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Abstract 

Bacterial carbon fixation activity accounts for a significant proportion of global carbon capture. Bacteria do not 

have the complex carbon concentrating mechanisms and membrane bound organelles of plants and yet they 

have incredibly high photosynthetic efficiency. This is, in part, because of the alternative carbon concentrating 

mechanism bacteria employ involving the carboxysome. Carboxysomes are a type of bacterial 

microcompartment, a proteinaceous structure comprised of an outer semi-permeable shell encapsulating an 

internal enzyme filled lumen. By encapsulating the enzyme Rubisco, that catalyses the often rate limiting step 

of carbon fixation, carboxysomes are able to boost catalytic efficiency. Carboxysomes therefore increase overall 

carbon fixation activity. Bacterial microcompartments are widespread amongst bacterial phyla and apply the 

same approach to many enzymatic reactions. Our knowledge of the structure of carboxysomes and other such 

compartments and how they self-assemble is limited. This is thereby preventing the successful use of 

recombinant compartments to boost enzymatic efficiency in synthetic systems, plants, and other organisms. In 

this work, a multifactorial approach is employed to study the carboxysome, from the initial self-assembly of 

monomeric protein building blocks to the structural and mechanical properties of the entire functional 

compartment. Novel observations include the first application of near-native high-speed atomic force 

microscopy to the study of a purified micro-compartment shell protein and the first purification and 

characterisation of intact carboxysomes, from the widely studied model organism Synechococcus elongatus PCC 

7942. Also the first direct functional and structural comparison of two different kinds of carboxysome, α and β, 

from different model-bacteria. Previously unobserved protein dynamic events within tiled arrays of shell 

proteins were recorded. These data shed light on the mechanisms of the initial stages of micro-compartment 

self-assembly. These data also gave rise to the first clear evidence that manipulating the interactions between 

individual amino acids in bacterial microcompartment shell proteins can control self-assembly. The mechanical 

properties of carboxysomes were identified as potential biomarkers to evaluate future synthetic carboxysome 

constructs through atomic force microscopy and nanoindentation. 
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“Imagination is more important than knowledge. For knowledge is limited, whereas imagination 

embraces the entire world, stimulating progress, giving birth to evolution. It is, strictly speaking, a 

real factor in scientific research” – Ablert Einstein, 1929.
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Chapter 1, General introduction

This thesis is concerned with the fundamental understanding of carboxysome (CB) structural 

organisation, nano-mechanics, and mechanisms of self-assembly. Carboxysomes (CBs) were 

discovered over 40 years ago and have been extensively studied since (Gantt and Conti, 1969; Shively 

et al., 1973a). Despite this, the underlying mechanisms behind the self-assembly of CBs, the molecular 

level detail of their structural organisation and their physical characteristics are yet to be described in 

detail. The aim of this introductory chapter is to describe the current knowledge already outlined in 

scientific literature and to highlight the gaps in our understanding. 

 

1.1 Bacterial microcompartments 

1.1.1 Bacterial microcompartment shell structure 

Bacterial microcompartments (BMCs) are widespread throughout bacterial phyla and BMC gene 

clusters are found in a relatively high proportion of publically available bacterial genomes (Axen et al., 

2014; Sommer et al., 2017). They are proteinaceous structures that partition the cytosol of 

prokaryotes, akin to organelles in Eukaryotes. Cytosolic partitioning, via membrane bound organelles, 

is a key step in the evolution of Eukaryotes from Prokaryotes (Alberts et al., 2002; Martin, 2010). These 

Prokaryotic methods of partition are very interesting because they are entirely proteinaceous and self-

assemble spontaneously, making them much simpler and more versatile than Eukaryotic membrane 

bound organelles (Diekmann and Pereira-Leal, 2013). These proteinaceous structures are polyhedral 

in shape (Shively et al., 1973a, 1973b) (Figure 1-1), closely resembling an icosahedron and at least 

approximately obeying 60 fold symmetry (Prasad and Schmid, 2012), and closely resemble a viral 

capsid (Yeates et al., 2007) (Figure 1-1). Hexameric and pseudo-hexameric major shell proteins form 

the facets and Pentameric minor shell proteins form the vertices (Kerfeld et al., 2005; Yeates et al., 

2007).  
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Figure 1-1 A schematic cartoon representation of BMC shell structure. The BMC shell (right) is formed 

of hexameric (blue), pseudo-hexameric (blue) and pentameric (yellow) shell proteins. The Pentameric 

proteins form the vertices and introduce curvature whilst the hexameric proteins form the facets 

(Kerfeld et al., 2005; Yeates et al., 2007). 

 

1.1.2 Conserved features and homology between BMC  

BMC shell proteins are highly conserved, at least structurally. All BMC studied in depth to date, and 

various bioinformatics investigations (Sommer et al., 2017), have shown that there are three 

conserved domains. These domains have been observed in all BMC shell proteins crystallised to date 

(Larsson et al., 2017; Pang et al., 2011; Sutter et al., 2013; Thompson and Yeates, 2014). Due to these 

domains, highly similar tertiary and quaternary structures are reported amongst all known BMC shell 

proteins (Tanaka et al., 2009). There are three distinct known conserved types of BMC shell proteins, 

those with either the BMC-H (pfam0936) domain, the BMC-T domain a tandem fused copy of 

(pfam0936), or the BMC-P (pfam03319) domain (Heldt et al., 2009; Kerfeld et al., 2005; Pang et al., 

2011; Young et al., 2017). However, the contribution of these conserved features to the self-assembly 

and structural properties of the CB remains to be seen. The composition of the shell, in terms of the 
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ratio of BMC-H to BMC-T to BMC-P, and the effects changing this ratio may have are also yet to be 

investigated.  

 

1.1.3 BMC encapsulate enzymes  

BMC shell proteins are selectively permeable by allowing only specific small molecules to pass through 

their central “pore” (Chowdhury et al., 2015; Crowley et al., 2010; Park et al., 2017). BMC shells 

encapsulate enzymes in the BMC lumen (Fan et al., 2012). These encapsulated enzymes are therefore 

localised in a distinct environment from the cytosol (Perlmutter et al., 2016). The function of BMCs 

relies on this lumen, as they are used in metabolic processes to improve the efficiency of enzymes 

(Hopkinson et al., 2014), by raising substrate concentration or to prevent the escape of toxic 

intermediates from causing damage in the cytosol (Chowdhury et al., 2014 and Figure 1-2). The luminal 

environment is controlled by molecular transit through the semi-permeable shell protein pores 

(Chowdhury et al., 2015). This means the flux of reversible luminal enzymatic reactions can be 

modulated by controlling the concentration of substrate and product molecules (Cai et al., 2015b) 

(Figure 1-1 & Figure 1-2). 

 

There are many diverse enzymatic processes encapsulated within diverse BMCs (Cheng et al., 2008). 

Three of the most widely studied BMCs with the most elucidated detail are the Ethanolamine 

utilisation compartment (Eut), the Propandiol utilisation compartment (Pdu) and the carboxysome 

(CB) (Bobik et al., 2015; Yeates et al., 2010) (Figure 1-2). 
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Figure 1-2 Generalised depictions of the reaction processes inside BMCs. The anabolic process of 

carbon fixation in the CB to the left, the catabolic process of propandiol/ethanolamine metabolism in 

the Pdu/Eut compartment to the right, adapted from (Axen et al., 2014). The exact details of molecular 

transit, such as if the CB shell excludes oxygen or presents a barrier to CO2 escape, remain to be 

investigated but this model is widely accepted (Rae et al., 2013b). 

 

1.2 Carboxysomes, the carbon fixation microcompartments  

1.2.1 The encapsulation of Rubisco inside CBs  

In the anabolic case of CBs, the shell proteins encapsulate two enzymes, carbonic anhydrase (CA) and 

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, commonly RuBisCO) (Shively et al., 

1973a; Wildman and Bonner, 1947) (Figure 1-2 & Figure 1-3). 

CA reversibly catalyses the interconversion of bicarbonate to carbon dioxide and water  

H2CO3                CO2 + H2O 
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Rubisco catalyses the first step in the Calvin-Benson-Bassam (CBB) cycle (Figure 1-3 and Bassham et 

al., 1950), otherwise known as the dark reaction of photosynthesis, fixing carbon dioxide into 3-

phosphoglycerate (3PGA) (Wildman and Bonner, 1947)  

CO2 + Ribulose-bisphosphate (C5H12O11P2)                2 3-phosphoglycerate (C3H7O7P) 

 

However, Rubisco has both carboxylase and oxygenase activity. Therefore, as an oxygenase Rubisco 

can catalyse the oxygenation of Ribulose 1,5-bisphosphate (RuBP) in the first step of photorespiration 

(Peterhansel et al., 2010)  

RuBP (C5H12O11P2) + O2                   3-phosphoglycerate (C3H7O7P) + 2-Phosphoglycolate (C2H2O6P-3) + 2 H+ 

 

 

Figure 1-3 The Calvin-Benson-Bassam cycle. An overview of the CBB cycle showing the key steps 

including the reactions catalysed by CA and Rubisco inside the CB (Bassham et al., 1950).  

 

CBs are found in most photosynthetic bacteria and some chemoautotrophic bacteria (Cai et al., 2012; 

Sommer et al., 2017). CB’s enhance the efficiency of the often rate limiting step of the CBB cycle 

(Bassham et al., 1950). The carboxylase reaction is more desirable to the cell, under most 
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physiologically relevant conditions, than the oxygenase reaction (Peterhansel et al., 2010). The 

carboxylase reaction provides more 3PGA to the Calvin cycle, thus it results in the production of more 

ATP per photon of captured light; it is therefore more energetically favourable (Peterhansel et al., 

2010). 3PGA also results in the formation of glucose for long term chemical energy (Michelet et al., 

2013). Despite this, the enzyme kinetics of Rubisco favour the oxygenase activity, given that Rubisco 

has a higher affinity for O2 than CO2. This lower Km for O2 and higher Km for CO2 means at physiological, 

cytosolic, conditions in photosynthetic organisms Rubisco is very inefficient (Galmés et al., 2014; Kent 

and Tomany, 1984; McNevin et al., 2006; Yamori et al., 2006) (Figure 1-2 & Figure 1-3). 

The encapsulation of Rubisco and CA by the CB functions as part of a carbon concentrating mechanism 

(CCM) to increase the concentration of CO2 available to Rubisco, thereby increasing its efficiency 

(Figure 1-2). The CB shell is also thought to exclude O2 and therefore prevent photorespiration by 

luminal Rubisco (Rae et al., 2013b), but this has yet to be proven. The CB increases the proportion of 

captured solar energy used for carboxylation, and therefore increases the photosynthetic efficiency 

of photosynthetic-bacteria (Cameron et al., 2013; Frey et al., 2016; Mangan and Brenner, 2013.; Rae 

et al., 2013; Shih et al., 2016). 

 

Bacterial photosynthetic efficiency is higher than plants (Hanson et al., 2016; Price et al., 2013; Slattery 

and Ort, 2015; Zhu et al., 2010), and cyanobacterial photosynthesis is being optimised on an industrial 

scale (Kirst et al., 2014; Mangan et al., 2016; Ooms et al., 2016). Plants do not encapsulate Rubisco 

and it is localised freely inside the chloroplast (Harris and Königer, 1997). Some plants (called C4) do 

have a form of CCM (Gowik and Westhoff, 2011), but most plants (called C3 plants) do not, and lose 

~30% of their carbon fixation potential due to photorespiration, at global median conditions (Zhu et 

al., 2010). It has been hypothesised that expression of a functional CB, inside the chloroplast to 

encapsulate the Rubisco, especially in a C3 plant, would increase the efficiency of carboxylation, and 

generate more ATP from the solar energy captured during photosynthesis (Bugbee and Salisbury, 
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1988; Hanson et al., 2016; Jensen and Leister, 2014; Long et al., 2006; Slattery and Ort, 2015). If plants 

were able to produce more energy through higher photosynthetic efficiency their growth rate should 

increase (Long et al., 2006; Zhu et al., 2010). CBs are the most studied BMCs because they have the 

most direct applications for improving crop yields (Frank et al., 2013). Food security, agricultural 

efficiency and the environmental impact are of global importance. Therefore, finding novel synthetic 

biology methods for improving upon current crops is a highly active area of research. One of the long-

term aims of this work, and the wider field, is to improve the yields of key C3 crop species by improving 

photosynthetic efficiency using recombinantly expressed CBs. This study hopes to improve our 

fundamental understanding of the mechanisms behind the CB’s self-assembly in order to inform those 

attempting to express CBs recombinantly, including in the chloroplasts of C3 plants. This could 

potentially be applied to all crops, including C4 species, once the method is well established. 

 

1.2.2 Various types of CB  

There are many types of Rubisco, with a range of macromolecular structures, kinetics and localisations 

(Table 2-1) (Alfreider et al., 2012; Badger and Bek, 2008; Galmés et al., 2014; Tabita et al., 2008). It is 

important to define the form of Rubisco before undertaking any study such as this because they are 

so strikingly different, despite all catalysing the same reaction (Table 1-1). For example, the 

macromolecular organisation of the different Rubisco complex isoforms ranges from single subunit 

homo-dimers to multi-subunit octamers (Table 1-1) (Badger and Bek, 2008). 
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Table 1-1 A summary of the forms of Rubisco found in nature 

 

Form Macromolecular organisation Phylogeny 

IA L8S8 Cyanobacteria (Form IAc) & Proteobacteria (Forms IAc & 

IAq) - Halothiobacillus neapolitanus c2 

IB L8S8 Cyanobacteria (Form IBc), green algae, higher plants 

(Form IB) - Synechococcus elongatus PCC 7942 

1C L8S8 Proteobacteria 

1D L8S8 Non-green algae 

II L2 Proteobacteria, archaea and dinoflagellate algae 

III L10 Archaea 

IV L2 Bacteria, archaea both photosynthetic and non-

photosynthetic 

 

 

A summary of the forms of Rubisco found in nature, and the broad phylogeny of where they are found 

(Badger and Bek, 2008). In the second column (Macromolecular organisation) L refers to the large sub 

unit of Rubisco and S refers to the small subunit of Rubisco (Spreitzer, 2003). 
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CB’s can encapsulate form IAc and form IBc Rubisco. These distinct forms are encapsulated by two 

distinct types of CB, the α-CB encapsulating form IA and the β-CB encapsulating form IB (Rae et al., 

2013) (Figure 1-4). These types of CB seem to have evolved separately in independent populations, 

for example, α-CB in mostly marine cyanobacteria and β-CB in mostly freshwater cyanobacteria (Rae 

et al., 2013). These two types of CB are very different (Figure 1-4). Previous studies have indicated 

they have alternative genetic arrangements, differ in size, and have variations enzyme content and 

protein composition (Cai et al., 2015a; Cannon et al., 2001; Cannon and Shively, 1983; Faulkner et al., 

2017; Menon et al., 2008). β-CB are also bigger and have paracrystalline luminal packing of Rubisco 

(Figure 1-4). 

 

 

 

 

 

Figure 1-4 Schematics of the differing architecture of α andβ-CB. Left, a model representing the 

generally accepted structure and organisation of α-CB, such as in the model organism Halothiobacillus 

neapolitanus C2 (H. neap). Right, a model representing the generally accepted structure and 

organisation of β-CB, such as in the model organism Synechococcus elongatus PCC 7942 (Syn7942). 

Adapted from (Rae et al., 2013). 
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1.2.3 The model organisms used for the study of α and β CB  

The model organism chosen for the study of α-CB was Halothiobacillus neapolitanus c2 (henceforth 

H. neap). H. neap is a species of chemolithoautotrophic Gammaproteobacterium. H. neap fix CO2 via 

their using energy derived from the oxidation of reduced sulphur compounds (Kelly and Wood, 2000). 

H. neap has been widely studied for many years since the initial discovery and isolation of CB (Cannon 

and Shively, 1983; Shively et al., 1973a, 1973b). Therefore, there is an existing toolbox for H. neap CB 

isolation and some structural and functional study.  

 

The model organism chosen for the study of β-CB was Synechococcus elongatus PCC 7942 (henceforth 

Syn7942), a single-celled, photosynthetic, freshwater, cyanobacterium. Syn7942 fix carbon via their 

CB using energy derived from captured photons of light (Frenkel et al., 1950). The fresh-water single-

celled cyanobacterium Syn7942. This organism is naturally competent and genetically tractable, 

making the fluorescent labelling or knock-out of CB proteins relatively simple (Golden, 1988). Many 

studies have used this approach to study β-CB in vivo but to date, until this study, no successful 

isolation of native, intact and functional β-CB has been reported (Cameron et al., 2013; Chen et al., 

2013; Golden, 1988; Kinney et al., 2012; Sun et al., 2016). 

 

These two species are highly diverged and therefore there external and cytosolic environments are 

very different, likewise the environment their CB are adapted to (Figure 1-5). 
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Figure 1-5 Cartoon representations of the Syn7942 and H. neap CCM. Left, a depiction of the 

Synechococcus elongatus PCC 7942 (Syn7942) bacterium including the relevant parts of the CCM and 

photosynthetic apparatus. Right a depiction of the Halothiobacillus neapolitanus C2 (H. neap) 

bacterium including the relevant parts of its CCM. 

 

1.3 Details of the individual α- and β- carboxysome protein components  

1.3.1 The distinct genetic architecture of α- and β- CB  

There are clear observed differences from previous studies of α- and β- CBs gene organisations. α-CBs 

are encoded by a single operon with only a single gene in a distant locus, or in an alternate direction, 

under the control of a second promoter (Abdul-Rahman1 et al., 2013; Baumgart et al., 2017). β-CBs 

have more complex arrangements usually involving more genes than α-CBs as well. β-CB usually have 

multiple distant loci encoding a few of the CB genes each. Interestingly the genes in these loci are 
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often grouped by similar function. In the case of Syn7942, there is a large central locus encoding the 

genes that have been defined as having structural roles within the CB (Long et al., 2005; Rae et al., 

2012). This central locus is flanked by loci containing the minor proteins that have been defined as 

being non-structural. Many of these ascribed functions are predicted or require additional study to  

determine  (Cai et al., 2012; Rae et al., 2013; Sommer et al., 2017). 

 

The shell of the β-CB from Syn7942 is composed of the structural BMC-H proteins CcmK2, CcmK3 and 

CcmK4 (Figure 1-6), which appear as hexamers and form the shell facets (Kerfeld et al., 2005). CcmL, the 

BMC-P protein, forms pentamers that sit at the vertices between the shell facets (Tanaka et al., 2008). 

The final shell protein is CcmO, which is deduced to interface the edges of the shell facets along the 

icosahedral 2-fold axis of symmetry (Rae et al., 2012). The shell of the α-CB from H. neap is formed of 

the CsoS1ABCD BMC-H facets and CsoS4AB BMC-P vertices proteins (Figure 1-6) (Sutter et al., 2015; 

Tsai et al., 2007). The core of β-CBs is formed by Form 1B Rubisco L8S8 complexes formed by RbcL & RbcS, 

the β-CA called CcaA, linker proteins CcmM and CcmN (Gonzalez-Esquer et al., 2015). In α-CBs CbbL and 

CbbS proteins form the 1A L8S8 Rubisco complex and there are no homologues to CcmM or CmmN. 

CcmM has two active isoforms, CcmM58 and CcmM35, with distinct functions (Long et al., 

2007). CcmM58 provides the interactions between the outer shell, β-CA and Rubisco molecules adjacent 

to the shell. Whereas, the 35 kDa truncated version CcmM35 is likely located in the CB’s lumen, and 

crosslinks Rubisco enzymes (Long et al., 2011, 2010). CcmN acts as a bridge between CcmM and the shell 

by its two functional domains. The N-terminal domain of CcmN interacts with CcmM58 and the C-terminal 

peptide is capable of binding the major shell protein CcmK2 (Kinney et al., 2012). In addition, the β-CB’s 

shell also contains the minor BMC-T protein CcmP that forms a dimer of trimers and likely modulates the 

shell permeability (Cai et al., 2013). RbcX is recognized as a chaperonin-like protein for Rubisco assembly, 

but its precise function in Syn7942 is still unclear (Figure 1-6) (Emlyn-Jones et al., 2006; Occhialini et al., 

2016). 
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Figure 1-6 Gene architecture of the CB of the two model organisms described in this thesis. Genes 

encoding shell proteins are denoted in blue whereas genes encoding luminal proteins are encoded in 

orange. RbcX is a gene encoding a protein with unknown localisation and function within the Syn7942 

CB so is denoted in red, RbcX functions as a Rubisco chaperone in other organisms (Saschenbrecker et 

al., 2007). (Figure Adapted from (Rae et al., 2013). 

 

1.3.2 Techniques to study BMC protein structure  

The structures of many different BMC shell proteins have been solved (Table 1-2). The structures of 

many luminal components have also been solved, namely the L8S8 Rubisco complex (Newman et al., 

1993; Saschenbrecker et al., 2007). From these available structures, it is clear that all BMC-H hexamers 

fold in a highly conserved way despite primary sequence differences. In various studies presented in 

table 1-2, RMSD fits of aligned Cα atoms excluding the highly flexible C-terminal loop show how little 

the fold of the isoforms or orthologues vary (Kerfeld et al., 2005; Tanaka et al., 2008; Tsai et al., 2009). 

However, there are still many open questions about BMC proteins despite all the insight into their 

structure. For example, there are multiple packing models presented for the same structures (Cai et 

al., 2013; Kerfeld et al., 2005; Larsson et al., 2017; Tanaka et al., 2009). There is also no evidence to 

suggest how flexible or dynamic these packing arrangements may be under physiological conditions.  

CcmP CcmK3 CcmK4 CcmK2 CcmL CcmM CcmN CcmO RbcL RbcX RbcS CcaA 

CbbL CbbS CsoS2 CsoS3 CsoS4AB CsoS1CBA CsoS1D 

Synechococcus elongatus 7942 PCC 7942 

Halothiobacillus neapolitanus C2 
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From these structures of WT BMC-H proteins and BMC-H proteins with point mutations the specific 

side chains involved in lateral hexamer-hexamer interactions have been discovered. Some studies 

have found the self-assembly properties of the BMC-H protein can be altered by point mutation, such 

as the propensity to form either sheets or nanotubes in PduA and PduA V51A (Pang et al., 2014). These 

are important observations and in part give rise to the idea of modular BMCs with engineered 

properties (Bonacci et al., 2012; Kerfeld and Erbilgin, 2015). Therefore, one of the aims of this thesis 

and the experiments described in chapter 3 is to further elucidate the factors and specific residues 

responsible for controlling BMC-H self-assembly (Sutter et al., 2016). 
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Table 1-2 A tabulated list of the relevant BMC shell protein structures currently available on PDB 

Protein(s) PDB code Organism BMC type Reference 

HOCH_5815, BMC-H 5DJB Haliangium ocraceum unknown (Sutter et al., 2016) 

CcmK1, BMC-H 3DN9 Synechocystis sp. pcc 6803 β-carboxysome (Tanaka et al., 2009) 

CcmK2, BMC-H 4OX7 Synechococcus elongatus PCC 7942 β-carboxysome (Cai et al., 2015b) 

CsoS1, BMC-H 4OX8 Prochlorococcus marinus MIT 9313 α-carboxysome (Cai et al., 2015b) 

BMC-H, 3xBMC-T, BMC-P 5V74 Haliangium ocraceum unknown (Sutter et al., 2017) 

HOCH_5812, BMC-T 5DIH Haliangium ocraceum unknown (Aussignargues et al., 2016) 

CcmK4, BMC-H 2A10 Synechococcus elongatus PCC 7942 β-carboxysome (Kerfeld et al., 2005) 

CcmK4, BMC-H 2A18 Synechococcus elongatus PCC 7942 β-carboxysome (Kerfeld et al., 2005) 

CcmK2, BMC-H 2A1B Synechococcus elongatus PCC 7942 β-carboxysome (Kerfeld et al., 2005) 

CcmK1, BMC-H 3BN4 Synechocystis sp. pcc 6803 β-carboxysome (Tanaka et al., 2008) 

CcmK1, BMC-H 4LIW Synechocystis sp. pcc 6803 β-carboxysome (Thompson and Yeates, 2014) 

CcmK2,-c terminus BMC-H 3CIM Synechococcus elongatus PCC 7942 β-carboxysome (Tanaka et al., 2009) 

CcmK2, BMC-H 3DNC Synechococcus elongatus PCC 7942 β-carboxysome (Tanaka et al., 2009) 

Cso-CbbQ, BMC-T 5C3C Halothiobacillus neapolitanus α-carboxysome (Sutter et al., 2015) 

CsoS1A, BMC-H 2EWH Halothiobacillus neapolitanus α-carboxysome (Tsai et al., 2007) 

CsoS1C, BMC-H 3H8Y Halothiobacillus neapolitanus α-carboxysome (Tsai et al., 2009) 

OrfA 2RCF Halothiobacillus neapolitanus α-carboxysome (Tanaka et al., 2008) 

CsoS1A 2G13 Halothiobacillus neapolitanus α-carboxysome (Tsai et al., 2007) 

CcmP, BMC-T 4H5T Synechococcus elongatus PCC 7942 β-carboxysome (Cai et al., 2013) 

CcmP, BMC-T 4HT7 Synechococcus elongatus PCC 7942 β-carboxysome (Cai et al., 2013) 

CcmP, BMC-T 5LSR Synechococcus elongatus PCC 7942 β-carboxysome (Larsson et al., 2017) 

CcmP, BMC-T 5LT5 Synechococcus elongatus PCC 7942 β-carboxysome (Larsson et al., 2017) 

PduU, BMC-T 3CGI Salmonella enterica  Pdu (Crowley et al., 2008) 

PduT, BMC-T 3N79 Salmonella enterica  Pdu (Crowley et al., 2010) 

PduA, BMC-H 3NGK Salmonella enterica  Pdu (Crowley et al., 2010) 

PduA, K26A, BMC-H 4PPD Salmonella enterica  Pdu (Sinha et al., 2014) 

 

A tabulated list of the relevant BMC shell protein structures currently available on PDB (https 

//www.rcsb.org/pdb). The conserved BMC domain, organism and BMC type are listed for those with 

such information available in their relevant primary citations. 

 

https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1148
https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1148
https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1148
https://www.rcsb.org/pdb
https://www.rcsb.org/pdb
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1.3.3 Structure and organisation of BMCs as seen by EM  

BMCs, specifically CBs, were first discovered by EM during the study of blue-green algae 

(cyanobacteria) (Drews and Niklowitz, 1956). Subsequently, a plethora of EM studies had observed 

similar polyhedral bodies within bacterial cells (Gantt and Conti, 1969; Shively et al., 1973a, 1973b). 

True structural details regarding the organisation of the shell and luminal proteins did not come until 

EM imaging was applied to purified BMC, (Cannon and Shively, 1983; Holthuijzen et al., 1986), 

including many more, up until the present day. Following this, the roles of individual CB proteins were 

suggested based on EM studies of knock out mutants, made possible by the discovery of the CB genes 

and operon (Cannon et al., 2001; Orus et al., 1995; Price and Badger, 1989). 

 

From the comparison of EM images of different BMCs from a variety of bacteria, the heterogeneity in 

BMC organisation and size was discovered. This is how the original models for α- and β- CB self-

assembly and organisation were developed (Figure 1-2, reviewed in detail in Rae et al., 2013). α- and 

β- CBs are classified based on the form of Rubisco they encapsulate, but there is a growing body of 

evidence that aside from this their luminal Rubisco is organised in very different ways (Rae et al., 

2013), based largely on the available EM data. Since the expected CB structure under EM imaging has 

been widely reported, EM imaging is used in this work to verify the purity and integrity of CBs in 

samples from my newly developed purification protocols. There is a large body of TEM data for H. 

neap α-CB but there is no TEM data on purified Syn7942 β-CB. A single study utilising the Percoll 

method for CB enrichment has previously studied these CB in vitro, but they were not kept in their 

native state during the Percoll gradient and ~70% of the shell protein content was lost relative to the 

whole cell starting material (Long et al., 2005).  

 



Chapter one: General Introduction: 

 
17 

  

Thin section EM imaging has been used to study BMC biogenesis in vivo (Cameron et al., 2013), the 

roles of individual BMC proteins via BMC protein knock out mutants (Cai et al., 2009; Kinney et al., 

2012), and the synthesis of heterologously expressed BMC proteins (Parsons et al., 2010). 

Observations of the elongated BMCs formed when the BMC-P, pentameric, vertices proteins are 

knocked out are clear evidence of the role of BMC-P proteins in creating curvature at the vertices (Cai 

et al., 2009). Mixtures of the Pdu shell proteins were observed forming nanotubes, lattices and empty 

shells, when expressed heterologously in E. coli. These observations give insights into how the 

different types of BMC proteins interact with each other, and the roles these interactions play in BMC 

formation (Parsons et al., 2010). Thin section EM cannot track dynamic processes, however, and can 

only observe snapshots of what is occurring inside the cell.  

 

A high resolution structure generated by cryogenic electron microscopy (cryoEM) is yet to be reported 

for an entire native BMC complex. A structure solved by cryoEM has recently been reported for a 

synthetic partial BMC structure (Sutter et al., 2017). This full 3D structure provided the first clear 

experimental evidence, albeit in a non-native heterologously expressed system, of details such as the 

orientation of shell proteins in the BMC shell and packing angles between BMC shell proteins, in a full 

3D structure. Many high resolution cryoEM structures of viruses have been reported (Adrian et al., 

1984; Agirrezabala et al., 2015; Jiang and Tang, 2017; Lee and Gui, 2016; Sirohi et al., 2016), and these 

are thought to resemble the icosahedral BMC structure.  

 

 

1.3.4 Atomic Force Microscopy and its application to BMC study  

Atomic force microscopy (AFM) is an imaging technique where a microscopic tip typically only a few 

nanometers in size physically traces over the surface of the sample. This tip at the end of a cantilever 
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known as a probe, A laser-detector array tracks the vertical deflection of the probe resulting from the 

sample and this deflection is used to estimate the samples height. These height data are used to 

generate a 3D topology of the sample’s surface. AFM is becoming a widely used technique for the 

study of bio-macromolecules due to the innate advantage of being able to image under buffered, 

controlled, near physiological conditions (Allison et al., 2010; Chang et al., 2012; Vahabi et al., 2013). 

More traditional bio-imaging techniques are not able to use controlled conditions in this way during 

imaging. AFM also has the capability to measure the mechanical and physical properties of the sample, 

due to direct contact of the AFM probe and the sample. Nanoindentation (NI) experiments where a 

known force is applied to the sample can be used to determine properties such as the Young’s 

Modulus, spring constant and breaking force. This methodology has been widely reviewed (Marchetti 

et al., 2016; Roos, 2011; Schillers et al., 2017; Vinckier and Semenza, 1998). 

 

High-speed AFM (HS-AFM) is becoming increasingly widespread, particularly in the study of biological 

samples (Ando et al., 2013; Casuso et al., 2011; Eghiaian et al., 2014; Imamura et al., 2015; Uchihashi 

et al., 2016). HS-AFM can capture high resolution images showing molecular level details of individual 

BMC proteins at speeds of up to ~1 second per image. 

 

1.4 Engineering of bacterial microcompartments  

1.4.1 Synthetic BMCs  

The operon encoding H. neap α-CB has been cloned into E. coli previously (Bonacci et al., 2012). 

Heterologously expressed CBs and other BMCs are of interest because it remains to be seen if they 

self-assembly correctly, and are therefore comparable to the native compartment from the original 

species. There is no study to date to our knowledge that directly compares the structural and 

functional characteristics of the same CB, generated from the same operon expressed in two different 
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species. This comparison is essential in answering whether CBs assemble correctly in a different 

cytosolic environment, missing possible chaperones, under a different ion concentration and pH and 

other varied conditions. If there are measurable differences between CBs produced in different 

environments, it may mean they are not suited to some potential applications utilising heterologous 

expression; or that some species may have CBs more resilient to environmental change, and therefore 

should be used preferentially by synthetic biologists. 

 

α-CBs from H. neap should be used for this purpose as no successful heterologous expression of fully 

formed, functional β-CBs has been reported to date. Due to the simpler genetic organisation of the H. 

neap α-CB in a single operon (Figure 1-6), the cloning of this CB is much simpler and more likely to 

succeed, than the cloning of β-CBs requiring complex assembly of multiple gene fragments. It is 

necessary however to compare the functionality of these two CB’s directly in order to determine which 

has the highest specific Rubisco activity, and therefore the greatest potential activity when 

heterologously expressed. 

 

1.4.2 BMC shell formation, BMC Shell structure and generation of empty BMC shells  

The focus of some recent studies has been to generate synthetic scaffolds or empty BMC using luminal 

knock out mutants or heterologous expression of just shell proteins with no luminal contents (Fan and 

Bobik, 2011; Pang et al., 2014; Parsons et al., 2010; Sutter et al., 2017). There are many open questions 

in this area regarding shell formation. 

 

It has previously been proposed that BMC formation occurs via several mechanisms, the ‘inside-out’ 

mechanism whereby the luminal contents form a pre-BMC assembly to which the shell binds, the 

‘simultaneous’ mechanism whereby the luminal and shell proteins co-assemble in time and space and 
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the ‘shell first’ mechanism where at least a portion of the shell assembles first (Aussignargues et al., 

2015; Cai et al., 2015a; Cameron et al., 2013; Chen et al., 2013; Kinney et al., 2012; Perlmutter et al., 

2016; Yeates et al., 2007). Despite these studies, key questions such as the orientation of shell proteins 

within the BMC, the mechanism of shell protein-shell protein, shell protein-luminal protein and 

luminal protein-luminal protein interactions are still unclear. 

 

The relative contributions of the shell protein and the luminal protein to the overall structure are not 

yet known. For example, the differences between empty and cargo loaded virus capsids have been 

previously reported (Carrasco et al., 2006; Marchetti et al., 2016; Mateu, 2012); the loaded and empty 

states of the nano-compartment encapsulin have also been studied (Snijder et al., 2016). A detailed 

study like this has not yet been done with BMC. There is no study to date that directly compares two 

different BMC of any kind. These questions are of paramount importance to unlocking the potential 

of BMC to synthetic biology. For example, if we treat BMC as modular, as the current theory states 

(Bonacci et al., 2012), and exchange one protein building block for another, how do the structural 

properties respond? 

 

Questions such as these are more difficult to answer due to the added levels of complexity when 

studying the whole BMC. The structural roles of each protein are incredibly convoluted in the full BMC 

complex, and it is not possible to distinguish the different BMC-H proteins by AFM. Under native 

conditions without the addition of a tag the BMC-H proteins of any given BMC will likely all appear as 

identical hexamers in the topograph; for example, there are only minor differences in primary 

sequence and between X-ray crystal structures of Syn7942 BMC-H proteins CcmK2, CcmK3 and CcmK4 

(Kerfeld et al., 2005; Rae et al., 2012; Samborska and Kimber, 2012). In a simplified system containing 

a single purified shell protein, some of these questions can be addressed more easily without the 



Chapter one: General Introduction: 

 
21 

  

convoluted environment of indistinguishable different BMC-H proteins; systems such as this have 

been established in previous studies (Lassila et al., 2014; Pang et al., 2014). Studying the major shell 

protein in isolation in vitro allows the investigation of molecular level detail of a single BMC-H protein. 

 

1.4.3 How BMC respond to environmental changes  

The bacteria which contain BMCs respond rapidly and effectively to environmental changes such as 

pH, temperature, and osmolality. This is an essential response for the organism to survive. Yet little is 

known about the way in which BMCs respond to changes in their environment. The cytosol of a 

bacterium is not a completely stable environment, so it stands to reason that BMCs must also adapt 

to environmental changes as bacteria themselves do. For many of the proposed future applications of 

BMCs, such as molecule delivery, this is the central obstacle that remains to be overcome before they 

can be developed further. This is discussed in many reviews and research articles describing the use 

of BMC as drug delivery vehicles, for example (Chessher et al., 2015). 

 

The concept of pH dependent assembly and disassembly is widely discussed but has yet to be studied 

in detail in CB. It has been studied in Pdu BMC (Kim et al., 2014). It remains to be seen if other BMC, 

including CB, have similar responses to environmental factors such as pH. 

 

1.4.4 Engineering the function of BMC  

Given their ability to encapsulate a multi-step, multi-enzyme, complex chemical process BMCs are 

highly active areas of research. BMCs are of interest because this enzymatic encapsulation offers a 

whole host of possibilities if it can be manipulated by synthetic biology (Frank et al., 2013). If we could 

heterologously express functional BMC in the bacteria used in the biotechnology industry and 
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encapsulate the enzymes catalysing rate limiting steps, there could be significant gains in productivity 

(Frank et al., 2013; Kerfeld, 2016; Quin et al., 2016). Approaches like this could also allow the 

production of high value molecules currently not able to be produced biologically. 

 

Before we can begin to manipulate these structures to form designed nanoreactors we first need to 

understand them at the molecular level, i.e. what role does each BMC protein play in self-assembly, 

substrate influx, or structural integrity? In order to modulate the specific enzyme activity or molecular 

flux of a BMC in a controlled and predictable manner the individual factors that affect these properties 

need to be understood (Chessher et al., 2015; Frank et al., 2013; Kerfeld and Erbilgin, 2015). There are 

very few examples of successful repurposing (changing the function from catalysing one reaction to 

another by encapsulating a non-native enzyme) of functional BMCs in literature and those that there 

are only encompass a small proportion of the possibilities, yet it is often discussed and widely 

reviewed (Frank et al., 2013; Plegaria and Kerfeld, 2018). From an extensive search of the literature 

available only five examples of such studies were found where the new enzymatic activity achieved 

surpassed the activity of the un-encapsulated heterologously expressed enzyme (Huber et al., 2017; 

Lawrence et al., 2014; Lee et al., 2016; Liang et al., 2017; Yung et al., 2017). In these studies, the 

specific activity the synthetic encapsulated enzyme was greater than the WT enzyme or the 

recombinantly expressed but not encapsulated enzyme. In other similar studies this comparison was 

not made, or the WT enzyme had greater specific activity than the encapsulated synthetic enzyme. 

 

There are more studies where proof of principle has been demonstrated. In these studies a synthetic 

compartment, or compartment heterologously expressed from a cloned operon, or the successful 

encapsulation of a new protein inside an empty shell was reported (Aussignargues et al., 2015; Cai et 

al., 2016; Fan et al., 2012; Fan and Bobik, 2011; Quin et al., 2016; Sargent et al., 2013). The vast 
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majority of these used Eut, Pdu, or partial/chimeric CB, not full CB, with the notable exception of the 

heterologous expression of α-CBs in E. coli (Bonacci et al., 2012). It is possible that there are so few 

examples of improved enzymatic activity because it could not be achieved in these other cases. This 

suggests that the widespread use synthetic BMCs is limited by a lack of fundamental understanding in 

how the structure of the BMC relates to its function. 

 

There are very few examples in the current published literature of CB being expressed in a chloroplast. 

One notable example is the study by Lin et al, in which they express β-CB shells. These β-CB shells  

assemble in the Nicotiana benthamiana chloroplast (Lin et al., 2014a). In a similar study  cyanobacterial 

Rubisco was expressed in the tobacco chloroplast where the endogenous Rubisco had been knocked 

out, but the specific activity of the cyanobacterial Rubisco was lower than the original (Lin et al., 

2014b). The resulting plant had a slower growth rate due to the Rubisco replacement. Despite this 

success in expressing the major shell components and forming a BMC like structure and a functional 

Rubisco replacement, functional fully formed CB including the cargo enzymes have not been 

expressed in plants to date. I believe this is also due to a lack of fundamental understanding of the CB 

structure and self-assembly mechanics (Sections 1.1.1-1.1.3). 
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“Research is what I'm doing when I don't know what I'm doing.” Wernher von Braun, 1957. 
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Chapter 2, Materials and methods 

 

2.1 Bacterial culturing  

2.1.1 E. coli culture conditions  

All E. coli strains used in this work were pre-existing in this lab, all were cultured in liquid using 

premade LB broth (miller’s) powder at 25 g/l (ThermoFisher Scientific 12795027 Miller’s LB broth base) 

or on LB agar plates made using premixed powder 37 g/l ThermoFisher Scientific 22700041 Lennox LB 

agar powder). Three E. coli strains were used; TOP10 (TOP10 Chemically Competent E. coli 

ThermoFisher Scientific C404010) for plasmid retention and plasmid production purposes, BL21 DE3 

(BL21 DE3 Chemically Competent E. coli ThermoFisher Scientific C6000) for heterologous protein 

expression purposes and BW251113 (Datsenko and Wanner, 2000) for use of the λ red recombination 

system. All TOP10 and BL21 DE3 cultures were grown from a starting OD 600 nm ~0.05 (Jenway 6300 

Spectrophotomer, Jenway, UK) at 37 °C. All BW251113 cultures were grown from a starting OD 600 

nm ~ 0.1 at 30 °C as the plasmid for the λ red recombinase is lost at 37 °C. All cultures were grown for 

between 12 – 16 hours until OD 600 nm > 1.2 then sub cultured or transferred to 4 °C for short term 

storage. Long term storage of strains was achieved using 20 % glycerol as a cryoprotectant and snap 

freezing with liquid nitrogen before storage at -80 °C. Growth curves can be found in Appendix B. 

 

2.1.2 Syn7942 culture conditions  

Syn7942 was pre-existing in this lab. Syn7942 cultures were grown in BG 11 liquid medium (Rippka et 

al., 1979) or on BG 11 plates with 1.5% bacteriological agar (Agar bacteriological LP0011B 

ThermoFisher Scientific). Cultures were grown at a constant 30 °C with constant white illumination at 

60 μE m−2 s−1. Syn7942 were sub-cultured every 5-6 days when they began to enter stationary phase 

and cells began to elongate at OD 750 nm 1.5-2. Cultures were inoculated to an OD 750 nm of 0.15. 
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Cultures were grown in either 8-10 ml in small filter capped culture flasks (NuncTM Cell Clulture Treated 

EasYFlasksTM 156367 ThermoFisher Scientific) or 30-50 ml in large filter capped culture flasks (NuncTM 

Cell Clulture Treated EasYFlasksTM 156499 ThermoFisher Scientific). Cultures were regularly screened 

for contamination using fluorescence microscopy to compare bright field and chlorophyll auto-

fluorescence images (Zeiss axioplan 2), any cultures found to contain >~1% non-chlorophyll auto 

fluorescent cells were discarded. Short-term storage was at 23 °C under 20 μE m−2 s−1 constant white 

light illumination. Long-term storage of strains was accomplished using 5 % DMSO as a cryoprotectant 

and snap freezing with liquid nitrogen before storage at -80 °C (Faulkner et al., 2017; Sun et al., 2016). 

Growth curves are available in Appendix B. 

 

2.1.3 H. neap culture conditions  

H. neap used in this work was acquired from ATCC (The American Type Culture Collection, https 

//www.lgcstandards-atcc.org/en.aspx) as a freeze dried powder (Halothiobacillus neapolitanus 

Parker, Kelly and Wood ATCC 23641 C2) (Cannon et al., 2001; Hutchinson et al., 1965). Cells were 

recovered and propagated as per the instructions from ATCC in liquid ATCC medium 290 (ATCC 

Medium 290 S6 Medium for Thiobacilli, Hutchinson et al., 1967) or on ATCC 290 2% agar plates. 

Subsequent experiments were started from a cryogenic stock made from the initial culture using the 

Protect microorganism Preservation system (Technical Service Consultant Ltd). This was also used for 

long term storage at -80 °C. Cultures up to 20 ml were grown in universal tubes (SterilinTM 

Polypropylene Universal Containers, ThermoFisher, UK) containing >50 % headspace or in conical 

flasks for larger volumes up to 2 litres also containing >50 % headspace. Cultures were grown for 6-7 

days to near stationary phase at a constant 30 °C as according to (English et al., 1995). New cultures 

were inoculated using a 1 3 ratio of near stationary phase culture to fresh ATCC 290. Cultures were 

regularly screened for contaminants using bright field microscopy (Zeiss axioplan 2) (See 2.9.2). The 

growth of these cultures was tracked using OD 600 nm. Growth curves are displayed in Appendix B. 

https://www.lgcstandards-atcc.org/en.aspx
https://www.lgcstandards-atcc.org/en.aspx
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2.2 Transgenic bacterial strain generation  

2.2.1 E. coli strains for heterologous protein expression  

The vectors used in this work were synthesised by GeneArtTM (ThermoFisher Scientific) or generated 

during this work by restriction cloning. Gene fragments, namely HOCH_5815 & Syn7942 CcmK4 

enhanced green fluorescence protein (eGFP), were generated by HF-PCR using CloneAmp high fidelity 

DNA polymerase (Takara Bio) and primers designed during this work that were synthesised by Eurofins 

genomics. Restriction enzymes, namely Nco1 & Xho1 used were all produced by NEB (New England 

Biolabs INC, USA) and used as per the manufacturer’s instructions. For a full list of vectors and primers 

used see Appendix A. All vectors used contained T7 promoter sequences and therefore IPTG was used 

to induce expression in all strains described here. 

 

BL21 DE3 E. coli were used for all heterologous protein expression during this work. Chemically 

competent E. coli were transformed with heterologous expression vectors using heat shock as 

described in detail by Froger and Hall (Froger and Hall, 2007). Transformants were grown on selective 

LB agar plates and screened by colony PCR. Colony PCR was conducted with a few whole cells for 

template DNA using Biomix red premixed PCR reagent (Bioline) as per the manufacturer’s instructions. 

 

2.2.2 Syn7942 strains with carboxysomal fluorescence labels  

Fluorescence labelling in this work was based on the original protocol for mutagenesis of Syn7942 

(Golden, 1988), the lambda red recombination system (Mosberg et al., 2010), as described in more 

recent work in this laboratory (Sun et al., 2016). All of the eGFP labelled strains used in this work were 

generated using the method as described. All the CB protein labelled strains used in this work were 

already available in the lab as cryogenic stocks, or as finished constructs in E. coli requiring only 



Chapter two: Materials and Methods: 

 
28 

  

plasmid mini prep, transformation into Syn7942 and genotype confirmation by colony PCR. GFP 

labelling primers and vectors are described in Appendix A.  

 

2.3 Large-scale bacterial culture  

2.3.1 Five litre Syn7942 conical flasks  

Large conical flasks were used to grow 5 litre batches of Syn7942. These flasks, already containing BG 

11 medium and a magnetic stirrer bar, were sterilised by autoclave; and were sealed with a rubber 

bung perforated with two hollow glass tubes, one long and one short. The long glass tube reaching 

close to the bottom of flask was submerged under the medium, and the short was in the headspace 

above the medium. After autoclave and cooling to RT, these flasks were placed on magnetic stirring 

platforms and the long glass tube was connected to an air pump via a 0.22 µm filter, thus mixing and 

aerating the culture. These cultures were inoculated to OD 750nm ~0.15 using an entire 50 ml batch 

culture grown for ~5 days to OD 750 nm ~1.5. Initial growth was under continuous illumination with 

light intensity ~60 µEm-2s-1 and increased to ~100 µEm-2s-1 after 2 days and ~140 µEm-2s-1 after 4 days. 

Cultures were grown for ~7 days until OD 750 nm ~2. Growth curves are shown in Appendix B.  

 

2.3.2 Five litre Syn7942 bioreactor cultures  

Syn7942 cultures were maintained in constant illumination in BG-11 medium supplemented with 10 m TES 

and 3 g/L Na2S2O3 and grown in a 5-liter fermenter (BioFlo 115, New Brunswick Scientific, USA) at 30 °C 

under 100 μE m−2s−1 initially, with constant agitation (200 RPM) and aeration (250 SLPM). Mixing and 

aeration were gradually increased during growth (250 then 300 RPM & 500 then 750 SLPM). The light 

intensity was also increased to 200 then 300 μE m−2s−1 at approximately the 2 day and 4 day time points 

respectively. The growth of cultures was tracked using OD 750 nm measurements, starting OD 750 nm 

~0.15 and final OD 750 nm ~3-3.5 after 5 days of growth. Growth curves can be found in Appendix B.  
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2.3.3 Large volumes of H. neap grown by chemostat  

H. neap cultures were grown in the same 5 liter BioFlo fermenter in ATCC 290 liquid medium, at 30 °C 

with 350 RPM agitation, and 500 SLPM aeration. A chemostatic growth condition was achieved using a 

constant dilution with fresh medium at a rate of 5 % per hour. The pumped out culture was collected 

twice per day and the cells harvested by two step centrifugation, 300g to remove Sulphur precipitates 

followed by 8000g (Sorvall SLA-3000 rotor) to pellet cells. The resulting pellets were snap frozen and 

stored at -80°C for isolation at a later date, if not used immediately. Growth curves are available in 

Appendix B. (Cannon and Shively, 1983; Dou et al., 2008; Menon et al., 2008) 

 

2.4 Individual Protein and intact carboxysome purification  

2.4.1 Purification of overexpressed BMC shell protein, HOCH_5815  

Single BMC shell proteins express readily in E. coli Bl21 DE3. After the presence of overexpression 

vector was confirmed by PCR, expression conditions were screened using a range of temperature and 

IPTG concentrations; four temperatures 18, 25, 20 and 37 °C each with five IPTG concentrations a 

negative 0 IPTG control, 10, 100, 250, 500 µM, making a total of 20 cultures. Each culture was sampled 

and checked by whole cell lysate  SDS-PAGE after 4 hours and overnight from induction. From this test 

500 µM at 37 °C for 4 hours was determined as the best condition trialled. Further IPTG concentration 

optimisation found 450 µM resulted in more expression. The same held true for all shell proteins in 

the pET26b vector (see Appendix A) in this study. The growth of cultures was tracked by OD 600 nm. 

Expression was induced in cultures at OD 600 nm 0.6-0.8 (growth curves shown in Appendix B). 

The shell proteins form large aggregations when overexpressed (Lassila et al., 2014; Sutter et al., 

2016). 500 ml of cells were harvested by centrifugation at 6000 g (Sorvall SLA-3000 rotor), at 4 °C and 

all subsequent steps were on ice or at 4°C, lysed using a lysis buffer (50 mM Tris-HCl, pH 7.8, 100 mM 

NaCl, 10 mM MgCl2, 20 µL DNase 25 mg/mL, 20 µL lysozyme (Lysozyme from chicken egg white, Sigma 
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Aldrich, UK) 50 mg/mL, 1% Protease inhibitor cocktail (PIC) (Thermofisher, UK) and 3 rounds of French 

press at 350 MPa (Stansted Pressure cell homogeniser, Stansted Fluid Power LTD, UK). The insoluble 

components were separated from the lysate by centrifugation for 20 minutes at 20,000 g, (Sorvall SS-

34 rotor). The pellet was washed and re-centrifuged in the same manner three times with strong 

detergent buffer (50 mM Tris-HCl, pH 7.8, 100 mM NaCl, 10 mM MgCl2, 3% (v/v) Triton X-100) and 

then washed three times with 0% Triton buffer (50 mM Tris-HCl, pH 7.8, 100 mM NaCl, 10 mM MgCl2) 

in the same fashion to remove the detergent. 

 

2.4.2 Isolation of CBs from H. neap  

H. neap is a model organism for CB study and as such there are many published protocols for CB 

isolation. The protocol used in this study was based on (Menon et al., 2008 & Dou et al., 2008). 5 litres 

of culture was grown as described in (Section 2.3.3). 20 L of cells were pooled and harvested by 

centrifugation (2.2.3). All subsequent steps were carried out at 4 °C or on ice and the resulting samples 

were stored at 4 °C. The cell pellet was re-suspended in 20 ml of TEMB (Tris, EDTA & Magnesium buffer) 

(10 mM Tris-HCl pH 8.0, 5 mM EDTA pH 8.0, 20 mM MgCl2) and the presence of 2% cell lytic B, 1% PIC and 

10 mg ml−1 lysozyme, on a rolling mixer for 1 hour prior to cell breakage by sonication, 20x 5 seconds bursts 

with an amplitude of 14.4 Å (Soniprep 150 plus, Wolflabs, UK). The cell lysate was then treated with 2% 

Nonidet P40 (Thermofischer, UK) for 1 hour. Cell debris was removed by centrifugation 10,000 g for 10 

minutes, followed by a centrifugation at 50 000 g for 20 minutes to enrich α-CB in the pellet and discard 

some cellular components in the supernatant. The generated pellet was re-suspended in 2 ml TEMB and 

was incubated in the presence of 1% n-doceyl β-maltoside (Sigma) overnight while mixing by gentle 

inversion on a rotary mixer. The resulting sample was loaded on top of a step sucrose gradient 10 – 50 % 

in TEMB, in 10 % increments each step consisting of 2 ml giving a final volume of 12 ml. Followed by a 

250,000 g ultra-centrifugation for 20 minutes using an RPS40T rotor. Fractions were characterized by TEM 

imaging, SDS-PAGE, and Rubisco assay. 
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2.4.3 Isolation of β-CBs from Syn7942  

5 litres of culture was grown as described in (2.3.2). Cells were harvested at OD = ∼3.5 before reaching 

stationary phase after ~5 days. All subsequent steps were carried out at 4 °C or on ice, and the resulting 

samples were stored at 4 °C. The cell pellet was re-suspended in 20 ml of TE buffer (10 mM Tris-HCl pH 8.0, 

5 mM EDTA pH 8.0) and the presence of 10% cell lytic B, 1% PIC and 10 mg ml−1 lysozyme, on a rolling mixer 

for 1 hour prior to cell breakage by sonication, 20x 5 seconds bursts 14.4 Å peak to peak (Soniprep 150 

plus, Wolflabs, UK). The cell lysate was then hand homogenised and treated with 3% Triton X-100 (Sigma) 

for 1 hour. Cell debris was removed by centrifugation 10,000 g for 10 minutes, followed by centrifugation 

at 50 000 g for 20 minutes to enrich β-CB in the pellet and discard some cellular components in the 

supernatant. The generated pellet was re-suspended in 2 ml TE buffer and was incubated in the presence 

of 1% n-doceyl β-maltoside overnight while mixing by gentle inversion on a rotary mixer. Followed by 

180,000 g ultra-centrifugation using an RPS40T rotor for 30 minutes, through a step sucrose gradient 10, 

20, 30, 35, 40, 45 & 50 % in TE buffer. Each of the increments was 1.5 ml in volume, giving a final volume 

of 12.5 ml including the sample. Each sucrose fraction was characterized by fluorescence microscopy, TEM 

imaging, SDS-PAGE, and Rubisco assay to determine the presence and activities of β-CB components. 

 

2.5 Assay for Rubisco specific activity  

2.5.1 Assay on live bacterial culture  

Cells were harvested by centrifugation from cultures during the exponential growth phase. Cell pellets 

from 3 ml of culture were re-suspended in 1 ml of Rubisco assay buffer (100 mM EPPS pH 8.0, 20 mM 

MgCl2), Cell density was then checked by OD 750 nm for Syn7942 or OD 600 nm for E. coli or H. neap. 

OD was adjusted to 1 by dilution with Rubisco assay buffer and re-measured to ensure dilutions were 

made accurately. These prepared cells at equal densities were mixed with assay buffer containing 25 

mM NaH14CO3 (Perkin Emler, US) in scintillation vials (6.5 ml snaptwist scintillation vial PP, 16x57mm, 
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VWR) for 2 minutes in a 30 °C water bath. All subsequent assay steps were carried out at 30 °C. To 

permeabilize the cells prior to the reaction cells were incubated for an additional 1 minute with 0.03% 

MTA (mixed alkytrimethylammonium bromide, Sigma, US). To initialise the reaction 2 mM D-ribulose 

1,5-bisphosphate (RuBP, Sodium salt, Sigma, US) was added. After 5 minutes of reaction time 2:1 

volume of 10 % acetic acid was added to terminate the reaction. The samples were dried for ~45 

minutes at 95 °C in heat blocks to remove all buffers and drive off any unfixed NaH14CO3. Dried sample 

precipitates were re-suspended in 200 µl of MilliQ water and mixed with 2 ml of Ultima Gold XR 

scintillation cocktail (Perkin Elmer, US). Radioactivity measurements were then made using a 

scintillation counter (Tri-Carb, perkin elmer, US). 

 

2.5.2 Assay on purified CBs  

The general procedure was the same as described in (2.5.1). The protein concentration of purified CB 

samples was determined by Bradford assay. An aliquot of the sample was then diluted to 1 mg/ml in 

chilled assay buffer and kept on ice. 5 μl of the sample was then incubated with 25 mM NaH14CO3 in a 

final volume of 250 μl for 2 minutes and the reaction initialised with RuBP and proceeded for 5 minutes 

before termination and then continued in the same manner as in (2.5.1), but without the 

permeabilization step.  

 

2.5.3 Determining Michalis-Menton enzyme Kinetics  

A range of substrate concentration, RuBP from 0 to 5 mM, was used for Michaelis-Menten 

determination. The assay procedure was the same as described in (2.5.1 and 2.5.2) except the reaction 

initialisation step was carried out with varied concentrations of RuBP for the same sample. The 

resulting fixation rates were plotted against substrate concentration to create a Michaelis-Menten 

curve and a Lineweaver-Burk plot (Lineweaver and Burk, 1934), using Sigmaplot V14.0 (Systat 
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Software, Inc., San Jose California USA, www.systatsoftware.com) from which the Vmax and Km of 

Rubisco were estimated.  

 

2.5.4 Assay data analysis  

A standard scintillation count curve from a range of known concentrations was generated from simply 

drying and counting NaH14CO3 in MilliQ water. The same standard curve was used to calculate the 

amount of 14C fixed from the scintillation count data in every experiment with the same batch of 

NaH14CO3. This value was calibrated for background by blank samples without providing RuBP and 

water only samples, then divided by 5 to calculate the rate of 14C fixed per minute. These rates were 

normalised against protein concentration or OD to calculate the rate per mg/ml of CB or per OD of 

cells. The significance of these data was assessed by two tailed t-test. 

 

2.6 Atomic Force Microscopy  

2.6.1 Substrate preparation  

Three kinds of AFM substrates (the surface on which AFM samples are imaged) were used in this study, 

mica (0.25 mm mica sheets, Agar Scientific, UK), HOPG (HOPG-ZYB, Windsor Scientific, UK) and glass 

slides (Corning microscope slides, Sigma Aldrich, UK). Mica disks were cut to a standard 8 mm diameter 

using a custom hole punch jig from a large mica sheet, HOPG was purchased as a 10 x 10 x 20 mm 

block. Both substrates were affixed to magnetic disks (SD-101, 12mm diameter, Bruker, UK) using a 

transparent two component resin adhesive (Araldite® Crystal, Screwfix, UK). Glass slides were cleaned 

prior to use as described in (Roos, 2011), and Mica disks were also affixed to the centre of glass slides 

using a transparent two component resin adhesive. Glass slides with or without mica disks affixed 

were used to enable simultaneous optical microscopy and AFM using the BioAFM system (JPK 

Nanowizard 3 AFM mounted on a Zeiss 880 LSM). All other substrates were also imaged using the 

https://systatsoftware.com/
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Multimode system (Bruker MultiMode8 AFM). Magnetic disks were used for all other AFM 

experiments as they provide a more stable support which induces less drift. Mica and HOPG were both 

cleaved using adhesive tape (Scotch® MagicTM tape) immediately before each use to ensure a clean 

surface.  

 

2.6.2 Sample preparation  

Purified shell protein samples were stored at ~80 mg/ml at 4 °C short term. Purified CB samples were 

stored at ~4 mg/ml 4 °C short term and -80 °C long term. Stock samples were taken from storage 

conditions and diluted to 2 mg/ml or 0.5 mg/ml respectively for adsorption to AFM substrates. 

Adsorption buffer (10mM Tris-HCl pH 7.5, 150 mM KCl, 25 mM MgCl2) at room temperature and 

ambient pressure was used for adsorption of all samples described in this thesis. After absorption 

samples were washed three times in Imaging buffer (10mM Tris-HCl pH 7.5, 150 mM KCl) and 

subsequently imaged in the same.  

 

2.6.3 Probe/cantilever stiffness calibration  

Probes were calibrated using a contact based method in imaging buffer on a flat area of clean 

substrate with no sample prior to each AFM experiment. An average curve from three independent 

curves was used to estimate the deflection sensitivity. The probe was then withdrawn a large distance 

(>100 nm) away from the substrate before thermal tuning. The Lorentzian model was used to fit the 

data and estimate the spring constant of the probe. This same general approach was taken using either 

the point and shoot mode on our Multimode 8 or the force spectroscopy capture setting on our JPK 

Nanowizard 3 or Ultra S.  
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2.6.4 High-speed imaging  

HS-AFM imaging at a scan rate of 30-60 Hz was used to study BMC shell protein assembly dynamics. 

The JPK Nanowizard Ultra S and Bruker dimension fast scan systems were used with USC-F0.3-K0.3 

(Nanoworld, Windsor scientific UK) probes. Minimal forces (50-100 pN) were applied to avoid sample 

damage and artefacts induced by scanning. Patches of interest were found in overview scans (~3 x 3 

µm) at relatively slow speeds (3-5 Hz). Once located the scan size was incrementally decreased and 

speed incrementally increased while optimising the other scan parameters to maintain high quality 

and high resolution images framing the patch of interest.  

 

2.6.5 Combined AFM and confocal microscopy  

 AFM and confocal imaging were carried out simultaneously on the same sample. The AFM images 

were captured using the JPK Nanowizard Ultra S and the same method described in (Sections 2.6.1-

4). The confocal images were captured using the Zeiss 880 LSM and aligned with the AFM using a direct 

optical overlay, using the standard procedure detailed in the JPK user manual. CB labelled with GFP 

(Section 2.2.2) were imaged using standard GFP excitation (458 nm) and emission (500-530 nm) 

settings (Lee et al., 2016) with a 63x objective with a pre-existing method from our research group as 

described in (Sun et al., 2016). The resulting images were processed using a combination of Fiji 

(Cardona et al., 2012) and the JPK data processing software (JPK, Germany). The confocal pixel size 

was calculated using the Zeiss black confocal software and the process described in the Zeiss 880 user 

manual. 

 

2.6.6 CB/virus imaging and NI  
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CBs were imaged using either peak force tapping mode on the Multimode 8 or quantitative imaging 

(QI) mode on the Nanowizard Ultra S. DPN10 probes (Bruker) probes were used and calibrated before 

imaging (Section 2.6.3). Minimal forces (50-100 pN) were applied to avoid sample damage and 

artefacts induced by scanning. Very high gains were used during scanning to ensure the probe tracks 

the sudden change in height correctly when moving from the substrate to CB, without this the probe 

may not track correctly and may apply very high forces to the CB or impact the side. Once found via 

overview images (~5 x 5 µm), CBs were ‘framed’ by zooming into a small scan (~400 x 400 nm) and 

imaged only once before NI. NI was performed using point and shoot on the multimode 8, and using 

contact mode force spectroscopy capture on the Nanowizard Ultra S. A single NI experiment consisted 

of 6 force curves, 1 captured on a clean area substrate near the CB to serve as a control curve and 5 

centrally on top of the CB. The mean value of these 5 curves was taken to represent the CB.  

 

Figure 2-1 AFM-NI methodology A) Schematic representation of an AFM_NI measurement on top of 

a CB. 1 moving the probe down towards the CB, 2 contact with the surface of the CB, 3 indentation of 

the CB. B) Typical force curves generated during the process shown in B), the inset image indicates the 

locations at which these measurements were taken, CB measurements in black and AFM substrate 

control measurement shown in red. 

2.6.7 AFM image processing  

1 

2 

3 
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AFM images were flattened by plane fitting and setting the substrate regions of the image around the 

edges to minimum. Images with any discernible noise were median filtered and the LUT table was 

adjusted manually to increase contrast then applied to all future images in the same batch. This was 

done during or immediately after capture, to assess image quality, using the manufacturer’s 

commercially available image analysis software purchased with our AFMs, Nanoscope analysis 

(Bruker, NanoscopeAnalysis version 1.8, USA) and JPK data processing (JPK, verison 6.058, Germany). 

Once in this form, subsequent processing was done on an image by image basis using Image SXM 

(https //www.liverpool.ac.uk/~sdb/ImageSXM/), Image J (Cardona et al., 2012), WSxM (Horcas et al., 

2007) or Gwyddion (Nečas and Klapetek, 2011) depending on the desired output in each case e.g. 3D 

or Fourier transformed. 

 

2.6.8 Calculating shell protein dynamics  

Images processed as described in (2.6.7) were exported as batches of tif files corresponding to each 

patch. These were then batch processed in ImageSXM using a custom macro written expressly for this 

analysis. This macro automatically aligns the images frame by frame based on a custom designed auto-

correlation function, applies Z thresholds and coverts the images into a binary format. These aligned 

binary images are subtracted by the following image to generate a difference image. Particle analysis 

can quantify the regions of difference in the difference image in terms of the number of hexamers 

gained and lost. 

 

2.6.9 Determining CB mechanical properties  

The analysis method to determine mechanical properties of CB like particles was described in detail 

(Faulkner et al., 2017). 

https://www.liverpool.ac.uk/~sdb/ImageSXM/
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Assuming that β-CB could have a mechanical behaviour similar to those of viruses, we used three typical 

models to determine its mechanical properties. The first one is the linear model, widely used to study virus 

rigidity (Table 4-1), where the cantilever and the particle are considered as two springs in series. The spring 

constant of β-CB kCB was calculated using: 

  

 

(1) 

Where kcantilever was the pre-calibrated spring constant of the cantilever and ktotal was the slope measured 

in the range of interest of the force–distance curve recorded on top of the β-CB. 

Stiffness is a property of the object and depends not only on the material it is comprised of, but also on its 

dimensions and geometry. Young's modulus provides a measurement of the intrinsic elasticity of the 

material. In the case of viruses, it is very common to use the thin-shell theory to estimate ES. Young's 

modulus can be estimated using the following equation:  

  

 

(2) 

where α is the geometry-dependent proportionality factor (here we consider α = 1), which was reported 

to be a reasonable value for various virus capsids (Table 4-1) kCB is the spring constant of β-CB, estimated 

using the lineal model (Equation 1), h and R are the shell thickness and the particle's radius measured by 

TEM (4.5 nm and 75 nm, respectively) 

The third model used to estimate the mechanical properties of β-CB is the Hertzian model (Johnson and 

Johnson, 1987). This model is implemented in the commercial software of the Bruker and the JPK systems. 

If the sample is softer than the tip, Young's modulus EH can be obtained using: 



Chapter two: Materials and Methods: 

 
39 

  

  

 

(3) 

where F is the measured force, Rtip is the tip radius (for DNP cantilevers, R = 20 nm), and νCB is the Poisson 

coefficient of β-CB (here we consider νCB = 0.5, for soft biological samples) and d is the indentation depth, 

determined from the displacement zp of the piezo-scanner, the initial contact distance z0, and the 

deflection given by a hard wall F/kcantilever: 

 

 

(4) 

 

Simulations of force-indentation curves were carried out using the Force Distance Curves tool in the Virtual 

Environment for Dynamic AFM (VEDA) software (Kiracofe et al., 2014), assuming a Hertz contact regime. 

The cantilever was assumed to have a tip radius R = 20 nm, spring constant k = 100 pN nm−1, Young's 

modulus Et = 130 GPa and Poisson coefficient μs = 0.3. For CB, a Poisson coefficient μs = 0.5 was used and 

Young's modulus was in the range from 0.5 to 500 MPa. 

 

 

2.7 Electron microscopy  

2.7.1 Sample preparation  

The structures of isolated β-CBs were characterized using negative staining TEM as described previously 

(Arteni et al., 2008; Liu et al., 2008). Samples were adsorbed to the grid (Carbon-coated formvar-copper 
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grids, TAAB Laboratory & Microscopy, UK) for 5 minutes at ambient temperature and pressure before 

washing with ultrapure water and staining with 3% uranyl acetate. 

 

 

2.7.2 Image capture and analysis  

Images were recorded using a FEI Tecnai G2 Spirit BioTWIN transmission electron microscope. Initial image 

processing was conducted using Tecnai analysis (FEI). Further image analysis was carried out using ImageJ 

software (NIH Image). CB diameter results are presented as mean ± SD (Figure 4-6). 

 

2.8 Carboxysome proteomic analysis  

2.8.1 Sample preparation for proteomic analysis  

The CB sample isolated from a 40%(w/v) sucrose gradient was initially in TE buffer (100mM TRIS-HCl 

pH 8, 10mM EDTA pH8, and 40 % sucrose) and was washed with PBS.  

30µL of sample (~50µg) was made up to 80 µL with 25mM NH4HCO3 in a 0.5mL low-bind tube. 5 µL of 

1 % (w/v) Rapigest in 25mM ambic was added and the sample incubated at 80 C for 10 min. The 

sample was reduced by the addition of 5µL of 60mM DTT in 25 mM NH4HCO3 and the samples 

incubated at 60 C for 10 min. Alkylation was carried out by the addition 5 µL of 180 mM 

iodoacetamide in 25 mM NH4HCO3 and the sample incubated at RT for 30 min in the dark. 5 µL (1 µg) 

of trypsin (200 ng/µL in 50 mM acetic acid) was added and the sample incubated in a heat block at 37 

C overnight. The following morning digests were terminated by the addition of 1 µL of TFA 

(trifluoroacetic acid) and incubated at 37 C for 45 min, before centrifugation at 17,200 x g for 30 min 

and transfer of the clarified digest to fresh 0.5 mL low-bind tubes. Sample digest was mixed with an 
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equal volume of 50 fmol/µL of a yeast enolase standard digest in total recovery autosampler vials 

immediately prior to LC-MS analysis. 

 

2.8.2 TOP3 Mass spectroscopy  

Data-dependent LC-MS MS analyses were conducted on a QExactive quadrupole-Orbitrap mass 

spectrometer coupled to a Dionex Ultimate 3000 RSLC nano-liquid chromatograph (Hemel 

Hempstead, UK) in collaboration with the centre for proteome research. Sample digest (2µL) was 

loaded onto a trapping column (Acclaim PepMap 100 C18, 75 µm x 2 cm, 3 µm packing material, 100 

Å) using a loading buffer of 0.1 % (v/v) TFA, 2 % (v/v) acetonitrile in water for 7 min at a flow rate of 9 

µL min-1. The trapping column was then set in-line with an analytical column (EASY-Spray PepMap 

RSLC C18, 75 µm x 50 cm, 2 µm packing material, 100 Å) and the peptides eluted using a linear gradient 

of 96.2 % A (0.1 % [v/v] formic acid) 3.8 % B (0.1 % [v/v[ formic acid in water acetonitrile [80 20] [v/v]) 

to 50 % A 50 % B over 30 min at a flow rate of 300 nL min-1, followed by washing at 1% A 99 % B for 5 

min and re-equilibration of the column to starting conditions. The column was maintained at 40oC, 

and the effluent introduced directly into the integrated nano-electrospray ionisation source operating 

in positive ion mode. The mass spectrometer was operated in DDA mode with survey scans between 

m/z 300-2000 acquired at a mass resolution of 70,000 (FWHM) at m/z 200. The maximum injection 

time was 250 ms, and the automatic gain control was set to 1e6. The 10 most intense precursor ions 

with charges states of between 2+ and 5+ were selected for MS/MS with an isolation window of 2 m/z 

units. The maximum injection time was 100 ms, and the automatic gain control was set to 1e5. 

Fragmentation of the peptides was by higher-energy collisional dissociation using a normalised 

collision energy of 30 %. Dynamic exclusion of m/z values to prevent repeated fragmentation of the 

same peptide was used with an exclusion time of 20 seconds. This was based on the method described 

in (Silva et al., 2006). 
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2.8.3 TOP3 Mass spectroscopy data analysis  

The raw data file was imported into Progenesis QI for Proteomics (version 3 Nonlinear Dynamics, 

Newcastle upon Tyne UK; a Waters Company). Peak picking parameters were applied with sensitivity 

set to maximum and features with charges of 2+ to 7+ were retained. A Mascot Generic File, created 

by Progenesis, was searched against the Synechococcus elagonatus database from Uniprot (2,657 

sequences) with the sequence of yeast enolase (UniProt P00914) added. Trypsin was specified as the 

protease with one missed cleavage allowed and with fixed carbamidomethyl modification for cysteine 

and variable oxidation modification for methionine. A precursor mass tolerance of 10 ppm and a 

fragment ion mass tolerance of 0.01 Da were applied. The results were then filtered to obtain a 

peptide false discovery rate of 1 %. Semi-quantification was carried out using a Hi-N (number of 

peptides quantified per protein) of 3 using the yeast enolase 50fmol/ µL as the reference protein (Silva 

et al., 2006). 

2.9 Fluorescence imaging and confocal microscopy  

2.9.1 GFP Fluorescence imaging using blue light illumination  

 

For highly concentrated samples of CB with GFP tags, GFP emission was visible by eye, and was 

recorded with a standard digital camera, using broad range blue – UV illumination from a 

transilluminator (Dark Reader®, DR196 Transilluminator, Clare Chemical research, USA) and the 

accompanying filter. 

2.9.2 Bright field and Fluorescence microscopy  

Bright field and/or Fluorescence microscopy was conducted on a Zeiss Axioplan 2 (Carl Zeiss Axioplan 

universal microscope, Zeiss, UK); White illumination for bright field or broad range UV light excitation 

from a UV lamp. This excitation resulted in emission from both GFP and Syn7942 chlorophyll, which 

could be viewed independently using built-in red (588 nm) and green (509 nm) filter cubes in the 

microscope.  
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“I don’t believe it. Prove it to me and I still won’t believe it.” Douglas Adams, (Life, the Universe, and 

Everything), 1982. 
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Chapter 3, Visualisation of bacterial microcompartment facet protein 

assembly using high speed atomic force microscopy 
 

3.1 Introduction  

3.1.1 The previous studies of BMC shell proteins in vitro and scope of this study  

The facets of the shell are predominantly composed of a homohexameric (BMC-H) shell protein 

(Kerfeld et al., 2005; Tanaka et al., 2010; Yeates et al., 2010), suggested to be either a single or a double 

layer (Kerfeld et al., 2005; Tanaka et al., 2009; Yeates et al., 2007). Empty shells, nanotubes and various 

other architectures can be visualized by transmission electron microscopy (TEM) after heterologous 

expression of shell proteins in E. coli (Parsons et al., 2010). Other studies of related BMC-H proteins 

such as PduA have begun to investigate molecular scaffolding approaches (Young et al., 2017). Whilst 

successful in creating scaffolds, these studies have thus far been confined to a very particular set of 

well controlled conditions within E. coli (Lee et al., 2017; Pang et al., 2014).  Exactly how shell proteins 

self-assemble into higher order structures is an open question. One aim of this study is to find some 

of the missing details of the BMC self-assembly process by visualising the self-assembly of BMC-H using 

HS-AFM. Here I describe a combination of X-ray crystallography and HS-AFM to characterize a 

molecular sheet of HOCH_5815 and visualize the dynamics of BMC-H hexamer shell facet self-

assembly for the first time. 

 

3.1.2 Homology between BMC-H shell proteins  

Aside from the afore-mentioned conserved BMC-H domains (1.1.2) in BMC major shell proteins, there 

is a wide range of highly homologous proteins reported (Cai et al., 2012; Sommer et al., 2017; Sutter 

et al., 2015). The BMC-H type major shell proteins, all form highly similar hexamer quaternary 

structures (Tanaka et al., 2009 & Table 1-2). BMC-H proteins contain a widely conserved lateral 
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interaction mediating (D/N-x-x-x-K RPH) motif, meaning the mechanisms of hexamer-hexamer 

interaction are likely similar (Kerfeld and Erbilgin, 2015; Klein et al., 2009). Therefore, for the work 

described later in this thesis regarding HOCH_5815 BMC-H proteins I work under the assumption my 

findings can be generalised amongst other BMC-H proteins. Despite this there are clear primary 

sequence differences in key regions of the hexamer, including the hexamer-hexamer interaction 

region (Cai et al., 2015b). Some of these differences are highlighted in the multiple alignment shown 

in Figure 3-1. For example, there are basic residues missing in CcmK2 such as L11 and Q53 which are 

conserved basic residues in both PduA and HOCH_5815 and thus create additional (D/N-x-x-x-K RPH) 

motifs. 

Figure 3-1 A multiple alignment of three BMC major shell protein sequences, CcmK2 from Syn7942, 

PduA from Salmonella enterica and HOCH_5815. This alignment was generated using publically 

available gene sequences from the KEGG database (PduA t0836, CcmK2 Synpcc7942_1421) and the 

online Clustal Omega tool (https //www.ebi.ac.uk/Tools/msa/clustalo/). 

 

3.1.3 The model organism Haliangium ochraceum  

Haliangium ocraceum (henceforth referred to as HOCH) is a halophilic chemoautotrophic 

Myxobacterium. HOCH was used in this study as its BMC-H protein (HOCH_5815) has a high yield and 

purity when overexpressed and purified from E. coli (Lassila et al., 2014). Due to the similarity of BMC-

H proteins, and the high de similarity with Syn7942 Ccmk2 (Figure 3-1), HOCH_5815 was deemed a 

suitable BMC-H protein to base wider conclusions upon. The same study also showed interesting 

stable protein assemblies persist under buffered conditions in vitro. These assemblies looked 

particularly suitable for imaging with HS-AFM. The reason for this high stability remains unclear, 
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however it may be due to the unusual genetic arrangement of shell protein genes in the HOCH BMC 

(Axen et al., 2014). These differences may result in longer periods of persistence in isolation or a 

change in stoichiometry relative to other orthologous BMC gene organisations. 

 

3.2 Results and discussion  

3.2.1 The cloning of HOCH_5815 into E. coli  

The gene sequence of HOCH_5815 from start codon to stop codon (http://www.genome.jp/dbget-

bin/www_bget?hoh:Hoch_5815) was synthesised by Geneart (ThermoFischer, UK) and was 

heterologously expressed in BL21* DE3 E. coli cells. Chemically competent E. coli were transformed 

by heat shock with pET11b_HOCH_5815, made using restriction cloning into the multiple cloning site 

of an empty pET-11b vector (Adgene, UK). Restriction digest was done using Xho1 and EcoR1 

independently, empty pET-11b was transformed by heat shock into E. coli and purified using miniprep. 

See the materials and methods chapter (2.2.1) for more details and Appendix A for sequences.  

 

The presence of expression vectors was confirmed by colony PCR using HOCH_5815 internal primers 

(Appendix A), after which these vectors were isolated from E. coli by miniprep and sequenced 

(‘lightrun sequencing’, GATC, UK) with primers in the T7 promoter and terminator to confirm the 

correct HOCH_5815 gene sequence was present. 
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Figure 3-2 Agarose gel electrophoresis of HOCH_5815 screening PCR  showing Hyper ladder 1 

(bioline) in the left lane and PCR product band representing ~300 bp, the expected size for the 

HOCH_5815 gene fragment. The PCR product was amplified from 10 ng of a plasmid mini prep of BL21 

DE3 transformed with HOCH_5815 Petm11 using primers directly after the ATG and before the 

terminator, inside the gene sequence. Thus the presence of this PCR band confirms the presence of 

the HOCH_5815 gene in the BL21 DE3 strain.  

 

3.2.2 Overexpression and purification of HOCH_5815 protein  

The expression conditions were trialled at various temperatures (18, 25, 30 & 37 °C) and IPTG 

concentrations (10, 100, 250, 500, 1000 µM), to confirm overexpression happened as expected, and 

to find optimal conditions (Figure 3-3, C). Protein levels were determined by SDS-PAGE using whole E. 

coli cells, compared to an IPTG free negative control. Following which expression was carried out at 
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37 °C with 450 µM IPTG as this is where to strongest band corresponding to the expected size of 

HOCH_5815 was observed. Overexpressed protein was then purified from the insoluble fraction of 

cell lysate using a series of washes with a strong detergent buffer, and a second series of washes to 

remove the detergent. The resulting sample was analysed by  SDS-PAGE and the presence of a band 

of the expected size for HOCH_5815 was observed, with only minor contaminants visible (Figure 3-3). 

 

 

Figure 3-3 HOCH_5815 overexpression in E. coli. (A) Thin section electron micrograph of E. coli 

overexpressing the HOCH_5815 BMC-H proteins resulting in “swiss rolls” formed by sheets of 

hexamers. This thin section electron micrograph was gathered in collaboration with the Kerfeld lab, 

Berkeley USA. (B) SDS-PAGE showing two lanes, one containing ‘PAGE ruler+’© ladder (Thermofischer, 

UK) and the other containing purified HOCH_5815 protein with a single major band corresponding 

closely to the expected size of 10.9 kDa. The first three ladder bands from bottom to top represent, in 

green 10 kDa, in blue 15 kDa, in red 25 kDa. C)  SDS-PAGE showing three lanes, The left contains ladder, 

the centre and right lanes contain whole E. coli cells induced with 0 and 450 µM IPTG respectively.  
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3.2.3 The structure of HOCH_5815  

To characterize the building blocks of these higher order assemblies the HOCH_5815 protein was 

crystallised and its structure determined at a resolution of 1.8 Å by molecular replacement. These X-

ray crystallography data were gathered in collaboration with the Kerfeld lab (PDB 5DJB). Eight 

monomers (four partial hexamers) form the asymmetric unit of the P3 space group. The 

crystallographic 3-fold axis generates cyclic hexamers (Figure 3-4). Each monomer consists of the α/β 

fold characteristic of BMC-H monomers (Pfam00936 domain, Figure 3-4), as described for the 

previously reported BMC-H structures (Table 1-2). The closest structural homologue is CcmK2 (PDB 

3DNC) a C-terminal deletion mutant of the major CB BMC-H shell protein with a root-mean-square 

deviation (RMSD) of 0.7 Å over 84 (out of 90) aligned Cα atoms, excluding the flexible C-terminal loop. 

The lateral edges of the HOCH_5815 BMC-H hexamer are 37 Å long and it has an overall thickness of 

approximately 36 Å including the C-terminal extensions (Figure 3-4.B). The hexamers have a distinct 

sidedness, a concave and a convex face (Figure 3-4.B), and pack into uniformly oriented layers in the 

crystal (Figure 3-4.C). The lateral interface between two hexamers buries 307 Å2 per hexamer. A total 

of 12 non-bonded contacts are made among 8 residues per interface. Residues K28 and R78 of two 

separate monomers on adjoining hexamers make relatively large contributions to the lateral interface. 

The concave–concave interface primarily consists of interactions made by the N- and C- termini of the 

proteins. Convex–convex interfaces are mediated by hydrogen bonds and two salt bridges between 

charged residues (R66 and R62 to E65) on the surface of the protein. 

https://www.rcsb.org/structure/5DJB
https://www.rcsb.org/structure/3dnc
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Figure 3-4 Crystal structure of the HOCH_5815 BMC-H protein. (A) HOCH_5815 adopts the 

characteristic α/β BMC-H fold (strands in yellow, helices in red) (Kerfeld et al., 2005). The edge 

residues K28 and R78 are represented by sticks. (B) A top down surface representation and a side-on 

centre sliced view with edge and thickness dimensions. The hexamer has a pronounced sidedness with 

distinct convex (top) and concave (bottom) surface. Protomer chains are alternatingly coloured dark 

red and orange. (C) The hexamers pack into uniformly oriented layers in the crystal. The zoomed-in 

view on the right shows laterally interacting residues K28 and R78 at the hexamer-hexamer interfaces 

(shown as magenta sticks). This X-ray crystallography data was generated in collaboration with the 

Kerfeld Lab. 

 

This structure was integral to understanding the hexamer-hexamer interactions of HOCH_5815, as the 

interactions between hexamers, such as the salt bridges involving side chains of K28 and R78 were 

observed. The structure also served as a good model for what the expected dimensions and topology 
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should be under AFM imaging. Any differences observed during AFM imaging might suggest that the 

AFM buffered conditions were effecting the HOCH_5815 structure. The dimensions and dual sided 

nature of HOCH_5815 hexamers were observed and these observations gave rise to the initial ideas 

for the AFM experiments. The concave and convex sides have different net and localised areas of 

hydrophobicity and charge, implying that the interaction between each of these faces and the mica 

substrate is different and their topology under AFM imaging should be easily distinguishable. 

 

3.2.4 HOCH_5815 organisation observed by AFM  

Atomic force microscopy (AFM) in solution was used to characterise sheet formation by the 

HOCH_5815 BMC-H protein, which allows the observation of protein organisation and assembly under 

buffered near physiological conditions (under ambient temperature and pressure). The proteins were 

observed to form two-dimensional patches with varying sizes on the surface of AFM substrate (Figure 

3-5.A). Cross-sectional analysis illustrates that the HOCH_5815 BMC-H forms flat protein sheets of 

∼3.5 nm thick (Figure 3-5.A), consistent with the thickness of a single hexamer in the crystal structure. 

This indicates that the sheets are composed of a single layer of hexamers or tiled array, reminiscent 

of (Lassila et al., 2014). The double layer formed by interactions between the C-terminal tails along 

the concave face, described by (Samborska and Kimber., 2012), was not observed. 

 

AFM images of HOCH_5815 sheets captured at 17 seconds per frame (s/frame) using higher-

magnification and smaller scan-size, were able to resolve the regular angles and straight edges of the 

hexamers within the tiled arrays (Figure 3-5.B & Figure 3-8). We were able to resolve the molecular 

details of protein organisation within these sheets by minimising the AFM scanning force, applying 

less than ~100 pN. The two distinct surface morphologies of the hexamer patches could be 

distinguished in AFM topographs based on the relative sizes of the central depression, measured as 
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the distance between the protruding regions of a single hexamer on each surface (Figure 3-5.C,D). 

These two morphologies corresponded to the concave and convex faces of the hexamers that were 

observed in the crystal structure (Figure 3-4.B). The AFM results show that BMC-H patches are 

composed of a monolayer of uniformly oriented HOCH_5815 proteins (Figure 3-5, C), which were also 

observed in the crystal packing. Patches were not observed with a mixture of orientations.  

 

The hexamers have distinct electrostatic properties on their concave and convex faces, evident from 

the crystal structure. These oritentation specific electrostatic properties likely account for the 

different rates of shell protein attachment to the mica surface (Figure 3-6). When the concave face 

(which is relatively nonpolar) of the hexamer is exposed to the AFM probe and the relatively polar 

convex surface is attached to the negatively charged mica substrate, the sheets are more stable than 

sheets in the opposite orientation (i.e., convex up, concave on mica). Hence in this work, the focus 

remained on the concave face up oriented patches.  

 

 

Higher resolution images using a small scan area (100x100 nm), within a large patch (>1 µm2) were 

captured. These images allowed us to investigate the organisation and hexamer packing within the 

HOCH_5815 patches, representing the facet of a BMC, (Figure 3-5, D). In these images the edges of 

each individual hexamer are clearly defined and it is possible to overlay these hexamers with an 

accurate schematic representation of the hexamer packing (Figure 3-7, A). From this schematic 

representation more detailed measurements of the packing were possible such as the periodicity 

(~6.5 nm) and angle between adjacent hexamers (~60°) (Figure 3-7.B & C). This information sheds 

new light on how the major shell BMC-H proteins are organised within a BMC. 
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Figure 3-5 AFM analysis of the HOCH_5815 sheet. (A) Cross-section analysis using topographs 

captured of hexamers adsorbed to the mica surface indicates a monolayer 3.54 nm in thickness. (B) 

Higher magnification reveals greater detail about the organisation of hexamers as seen by straight 

edges and regular 60° angles (see Figure 3-7). (C) Between patches of hexamers two distinct surfaces 

morphologies can be observed, and only a single orientation was observed in any one given patch. (D) 

The relative sidedness of the sheet (convex versus concave face) accounts for the differing surface 

topographies and can be distinguished during AFM scanning by the diameter of the central depression 

that surrounds the pore. The concave face has a depression diameter of 52.8 Å whereas the convex 

face has a diameter of 47.1 Å measured by AFM cross-section analysis, compared with 51.6 and 45.7 

Å, respectively, based on the crystal structure. The atomic structures were generated from the X-ray 

crystallography data gathered in collaboration with the Kerfeld Lab. 
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Figure 3-6 Different dynamic features of hexamer self-assemblies when concave and convex faces 

are attached to the mica substrate. (A) Five aligned AFM frames captured at 17 s/frame, showing 

that the two patches with distinct orientations present different dynamic features. The protein patch 

with convex face up displays greater protein dynamics (dashed area), whereas the other sheet with 

concave face up is relatively stable (arrows indicate a few single-protein motion events). (B) The 

electrostatic properties of the hexamer, showing that the concave face is relatively less uniformly 

polar than the convex face. The atomic structures were generated from the X-ray crystallography data 

gathered in collaboration with the Kerfeld Lab. 
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Figure 3-7 Organisation of HO hexamers in the self-assembled patches. (A) High-resolution AFM 

image showing the structure of individual hexamers and the “honeycomb” packing pattern of 

hexagons (60° angle) in the self-assembled layers. (B) Height profile along Line 1 in panel (A) indicates 

the periodicity of hexamer packing (6.49 ± 0.23 nm, n = 10) in the patch. (C) Pair correlation function 

analysis of the hexamer organisation in protein sheets. The closest interacting distances are 6.45 nm, 

11.52 nm and 13.09 nm respectively, representing the typical assembly of hexamers as illustrated in 

the structural model (insert, red, blue and green arrows).  
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3.2.5 Tracking HOCH_5815 dynamics by HS-AFM  

HS-AFM has evolved into a powerful tool for exploring the structure and dynamics of biomolecular 

systems (Ando, 2014; Ando et al., 2013; Casuso et al., 2011; Eghiaian et al., 2014). To investigate how 

HOCH_5815 BMC-H proteins self-assemble into BMC facets, I therefore observed the dynamics of 

HOCH_5815 hexamer sheets using HS-AFM (17 s/frame, 30 Hz scan rate). The lattice-like tiled-arrays 

of BMC-H hexamers were clearly identified, due to the ability of HS-AFM to resolve individual 

hexamers (Figure 3-8). Two hexamers (depicted by white arrows at 0 s) were observed dissociating 

from the sheet at 17 s. Another hexamer subsequently dissociated (white arrow shown at 17 s) and 

one new hexamer assembled into the protein sheet at 34 s (yellow arrow). Such translational motions 

of hexamers were continuously observed during this series of images and in many similar imaging 

series (Figure 3-8 & Figures 3-9 to 3-15). Similar observations were made during higher scanning speed 

(2 s/frame, 60 Hz can rate, Figure 3-10), revealing the dynamic nature of self-assembly of the shell 

proteins and flexible interactions between proteins in the shell. These results demonstrate that sheets 

are formed by the incorporation of preassembled hexamers. 
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Figure 3-8 HS-AFM imaging reveals the dynamics of HOCH_5815, BMC-H, sheet formation. Hexamers 

are both removed from (white arrows) and incorporated into the sheet (yellow arrows) during the 

course of scanning. Blue arrows depict hexamers not associated with the sheet that are translocating 

across the mica surface. The Twelve aligned HS-AFM images (100 x 47.4 nm) shown were captured at 

17 s per frame as part of a 20 minute HS-AFM imaging series. 

 

 

3.2.6 Observation of alternative types of protein dynamics  

Other than individual hexamers moving freely from one location to another within the buffer in a 

relatively open area of mica inside a patch (Figure 3-8), a range of different dynamic events was also 

observed. The different kind of events observed appear to depend on the local organisation of 

HOCH_5815 patches. Fewer dynamic events were observed in more densely packed regions 

containing more or larger patches. As indicated in the series of images summarised in (Figure 3-13), 
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the rate of dynamic events is faster within the patch ‘inner’ and slower along the edge of the patch 

‘edge’. Where patches have a particularly long straight edge individual hexamers were seen ‘rolling’ 

along the edge apparently looking for a site where more than a single contact could be made (Figure 

3-9). In patches where this straight edge ends in a pocket where a hexamer can make contact with 

two others individual hexamers ‘roll’ until they reach the ‘pocket’ and then remain there for many 

subsequent frames (Figure 3-11). Through a combination of these observed behaviours, patches were 

also notably seen growing rapidly on one edge with several of these ‘pockets’ compared to a much 

straighter edge with fewer ‘pockets’ (Figure 3-12). HOCH_5815 hexamers were also observed 

disassembling on mass from areas of the patch where they could only make two contacts and 

reassembling in an area with more pockets where they could make three contacts or more (Figure 3-

14). All of these observations suggest that a single face in contact with another hexamer is not a stable 

interaction, at least two faces are required to be in contact with two other hexamers. BMC_H proteins 

tend to arrange in patterns where the highest number of contacts can be made, even at the cost of 

large scale reorganisations. Therefore, the tiled arrays of protein we see all have a similar macro 

organisation and the likelihood is so will the facets of a BMC as they assemble from BMC-H proteins 

free in solution. 

 

In subsequent AFM images it was further observed that the inclusion of additional hexamers into 

existing sheets occurs only when the docking hexamer is in the same orientation as the sheet (Figure 

3-15). Hexamers with concave face up could assemble together but could not associate with the 

hexamers with convex face down. This is most likely ascribed to the particular contacts at the protein 

interfaces and, moreover, that the same surface orientation of shell proteins is prerequisite for the 

generation of BMC shells. (Figure 3-15.D,E). 
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Figure 3-9 Dynamic associations among hexamers at the non-crystalline patch edges. (A) Eleven 

aligned HS-AFM frames of 250 x 250 nm captured at 17 s/frame. Three individual dynamics events of 

proteins were visualized (white, green and blue arrows). (B) The motion routes of the three dynamics 

events in (A) were shown in black, green and blue respectively, by tracking the hexamers between 

frames. 
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Figure 3-10 HS-AFM images of the self-assembled hexamer sheets. Three aligned HS-AFM images (50 

× 50 nm) were captured at higher speed (2 s/frame). The assembly and disassembly of HOCH_5815 

hexamers in the patches are shown in yellow and white arrows, respectively. 

 

 

Figure 3-11 Formation of new edges of hexamer sheets by the assembly of individual hexamers. 

Nine aligned HS-AFM frames were captured at 17 s/frame, 100 x 100 nm. The association of hexamers 

to the sheet edges and their disassociation from the edges are shown in white and red circles, 

respectively. 



Chapter three: Visualisation of bacterial microcompartment facet protein assembly using high speed atomic force 
microscopy: 

 
61 

  

 

Figure 3-12 Progression of shell patch formation by the assembly of individual hexamers. (A) Ten 

aligned HS-AFM frames captured at 17 s/frame, 250 x 250 nm. The dashed line indicates the original 

protein patch at the beginning of HS-AFM imaging. Red circles in the frames indicate the newly 

assembled proteins, compared to previous frame, whereas white circles show the settled proteins 

during the assembly process. (B) The number of self-assembled hexamers observed in the patch per 

HS-AFM frame as a function of time.  
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Figure 3-13 The motions of HO hexamers within the protein patch. (A) Sixteen aligned HS-AFM 

frames captured at 17 s/frame, 300 x 300 nm, display both protein assembly and disassembly events. 

Arrows represent the assembly events in which diffusing hexamers were trapped by other hexamers 

within the protein sheet. (B) The number of protein motion events that occurred at both the patch 

interior and edge per HS-AFM frame as a function of time. 
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Figure 3-14 Assembly and disassembly dynamics of hexamer sheets. (A) Twelve aligned HS-AFM 

frames 350 x 350 nm captured at 17 s/frame. Dashed lines 1 and 2 indicate two protein patches that 

are growing, whereas the large patch on the left side in the frames shows disassociation events. Red 

circles in the frames indicate the newly assembled proteins, compared to previous frame, whereas 

white circles show the stationary proteins during the assembly. (B) The numbers of newly assembled 

hexamers in patch 1 and 2 per HS-AFM frame as a function of time.  
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Figure 3-15 The assembly of protein patches depends on the protein orientation. (A) An AFM 

topograph 500 x 500 nm of protein patches in the same region at 0 min. (B) An AFM topograph 500 x 

500 nm of protein patches in the same region at 3 min. (C) The difference AFM image by comparing 

the two AFM topographs 500 x 500 nm (A) and (B). Black and white areas in the difference AFM image 

indicate the regions where protein dynamics were detected. The red line represents the interface 

between sheets with different orientations. The results revealed that the dynamic events were only 

observed at interfaces between sheets with the same orientations, rather than at the interface 

between sheets with different orientations. It suggested that the same orientation is essential to 

ensure the protein sheet development. (D, E) 100x100 nm topographs showing the interface of 

protein patches (dashed lines) with distinct orientations did not merge during three minutes of AFM 

imaging. Areas 1 and 2 represent the protein sheets with concave and convex faces exposed to the 

AFM probe, respectively. Arrows indicate the protein dynamics events captured. 

 

 



Chapter three: Visualisation of bacterial microcompartment facet protein assembly using high speed atomic force 
microscopy: 

 
65 

  

3.2.7 Reorganisation also involves groups of preassembled HOCH_5815 hexamers  

The dynamic events previously described in (3.2.6) all involve a single hexamer moving by breaking 

and remaking interactions. Groups of bound hexamers were observed moving together, without 

losing their interactions with each other. Small ‘oddly’ shaped patches near a larger more typically 

organised patch often merged, providing that the two patches were in the same orientation (Figure 

3-15). It appears there may be a minimum number of hexamers required for a patch to be stable, 

under these AFM imaging conditions (Figure 3-16). This merging behaviour may be one of the 

mechanisms by which the minimum size of a CB facet is maintained.  

 

 

 

 

Figure 3-16 Development of shell patch by the merging with other patches. Twelve aligned HS-AFM 

frames 300 x 300 nm were captured at 17 s/frame. Circles indicate the merging and dynamic large 

protein patches during HS-AFM imaging. Arrows show the dynamics individual proteins during HS-

AFM imaging. 
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3.2.8 Characterisation of HOCH_5815 mutants  

Interestingly, CcmK2 of Syn7942 had been previously expressed in E. coli, purified and the structure 

solved by X-ray crystallography. However, despite this, no similar self-assembled structures were 

reported in E. coli or in vitro, supporting the different assemblies hypothesis (Cai et al., 2015b), 

although a double layered sheet structure has been reported previously (Samborska and Kimber, 

2012). Two residues tha differ between HOCH_5815 and CcmK2 of Syn7942 in the hexamer-hexamer 

interaction region, K28 and R78, whilst most of the other amino acid residues whose side chains 

mediate lateral interactions are highly conserved (Kerfeld et al., 2005; Tanaka et al., 2009; Tsai et al., 

2009, 2007) (Figure 3-1). To test this hypothesis and the effect of these two specific differences, site 

directed mutagenesis was used, and is subsequently described in this work. 

 

To begin to dissect the structural determinants governing the self-assembly of shell proteins, single-

point mutations of residues at the lateral interface of adjoining hexamers were made, using the PCR 

based In-Fusion (Clonetech) technique (Allemandou et al., 2003). Residues K28 and R78 are strongly 

conserved residues in BMC-H proteins and they are located at the junctions between adjacent 

hexamers in the layers observed in the crystal packing (Figure 3-3). AFM images (Figure 3-16) show 

that K28A mutant typically forms larger patches (∼1200 nm in diameter), whereas the patches of R78A 

mutant are much smaller (85 nm in diameter) than those formed by the wild-type (WT) protein (705 

nm in diameter). Unexpectedly, the K28A sheets tend to appear as stacked layers, whereas the 

patches formed by WT or R78A proteins are only single layers (Figure 3-17, C). Molecular-resolution 

AFM topographs indicate that the double K28A layer is formed by two protein sheets with convex 

surfaces making contact with each other (Figure 3-18) In addition, the protein dynamics are modified 

by the K28A and R78A mutations (Figure 3-17, E & Figure 3-19). Calculating the number of hexamer 

movements in each frame indicates that for many images in a series of images of the K28A mutant 

there were no dynamic events. There were no frames in which no dynamic events were observed for 
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the WT or R78A HOCH_5815 (Figure 3-19). The results indicate that K28 and R78 residues of the 

HOCH_5815 BMC-H protein play key roles in governing the assembly of HOCH_5815 shell hexamers 

and that the strength of lateral hexamer interactions within the sheets can be modulated without 

complete disruption. In addition, we found that subtle changes (e.g., a single-point mutation) can 

promote stacking of the shell protein hexamers. 
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Figure 3-17 Characterization of the impact on assembly of point mutations of the HOCH_5815 BMC-H 

protein. (A) AFM images of patches of WT, K28A, and R78A BMC-H protein. (B) Quantitative particle 

analysis shows the average patch size of the R78A mutant (85 nm) is smaller than the WT (705 nm) while 

that of the K28A mutant (1196 nm) is larger than the WT. (C) Cross-section analysis shows the thickness of 

sheets formed by the WT and R78A mutant to correspond to that of a single protein layer (3.5 nm). The 

K28A mutant sheet has thickness consistent with a double layer (7.0 nm). (D) The double layer of the K28A 

mutant is formed by convex–convex contacts. (E) Normalized rates of protein dynamics in the WT, K28A, 

and R78A hexamer sheets. The dynamics features of these assemblies are variable R78A proteins in the 

self-assembled patches present higher translational dynamics than WT proteins, whereas the K28A sheets 

appear relatively stable during AFM imaging. Measurements were made based on a series of AFM images 

taken at multiple distinct regions (n = 12). The data were normalized to correct for differences in frame 

capture time and the scan area which has diverse ratios of protein to mica and the scan size, relative to the 

WT dynamic events. Error bars represent standard deviation, asterisks indicate statistically significant 

difference from WT by T-test, p<0.005 with 95% confidence. 



Chapter three: Visualisation of bacterial microcompartment facet protein assembly using high speed atomic force 
microscopy: 

 
69 

  

 

Figure 3-18 Stacking pattern of K28A hexamer double sheets characterized by AFM imaging. White 

lines show the directions where the protein centres in the upper layer are facing the interfaces of 

hexamers in the bottom layer, whereas blue lines indicating the centres of proteins in both layers are 

in identical line. Hexamers in the upper layer are shown in red, those in the bottom layer are shown 

in grey. The data indicates that there is no direct pore superpositioning between the double shell 

sheets. The AFM images are 100 x 100 nm. 

 

Figure 3-19 The rates of protein dynamics in WT, K28A and R78A HOCH_5815 per HS-AFM frame, as 

a function of time. (See Figure 3-17) where the data were normalized to correct for differences in 

frame capture time and the scan area which has diverse ratios of protein to mica and the scan size, 

relative to WT dynamic events. 
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3.2.9 Observing the assembly of HOCH_5815 sheets by adding more free protein  

The dynamics events described here could be due to AFM tip effects on the HOCH_5815. To test if 

continuous HS-AFM scanning prevents or hinders patch new protein assembly by sweeping away 

protein, additional HOCH_5815 was added to the buffer by fluid perfusion during scanning (Figure 3-

20). The same patch was then observed for the following 6 minutes. Hexamers were observed 

assembling around the entire perimeter of the existing patch. The orientation of the patch relative to 

the motion of the AFM tip had no apparent effect (Figure 3-20). 

 

 

Figure 3-20 The growth of protein patches triggered by the addition of extra hexamers into the AFM 

imaging buffer. Left, AFM topograph of a large protein patch before adding extra hexamers, via 

perfusion into the imaging buffer. Middle, AFM topograph of the same protein patch captured at 6 

min after adding extra hexamers. After the addition of proteins, a series of AFM images were captured 

at several locations for 6 minutes, all showing a similar growth in patch size (n = 9). Right, difference 

AFM image by comparing panel left and middle. Black areas (shown in arrows) indicate the newly 

developed patch areas. 
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3.2.10 Ordered orientations of BMC shell superstructures  

The clear morphological differences between the concave and convex faces of HOCH_5815 observed 

by AFM have a definite structural role. The observations that HOCH_5815 hexamers in a sheet are 

always in the same orientation (Figure 3-4 & 3-5), and that two sheets comprised of hexamers with 

opposing orientations cannot merge (Figure 3-6 & Figure 3-15), show that the macro-molecular 

assemblies of HOCH_5815 and possibly all BMC-H proteins must have orientation exclusivity. This is 

intuitive and logical and has been previously suggested for entire BMC (Kerfeld and Melnicki, 2016; 

Sutter et al., 2017). The fact that the BMC-H proteins alone assemble into such ordered structures, in 

the absence of other BMC proteins, makes them uniquely well suited to molecular scaffolding 

approaches. 

 

3.2.11 Modulated assemblies and dynamics of BMC shell superstructures  

The dynamic aggregation of the trp-RNA binding attenuation protein (TRAP) cages has recently been 

explored using HS-AFM imaging. These cages are self-assembled by the TRAP ring-shaped proteins, 

reminiscent of the HOCH_5815 hexamers (Imamura et al., 2015). The disassembly of TRAP cages was 

also monitored In the presence of the disulphide bond reducing agent dithiothreitol. Interestingly 

TRAP cage formation could not occur on mica, unlike the dynamic assembly of BMC shell proteins on 

mica surface observed in this study, this difference is likely due to the different capacity for 

interactions between these proteins and the substrate. Nevertheless, both studies on TRAP cages 

(Imamura et al., 2015) and BMC-H hexamer sheets (in this work), demonstrated the highly dynamic 

nature of the building blocks of large protein complexes. 
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3.2.12 Preferential hexamer docking during sheet formation  

The HS-AFM data in this study show the first clear evidence for preferential docking and local ordering 

of BMC-H hexamers during the self-assembly of a BMC shell facet. At least two hexamer-hexamer 

lateral interactions are required for an individual hexamer to be stable, within a facet-like sheet 

environment. This suggests that BMC-H proteins may only dock in the central region of the facet, most 

resembling the flat-sheets or tiled arrays seen here, during BMC assembly.  

 

Similar HS-AFM experiments were conducted involving a mixture of different BMC-H proteins from β-

CBs (Garcia-Alles et al., 2017), where the HOCH_5815 paralog hexamers alone formed similar tiled 

arrays, and the other BMC-H hexamers were found to introduce curvature. This would be interesting 

to study in the HOCH system in future work, to see if the same holds true or if this differs between the 

various types of BMC. In another study (Sutter et al., 2017), the same HOCH_5815 mixed with BMC-T 

and BMC-P proteins from HOCH formed a 6.5 MDa shell. The BMC-T and BMC-P proteins are 

responsible for introducing the distinct curvatures expected at the 2-fold and 5-fold axis of symmetry, 

in the icosahedral BMC structure, and that the BMC-H proteins predominantly form the flat regions of 

the facet (Sutter et al., 2017). It would also be interesting in future work to investigate these mixtures, 

and the stepwise self-assembly of the 6.5 MDa shells, using HS-AFM. 

 

 These same kinds of investigations of BMC-H self-assembly can be performed in silico, using coarse 

grain molecular dynamic simulations, another study observed many of the same self-assembly 

principles using this computational approach (Mahalik et al., 2016). It would be interesting to apply 

this approach to the mixtures of HOCH BMC proteins or the formation of the 6.5 MDa shell (Sutter et 

al., 2017). 
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3.3.3 Concluding remarks  

In summary, these data provide insights into the organisation of BMC shell facets in terms of the 

formation, interactions, and dynamics at the single molecule level. This study shows that 

preassembled shell hexamers form single layer sheets of uniform orientation. In addition to this 

information regarding the arrangement of hexameric proteins, the HS-AFM data indicates an overall 

flexible intermolecular interaction as it shows that individual hexamers can dissociate from and 

incorporate into assembled sheets. These data also show that specific contacts at the interfaces of 

neighbouring proteins influence the dynamic features of shell proteins, and thereby the self-assembly 

of the shell facets. The design and construction of synthetic BMCs have attracted intense interest for 

the bioengineering of nanoreactors and molecular scaffolds. Understanding the details of self-

assembly of BMC shell proteins is a prerequisite for control and engineering of BMC-based 

architectures with the aim of building designed nanoreactors and molecular scaffolds. This work, in 

particular the site directed mutagenesis has elucidated more details surround BMC-H self-assembly 

and has informed us of the role these specific conserved residues play in controlling it. 
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“Biology is the most powerful technology ever created. DNA is software, protein are hardware, cells 

are factories.” Arvind Gupta. 
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Chapter 4 Direct characterization of the native structure and mechanics of 

cyanobacterial carboxysomes 

 

4.1 Introduction  

4.1.1 The current model of Syn7942 CB structure  

The model cyanobacterium Synechococcus elongatus PCC7942 (Syn7942) contains β-CB (Section 1.1.2, 

Figure 1-4).  To date, models of the β-CB are based on crystal structures of individual β-CB proteins with 

the assumption of icosahedral symmetry (Table 1-2, Tanaka et al., 2008). The molecular details of the β-

CBs’ structure remain unclear. Therefore, in this work I intend to improve upon previous purification 

methods and obtain more meaningful TEM data from intact Syn7942 β-CB. 

 

Three distinct assembly pathways of CB modules have been deduced. In Syn7942, de novo assembly of β-

CBs exploits the “inside out” mode, Rubisco and CcmM first forming the core, followed by the 

encapsulation of this core by the shell proteins (Cameron et al., 2013; Chen et al., 2013). In contrast, the 

formation of empty α-CB shells in a Rubisco-knockout mutant of H. neap led to the implicit assumption 

that the shell forms first during α-CB biogenesis (Baker et al., 1998; Menon et al., 2008). In addition, 

partial α-CBs composed of the fractional shell and attached layers of Rubisco enzymes were imaged in H. 

neap and no Rubisco aggregations were observed (Iancu et al., 2010), suggesting a simultaneous assembly 

pathway for CB biogenesis. 

 

Within the cytosol, which is a crowded and changing environment (Parry et al., 2014), it is important that 

CBs are sufficiently robust to ensure the proper protein assembly, encapsulation of Rubisco enzymes and 

functional architecture. On the other hand, they are also flexible and dynamic to allow metabolite passage, 

turnover of building modules and interactions with other cellular components. Indeed, protein modules in 

the BMC shell facet are highly dynamic (Sutter et al., 2016). Through specific interactions with the 
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cytoskeleton, β-CBs in Syn7942 are evenly positioned along the longitudinal axis of the cell, ensuring equal 

segregation of these essential organelles to daughter cells (Savage et al., 2010). The biosynthesis and 

spatial organisation of β-CBs in Syn7942 also have a close correlation with photosynthetic electron flow 

regulated by light (Sun et al., 2016). In such a dynamic context, the inherent physical properties of CBs are 

important for the structural and functional integrity and flexibility of these icosahedral organelles. Until 

now, the exact mechanical nature of CBs has not been characterized. 

 

4.1.2 NI studies on viruses and encapsulin nanocompartments  

BMC shells appear similar to a viral capsid, but are CB shells mechanically similar to viral capsids due to 

the shared icosahedral structure? NI has also been widely applied to viruses, encapsulin, and other 

particles similar to BMCs (Bolhassani et al., 2017; Boyd et al., 2015; Carrasco et al., 2006; Mateu, 2012; 

Snijder et al., 2013) (Table 4-1).  
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Table 4-1 A summary of the previously reported physical measurements made on viruses, using AFM NI.  

 

K(particle) 
(N/m) 

YM 
(MPa / GPa) 

Failure 
(nN) 

Height 
(nm) 

type Ref 

0.25  0.05 GPa 0.6 24 encapsulin (Snijder et al., 2016) 

0.22  n/a 0.7 40 virus (Hernando-Pérez et al., 2016) 

0.56 0.3 MPa n/a 80 virus (Ortega-Esteban et al., 2015) 

0.21 n/a 1.6 50 virus (Boyd et al., 2015) 

0.20 140 MPa 0.81 30 virus (Michel et al., 2006) 

0.10 0.37 GPa 0.98 25 virus (Uetrecht et al., 2008) 

0.43 n/a 2.01 90 virus (Snijder et al., 2013) 

0.04 n/a n/a 100 virus  (Li et al., 2014) 

0.3 1.2 – 1.6 
GPa 

0.6 50 virus (Ivanovska et al., 2004) 

0.23 n/a 1.6 40 virus (Ivanovska et al., 2007) 

0.12 0.9 GPa 0.9 70 virus (Roos et al., 2012) 

0.8 1.25 GPa n/a 60 virus (Carrasco et al., 2006) 

 

A summary of the previously reported physical measurements made on viruses, using AFM NI. Where a 

value was not reported in a given study n/a has been indicated. The values given are approximate, rounded 

to 2 decimal places For K, E & failure and 1 nm for height, for the purpose of simplicity in comparison. 
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4.1.3 The scope of this study  

In this work we purified functional β-CBs from Syn7942. This enabled the first detailed characterization of 

the three-dimensional structure, topography and intrinsic nanomechanics of native β-CBs, using 

transmission electron microscopy (TEM), atomic force microscopy (AFM) and proteomics. These results 

revealed three distinct structural features of intact β-CBs that were previously unobserved, the native 

protein organisation of the shell, the specific protein interactions in partial CBs and the internal 

organisation of the luminal proteins. Though structurally resembling viral capsids, β-CBs present 

significantly softer mechanics. This study provides novel insights into the inherent structural and physical 

elasticity of native β-CBs. It will empower our toolbox for the design and construction of functional 

metabolic machinery, this has applications in bioengineering and nanotechnology. 

 

4.2 Results and discussion  

4.2.1 Optimising growth conditions to obtain the maximum yield of CBs in the starting material  

A CcmK4 eGFP Syn7942 strain was used to develop the procedure for β-CB purification. The eGFP tagging, 

with undetectable effects on the β-CBs’ structure and physiology (Sun et al., 2016), enabled us to 

fluorescently screen the β-CBs’ fractionation during the isolation and characterization processes. Syn7942 

cells were grown under high light (∼100 μE m−2 s−1) to increase the CB abundance per cell, according to the 

findings of my co-authored previous study (Sun et al., 2016). A gradual increase in light intensity was found 

to increase the growth rate of CcmK4 eGFP Syn7942 (See Syn7942 photobioreactor growth curves in 

Appendix B) as opposed to the longer lag phase then very rapid growth in a sudden shift to high light 

reported previously (Sun et al., 2016). Crucially this still increased CB numbers by a similar amount per cell 

(Sun et al., 2016). By increasing mixing and aeration in a similar stepwise fashion the growth rate of CcmK4 

eGFP Syn7942 was further improved (Appendix B), similar to previous growth optimisation studies (Kuan 
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et al., 2015; McEwen et al., 2013; Sarnaik et al., 2017; Yang et al., 2015). By increasing the CB number 

cell, the growth rate, and the maximum attainable culture density it was possible to increase the amount of 

CB in the starting material for the purification. 

4.2.2 Determining the optimal point in the growth cycle for CB isolation  

Syn7942 cell morphology changes in response to environmental stimuli and quorum sensing, division stops 

and cells elongate (Hood et al., 2016). Once Syn7942 cultures approach stationary phase and begin to 

elongate, despite the increase in biomass, the yield of CBs from this purification procedure decreases. 

Isolation of CBs from 1 litre aliquots of photo-bioreactor Syn7942 culture, every 24 hours from 2-7 days post 

inoculation, determined that under these culture conditions day 5 gave the greatest yield (see growth curves 

in Appendix B). The change in Syn7942 cell morphology may result in increased CB-cytoskeleton interaction 

(Savage et al., 2010; Sun et al., 2016) and therefore less efficient separation of CB. 

 

4.2.3 Determining isolated CB purity and function  

Following Triton X-100 treatment, β-CBs were enriched in the pellet by two steps of centrifugation and many 

cellular components remained in the supernatant. After sucrose gradient centrifugation (Figure 4-3, A), most 

of the rest cellular components appeared in the top and pellet of sucrose gradient fractions by proteomics 

and TEM (data not shown). The majority of β-CBs were determined in the 20%, 30% and 40% fractions by 

fluorescence imaging (Figure 4-1, B). Most of the strong GFP spots appear in the 40% sucrose gradient 

fraction (Figure 4-3, B). SDS-PAGE illustrates the polypeptide patterns of β-CB in each fraction (Figure 4-1, 

C). Rubisco enzymes are the most abundant components in all fractions, in agreement with immunoblot 

data (Figure 4-2). Carbon fixation assays of each β-CB sucrose fraction reveal that the 40% fraction presents 

the highest Rubisco activity (Figure 4-1, D). Proteomic analysis (in collaboration with the Centre for 

Proteome Research) of the 40% fraction allows the identification of a total of seven β-CB components, 

including the shell proteins (CcmK2, CcmK4, CcmL), shell-associated proteins (CcmM, CcaA) and internal 
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proteins (RbcL, RbcS) (Table 4-2 & Table 4-3). These results verify the proper fractionation of functional β-

CBs from Syn7942 (40%), whereas the 20 and 30% fractions may contain β-CB subcomplexes.  

 

 

Figure 4-1 Isolation and characterization of CcmK4 eGFP β-CBs from Syn7942. (A) Step sucrose gradient 

separation of CcmK4 eGFP β-CBs. (B) Fluorescence detection of β-CBs fused with GFP in different sucrose 

fractions. (C) SDS-PAGE of individual fractions from the β-CB purification, showing the polypeptide 

composition of isolated β-CBs. The presence of Rubisco was verified by immunoblot analysis (Figure 4-4). 

Determination of β-CB proteins was confirmed by proteomic analysis (Tables 4-2 & 4-3), in collaboration 

with the Centre for Proteome Research. (D) Rubisco specific activity of each sucrose fraction as determined 

by 14C radiometric assay. 
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Figure 4-2 Immunoblotting analysis of different β-CB fractions using anti-RbcL antibody. 

Immunoblotting assays were carried out on the SDS-PAGE gel shown in Fig. 1C. RbcL (~50 kDa) was 

detected in all sucrose fractions and was most abundant in the 40 % sucrose fraction.  

 

In addition to Rubisco, CcmM was also relatively abundant in the β-CB (Table 4-3). This is in agreement with 

their deduced roles, interacting with the shell and Rubisco and in interlinking Rubisco enzymes and thus 

forming the paracrystalline arrays (Rae et al., 2013). We could not differentiate the two CcmM isoforms, 

CcmM58 and CcmM35, in the isolated β-CBs, due to the absence of specific peptide sequences identifiable 

by mass spectroscopy in the N-terminus of CcmM58. The minor shell protein CcmL was identifiable in the 

isolated β-CBs (Table 4-3). According to the icosahedral shape there are 12 vertices, and therefore twelve 

CcmL pentamers, per CB. Although CcmO was deduced to occupy 10–30% of the shell s,(Rae et al., 2012) it 

was not detectable in the isolated β-CBs by mass spectroscopy. CcmN, CcmP and RbcX were likewise not 

detected, either in this work or in the previous study(Long et al., 2005). This is indicative of their low 
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abundance in the β-CB (compared to CcmL), the weak interactions with other CB proteins, or changeable 

CB composition in different conditions. Further exploration is needed to examine the accurate stoichiometry 

and function of these undetectable components in β-CBs. 

 

Apart from the predominant β-CB components, four cytoskeletal proteins (ParA, MreB, FtsZ, Ftn2) were 

identified in relatively high abundances in the 40% fraction (Table 4-2), supporting the notion that there are 

inherent strong interactions between β-CBs and the cytoskeleton. These interactions are thought to be key 

to the spatial positioning of β-CBs in Syn7942 (Savage et al., 2010). It is feasible that the GFP tags of CcmK4 

eliminate potential associations between β-CBs and other cellular structures somehow, albeit the 

underlying mechanism remains unclear. 
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Table 4-2 Protein categories identified by TOP3 MS analysis of the isolated CB sample from Syn7942. 
 
 

 

 

 

 

 

 

 

 

 

 

 

A table showing the protein categories identified by TOP3 MS analysis of the isolated CB sample 

from Syn7942. The proteins described here were all detected by at least one unique peptide by 

mascot search and represent >1% instrument detection sensitivity. The quantitative data set for the 

CB proteins identified is available Table 4-3. The functions ascribed here are the function as listed on 

the uniprot database. 3 of the 5 most abundant proteins were CB proteins (RbcL, RbcS & CcmM) and 

all the CB proteins except CcmL and CcmK4 are in the top 150 in terms of abundance indicating that 

the most abundant proteinaceous species in the sample was the CB and the sample was reasonably 

pure for later experiments. These data were collected in collaboration with the Centre for Proteome 

research. 

Protein category 
Number of identified 

proteins 

Carboxysome proteins 8 

Cytoskeletal proteins 4 

Bicarbonate binding protein 1 

Photosynthetic proteins 48 

Transporters 9 

Ribosomal proteins 52 

DNA binding proteins 51 

tRNA protein 17 

Circadian proteins 3 

Transferase 27 

Kinases 17 

Hypothetical or uncharacterised proteins 100 

others 249 

Total 496 
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Table 4-3 Top 3 Proteomic results of isolated β-CBs from Syn7942.  

 

A table showing the Top 3 Proteomic results of isolated β-CBs from Syn7942. The column “Normalized 

amount” displays the amount of each of the carboxysomal proteins detected in isolated β-CBs using 

TOP3-MS, converted to fmol using the intensity of the known standard peptide, normalized against 

the amount of the least abundant carboxysomal protein CcmL. “Molar concentration” was calculated 

considering the normalized amount and mass of each protein from the Top 3 semi quantitative 

abundance data. The “estimated number of each functional unit per β-CB” was calculated by dividing 

the concentration of monomers (molar concentration) by the aggregation states (i.e. 6 for hexamers, 

5 for pentamers etc.) and then normalized based on the notion that there are 12 CcmL per β-CB. 

 

Protein 
Normalized amount 

(fmol) 

Molar concentration 

(M) 

Estimated number of functional units 

per β-carboxysome 

RbcL 4530.8 ± 432.8 86.5 ± 37.7 67962.2 ± 4315.3 

RbcS 1744.5 ± 765.1 131.2 ± 10.7 25386.6 ± 5193.1 

CcmM 1567.1 ± 412.8 41.7 ± 24.3 84007.7 ± 11329.3 

CcmK2 116.6 ± 22.0 10.7 ± 5.8 1117.7 ± 106.8 

CcaA 81.8 ± 12.6 2.7 ± 0.4 2439.1 ± 299.4 

CcmK4 18.7 ± 0.4 1.6 ± 0.7 206.2 ± 0.6 

CcmL 1 0.091 12 
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4.2.4 Characterising CB sub-complexes and potential assembly intermediates  

The structures of isolated β-CBs were examined using TEM and AFM. Electron micrographs of negatively 

stained specimens demonstrate that the 20 and 30% sucrose gradient fractions contain predominantly the 

β-CB substructures (Figure 4-3, A, and Figure 4-4). Shell facets with straight and regular edges as well as 

proteins attached to the shell were visualized. AFM imaging in solution was used to characterize the native 

topography of β-CB subcomplexes at near physiological conditions (Figure 4-3, B, D & E, and Figure 4-5, B, C 

& D). Cross-section analysis reveals that the thickness of these CB fragments is 18.03 ± 8.11 nm (n = 20), with 

a range from 12.1 to 25.3 nm (Figure 4-3, C). They are thicker than a single shell protein layer that is about 

4.0 nm thick (Kerfeld et al., 2005; Sutter et al., 2016). Three-dimensional AFM image and cross-section 

analysis suggest that the β-CB fragment observed is composed of two shell facets with a joint edge that is 

raised from the AFM substrate surface (Figure 4-3, C & D). Individual shell hexamers and their spatial 

organisation in the shell facets could be seen (Figure 4-3, E, & Figure 4-5, B & D). 

 

In addition to the relatively flat shell sheets, more curved shell fragments were also imaged in solution. One 

curved shell patch was observed, where the native large-scale organisation of shell hexamers can be viewed 

in particularly high resolution (Figure 4-5, A & B). This organisation is reminiscent of the organisation of shell 

hexamers in synthetic BMC-H shell self-assemblies observed using HS-AFM (Sutter et al., 2016). Cross-

section analysis reveals the highly regular periodic arrangement of shell hexamers and their centre-to-centre 

distance is ∼9 nm (Figure 4-5, B & C). The protein structures and arrangement in the shell were better 

discerned in the 3D height AFM image (Figure 4-5, D), where the shell fragment approximately resembles a 

pyramidal shape. 
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Figure 4-3 Characterization of the β-CB fragments in the 20% and 30% fractions. (A) TEM images of β-CB 

fragments captured in the 20 and 30% fractions. Regular and straight facet edges and proteins associated 

with the facets were observed, more TEM images are shown in (Figure 4-4). B) AFM topograph of a typical 

β-CB fragment illustrating the spatial organisation of individual shell proteins (indicated by arrows). An AFM 

topograph of a larger, curved β-CB fragment is shown in (Figure 4-6). (C) Cross-section analysis of the β-CB 

fragment along the dashed line indicated in (B). (D) 3D representation of the β-CB fragment, showing the 

possible shell substructure comprises two shell facets that have a joint facet edge. (E) AFM phase image 

recorded together with the height image (B), displaying the native protein organisation in the shell facets, 

with patterns of individual shell hexamers highlighted in blue hexagons. 

 

http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig3
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Figure 4-4 TEM images of partial β-CB fragments in the 20 and 30% sucrose fractions. The images left 

and middle were captured from the 30 % fraction, right was captured from the 20 %. There are clearly 

resolved luminal proteins still associated in the middle of these fragments, in particular in the right 

hand image. The larger fragments form the 30 % (left and middle) appear to have large aggregates of 

what may be luminal proteins associated (heavily stained dark clouding), not visible in the smaller 

fragment from the 20 % fraction (right).  
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Figure 4-5 spatial organisation of proteins in a partial β-CB from the 30% fraction. (A) High-resolution AFM 

topograph of a partial β-CB fragment in imaging buffer. (B) High-pass-filtered AFM image showing the 

protein organisation in the shell fragment depicted in (A). The white line of the cross-section was used to 

calculate the pattern of hexamer organisation in (C). (C) The cross-section profile illustrates the periodic 

arrangement of hexamers and the centre-to-centre distance between neighbouring hexamers is ∼9 nm. (D) 

Three-dimensional height image of the shell showing the shell protein structures and arrangement. 
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4.2.5 TEM and AFM imaging of purified CBs  

These EM and AFM results, together with the SDS-PAGE (Figure 4-1, C), Rubisco assay (Figure 4-1, D) and 

immunoblot analysis (Figure 4-2), reveal that the observed specimens are partial β-CB modules (12.1–25.3 

nm thick) that comprise shell facets, plus shell-associated proteins and 1–2 layers of Rubisco enzymes given 

that 1 L8S8 Rubisco octamer would add between 9 and 11 nm in height (PDB 1RBL and 3ZXW)(Taylor et al., 

2001). Despite the possible artefacts in sample purification, these β-CB substructures resemble the partial 

α-CBs observed previously (Iancu et al., 2010) probably acting as intermediates generated in the β-CB 

biogenesis or degradation pathways. 

 

 

In contrast, EM images of the 40% fraction show the regular and polyhedral shape of intact β-CBs from 

Syn7942 (Figure 4-6 and Figure 4-7). These organelles exhibit an average diameter of 149.90 nm (Figure 4-

6, B), & Table 4-5), larger than the isolated α-CBs from H. neap, (Schmid et al., 2006) 

Synechococcus WH8102 (Iancu et al., 2010, 2007), and Prochlorococcus marinus MED4 (Iancu et al., 

2010) Table 4-4). Interestingly, the size of isolated β-CBs is slightly smaller than that determined from 

previous thin-section TEM results (Rae et al., 2012; Whitehead et al., 2014). Nevertheless, unlike typical 

icosahedral viruses, β-CBs vary in size, ranging from 100 to 200 nm (Figure 4-6, B), consistent with the 

observations from in vivo confocal fluorescence microscopy and TEM results (Cameron et al., 2013; Long 

et al., 2011, 2010, 2005; Rae et al., 2012; Sun et al., 2016). The structural heterogeneity implicitly 

indicates the inherent dynamics of β-CB formation and biogenesis in vivo, which might be of physiological 

importance to the generation of new β-CBs from pro-CBs or pre-existing CBs and the degradation of mature 

β-CBs during cell growth and division (Cameron et al., 2013; Savage et al., 2010). Moreover, two closely 

associated β-CBs were occasionally seen (Figure 4-6, C & Figure 4-7, B). Despite the possibility of being 

artefacts in sample preparation, whether they are generated by potential interactions between 

neighbouring CBs or in the budding events (Cameron et al., 2013) remains unknown. 

http://www.rcsb.org/structure/1RBL
http://www.rcsb.org/structure/3ZXW
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Figure 4-6 Characterization of the intact β-CBs in the 40% fractions. (A) An overview TEM image of the 40% 

sucrose fraction showing individual β-CBs with the polyhedral shape. (B) Histogram of the diameters of β-CBs 

measured from TEM images shows the size heterogeneity of β-CBs (n = 90). Each measurement is the mean of 

the three vertex-to-vertex measurements from a single CB as described in (Figure 4-7, A). (C) Typical TEM images 

of individual intact β-CBs (top) and β-CB aggregations (bottom). More TEM images are shown in (Figure 4-7). (D) 

High-resolution TEM imaging allows the direct visualization of both β-CB shell and internal structures. (E) Zoomed-

in view of a single β-CB with the resolved structural features highlighted. The outer shell is highlighted by a blue 

hexagon, and the Rubisco molecules are highlighted by circles colour coded by individual interior Rubisco-

organising pyramids. (F) Measurement of the shell thickness, inner gap (line 1) and Rubisco packing (line 2). (G) 

Profile analysis along the line 1 in (F), indicating the shell thickness of 4.5 nm and the inner gap (2.0 nm) between 

the shell and Rubisco-organising structure. (H) Profile analysis along the line 2 in (F), indicating the periodicity of 

Rubisco arrangement (∼9.5 nm). (I) A structural model of the β-CB from Syn7942, based on the TEM observations. 

Top, the model of β-CB facet edge organisation (CcmK in orange, CcmL in green at the vertices), according to the 

shell hexamer length (7.5 nm) and the edge length (72.2 nm) measured from TEM images. Middle, the structural 

model of one β-CB module including one shell facet (orange), inner shell layer (grey) and a triangular pyramid 

Rubisco-organising core (blue). Bottom, twenty of such β-CB modules assemble to form the entire icosahedral β-

CB in Syn7942. 
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Table 4-4 The diameter of isolated CB as determined by EM imaging  

 

Type Species Diameter (nm) Range (nm) Reference 

α-CB H. neap 117.3 ± 6.9 97 – 132 (Holthuijzen et al., 1986) 

α-CB H. neap 100 88 – 108 (Schmid et al., 2006) 

α-CB H. neap 134 ± 8 116 – 169 (Iancu et al., 2010) 

α-CB Synechococcus WH8102 123 ± 5 114 – 137 (Iancu et al., 2007) 

α-CB Prochlorococcus marinus MED4 90 70 – 100 (Roberts et al., 2012) 

β-CB Syn7942 149.90 ± 13.78 100 – 200 This study 

 

 

Besides the overall shape of β-CBs, EM images also provide detailed information about the shell architecture 

and internal organisation of the β-CB, which advances the model of β-CB structure and assembly (Rae et 

al., 2013) (Figure 4-6, D–F). It is evident that the intact β-CB comprises an outer shell that incorporates 

paracrystalline arrays of Rubisco enzymes (Figure 4-6, F). The average length of shell facet edges (vertex to 

vertex) is 72.16 ± 7.51 nm (n = 240). The thickness of the outer shell is 4.51 ± 0.22 nm (n = 60) (Figure 4-6, 

G), in agreement with the thickness of a single CcmK2 protein (Kerfeld et al., 2005). It demonstrates that 

the β-CB shell is constructed with a single layer of shell proteins. Intriguingly, we also observed a 2.0 nm low-

density interval between the shell layer and Rubisco arrays (2.00 ± 0.24 nm, n = 60). This “gap” may 

accommodate a layer of loosely-packed proteins attached to the inner surface of the shell, e.g. CcaA, CcmM 

and CcmN, which play key roles in linking the shell and Rubisco-organising internal structure (Rae et al., 

2013).  

 

http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig4
http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig4
http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig4
http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig4
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In contrast to the relatively disordered and less densely packed α-CB lumen (Holthuijzen et al., 1986; Iancu 

et al., 2010, 2007; Schmid et al., 2006), the β-CB internal structure is highly defined with paracrystalline 

arrays of Rubisco, in line with EM results of the ruptured Syn7942 cells (Kaneko et al., 2006). Individual 

Rubisco molecules inside the β-CB, notably those located in the outer layers of Rubisco arrays and adjacent 

to the shell, are clearly discriminated in the highly-ordered β-CB lumen. Approximately 9.5 nm Rubisco 

centre-to-centre distance was resolved (Figure 4-6, H). Given the 3.5 nm edge length of a CcmK2 hexamer 

(Kerfeld et al., 2005), the edge of a shell facet (72.16 ± 7.51 nm) is capable of accommodating 6 pairs of 

hexamers and 5 single hexamers between two CcmL pentamers at the vertexes (Figure 4-6, I, top). About 7 

Rubisco proteins (∼10 nm each) can be located along each facet edge under the outer shell (Figure 4-6, I, 

middle). Such protein organisation will result in a triangular pyramid β-CB substructure, which contains one 

shell facet with a single hexamer thick, a layer of shell-associated proteins and a Rubisco-organising 

triangular pyramid. Twenty of these β-CB modules eventually construct the entire icosahedral β-CB 

architecture (Figure 4-6, I, bottom). A Rubisco-organising pyramid under a triangular shell facet is estimated 

to contain 84 Rubisco proteins; a total of 1680 Rubisco enzymes may be encapsulated in one β-CB, roughly 

consistent with the previous estimation (Rae et al., 2013). Due to the paracrystalline packing, the Rubisco 

content of the β-CB is 7-fold higher than that of the α-CB (Iancu et al., 2010, 2007), though absolute 

quantification is required to explore the exact abundance of protein modules in CBs. 

 

The different interior organisations of α- and β- CBs could result in the distinction in their hierarchical 

assembly processes. The biogenesis of α-CB was proposed to be initialized by the formation of outer shell 

(Baker et al., 1998; Menon et al., 2008) or follow a simultaneous assembly pathway (Iancu et al., 

2010), whereas β-CBs seem to assemble from the inside out (Cameron et al., 2013; Chen et al., 2013). 

Characterization of partial β-CBs in this work suggests the strong protein–protein interactions within the 

“outer shell–inner layer–Rubisco” structures. The shell proteins, shell-associated proteins and Rubisco 

enzymes could potentially co-assemble to form large CB modules, which may serve as the assembly 

intermediates during β-CB assembly, biogenesis or degradation (Figures 4-3, 4-4 & 4-5). Concomitantly, our 

http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig4
http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig4
http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig4
http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig4


Chapter four: Direct characterization of the native structure and mechanics of cyanobacterial carboxysomes: 

 
93 

  

EM results of intact β-CBs (Figures 4-6 & 4-7), showing more ordered Rubisco arrays at the outer surface of 

Rubisco arrays and less ordered Rubisco packing in the β-CB lumen, likely implies the potential “outer shell–

inner layer–Rubisco” interactions (Figure 4-6, F). 

 

 

Figure 4-7 TEM images of intact β-CBs in the 40% sucrose fraction. (a) TEM images of individual intact 

β-CBs. The dashed arrows represent the three vertex-to-vertex measurements for determining the β-

CB diameter, as described in (Figure 4-6, B). (b) TEM images of 2-3 aggregated β-CB (Figure 4-6, C). 

Scale bar 100 nm. 

http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig4
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4.2.6 AFM imaging or purified CBs  

High-resolution AFM imaging in solution has become a matured and powerful single-molecular tool in 

studying the structures of macromolecular complexes (Liu and Scheuring, 2013). By applying AFM imaging 

in solution, we characterized for the first time the topography and spatial protein organisation of intact β-

CBs under near physiological conditions (Figure 4-8). The identification and structural integrity of β-CBs fused 

with eGFP were confirmed by simultaneous AFM-fluorescence imaging (Figure 4-10). AFM overview images 

illustrate the proper immobilization and distribution of individual β-CBs on the substrate surface (Figure 4-

8). High-resolution AFM images enable the direct characterization of the topography and dimension of 

individual β-CBs (Figure 4-8, B & C, Table 4-4 & Table 4-5). The average height of β-CBs is 135.23 ± 23.02 nm 

(n = 50) (Figure 4-8, C), consistent with TEM results. Substructures in the β-CB surface were readily discerned 

at this resolution, which represents the molecular organisation of the β-CB shell (Figure 4-8, B-D). The facet 

boundaries could be occasionally observed in single CBs (Figure 4-8). Individual shell protein structures on 

intact β-CBs could not be distinctly discerned at this resolution, compared to partial β-CB structures that are 

better supported by the AFM substrate (Figure 4-5). These observations suggest the softness and flexible 

conformation of β-CBs. The aggregation of two β-CBs was also visualized in AFM (Figure 4-9. B), in line with 

our EM observation (Figure 4-6, B, and Figure 4-7, B).  
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Figure 4-8 Native AFM topographs of intact β-CBs from Syn7942. (A) An overview topograph of isolated 

intact β-CBs in the 40% fraction captured by AFM in solution. (B) High-resolution AFM image of a single intact 

β-CB, showing the morphological features of β-CBs. Several surface protrusions can be distinguished. The 

polyhedral shape of the β-CB is outlined by white dashed lines. (C) Height profile of the β-CB, taken along 

the white arrow indicated in (B). (D) 3D representation of the native architecture of the same β-CB from 

Syn7942. 

 

Figure 4-9 AFM images of intact β-CBs. (a) An AFM topograph of single β-CB with a vertex and three 

facet boundaries resolved, indicated by the green dashed lines. (b) AFM topographs of aggregated β-

CBs, reminiscent of EM results (Figure 4-6, C and Figure 4-7).  
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Figure 4-10 Combined confocal and AFM imaging of β-CBs fused with GFP. (a) A merged image of the 

transmitted and GFP channels captured using a hybrid JPK AFM-Zeiss 880 confocal microscope with a 

63x objective. The white dashed square represents a 10 × 10 µm field of view of AFM after the engage. 

(b) Interpolated confocal image of a single β-CB in the centre of the view highlighted by the white 

square in panel A. (c) AFM topograph of the same β-CB captured simultaneously with the fluorescence 

image (b). The combination of AFM-confocal fluorescence imaging ensures the identification of β-CBs 

on the AFM substrate. The direct optical overlay calibration had a standard error of ±0.763 pixels, 

which equates to ±305.2 nm, allowing for drift in the AFM image and reengage error this overlay 

confidence distance was estimated at ±600 nm therefore only CB at least 700 nm from the next closest 

neighbour were chosen for imaging by this combined technique. 
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4.2.7 Mechanical properties of purified CBs  

In the crowded and dynamic cellular environment, the physical properties of BMCs are essential for their 

stability, functionality and regulatory responses (Mitragotri and Lahann, 2009). Using AFM-based NI that 

has been exploited in studying viral capsid mechanics (Marchetti et al., 2016), the spring constant and 

Young's modulus of β-CBs was determined, to unveil the mechanical properties of CBs at near physiological 

conditions (Figure 4-11). A relatively low force (100 pN) was applied for AFM imaging and 1 nN force was 

applied for AFM NI on targeted β-CBs. (Figure 4-12, A) shows schematically a typical NI event performed on 

an intact β-CB. After locating the β-CB by AFM imaging, the AFM tip was positioned over the centre of the 

β-CB (Figure 11, B, inset) and pushed towards the CB (stage 1). There is zero force with z-displacement until 

the tip and CB contact (stage 2). As the tip pushes down, there is an increase in the force, resulting in the 

deformation of the β-CB structure (stage 3). (Figure 4-11, B) exhibits a collection of force-indentation curves 

of β-CBs. Within the range of 0–300 pN, the indentation on β-CB is up to 20 nm, which represents about 

10% of the particle height, according to the previous study (Ortega-Esteban et al., 2015). No typical 

rupture/breaking events, as seen in viruses, were observed in β-CBs above 300 pN (Figure 5-5). A typical 

force-displacement curve, as depicted in (Figure 4-11, C) illustrates an initial nonlinear response, followed 

by a relatively linear deformation of the β-CB. The slope of the linear-like regime of the force-indentation 

curve is the spring constant k of β-CBs (∼20 pN nm−1, n = 25, (Equation-1, Section 2.6.8.) (Figure 4-11, C, and 

Figure 4-12), which represents the stiffness of β-CBs (Figure 4-12 C&D). The spring constant of β-CBs is lower 

than those typical for viruses (k 40–1250 pN nm−1) (Table 4-1), revealing that the β-CB is softer than the 

viruses with protein-based shells. 
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Figure 4-11 Mechanical characterization of intact β-CBs using AFM NI. (A) Schematic of an AFM NI 

experiment, including AFM tip engagement (1), tip-CB contact (2) and indentation (3) with increasing force. 

(B) Force-indentation curves of individual β-CBs. The red curve is the reference curve on the mica substrate. 

Inset, AFM image of a single β-CB during AFM NI. The black dot represents the indentation position on the 

CB, whereas the red dot represents the indentation position on the mica surface. (C) A typical force-

displacement curve of a single β-CB. The red line is the fitting using the linear model based on the 0.05–0.15 

nN region of the force curve. (D) A typical experimental (circle) force-indentation curve of a single β-CB and 

simulated force-indentation curves (colored dash lines) using a Hertz contact model in a sample with Young's 

modulus ranging from 0.5 to 500 MPa. The red curve is the fitting using the Hertzian model based on the 0–

10 nm region of the force curve. Young's modulus of β-CBs (EH) is 0.59 ± 0.34 MPa (n = 25), sitting between 

the predicted Young's moduli of 0.5 and 1 MPa. Additional details of the mechanical property calculations 

can be found in (Section 2.6.9). 
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The thin-shell model has been widely used to determine Young's moduli of viruses, which have a linear 

elastic response to the indentation (Carrasco et al., 2006; Roos et al., 2010). In contrast, the force–

distance curves of β-CBs present evidently the nonlinear nature (Figure 4-11, B-D) indicating the flexibility 

of the CBs’ structures. Thus, the overall force-indentation curve is fitted to the Hertzian model (Johnson and 

Johnson, 1987) in the 0–10 nm region of the force curves (Fogure 4-11, D) and (Equation-3), to obtain 

Young's modulus of β-CBs (EH = 0.59 ± 0.34 MPa, n = 25, Table 4-5 and Figure 4-13). (Figure 4-11, D) also 

shows the force-indentation curves obtained from experimental data and simulations with Young's modulus 

ranging from 0.5 to 500 MPa. The experimental curve (0.59 ± 0.34 MPa) sits exactly between the simulated 

curves with Young's moduli of 0.5 and 1 MPa. It exhibits notably lower Young's modulus than the bacterial 

nanocompartment encapsulin (EH for encapsulin 30–60 MPa) (Snijder et al., 2016). 

 

As β-CBs structurally resemble the virus capsids, we performed the comparison of the physical mechanics 

of CBs and viruses. We calculated Young's modulus ES of β-CBs (77.90 ± 23.89 MPa, n = 25, Figure 4-13, and 

Table 4-5) using the thin-shell model (Equation-2) in the 50–150 pN region of the force curves, based on the 

spring constant k, shell thickness (h = ∼4.5 nm) and the size of β-CBs (R = ∼75 nm) which were determined 

from our AFM and TEM imaging (Table 4-5). The estimated ES is much lower than those of viruses (140 MPa–

1.8 GPa) and encapsulin (1.2–2.0 GPa) (Roos et al., 2010; Snijder et al., 2016). It is worthy to note that the 

exact thickness of the β-CB “shell” remains to be determined to obtain accurate Young's modulus of β-CBs, 

given the presence of the shell inner layer that is composed of shell-associated proteins observed in the TEM 

images (Figure 4-6, F). It may also be the case that the β-CB behaves as bulk material and does not have a 

“shell” as described by the thin-shell model, the mechanical properties of the β-CB could be similar 

throughout the entire complex. 
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Figure 4-12  Statistical analysis of the mechanical properties of β-CBs. (a) Histogram of the β-CB 

stiffness (kCB, n = 25). (b) Histogram of Young’s moduli of β-CBs (EH, n = 20) using the Hertzian model. 

(c) There is no correlation between Young’s moduli and the CB diameter (y = -0.0039x + 1.1, R2 = 

0.2278). (d) Histogram of Young’s moduli of β-CBs (ES, n = 25) using the thin shell model.  
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Table 4-5 Physical properties of the CcmK4 eGFP β-CBs determined using EM, AFM and AFM NI in this 

study. 

 

Parameter Value n Detection method 

Diameter 149.90 ±13.78 nm 90 EM 

Facet length 72.16 ±7.51 nm 40 EM 

Shell thickness 4.51 ±0.22 nm 60 EM 

Rubisco packing periodicity 9.50 ±0.70 nm 30 EM 

Shell-core interval width 2.00 ±0.24 nm 60 EM 

Height 135.23 ±23.02 nm 50 AFM 

Spring constant, kcb 20 ±9 pN nm-1 25 AFM NI 

Young’s Modulus, EH 0.59 ±0.34 MPa 25 AFM NI Hertz model 

Young’s Modulus, ES 77.90 ±23.89 MPa 25 AFM NI linear model 

 

 

The physical properties of the CcmK4 eGFP β-CBs as determined using EM, AFM and AFM NI in this study. 

The “value” column illustrates the means, the standard deviation errors and the units of the physical 

properties. The “n” column indicates the number of individual β-CBs examined. The “Detection Method” 

column shows what techniques and methods were exploited to obtain the data. The structural dimensions 

of β-CBs measured by EM (Figure 4-6) these were used to build the model illustrated in (Figure 4-6, I) and 

measure the mechanical properties (Figure 4-11, Figure 4-12). 

 

 

http://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr02524f#imgfig4
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4.2.8 Comparison of β-CB with P22 VLP mechanics  

The nanomechanical features of β-CBs and Salmonella typhimurium bacteriophage P22 were further 

compared (Figure 4-13). The physical mechanics of P22 has been characterized previously (Bhardwaj et al., 

2014; Llauró et al., 2016a, 2016b). To confirm the reliability of our mechanical measurement, we applied 

the same procedure of AFM imaging and NI to P22 (Figure 4-13, and Figure 4-14). The height of P22 particles 

is 65.1 ± 5.9 nm (n = 20) (Figure 4-14) and the spring constant of P22 is 192.38 ± 63.77 pN nm−1 (n = 8), 

comparable to previously published results (Figure 4-13) (Llauró et al., 2016a, 2016b). Young's moduli of 

P22 fitted to the linear model and the Hertzian model are 101.04 ± 32.29 MPa and 11.06 ± 8.77 MPa, 

respectively (n = 8). They are both higher than those of β-CBs, suggesting that the β-CB exhibits softer 

mechanics than P22 (Figure 4-13). 

 

CBs architecturally resemble icosahedral virus capsids. However, there is no evidence for sequence or 

structural similarity of CB shell proteins to known viral capsid proteins (Abdul-Rahman1 et al., 2013; 

Kerfeld et al., 2010; Yeates et al., 2010). An open question is whether CBs have the same rigidity as viruses. 

These data show that the particle stiffness and intrinsic rigidity, represented by the spring constant and 

Young's modulus of β-CBs, are both weaker in contrast to those of the human Herpes simplex virus type 1 

(HSV-1) capsid and adenovirus, which have comparable dimensions (Ortega-Esteban et al., 2015; Roos et 

al., 2009; Sae-Ueng et al., 2014). Interestingly, β-CBs exhibit similar stiffness with the influenza virus which 

contains a lipid envelope (Li et al., 2014), whereas they are much softer compared to the icosahedral 

encapsulin (Snijder et al., 2016). Nevertheless, our results reveal the mechanical softness and flexibility of 

β-CBs in contrast to rigid virus capsids (Table4-1), likely ascribed to the specific assembly of multiple protein 

homologs in the complex CB shell architecture. Such unique mechanical signature of β-CBs might be 

essential to the functional plasticity of the metabolic machinery in response to environmental changes, and 

facilitate the metabolite passage, turnover of building blocks, recognition and regulation by other cellular 

components. The soft and flexible architecture could make it difficult to easily define the edges of β-CBs and 
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individual shell proteins by AFM imaging in solution even with gentle scanning force (100 pN), though β-CBs 

display regular polyhedral shape in TEM images. Applying more gentle scanning and sample fixation might 

be of help to obtain higher-resolution images. 

 

Apart from the shell composition, a striking difference between the CB and viruses is the internal 

organisation. The viral genome is enclosed within the viral capsid, whereas the CB contains densely arranged 

enzymes inside the shell. It is unclear how the packing of Rubisco enzymes and protein–protein interactions 

within the β-CB have impacts on the overall architecture and mechanical properties of the shell and intact 

CB. It was shown that “empty” β-CB shells in the absence of Rubisco enzymes are only 20–30 nm in diameter 

(Cai et al., 2016). Further study is required to uncover what determines the assembly and intrinsic 

mechanics of β-CBs. 
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Figure 4-13 AFM NI, TEM, & AFM imaging of P22 VLP A) Representative TEM image of four isolated 

P22 VLP. B) Typical AFM image of an isolated P22 VLP, C) overlaid force curves captured from on top 

of several P22 VLP during AFM NI. D) A comparison of theoretical force curves for an infinite layer of 

material with 0.5 – 500 MPa young’s modulus, and a typical curve for a CB and a P22 VLP. 
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Figure 4-14 P22 VLP height determined by AFM. A) An AFM image of an isolated P22 VLP and B) the 

cross-section along the line indicated in A) indicating particle height of purified P22 VLP from 

salmonella enterica. The scale bar represents 100 nm. 
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4.3 Concluding remarks  

CBs are the cornerstone metabolic modules for the high efficiency carbon fixation of cyanobacteria, and 

show great promise for synthetic engineering to improve the catalytic efficiency of enzymes in non-native 

hosts. In this work, I conducted the isolation of functional β-CBs (Figure 4-1) from the cyanobacterium 

Syn7942 and the direct visualization of the native organisation, topography and intrinsic mechanics of β-CBs 

using TEM (Figure 4-6 and 4-7), AFM (Figures 4-8 – 4-10) and proteomics (Table 4-3 and Table 4-4). I find 

that the intact β-CB contains three distinct structural domains, a single-layered shell that is approximately 

icosahedral, an inner layer of low density and densely packed paracrystalline arrays of interior Rubisco. I also 

characterized partial β-CB structures (Figure 4-3 and Figure 4-4) that consist of shell facets, shell-associated 

proteins including functional Rubisco enzymes (Figure 4-2), probably serving as the assembly intermediates 

of β-CBs. In addition to this, the native protein organisation of shell facets, as well as the topography and 

the intrinsic mechanics of native β-CBs were characterized by AFM for the first time. These results illustrate 

the soft nanomechanical properties of β-CBs (Figure 4-11 and 4-12) compared to icosahedral viruses (Table 

4-1 and Figure 4-13), likely revealing the unique spatial organisation of CB proteins (Figure 4-6, I). The study 

provides new insights into the assembly, organisation and physical nature of functional β-CBs, which can be 

extended to α-CBs and other BMCs. Comprehensive understanding of the CB structure and mechanics will 

underpin the design and engineering of functional synthetic CBs, to enhance photosynthesis and develop 

new bio-nanoreactors and protein scaffolds using BMC proteins as nanoscale materials. It offers a powerful 

approach for assaying the functional organisations and material mechanics of natural and engineered 

biological systems. This approach could be used in the future to verify the correct assembly and structure of 

CBs expressed in plant chloroplasts, or extended to any BMC expressed heterologously elsewhere.  
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“The Scientists of today think deeply instead of clearly. One must be sane to think clearly, one can 

think deeply and be quite insane.” Nicola Tesla, 1934. 
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Chapter 5 The Comparison of Carboxysome Physical Properties, Structure and 

Function 

 

5.1 Introduction  

CBs can be classified into families based on the type of Rubisco they contain (Section 1.2.2 and Table 

1-1). Long standing questions about CBs involve determining the differences between the α-CBs and 

the β-CBs. These differences may make one type of CB more suitable than the other for certain 

applications (Rae et al., 2013), which remains to be seen (Frank et al., 2013). Previous work has 

suggested these CBs may assemble differently and major differences such as their size and localisation 

within different bacteria (Chowdhury et al., 2015, 2014; Kerfeld et al., 2005; Rae et al., 2013; Sun et 

al., 2016). However, they are yet to be directly compared using a quantifiable structural biomarker. 

Therefore, it is not yet possible to know how these observed differences translate into the mechanical 

or structural properties of CBs. 

In this study, I present the direct comparison of the structural and mechanical properties of α-CBs and 

β-CBs. Wild type (WT) CBs were purified from two model organisms, α-CBs from H. neap and β-CBs 

from Syn7942 and were studied using transmission TEM and in buffered near native conditions using 

AFM. The mechanical properties of each WT CB were studied using AFM NI as described for CcmK4 

eGFP CBs in Chapter 4 (Faulkner et al., 2017). These properties allow us to determine the nature of 

the internal organisation of these CBs and directly compare them under similar conditions. This has 

given insight into how these two CBs differ. 
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5.2 Results and discussion  

5.2.1 Purification of the CBs, confirming the purity and functionality  

Both the H. neap and Syn7942 CBs were isolated using a similar procedure, ending in a sucrose 

gradient, as previously described in (Section 2.4, Figure 4-1) (Faulkner et al., 2017). Successful 

separation of the CBs from other cellular components was confirmed using SDS-PAGE to determine 

CB protein composition, observation of CB by TEM in the absence of major contaminants, retained 

structural integrity, and retained Rubisco activity in the purified samples (Figure 5-1). The sucrose 

gradient steps and centrifuge speed differ for the α-CB and β-CB and were optimised independently, 

as they differ greatly (Rae et al., 2013) in both size and density (Figure 5-6, Table 4-4). In both cases 

the intact CBs were mostly observed in the 40% sucrose step (Figure 5-1, A) by TEM (Figure 5, but  SDS-

PAGE showed both α and β-carboxysomal proteins were located throughout the gradient. This is likely 

due to the inherent heterogeneity in size and presence of various CB fragments and/or assembly 

intermediates (Figure 5-1). WT Syn7942 β-CB proteins and Rubisco activity were detected in all 

fractions, including those fractions that contained partial β-CBs (Figure 5-1.C). Interestingly despite 

the similar carboxysomal protein and fragments of H. neap α-CBs observed in the other sucrose 

gradient fractions, only the 40% fraction contained significant Rubisco activity (Figure 5-1.F). 

Suggesting that, at least in our assay conditions, intact α-CBs are required for the H. neap 1A Rubisco 

to function effectively. Partial β-CB, or even free Syn7942 1B Rubisco octamers, can still function 

effectively but at a lower rate than when encapsulated in an intact β-CB. We cannot ignore that these 

α and β intact CB and their sub-complexes fractionate differently, and the composition of the fractions 

is not identical. Nor can we ignore that some α-CB sub-complexes may also be in the 40 % fraction. 

Either of these points could also explain, or be partially responsible for, the lack of 14C fixation activity 

in the other sucrose fractions. 
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Figure 5-1 α- and β- CB fractionation by sucrose gradient. A) Photograph of the sucrose gradient after 

separating β-CBs from Syn7942. B) SDS-PAGE showing the protein content of the β-CB sucrose 

fractions, reminiscent of CcmK4 eGFP β-CB (Figure 4-1). C) Photograph of the sucrose gradient after 

separating α-CBs from H. neap. D) SDS-PAGE showing the protein content of the α-CB sucrose 

fractions. 
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Figure 5-2 Comparing α- and β- CB functionality. A) The specific activity of Rubisco in β-CB sucrose 

fractions, as determined by 14C radiometric assay. B) The MM curve of the Rubisco specific activity of 

β-CBs from the 40% sucrose fraction, in the presence of varied RUBP concentrations, and C) A 

Lineweaver-Burk plot (Lineweaver and Burk, 1934) of the same β-CB Vmax = 0.57 ±0.31 nmol/min/mg 

Km = 0.30 ±0.09 nmol/min/mg. D) The specific activity of Rubisco in α-CB sucrose fractions, as 

determined by 14C radiometric assay. E) The MM curve of the Rubisco specific activity of α-CBs from 

the 40% sucrose fraction, in the presence of varied RUBP concentrations, and F) A Lineweaver-Burk 

plot of the same. α-CB Vmax = 0.27 ±0.15 nmol/min/mg and Km = 0.18 ±0.06 nmol/min/mg. 

 

5.2.2 Comparing the mechanical properties of α- and β- CBs  

AFM nano-indentation (NI) probed the mechanical properties of both the H. neap α and Syn7942 β-

CBs. This technique has been widely used in the study of viruses and on CcmK4-eGFP β-CBs. Data 

shown are from an average of 5 individual force curves each measurement was taken on top of a CB 

as described in (section 2.6.6 & Faulkner et al., 2017). Using the same type of AFM cantilever, with the 

spring constant calibrated for each NI experiment, buffers and experimental conditions to probe both 
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CBs. CBs were located using a single overview scan using minimal imaging forces 50-100 pN, then 

‘framed’ in the centre of a 400x400 nm scan again imaged only once with minimal force applied. 

During the indentations 300 pN was the maximum force applied, so that reproducible and accurate 

mechanical properties were recorded during only elastic deformation of the undamaged CB (Mateu, 

2012). 

 

Current theories in published BMC studies assume that BMC shells are structurally similar to viral 

capsids, and BMCs are often referred to as virus like (Howorka, 2011; Krupovic and Koonin, 2017; Roos 

et al., 2009; Yeates et al., 2011, 2010). Here the comparison of α- & β- CBs shows that H. neap α-CBs 

are significantly stiffer, p=0.00391 by T-test, in terms of both spring constant (K) 103.1 ±67.1 nN/µm 

and Young’s modulus (E) 9.32 ±6.39 MPa than Syn7942 β-CBs K=12.69 ±7.68 and E=0.44 ±0.35 MPa 

(Table 1). These CBs were also compared to P22 VLP K=198.13 ±27.85 and E= 11.96 ±7.47 (Section 

4.2.7 and Figure 4-14), and both types are significantly different to the P22, p=0.00273 by two-tailed 

T-test. Therefore, there are significant differences in the mechanical properties of α- and β- CBs. There 

are also significant differences between CB and P22 VLP. This suggests that the different types of BMC 

are not structurally similar amongst themselves, and the BMC shell cannot be assumed to be like a 

viral capsid. 

 

Table 5-1 The properties of intact α- and β- CBs determined by AFM.  

 

The mechanical properties calculated from CB during elastic deformation, from coincident force 

curves (Figure 5-3). 

 
Height (nm) Ehertz (Mpa) K (nN/µm) Linear model (Mpa) n 

WT H. neap 90.70 ± 9.17 9.32 ± 6.39 103.10 ±67.10 253.25 ± 91.17 25 

WT Syn7942 179.92 ± 76.50 0.44 ± 0.35 12.69±7.68 56.36 ±34.12 25 
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After several sets of successive nano-indentation measurements on the same CB the mechanical 

property values returned began to decrease (Table 5-2) and the nature of the force curves began to 

change (Figure 5-3). Elastic deformation where the extend and retract curves of each measurement 

coincide gave way to plastic deformation, where the retract curve no longer coincides with the extend 

curve. This phenomenon was observed after 2-3 sets of 5 measurements interspaced by images for 

the Syn7942 CB when applying 300 pN maximum force. This was not observed when applying 300 pN 

maximum force to the H. neap CBs but was observed in a similar fashion when applying a maximum 

of 500 pN for the H. neap CBs. Once the first non-coincident curves were observed a set of new 

mechanical properties was determined using the new plastic deformation curves on the ‘damaged’ 

CB (Figure 5-3). 

 

If even higher maximum forces up to 1 nN were applied to either CB, no change from plastic 

deformation was observed for the Syn7942 CBs but additional unfolding events were observed for the 

H. neap CB (Figure 5-3, E).  
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Figure 5-3 Determining which are intact, and damaged, CB by NI. A) A pair of extend (black) and 

retract (red) curves from an indentation on top of a WT Syn7942 β-CB. B) A subsequent pair of force 

curves on top of the same WT Syn7942 β-CB, where after successive indentations plastic deformation 

has now been caused and the CB is damaged so the extend and retract curves no longer coincide. C A 

pair of extend and retract curves from an indentation on top of a WT H. neap α-CB. D) A subsequent 

pair of extend and retract curves on top of the same WT H.neap α-CB. E) A pair of extend and retract 

curves for an indentation where 1nN was applied and unfolding events have been induced on the 

same WT H. neap α-CB from C & D. 

 

The properties measured during elastic deformation can inform us on the physiologically relevant, 

natural properties of an intact CB (Table 5-1). Those same properties measured during plastic 

deformation, and the number of indentations and force of indentations required to ‘damage’ the CB 

inform us of the physical stress resistance and brittleness of the CB (Table 5-2). Being able to accurately 

measure both of these also allows us to use these properties as indicators of a CB’s correct assembly 

during heterologous expression, or to see if a certain process damages a CB for example. Therefore, 
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the properties during both elastic and plastic deformation were investigated, for the same set of CBs. 

Interestingly the properties of damaged CB during plastic deformation are reproducible and 

comparable from CB to CB, suggesting that the damage caused is similar and is likely a simple 

“buckling” of the shell rather than the “shattering” type breaking events seen for viruses (Marchetti 

et al., 2016; Mateu, 2012; Roos et al., 2012, 2010). Buckled α-CB are also stiffer than buckled β-CB and 

retain higher values for both Young’s modulus (Table 5-2). This was confirmed in the AFM images 

before and after indentations (Figure 5-5. B & D). Despite a similar buckling event taking place, the 

force required to induce it was much higher for α-CB (Figure 5-4 and Figure 5-5). No damage, only 

elastic deformation, was observed when applying 300 pN to α-CB, but the same force induced plastic 

deformation and damaged β-CB (Figure 5-4). At least 500 pN was required to induce comparable 

plastic deformation and buckling in α-CB. Thus suggesting α-CB are more robust than β-CB as H. neap 

α-CBs have a much more rigid and durable shell than Syn7942 β-CBs. This may be due to the 

differences in the luminal organisation (Figure 5-6 and Rae et al., 2013). The H. neap α-CBs require a 

stiffer, more robust and more capsid like shell, because the luminal contents are less densely packed, 

and less organised (Figure 5-6 and Rae et al., 2013), thus offer less support to the shell. Conversely, 

the more highly organised, para-crystalline, densely packed luminal contents of the Syn7942 β-CB may 

structurally support the shell and entire β-CB may act as a bulk material. 

 

Table 5-2 The mechanical properties of damaged α- and β- CBs. 

 

The mechanical properties calculated from CB during plastic deformation, from non-coincident force 

curves (Figure 5-3). 

    Ehertz (MPa) 
 

   K (nN/µm) 
 

n 

WT H. neap  6.49 ±1.17 30.17 ±32.12 12 

WT Syn7942 0.11 ±0.05 3.93 ±1.53 19 
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Figure 5-4 Comparing the mechanical properties of intact and damaged CBs. A) 10 overlaid typical 

extend curves from curves that coincide, recorded on top of 10 individual α-CB. B) 10 overlaid extend 

curves on top of the same CB as in A after the curves no longer coincide (Figure 5-3). C & D) The same 

overlaid sets of 10 force curves as shown in A & B but this time recorded on top of β-CB. E) A box plot 

showing Young’s Modulus determined by the Hertz model from both coincident curves on ‘intact’ CBs 

and non-coincident curves on ‘damaged’ CBs. F) The stiffness determined from both coincident curves 

on ‘intact’ CBs and non-coincident curves on ‘damaged’ CBs. The box plots indicate the mean as a dot, 

Median as a line, upper and lower quartiles as the box, and 10 – 90 % of the data as the bars, n values 

as shown in (Table 5-1 and Figure 5-2). 

 

The way in which the change in the mechanical properties occurs during plastic deformation is 

different between α- and β- CB, H. neap CBs lose apparent stiffness with a mean decrease of ~70%, 

103.10 – 30.17 nN/µm in one major step after ~8-10 indentations (Figure 5-5, A). Whereas, Syn7942 

CBs gradually begin to lose apparent stiffness after ~5-6 indentations with a similar ~70% proportional 

decrease overall after ~15 successive indentations, 12.69 – 3.93 nN/µm (Figure 5-5, A). The overall 
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change in Young’s modulus is similar for both H. neap ~70%, 9.32 – 1.17 MPa, and Syn7942 ~70%, 0.44 

– 0.11 MPa, interestingly, these changes are reproducible from plastically deformed ‘damaged’ CBs as 

shown by the typical force curves overlaid in (Figure 5-4, A-D), despite the difference in applied force. 

The change in height during plastic deformation is also different for the two types of CBs and is again 

reproducible, an example of how a typical CB of each type’s topography responds to serial 

indentations is depicted in (Figure 5-5, C&E). From cross-section analysis after each batch of 5 

indentations a decrease in the apparent height of the CBs was regularly observed, 15.45 ±4.31 nm for 

Syn7942 and 10.72 ±3.64 nm for H. neap CBs. A typical set of cross-section data for each CB is depicted 

in (Figure 5-5, C & E). These differences could again be explained by the relative internal organisation 

of the two types of CB. 

 

Figure 5-5 determining the resistance of CBs to mechanical fatigue. A) two series of spring constant 

(K) values measured by NI on top of either a WT Syn7942 CB (red) or a WT H. neap CB (blue). The K 

value is plotted against the number indentations made on top of the respective particle and decreased 

with successive measurements. B) Three AFM height topographs of the same Syn7942 CB taken before 

and after 5 then 10 NI measurements. C) Cross-sections taken from the three topography in B) along 

the dashed line indicated. D) Four AFM height topographs of the same H. neap CB taken before and 

after 5, 10, then 15 NI measurements. E) Cross-sections taken from the four topographs in D) along 
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the dashed line indicated. Both the height and spring constant appear to decrease with successive 

indentations as the CB are plastically deformed. Scale bars represent 100 nm. 

 

 

5.2.3 Comparing the internal organisation of α- and β- CBs  

 

The internal organisation of these CBs can also be observed using TEM, as shown in the previous study 

with CcmK4 eGFP β-CBs (Faulkner et al., 2017). H. neap α-CBs and Syn7942 β-CBs were imaged by 

TEM, under the same conditions, in this study; processed and rescaled images are presented in (Figure 

5-6). In the majority of β-CBs the luminal para-crystalline organisation, shell and lower protein density 

‘gap’ between the shell and luminal enzymes were all seen, reminiscent of CcmK4 eGFP (Figure 4-7). 

From all of the α-CBs observed by TEM, no such internal organisation or low density protein ‘gap’ was 

observed. The shell and an approximately homogeneously dense lumen are always observed. This 

corroborates the AFM observations and again suggests that the H. neap α-CBs are organised with a 

rigid shell, while the Syn7942 β-CBs have a more flexible shell, and have a bulk material like structure 

with a more interlinked shell and lumen. 
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Figure 5-6 TEM imaging of α- and β- CBs. A) An original unprocessed TEM image of a single typical α-

CB, B) a comparable unprocessed TEM image of a single β-CB, reminiscent of the CcmK4 eGFP-CB TEM 

images in (Figure 4-7). Scale bars represent 100 nm. C) A processed and contrast enhanced image from 

A). D) A processed and contrast enhanced image from B) where no luminal Rubisco can be seen. E) A 

zoomed in image from the blue hashed box in D) where the paracrystalline arrays of 1B Rubisco can 

be seen.  

 

 

 

 

 

 

 



Chapter five: The Comparison of Carboxysome Physical Properties, structure and Function: 

 

 
120 

  

5.3 Concluding remarks  

From the data presented here, one can conclude that α-CBs are physically different from β-CBs. The 

shell of α-CBs is stiffer than the shell of β-CBs. The luminal organisation of the α-CB and β-CB is 

different. The α-CB has no apparent pattern while the β-CB interior is para-crystalline, as found 

previously (Rae et al., 2013). Moreover, the organised luminal contents (Figure 5-6) of the β-CBs are 

at least partially responsible for the overall structural integrity (Figure 5-4 & Table 5-1). This 

organisational difference also suggests why partially formed or broken fragments of β-CBs maintain 

relatively high functionality (Figure 5-2 & Figure 4-1), whilst suggesting α-CBs may only have a 

significant function when they are completely intact (Figure 5-2), but further evidence is required to 

better support this. If the α-CB’s contents are less strongly associated with the shell and each other 

than in the β-CB’s, it is likely easier for them to disassemble from the CB complex and escape into 

solution if not completely encapsulated. Since our radiometric Rubisco assay uses H14CO3
-
, protein 

aggregates with co-localised CA and Rubisco are required for the formation of radiolabelled 3-PGA 

which is measured to determine Rubisco activity. This observation suggests the α-CB is comprised of 

a shell encapsulating densely packed but loosely associated luminal contents, or at least loosely 

associated CA. The β-CB is composed of a shell strongly associated with the luminal contents which 

are also strongly associated with each other even when not fully encapsulated. 

 

This study has shown clear evidence for structural, functional and physiologically relevant differences 

between two CBs from different species in terms of Rubisco activity and kinetics (Figure 5-2). These 

differences suggest that these BMC are fundamentally different and that they therefore likely have 

different preferred environments, where they function optimally. Further comparisons between other 

α-CB, and other β-CB, from different species are required to determine if any of the observations here 

are due to interspecies variation. This has implications when modifying, repurposing or heterologously 

expressing any BMC to create a new function or modulate activity. The BMC proteins may be modular 
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and they may be interchangeable with one another functionally. However, changing the protein 

composition or stoichiometry of a BMC may cause large scale organisational and mechanical changes, 

akin to those seen between the α- and β- CBs. These two BMCs appear to have developed a particular 

structure that must presumably be better suited to the intracellular environments of their respective 

host species. It, therefore, stands to reason that certain BMCs will function better in certain 

applications than other BMCs, either in the C3 plant chloroplast or encapsulating a different set of 

enzymes. Using the approach described in this study one can begin to answer these questions by 

conducting similar AFM investigations under varied conditions and by repeating these experiments 

using other purified BMCs. The mechanical properties of BMC can help us to unravel their secrets and 

unlock their potential. 
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“False facts are highly injurious to the progress of science, for they often endure long; but false 

views, if supported by some evidence, do little harm, for every one takes a salutary pleasure in 

proving their falseness.” Charles Darwin, (the Descent of Man), 1871. 
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Chapter 6 Discussion and Concluding Remarks  
 

6.1 Summary of findings  

This study has elucidated new information that improves our understanding of BMCs and developed 

new methods which can be used in future studies of BMCs. Numerous aims were achieved, including 

the discovery of the dynamic nature of BMC-H shell protein self-assembly (Section 6.2), the 

development of a method for the isolation of structurally intact functionally active CB from Syn7942 

(Section 6.3), and the first direct comparison of α and β-CB structure and function (Section 6.4).  

 

 

6.2 Dynamic self-assembly of bacterial microcompartment shell protein  

Before this study, no dynamic movement of BMC shell proteins had been observed. From the HS-AFM 

data (Figure 3-7) it is clear that the BMC shell, or at least the BMC-H proteins in the shell, exist in a 

highly dynamic and mobile state. This has implications for future study of BMC shells when considering 

shell turnover and repair mechanisms. These data provide molecular insights into the formation, 

interactions, and dynamics of BMC shell facets. One of the open questions in this study is whether or 

not BMC shell protein assembly is dependent on environmental conditions. If BMC shell proteins 

assemble differenlty under varied pH conditions, for example, could be answered using our HS-AFM 

approach. The rate of dynamic events or the size of the patches could be pH dependent, and could be 

tested using HS-AFM in buffers of a different pH. 

 

The design and construction of synthetic BMCs have attracted intense interest for the bioengineering 

of nanoreactors and molecular scaffolds (Frank et al., 2013; Kerfeld and Erbilgin, 2015). We show that 

preassembled shell hexamers form single layer sheets of uniform orientation (Figure 3-14), and 
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patches containing a mixture of orientations were not observed. This suggests that the BMC shell is 

comprised of proteins all in the same orientation. In addition to the arrangement of hexameric 

proteins, we find that individual hexamers can dissociate from and incorporate into assembled sheets 

(Figure 3-7), indicating an overall flexible intermolecular interaction. We also show that specific 

contacts at the interfaces of neighbouring proteins influence the dynamic features of shell proteins 

(Figure 3-8), and thereby the self-assembly of shell facets. Crucially for controlling future molecular 

scaffolds, we show the assembly characteristics of BMC-H proteins can be modulated by point 

mutations (Figure 3-16). Understanding the details of self-assembly of BMC shell proteins is a 

prerequisite for control and engineering of BMC-based architectures, with the aim of building 

designed nanoreactors and molecular scaffolds. 

 

The HS-AFM method could also be used in future projects to observe the assembly of mixtures of BMC 

proteins. Chimeric BMC shell structures a can be formed by mixtures of the Haliangium ocraceum 

BMC-H, BMC-T and BMC-P proteins (Sutter et al., 2017), and other BMC shell protein mixtures have 

already been studied by HS-AFM (Garcia-Alles et al., 2017), it would be an interesting future study to 

investigate the stepwise formation of these partial BMC shells with HS-AFM. 

 

 

6.3 Methods to isolate and study intact, functional β-carboxysomes from Synechococcus  

In this work, we developed a method for and conducted the first isolation of functional β-CBs (Figure 4-1) 

from the cyanobacterium Syn7942 and the direct visualization of the native organisation (Figure 4-7), 

topography (Figure 4-9) and intrinsic mechanics (Figure 4-12) of β-CBs using TEM, AFM and proteomics. The 

method developed here allows for the isolation intact β-CB, where previous isolation methods have resulted 

in the loss of up to 70% of the shell proteins, or enrichment of β-CB in a relatively impure sample (Long et 
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al., 2007, 2005). This method can be used as the basis for future projects such as the study of β-CB structure 

in atomic detail by cryoEM. We find that the intact β-CB possess three distinct structural domains; a single-

layered icosahedral shell, an inner layer and paracrystalline arrays of interior Rubisco (Figure 4-7). This ~2 

nm wide inner layer (Figure 4-7) is likely comprised of mostly CcmM proteins, due to the ability of CcmM to 

bind both the shell proteins and Rubisco with opposing termini (Long et al., 2007), and its high abundance 

in purified β-CB (Table 4-3). Unfortunately the ratio of CcmM 58 to CcmM 35 isoforms could not be 

determined from our proteomic analysis due to the lack of unique peptides, so it is not possible to predict 

what the ratio of these may be in the inner layer, although it is likely more CcmM 58 than CcmM 35 as only 

the full length peptide can link the shell and Rubisco enzymes (Long et al., 2011, 2010). It is probable this 

layer contains other proteins such as CcmN or CcaA. CcmN may also function as a linker between the shell 

and Rubisco (Kinney et al., 2012) although interestingly it was not detected in these isolated β-CBs either 

by  SDS-PAGE or by proteomic analyses. CcaA is relatively abundant as well and it has previously been 

suggested that CcaA forms a “Multiprotein Bicarbonate Dehydration Complex” with CcmM and CcmN (Cot 

et al., 2008). This sort of complex could be responsible for the 2.0 nm gap and could also explain why the 

outermost 2-3 layers of Rubisco closest to the shell are the best defined in our TEM images (Figure 4-7 and 

Figure 5-7). In order to truly understand the composition and organisation of the shell, inner layer, and 

lumen in molecular detail further structural study is required such as cryoEM or coarse-grained monte carlo 

simulations (Katsoulakis et al., 2003) of β-CB assembly. Both of these techniques have been successfully 

applied to the study of viral capsid structure (Grime et al., 2016; Jiang and Tang, 2017). 

 

We also characterized partial β-CB structures that consist of shell facets, shell-associated proteins as well as 

Rubisco enzymes (Figure 4-2), with retained carbon fixation activity (Figure 4-1), probably serving as the 

assembly intermediates of β-CBs. In addition, we applied AFM to directly characterize the native protein 

organisation of shell facets and the topography and intrinsic mechanics of native β-CBs for the first time 

(Figure 4-4 and Figure 4-5). Our results illustrate the soft nanomechanical properties of β-CBs (Figure 4-12 
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and Table 4-5) compared to icosahedral P22 VLP (Figure 4-14), and other icosahedral viruses (Table 4-1), 

likely revealing the unique spatial organisation of carboxysomal building blocks. The study provides new 

insights into the assembly, organisation and physical nature of functional β-CBs, which has been extended 

to α-CBs (chapter 5) and can also be extended to other BMCs. Comprehensive understanding of the CB 

structure and mechanics will underpin the design and engineering of functional synthetic CBs, to enhance 

photosynthesis and develop new bio-nanoreactors and protein scaffolds using BMC proteins as nanoscale 

materials. It offers a powerful approach for assaying the functional organisation and material mechanics of 

natural and engineered biological systems. 

 

 

6.4 The direct comparison of α and β-carboxysomes  

This study directly compared the structure and function of two different CBs using AFM under the 

same conditions. In doing so, the mechanical properties, Young’s modulus and spring constant of CBs 

under AFM-NI have been identified as potential indicators of the structural integrity of CBs (Figure 5-

4). These parameters can be used to differentiate intact and damaged CBs (Figure 5-4 and Figure 5-5), 

and to compare CBs to other BMCs or synthetic to native CBs in future work. Using AFM-NI, α-CBs 

were found to be stiffer than β-CBs, and both α-CBs and β-CBs were less stiff than P22 VLP (Figure 4-

14) or viruses from similar NI studies (Table 4-1). How these CBs compare to BMCs such as the Pdu or 

Eut has yet to be investigated and would be a good study for future work in this area. It would also be 

useful to compare the α- and β- CBs from this work to the α- and β- CBs from other bacteria in future 

work, to see how much of the variation observed here is due to the differences between two bacterial 

species and how much is due to the differences between the two types of CBs. Additional study is also 

required to determine the link between these mechanical properties and the enzymatic activity of 

BMCs. It could be developed as a biomarker for evaluating BMC-based systems generated via synthetic 
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biology. BMCs have already been heterologously expressed (Bonacci et al., 2012; Kerfeld, 2016; Yung 

et al., 2017). For future applications it is vital to know if these BMCs are assembly correctly and capable 

of maximum enzymatic activity. AFM NI could be used to compare synthetic BMCs with native BMCs 

to quantify the structural variation caused by the heterologous expression and evaluate the 

reproducibility of heterologous BMC biogenesis. 

 

 

The α- and β- CB display different carbon fixation kinetics (Figure 5-2). The maximum turnover rate 

(Vmax) is higher for β-CB but the substrate affinity is higher for α-CB. These differences may have 

arisen due to differences in the cytosolic conditions within Syn7942 and H. neap, but the Lineweaver-

Burk analysis (Lineweaver and Burk, 1934) indicates that the α-CB will function better under conditions 

where the available HCO3
- concentration is low and the β-CB will function better when the available 

HCO3
- concentration is high (Figure 5-2). Whether this difference is due to the variations in internal 

enzyme organisation (Figure 5-7, Rae et al., 2013) or another factor remains to be examined. In future 

work, it would be interesting to replace the Rubisco in these CBs with the alternative form and see if 

the carbon fixation kinetics or mechanical properties change accordingly. For example, does an α-CB 

containing form 1Bc Rubisco resemble a β-CB’s luminal organisation and kinetics? It may require 

additional proteins such as Rubisco chaperones or Rubisco assembly factors. Would expressing 

proteins such as RbcX (Emlyn-Jones et al., 2006; Saschenbrecker et al., 2007) and Raf1 (Hauser et al., 

2015; Kolesinski et al., 2017) alongside the α-CB make the form 1Ac Rubisco organise in paracrystalline 

arrays and increase Vmax?  
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6.5 Concluding remarks  

There are still many open questions as to how BMC’s self-assemble. In this work, HS-AFM elucidated 

some additional details behind the mechanisms of BMC-H proteins self-assembling into BMC-facet like 

sheets. This technique has proved to be a useful tool in the study of the dynamic processes of BMC 

self-assembly and could be used in a range of future studies. A combination of techniques were used 

to improve our understanding of the organisation, structure and function of β-CBs isolated by a newly 

developed method. This same methodology was subsequently applied to α-CBs, enabling the first 

direct comparison of these two BMC’s. The mechanical properties of these CBs have been determined 

and have been identified as potential biomarkers of correct self-assembly of BMC. The mechanical 

properties can be used in future studies to validate heterologously expressed, synthetic or in vitro 

assembled. The enzyme kinetics of purified α and β CBs have been calculated. The difference between 

the enzymatic properties of these two CBs provides evidence that some particular BMCs’ may be 

better suited to specific environments. This environmental preference may be an important 

consideration during future synthetic biology approaches to design a BMC. 

 

 

 

 

“The greatest obstacle to discovery is not ignorance -- it is the illusion of knowledge. 

Never tell people how to do things. Tell them what to do and they will surprise you with their ingenuity.” 

Daniel J. Boorstin, 1984. 
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Appendix A Full list of primers and vectors used for the work described in this 

thesis  

 

Primers  

HOCH_5815 – chapter 3 

5’- TGACACCATGGTATGGCTGA -3’ – HOCH_5815 restriction cloning forward 

5’- GGACACTCGAGCTACGCGCT -3’ – HOCH_5815 restriction cloning reverse 

5’- GGCCGCCGCCGTCGAACTGATCGGCTACGAGAAGA -3’ - K28A INFUSION HOCH_5815 forward 

5’- GTTCGACGCCGGCGGCCTTGACCATGGCGTCGGCG -3’ - K28A INFUSION HOCH_5815 reverse 

5’- CATCCCGGCCCCGCACGTCAACGTCGACGCGGCGC -3’ – R78A INFUSION HOCH_5815 forward 

5’ – CGTGCGGGCCCGGGATGACGTGCACGGCGACGACT -3’ – R78A INFUSION HOCH_5815 reverse 

 

CcmK4 eGFP – chapter 4 

5’- TATCGACTCTCTGCCGAAGGAACTGGTAGTGGCCGCCGTCTGCCGGGCCCGGAGCTGCC -3’ CcmK4 eGFP 

cloning forward 

5’- CCCTCAGCCCAAATCAACCCTTTTAATCAGTCGCTACCCATTCCGGGGATCCGTCGACC-3’ CcmK4 eGFP 

cloning reverse 

5’ – GCCCAGAAGTGGAACAATA -3’ CcmK4 segregation forward 

5’ - TGAGGTCCTTCCCTATCAAA -3’ CcmK4 segregation reverse 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A: 

 

 
143 

  

Vectors  

 

The map of pETM-11, as described by Dummler et al, used to express HOCH_5815 in this work by 

restriction cloning with Nco1 and Xho1 (Dümmler et al., 2005). This vector was subsequently 

transformed into E. coli by heat shock (Froger and Hall, 2007).  
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The pIJ786 vector map. Synpcc7942_0285 (ccmK4), was cloned using the pGEM-T Easy cloning system 

(Promega). An eGFP fusion was created by inserting the eGFP apramycin region amplified from the 

plasmid pIJ786 to the C terminus of ccmK4 (Sun et al., 2016), using the Redirect strategy (Gust et al., 

2004, 2002). The plasmid was verified by PCR and sequencing. The plasmids were then transformed 

into Synechococcus cells following the method described earlier (Golden, 1988). 
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Appendix B Growth curves for the bacterial culture conditions described in 

this work  

 

For all these growth curves the data represent mean of n=3 biological repeats and error bars 

represent 1 standard deviation.  

 

Syn 7942 standard cultivar batch culture 
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Syn 7942 5 L conical flask

 

 

Syn 7942 photobioreactor 

 

0

0.5

1

1.5

2

2.5

3

3.5

0 20 40 60 80 100 120 140 160

O
D

 7
5

0
n

m

Time (hours)

0

0.5

1

1.5

2

2.5

3

3.5

0 50 100 150 200

O
D

 7
5

0
n

m

Time (hours)

Initial culture method

Optimised method



Appendix B: 

 

 
147 

  

H. neap standard cultivar batch culture 

 

 

H. neap bioreactor culture (before chemostatic dilution) 
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Co-author contributions made during my PhD and other data not directly 

relevant to the main body of this thesis 

 

In order to disclose all of the work conducted during my PhD in full detail, I have included the following 

appendix. This appendix describes the work already published in co-authored manuscripts and some 

additional work not included in the main body of the text. 
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“Engineering and modulating functional cyanobacterial CO2-fixing organelles”  

Accepted 15/04/18. https://www.frontiersin.org/articles/10.3389/fpls.2018.00739/abstract 

Front. Plant Sci. | doi: 10.3389/fpls.2018.00739 

This article details the functional modulation of a cyanobacterial carboxysome heterologously 

expressed in E. coli. To which I have contributed AFM imaging, combined AFM and confocal imaging, 

image processing, RuBisCO enzyme kinetic measurements determined by radiometric assay and data 

analysis. 

 

Additional data 

Optimising the β-carboxysome purification 

Purifying a high yield of intact CBs from Syn7942 required a great deal of optimisation. This was an 

iterative process that took dozens of attempts over approximately 1 year. The most suitable time point 

during growth and the best growth conditions had to be determined first. After identifying the method 

of growth resulting in the most suitable compromise between the number of CB per cell, yield of cells, 

fewest interactions between CBs and cytoskeleton, fewest interactions between CBs and thylakoid 

membrane, before the onset stationary phase, elongation of cells and formation of storage 

polysaccharides; I had to optimise each step of the purification process. 

 

The following flow diagram shows TEM images of the 40 % fractions from some of the other 

purifications I attempted during the optimisation process: 

https://www.frontiersin.org/articles/10.3389/fpls.2018.00739/abstract
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During the optimisation process I observed that using stationary phase, or cultures in which cells have 

started to elongate, results in “insoluble” CBs which sediment during purification. These CBs are 

associated with a large amount of material which appears in TEM images to be cytoskeletal protein, 

thylakoid membrane and possibly storage polysaccharides. Using cultures before mid-exponential 

phase resulted in CBs associated with appears to be cytoskeletal protein by TEM. Using cultures in mid 

to late exponential phase grown for 5 days under my optimised conditions resulted in CBs associated 

with what appeared to be thylakoid membrane. Given that the membrane can be emulsified by 

detergent treatment weak enough to leave the protein intact I was able to purify the intact β-CB from 

these samples. 

The cell lysis also required a significant amount of optimisation. Lysis had to be strong enough that 

the majority of the cells were sufficiently broken and thus released their CBs into solution, but not so 

strong as to break the majority of the CBs. I tested chemical lysis and mechanical lysis by French press, 

glass beads and sonication. Sonication was found to be most effective at breaking Syn7942 but it also 

resulted in a high proportion of broken CBs. In order to reduce the duration and amplitude of 

sonication required to lyse >90 % of the Syn7942 I included a mild chemical pre-treatment. In doing 

so I was able to still able to release most of the CBs into solution and reduced the number of them 

broken by the sonication. 


