Nature. 227, 680-685

Laing, W.A,, Stitt, M., and Heldt, H.W. (1981) Biochim. Biophys. Acta
631, 348-359

Larsson-Razniekwicz, M., and Arivdsson, L. (1971) Eur. J. Biochemn.
22, 506-512

Larsson-Raznikiewicz, M., and Malmstrém, B.G. (1961) Arch. Biochem.
Biophys. 92, 94-99

Latzko, E., and Gibbs, M. (1968) Z. Pflanzenphysiol. BD 59, S. 184-194
Latzko, E., and Kelly, G.J. (1979) in Photosynthesis II: Photosynthetic
Carbon Metabolism and Related Processes (Gibbs, M., and Latzko, E.,
eds) pp. 239-250, Springer-Verlag, Berlin

Lazaro, J.J., Sutton, C.W., Nicholson, S., and Powls, R. (19806) Eur. /.
Biochem. 156, 423-429

Lebherz, H.G., and Rutter, W.J. (1975) in Carbohydrate Metabolism |
(Wood, W.A., ed) pp. 249-258, Academic Press, New York

Lebherz, H.G., Leadbetter, M.M., and Bradshaw, R.A. (1984) J. Biol
Chem. 259, 1011-1017 '

Leegood, R.C., and Walker, D.A. (1980) Arch. Biochem. Biophys. 200
575582 '

BIBLIOGRAPHY %3



Lehninger, A.L. (1982) Principles of Biochemistry, 1011pp., Worth
Publishers, New York

Life Science (1971) HA-Ultrogel, Product Information No. 200909IBF,
8pp., Life Science Laboratories Ltd., Luton

Lin, D.C., and Nobel, P.S. (1971) Arch. Biochem. Biophys. 145, 622-632
Lynen, J., Oesterholt, D., Schweiaer, E., and Willeke, K. (1968) in
Cellular Compartmentation and Control of Fatty Acid Metabolism
(Gran, F.C., ed) pp. 1-24, Academic Press, London .
MacMorrow, E.M., and Bradbeer, J.W. (1987) in Progress in
Photosynthesis Research III (Biggens, J., ed) pp. 483486, Martinus
Nijhoff Publishers, Dordrecht

Macdonald, F.D., and Buchanan, B.B. (1987) in Photosynthcsiis (Amesz,
J., ed) pp. 175-197, Elsevier, Amsterdam

Malhotra, O.P., Kumar, A., and Tikoo, K. (1987) Indian J. Biochem.
Biophys. 24, 16-20

Mejbaum-Katzenellenbogen, W., and Dobryszycka, W.M. (1959) Clin.
Chim. Acta 4, 515-522

Mowbray, J., and Moses, V. (1976) Eur. J. Biochem. 66, 25-36
Murphy, D.J., and Walker, D.A. (1981) FEBS Lett. 134, 163-166
Musgrove, J.E., and Ellis, R.J. (1986) in Proceedings of the Conference
on Ribulose Bisphosphate Carboxylase-Oxygenase (Ellis, R.J., and Gray,
J.C., eds) pp. 419428, Royal Society, London

Nicholson, S., Easterby, J.S., and Powls, R. (1987) Eur. J. Biochem.
162, 423431

Nishimura, M., and Akazawa, T. (1973) Biochem. Biophys. Res.
Commun. 54, 842-848

Nishimura, M., and Akazawa, T. (1974) Biochemistry 13, 2277-2281

Norris, L., Norris, R.E., and Calvin, M. (1955) J. Exp. Bot. 6, 64-74

>
BIBLIOGRAPHY 84



O’Brien, M.J., and Powls, R. (1975) in Proceedings of the Third
International Congress on Photosynthesis II (Avron, M., ed) pp.
1431-1440, Elsevier Scientific Publishing Company, Amsterdam
O'Brien, M.J., and Powls, R. (1976) Eur. J. Biochem. 63, 155-161

O’'Brien, M.J., Easterby, J.S., and Powls, R. (1976) Biochim. Biophys.
Acta 449, 209-223

Ogren, W.L., Salvucci, M.E., and Portis, Jr., A.R. (1986) in Proceedings
of the Conference on Ribulose Bisphosphate Carboxylase-Oxygenase
(Ellis, R.J., and Gray, J.C., eds) pp. 337-346, Royal Society, London

Pharmacia (1979) Gel Filtration: Theory and Practice, pp. 25-27,
Pharmacia Fine Chemicals, Uppsala

Pharmacia (1980) Polyacrylamide Gel Electrophoresis: Laboratory
Techniques, pp. 58-64, Pharmacia Fine Chemicals AB, Uppsala

Pharmacia (1982) Isoelectric Focusing: Principles and Methods, pp.
128-128, Pharmacia Fine Chemicals AB, Uppsala

Pharmacia (1986) Separation News 13, 1-1

Porter, M.A., Milanez, S., Stringer, C.D., and Hartman, F.C. (1986)
Arch. Biochem. Biophys. 245, 14-23

Powls, R., and Woodrow, S. (1981) in Photosynthesis: Regulation of
Carbon Metabolism (Akoyunoglou, G., ed) pp. 365-372, Balaban
International Science Services, Philadelphia

Powls, R., Nicholson, S., and Easterby, (1988) in Biochemistry of the
Algae and Cyanobacteria (Rogers, L.J., and Gallon, J.R., eds) pp.
235-236, Clarendon Press, Oxford

Pratt, L.H., and Bishop, N.I. (1968) Biochim. Biophys. Acta 153, 664-674
Racker, E. (1947) J. Biol. Chem. 167, 843-854

Racker, E. (1957) Arch. Biochem. Biophys. 69, 300-310

Reed, L.J., and Cox, D.J. (1966) Annu. Rev. Biochem. 35, 57-84

Reed, L.J., and Oliver, R.M. (1968) Brookhaven Symp. Biol. 21, 304412

BIBLIOGRAPHY 85



Round, F.E. (1965) The Biology of the Algae, 269 pp., Edward Arnold
(Publishers) Ltd., London

Rowell, P., Darling, AJ., Amla, D.V., and Stewart, W.D.P. (1988) in
Biochemistry of the Algae and Cyanobacteria (Rogers, L.J., and Gallon,
J.R., eds) pp. 201-216, Clarendon Press, Oxford

Russell, G.K., and Gibbs, M. (1967) Biochim. Biophys. Acta 132, 145-154

Rutner, A.C., and Lane, M.D. (1967) Biochem. Biophys. Res. Commun.
28, 531-537

Sainis, J.K., and Harris, G.C. (1986) Biochem. Biophys. Res. Commun.
139, 947-954

Salerno, C., and Ovadi, J. (1982) FEBS Lett. 138, 270-272
Scopes, R.K. (1969) Biochem. J. 113, 551-554

Scopes, R.K. (1973) in The Enzymes 8(A) (Boyer, P.D., ed) pp. 335-351,
Academic Press, New York

Scopes, R.K. (1975) in Carbohydrate Metabolism (Wood, W.A., ed) pp.
127-134, Academic Press, New York

Seydoux, F., Bernhard, S., Pfenninger, O., Payne, M., and Malhotra,
O.P. (1973) Biochemistry 12, 4290-4300

Siegel, L.M., and Monty, K.J. (1966) Biochim. Biophys. Acta 112,
346-362

Sigma (1990) Sigma Catalogue, p. 930, Sigma Chemical Company Ltd.,
Poole

Somerville, C.R., and Ogren, W.L. (1982) Trends Biochem. Sci. 1,
171-174

Spencer, N., Hopkinson, D.A., and Harris, H. (1964) Nature. 204,
742-745

Srere, P.A. (1987) Annu. Rev. Biochem. 56, 89-124

Steinbeck, K.E. (1981) in Proteins and Nucleic Acids, (Marcus, A., ed)
pp. 303-319, Academic Press, New York

BIBLIOGRAPHY
86



Sugiyama, T., and Akazawa, T. (1970) Biochemistry 9, 4499-4505

Susor, W.A., Penhoet, E., and Rutter, W.J. (1975) Methods Enzymol.
41(B), 66-73

Switzer, III, R.C., Meril, C.R., and Shifin, S. (1979) Anal. Biochem.
98, 231-237

Takabe, T., and Akazawa, T. (1973) Arch. Biochem. Biophys. 157,
303-308

Valenti, V., Pupillo, P., and Scagliarini, S. (1987) J. Exp. Bot. 38,
1228-1237

Weisbeek, P., Hageman, J., De Boer, D., Pilon, R., and Smeekens, S.
(1989) in Protein Targeting (Chater, K.F., Brewin, N.J., Casey, R.,
Roberts, K., Wilson, T.M.A., and Flavell, R.B., eds) pp. 199-223, The
Company of Biologists Limited, Cambridge

Welch, G.R. (1978) Prog. Biophys. Mol. Biol. 32, 103-191

Werden, K., Heldt, HW., and Geller, G. (1972) Biochim. Biophys. Acta
283, 430441

Winzor, D.J., and Scheraga, H.A. (1963) Biochemistry 2, 1263-1267

Wolosiuk, R.A., and Buchanan, B.B. (1976) J. Biol. Chem. 251,
6456-6461

Woodrow, S., O'Brien, M.J., Easterby, J.S., and Powls, R. (1979) Eur.
J. Biochem. 98, 425-430

Wray, W., Boulikas, T., Wray, V.P.,, and Hancock, R. (1981) Anal.
Biochem. 118, 297-203

Wrobel, J.A., and Stinson, R.A. (1978) Eur. J. Biochem. 853, 345-350

Wu, R., and Racker, E. (1959) J. Biol Chem. 234, 1029-1035

BIBLIOGRAPHY 87



