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Abstract

Bacterial microcompartments (BMCs) are “proteinaceous organelles” that play a crucial role in the

improvement and regulation of metabolic processes in a variety of prokaryotic cells. BMCs are composed

of a thin layer protein shell that encapsulates metabolic enzymes for the related metabolic pathway. It is

known that BMCs are necessary in autotrophic CO2 fixation and catabolic processes and promote bacterial

fitness in specific environmental niches. Carboxysomes are a classical example of BMCs that can be found

in all identified cyanobacteria as well as some chemoautotrophs, such as Halothiobacillus neapolitanus,

that are involved in the fixation of CO2 in the environment. The semi-permeable carboxysome shell plays a

role in encapsulating ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) and accumulating CO2

and other substrate molecules to substantially enhance RuBisCO carboxylation. Despite the importance of

carboxysome shells, we know very little about their structure, protein organisation, self-assembly principle

and permeability.

In my PhD studies, the reprogramming of the α-carboxysomes shells (~ 100 nm in diameter) was

performed by encapsulating the [NiFe]-hydrogenase from E. coli, via the C-terminus of CsoS2 as an

encapsulation peptide, to produce a new nanobioreactor for hydrogen production. More than 10-fold

increase in the yield of hydrogen was obtained by the hydrogenase-shell biocatalyst, highlighting the great

potential of α-carboxysomes shells as nanoscale “factories” in biotechnology applications and bioenergy

production. Moreover, the self-assembly of shell hexametric and pentameric proteins as well as the

scaffolding protein CsoS2 resulted in the production of α-carboxysome mini-shell structures with varying

icosahedral symmetry and diameters ranging from 23 to 40 nm. We also showed that the mini-shells could

encapsulate foreign cargo proteins within the shell architecture, representing a new protein caging system

with controllable features. Furthermore, the engineering of entire α-carboxysomes shells and mini-shell

structures has sparked interest in the development of simplified α-carboxysomes. We showed that Rubisco,

CsoS2, and main shell hexamers can form simplified α-carboxysomes, with a diameter of ~ 100 nm and

carbon-fixation activities.

Our study provides new insights into the self-assembly, modularity, and permeability of carboxysome

shells. The bioengineering strategies and synthetic carboxysome structures developed in this study will

empower our synthetic biology approaches to repurpose carboxysomes for new functions.
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1.1 Bacterial microcmpartments

1.1.1 Overview

Bacterial microcompartments (BMCs) are special “proteinaceous organelles”, which were

first discovered in cyanobacteria by electron microscopy in 1956 (Drews and Niklowitz,

1956a). They feature a thin protein shell that sequester metabolic enzymes, facilitating a

series of metabolic processes (Kerfeld et al., 2010; Rae et al., 2013; Axen et al., 2014;

Chowdhury et al., 2014; Kerfeld and Erbilgin, 2015; Zarzycki et al., 2015; Kerfeld and

Melnicki, 2016; Turmo et al., 2017b; Liu, 2021a). The protein shells of BMCs are thought to

function as a selectively “barrier”, playing roles in regulating the passage of substrates and

products into and out of BMCs (Jakobson et al., 2017b). BMCs were found in 45 established

bacterial phyla and can be divided into 68 classes or subclasses that are functionally variable

and participate in CO2 fixation and catabolic processes (Abdul-Rahman et al., 2013; Zarzycki

et al., 2015; Sutter et al., 2021).

One type of BMC is the carboxysomes (Figure 1-1a, 1b, and 1c), which can be found in all

identified cyanobacteria and some chemoautotrophs, as the machinery for CO2 fixation (Rae

et al., 2013; Kerfeld and Melnicki, 2016; Turmo et al., 2017b; Liu, 2021a). Carboxysomes

are composed of the enzymes 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and

carbonic anhydrase (CA) (Cannon et al., 2010) and function in improving CO2 fixation in the

Calvin-Benson-Bassham cycle (Figure 1-2b) (Rae et al., 2013; Long et al., 2016b). Another

family of BMCs is catabolic BMCs, also known as metabolosomes (Figure 1-1d), which are

present in a wide range of bacteria and archaea (Chowdhury et al., 2014; Kerfeld et al., 2018;

Liu, 2021a; Liu et al., 2021b). The function of metabolosomes is metabolizing the substrates

such as propanediol (1,2-propanediol utilization BMC, Pdu BMC), ethanolamine

(ethanolamine utilization BMC, Eut BMC), fucose, and rhamnose to promote bacteria growth
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(Figure 1-2c) (Bobik et al., 1999; Kofoid et al., 1999; Petit et al., 2013; Erbilgin et al., 2014).

Metabolosomes are often present in the human gut bacteria and are thought to be involved in

some diseases (Chowdhury et al., 2014, Herring et al., 2018).

Figure 1-1. Different types of BMCs. (a) Transmission electron microscopic image of
α-carboxysomes from thin-sectioned Halothiobacillus neapolitanus (H. neapolitanus).
Scale bar is 100 nm. This image was taken from Menon et al. (2008). (b) The purified α-
carboxysomes of H. neapolitanus. Scale bar is 100 nm. This image was taken from
Menon et al. (2008). (c) The β-carboxysomes of Synechocystis PCC 6803 (Syn6803).
Scale bar is 50 nm. This image was taken from Tanaka et al. (2008b). (d) The purified
1,2-propanediol utilization (Pdu) microcompartment of Salmonella enterica serovar
Typhimurium LT2. Scale bar is 100 nm. This image was taken from Havemann and
Bobik (2003)

Bioinformatic analysis revealed that the genes encoding proteins for the carboxysomes and

metabolosomes are organized in consolidated BMC locus (Figure 1-2a) (Sutter et al., 2021),

including a series of genes responsible for shell proteins, metabolic pathway enzymes, and
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auxiliary proteins. The genes encoded glycyl radical enzymes (GREs), as the metabolic

enzymes, were found in the glycyl radical enzyme-associated microcompartments (GRMs)

(Jorda et al., 2013; Craciun and Balskus, 2012; Zarzycki et al., 2015). GREs employ the

radicals of glycine and cysteine, together with activating enzyme that are relate with GREs

for the instalment of glycyl radical (Selmer et al., 2005). Characterized GREs composed of

choline trimethylamine (TMA)-lyase that function in producing TMA and acetaldehyde, and

1,2-propanediol dehydratase that function in producing propionaldehyde (Jorda et al., 2013;

Petit et al., 2013; Axen et al., 2014; Kalnins et al., 2015; Martinez-del Campo et al., 2015;

Zarzycki et al., 2017). The GRMs are further classified based on different substrates being

catalyzed. One type of GRM is the choine utilizing bacterial microcompartments (Cut BMCs)

(Figure 1-2d), which was found in Desulfovibrio desulfuricans firstly and function in

catalyzing choline to TMA and acetaldehyde via choline TMA-lyase (Selmer et al., 2005).

The production of TMA in the gut as a result of the presence of Cut BMCs is thought to be

the cause of a rise in trimethylamine N-oxide of serum, which has been show to correlate

with human heart and liver diseases (Bae et al., 2014; Trøseid et al., 2015; Chen et al., 2016).

Glycyl-radical propanediol (Grp) BMC is another type of GRM that has been discovered in

Rhodobacter capsulatus (Jorda et al., 2013; Zarzycki et al., 2017; Schindel et al., 2019;

Lundin et al., 2020) (Figure 1-2d). This type is responsible for converting 1,2-propanediol to

propionaldehyde by 1,2-propanediol dehydratase. Recent studies also reported that a GRM

(GRM5) similar to Grp BMCs found in Clostridum phytofermentans, which has the ability to

convert L-fuculose-phosphate to lactaldehyde via fuculose phosphate aldolase, and

subsequently lactaldehyde can be converted to 1,2-propanediol via lactaldehyde reductase.

Apart from GRMs, Rhodococcus and Mycobacterium BMC (RMM) (Figure 1-2d) is a novel
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type of BMC that use S-1-amino-2-propanol kinases to metabolize aminoacetone, which has

just been discovered (Mallette and Kimber, 2018; Sutter et al., 2021).

Figure 1-2. Schematic diagram of the composition, metabolic pathways of BMCs and
the genes arrangement of new discovered BMCs. (a) The common BMC locus
containing the genes that encoding the shell proteins (BMC-H in blue, BMC-P in yellow,
BMC-T in cyan), metabolic enzymes (e.g. alcohol dehydrogenase (AlcDH) in black), and
accessory proteins (e.g. membrane transporter in black). This diagram was taken from
Sutter et al. (2021). (b) The metabolic pathway of carboxysomes was taken from Kerfeld
et al. (2018). The carbonic anhydrase and Rubisco are encapsulated inside carboxysomes
to fix CO2 as a part of the Calvin-Benson-Bassham cycle. The shell of carboxysomes is
responsible for CO2 accumulation. (c) The metabolic pathway of metabolosomes was
drawn from taken from Kerfeld et al. (2018). The internal enzymes contain signature
enzyme, alcohol dehydrogenase (AlcDH), aldehyde dehydrogenase (AldDH), and
phosphotransacylase (PTAC). The aldehyde is produced via a signature enzyme in the
shell. The shell prevents the loss of aldehyde to the cytoplasm for the protection of the
cell. Shell hexamer protein labeled in cyan, pentamer protein in yellow, and trimer protein
in green were showed in model of (b) and (c). (d) The operon layouts of the new types of
BMCs. Cut BMC (cut) operon encoded hexamer shell proteins CutA*/B*/C*/E* (dark
blue), pentamer shell protein CutD* (cyan), metabolic enzyme and its activating enzyme
CutC (yellow) and CutD (orange), accessory enzyme CutF/H/O (light green). Grp BMC
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(grp) operon encoded hexamer shell protein GrpH/I/K/S (blue), pentamer shell protein
GrpE (cyan), metabolic enzyme and its activating enzyme GrpM (yellow) and GrpN
(orange).This diagram was taken from Stewart et al.(2021).

1.1.2 Bacterial microcompartment shell

Transmission electron microscopy (TEM) and X-ray crystallography have provided detailed

structural information about the building blocks of highly conserved BMC shells (Kerfeld,

2005; Lassila et al., 2014; Sutter et al., 2017). In addition this, the bacterial

microcompartment database (MCPdb) compiled in-depth information on 163 distinct

microcompartment proteins and related microcompartments structures (Ochoa et al., 2021); a

few synthetic BMCs shells have been generated, for example, shell protien PduA of Pdu

BMCs from Salmonella typhimurium could assemble a 13 nm in diameter nano-synthetic

BMCs shell with 180 nm3 of inner volume (Jorda et al., 2016); a 6.5 MDa BMCs shell with

40 nm in diameter was generated, which contains one hexamer protein, one pentamer protein

and three trimer proteins of Haliangium orchraceum (HO) BMCs (Sutter et al., 2017);

moreover, the repetitions of hexamer protein from HO BMCs connected via the short linker

could assemble a smaller synthetic shell with a diameter of 25 nm (Sutter et al., 2019); the

synthetic β-carboxysome shells contain CcmK1/2 and CcmO of Halothece sp. PCC 7418 β-

carboxysome was constructed with T=3 symmetry with 210 Å in diameter (Sutter et al.,

2019a); in 2021, the minimal α-carboxysome shell was produced based on the assembly of

shell protien CsoS1A and CsoS4A of H. neapolitanus α-carboxysomes (Tan et al., 2021a);

All bacterial microcompartment shells include three kinds of proteins: hexametric proteins

(BMC-H), pentameric proteins (BMC-P), and trimeric proteins (BMC-T) (Figure 1-3). BMC-

H proteins are the most abundant proteins in the shell, and they include a Pfam00936 domain
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(~90 amino acids) that assemblies into a homohexamer with a convex and a concave face

(Kerfeld, 2005). BMC-H can be divided into three subgroups (Figure 1-3). the first is the

canonical BMC-H protein (BMC-HC), which has a charges pore and is present in most BMCs

(Kerfeld and Erbilgin, 2015). The second is the permuted BMC-H protein (BMC-HP), which

is composed of canonical BMC-H protein with the permuted domain (Crowley et al., 2008).

Structural analysis revealed that BMC-HP has an N-terminal extension that forms a beta

barrel structure and can cover the pore, assumed to prevent metabolites transport via forming

a beta barrel structure (Crowley et al., 2008; Pitts et al., 2012). The third subgroup is

composed of a canonical BMC-H protein and an [Fe-S] cluster (BMC-HFe) that transports

electrons and metal clusters into and out the shell (Cai et al., 2013). Finally, another type of

BMC-H protein is an unknown function protein termed BMC-HEX, only known it has a C-

terminal extension (Kerfeld and Erbilgin, 2015).
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Figure 1-3. The bacterial microcompartment shell protein classes. This diagram was
taken from Lee et al. (2019). BMCs shell proteins have three types including hexameric
shell proteins (BMC-H) that contain a single Pfam00936 domain, trimeric shell proteins
(BMC-T) that contain two fused Pfam00936 domains, and vertex proteins (BMC-P) that
contain a single Pfam03319 domain. BMC-H and BMC-T serve as the facets of the BMCs
shell (Yeates et al., 2013; Sutter et al., 2016); BMC-P was required as the vertices to cap
the BMCs shell (Tanaka et al., 2008b; Sutter et al., 2013b; Wheatley et al., 2013).

The BMC-T protein comprises two BMC-H domains that assemble into pseudohexamers

(Klein et al., 2009; Pang et al., 2011; Pang et al., 2012; Cai et al., 2013) (Figure 1-3). There

are three subtypes of BMC-T proteins (Figure 1-3). One is BMC-TS, which has two BMC-H

domains that form a single layer trimer. BMC-TS has the central pores that are bigger than

those found in BMC-HC, presumably serving as gated portals for the passage of large

metabolites (Klein et al., 2009; Cai et al., 2013; Larsson et al., 2017; Mallette and Kimber,

2017). The second subclass is BMC-TD, which contains two BMC-TS that combine to

produce a double layer trimer that also comprises the larger pores. The third subtype termed
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BMC-TFe, containing the [Fe-S] center similar with BMC-HFe, is suggested to participate in

electron transfer and [Fe-S] cluster accumulation within the BMCs (Parsons et al., 2008;

Pang et al., 2011).

BMC-P proteins assemble into pentamers and contain a Pfam03319 domain (Figure 1-3)

(Tanaka et al., 2008a; Sutter et al., 2013a; Mallette and Kimber, 2017). BMC-P proteins are

present at the vertices of BMCs and function in capping and closing BMCs to separate

metabolites (Cai et al., 2009).

1.1.3 Bacterial microcompartments encapsulation and formation

It is now known that encapsulation peptides (EPs) are critical for targeting proteins into

BMCs. Earlier studies found that multiple protiens within the β-carboxysomes and

metabolosomes contain EPs at the N-terminus or C-terminus (Fan et al., 2012; Kinney et al.,

2012; Aussignargues et al., 2015). These EPs are generally short sequences about 15-20

amino acid and form an amphipathic helix to bond to the shell protein (Kinney et al., 2012;

Lawrence et al., 2014; Jakobson et al., 2015). EPs have been the subject of structural

investigations, which show that they have a dual function in the nucleation of enzyme cores

and protein encapsulation by interacting with the shell proteins (Erbilgin et al., 2016;

Juodeikis et al., 2020). As shown in Figure 1-4a, EPs aggregates the enzymes firstly, and then

interact with the shell proteins to form complete functional BMCs (Fan et al., 2010; Fan and

Bobik, 2011; Lawrence et al., 2014; Aussignargues et al., 2015, Erbilgin et al., 2016; Wang

et al., 2019b). However, not all proteins are able to enter BMCs via using EPs. Figure 1-4b

illustrates another pathway in which a disordered protein interacts with both enzymatic cores

and shell proteins to form a complete BMC. This process is dependent on protein-protein
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interactions between shell proteins and enzymatic cores (Cai et al., 2015a, Chaijarasphong et

al., 2016, Liu et al., 2018b).

1.1.4 The functional diversity of BMCs

Recently, bioinformatic studies confirmed that the main locus of BMCs contain shell genes

and core enzymatic genes (Figure 1-2a) (Sutter et al., 2021). Apart from these main genes,

there are also genes that are involved in protein regulation such as RuBisCO accumulation

factor 1 (Raf1) of β-carboxysomes from Synechococcus elongatus PCC 7942 (Syn7942),

which enhances Rubisco assembly and β-carboxysomes biogenesis (Huang et al., 2020).

There are also factors that are involved in maintaining the metabolic activity and

communication between BMCs and the cells, such as RuBisCO activases (CbbO and CbbQ)

with the α-carboxysomes (Chen et al., 2022; Tsai et al., 2022). Moreover, identification of

the new class of BMC (GRMs) by loci composition analysis and experimentally

characterizing has broadened the research of BMCs to human diseases (Bae et al., 2014;

Trøseid et al., 2015; Chen et al., 2016).
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Figure 1-4. Schematics of bacterial microcompartments formations. This schematic
diagram was taken from Kirst and Kerfeld (2019). (a) The assembly pathway of β-
carboxysomes and metabolosomes. Using the encapsulating peptide in conjunction with
other proteins, the enzymatic core was aggregated. Following aggregation, the
encapsulation peptide linked to shell proteins, resulting in the functional BMCs formation.
(b) The assembly pathway of α-carboxysomes. The protein CsoS2 makes enzymatic core
aggregation and shell proteins recruitment to occur at the same time.
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1.2 Carboxysomes (CBs)

1.2.1 Various types of CBs

The carboxysomes were initially considered as inclusion bodies by electron microscopy

observations in early days (Drews and Niklowitz, 1956b). The following experiments

confirmed that these inclusion bodies included the CO2-fixation enzyme RuBisCO (Shively

et al., 1973). To date, there are at least two classes of carboxysomes based on the phyletic

distributions (Castresana, 2000; Ronquist and Huelsenbeck, 2003; Wu and Eisen, 2008; Gouy

et al., 2010) and protein composition of the carboxysomes (Badger et al., 2002; Cannon et al.,

2002). One class is the α-carboxysomes (α-CBs), which include form 1A RuBisCO and are

encoded by a cso operon (Figure 1-5). Another class is the β-carboxysomes (β-CBs), which

contain form 1B RuBisCO and are encoded by predominantly a ccm operon (Figure 1-5).

Despite the variations in RuBisCO types, α- and β-carboxysomes showed similar RuBisCO

content under lower CO2 environment (Whitehead et al., 2014). The α-carboxysomes were

discovered in α-cyanobacteria and chemoautotrophs such as Synechococcus WH 8102

(Syn8102) and H. neapolitanus (Figure 1-5). Syn7942 and Syn6803 are two model species

that contain β-carboxysomes (Figure 1-5).
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Figure 1-5. The organizations of the gene operons encoding α-carboxysome and β-
carboxysome proteins in different species. This diagram was taken from Rae et al.
(2013). The ccm operon of β-carboxysomes (top) and the cso operon of α-carboxysones
(bottom) represented in variety of species. The cso operon includes the genes of large and
small subunit of RuBisCO (cbbL, dark green; cbbS, orange), a gene of carbonic
anhydrases (csoS3, red), the gene of intrinsically disordered protein (csoS2, green) and the
genes of shell proteins (csoS1, dark blue; csoS4, cyan). It is a little less clear in the case of
ccm operon, since the genes that encoding for their proteins are scattered across the
genome. The genes of large and small subunit of RuBisCO (rbcL, dark green; rbcS,
orange), the genes of shell proteins (ccmK/P/O, dark blue), the genes of carbonic
anhydrases (ccaA, red), the core enzyme (ccmM/N, dark yellow)

1.2.2 The CB-encapsulated enzymes

Both types of carboxysomes share similar protein shell structures that encapsulate RuBisCO

and carbonic anhydrases (CA) (Figure 1-2a) (Cannon et al., 2010). As a central CO2-fixing

enzyme in the Calvin-Benson-Bassham cycle, Rubisco catalyses the carboxylation of

ribulose-1,5-bisphosphate (RuBP) by CO2 to produce two molecules of 3-phosphoglycerate

(PGA) (Tabita, 1999; Atomi, 2002); RuBisCO also has oxygenase activity, which catalyzes

the oxygenation of RuBP by O2 to produce one molecules of 2-phosphoglycolate. Due to the

toxicity of 2-phosphoglycolate, it should be converted back to 3-PGA by the photorespiration
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process (Figure 1-6) (Spreitzer and Salvucci, 2002, Xu et al., 2015). Form 1A and 1B

RuBisCO are composed of eight large and eight small subunits to form an L8S8 structure

(Andersson, 1996). The active sites are located in the large subunits (Andersson et al., 1989;

Andersson and Backlund, 2008), whereas the small subunits play roles in the structural

stability and enhancing catalytic efficiency (Schneider et al., 1990; Kanevski et al., 1999;

Andersson and Backlund, 2008; Morita et al., 2014). Despite its significant contribution to

global carbon fixation, RuBisCO is an inefficient enzyme due to its low turnover number and

poor capacity of differentiating CO2 and O2 (Cannon et al., 2010).

Figure 1-6. The role of Rubisco in Calvin-Benson-Bassham cycle and
photorespiration pathway. This diagram was taken from Liu (2021a). The carboxylase
activity of Rubisco is enhanced as a result of its association with CO2 in the Calvin–
Benson–Bassham (CBB) cycle. Here, 3-phosphoglyceric acid (3-PGA) is generated by
Rubisco converting ribulose-1,5-bisphosphate (RuBP) and CO2. For the photorespiration
pathway, 3-PGA and 2-phosphoglycolate (2-PG) are produced by Rubisco binding to O2.
Comparing with CBB cycle, converting 2-PG to 3-PGA will consume more energy, which
is a energy-waste process (Tabita, 1999).

Carbonic anhydrase (CA) is another essential enzyme that is encased in carboxysomes, and it

is an absolutely conserved structure (Cannon et al., 2010; Kimber, 2014). CA showed a low

abundance compared to total proteins of carboxysomes and is associated with the shell

proteins (Li et al., 2020; Sun et al., 2021). CsoSCA in α-carboxysomes belongs to the β-type

CA enzyme according to X-ray crystallographic analysis and is encoded by the csoSCA gene
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(Baker et al., 2000; So et al., 2004; So and Espie, 2005; Sawaya et al., 2006). CsoSCA is

composed of three domains: an N-terminal domain, a C-terminal domain, and a catalytic

domain (Heinhorst et al., 2006). Sawaya et al. revealed that the N-terminal domain of

CsoSCA is important for interactions with RuBisCO and shell proteins. Removing the N-

terminal domain of CsoSCA led to the disrupted association of CsoSCA with other protein

and reduced bacterial growth (Cannon et al., 2010). However, removal of CsoSCA in H.

neapolitanus did not affect notably the formation of carboxysomes (Dou et al., 2008).

The β-carboxysomal CA, CcaA, is a β-type CA enzyme and is encoded by the ccaA gene (So

and Espie, 1998; Long et al., 2007). Comparison of sequences from multiple strains showed

that CcaA has a unique C-terminal extension with unknown function (Kimber and Pai, 2000).

Earlier studies found that CcaA of Syn7942 and Syn6803 is important for CO2 fixation; the

absence of ccaA gene led to the growth requirement of high CO2 levels (Yu, 1992; So et al.,

2002b). CcmM is another type of CA that can be present in some (but not all) β-

carboxysomes. CcmM of Synechococcus PCC7942 contains two forms CcmM58 (~58 kDa)

and CcmM35 (~37 kDa). CcmM58 contains a γ-type carbonic anhydrase-like (γCAL) domain

and three RuBisCO small subunit-like (SSUL) modules (Figure 1-7). The role of the γ-type

carbonic anhydrase-like domain in the production of CcmM58 has been determined (Long et

al., 2007; Cot et al., 2008). The N-terminus of CcmM58 links to the carboxysome shell (Cot

et al., 2008; Kinney et al., 2012) and its C-terminal region bonds to RuBisCO also were

confirmed (Long et al., 2007; Cot et al., 2008; Long et al., 2010b). Smaller form CcmM35

includes only small subunit-like modules (Figure 1-7) and operates RuBisCO condensates via

salt bridge and van der Waals interaction between arginine and phehylalanine of SSUL

modules with the larger and small subunit of RuBisCO (Wang et al., 2019b). In addition,

experimental studies confirmed that protein-protein interaction between CcmM58 and CcaA
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is the result of the γCAL domain of CcmM58 binding to the C-terminus of CcaA; CcmM58

connects with other CcmM58s via their γCAL domains, which is a head-to-head association

to greatly increase the local concentration of the SSUL modules, resulting in a higher affinity

of CcmM58 to Rubisco (Zang et al., 2021). Like CsoSCA, the deletion of CcaA in Syn6803

has no significant effects on carboxysome formation (So et al., 2002a). However, abolished

carboxysomes appeared by deleting CcmM (Ludwig et al., 2000).

Figure 1-7. CcmM58 and CcmM35 domain structures. This diagram was organized
from Zang et al. (2021). The γCAL located in the N-terminal of CcmM58 follows by three
SSUL modules. Three SSUL modules are connected by the complex linkers. CcmM35
only contains SSUL modules, which is produced from the internal ribosome binding site
(RBS) (Long et al., 2010a)

1.2.3 The CB function and shell permeability

Carboxysomes are essential for CO2 fixation, which is the final stages of the carbon-

concentrating mechanism (CCM) in cyanobacteria (Rae et al., 2017). The cyanobacterial

CCM comprises two parts (Figure 1-8), the first part is bicarbonate is actively pumped inside

the cell via bicarbonate transporters; Furthermore, CO2 was transformed by NDH-1 into

HCO3-, allowing HCO3- accumulation in the cytosol and limiting CO2 leakage (Long et al.,

2016a; Wang et al., 2019a; Sui et al., 2020; Fang et al., 2021); the second part is the

accumulated bicarbonate in the cell cytoplasm then diffuses into the carboxysome across the

shell, which is converted to CO2 by CA around RuBisCO (Cannon et al., 2001; Rae et al.,

2013; Kerfeld and Melnicki, 2016; Long et al., 2016b). As a result of this CCM mechanism,

a high concentration of CO2 is supplied to the inefficient RuBisCO for improving RuBisCO

carboxylation while reducing photorespiration (Price and Badger, 1989; Kaplan et al., 1991;
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Badger et al., 1998; Cannon et al., 2001; Badger and Price, 2003; Tcherkez et al., 2006). The

carboxysomes shell has selective permeability to metabolites and products, due to the

charged central pores of shell proteins (Frey et al., 2016; Faulkner et al., 2020). Bicarbonate,

3-Phosphoglyceric acid (3-PGA) and Ribulose 1,5-bisphosphate (RuBP) can diffuse in and

out of shell effectively (Heinhorst et al., 2006; Dou et al., 2008; Faulkner et al., 2020).

However, whether the carboxysomes shell prevents CO2 leaking still remains unclear.

Figure 1-8. Model of CO2-concentrating mechanism (CCM). This diagram was
modified from Espie and Kimber (2011). Inorganic carbon enters and is accumulated in
the cytosol. A part of HCO3- is converted to CO2 and uptake CO2 is transformed HCO3- via
NDH-1. Accumlated HCO3- enters the carboxysome via the central pores of shell proteins.
Within the carboxysome, HCO3- is converted CO2 by encapsulated carbonic anhydrase.
The carboxysomes shell may prevent CO2 leakage to the cytosol and permit CO2
accumulation.
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1.2.4 CB structures

Our knowledge about the biochemical processes and biosynthesis of carboxysomes and other

BMCs have been greatly improved by structural studies using TEM and X-ray

crystallography. The isolated complete carboxysomes of H. neapolitanus and Syn8102 have

been obtained as stable and regular icosahedrons. Moreover, the single-layer carboxysome

shell is about 3-6 nm thick and RuBisCO molecules are arranged in layers within the shell

(Schmid et al., 2006; Iancu et al., 2007). Another isolated β-carboxysome samples from

Syn7942 also showed the feature of stable and regular icosahedrons for intact β-carboxysome

structures (Faulkner et al., 2017). The intact β-carboxysomes structure demonstrated the

polyhedral and regular shape with diameter from 100 nm to 200 nm. TEM images showed the

intact β-carboxysomes contains an outer shell that the average thickness is about 4.5 nm,

ordered Rubisco arrays,and interval “gap” around 2 nm between the outer shell and RuBisCO

(Figure 1-9b). Moreover, this isolated samples also found the partial β-carboxysome module

that has the shell facets that the edges are straight and regular. Additionally, 1 or 2 layers of

RuBisCO also were seen in the partial β-carboxysome structures (Figure 1-9a). A change in

the size of intact β-carboxysomes from Syn7942 may be caused by the growth of strains in an

exponential phase from one day to four days under changing environments, such as level of

CO2 and light intensities (Figure 1-9c and 9d) (Sun et al., 2019).
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Figure 1-9. The different structures of β-carboxysomes from Synechococcus elongatus
PCC 7942. (a) The partial β-carboxysomes modules. The shell facets with straight and
regular edges as well as Rubisco enzymes aggregate within the shell also was seen. Scale
bar is 100 nm. (b) Intact β-carboxysomes. The outer shell with regular and straight edges
was observed and the ordered Rubisco also was seen within the shell. Scale bar is 100 nm.
Figure 1-9a and 1-9b were modified from Faulkner et al. (2017). (c) The image of thin-
section of β-carboxysomes from Synechococcus elongatus PCC 7942 under different
treatments.The size of β-carboxysomes could be altered depending on the changing of
environment condition. The size is large under both moderate light (ML) and high light
(HL) in air treatments compared with moderate light in 3% CO2 and low light (LL) in air
treatments. Scale bar, 1 µm. (d) The models of size of β-carboxysomes. Scale bar, 200 nm.
Figure 1-9c and 9d were taken from Sun et al. (2019)

Analyzing each protein structure allows for a better understanding of the overall structure and

function of carboxysomes, as well as the self-assembly principles of carboxysomes at the

atomic level. Following a series of observations and analysis using X-ray crystallography, the

carboxysome shell proteins from H. neapolitanus and Syn6803 were successively observed to

form hexamers and pentamers (Kerfeld et al., 2005; Tsai et al., 2007b; Tanaka et al., 2008a).

The hexamer proteins packed tightly to form the hexameric blocks, which subsequently

formed the flat facets of the carboxysomes shell (Kerfeld et al., 2005; Tsai et al., 2007b)
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(Figure 1-10a). Identification of the pentamer proteins in H. neapolitanus and Syn6803 was

deemed to be important since they occupied the vertices of the icosahedral shell with low

abundance, resulting in a closed shell structure (Parsons et al., 2008) (Figure 1-10a). Apart

from hexamers and pentamers, another shell protein appeared in the form of trimer that

contains two hexamers (Klein et al., 2009; Cai et al., 2013). This trimer could form

pseudohexamers and incorporate into the shell structure (Figure 1-10b). Additionally, the

dimerization of the trimer could pack in the layer of the shell (Figure 1-10c).

Figure 1-10. Carboxysome shell protein structure. (a) The hexamer proteins CsoS1 or
CcmK togethers to create the shell facets. CsoS4 or CcmL are pentamer proteins that are
suggested to be responsible to for the vertices of the carboxysomes shell. This diagram
was modified from Yeates et al. (2008a). (b) The polyhedral shell of Haliangium
ochraceum (HO). Hexamer protein showed in blue, pentamer protein showed in yellow,
and trimer protein showed in green. This model was made from Sutter et al. (2017). (c)
The dimerize of the trimer proteins were packed in the single layer of carboxysome shell.
This model was made from Cai et al. (2013).
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1.3 The α-carboxysome (α-CB)

1.3.1 The structure of α-CB

The α-carboxysome from H. neapolitanus is composed of the large and small subunits of

RuBisCO (CbbL and CbbS), shell proteins (CsoS1 and CsoS4), and shell-associated proteins

(CsoS2 and CsoSCA). These proteins components were encoded in a single cso operon

(Figure 1-5 and 1-11). Rubisco filled the interior of the α-carboxysomes, which occupied

around 66% of the total carboxysomes protein weight (Sun et al., 2021). The thin shell of the

α-carboxysome is created by the shell proteins CsoS1 and CsoS4, which have 9- to 11-kDa

(Price et al., 1993; English et al., 1994; Tanaka et al., 2008a). The CsoS1 proteins are highly

conserved and have three protein paralogs termed CsoS1A, CsoS1C, and CsoS1B (Shively

and English, 1991). There are only two amino acid differences between the sequences of

CsoS1A and CsoS1C, whereas CsoS1B has an extra 12-aa carboxyl terminus and is 90%

homologous to CsoS1A and CsoS1C (Cannon et al., 2003, Shively et al., 1996). Together,

these three CsoS1 proteins represent to 17.1% of the total carboxysomes protein weights (Sun

et al., 2021). CsoS1D is a pseudohexamer that is not including the cso operon and is a low

abundant protein in the shell (Sun et al., 2021). CsoS4 pentamers contain CsoS4A and

CsoS4B, which is the essential structural protein occupying the vertices of the shell (Tanaka

et al., 2008a). The intrinsically disordered protein, CsoS2, is essential for Rubisco packing

and shell assembly (Cai et al., 2015a, Oltrogge et al., 2020) (discussed below).
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Figure 1-11. The genes arrangement of the α-Carboxysome from H. neapolitanus.
This diagram was modified from Yeates et al. (2008b). The paralogous genes are labelled
by using the same colour. The SDS-PAGE gel shows the identified carboxysomes proteins
from purified carboxysomes. The carboxysome protein copies were modified based on the
QconCAT strategy (Sun et al., 2021). According to the QconCAT determination of protein
abundances, the α-carboxysome from H. neapolitanus contains 447 copies of Rubisco, 863
copies of CsoS1A/C, 112 copies of CsoS1B, 248 copies of CsoS2A, 192 copies of
CsoS2B, 58 copies of CsoSCA, 8.8 copies of CsoS4A, 2.2 copies of CsoS4B, and 2.9
copies of CsoS1D.

1.3.2 The α-CB shell

The α-carboxysome shell is composed of the shell proteins CsoS1 and CsoS4. The structures

of CsoS1A and CsoS1C exhibited the characteristic of regular hexamers (Figure 1-12). The

CsoS1A (PDB: 2EWH) protein structure in H. neapolitanus contains α/β fold (Figure 1-12a).
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CsoS1A forms the cyclic hexameric protein with a central pore formed by six monomeric

subunits. This pore is around 4 Å wide at its narrowest point in hexamers (Tsai et al., 2009).

Further investigation revealed that CsoS1A hexamers interact tightly with other hexamers to

form a flat molecular layer (Tsai et al., 2009) (Figure 1-10a). Each CsoS1A hexamer has a

concave side that is mainly positively charged and a convex side that is slightly negatively

charged (Figure 1-12b). CsoS1C (PDB: 3H8Y) is similar to CsoS1A in terms of sequence

and structure. There is only one amino acid change at residue 97 (glutamate to glutamine),

and this difference did not result in any structural changes (Tsai et al., 2007b). However, a

difference of electrostatics of CsoS1A/C could be observed on the concave faces (Figure 1-

12b).

Figure 1-12. The structure of CsoS1A protein (PDB: 2EWH). (a) The secondary
structure of CsoS1A of H. neapolitanus. (b) The charge distribution of convex (top) and
concave (bottom) sides of Cso1A/C. Both models were made from Tsai et al. (2007b). Red
shows negative charge and blue shows positive charge.

The trimer protein CsoS1D (PDB: 3FCH) of Prochlorococcus marinus MED4 was firstly

identified in 2009 (Klein et al., 2009). Sequence analysis revealed that CsoS1D possesses two

BMC-H domains, which are located at residues 50-150 and 190-265, respectively. Two

distinct conformations of CsoS1D have been reported, one with a closed central pore and one
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with an open central pore with approximately 14 Å (Figure 1-13a). These two conformations

were assumed to represent the opening of the gate to allow larger molecules enter and exit the

shell (Klein et al., 2009). CsoS1D trimers form pseudohexamers that resemble hexameric

proteins and are thought to be responsible for the formation of shell facets given the opened

CsoS1D trimer clashing with CsoS1 protein and the closed CsoS1D trimer easily fitted into

the shell layer (Figure 1-13b). This is due to some side chains of opened CsoS1D trimer

disrupt the interaction between opened CsoS1D and CsoS1, while the lysine side chain of

closed CsoS1D could interact well with CsoS1 (Klein et al., 2009).

Figure 1-13. The structure of CsoS1D (PDB: 3FCH). (a) The electrostatic potentials of
CsoS1D in two conformations, red shows negative charge and blue shows positive charge.
This model was made from Klein et al. (2009). (b) The model of the α-carboxysome,
including core enzymes and outer shell. The facets of the outer shell has hexamers and
pseudohexamers. This model was made from Lin (2018)

CsoS4A/B, the pentamer protein, has low copy numbers in α-carboxysomes (Cai et al., 2009).

The structure of CsoS4A (PDB: 2RCF) was determined at a resolution of 2.15 Å, containing

β strands and α helixes (Tanaka et al., 2008a). CsoS4A is a disk-shaped symmetrical

pentamer (Figure 1-14) and has a central pore with the diameter of 3.5 Å (Tanaka et al.,

2008a). CsoS4B (PDB: 6JY5) displays a similar structure to CsoS4A (Zhao et al., 2019a)

(Figure 1-14). CsoS4A and CsoS4B have structural similarities (Figure 1-14a), however, the

pore of CsoS4B (2.9 Å) is smaller than that of CsoS4A. (Figure 1-14a). According to the
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crystal structures of CsoS4A and CsoS4B, they are assumed to sit vertices in the α-

carboxysome shell and are important for shaping the icosahedral shell made of CsoS1

proteins (Figure 1-13b). In H. neapolitanus, a double knockout mutant of CsoS4A/B resulted

in elongated carboxysomes (Cai et al., 2009) (Figure 14b), indicating that CsoS4A/B are

responsible for the shell curvature (Figure 1-10 and 1-13b).

Figure 1-14. The structure of CsoS4. (a) The electrostatic potentials of CsoS4A and
CsoS4B. CsoS4 proteins are pentamers proteins with a variety of edges, concave (top) and
convex (bottom) conformation that exhibit different electrostatic potentials, red shows
negative charge and blue shows positive charge. This model was made from Zhao et al.
(2019a). (b) The TEM image of purified α-carboxysome from H. neapolitanus. Left shows
the purified wild type of α-carboxysome from H. neapolitanus and right shows the
CsoS4A/B double knockout of α-carboxysome from H. neapolitanus. Scale bar is 100 nm.
These images were took from Cai et al. (2009).

1.3.3 The composition of α-CB interior

Apart from RuBisCO and CsoSCA, CsoS2 is also found within the α-carboxysome (Cai et al.,

2015a, Chaijarasphong et al., 2016). In H. neapolitanus, CsoS2 appears two different forms:

a longer form (CsoS2B) and a shorter form (CsoS2A) with a 1 to 1.3 ratio (Sun et al., 2021).

CsoS2B and CsoS2A are translated via programmed ribosomal frame shifting

(Chaijarasphong et al., 2016), both forms share the same N-terminus and CsoS2A is a C-

terminal truncated protein with 570 amino acids (Baker et al., 1999; Gonzales et al., 2005;

Cai et al., 2015a; Chaijarasphong et al., 2016). Analysis of the proteins secondary structures

of different strains (e.g. H. neapolitanus and Prochlorococcus strains) showed that CsoS2 is
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composed of the N-terminal region enriched with α-helices, the middle region that is formed

by β-strands, and the C-terminal region (Figure 1-15a) (Cai et al., 2015a). In addition, the

primary structure of CsoS2 comprises multiple sequence repeats (Cai et al., 2015a) (Figure 1-

15a and 15b). The N-region of H. neapolitanus CsoS2 includes four repetitive motifs, each

containing 16 amino acids. The M-region has 6 repetitive motifs with several short repeats

(three amino acids as a unit) (Cai et al., 2015a) (Figure 1-15b).

Figure 1-15. Analysis of the structure of H. neapolitanus CsoS2. (a) The CsoS2
secondary structure with repeat motifs. CsoS2 has three domains: the N-terminal domain,
the middle region, and the C-terminal domain. The N-terminal domain contains the four
repeating motifs with enriched α-helix, and the protein sequences was highlighted in (b) by
light blue. The middle region contains the six repeat motifs, which also is presented in (b)
by green. Every repeat includes three short repeats that is made up via three amino acids.
There are eight amino acids as the “linker” to connect each short repeat. The last repeat in
the middle region showed a frameshift location. A programmed ribosomal frameshift site
appeared in this location, which is important for CsoS2A and CsoS2B
expression(Chaijarasphong et al., 2016). The C-terminal domain contains three repeats,
which might drive the function of encapsulation peptide (Li et al., 2020, Tan et al., 2021a).
This figure was adapted from Cai et al. (2015a) and Oltrogge et al. (2020)
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CsoS2 has been found to interact with CsoS1 and RuBisCO (Cai et al., 2015a). The mixing

of different molar amounts of CsoS2 and CsoS1 in vitro resulted in interactions between

CsoS2 and CsoS1 and precipitates with changed turbidity. Formation of the CsoS2-CsoS1

assemblies is dependent on the presence of shell proteins CsoS1D (Cai et al., 2015a). Recent

study found that the variable numbers of the N-terminal repeats of CsoS2 interacted with

Rubisco effects the formation of α-carboxysomes (Oltrogge et al., 2020). Specially, two N-

terminal repeating motifs are required for α-carboxysome formation (Figure 1-16a). On the

basis of these findings, a proposed model is presented for the function and interior

arrangement of CsoS2 in α-carboxysomes (Figure 1-16b). The partial shells form firstly,

followed by binding of the N-terminal region of CsoS2 to shell proteins; CsoS2-mediated

association triggers RuBisCO nucleation and form liquid-like matrix to promote complete

carboxysome assembly.



Chapter one: Introduction

28

Figure 1-16. The role of CsoS2 in the formation and assembly of α-carboxysomes. (a)
The variants of CsoS2 with variety numbers of the N-terminal repeat motifs were
constructed. These variants were produced heterologously in E. coli through protein
expression. TEM images showed the α-carboxysome formation related to the numbers of
the N-terminal repeat motifs of CsoS2. Scale bar is 100 nm. (b) The assembly pathway of
α-carboxysomes. This pathway responses to the assembly of the core enzyme and shell
simultaneously (also showed in Figure 1-4b). In the pathway, shell proteins like CsoS1
tiles together to be the sheet, following by the C-terminus of CsoS2 connects to the shell
proteins. Simultaneously, RuBisCO appears in the nucleation and interacts with the N-
terminal of the CsoS2. Further nucleation of Rubisco and continued shell assembly. The
shell closure via shell protein CsoS4. Both figures were modified from Oltrogge et al.
(2020)

1.3.4 The relationships between α-CB shell with β-CB shell

The major shell proteins in the carboxysome are known as CcmK1/2/3/4 and CcmO for β-CB

or CsoS1A/B/C/D for α-CB. Section 1.3.2 mentioned CsoS1A/C have the sidedness of

concave and convex, which also observed for the CcmK2 (PDB: 2A1B) of Syn6803 (Tanaka
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et al., 2009). Besides, the analysis of the primary structures of CcmK1, and CcmK4 found

that they contain a C-terminus extension around 10 amino acid (Tanaka et al., 2009), which is

similar to shell protein CsoS1B. CcmL of β-CB is similar to CsoS4A, both of them form the

pentamer with the sidedness of concave and convex (Tanaka et al., 2008b). Both shells also

contain trimeric shell proteins, CsoS1D for α-CB shell and CcmP for β-CB shell. The

structural investigation of CsoS1D revealed that it has pseudo-sixfold symmetry with the

gated pores (Klein et al., 2009). CcmP is homologous protein of CsoS1D, which performs the

role of forming a gated, separate nanocompartment inside the β-CB shell (Cai et al., 2013;

Larsson et al., 2017).

1.4 Engineering of bacterial microcompartments (BMCs)

1.4.1 The engineering of recombinant bacterial microcompartments

BMCs have long been considered an ideal platform for constructing metabolic factories

within non-native hosts by synthetic biology. In 2008, the first recombinant expression of

BMC was achieved by transferring the entire Pdu operon from Citrobacter freundii to E. coli

(Parsons et al., 2008). This recombinant Pdu BMC has similar characters like size, shape and

metabolic pathways as the wild type Pdu BMC (Mayer et al., 2016). Likewise, the α-

carboxysome operon from H. neapolitanus was transformed into E. coli and the gram-

positive bacterium Corynebacterium glutamicum to generate carboxysome-like structures

with detectable CO2 fixation activity ( Bonacci et al., 2012; Baumgart et al., 2017). Recently,

the Liu lab at the University of Liverpool co-expressed Rubisco activases with α-

carboxysomes in E. coli to further improve Rubisco activity (Chen et al., 2022), and also

introduced the β-carboxysome operon from Syn7942 into E. coli to generate the β-

carboxysome-like particles with RuBisCO activity (Fang et al., 2018). Moreover, several
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attempts have been made to express carboxysome genes in plant chloroplasts (Lin et al.,

2014b; Long et al., 2018), with the intent of enhancing CO2 fixation and agricultural yields.

1.4.2 Synthetic engineering of empty BMC shells

Since BMCs are capable of encapsulating metabolic enzymes, they are the perfect tool for

compartmentalizing synthetic multienzyme pathways and the development of new nano-

bioreactors (Rae et al., 2013; Axen et al., 2014; Chowdhury et al., 2014; Kerfeld and Erbilgin,

2015; Zarzycki et al., 2015; Kerfeld and Melnicki, 2016; Turmo et al., 2017b). Empty BMC

shells with native-like large internal space can be constructed by expression of shell proteins

only in E. coli, such as Pdu shell proteins from Citrobacter freundii (Parsons et al., 2010),

Eut shell proteins from Salmonella enterica (Choudhary et al., 2012; Sargent et al., 2013),

unknown-function BMC shell proteins from Haliangium ochraceum (Lassila et al., 2014), β-

carboxysome shell proteins from Halothece sp. PCC7418 (Sutter et al., 2017), α-

carboxysome shell proteins of H. neapolitanus (Li et al., 2020).

Moreover, chimeric shell structures have been proved to be constructed by combining CsoS1

proteins of α-carboxysomes and CcmK2/4 proteins of β-carboxysomes (Cai et al., 2015b), or

by incorporating CsoS1A of α-carboxysomes and CcmK4 of β-carboxysomes in

Synechococcus PCC7942 (Fang et al., 2018), as well as by using EutM of Eut

microcompartment to replace PduA of Pdu microcompartment in Salmonella enterica

(Slininger Lee et al., 2017). These chimeric shell structures formed by shell proteins from

different origins may suggest that the various permeability of BMCs could be achieved and

modulated. On the other hand, the pores of BMC shell proteins act as the portal that allow

molecule transport in and out of the BMCs (Kerfeld et al., 2005). It has been revealed that the
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modified size and electrostatic properties of the pores, by mutation of key pore residues,

could adjust the shell permeability and BMC metabolic performance (Chowdhury et al., 2015;

Cai et al., 2016; Slininger Lee et al., 2017; Faulkner et al., 2020); binding a FeS cluster to the

pores could improve electron flow across the BMC shell (Aussignargues et al., 2015).

Modifying substrate specificity is necessary for repurposing BMC shells for biotechnological

applications.

1.4.3 The assembly of BMCs in vitro

Rapid prototyping has been facilitated by newly established technologies of constructing

BMC shells in vitro. Three assembled rapid prototypes contain a metabolosome shell, a β-

carboxysome shell, and a BMC protein-based nanotube were produced by mixing various

types individual shell protein from different types of BMCs in vitro (Figure 1-17a) (Hagen et

al., 2018b). Researchers employed the single hexamer protein of Rhodococcus and

Mycobacterium BMCs, BMC-HRmm, coupled to a short ubiquitin-like modifier domain that

blocks the production of supermolecules to produce a soluble and high yield of BMC-HRmm

protein. Following the removal of this short ubiquitin-like modifier, free BMC-HRmm proteins

self-assemble into the BMC protein-based nanotube structure (Figure 1-17b). In addition, the

same process was applied to a BMC-H protein from Haliangium ochraceum, resulting in the

production of a new native BMC-H protein that was incapable of forming supermolecules.

The produced BMC-H protein mixed to BMC-T protein and BMC-P protein from H.

ochraceum was able to construct a minimal H. ochraceum shell (Figure 1-17c). By

combining CcmK1 with CcmK2 of Halothece PCC7418, it was possible to establish in vitro

self-assembly of the β-carboxysome shell (Figure 1-17d). Protein nanotubes were produced

by using the affinity tags such as the hexa-histidine tag fuse to Pdu shell proteins; PduA-His6
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and PduB-His6 were produced in vivo, followed by purifying and assembling under low salt

conditions in vitro after the His6-tag was removed (Uddin et al., 2018).

Figure 1-17. In vitro assembly strategy for BMC shells. This figure was modified from
Hagen et al. (2018b). (a) Different individual BMC shell proteins were mixed in vitro to
produce nanotube and minimal shells. Here, individual BMC shell protein firstly was
fused with short ubiquitin-like modifier to prevent the supermolecules formation.
Following by using protease to remove the short ubiquitin-like modifier (SUMO) from
individual BMC shell proteins. Then the free BMC shell proteins self-assemble into
nanotube and minimal shell structure. (b) The BMC protein-based nanotube was
assembled by using the single hexamer protein of Rhodococcus and Mycobacterium
BMCs. (c) The minimal Haliangium ochraceum shell was assembled based on the mixture
of BMC-H, BMC-P, and BMC-T protein of H. ochraceum. (d) The minimal β-
carboxysome shell was assembled by one CcmK1 and one CcmK2 protein of Halothece
PCC7418. All scale bars are 100 nm.
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1.4.4 The engineering of cargo proteins encapsulation within BMCs

The synthetic shells and their corresponding encapsulation peptides (EPs) were utilized in

earlier studies to design novel BMCs. The first proof-of-concept made is to use the N-

terminal 18 amino acids of PduP from Citrobacter freundii to load pyruvate decarboxylase

and alcohol dehydrogenase from Zymomonas mobilis within a Pdu BMC shell for ethanol

production (Lawrence et al., 2014). We have recently reported that the CsoS2 C-terminus of

α-carboxysomes from H. neapolitanus can be used as the EP to load foreign hydrogenases

within the recombinant α-carboxysome shells in E. coli to create a new nanobioreactor for

hydrogen production (Li et al., 2020). In other examples, EPs have been utilized to

encapsulate polyphosphate kinases and exopolyphosphatases in Pdu BMCs for polyphosphate

accumulation (Liang et al., 2017) and to fuse fluorescent proteins to recombinant Eut shells

(Choudhary et al., 2012; Quin et al., 2016). Moreover, researchers employed PduP1-18 as the

template and operated rational and library-based methods to design the N-terminus of PduP

as EP to enclose fluorescent protein within Pdu BMCs (Jakobson et al., 2017a). Non-native

protein encapsulation within Pdu BMCs through the genomic integration platform resulted in

varied cargo encapsulation levels efficiencies, suggesting the potential strategies for

modulating encapsulation efficiency (Nichols et al., 2020).

Additionally, there are other cargo encapsulation methods to be taken into consideration. For

example, co-expression of SpyTag-fused fluorescent proteins with SpyCatcher-fused BMC-T

protein from H. ochraceum in vivo allowed the fluorescent proteins to be incorporated into

the H. ochraceum BMCs (Young et al., 2020). The de novo coiled-coil peptides CC-Di-B

and CC-Di-A were used to fuse PduA and fluorescent proteins, respectively; protein co-

expression resulted in the formation of the PduA shell-fluorescent protein assemblies (Lee et

al., 2018).
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Each cargo encapsulation strategy has pros and cons. Native EPs do not require the

modification of BMCs shell proteins, however, it is hard to modulate the EP specificity and

encapsulation efficiency. Using designed EPs based on various protein–protein interactions

may result in varying cargo-loading levels into BMCs. However, this will require a better

understanding of the structures, abundance and organization of shell proteins in the BMCs.

1.4.5 The potential of BMCs in biomedicine

Development of nanoparticles for drug delivery and vaccination platforms is a branch of

nanomedicine (Shi et al., 2017; Steele et al., 2017; Shen et al., 2018). Recent developments

have yielded a wide range of useful nanostructures, like virus-like nanoparticles, that may

enclose therapeutic cargos (Aftab et al., 2018). The BMC shells have the potential to be used

as functional nanoparticles for applications in nanomedicine (Figure 1-18a and b). BMC shell

proteins could be modified to integrate a series of appropriate peptides or drug molecules to

promote the precise recognition of shells to pathogens and cancer cells (Sun et al., 2018). The

construction of BMCs in vitro also makes it possible to encapsulate cytotoxic medications

used in cancer treatment. However, BMCs shell applicability in nanomedicine might be

limited by its antigenicity, therefore modifying this antigenicity is expected to be a hot trend

in the future (Veronese and Pasut, 2005). In the vaccine field, nanoparticles may be used as a

vehicle to deliver antigens for diseases in modern vaccinations (López-Sagaseta et al., 2016).

It is possible to use synthetic BMC shells as scaffolds in biomedicine since it can assemble

effectively and form robust nanoparticles. Furthermore, the permeability of BMC shells

allows substrates to enter and exit the shell via the pore of the shell, avoids the complex

process of BMC shells disassembling first and then releasing substrates (Sutter et al., 2017;

Hagen et al., 2018a; Hagen et al., 2018b).
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Figure 1-18. The BMCs shell assemblies for nanomedicine applications. (a)
Nanomedicine can be built by fusing a set of developed peptides from existed
nanoparticles to the engineered shell proteins. These developed peptides might be affinity
tags, antigens, and antibodies. (b) BMC shell proteins mixed with therapeutic molecules
assembled the nanomedicine for drug delivery. This figure was adapted from Kirst and
Kerfeld (2019)

1.5 The overall aims of this thesis

Carboxysomes are the central CO2-fixing organelles in cyanobacterial and proteobacteria.

The carboxysome shell is semi-permeable and serve as a physical barrier to allow passage of
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substrates and products in and out of the carboxysome. The aim of my PhD research is to

investigate in-depth the assembly mechanisms and engineering strategies of α-carboxysome

shell in E. coli using synthetic biology, molecular biology, biochemistry, microscopy, and

catalytic assays.

The first objective is to engineer the α-carboxysome shells in E. coli and incorporate

hydrogenases into the recombinant shells to generate new nanobioreactors for biohydrogen

production (Chapter 3). Both the large subunit (HyaB) and small subunit (HyaA) of [NiFe]-

hydrogenase 1 from E. coli were fused with the C-terminus of CsoS2, and were co-expressed

with empty α-carboxysome shells in E. coli, leading to the encapsulation of [NiFe]-

hydrogenase into α-carboxysome shells. Hydrogenase kinetics and hydrogen production of

the generated nanobioreactors were determined at different conditions. The study highlighted

the possibility to encapsulate non-native cargoes into α-carboxysome shells to enhance

hydrogen production.

The second objective is to produce synthetic α-carboxysome shells by expressing different

combinations of shell proteins in E. coli for publishing (Chapter 4). Here, three α-

carboxysome mini-shells were constructed, isolated, and analyzed by biochemical approaches

and cryo-electron microscopy (cryo-EM). The results demonstrated that the formation of α-

carboxysome mini-shells only require two types of shell proteins, hexamers and pentamers.

Structural analysis also revealed the association of shell proteins with three domains of

CsoS2 at the C-terminal region. Furthermore, the truncated C-terminal of CsoS2 and shell

proteins also was analyzed to determine the roles of the identified CsoS2 binding domains in

shell assembly.
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The last objective is to construct simplified α-carboxysomes in E. coli (Chapter 5). We

hypothesis that the simplified α-carboxysome can be synthetised in E. coli based on the mini-

shell structures that we have discovered (Chapter 4). To test it, I produced a simplified α-

carboxysome structure in E. coli by expressing CsoS2 and the major shell hexamer CsoS1A

together with Rubisco CbbL and CbbS subunits. The formed assemblies showed

carboxysome-like structures with Rubisco activity, highlighting the plasticity of the α-

carboxysome protein composition and architecture.

Overall, the thesis provides new insight into the assembly, encapsulation, and modulation of

the α-carboxysome shells and functional α-carboxysomes. It offers directly the synthetically

engineered carboxysome structures and new tools that will aid engineering of carboxysome-

based nanomaterials and diverse biotechnological applications.
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Chapter 2 Material and Methods
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2.1 Medium and Culture of E. coli

The E. coli Top 10 or BL21(DE3) cells were grown aerobically in lysogeny broth (LB)

medium or LB agar plates (Sigma-Aldrich, UK). Antibiotics were added in medium or agar

plates at the following final concentrations: 50 μg∙mL-1 spectinomycin, 50 μg∙mL-1

chloramphenicol, 100 μg∙mL-1 ampicillin. All strains used in study were list in Table 2-1.

Table 2-1. Strains of E. coli with plasmids. Relevant antibiotic resistances are indicated
by R: Ap, ampicillin; Ch, chloramphenicol; Sp, spectinomycin.
Strains Description Reference/origin
E. coli BL21(DE) E. coli BL21(DE3),WT (Miroux and

Walker, 1996)

Chapter
3

E. coli BL21(DE)-hyaB::hyaA BL21(DE3) derivative with HyaB and
HyaA; SpR This study

E. coli BL21(DE)-hyaB-EP::hyaA-EP BL21(DE3) derivative with HyaB-EP and
HyaA-EP; SpR This study

E. coli BL21(DE)-shell-1 BL21(DE3) derivative with Shell-1 operon;
ApR (Li et al., 2020)

E. coli BL21(DE)-shell-2 BL21(DE3) derivative with Shell-2 operon;
ApR (Li et al., 2020)

E. coli Top10 E. coli Top 10, WT (Casadaban and
Cohen, 1980)

Chapter
4

E. coli Top10-csoS4A::csoS1A Top10 derivative with CsoS4A and
CsoS1A; ApR This study

E. coli Top10-csoS2::csoS4A::csoS1A Top10 derivative with CsoS2, CsoS4A and
CsoS1A; ApR This study

E. coli Top10-csoS2::csoS1A Top10 derivative with CsoS2 and CsoS1A;
ApR This study

E. coli Top10-csoS2-C1::csoS4A::csoS1A Top10 derivative with CsoS2-C1, CsoS4A
and CsoS1A; ApR This study

E. coli Top10-csoS2-C2::csoS4A::csoS1A Top10 derivative with CsoS2-C2, CsoS4A
and CsoS1A; ApR This study

E. coli Top10-csoS2-C3::csoS4A::csoS1A Top10 derivative with CsoS2-C3, CsoS4A
and CsoS1A; ApR This study

E. coli Top10-pHluorin2::csoS2-C Top10 derivative with CsoS2-C terminal
fused with pHluorin2; ChR This study

E. coli Top10-cbbLS::csoS2::csoS1A Top10 derivative with CbbL/S, CsoS2, and
CsoS1A; ApR This study Chapter

5E. coli Top10-cso Top10 derivative with cso operon; ChR (Chen et al.,
2022)

2.2 E. coli genome extraction, plasmid extraction and competent cell preparation

The genomic DNA of E. coli was extracted from E. coli BL21(DE3) cell culture by using

GenEluteTM Bacterial Genomic DNA kit (Sigma-Aldrich, UK). Plasmids were extracted by

using GeneJET Plasmid Miniprep Kit (Thermo-Fisher, UK). Both processes were followed

the standard manufacture protocols.
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For electrocompetent cell preparation, 100 mL of E. coli cells at OD600=0.4-0.6 were placed

on ice for 10 minutes, and then were harvested by centrifugation at 7,000 g for 10 minutes at

4 ℃. The supernatant was discarded, and the pellet was resuspended in 20 mL of cold

autoclave MilliQ-H2O, and incubated on ice for 10 minutes. This step was repeated twice.

After another centrifugation, the supernatant was discarded, and the pellets was resuspended

in 2 mL of cold 10% (v/v) glycerol solution. 100 µL cells were pipetted into 1.5 mL tube and

placed immediately into the liquid nitrogen. The frozen competent cells transferred to -80 ℃

(Gonzales et al., 2013).

2.3 Construction of plasmids

2.3.1 Construction of recombinant of [NiFe]-hydrogenase 1 (HyaAB and HyaAB-EP)

Genes encoding HyaA and HyaB were amplified via using CloneAmp HiFi polymerase

(Takara, Japan) from the BL21(DE3) genome. The hyaB gene was ligated to pCDFDuet-1

vector linearized by EcoRI and HindIII to produce the pCDF-hyaB vector. A 6x His tag was

added in front of the hyaA gene and ligated to the pCDF-hyaB vector linearized by NdeI and

XhoI to produce the pCDF-hyaAB vector. The C-terminus of full-length CsoS2 served as an

encapsulation peptide (EP) was amplified from the pHnCBS1D plasmid (Addgene, US). The

EP sequence was fused to the 3’-end of hyaB followed by ligating to the pCDFDuet-1 vector

linearized by EcoRI and HindIII to produce the pCDF-hyaB-EP vector. The hyaA gene with a

6x His tag was fused with the C-terminus of CsoS2 followed by ligating to pCDF-hyaB-EP

vector linearized by NdeI and XhoI to produce pCDF-hyaAB-EP. Each amplified gene

fragment contains its 50-bp upstream and 20-bp downstream sequences to keep native

ribosome-binding site sequences of the genes. The resulting PCR products and linearized

vectors were purified by using DNA gel extraction kit (New England BioLabs, UK)
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following the standard manufacture protocol. All vectors were verified by PCR and DNA

sequencing (IDT, US) and transformed into E. coli TOP 10 cells. All the PCR primers are

listed in Table 2-2.

Table 2-2. ssDNA Oligonucleotides used in this study (overlap sequence for Gibson
assembly are underlined, 6xHis Tags are highlighted).
Primers Sequences (5’ to 3’) Comment
pCDFDuet-HyaB-F CCATCATCACCACAGCCAGGATCCGATGAGCACTCAGTACGAA

pCDF-hyaAB
pCDFDuet-HyaB-R CTTAAGCATTATGCGGCCGCAAGCTTTAACGCACCTGCACGGA

pCDFDuet-HyaA-F TTAAGTATAAGAAGGAGATATACAT
ATGCATCACCATCATCACCACAATAACGAGGAAACA

pCDFDuet-HyaA-R GCAGCGGTTTCTTTACCAGACTCGATCATGCCTGTTTATCCTC

pCDFDuet-HyaB-EP-F CCATCATCACCACAGCCAGGATCCGATGAGCACTCAGTACGAA

pCDF-hyaAB-EP

HyaB-R TTAACGCACCTGCACGGA

EP-F-1 GCTGATCTCCGTGCAGGTGCGTTAA
ATGACGAGCACCCCAGAG

pCDFDuet-HyaB-EP-R GCAGCGGTTTCTTTACCAGACTCGATCAACCGCGCGCGCCGCC

pCDFDuet-HyaA-EP-F TTAAGTATAAGAAGGAGATATACAT
ATGCATCACCATCATCACCACAATAACGAGGAAACA

HyaA-R TCATGCCTGTTTATCCTC

EP-F-2 AGGCAATGAGGATAAACAGGCATGAATGACGAGCACCCCAGA
G

pCDFDuet-HyaA-EP-R GCAGCGGTTTCTTTACCAGACTCGA TCAACCGCGCGCGCCGCC

pBAD-CsoS4A-CsoS1A-F TTTTGGGCTAACAGGAGGAATTAACTTTGAGCGTTCAGGCGCA

Mini-1 construct
CsoS4A-R TTACTCACCATTCCACTG

CsoS1A-F TATTGATCAGTGGAATGGTGAGTAAGGATTGGGAAAGACGAA
C

pBAD-CsoS4A-CsoS1A-R TTTTGTTCTACGTAAGCTTCGAATT TTAGGCTTGTGGCGCCTT
pBAD-CsoS2-CsoS4A-
CsoS1A-F TTTTGGGCTAACAGGAGGAATTAACATGGGGTCAAACATGCCT

Mini-2 constructCsoS2-R TCAACCGCGCGCGCCGCC
CsoS4A-CsoS1A-F TTACTCCGGCGGCGCGCGCGGTTGATTTGAGCGTTCAGGCGCA
pBAD-CsoS2-CsoS4A-
CsoS1A-R TTTTGTTCTACGTAAGCTTCGAATT TTAGGCTTGTGGCGCCTT

pBAD-CsoS2-CsoS1A-F TTTTGGGCTAACAGGAGGAATTAACATGGGGTCAAACATGCCT

Mini-3 constructCsoS2-R TCAACCGCGCGCGCCGCC

CsoS1A-F TTACTCCGGCGGCGCGCGCGGTTGAGGATTGGGAAAGACGAA
C

pBAD-CsoS2-CsoS1A-R TTTTGTTCTACGTAAGCTTCGAATTTTAGGCTTGTGGCGCCTT

pBAD-CsoS2-C1-
CsoS4A-CsoS1A-F

TTTTGGGCTAACAGGAGGAATTAACATGCTTCCCACTAGTCCA
CGC

amplification of truncated
of CsoS2-C terminus from
CTTCCC start

pBAD-CsoS2-C2-
CsoS4A-CsoS1A-F

TTTTGGGCTAACAGGAGGAATTAACATGCACGCTGCGCGCGAG
TTG

amplification of truncated
of CsoS2-C terminus from
CACGCT start

pBAD-CsoS2-C3-
CsoS4A-CsoS1A-F

TTTTGGGCTAACAGGAGGAATTAACATGAATGCGCGTGTGGTC
GAA

amplification of truncated
of CsoS2-C terminus from
AATGCG start

pBAD33- F GCACTTATTCAGGCGTAGCAAC

pBAD33-pHluorin2-EP
construct

pBAD33- R CATATGTATATCTCCTTCTTAAAGT
pBAD33-pHluorin2-F ACTTTAAGAAGGAGATATACATATGGTGAGCAAGGGCGAG
pHluorin2-R TCACTTGTACAGCTCGTC

pHluorin2-CsoS2-C-F CGGCATGGACGAGCTGTACAAGTGAATGACGAGCACCCCAGA
G

pHluorin2-CsoS2-C-R CTGGTTGCTACGCCTGAATAAGTGCTCAACCGCGCGCGCCGCC
pBAD-CbbLS-CsoS2-
CsoS1A-FW TTTTGGGCTAACAGGAGGAATTAACATGGCAGTTAAAAAGTAT

Mini-CB constructCbbLS-CsoS2-RW TCAACCGCGCGCGCCGCC
CsoS1A-FW TTACTCCGGCGGCGCGGCGGTTGAGGATTGGGAAAGACGAAC
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pBAD-CbbLS-CsoS2-
CsoS1A-RW TTTTGTTCTACGTAAGCTTCGAATTTTAGGCTTGTGGCGCCTT

pCDFDuet-seq-F-1 GGATCTCGACGCTCTCCCT
hyaAB and hyaAB-EP
sequences primers

pCDFDuet-seq-R-1 CGATTATGCGGCCGTGTACAA
pCDFDuet-seq-F-2 TTGTACACGGCCGCATAATC
pCDFDuet-seq-R-2 GCTAGTTATTGCTCAGCGG
pBAD-seq-F ATGCCATAGCATTTTTATCC Mini-shells sequences

primerspBAD-seq-R GATTTAATCTGTATCAGG

2.3.2 Construction of recombinant Mini-shells

The genes encoding CsoS4A and CsoS1A from H. neapolitanus, together with their 50-bp

upstream sequences that include the native promoter and ribosome-binding site sequences,

were amplified from the pHnCBS1D plasmid (Addgene, US). This operon was inserted into a

pBAD vector linearized by NcoI and EcoRI to produce mini-shell-1 vector. The gene

encoding CsoS2 together with its 50-bp upstream sequence was amplified from pHnCBS1D.

The nucleotide sequences encoding CsoS4A and CsoS1A were amplified from the mini-

shell-1 vector. The gene encoding CsoS2 was fused with the csoS4A-csoS1A operon by the

50-bp upstream sequence of the csoS4A gene. This operon was inserted into the pBAD vector

linearized by NcoI and EcoRI to produce mini-shell-2 vector. The genes encoding CsoS2 and

CsoS1A, together with their native promoter and ribosome-binding site, were amplified from

pHnCBS1D. The gene encoding CsoS2 was fused with csoS1A by the 50-bp upstream

sequence of the csoS1A gene. This operon was inserted into the pBAD vector linearized by

NcoI and EcoRI to produce mini-shell-3 vector. The truncated nucleotide sequences of the C-

terminus of CsoS2 and nucleotide sequences of CsoS4A and CsoS1A were amplified from

the mini-shell-2 vector. These operons were inserted into the pBAD vector linearized by NcoI

and EcoRI to generate mini-shell-4/5/6 vectors, respectively. The truncated nucleotide

sequences of the C-terminus of CsoS2 are listed in Table 2-3.
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Table 2-3. The truncated nucleotide sequences of the C-terminus of CsoS2.
Protein Sequences
CsoS2-C1 LPTSPRFNQTGNVQSMGFKNTNQPEQNFAPGEVMPTDFSIQTPARSAQNRITGNDIAP

SGRITGPGMLATGLITGTPEFRHAARELVGSPQPMAMAMANRNKAAQAPVVQPEVV
ATQEKPELVCAPRSDQMDRVSGEGKERCHITGDDWSVNKHITGTAGQWASGRNPS
MRGNARVVETSAFANRNVPKPEKPGSKITGSSGNDTQGSLITYSGGARG

CsoS2-C2 HAARELVGSPQPMAMAMANRNKAAQAPVVQPEVVATQEKPELVCAPRSDQMDRV
SGEGKERCHITGDDWSVNKHITGTAGQWASGRNPSMRGNARVVETSAFANRNVPK
PEKPGSKITGSSGNDTQGSLITYSGGARG

CsoS2-C3 NARVVETSAFANRNVPKPEKPGSKITGSSGNDTQGSLITYSGGARG

The pHluorin2 gene was amplified from the pME-pHluorin 2 plasmid (Addgene, US) and the

nucleotide sequence of the C-terminus of full-length CsoS2 was amplified from pHnCBS1D

plasmid. Both genes were inserted into a pBAD33 vector linearized by PCR to generate the

pBAD33-pHluorin2-EP vector. All the connections between genes and vectors were

performed by Gibson assembly (Gibson et al., 2010, Gibson et al., 2009) (Gibson assembly

kit, New England BioLabs, UK). All the PCR fragments were collected via DNA gel

extraction (DNA gel extraction kit, New England BioLabs, UK) following the standard

manufacture protocol. All of vectors were verified by PCR and DNA sequencing and

transformed into E. coli TOP 10 cells. All the PCR-used primers were listed in Table 2-2.

2.3.3 Construction of recombinant of Simplified α-carboxysomes

The genes encoding CbbL and CbbS were amplified from the pHnCBS1D plasmid and the

genes encoding CsoS2 and CsoS1A were amplified from the mini-shell-3 vector. These gene

fragments were inserted into the pBAD vector linearized by NcoI and EcoRI to produce

simplified α-carboxysome-expressing vector (Simpl α-CB). All the PCR fragments were

collected via DNA gel extraction (DNA gel extraction kit, New England BioLabs, UK)

following the standard manufacture protocol. All the vectors were verified by PCR and DNA

sequencing and transformed into E. coli TOP 10 cells. All the PCR primers are listed in Table

2-2.



Chapter two: Material and Methods

43

2.4 Expression and purification of mini-shells and Simplified α-carboxysomes

2.4.1 Expression of recombinant [NiFe]-hydrogenase (HyaAB and HyaAB-EP) and α-

carboxysome shells

For expression of mature [NiFe]-hydrogenases, E. coli strains containing HyaAB and

HyaAB-EP plasmids were grown in LB medium containing 50 μg⋅mL- spectinomycin, 0.03

mM (final) ferric ammonium citrate and 0.03 mM (final) nickel chloride monohydrate, and

expression was induced by adding 0.05 mM isopropyl β-D-thiogalactopyranoside (IPTG) at

OD600 = 0.6. For the co-expression of α-carboxysome shells and mature [NiFe]-hydrogenases,

two types of empty shell expression plasmids from Liu Lab: Shell-1 including csoS2, csoSCA,

csoS4AB, csoS1ABC and csoS1D genes (Li et al., 2020), and Shell-2 including csoS2,

csoS4AB, csoS1ABC and csoS1D genes (Li et al., 2020). The HyaAB-EP plasmid was

transformed into E. coli BL21(DE3) competent cells containing Shell-1 or Shell-2. Cells

grown at 37 ℃ in LB medium supplemented with 50 μg⋅mL−1 spectinomycin, 100 μg⋅mL−1

ampicillin, 0.03 mM (final) ferric ammonium citrate and 0.03 mM (final) nickel chloride

monohydrate. At OD600=0.6, expression of HyaAB-EP was induced by adding IPTG at the

final concentration of 0.05 mM for cell growth at 25 ℃. 1 mM (final) L-arabinose was added

after adding IPTG 4 hours for shell expression.

2.4.2 Purification of recombinant [NiFe]-hydrogenase and α-carboxysome shells

(HyaAB-EP-Shell-1/2)

Cells were harvested by centrifugation at 5, 000 x g for 10 minutes at 4 ℃. The pellets were

resuspended with 20 ml of TMB buffer (10 mM Tris-HCl pH = 8, 10 mM MgCl2, 20 mM

NaHCO3) to wash twice. The resuspended cells with 10 % (v/v) CelLytic B cell Lysis reagent

(Sigma-Aldrich) were lysed by French press (STANSTED FPG12800 pressure cell



Chapter two: Material and Methods

44

homogeniser) followed the standard recommend process. Cell debris was removed by an

initial centrifugation at 10,000 x g for 10 minutes at 4 ℃. After centrifugation at 50,000 x g

for 30 minutes at 4 ℃, the supernatant was discarded and the pellets were gently resuspended

in 2 mL TMB buffer (10 mM Tris-HCl pH 8.0, 10 mM MgCl2, 20 mM NaHCO3) using a soft

brush. A 2-minutes spin at 4 ℃ was performed to remove the insoluble fraction. The soluble

pellet fraction was applied on step gradients of 10-50 % sucrose in TMB buffer with 10 %

step size for ultracentrifuge 35 min at 105,000 x g. Sucrose gradients were separately

collected and stored at 4 ℃. A whole purification process was operated under normal air

condition. Every sucrose gradient fraction was collected, analyzed via SDS-PAGE, and

stored at 4 ℃. The supernatant containing free HyaAB-EP was applied on a HisTrap column

(HisTrap HP chromatography column, Cytiva, UK) equilibrated in TMB buffer A (10 mM

Tris-HCl pH 8.0, 10 mM MgCl2, 20 mM NaHCO3, 5 mM imidazole). Hydrogenases were

eluted by applying a 0-100 % gradient of TMB buffer B (10 mM Tris-HCl pH 8.0, 10 mM

MgCl2, 20 mM NaHCO3, 1 M imidazole) about 25 column volumes. Eluted fractions were

collected and stored at 4 ℃ for further experimental analysis.

2.4.3 Heterogeneously generation of α-carboxysome mini-shells

E. coli TOP 10 strains including mini-shell constructs were cultivated at 37 ℃ in LB medium

containing 100 μg mL-1 ampicillin. When the cells density reached OD600 = 0.8, the

temperature was reduced to 22 ℃, and protein expression was induced via adding L-

arabinose (1 mM, final) and cells were grown overnight.

The cultures were harvested by centrifugation at 5, 000 x g for 10 minutes at 4 ℃. The pellets

were resuspended with 30 ml of TEMB buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 10
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mM MgCl2, 20 mM NaHCO3) to wash twice. The resuspended pellets supplemented with

10% (v/v) CelLytic B cell lysis reagent (Sigma-Aldrich) and 0.1% protein inhibitor cocktail

(PIC, 10x) (Sigma-Aldrich). The resuspended pellets were lysed by sonication (30s ON, 20s

OFF, 6 cycles). Cell debris was removed by centrifugation at 27,000 x g for 30 min at 4 ℃.

Following the supernatants were loaded on 30% sucrose cushion (30% sucrose in TEMB

buffer) and were ultra-centrifuged at 250,000 x g for overnight at 4 ℃. The supernatants were

kept as control group and the pellets were gently resuspended in 5 ml TEMB buffer using a

soft brush. A 2-minute centrifugation at 14,000 x g, 4 ℃ was applied to remove insoluble

pellets. The soluble pellets fractions were loaded onto step sucrose gradients of 10-50 %

sucrose in TEMB buffer with 10 % step size, followed by ultra-centrifugation at 70,000 x g

for overnight at 4 ℃. Sucrose gradient fractions were collected, analyzed via SDS-PAGE,

and stored at 4 ℃. The shell protein-enriched sucrose fractions (40% sucrose fractions) were

applied on a HiTrap Q column (HiTrap Q FF anion exchange chromatography column,

Cytiva, UK) equilibrated in TEMB buffer A (10 mM Tris-HCl pH = 8, 1 mM EDTA, 10 mM

MgCl2, 5 mM NaHCO3, 5 mM NaCl). The mini-shells were eluted by applying a 0 - 40%

gradient of TEMB buffer B (10 mM Tris-HCl pH = 8, 1 mM EDTA, 10 mM MgCl2, 5 mM

NaHCO3, 1 M NaCl) about 25 column volumes. Eluted fractions were collected and stored at

4 ℃ for further experimental analysis.

2.4.4 Expression of pHluorin2 and generation of mini-shells with encapsulated

pHluorin2

For the expression of pHluorin2 proteins, cells containing the pBAD33-pHluorin2-EP vector

were grown in LB medium with 100 μg mL−1 chloramphenicol and expression was induced

by adding 1 mM (final) L-arabinose at OD600 = 0.6. For the generation of mini-shell-
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pHluorin2, E. coli strains containing the pBAD33-pHluorin2-EP vector and mini-shell-1 or

mini-shell-2 vectors were grown in LB medium containing 100 μg mL−1 ampicillin and 100

μg mL−1 chloramphenicol. Both proteins expression was induced by adding 1 mM (final) L-

arabinose at OD600 = 0.6, and then the cell grown at 22 ℃ overnight. The purification process

was same with the mini-shells generation mentioned above.

2.4.5 The heterogeneously generation of Simpl α-carboxysomes

Strains of E. coli TOP 10 including Simpl α-carboxysome expressing construct were

cultivated at 37 ℃ in LB medium containing 100 μg mL−1 ampicillin. When the cells density

reached OD600 = 0.8 temperature was reduced to 22 ℃, and protein expression was induced

via adding L-arabinose (1 mM, final) and cells were grown overnight.

Cells were harvested by centrifugation at 5, 000 x g for 10 minutes at 4 ℃. The pellets were

resuspended with 20 ml of TEMB buffer supplemented with 10 % (v/v) CelLytic B cell lysis

reagent (Sigma-Aldrich) and 0.1% PIC (10x) (Sigma-Aldrich) and were washed twice, and

were lysed by sonication (30s ON, 20s OFF, 6 cycles). Cell debris was removed by

centrifugation at 10, 000 x g for 10 minutes at 4 ℃. The supernatant was centrifuged at 50,

000 x g for 30 minutes at 4 ℃. Following the supernatant was discarded and the pellet was

resuspended in 3 mL TEMB buffer with a short spin at 2 minutes to remove insoluble pellet.

The resuspended pellet was applied onto step gradients of 10-50 % sucrose in TEMB buffer

with 10 % step size, followed by ultra-centrifugation at 105, 000 x g for 35 minutes at 4 ℃.

Sucrose fractions were collected and stored at 4 ℃ for next experiments.
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2.5 Enzyme activity assays

2.5.1 Hydrogenase activity assay

2.5.1.1 In vivo H2-evolution assay

Strains expressing free HyaAB, free HyaAB-EP, HyaAB-EP-Shell-1 and HyaAB-EP-Shell-2

were grown 37 ℃ aerobically in 200 mL flask with 50 mL LB medium supplemented with

0.03 mM (final) ferric ammonium citrate and 0.03 mM (final) nickel chloride monohydrate,

50 μg⋅mL−1 spectinomycin, and/or 100 μg mL−1 ampicillin. At OD600 = 0.6, 30 mL culture

was transferred to 50 mL falcon tube with sealed rubber closure (Sigma-Aldrich). The pure

N2 (100%, v/v) into the falcon tube 5 min via using needles (0.88 x 120 mm, BRAUN) for

degassing, followed by addition of 1 mM IPTG. For aerobic treatment, 30 mL culture was

transferred to falcon tube with sealed rubber closure without N2 degassing. 1 mM L-arabinose

was added 4 hours after the addition of IPTG for strains containing HyaAB-EP-Shell-1 and

HyaAB-EP-Shell-2. Cells were grown at 25 ℃ for 16 hours with shaking following induction.

The produced H2 gas was measured using a gas-syringe and was detected using a Bruker 450-

GC gas chromatography. For each experiment, at least three biological replicates were

examined.

2.5.1.2 In vivo dissolved oxygen (DO) measurement

A polarographic DO probe (New BrunswickTM BioFlo/CellGen 115 Fermentor, Eppendorf)

was used to measure the level of dissolved oxygen (DO) in strains expressing free HyaAB-EP,

HyaAB-EP-Shell-1 and HyaAB-EP-Shell-2 for in vivo activity assays. Oxygen saturated LB

medium (100 % DO) and sodium dithionite treated LB medium (0% DO) were used to

calibrate the polarized polarographic DO probe, respectively. The DO levels of strains

expressing free HyaAB-EP, HyaAB-EP-Shell-1 and HyaAB-EP-Shell-2 were determined
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before adding IPTG and every four hours after adding IPTG. For each experiment, at least

three biological replicates were examined.

2.5.1.3 In vitro H2-evolution assay

Cells were grown aerobically at 37 ℃ in 2 L flask containing 800 mL LB medium with

corresponding antibiotics, 0.03 mM (final) ferric ammonium citrate and 0.03 mM (final)

nickel chloride monohydrate, 50 μg⋅mL−1 spectinomycin, and/or 100 μg mL−1 ampicillin. At

OD600 = 0.6, HyaAB expression was induced by the addition of IPTG (1 mM). For strains

contain HyaAB-EP-Shell-1 and HyaAB-EP-Shell-2, 1 mM IPTG was added for HyaAB-EP

expression. After 4 hours, 1 mM (final) L-arabinose was added for shell expression. Cells

were grown at 25 ℃ with shaking following induction.

The whole purification process was performed under aerobic conditions, followed by in vitro

hydrogenase H2-evlution activity assays. In a 10-mL sealed vial (Agilent), protein sample

(0.5 mL, ~ 10 mg/mL) in TMB buffer was supplemented anaerobically with 2 mL nitrogen

degassed methyl viologen (MV) (50 mM in TMB buffer, final) and 0.5 mL sodium dithionite

(500 mM in TEM buffer, final). The reaction of hydrogenase activity was performed in an

anaerobic glove bag (Sigma, UK). The samples were incubated at 37 ℃ for 20 minutes and

hydrogen evolution was measured by using a gas-syringe and was detected by using a Bruker

450-GC gas chromatograph. For each experiment, at least three biological replicates were

examined.
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2.5.1.4 Hydrogenase kinetic assay

0.5 mL protein sample (~10 mg mL-1) in TMB buffer and 2 mL nitrogen degassed MV (1.5-

200 mM in TMB buffer, final) and 0.5 mL sodium dithionite (500 mM in TMB buffer, final)

were anaerobically added in 10 mL sealed vial (Agilent) for a total reaction of 3 mL. The

vials were incubated at 37 ℃ for 20 minutes and hydrogen evolution was measured via using

a Bruker 450-GC gas chromatography. Hydrogenase activity was analyzed using a standard

Michaelis-Menten model under various concentrations of MV. In addition, hydrogen

evolution was measured every 20 minutes by gas chromatography as a function of the times.

In this process, 0.5 mL protein samples (~10 mg mL-1) mixed with 2 mL nitrogen degassed

MV (50 mM in TMB buffer, final) and 0.5 mL sodium dithionite (500 mM in TMB buffer,

final) in 10 mL sealed vials at 37 ℃. For each experiment, at least three biological replicates

were examined.

2.5.1.5 Heat treatment and stability of hydrogenase activity

For heat treatment, the protein samples (~10 mg mL-1) were heat treated at 65 ℃ for 20

minutes. For stability, the protein samples (~10 mg mL-1) were kept at 4 ℃ for 7 days. Then

the samples were incubated with 2 mL nitrogen degassed MV (50 mM in TMB buffer, final)

and 0.5 mL sodium dithionite (500 mM in TMB buffer, final) in 10 mL sealed vials at 37 ℃

for 20 minutes and was then subjected to hydrogen evolution assays. For each experiment, at

least three biological replicates were examined.

2.5.1.6 Oxygen exposure treatment

0.5 mL free HyaAB-EP and HyaAB-EP-Shell-1/2 samples (~10 mg mL-1) were exposed to

the air at 4 ℃ for 24 hours, respectively. Following, the samples were transferred into a 10
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mL sealed vials and were degassed 5 minutes by pure nitrogen. The samples were incubated

with 2 mL nitrogen degassed MV (50 mM in TMB buffer, final) and 0.5 mL sodium

dithionite (500 mM in TMB buffer, final) at 37 ℃ for 20 minutes and was then subjected to

hydrogen evolution assays. For each experiment, at least three biological replicates were

examined.

2.5.1.7 Gas chromatography

Gas samples (1 mL) were taken with a gas-tight syringe and run on a Bruker 450-GC gas

chromatograph equipped with a molecular sieve 13 × 60-80 mesh 1.5 m × 1/8 inch × 2 mm ss

column at 50 °C with an argon flow of 40.0 mL min-1. Hydrogen was detected with a thermal

conductivity detector referencing against standard gas with a known concentration of

hydrogen.

2.5.2 Rubisco activity assays

The protein concentration of purified Simpl α-carboxysomes was determined by Bradford

assays. Rubisco activity assays were carried out as previously described (Chen et al., 2021,

Faulkner et al., 2017, Sun et al., 2016). In brief, 5 μL purified mini α-carboxysomes in the

Rubisco assay buffer (100 mM EPPS, pH 8.0, 20 mM MgCl2, 3.5 mM ATP) were aliquoted

into scintillation vials containing NaH14CO3 at a final concentration of 25 mM and then

incubated at 30 °C for 2 minutes. The carbon fixation process was operated by adding the D-

ribulose 1,5-bisphosphate sodium salt hydrate (RuBP, Sigma-Aldrich, UK) to the purified

samples at a range of concentrations (0.05 - 1mM). After 5 minutes of incubation, the

reaction was stopped by adding 10% (v/v) formic acid to the mixture. Unfixed NaH14CO3
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was removed by the samples were dried on heat blocks at 95 °C about 30 minutes, and the

fixed pellet were resuspended with distilled water and 2 mL the scintillation cocktail (Ultima

Gold XR; Perkin-Elmer, USA). Following, radioactivity measurements were operated by the

scintillation counter (Tri-Carb; Perkin-Elmer, USA). The counts per minute was employed to

calculate the quantity of fixed 14C based on the standard curve and then converted to the total

CO2 fixation rates. For each experiment, at least three biological replicates were examined.

2.6 SDS-PAGE and immunoblot analysis

Protein samples were prepared and then mixed with 4x SDS-PAGE sample loading buffer

(250 nM Tris pH 6.8, 8% SDS, 0.2% bromophenol blue, 40% glycerol, 20%

mercaptoethanol). After 95 °C heating for 10 minutes, samples were centrifuged at 12,000 x

g for 2 minutes and then loaded on 15% SDS-PAGE gels to analyze their composition.

About 75 μg proteins was loaded in each SDS-PAGE gel well. 3 µL of unstained protein

ladder (10-250 kD from NEB) was loaded as marker. SDS-PAGE was run at 200 V 45

minutes with transfer buffer (25 mM Tris, 192 mM glycine and 1% SDS). The gels were

stained through Coomassie blue stain buffer (0.25% Coomassie Brilliant Blue R-250, 20%

methanol, 10% acetic acid) and distained by destaining buffer (20% methanol, 10% acetic

acid).

Immunoblot analysis was performed by loading 30 µg total proteins into each well. SDS-

PAGE gels were transferred to a PVDF membrane (Bio-Rad). Following the transfer,

membranes were immunoblotted analysed by using primary mouse monoclonal anti-Histag

(Life Technologies, 69-74-9, UK), primary rabbit polyclonal anti-GFP (Agrisera, AS204443,

dilution 1:2,000, US), anti-CsoS1A/B/C (Agrisera, AS142760, dilution 1:5,000, US), anti-
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RbcL (Agrisera, AS03037A, dilution 1:3,000, US). For primary anti-body detection,

horseradish peroxidase-conjugated goat anti-mouse IgG (Agrisera, AS111772 dilution

1:5,000, US) or anti-rabbit IgG (Agrisera, AS09602, dilution 1:10,000, US) were as the

secondary antibody. After immunoblotting, membranes were washed with TBS buffer (10

mM Tris-HCl pH 7.4, 150 mM NaCl) and TBST buffer (10 mM Tris-HCl pH 7.4, 150 mM

NaCl, 2% Tween-20) and signals were visualized using a Bio-Rad chemiluminescence kit

and images were obtained via ImageQuant LAS 4000. The protein quantification was

calculated by using ImageJ. For each experiment, at least three biological replicates were

examined.

2.7 Transmission electron microscopy (TEM)

Isolated protein samples (1-2 mg mL-1 total protein) were stained on carbon grids (Carbon

Films on 300-mesh Grids Copper, Agar Scientific) for 40s, followed by staining with 2% (v/v)

uranyl acetate (Sigma-Aldrich). The carbon grids were then washed with distilled water and

then dried using 0.2 μm filter paper. Images were recorded using FEI Tecnai G2 Spirit Bio

TWIN transmission electron microscope equipped with a Gatan Rio 16 camera. ImageJ was

used to analyse images. Statistical analysis was calculated by using Student’s t-test.

2.8 Dynamic light scattering (DLS) analysis

Briefly, 1 mL (5-10 mg mL-1 total protein) of mini-shells or Simpl α-CB samples were

analysed by Dynamic light scattering (Malvern DLS ZetaSizer) to measure the size

distribution and average size of the particles. For each experiment, at least three biological

replicates were examined.
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2.9 Cryo-EM analysis

2.9.1 Cryo-EM data collection

Cryo-EM work in this PhD thesis was performed in collaboration with Professor Peijun

Zhang at eBIC. The cryo-EM sample grids were prepared using Vitrobot. Three microliters

of mini-shell samples were applied to glow-discharged Quantifoil grids (R2/1) and blotted

with filter paper for 3 seconds before plunge freezing with liquid nitrogen-cooled ethane. The

temperature is set to 20 ℃ and humidity at 100% during plunge freezing. The micrographs

were taken using Krios microscope equipped with a Gatan K3 director electron camera and

Bioquantum energy filter or Falcon 4 with Selectris X energy filter. The energy filter slit was

set to 20 eV.

2.9.2 Data processing

Data processing was performed mainly using Relion3. The micrograph movies were gain

normalized and motion corrected with MogtionCor2. Contrast transfer function (CTF) was

estimated using CtfFind4. Two different sized mini-shells were observed on the raw

micrographs and processed independently.

For the large sized particles, a subset of particles was picked manually in Relion to generate

initial 2D class averages for auto-picking. Two rounds of 2D classification were performed,

resulting a final dataset with 143,769 particles. An ab initial model was generated with I1

symmetry in Relion. 3D auto refine was carried out with the initial model reconstructed with

I1 symmetry in Relion, which resulted in a density map with a mixed handedness. The

resulted refined particles dataset was 3D classified into 10 classes, skipping alignment, which

revealed two major classes, with opposite handedness. These two classes of particles were
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refined separately with per-particle CTF refinement and polishing. To combine the two

classes, particles with opposite handedness were inverted by changing the refined Euler angle

in Relion star file (phi and tilt). The two half maps were reconstructed using

Relion_reconstruct, with CTF and eward sphere correction. The final combined density maps

were masked, and b-factor was sharpened with Relion_postprocess, which resulted in a final

map at 2.1 Å resolution.

The small mini-shells were processed in a similar way to large Shell, except for particle

picking step. A small number of small shell particles were manually picked in EMAN2.3 to

train neural network, which was subsequently used to pick against the whole dataset. The

coordinates of particles (EMAN2 box files) were imported into Relion for further processing

in the same way as large shells. Similarly, a small portion of particles were found in opposite

handedness after 3D refinement and classification, which was then corrected by updating the

Euler angles in the Relion star file as above. The final map after per-particle CTF refinement

and polishing is at 2.5 Å resolution.

2.9.3 Model building and refinement

Initial models from crystal structures of hexamer (PDB 2EWH) and pentamer (PDB 2RCF).

For the large shell, CsoS2 was traced manually into the density map in Coot. At this

resolution, the side chains of CsoS2 can be unambiguously placed (Extended Data Figx). One

asymmetric unit of the icosahedral shell with additional surrounding subunits were further

refined in Phenix.refine. Water molecules were placed into density manually. The final

icosahedral models were reconstructed in Chimera with symmetry command with I1
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symmetry. Model alignment and comparison were performed in Chimera and the figures are

rendered in Chimera.
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Chapter 3 Developing a carboxysome-

based nanobioreactor for hydrogen

production
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3.1 Introduction

Currently, energy and environment are two hot points related to the development of the

economy and society around the world (Khan et al., 2018; Li et al., 2018). About 80% energy

consume from fossil fuels that are not renewable and environmentally friendly (Zhu et al.,

2020). Renewable and clean energy is a potential possibility to take place of the fossil fuels.

Hydrogen (H2) was considered as an alternative based on that H2 is generated only from

water without toxic by-products and H2 has higher energy than other energy fuels, for

example, hydrogen has about three times as much energy as gasoline (Hallenbeck, 2009;

Mudhoo et al., 2011). Biohydrogen is produced through biological routes such as

biophotolysis (Akkerman et al., 2002; Hallenbeck, 2009; Torzillo et al., 2009; Dasgupta et al.,

2010), fermentation (Guo et al., 2014; Rosa et al., 2014; Han et al., 2015; Uyar et al., 2015),

microbial electrolysis (Heidrich et al., 2013; Modestra et al., 2015), which will decrease the

consumption of fossil fuels and limit greenhouse gas emissions. However, biophotolysis and

microbial electrolysis required high light intensity (Meherkotay and Das, 2008) and high

voltage (Catal et al., 2015), and fermentation showed a slow H2-producing rate (Venkata

Mohan et al., 2007). Therefore, a growing amount of focus has been placed on developing

novel hydrogen-producing strategies that produce hydrogen.

Synthetic nanoparticles (NPs) (Han et al., 2011; Nasr et al., 2015; Lin et al., 2016; Mishra et

al., 2018) like FeO NPs and Ni NPs are known to improve the amount of biohydrogen

produced by substantially boosting the activity of important enzymes involved in the

biohydrogen generation process, such as [FeFe]- or [NiFe]-hydrogenase. They also engage in

the usage of feedstock for the enhancement of hydrogen production. Recent research found

that FeO NPs were employed in the process of producing biohydrogen of different types of

bacteria (e.g. Enterobacter aerugenes and Clostridium butyricum) that are known to produce
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[FeFe]-hydrogenase, which resulted in the significantly improved hydrogen (Yang and Shen,

2006; Han et al., 2011; Zhang et al., 2018). These studies suggested that the conductivity of

FeO NPs enhances the electron transfer rate efficiently, allowing the metal centre of [FeFe]-

hydrogenase to collect an appropriate number of electrons to promote hydrogen generation.

Similarly, Ni nanoparticles co-operated with [NiFe]-hydrogenases also could obtain

biohydrogen production (Mullai et al., 2013). Although the yield of biohydrogen production

improved significantly through interaction between NPs and hydrogenases, the NPs’

concentration affects the production (Han et al., 2011). Moreover, the higher concentration of

NP’s will damage the regulatory system of microorganisms and change bacterial physiology

(Lin et al., 2016).

Scaffolding platforms (Menzel et al., 2014; Wilkerson et al., 2018) also using hydrogenase to

obtain enormous biohydrogen. Recently, a synthetic scaffolding platform, named the protein-

based capsid of bacteriophage P22, free [NiFe]-hydrogenase from E. coli was encapsulated

within the capsid of bacteriophage P22 by a truncating scaffold protein led to a higher

concentration of [NiFe]-hydrogenases in a microenvironment to rise the yield of biohydrogen

compared with free [NiFe]-hyrogenase (Jordan et al., 2016). This synthetic scaffolding

platform not only ensures packaging and condensing of enzymes, but it also allows for

regulating enzymatic activities. However, it is important to keep in mind that the virus

capsids do not possess permeability.

A virus-like proteinaceous organelle, named carboxysomes, could be a novel platform for

using hydrogenase to promote the yield of biohydrogen. The reasons are i) carboxysomes

contain a thin selective permeable protein shell, made of various shell proteins, to allow

metabolic substrates and products diffuse inside and outside the carboxysomes (Kerfeld, 2005;
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Tanaka et al., 2008a; Faulkner et al., 2017, Sun et al., 2019); ii) carboxysomes shell

encapsulates ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO) and carbonic

anhydrase (CA) to improve carbon dioxide (CO2) fixation, which demonstrates the good

mechanism of enzyme encapsulation and condensation (Rae et al., 2013; Kerfeld et al., 2018;

Huang et al., 2020); iii) carboxysomes shell also could limit O2 input and reduce CO2 output

(Dou et al., 2008); iv) carboxysomes assembly pathway and purification process are more

clear than others. Recently, we have generated recombinant α-carboxysome shells that

encapsulate the oxygen-sensitive [FeFe]-hydrogenases as a new nanobioreactor for

biohydrogen production (Li et al., 2020).

Here, we developed this strategy by using another hydrogenase, [NiFe]-hydrogenase 1 from

E. coli, to optimize the biohydrogen-produced system of α-carboxysome shells. Compared

with [FeFe]-hydrogenases whose activity can be easily lost in the presence of O2 (Melis and

Happe, 2001; Ghirardi et al., 2009; Melis, 2009; Tamagnini et al., 2007), [NiFe]-hydrogenase

1 is an oxygen-tolerant enzyme (Menon et al., 1991) and is involved in hydrogen recycling

(Gary, 1985; Sawers and Boxer, 1986; Forzi and Sawers, 2007). It has previously been shown

that recombinant [NiFe]-hydrogenases could be heterologously expressed in E. coli and that

this can result in hydrogen generation under microaerobic condition (Jaoon YH Kim, 2010).

Moreover, a truncating scaffolding protein fused to the C-terminal of the the large (HyaB)

and small (HyaA) subunits of the recombinant [NiFe]-hydrogenase of E. coli, respectively,

which was encapsulated encase the bacteriophage P22 capsids for boosting the hydrogen

production (Jordan et al., 2016) In this work, high H2 production was obtained in vitro

compared with free hydrogenase, confirming the protein-based capsids nanoparticles was

also suitable to use [NiFe]-hydrogenase for the hydrogen production. In our investigation,

[NiFe]-hydrogenase of E. coli was encapsulated inside the nanobioreactor, α-carboxysomes
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shell, by employing the encapsulation peptide the C-termin of CsoS2 of α-carboxysomes

from Halothiobacillus neapolitanus. The higher hydrogen production was obtained in vitro

based on aerobic process of protein purification as well as in vivo based on E. coil aerobically

expressed [NiFe]-hydrogenase within α-carboxysome shells.

3.2 Results

3.2.1 The generation of recombinant [NiFe]-hydrogenase-1

The [NiFe]-hydrogenase-1 in E. coli is encoded by the hya operon that consists of

hyaA/B/C/D/E/F genes (Menon NK, 1991). HyaA is the small core enzyme subunit including

a [Fe-S] cluster and is involved in electron transfer, whereas HyaB is the large core enzyme

subunit includes a biometallic center and is involved in enzyme activation. The hyaA and

hyaB genes were firstly cloned into the linearized vector pCDFDuet by EcoRI and HindIII for

hyaB as well as NdeI and XhoI for hyaA by under the control of the T7 promoters to generate

the hyaAB vector with 6×His tags that fused to the N-terminal of hyaA and hyaB, respectively

(Figure 3-1a and b). Previous studies confirmed that the C-terminus of full length CsoS2

could serve as an encapsulation peptide (EP) to recruit cargoes within the α-carboxysome

shells (Li et al., 2020). The C-terminus of CsoS2 was fused to the C-termini of HyaA and

HyaB to generate the hyaAB-EP vector (Figure 3-1a and b). The IPTG-induced expression of

both recombinant [NiFe]-hydrogenase plasmids in E. coli were achieved via adding IPTG at

OD600 of up to 0.6 under 25 ℃ for 16 hours. Whole cells were collected and immunoblot

analysis revealed that the HyaA/B and HyaA-EP/HyaB-EP were heterologously expressed in

E. coli by employing an anti-Histag antibody (Figure 3-1c), consistent with previous findings

(Menon, 1991; Jaoon YH Kim, 2010; Trchounian et al., 2012a; Wulff et al., 2016).
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Figure 3-1. Construction of recombinant [NiFe]-hydrogenase-1 vectors. (a) The genetic
organizations of the pCDFDuet-hyaAB/-hyaAB-EP/-hyaB constructs. EP is encapsulated
peptide (the C-terminus of full length CsoS2, which is shown on the Figure 1-15a). (b) PCR
products of hyaA, hyaB, hyaA-EP, hyaB-EP of the recombinant [NiFe]-hydrogenase-1
vectors. (c) The large (HyaB) and small (HyaA) subunit of [NiFe]-hydrogenase-1 were
determined by using anti-Histag antibody (Life Technologies, USA). The numbers show
three single colonies screened.

3.2.2 CsoS2-C mediates the encapsulation of [NiFe]-hydrogenase into the shells

We have recently proved that the oxygen-sensitive [FeFe]-hydrogenase could be

encapsulated within the α-carboxysome shell mediated by CsoS2 C-terminus and showed

improved H2 evolution (Li et al., 2020). The oxygen-tolerant [NiFe]-hydrogenases can be

generated under aerobic conditions (Kim, 2010), and have potential application in fuel cells.

To determine H2 evolution activity of [NiFe]-hydrogenases in shell encapsulation, the

hyaAB-EP plasmid was transformed into strains containing either the cso-1 or cso-2 (Shell-

1/2) constructs (Figure 3-2a) which were created in our previous work (Li et al., 2020).

Expression of the hyaAB-EP plasmid was induced by the addition of IPTG for 4 hours before

the expression of the shell induced by L-arabinose to ensure maturation and activation of

hydrogenases prior to shell formation and encapsulation. Recombinant Shell-1 and Shell-2

with incorporated HyaAB-EP were purified from E. coli. After 50,000× g centrifugation, the
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components of Shell-1-HyaAB-EP and Shell-2-HyaAB-EP including shell proteins and

HyaAB-EP were detected in the pellet, whereas unencapsulated HyaAB-EP were only

present in the supernatant (Figure 3-2b), implicating the formation of Shell-HyaAB-EP

assemblies.
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Figure 3-2. The determination of the encapsulation of recombinant [NiFe]-
hydrogenase-1 within two types of α-carboxysome shells. (a) The schematic of the two
types of shells encapsulating HyaAB-EP. The diagram was drawn by www.biorender.com.
(b) The schematic of the encapsulated HyaAB-EP in Shells-HyaAB-EP nanoreactor
systems. Hydrogen generation (Figure 3-6b, 3-10a, and 3-10b) by the nanoreactor systems
were evaluated utilizing NADPH from cells as an electron source for in vivo tests and
methyl viologen (MV+) as an electron donor, chemically reduced by sodium dithionite for
in vitro tests. (c) Immunoblot analysis of the supernatants and pellets of cell extracts after
50,000 g centrifugation from strains producing HyaAB alone or co-expressing HyaAB with
Shell-1 and Shell-2 (including three biological repeats) using anti-His antibody and anti-
CsoS1 antibody, respectively.

We further isolated HyaAB-EP-Shell-1/2 from the pellet samples using sucrose gradient

ultracentrifugation (Figure 3-3a). The empty Shell-1 as a control were also isolated by using

the same process with HyaAB-EP-Shell-1/2. Immunoblot analysis of each sucrose fraction

revealed that HyaB-EP and HyaA-EP encapsulated inside the shells were detected in the

10%−50% sucrose fractions (Figure 3-3b). In contrast, free HyaB-EP and HyaA-EP were

undetectable in all sucrose fractions, suggesting that the EP mediated HyaB and HyaA

encapsulation into both shells. EM of the 20% sucrose fractions further confirmed the

incorporation of hyaAB-EP in the shell interior (Figure 3-3c).
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Figure 3-3. The purification of HyaAB-EP-Shell-1/2. (a) The sucrose gradients
ultracentrifuge of HyaAB-EP-Shell-1/2. Sucrose gradients were set from 10% to 50% based
on previous studies (Li et al., 2020). (b) Immunoblot analysis of HyaAB-EP-Shell-1/2
confirmed the presence of HyaAB-EP and shell proteins in the samples purified from sucrose
gradients ultracentrifugation. (c) The images of electron microscopy of empty Shell-1,
HyaAB-EP-Shell-1 and HyaAB-EP-Shell-2.

3.2.3 In vivo hydrogen production of [NiFe]-hydrogenases encapsulated within

carboxysome shells

The H2 production activity of the generated E. coli cells expressing HyaAB-EP-Shell-1,

HyaAB-EP-Shell-2 and free HyaAB-EP were assayed using endogenous NADPH in E. coli

cells as the electron source (Figure 3-2a and 2b). The cells were grown and induced for 16

hours under aerobic or anaerobic conditions. The generated H2 production was determined by

gas chromatography.
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It has been reported that the catalytic activity of the enzymes might be affected by the tags

fused with them (Lee et al., 2016). To investigate whether the encapsulation peptide has a

negative effect on the catalytic activity of NiFe-hydrogenase, we transformed hyaAB and

hyaAB-EP individually into the BL21(DE3) strain and induced by the addition of isopropyl β-

D-1-thiogalactopyranoside (IPTG) under either anaerobic or aerobic conditions for 16 hours

(Figure 3-4a). Under anaerobic conditions, the H2-productivity of cells expressing hyaAB is

1824.63 ± 161.89 nmol L-1 h-1 (mean ± standard deviation (s.d.), n = 3) at pH 7, similar to

that of cells expressing hyaAB-EP (1780.13 ± 197.87 nmol L-1 h-1) at pH 7 (**p = 0.21, two-

tailed unpaired t-test) (Figure 3-4b). Similarly, cells producing hyaAB (285.15 ± 23.03 nmol L-

1 h-1 at pH 7) have a minor advantage in H2 production over cells producing hyaAB-EP

(269.16 ± 15.19 nmol L-1 h-1 at pH 7) under aerobic conditions (**p = 0.49, two-tailed unpaired

t-test). These results suggest that EP fused at the C-terminal of HyaA and HyaB has negligible

influence on the catalytic activity of [NiFe]-hydrogenases. Moreover, both cell types could

produce H2 under aerobic conditions (Figure 3-4b), indicating that an anoxic environment

facilitates the catalytic activity of [NiFe]-hydrogenases though it has been classified as

oxygen-tolerant hydrogenases (Peters et al., 2015).
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Figure 3-4. No significant difference in hydrogen productivity between HyaAB and
HyaAB-EP. (a) The schematic diagram of hydrogen production under aerobic and anaerobic
conditions in vivo. For the aerobic condition, 30 ml of culture was exposed to air about 5
mins then closing the seal cap. For the anaerobic condition, 30 ml of culture was closed by a
seal cap then using pure N2 (100%) degas 5-10 mins. The diagram was drawn by
www.biorender.com. (b) In vivo hydrogenase activity assays. The H2 production (normalized
by inducing 30 ml liquid cells about 16 hours) of E. coli cells expressing HyaAB or HyaAB-
EP grown under anaerobic (**p = 0.21, two-tailed unpaired t-test) or aerobic (**p = 0.49,
two-tailed unpaired t-test) conditions were measured by gas chromatography.

Next, we measured the levels of dissolved oxygen (DO) in the three different types of cell

cultures to confirm the level of aerobic and anaerobic conditions (Figure 3-5a and 5b). After

16 hours of incubation, the three types of cells culture consumed a significant amount of

oxygen, with DO dropping from 38.4 ± 0.4% to 1.2 ± 0.1% for cells expressed free HyaAB-

EP, from 37.5 ± 0.4% to 1.3 ± 0.1% for cells expressed HyaAB-EP-Shell-1, and from 37.2 ±

0.1% to 1.2 ± 0.1% for cells expressed HyaAB-EP-Shell-2. However, the final DO levels of

all cell types culture under aerobic conditions were significantly higher than those maintained

constant under anaerobic conditions. At the same time, immunoblot analysis verified the

presence of HyaA-EP, HyaB-EP, and major shell proteins in the samples (Figure 3-5c).

http://www.biorender.com
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Figure 3-5. The oxygen consumption of cells expressing HyaAB-EP or HyaAB-EP-
Shell-1/2 under aerobic and anaerobic condition. (a) The levels of dissolved oxygen
(DO) in LB medium (control), LB medium containing the E. coli expressing HyaAB-EP or
Shells-HyaAB-EP under aerobic and anaerobic condition during 16-hour induction. LB
medium saturated DO was set as 100%. The data are presented as the average of nine (or
three for control) DO measurements of distinct cell cultures. The data were compared by
two-tailed unpaired t-test for aerobic and anaerobic conditions. For anaerobic condition, all
comparisons showed no significantly difference between 0 hour and 16 hours p < 0.05. For
aerobic condition, LB medium as control ***p = 0.0008, free HyaAB-EP, HyaAB-EP-
Shell-1/2 all showed **** p < 0.0001. (b) DO changes in the LB medium (purple), cells
producing HyaAB-EP (orange) or Shell-1-HyaAB-EP (blue) or Shell-2-HyaAB-EP (red)
under aerobic conditions during 16-hour incubation. The data are presented as three DO
measurements of three distinct cell cultures. (c) The recombinant [NiFe]-hdyroenase-1 and
shell proteins were determined by western blot using anti-6xHis-tag and anti-CsoS1A/C/B
antibody, respectively (Agrisera, USD).
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The H2 production of free HyaAB-EP and HyaAB-EP- Shell-1/2 were investigated in vivo

(Figure 3-6a). Under anaerobic conditions, The H2 production rates of cells expressing

HyaAB-EP-Shell-1 and HyaAB-EP-Shell-2 at pH 7 are 36,977.52 ± 986.71 nmol L-1 h-1 and

41,777.52 ± 1753.36 nmol L-1 h-1, respectively (n = 3), which are more than 20-fold greater

than that of cells expressing free HyaAB-EP (1780.14 ± 197.88 nmol L-1 h-1 at pH 7). Under

aerobic conditions, the H2 production rate of cells producing HyaAB-EP-Shell-1 (7723.92 ±

352.55 nmol L-1 h-1) and HyaAB-EP-Shell-2 (8937.37 ± 414.48 nmol L-1 h-1) are about 30-

fold higher than that of cells expressing free HyaAB-EP (269.17 ± 15.20 nmol L-1 h-1) at pH 7.

These results imply that [NiFe]-hydrogenase catalysis is more efficient, likely owing to the

increased local enzyme and substrate concentration within the carboxysome shell lumen. It is

note worthy that H2 productivity of cells expressing HyaAB-EP-Shell-2 is greater than that of

cells expressing HyaAB-EP-Shell-1, the consistent results also was found in the encapsulated

[FeFe]-hdyrogenase inside α-carboxysome shells (Li et al., 2020). The size of Shell-2 is

larger than Shell-1, as was confirmed in previous study (Li et al., 2020), possibly due to the

larger size of Shell-2 than Shell-1 allowing more cargo enzymes and substrates condensed

inside the shell and thereby further enhanced catalytic activity of hydrogenase (Figure 3-6b).
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Figure 3-6. In vivo hydrogen production of the carboxysome shell-based nanoreactor.
(a) The gas chromatography was used to measure H2 production (normalized by inducing
30 ml cultures about 16 hours) of E. coli cells expressing HyaAB-EP, HyaAB-EP-Shell-1,
and HyaAB-EP-Shell-2 grown under anaerobic (***p = 0.0003, ***p = 0.0006, two-tailed
unpaired t-test) or aerobic (***p = 0.0007, ***p = 0.0008, two-tailed unpaired t-test)
conditions. Error bars represent standard errors of the mean of three biological replicates.
(b) The difference in H2 production between E. coli cells expressing HyaAB-EP-Shell-1
and HyaAB-EP-Shell-2 under aerobic (*p = 0.0190, two-tailed unpaired t-test) or anaerobic
(*p = 0.0234, two-tailed unpaired t-test)

3.2.4 The effect of other factors on in vivo H2 production of [NiFe]-hydrogenase-

containing nanobioreactors

The [NiFe]-hdyrogenase 1 of E. coli is a reversible hydrogenase that is expected to work

largely in one direction depending on pH and the substrates used in the fermentation process

(King, 1999; Trchounian et al., 2011; Sanchez-Torres et al., 2013; Jordan et al., 2016;

Trchounian et al., 2017). Based on above results, HyaAB-EP-Shell-2 nanoreactor system

could obtain more H2 production than HyaAB-EP-Shell-1, we first investigated the influence

of pH on in vivo H2 production for HyaAB-EP- Shell-2 under anaerobic conditions.

Increasing H2 generation was seen in Figure 3-7 as the pH decreased. The H2 evolution rate

of cells expressing HyaAB-EP-Shell-2 is 252,915.64 ± 2773.44 nmol H2 L-1 h-1 (n = 3) at pH

5, which was almost 6-times greater than that at pH 7 (41773.74 ± 1781.84 nmol H2 L-1 h-1, n
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= 3). The H2 evolution rate measured at pH 8 was 10289.31 ± 317.98 nmol H2 L-1 h-1, 4 times

lower than the H2 evolution rate at pH 7.

Figure 3-7. The effect pH on H2 production for HyaAB-EP-Shell-2. E. coli expressing
Shell-2-HyaAB-EP growing in different pH of LB medium under 37 ℃ until the OD600 up
to 0.6~0.8. IPTG inducing recombinant HyaAB-EP expression 4 hours after the Shell-2 was
induced via adding L-arabinose for total 16 hours under anaerobic conditions. The H2
production was test by gas chromatography. Error bars represent standard errors of the
mean of three biological replicates.

Previous studies have revealed that biohydrogen produced by hydrogenases could be

enhanced by the aid of formate hydrogenlyase (FHL) complex in anaerobic conditions

(Sawers, 2005; Yoshida et al., 2005). The FHL complex components found in E. coli include

formate dehydrogenase (FDH-H), hydrogenase 3 (Hyd-3), and electron transfer mediators

(Böhm R, 1990, Sauter M, 1992, Zinoni F, 1986). Formate is oxidised to CO2 and proton by

FDH-H, and proton is converted to H2 by Hyd-3 in E. coli (Sawers, 2005; Lacasse et al.,

2016). We investigated the effect of exogenous formate on hydrogen production in the E. coli

expressing HyaAB-EP-Shell-2 (Figure 3-8) at pH 5 under anaerobic conditions. Adding 20

mmol exogenous foramte into the LB medium enhanced H2 production by ~1.5 folds

(370,145.41 ± 6969.38 nmol H2 L-1 h-1, n = 3) compared with no foramte addition
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(252,915.64 ± 2772.44 nmol H2 L-1 h-1, n = 3, ***p = 0.0003, two-tailed unpaired t-test).

Adding 100 mmol exogenous foramte resulted in 1.53 ± 0.01 folds H2 production (387396.84

± 1503.73 nmol H2 L-1 h-1, n = 3) compared with no formate (****p < 0.0001, two-tailed

unpaired t-test). Our results showed a significantly increase in hydrogen production by adding

formate to 20 mmol final concentration similar to previous findings (Yoshida et al., 2005;

Jaoon YH Kim, 2010; Trchounian et al., 2012b).

Figure 3-8. The effect exogenous foramte on H2 production for HyaAB-EP-Shell-2.
Error bars represent standard errors of the mean of three biological replicates.

Formate is the product of glucose fermentation, which is widely applied in hydrogen

generation in E. coli under different conditions (Maeda et al., 2007a; Juanita Mathews, 2010;

Trchounian et al., 2012a; Trchounian et al., 2012b). We further studied the impact of 0.5%

and 1% (w/v) of glucose on H2 production for HyaAB-EP-Shell-2 under anaerobic conditions

at pH 5 (Figure 3-9). The H2 evolution rate at pH 5 is 280,267.5 ± 645.7 nmol L-1 h-1 (n = 3)

at 0.5% glucose and 301,430.0 ± 536.2 nmol L-1 h-1 at 1% glucose (n = 3), higher than the H2

production yield obtained without exogenous glucose (** p = 0.0023 for 0.5% glucose; *** p

= 0.0008 for 1% glucose).
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Figure 3-9. The effect of glucose on H2 production for HyaAB-EP-Shell-2. Error bars
represent standard errors of the mean of three biological replicates.

3.2.5 Shell encapsulation facilitates the catalytic performance of recombinant [NiFe]-

hydrogenase (in vitro)

The H2-evolution activities of isolated HyaAB-EP-Shell-1 and HyaAB-EP-Shell-2 were

determined by gas chromatography using varying concentrations of methyl viologen (MV) as

the electron donor (Figure 3-2a), which was chemically reduced by sodium dithionite. In the

assays, the HyaB-EP content was normalised and quantified using purified HyaAB-EP as

reference (Figure 3-10a, 3-10b). The maximum activity of free HyaAB-EP is 47.3 ± 1.6 nmol

H2 mg-1 min-1 at pH 8 (n = 3). It was shown, however, that the maximum hydrogen evolution

rates of HyaAB-EP-Shell-1 and HyaAB-EP-Shell-2 were 522.7 ± 47.9 nmol H2 mg-1 min-1 (n

= 3) and 543.4 ± 67.7 nmol H2 mg-1 min-1 (n = 3) at pH 8, respectively, around 11-fold

greater than that of free HyaAB-EP (Figure 3-10c), respectively. The amount of hydrogen

produced by both Shell-HyaAB-EP assemblies measured at 50 mM MV increased linearly as

a function of time, indicating that the hydrogen evolution process is catalytic (Figure 3-10d).

Under these conditions, both shell-HyaAB-EP assemblies produce remarkably more

hydrogen than free HyaAB-EP, demonstrating that the carboxysome shell-based nanoreactors
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could facilitate the H2 production activity of oxygen-tolerant [NiFe]-hydrogenases (Figure 3-

10a and 10b).

Figure 3-10. In vitro hydrogen production of the carboxysome shell-based
nanoreactors. (a) Immunoblot analysis of purified HyaAB-EP using an anti-His antibody.
Free HyaAB-EP was purified by immobilized-nickel affinity chromatography followed by
quantification by BCA protein assay kit. 2µl, 4µl, 6µl, and 8µl of HyaAB was loaded onto
each well of the gel, respectively. (b) Linear relationship between HyaAB content quantified
by BCA protein assay kit and the corresponding HyaB-EP content quantification by
immunoblot. The immunoblot analysis represent three biologically independent experiments.
Densitometric quantitation of HyaB-EP levels were determined using ImageJ.(c) H2

production activities (nmol H2 mg-1 min-1) of free HyaAB-EP, Shell-1-HyaAB-EP and Shell-
2-HyaAB-EP at pH 8 using different concentrations of reduced MV+ (sodium dithionite) as
the electron donor, fitted with Michaelis-Menten kinetics. Error bars show standard deviation
of the mean of three biological replicates. (d) Kinetic hydrogen production of free HyaAB-
EP, Shell-1-HyaAB-EP and Shell-2-HyaAB-EP using 50 mM MV as electron donor at pH 8.
Error bars show standard deviations of the mean of three biological replicates.

Then, we examined the O2 tolerance of HyaAB-EP-Shell-1 and HyaAB-EP- Shell-2 by

exposing the purified HyaAB-EP- Shell-1/2 and free HyaAB-EP to air for 24 hours, followed

by a degassing process and an in vitro activity assay (Figure 3-11a, 11b and 11c). Compared

to the activity observed before O2 exposure (Figure 3-11a), there was a reduction of activity

occurred for all the three sample after being exposed to O2. Free HyaAB-EP has only 12.9 ±

1.8% (4.2 ± 0.3 nmol H2 mg-1 min-1 (n = 3)) hydrogen production activity, both HyaAB-EP-

Shell-1/2 assemblies remained 79.6 ± 5.5% (371.3 ± 15.1 nmol H2 mg-1 min-1 (n = 3)) and

88.3 ± 2.6% (433.6 ± 8.3 nmol H2 mg-1 min-1 (n = 3)) hydrogen production activities at pH 8,

respectively (Figure 3-11b and 11c). These results not only confirmed that the oxygen-

tolerant feature of [NiFe]-hydrogenase but also the shells provides an enhanced oxygen-
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tolerant stability to the encased recombinant hydrogenase. Notably, the comparable

phenomenon was not present in the enzymatic activity of [FeFe]-hydrogenase (Li et al.,

2020).

Next, the HyaAB-EP- Shell-1/2 and free HyaAB-EP were treated at 65 ℃ for 20 mins under

anaerobic condition. The free HyaAB-EP preserved 33.0 ± 5.0% of activity (from 32.9 ± 2.7

nmol H2 mg-1 min-1 to 10.8 ± 1.4 nmol H2mg-1 min-1 at pH 8, (n = 3)) (Figure 3-11a, 11e and

11f). HyaAB-EP- Shell-1/2, in contrast, preserved 52.6 ± 3.2% and 54.0 ± 4.4% of the

activity were maintained (from 467.0 ± 16.8 nmol H2 mg-1 min-1 to 245.1 ± 6.6 nmol H2 mg-1

min-1 for HyaAB-EP-Shell-1 and from 491.4 ± 21.0 nmol H2mg-1 min-1 to 264.4 ± 12.1 nmol

H2mg-1 min-1 for HyaAB-EP-Shell-2, at pH 8, (n = 3)), respectively. Our results indicate that

high temperature could affect the activity and stability of [NiFe]-hydrogenase 1 of E. coli,

which is similar to previous studies (?); the protein shells could serve as the thermal protector

to maintain the encapsulated HyaAB-EP activity.
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Figure 3-11. The difference in [NiFe]-hydrogenase activity before and after O2
exposure. (a) The activity of [NiFe]-hydrogenase of free HyaAB-EP and HyaAB-EP-Shell-
1/2 before O2 exposure and 65 ℃ treatment. Each value represent the mean of three
independent samples and standard deviation. *** p = 0.0004 (the left), *** p = 0.0006 (the
right) (two-tailed unpaired t-test). (b) The relative activity of free HyaAB-EP and HyaAB-
EP-Shell-1/2 after oxygen exposure for 24 hours at 4 ℃, as a relative percentage of total
activities measured under anaerobic conditions in Figure 3-5c. Each value represent the
mean of three independent samples and standard deviation. *** p = 0.004 (the left), **** p
< 0.0001 (the right) (two-tailed unpaired t-test). (c) The activity of [NiFe]-hydrogenase of
free HyaAB-EP and HyaAB-EP-Shell-1/2 after O2 exposure for 24 hours at 4 ℃. Each
value represent the mean of three independent samples and standard deviation. *** p =
0.0006 (the left), *** p = 0.0001 (the right) (two-tailed unpaired t-test). (d) The relative
activity of free HyaAB-EP and HyaAB-EP-Shell-1/2 after 65 ℃ treatment for 20 mins, as a
relative percentage of total activities measured under anaerobic conditions in Figure 3-5e.
Each value represent the mean of three independent samples and standard deviation. *** p
= 0.001 (the left), **** p < 0.0001 (the right) (two-tailed unpaired t-test). (e) The activity of
[NiFe]-hydrogenase of free HyaAB-EP and HyaAB-EP-Shell-1/2 after 65 ℃ treatment for
20 mins. Each value represent the mean of three independent samples and standard
deviation. *** p = 0.0001 (the left), *** p = 0.0006 (the right) (two-tailed unpaired t-test).

To test whether the shells would maintain the activity of the encased HyaAB-EP for an

extended period of time, the isolated HyaAB-EP- Shell-1/2 and free HyaAB-EP were stored

at 4 ℃ for 7 days under anaerobic condition (Figure 3-12a, 12b and 12c). HyaAB-EP-Shell-

1/2 retained 16.7 ± 1.0% (77.6 ± 2.5 nmol H2 mg-1 min-1 at pH 8, (n = 3)) and 16.9 ± 0.3%

(83.2 ± 2.0 nmol H2 mg-1 min-1 at pH 8, (n = 3)) activity. However, free HyaAB-EP only
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maintained 1.7 ± 0.4% (0.6 ± 0.1 nmol H2 mg-1 min-1 at pH 8, (n = 3)) activity after 7 days

under anaerobic condition. These results demonstrated that the shells could maintain the

enzymatic activity of encased HyaAB-EP.

Figure 3-12. The difference in [NiFe]-hydrogenase activity for time treatment. (a) The
relative activity of free HyaAB-EP and HyaAB-EP-Shell-1/2 after 7 days at 4 ℃ under
anaerobic condition, as a relative percentage of total activities measured under anaerobic
conditions in Figure 3-6c. Each value represent the mean of three independent samples and
standard deviation. *** p = 0.0004 (the left), **** p < 0.0001 (the right) (two-tailed
unpaired t-test). (b) The activity of [NiFe]-hydrogenase of free HyaAB-EP and HyaAB-EP-
Shell-1/2 for 0 day at 4 ℃ under anaerobic condition. Each value represent the mean of
three independent samples and standard deviation. *** p = 0.0002 (the left), *** p = 0.0006
(the right) (two-tailed unpaired t-test). (c) The activity of [NiFe]-hydrogenase of free
HyaAB-EP and HyaAB-EP-Shell-1/2 after 7 days at 4 ℃ under anaerobic condition. Each
value represent the mean of three independent samples and standard deviation. *** p =
0.0003 (left), *** p = 0.0002 (the right) (two-tailed unpaired t-test).

3.3 Discussion

In our study, we investigated the H2 production activity of recombinant [NiFe]-hydrogenase 1

(hyaAB). We concluded that recombinant [NiFe]-hydrogenase 1 of E. coli could be

functionally expressed aerobically and anaerobically. Utilization of EPs is an effective

method for enzyme encapsulation, which showed in carboxysomes and other proteinaceous

organelles (Bobik et al., 1997; Sauvageot et al., 2002; Fan et al., 2010; Choudhary et al.,

2012; Kinney et al., 2012). Our results also confirmed that the C-termin of CsoS2 of α-

carboxysomes could function as an encapsulation peptide (EP) to encase [NiFe]-

hydrogenases into the shells (Figure 3-2c and 3-3).
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Our in vivo assays showed that there is a large amount of hydrogen production from Shells-

[NiFe]-hydrogenases under aerobic and anaerobic conditions as well as hydrogen production

is higher under anaerobic condition than aerobic condition (Figure 3-6b). [NiFe]-hydrogenase

of E. coli is an oxygen-tolerant hydrogenase and it operates H2 consumption under the

presence of O2 (Cracknell et al., 2009; Tatyana, 2001; Lukey et al., 2010; Evans et al., 2013,

Flanagan et al., 2016). In dissolved oxygen (DO) test (Figure 3-5), there were less air left in

the culture of Shells-[NiFe]-hydrogenase under aerobic condition after 16 hours (Figure 3-5a).

Besides, [NiFe]-hydrogenase was induced prior to the shells 4 hours for hydrogenase

maturation. During these four hours, the DO value from ~37% dropping in ~16% for Shells-

[NiFe]-hydrogenase cultures (Figure 3-5b), confirming it was still a aerobic condition. Thus,

it is a plausible explanation why hydrogen production under anaerobic condition more higher

than under aerobic condition.

We also tested the effect of the different pH of LB medium on H2 production under anaerobic

condition. The results shown the H2 evolution rate response to the shift of pH under anaerobic

conditions and a low pH could stimulate increased hydrogen production. Our results agrees

with the earlier study found that the H2 mechanism via [NiFe]-hydrogenase 1 of E. coli

dependent on the pH of the medium (King, 1999; Trchounian et al., 2012a).

Previous studies indicated the formate hydrogenlyase (FHL) complex is induced in E. coli by

exogenous formate (Rossmann, 1991; Mnatsakanyan et al., 2002; Mnatsakanyan N, 2004),

which promotes H2 production of hydrogenases in E. coli (Sawers, 2005; Yoshida et al.,

2005). Our experiments confirmed that the FHL complex plays a role in assisting

recombinant [NiFe]-hdyrogenase-1 to produce H2 by stimulation of sodium formate. Notably,

the price of exogenous formate (100g/£34.7 in Sigmaaldrich.com) is too high to benefit
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engineering applications. However, the fermentation of glucose into formate in E. coli

provides a significant output of hydrogen (Maeda et al., 2007a; Juanita Mathews, 2010;

Trchounian et al., 2012a; Trchounian et al., 2012b). Thus, we tested the effect of adding

0.5% and 1.0% (w/v) glucose to the medium on hydrogen production (Figure 3-9). There was

an increase in H2 production by adding 0.5% and 1.0% (w/v) glucose compared with the LB

medium without glucose. The substantial H2 production was verified once again by a similar

discovery (Bisaillon et al., 2006).

Our in vitro assays showed that Shell-[NiFe]-hydrogenases have a maximum H2 evolution

rate that is more than 10-fold greater than that of the free [NiFe]-hydrogenases (Figure 3-10),

indicating the α-carboxysomes shell plays a role in condensation of enzymes to boost activity.

In addition, the encapsulation of the α-carboxysome shell structure helped to retain the

[NiFe]-hydrogenases activity under O2 exposure, time, and temperature treatment (Figure 3-

11 and 3-12). Moreover, the selective permeability of carboxysome shells plays important

roles in preventing O2 diffuse into the shell and CO2 leakage (Dou et al., 2008;

Mahinthichaichan et al., 2018; Gao et al., 2022), providing a catalytically favorable

microenvironment for [NiFe]-hydrogenases to enhance hydrogen production.

Immunoblot analysis found that the purified HyaA-EP protein content was lower than the

purified HyaB-EP (Figure 3-2c and 3-3b) for pellet fractions, which might be a contributing

factor to the poor encapsulation effectiveness of the small subunit HyaA. However, HyaA is a

significant factor in hydrogen production because it contains [Fe-S] clusters that transfer

electrons to the catalytic active site of the large subunit HyaB (Adams and Hall, 1979;

Volbeda et al., 2013; Murphy, 2014). Furthermore, a recent study discovered that only

encapsulated HyaB encased in bacteriophage P22 capsid was unable to produce high-yield
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hydrogen (Jordan et al., 2016). Thus, it will be essential to increase expression of HyaA in

the future employing various promoters or expression circumstances (e.g. induction time,

induction temperature, the concentration of inducer). Previous investigation that the activity

of encapsulated [FeFe]-hydrogenase and free [FeFe]-hydrogenase was lost under O2 exposure

(?), whereas [NiFe]-hydrogenase was found to be unaffected, making [NiFe]-hydrogenase a

better candidate for biohydrogen generation (Cracknell et al., 2009; Lukey et al., 2010; Evans

et al., 2013).
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Chapter 4 Structural basis for the

CsoS2-mediated α-carboxysome shell

assembly
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4.1 Introduction

Organelles confine specific biochemical pathways within the cell to enhance metabolic

efficiency, alleviate metabolic crosstalk, and facilitate spatiotemporal regulation of

sequestered pathways (Kerfeld et al., 2010). Apart from eukaryotes, in the past decade,

advances in bioinformatics, imaging, and cell physiology have demonstrated that bacteria

have also evolved subcellular organelles, including bacterial microcompartments (BMCs), to

compartmentalize metabolism (Greening and Lithgow, 2020).

Carboxysomes are anabolic BMCs for autotrophic CO2 fixation in all cyanobacteria and

many chemoautotrophs (Hennacy and Jonikas, 2020; Liu et al., 2021a; Liu, 2021b). The

carboxysome is composed of a polyhedral shell that encapsulates the key CO2-fixation

enzyme, ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), and carbonic

anhydrase (CA) (Rae et al., 2013; Faulkner et al., 2017; Sun et al., 2019). The carboxysome

shell acts as a selectively permeable barrier, allowing the influx of HCO3- and ribulose 1,5-

bisphosphate (RuBP) while precluding O2 influx and CO2 leakage (Faulkner et al., 2020).

The co-encapsulated CA then dehydrates HCO3- to CO2, the substrate for Rubisco

carboxyslation (Price et al., 2008; Long et al., 2021). The intriguing structural features of

carboxysomes are fundamental for maximizing CO2 assimilation and reducing the

unproductive RuBisCO oxygenation, thereby allowing carboxysomes to make substantial

contributions to global carbon fixation and primary production (Rae et al., 2013).

The carboxysome from the chemoautotroph Halothiobacillus neapolitanus, which was

classified as the α-type (Rae et al., 2013; Kerfeld and Melnicki, 2016), has been used as a

model system in fundamental studies and synthetic engineering. The H. neapolitanus α-

carboxysome proteins are encoded by several genes that are mostly clustered in a single cso
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operon. The shell comprises numerous protein paralogs, including three types of hexameric

proteins (BMC-H, CsoS1A/B/C), one trimeric pseudohexamer CsoS1D (BMC-T), and two

forms of pentameric proteins (BMC-P, CsoS4A/B). CsoS1A/B/C and CsoS1D assemble to

form the shell facets, whereas CsoS4A/B proteins occupy the vertices of the polyhedral shell.

It is presumed that α-carboxysome biogenesis adopts the ‘Shell first’ or ‘Concomitant shell–

core assembly pathways, which is supported by recent studies showing that native-like α-

carboxysome shells can form without cargos (Li et al., 2020).

In the α-carboxysome, a high-abundance component, CsoS2, functions as a linker protein to

mediate the association between the shell and cargo enzymes. Previous results suggested that

the N-terminal domain of CsoS2 binds with Rubisco and induces Rubisco condensation

(Oltrogge et al., 2020), whereas its C-terminus associates with the shell (Cai et al., 2015a)

and CsoS2 is necessary for the assembly of intact α-carboxysome shells (Li et al., 2020).

However, how CsoS2 interacts with the shell and governs shell assembly remains mysterious.

Production of synthetic BMC shells provide a means for evaluating the assembly mechanisms

and pairwise interactions that drive shell formation (Sutter et al., 2017; Greber et al., 2019;

Sutter et al., 2019b; Kalnins et al., 2020; Tan et al., 2021c). Here, we synthetically

engineered miniaturized α-carboxysome shells and conducted high-resolution cryo-electron

microscopy, in collaboration with Prof Peijun Zhang at Oxford University, to characterize the

structural variations of the resulting shell assemblies. This study provides a mechanistic

insight into the binding of CsoS2 with multiple shell proteins and CsoS2-mediates α-

carboxysome shell assembly.
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4.2 Results

4.2.1 Generation of synthetic α-carboxysome mini-shells

It has been demonstrated that native-like α-carboxysome shells can be formed by expressing

all the shell components encoded by the cso operon in E. coli (Li et al., 2020) (Figure 4-1a).

To investigate the molecular principles driving carboxysome shell formation and the role of

CsoS2 in α-carboxysome shell assembly, we designed two types mini-shell constructs, mini-

shell-1 and mini-shell-2 (Figure 4-1b and 4-1c), comprising two genes encoding CsoS1A and

CsoS4A, the major BMC-H (pfam00936) and BMC-P (pfam03319) proteins respectively

(Sun et al., 2021), as well as the csoS2 gene encoding the linker protein CsoS2 (pfam12288)

in the mini-shell-2 construct. CsoS1A is a cyclic hexamer with six monomeric subunits

forming a central pore (Tsai et al., 2007b); CsoS4A displays a pentagonal shape, capping the

vertices of a polyhedral shell (Tanaka et al., 2008a) (Figure 4-1d).

Figure 4-1. Constructs of α-carboxysome mini-shells. (a) Genetic organization of the
native-like α-carboxysomes operon from H. neapolitanus. (b) PCR-based confirmation of
mini-shell 1, mini-shell 2, and mini-shell 3. The size (bp) of the PCR fragments were
indicated (red). (c) The synthetic mini-shells operons. S2 is csoS2, S4A is csoS4A, S1A is
csoS1A. (d) Model of CsoS1A hexamer and CsoS4A pentamer (PDB ID: CsoS1A:
2EWH/2G13; CsoS4A: 2RCF).

Expression of the mini-shell-1 and mini-shell-2 constructs in E. coli both led to generation of

higher-ordered shell architectures, as shown by protein electrophoresis and electron

microscopy (EM) (Figure 4-2a and 4-2c). The results indicated that the hexamer CsoS1A and

the pentamer CsoS4A represent the minimal components required for α-carboxysome shell

assembly, supported by recent finding (Tan et al., 2021b). Dynamic Light Scattering (DLS)
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indicates that the majority of shell assemblies in mini-shell-1 have a diameter of ~23 nm,

whereas the shell assemblies in mini-shell-2 have two major populations, with the diameters

of ~35 nm and ~22 nm (Figure 4-2b). Variable shell sizes (T = 9, T = 4, and T = 3) in these

assemblies are also apparent in cryo-EM micrographs (Figure 4-3).

Figure 4-2. Characterisation of the mini-shells generated from mini-shell-1 (CsoS4A-
CsoS1A) and mini-shell-2 (CsoS2-CsoS4A-CsoS1A). (a) SDS-PAGE revealed the major
protein components of purified mini-shells from mini-shell-1 and mini-shell-2. (b)
Dynamic light scattering (DLS) of the mini-shells from mini-shell-1 and mini-shell-2. (c)
Electron microscopy (EM) images of purified mini-shells from mini-shell-1 and mini-
shell-2. Scale bar is 200 nm.

Using single particle cryo-EM, we determined structures of three different shell assemblies

with icosahedral symmetry of T = 9 from mini-shell-2 sample at 1.86 Å resolution, and T = 4
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and T = 3 from mini-shell-1 sample at 3.54 Å and 2.79 Å resolution, respectively (Figure 4-

3a). The T=3 shell has a diameter of 21.8 nm, containing 20 CsoS1A hexamers and 12

CsoS4A pentamers, whereas the T=4 shell, about 10% in the mini-shell-1 sample, has a

diameter of 24.6 nm, composed of 30 CsoS1A hexamers and 12 CsoS4A pentamers (Figure

4-3b and 4-3d). Incorporation of CsoS2 within the shell assemblies (mini-shell-2 sample)

resulted in predominantly the formation of larger T=9 shells with a diameter of 36.9 nm, in

addition to the minor population of T=4 shells (~10%) (Figure 4-3c and 4-3d). The T=4 shell

(mini-shell-2 sample) consists of 80 CsoS1A hexamers and 12 CsoS4A pentamers, as well as

60 CsoS2 proteins that are located at the inner surface of the shell. In contrast, the CsoS2

density is absent in the T=3 shells within the mini-shell-2 sample. This T=4 shell structure

appears in mini-shell-2 identical to the T=4 shell derived from the mini-shell-1 construct,

albeit at lower resolution (Figure 4-3b, 3c, 3d).
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Figure 4-3. Cryo-EM analysis of α-carboxysome mini-shells. (a) Cryo-EM structures of
three different mini-shell forms, with icosahedral symmetry of T=9, T=4 and T=3,
respectively. The diameter of mini-shells are indicated. Mini-shell components are
coloured in purple (CsoS4A pentamer), blue/green (quasi-equivalent CsoS1A hexamer)
and red (CsoS2) which is only present in the T=9 mini-shell. (b-c) Representative cryo-
electron micrographs of mini-shells produced from mini-shell-1 (b) and mini-shell-2 (c),
respectively. Boxed particles have different sizes: blue, large mini-shells (T=9); red,
medium mini-shell (T=4); and green, small mini-shell (T=3). Scale bars: 50 nm. (d).
Distribution of mini-shell forms assembled with mini-shell-1 construct (gray, total 177,237
mini-shells) and mini-shell-2 construct (black, total 137,690 mini-shells)

All the shell proteins in these α-carboxysome mini-shells are in the same orientation

(concave-out), similar to those in the previous studies (Kalnins et al., 2020, Sutter et al., 2017,

Tan et al., 2021c), indicating the universal “concave-out” orientation of shell proteins within

diverse BMC architectures. Consequently, the outer surfaces of the mini-shells are formed by

the concave sides of CsoS1A hexamers and CsoS4A pentamers, which are largely positively

charged, whereas the inner surfaces of T=3 and T=4 shells are predominantly negatively

charged (Figure 4-4). The presence of positively charged CsoS2 at the inner surface of the

T=9 shell makes the inner surface less charged (Figure 4-4).



Chapter four: Structural basis for the CsoS2-mediated α-carboxysome shell

86

Figure 4-4. Electrostatic potential maps of the outer and inner surfaces (top and
bottom) of the T=3, T=4, and T=9 mini-shells. Both CsoS1A and CsoS4A have concave
and convex sides, which differ in the conformation and surface electrostatics. Negative
potential is colored red and positive potential is colored blue over a ±5 kT/e range. Maps
were calculated using the APBS plugin in Pymol.

4.2.2 Structural plasticity of shell proteins and protein-protein interactions

Our results showed that the three different sized shells are built of essentially the same

CsoS1A hexamers and CsoS4A pentamers, following the T=3, T=4 and T=9 icosahedral

symmetry (Figure 4-5a, 5b, 5c), with the RMSD range of 0.180-0.231 Å and 0.240-0.251 Å,

respectively. Superimposing the cryo-EM structures of CsoS1A hexamers and CsoS4A

pentamers in the shell assemblies with the X-ray crystal structures of CsoS1A in a P6 lattice

(PDB: 2EWH) and CsoS4A (PDB: 2RCF) reveals slight deviations at their intermolecular

interfaces, with the overall RMSD range of 0.290-0.337 and 0.370-0.437, respectively (Table

4-1). A comparison of the basic higher-order assembly unit (1 CsoS4A pentamer + 2 CsoS1A

hexamer) of the three mini-shells suggests the interfaces are highly consistent (Figure 4-5d).
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Figure 4-5. Structurally conserved shell proteins with plastic assembly interfaces. (a)
The overall organization T=9 mini-shell, with assembly interfaces 1 to 4 between
capsomeres labelled. Interfaces 3 and 4 are unique to T=9 shell. (b-c) Overlay of hexamer
(CsoS1A) (b) and pentamer (CsoS4A) (c) structures from T=9 (blue/green), T=4 (gray),
and T=3 (orange) mini-shells, in top and side views. (d) Overlay of the basic higher-order
assembly unit comprising one pentamer (CsoS4A) and two hexamers (CsoS1A), from three
mini-shells. CsoS2 (red) is only present in the T=9 mini-shell. T=9’ means CsoS1A model
of H. neapolitanus α-carboxysomes.

However, the three shells are of different diameters and different curvatures, with the T=9

shell least curved. We therefore analyzed the relative orientations between CsoS1A hexamers

and between the Cso1A hexamer and CsoS4A pentamer. The angles between CsoS4A and

CsoS1A at the hexamer-pentamer interfaces vary slightly from 30° to 35° (Figure 4-6a). At

this interface, Lys29, Glu32, Arg62, Asp66, and Arg83 of CsoS1A interact with Thr9, Gly20,



Chapter four: Structural basis for the CsoS2-mediated α-carboxysome shell

88

His21, Gly43, Asp48, Ile77, and Asp78 of CsoS4A via hydrogen bonds and salt bridges

(Figure 4-6d). In contrast, the angles between two neighbouring hexamers vary substantially

in these different mini-shells (Figure 4-6b and 6c): the hexamers connecting pentamers

between two vertices of the shell bind side-by-side in a planar fashion, whereas the hexamers

surrounding the same pentamer are tilted by 30° to 43°, similar to the angles measured in

other BMC mini-shells (Sutter et al., 2017). The major interactions driving the inter-hexamer

interaction are hydrogen bonds and salt bridges formed by residues Asn58, Arg62, Arg83

(Figure 4-6d). Despite a large deviation of the tilt angle, from 0° to 43°, the interactions at the

interface between adjacent hexamers appear consistent (Figure 4-6c). Our results demonstrate

that the same structural components, CsoS1A hexamers and CsoS4A pentamers, can

construct three different mini-shell structures with variable sizes and symmetry, and suggest

that the plasticity of hexamer interfaces contributes to the local curvature and thus, the

polymorphism of carboxysomes.

Table 4-1. Root mean square deviation (RMSD) of superimposed CsoS1A and CsoS4A
structures obtained from X-ray crystallography and cryo-EM (in this study)

CsoS1A

PDB: 2EWH T3-H T4-H
T3-H 0.335 - -
T4-H 0.290 0.232 -
T9-H 0.337 0.219 0.180

CsoS4A

PDB: 2RCF T3-P T4-P
T3-P 0.435 - -
T4-P 0.437 0.240 -
T9-P 0.370 0.241 0.251
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Figure 4-6. Variation of inter-hexamer and hexamer-pentamer interfaces in different
sized mini-shells. Overlay of interface 1 (a) and interface 2 (b) from T=9 (blue), T=4
(gray) and T=3 (orange) mini-shells, viewed from top (left) and side (right). (c) Overlay of
interfaces 2, 3 and 4 from T=9 only, aligned to the shared hexamer. There is a 43 
difference in curvature. (d) Details of interacting residues in the dimer interfaces 1 to 4 in
the T=9 mini-shell (dashed boxes in a-c).

4.2.3 Multivalent interactions of CsoS2 with shell proteins

It has been proposed that CsoS2 functions as the linker protein between the shell and cargo

enzymes and is a vital component in α-carboxysome biogenesis (Cai et al., 2015a). Genetic

deletion of the csoS2 gene resulted in the lack of carboxysomes in the H. neapolitanus cells

and high CO2-requiring phenotypes (Cai et al., 2015a). CsoS2 is a large polypeptide (~900

residues) and is composed of three regions: a N-terminal region, a middle region, and a C-

terminal region (Cai et al., 2015a; Chaijarasphong et al., 2016; Oltrogge et al., 2020) (Figure

4-8a and 8b). Repetitive arrangements have been identified in the CsoS2 N- and M-regions,

which have varying numbers among species; for example, the H. neapolitanus CsoS2

contains 4 N-repeats and 6 M-repeats (Cai et al., 2015a) (Figure 4-7a and 7b). Previous

studies have suggested that the CsoS2 N-terminal domain binds with Rubisco, playing roles
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in mediating Rubisco condensation and α-carboxysome assembly (Oltrogge et al., 2020),

whereas the C-terminus of CsoS2 binds with the shell (Cai et al., 2015a) and serves as an

encapsulation peptide for cargo recruitment (Li et al., 2020). However, how CsoS2 interacts

with shell proteins to drive shell assembly has remained enigmatic.

The cryo-EM structure of the T=9 mini-shell at 1.86 Å resolution enables the first structural

characterization of CsoS2 and its interactions with the shell at atomic level (Figure 4-7c).

Despite the C-terminus of CsoS2 has been labelled as intrinsically disordered (Figure 4-7a

and 7b), it is clearly resolved in the cryo-EM map (Figure 4-8d), allowing unambiguous

assignment of amino acid residues of three regions of the CsoS2 C-terminus: F1,

Arg712−Arg731; F2, Leu773−Gly823; F3, Glu829−Gly869 (Figure 4-7d, 7e, 7f, 7g, 7h). The

region between F1 and F2 (including 42 amino acid residues) was not resolved likely due to

its structural flexibility; the relative position of F1 and F2 from the same polypeptide is

therefore uncertain. Although the density between F2 and F3 (6 amino acid residues) is weak,

it still allows us to assign the connectivity between the two regions. Overall, it is explicit that

the CsoS2 C-terminus is completely encapsulated inside the shell and that the C-terminal tail

is not exposed to the cytoplasm as previously proposed (Cai et al., 2015a).

The CsoS2 C-terminal regions form multiple hydrogen bonds and salt bridges with both

CsoS1A and CsoS4A, implicating a strong anchoring of CsoS2 to the shell inner surface

(Figure 4-7b and 7c). Detailed interface analysis reveals that the F1, F2, and F3 fragments

form three distinct interfaces with the inner surface of the T=9 shell (Figure 4-7e, 7f, 7g). F1

interacts with the interfaces between three CsoS1A hexamers (H1, H5, H6), via hydrogen

bonds and salt bridges driven by Gly, Leu, Thr, and Arg residues (Figure 4-7i). F2 form

intensive interactions with the inter-hexamer interface between three hexamers (H1, H2, H4).
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F3 connects the interfaces between one pentamer (P) and two hexamers (H1, H3), with the

extreme C-terminus buried inside the cavity formed by the interface. In all the interfaces,

CsoS2-C associates tightly with three shell proteins simultaneously, which essentially

“stiches” all building blocks together at the inner surface of the T=9 shell, forming a

“molecular thread” specific to the assembled carboxysomal shell.
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Figure 4-7. CsoS2 stabilizes the shell through multivalent interactions with shell
proteins and highly conserved interfaces via novel I(V)TG repeats. (a) The domain
arrangement of CsoS2. (b) AlphaFold structure prediction of CsoS2. The predicted model
is coloured according to model confidence scores (pLDDT) as indicated. The N- and C-
termini and domains are labelled. (c) Localization of CsoS2 at the inner surface of T=9
shell assembly, shown as a central slice. Shell proteins are coloured the same as in Figure
4-5a. Inset shows a close-up view. (d) CsoS2 interactions with shell components, viewed
from inside. Three structured fragments in the C-terminal domain, F1, F2 and F3, are
labelled. (e-g) Interaction interfaces between CsoS2 F1(e), F2 (f) and F3 (g) fragments
with mini-shell components, CsoS1A (blue/green) and CsoS4A (purple). (h) Sequence of
CsoS2 C-terminal F1, F2 and F3 fragments from 100 CsoS2 sequences, plotted with
Weblog. Asterisks indicate the conserved repeating I(V)TG motif present in each fragment.
(i) Alignment of CsoS2-CsoS1A interacting motifs marked by asterisks in (h).
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4.2.4 CsoS2-C promotes shell assembly

Our cryo-EM and DLS results demonstrated that CsoS2 promotes generation of larger shell

assemblies and that all three CsoS-C fragments, F1-F3, form contacts with the shell (Figure

4-2, 4-3, and 4-7). We further tested the effects of the anchoring of CsoS2-C fragments.

Truncated CsoS2 C-termin with various numbers of the binding regions were generated

(Figure 4-8a), and the efficiency of shell formation was evaluated by comparing the

abundance of shell proteins in the free form and the assemblies (Figure 4-8b). With the

decrease in the numbers of CsoS2 C-terminus binding regions, the formation efficiency of

higher-ordered shell assemblies declines gradually, implying their roles in promoting shell

assembly (Figure 4-8c). Taken together, our data demonstrate that the CsoS2-C not only

serves as an encapsulation linker peptide for cargo recruitment as previously reported (Li et

al., 2020), but also plays a key role in α-carboxysome shell assembly and stability.

It appears that the interface created by two neighbouring hexamers with the same pentamer is

very similar among these three mini-shell assemblies (Figure 4-5 and 4-6). This interface in

the T=9 shell is responsible for the interactions with CsoS2-F3 (Figure 4-7g). In principle, the

same interface in the T=3 and T=4 shells, as well as in the intact α-carboxysome shell, should

enable the binding of F3. The interaction between F3 and the pentamer-hexamer interface

implies the specific stoichiometric ratio of CsoS2 and BMC-P, and the number of CsoS2 in

native α-carboxysome could be maximally 60 copies. However, it has been estimated that

there are approximately 192 copies of CsoS2B within the α-carboxysome from H.

neapolitanus (Sun et al., 2021) and 163 copies of CsoS2 within the α-carboxysome from

Prochlorococcus marinus MED4 (Roberts et al., 2012), suggesting that other binding sites of

CsoS2 to the α-carboxysome shell may exist. The other two inter-hexamer interfaces

responsible for F1 and F2 interactions in the T=9 shell are absent in the T=3 and T=4 shells
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(Figure 4-7e and 7f), therefore deterring efficient encapsulation of CsoS2 within these mini-

shells. On the other hand, the smaller volume of the T=3 and T=4 shells would not allow

efficient packaging of CsoS2 with a full occupancy. Given the molecular weight of intact

CsoS2 (~92 kDa, equivalent to 110.769 nm3/particle with a spherical diameter of ~6.0 nm),

the T=9 shell with the inner radius of 14 nm could accommodate up to 103 copies of CsoS2,

whereas the T=4 shell (inner radius of 8.8 nm) and the T=3 shell (inner radius of 7.2 nm) can

maximally accommodate 26 and 14 copies, respectively.

Figure 4-8. Mini-shell structures with minimal CsoS2 fragments. (a) Truncated CsoS2
C-terminus with various numbers of the binding regions were generated. (b) Immunoblot
analysis of the formation of the mini-shell structures with truncated C-terminal of CsoS2
via using anti-CsoS1A antibody (Agrisera, AS142760, US). (c) The efficiency of the
formation of mini-shell with truncated C-terminal of CsoS2. The efficiency of the
formation decreases along with the reduction in the numbers of the C-terminal regions.

4.2.5 Foreign cargo proteins can be incorporated into the mini-shells

We have confirmed that CsoS2 C-terminus could as the encapsulated peptide to incorporate

cargo into the α-carboxysome shells (Li et al., 2020). We fused CsoS2 C-terminus to a pH-

sensitive green fluorescent protein, pHluorin2 (Mahon, 2011), to determine the encapsulation

ability of the mini-shells. The results showed that the pH-sensitive green fluorescent protein

could be incorporated into the mini-shell-1 and -2 by CsoS2 C-terminus as encapsulated

peptide. The pHluorin2 content in each sucrose gradient fraction was determined via
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immunoblot analysis and fluorescence detection (Figure 4-9a). The structures of isolated

mini-shells encapsulating pHluorin2 were examined by EM (Figure 4-9b). Moreover, DLS

analysis showed that the average diameters of isolated mini-shell-1-pHluorin2 and mini-shell-

2-pHluorin2 were 27.1 ± 0.07 nm (n = 3) and 40.2 ± 1.04 nm (n = 3), respectively (Figure 4-

9c). DLS of mini-shell-1 and mini-shell-2 in Figure 4-2b and Cryo-EM results in Figure 4-3

showed the size of mini-shell-2 is large than mini-shell-1. Besides, there was a significant

difference in size between mini-shell-1 (T = 3) with mini-shell-1-pHluorin2 (p**** < 0.0001,

two-tailed unpaired t-test) and between mini-shell-2 (T =9 ) with mini-shell-2-pHluorin2 (p**

= 0.0048, two-tailed unpaired t-test). These results indicated that the cargo protein could be

encapsulated into mini-shells by the C-terminus of CsoS2 as encapsulated peptide. Further

research is required to determine how cargo proteins encapsulate inside the shell and how the

size of the shell change.

Figure 4-9. Cargo encapsulation within mini-shells. (a) Immunoblot analysis and
fluorescence image of purified mini-shell-1/2-pHluorin2 samples. Each sucrose fractions
from 10% to 50% was performed using anti-GFP antibody (Agrisera, AS204443, US) and
anti-CsoS1A antibody (Agrisera, AS142760, US), respectively. pHluorin2 fluorescence
signals of each sucrose fraction was shown by 480 nm LED illumination (Bio-Rad, US).
(b) EM of pHluorin2 within mini-shells, using 40% sucrose fractions. Scale bar is 500 nm.
(c) DLS of pHluorin2 within mini-shells, using 40% sucrose fractions.
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4.3 Conclusion

Carboxysomes are a paradigm of self-assembling protein organelles designed in nature,

offering compartmentalisation of enzymes and pathways to enhance carbon fixation. Given

their significance in global carbon cycle, carboxysomes are gaining increasing attention from

fundamental studies and synthetic engineering, with the intent of generating metabolic

factories for sustainably turbocharging carbon fixation and primary production. In this study,

we established the pipelines to produce recombinant α-carboxysome mini-shells and study

the structural principles underlying shell assembly and encapsulation. Our results provide

insight into the physical association between the shell and the linker protein CsoS2, which is

vital for encapsulation of cargo enzyme, and the architectures and modulation of mini-shell

assemblies mediated by CsoS2. Advanced knowledge may offer new strategies for design

and engineering of carboxysome shell-based nanobioreactors and new cages in diverse

biotechnological applications, such as enhancement of biocatalysis, food and energy

production, molecule delivery, and therapeutics.
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Chapter 5 Engineering of simplified α-

carboxysomes in E. coli
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5.1 Introduction

Cells are able to delegate and govern metabolic processes by self-assemble protein-organelles

and molecular-complex, which is important for environmental adaption (Chen and Silver,

2012; Long et al., 2018; Li et al., 2020). The protein-organelles, BMCs, are an excellent

example to illustrate how a polyhedral protein shell is formed to enhance and modify cellular

metabolism in the organism in question (Chen and Silver, 2012; Liu, 2016). BMCs are found

among bacterial phyla (Axen et al., 2014; Sutter et al., 2021) and they sequester enzymes

involved in CO2 fixation and diseases (Yeates et al., 2008a; Yeates et al., 2010; Bobik et al.,

2015). Carboxysomes, a family of BMCs, are widespread in cyanobacteria and some

chemoautotrophs (Axen et al., 2014; Kerfeld et al., 2018; Liu, 2021a; MacCready and

Vecchiarelli, 2021; Sutter et al., 2021). The carboxysome shell encases RuBisCO and

concentrates CO2 near to Rubisco to enhance the catalytic efficiency (Figure 5-1a)

(Holthuijzen, 1987; Rae et al., 2013; Fang et al., 2018; Liu, 2021a). Carboxysomes can be

divided into two categories based on the classes of RuBisCO contained. α-carboxysomes

include Form 1A RuBisCO in α-cyanobacteria and some chemoautotrophs, whereas β-

carboxysomes encapsulate Form 1B RuBisCO and are present in β-cyanobacteria (Kerfeld

and Melnicki, 2016; Turmo et al., 2017a).

Recombinant expression of α-carboxysomes has been performed in E. coli and

Corynebacterium glutamicum, which demonstrated that α-carboxysomes could correctly

assembled with detectable Rubisco activity (Cai et al., 2008; Bonacci et al., 2012; Baumgart

et al., 2017; Chen et al., 2021). The β-carboxysome structures of Synechococcus elongatus

PCC7942 have also been engineered in E. coli (Fang et al., 2018). In addition, the β-

carboxysomal Rubisco has been expressed in the chloroplasts of Nicotiana benthamiana in

the presence of CcmM35 (Lin et al., 2014a). A simplified α-carboxysome contain Rubisco
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(RbcL and RbcS), CsoS1A and CsoS2 from Cyanobium marinum PCC7001 were also

generated in the tobacco chloroplasts (Long et al., 2018). Self-assembly allows carboxysomes

to be excellent candidates in different hosts to improve photosynthesis (Lin et al., 2014c;

Long et al., 2018) and to generate new bio-nanoreactors for the development of metabolic

pathways (Gonzalez‐Esquer et al., 2016).

Empty BMC shells have also been generated in E. coli, with the variety of functions and

morphologies (Tanaka et al., 2008a; Sutter et al., 2017; Sutter et al., 2019b; Kalnins et al.,

2020; Li et al., 2020; Tan et al., 2021a). A variety of expression systems have been used to

produce the cso operon of H. neapolitanus encoded α-carboxysomes, demonstrating that the

size of the α-carboxysome was variable (Chen et al., 2021). Among the shell variants, the

self-assembly of minimal-shell only required the presence of two shell proteins, BMC-H

(CsoS1A) and BMC-P (CsoS4A) (Tan et al., 2021a). BMC-H and BMC-P proteins have

critical functions in forming the polyhedral shell and control the transit of substrate and

product molecules in and out of the shell (Kerfeld et al., 2018). For examples, CsoS1 of H.

neapolitanus is the hexametric protein, which tile together to form the facets of the α-

carboxysomes with the pores that transfer metabolic substrates in and out of the shell (Tsai et

al., 2007a; Mahinthichaichan et al., 2018). CsoS4 of H. neapolitanus is a pentameric protein,

which occupies the vertex of shell to close the carboxysomes (Cai et al., 2009). Besides, the

icosahedral shape of the α-carboxysomes is unaffected by the deletion of CsoS4 (Cai et al.,

2009). We have expanded the application of α-carboxysome shells by incorporating [FeFe]-

hydrogenases (Li et al., 2020) and [NiFe]-hydrogenases (in Chapter 3), using the

encapsulation peptide (the C-terminus of CsoS2), to generate new nanobioreactors to boost

hydrogen production. In Chapter 4, we have demonstrated the three identified regions of the

C-terminus of CsoS2 binding to the shell protein CsoS1A and CsoS4A, resulting in
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producing a large mini-shell (T = 9, 36.9 nm in diameter). Except for this, it has been

established that the N-terminal of CsoS2 interacts with RuBisCO, and the ability to form

carboxysomes was limited by the numbers of the N-peptide repeat of CsoS2 (Oltrogge et al.,

2020). These findings indicate that CsoS2, an intrinsically disordered protein (Cai et al.,

2015a), is required for α-carboxysome self-assembly. In-depth knowledge of carboxysome

composition and assembly mechanism is essential for repurposing carboxysomes for new

functions in synthetic biology.

Here, Simplified α-carboxysomes (Simpl-CBs) synthesis from H. neapolitanus is described,

which might be used as a model system to provide insights into the assembly principles of α-

carboxysomes and develop new routes for biotechnological applications. We showed that the

Simpl-CBs can be produced utilizing RuBisCO (CbbL/S), CsoS2 and CsoS1A, as well as has

RuBisCO activity. The study highlights the structural plasticity and flexibility of native α-

carboxysomes.

5.2 Results

5.2.1 Expression of Simpl-CBs in E. coli

The cso operon of the carboxysome from H. neapolitanus was expressed in E. coli and

resulted in the production of a native-like α-carboxysome that exhibited RuBisCO activity

(Cai et al., 2008; Bonacci et al., 2012; Chen et al., 2021) (Figure 5-1b). In Chapter Four, we

showed that a mini-shell structure (T =3) formation only requires two shell genes (csoS1A

and csoS4A). These findings point to a synthetic simple α-carboxysome generation as our

primary focus. The N-terminal region of CsoS2 contains four repetitive motifs, which is
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binding to Rubisco and the production of carboxysomes is restricted by the amount of the

repeat motifs (Oltrogge et al., 2020).

To generate a simplified α-carboxysome, the cbbLS, csoS2, and csoS1A genes were inserted

into the plasmid pBAD that was driven by the araBAD promoter (Figure 5-1b and 1c) and

expressed in E. coli induced by L-arabinose at 25 ℃ for 16 hours. SDS-PAGE of cell extracts

of Simpl-CBs showed the expression of the shell proteins (CsoS1A/B/C), Rubisco large and

small subunits (CbbL and CbbS), and the shell-associated protein CsoS2B and CsoS2A

(Figure 5-1d), consistent with previous studies ( Liu et al., 2018a; Chen et al., 2021; Sun et

al., 2021). Here, the plasmid pBAD33-S1D (α-CBs), from the Liu Lab at University of

Liverpool as a control, was also expressed in E. coli by L-arabinose induction at the same

condition. SDS-PAGE of cell extracts of synthetic α-CBs showed the genes encoding the

protein components CsoS2, Rubisco large and small subunit proteins as well as CsoS1A/B/C

were expressed (Figure 5-1d), consistent with previous finding (Chen et al., 2021).
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Figure 5-1. Construct of Simpl-CBs. (a) The schematic model of α-carboxysome and
metabolic pathway. CA is a shell-associated β-carbonic anhydrase; Rubisco is Form 1A
ribulose-1,5-bisphosphate carboxylase/oxygenase. RuBP is ribulose-1,5-bisphosphate;
3PGA is the 3-phosphoglycerate. (b) The genetic organizations of the synthetic cso operon
and Simpl-CB operon. The synthetic cso operon was a gift from the Liu Lab at the
University of Liverpool (Chen et al., 2021). (c) The PCR products of Simpl-CBs, 1 shows
the PCR product of Simpl-CB operon genes using sequences primers in Table 2-2
(Chapter 2); 2 in Chapter 2 (Materials and Methods) is the PCR product of cbbLS genes
via using cbbL gene forward primer and sequence reverse primer; 3 is the PCR product of
csoS2 gene via using csoS2 gene forward primer and sequence reverse primer; 4 is the
PCR product of csoS1A via using csoS1A gene forward primer and sequence reverse
primer. (d) SDS-PAGE results of whole cell of Simpl-CB and α-CB.

5.2.2 The purified synthetic Simpl α-carboxysomes

The synthetic Simpl-CBs can be isolated by following the α-carboxysome purification

protocol as described in Chapter 2 (Materials and Methods). As a control, recombinant intact

α-carboxysomes were expressed using a plasmid pBAD33-α-CB including the cbbL/S, csoS2,

csoSCA, csoS4A/B, and csoS1C/A/B/D genes under the control of an araBAD promoter

(Figure 5-1b) induced by L-arabinose, and were isolated using sucrose gradient centrifugation

(see Chapter 2, Materials and Methods). SDS-PAGE was used to analyze every sucrose

fraction of isolated Simpl-CBs and intact α-CBs (Figure 5-2). Using 75 ng of total protein

content from each sucrose fraction, the CbbL/S, CsoS1A, and CsoS2B bands were shown to

be stronger in 30 % and 40 % sucrose fractions than in the other sucrose fractions for isolated
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Simpl-CBs. The CsoS2A band is weaker than that of CsoS2B, perhaps owing to low

expression levels. For the isolated intact α-CBs, the CbbL/S, CsoS1A/B/C, CsoS2B and

CsoS2A protein bands appeared in sucrose fractions ranging from 20% to 50%, with the

strongest bands appearing in 30% and 40% of the sucrose fractions. Following, immunoblot

analysis of CbbL by using an anti-RbcL antibody (Agrisera, US) indicated that the 40%

sucrose fraction had the highest protein concentration for both Simpl-CBs and intact α-CBs

compared to other fractions of CbbL. (Figure 5-2). Based on the findings of immunoblot

analysis, both 40% samples were tested for the next step.

Figure 5-2. The expression of two kinds of recombinant carboxysomes. SDS-
PAGE shows the main protein components of isolated two kinds of recombinant α-
carboxysomes. Immunoblot analysis of isolated two kinds of recombinant α-
carboxysomes by using anti-RbcL antibody (Agrisera, AS03037, US).

Then, we compared the structure and size between 40% fraction of purified Simpl-CBs and

intact α-CBs. Both CBs exhibited icosahedral structures with clear edges, as evidenced by

electron microscopy (TEM) images (Figure 5-3a). The diameters of the synthetic Simpl-CBs

and α-CBs for 40% sucrose fraction are 124.2 ± 8.0 nm (n = 62) and 132.6 ± 9.0 nm (n = 59),

respectively (Figure 5-3b), with p** = 0.0016 using two-tailed unpaired t-test. These results

indicated that the Simpl-CBs could be assembled in E. coli and that the reduction of genes

might be effect on the size of Simpl-CBs.
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Figure 5-3. Calculation of the size of Simpl-CBs and α-CBs. (a) The TEM images of
both recombinant α-CBs from 40% sucrose fraction. Scale bar show 500 nm. (b) The
diameters of isolated Simpl-CBs and intact α-CBs were measured by ImageJ based on the
TEM images. The data are presented as mean ± standard deviation (SD) , p*** = 0.0016
(two-tailed unpaired t-test).

Next, each isolated sucrose fraction of Simpl-CBs was characterized using electron

microscopy. The icosahedral structures with straight edges were found in 20% to 50%

sucrose fractions (Figure 5-4), and their shape is similar to that of native and recombinant α-

carboxysomes discovered in previous studies (Shively, 1973; Zhao et al., 2019a; Chen et al.,

2021). The vertices was seen in the icosahedral structure of Simpl-CBs, even without the

pentameric CsoS4 protein. Previous studies also found H. neapolitanus cells without

csoS4A/B could still preserve the regular shape of α-carboxysomes (Cai et al., 2009); similar
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structures have also been seen in the tobacoo engineered α-CBs without CsoS4 (Long et al.,

2018).

Figure 5-4. TEM images of Simpl-CBs in variety of sucrose fractions. Scale bar shows
200 nm.

We also calculated the size of Simpl-CBs particles in each sucrose fraction using ImageJ

(Figure 5-5). The average diameter of the recombinant Simpl-CBs in the 20% sucrose

fraction is 115.1 ± 6.4 nm (mean ± SD, n = 34), which is smaller than those of other fractions

(p*** = 0.0005, two-way ANOVA). The average diameters of Simpl-CBs in 30% sucrose

fraction is 123.5 ± 9.7 nm (n = 55), in 40% sucrose fraction is 124.2 ± 8.0 nm (n = 62), and in

50% sucrose fraction is 121.7 ±8.4 nm (n = 41), one way ANOVA analyzed there was no

significant difference in 30% to 50% sucrose fractions (p = 0.424).
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Figure 5-5. The diameters of isolated Simpl-carboxysomes measured by Image J
based on the TEM images. The data are presented as mean ± standard deviation (SD).

5.2.3 Activity of synthetic Simpl α-carboxysomes (Simpl-CBs)

To further evaluate the Rubisco activity of synthetic Simpl-CBs, we carried out 14C

radiometric Rubisco assays to determine the carbon fixation activities of purified synthetic

Simpl-CBs in all the sucrose fractions, and synthetic intact α-CBs (from the same fractions)

were used as a control. The CO2 fixation rate was monitored when the substrate 14CO2

(NaH14CO3 dehydrated into 14CO2) was provided to a variety of the concentration of D-

ribulose 1,5-bisphosphate sodium salt hydrate (RuBP), and the results were fitted with a

Michaelis-Menten kinetic model (Figure 5-6). We first determined the CO2 fixation rate for

each sucrose fraction under 0.6 mM of RuBP. It was discovered that the Rubisco activity of

40% sucrose fraction for α-CBs have maximum activity of 2.5 ± 0.06 μmol min-1 mg-1 and 40

% sucrose fraction for Simpl-CBs 1.2 ± 0.12 μmol min-1 mg-1 (Figure 5-6a). Then, the 40%

sucrose fractions of Simpl-CBs and α-CBs were used to evaluate the CO2 fixation rate under

a range of RuBP concentrations. The synthetic Simpl-CBs has the detectable Rubisco activity,

with a Vmax = 1.44 ± 0.12 μmol min-1 mg-1 and Km (RuBP) of 141.7 ± 11.7 μM (n = 3). In
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contrast, the α-CBs have a Vmax = 2.77 ± 0.24 μmol min-1 mg-1 and Km (RuBP) of 389.3 ± 45.3

μM (n = 3) (Figure 5-6b). The Rubisco activity of Simpl-CBs is lower than α-CBs, likely

because Simpl-CBs presents an unclosed structure in the absence of the pentamer vertex

protein, results in CO2 leaking. These results were consistent with previous observations that

deleting the pentamers resulted in the impaired function of α-carboxysomes (Cai et al., 2009).

Figure 5-6. CO2 fixation activity of purified synthetic Simpl-CBs. (a) CO2 fixation rate
of each sucrose fraction for both synthetic α-carboxysomes. (b) The Michaelis-Menten
model was used to analysis the function of both synthetic α-carboxysomes under a variety
of RuBP concentration. Intact α-carboxysome have a Vmax of 2.77 ± 0.24 μmol min-1 mg-1
and Km(RuBP) of 389.3 ± 45.3 µM (n = 3), synthetic simpl-α-carboxysomes have a Vmax of
1.44 ± 0.12 μmol min-1 mg-1 and Km(RuBP) of 141.7 ± 11.7 µM (n = 3). The data are
presented as mean ± standard deviation (SD) for at least three independent repeats.

5.3 Discussion

Prior studies have shown that recombinant α-carboxysomes can be generated by expressing

the cso operon of H. neapolitanus in E. coli (Cai et al., 2008; Bonacci et al., 2012; Chen et al.,

2021). A similar icosahedral shape to that of the native α-carboxysomes is maintained in the

minimal α-carboxysomes presented here, without the interior enzyme carbonic anhydrase

(CsoSCA), pentameric shell proteins (CsoS4), and gated shell protein (CsoS1D). Despite the

absence of specific components, we confirmed that a simplified α-carboxysome can be self-

assembled by Rubisco, CsoS1A, and CsoS2, with the ability of fixing CO2.
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Our data indicated that the Rubisco activity of Simpl-CBs is lower than α-CBs, which might

be caused by unclosed structure. The optimization of the operon expressing Simpl-CBs could

as a promising area for improving the function of synthetic Simpl-CBs. Previous studies have

suggested that the CsoS4A/B pentamer proteins function as vertex to close the α-

carboxysomes (Tanaka et al., 2008a; Zhao et al., 2019b). The loss of CsoS4A/B proteins may

result in the impeded shell permeability and a reduction in the catalytic advantage of

carboxysomes (Zhao et al., 2019b). As shown in Chapter 4, only CsoS1A and CsoS4A

proteins are required for mini-shell formation. Thus, a feasible option in the future would be

to include csoS4A into the current operon. This new vector will allow us to detect whether

introducing extra components could impact the size and shape of carboxysomes and to

compare changes in Rubisco activity. CsoSCA is a major factor in Rubisco activity (Dou et

al., 2008). It has been recently proposed that the N-terminal peptide of CsoSCA interacts

with Rubisco and aids in the encapsulation of Rubisco in carboxysomes (Blikstad et al.,

2021). The CO2 fixation rate of Simpl-CBs may be affected in the absence of CsoSCA.

Another optimization of the Simpl-CBs is therefore to add CsoSCA into the Simpl-CBs,

which may boost the Rubisco activity of Simpl-CBs.

In summary, the generation of Simpl-CBs provide a framework for understanding the

structural and functional requirements of each carboxysome component and modifying the

engineering strategies to produce functional recombinant carboxysomes in heterologous hosts

to boost carbon fixation.
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Chapter 6 Conclusions and Perspectives



Chapter six: Conclusions and Perspectives

110

6.1 Conclusions

Carboxysomes are self-assembling proteinaceous organelles that play crucial roles in CO2

fixation. Engineering carboxysomes in heterologous hosts for new functions has attracted

increasing attention in recent years. In my PhD study, I performed synthetic engineering of

empty α-carboxysome shells for hydrogen production in E. coli (Chapter 3), α-carboxysome

mini-shells in E. coli to study self-assembly principles of shell proteins (Chapter 4), and

simplified α-carboxysomes with carboxylation activities in E. coli (Chapter 5).

In Chapter 3, I constructed the pCDFDuet-hyaAB-EP vector (hyaAB-EP) to produce

recombinant oxygen-tolerant [NiFe]-hydrogenase 1, with the C-terminus of CsoS2

(encapsulated peptide, EP) fused to the C-terminus of the large (HyaB) and small (HyaA)

subunits of [NiFe]-hydrogenase 1. I co-expressed hyaAB-EP with two different form of α-

carboxysome shells (Shell-1/-2) in E. coli BL21(DE3). The recombinant [NiFe]-hydrogenase

1 was encased inside the shells as confirmed by SDS-PAGE, immunoblot, and electron

microscopy (EM). Furthermore, the activities of recombinant [NiFe]-hydrogenase within the

carboxysome shells were determined by using methyl viologen (MV) in vitro and

endogenous NADPH in vivo. The results showed that [NiFe]-hydrogenase-shells could

enhance the hydrogenase activity by 10 folds in vitro and 20 folds in vivo, compared with

free [NiFe]-hydrogenase activities. I also characterised the effects of temperature, O2

exposure, and time on hydrogenase activity in vitro. These results indicated that α-

carboxysome shells represent a promising system to be reprogrammed as nanoreactors in

biotechnological applications, such as improvement of catalytic pathways, protection of

enzymes, and development of drug delivery vehicles.
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To carry out systematical structural analysis of α-carboxysome self-assembly, in Chapter 4, I

generated three distinct types of α-carboxysome mini-shells (mini-shell-1/2/3) in E. coli and

used biochemistry, negative staining EM and cryo-EM to study the mini-shell architectures.

We found that the mini-shell formation requires only two types of shell proteins, CsoS1A

hexamers and CsoS4A pentamers. The self-assembly of CsoS1A and CsoS4A resulted in

formation of two types of mini-shells, T=3 and T=4 shells. In addition, addition of CsoS2 led

to the formation of T=3 mini-shells. In addition, cro-EM analysis revealed three regions of

CsoS2 C-terminus form specific binding with CsoS1A and CsoS4A. Characterization of the

assembly of mini-shells with truncated C-terminus of CsoS2 revealed that the binding regions

affect the efficiency of mini-shell formation. These results shed light on protein-protein

interactions between shell proteins ad between CsoS2 and shells proteins, which are essential

for shell formation and cargo encapsulation, as well as the structural plasticity of

carboxysome shells.

In Chapter 5, I generated simplified α-carboxysomes (Simpl-CBs) in E. coli, which include

Rubisco, CsoS2, and CsoS1A. The Simpl α-CBs have an icosahedral shape and possess a

diameter of ~ 100 nm, roughly comparable to native and synthetic α-carboxysomes but

drastically larger than mini-shells. The carbon-fixation activity of Simpl-CBs was confirmed

by Rubisco assays in vitro, although their Rubisco activity was lower than synthetic α-

carboxysomes. The production and characterization of Simpl-CBs CBs opened the door for

in-depth understanding the assembly principles of α-carboxysomes, and highlighted the

possibility to modulate the protein composition and function of engineered carboxysomes in

non-native hosts, such as crop plants, to enhance photosynthesis and growth.
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6.2 Perspectives

We have experimentally shown that the C-terminus of CsoS2 might function as encapsulated

peptide for the incorporation of non-native enzymes into α-carboxysomes shells (Li et al.,

2020). Thus, it is possible to use CsoS2 C-terminus as an encapsulated peptide to direct

various cargos into carboxysome shells to generate and modulate different nanobioreactors

for new functions. Other encapsulation strategies may be also considered for optimizing

cargo encapsulation efficiency. Moreover, advanced techniques will need to be developed to

evaluate and adjust precisely the efficiency and quantity of non-native cargo encapsulation

within α-carboxysomes.

Efficient production and function of simplified α-carboxysomes hold great promising for

installing functional carboxysome structures in crop plants to maximise crop performance

and yields, although the current Rubisco activity of simplified α-carboxysomes was relatively

low. Recently, we have also shown incorporation of functional Rubisco activases, CbbO and

CbbQ could enhance CO2 fixation of α-carboxysomes (Chen et al., 2021). It is thus possible

to improve the activities of the simplified α-carboxysomes by adding essential shell

components, such as CsoS4A, to completely seal the shells, adding carbonic anhydrase to

accumulate CO2 levels for further exploration.
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