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Abstract 

Compartmentalisation of metabolic activities in cells is crucial for enhancing and regulating 

energy and metabolism. While eukaryotes employ membrane-bound organelles, many 

bacteria generate protein-based and self-assembled metabolic organelles, called bacterial 

microcompartments (BMCs), to enhance or protect key metabolic pathways inside the cell. 

BMCs consist of a single-layer proteinaceous shell encapsulating internal enzymes and 

metabolites from the relative degradation pathway. BMCs play central roles in a range of 

biological processes, including CO2 fixation, pathogenesis, and microbial ecology, across 

diverse bacterial species. A typical example of a BMC is the 1,2-propanediol (1,2-PD) 

utilisation microcompartment (Pdu MCP) in Salmonella enterica serovar Typhimurium (S. 

Typhimurium) and other enteric bacteria, which participates in 1,2-PD degradation in enteric 

pathogenesis. We still have limited knowledge of the structure, composition, organisation, and 

self-assembly of Pdu MCPs.  

 

In this work, I seek a comprehensive understanding of the stoichiometric composition and 

organisation of Pdu MCPs in S. Typhimurium LT2. I obtain accurate stoichiometry of shell 

proteins and internal enzymes of the natural Pdu MCP by QconCAT-driven quantitative mass 

spectrometry. Genetic deletion of the major shell protein and absolute stoichiometry analysis 

reveal the stoichiometric and structural remodelling of metabolically functional Pdu MCPs. The 

obtained knowledge about the protein stoichiometry leads me to propose a model of the Pdu 

MCP structure. Moreover, I determine the role of individual shell proteins and unravel the 

biogenesis pathway of Pdu MCPs. I identify the proteins that bind the shell and cargo, and the 

gene product that distributes the Pdu MCP. I find the Pdu MCP undertakes a concomitant 

assembly process in which the shell and cargo assemble independently. In addition, I 

investigate the diffusion dynamics of Pdu MCPs. I find that Pdu MCPs are highly dynamic in 

S. Typhimurium LT2, but show a confined movement. The shell and enzymatic core of Pdu 

MCPs have distinctly different motions in which the enzyme core possesses a dynamic liquid-

like nature. The findings in this thesis provide insights into the organisation and assembly 

principles of Pdu MCPs, and may inform strategies for repurposing natural 

microcompartments using synthetic biology for biotechnological applications. 
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1.1 Bacterial microcompartment 

1.1.1 The role of bacterial microcompartment 

Cell compartmentalisation enhances and regulates the energy and metabolism of subcellular 

processes by confining and concentrating the required components in certain spaces within 

the cell (Chen and Silver, 2012; Liu, 2016). Eukaryotes possess membrane-bound organelles, 

like chloroplasts and lysosomes, to separate specific metabolic pathways from the 

surrounding cytosolic environment. Many bacteria have developed membrane-free, protein-

based organelles, called bacterial microcompartments (BMCs), to protect and boost specific 

metabolic activities that involve volatile or toxic intermediates  (Figure 1-1A) (Yeates et al., 

2013). BMCs are self-assembled organelles, consisting of a proteinaceous polyhedral shell 

and encapsulated enzymes from related metabolic reactions. The BMC shell is selectively 

permeable to regulate the influx and efflux of metabolites and facilitate the catalytic 

performance of interior enzymes (Chowdhury et al., 2015; Crowley et al., 2008; Kerfeld et al., 

2005).  

 

1.1.2 Common features of the shell 

The outer shell of the BMCs has an icosahedral shape and is self-assembled from thousands 

of protein units, with a diameter approximately ranging from 100 nm to 200 nm (Chowdhury et 

al., 2014; Kerfeld et al., 2010; Yeates et al., 2013). The structures of shell proteins are highly 

conserved among all BMCs, belonging to three types of protein paralogs: the BMC-H domain, 

the BMC-T domain, and the BMC-P domain (Figure 1-1B) (Kerfeld and Erbilgin, 2015). The 

shell proteins containing a BMC-H domain form hexamers, which make up the major part of 

the shell (Crowley et al., 2010; Dryden et al., 2009). The BMC-T proteins consist of two fused 

BMC-H domains, typically forming trimers in a pseudo-hexameric arrangement (Cai et al., 

2013; Klein et al., 2009; Pang et al., 2012). Both BMC-H and BMC-T proteins assemble to a 
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single sheet to build up the facets of the shell. The BMC-P proteins, pentameric in shape, are 

suggested to cap the shell vertexes (Tanaka et al., 2008; Wheatley et al., 2013).  

 

Figure 1-1. Bacterial microcompartments and their assembly. (A) Sketch representing 

BMCs within native host cells (left). Electron microscopy images (right) showing BMCs in the 

cyanobacterium Synechococcus elongatus PCC7942, modified from (Sun et al., 2016). (B) 

The BMC-H and BMC-T proteins are proposed to form the facet of the icosahedral shell, while 

the BMC-P proteins occupy the vertexes. The core enzymes are encased and condensed 

within the shell. The shown shell protein models, each with one chain highlighted, are 

representative structures from PDB entries: BMC-H PDB ID: 4OX7 (Cai et al., 2015b); BMC-

T PDB ID: 4HT5 (Cai et al., 2013); BMC-P PDB ID: 2QW7 (Tanaka et al., 2008). Note that the 

number or ratio of shell and core enzymes in the model does not show the real stoichiometry. 

 

The assembled shell acts as a physical barrier to encase the specific metabolic pathway, and 

thus concentrate and protect the relative enzymes and substrates (Fan et al., 2012). The 
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individual shell proteins have central pores that are proposed to control the influx and efflux of 

metabolites thus facilitate the catabolic activity (Cai et al., 2013; Crowley et al., 2010). 

Additionally, the shell proteins have ordered orientations, in which the concave side faces the 

cytoplasm and the convex side is toward the BMC lumen (Sutter et al., 2017). It remains to be 

investigated that what  the exact stoichiometry of the shell is and how shell proteins of these 

conserved features self-assemble to BMCs. 

 

1.1.3 Diverse bacterial microcompartments 

Bacterial microcompartments are widely distributed in the bacterial kingdom with diverse 

functions, as evidenced by bioinformatics analysis (Abdul-Rahman et al., 2013; Jorda et al., 

2013). BMCs are present in the genomes of 358 bacterial species (total 2458 genomes) that 

include gut microbes and pathogens, identified by computational studies (Abdul-Rahman et 

al., 2013). The distributional analysis of BMC genes shows frequent horizontal gene transfer 

in evolution among bacterial species (Abdul-Rahman et al., 2013). Later studies demonstrated 

that at least 23 bacterial phyla had coding genes for BMCs (Axen et al., 2014). The first 

discovered BMC was the carboxysome (anabolic BMC) (Figure 1-2A), which optimises the 

efficiency of carbon fixing in all cyanobacteria and many chemoautotrophs (Drews and 

Niklowitz, 1956; Price et al., 1998). Carboxysomes are able to concentrate CO2 around 

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) inside the shell, which in turn 

overcomes the limitations of Rubisco, including the low turnover rate and nonspecific reactions. 

Another type of BMC is the catabolic BMCs (metabolosomes) that sequester and channel 

toxic or volatile aldehyde intermediate produced during the degradation of alternative carbon 

sources (Figure 1-2B) (Chowdhury et al., 2014; Kerfeld et al., 2010). Typical examples of such 

organelles are 1,2-propanediol utilisation microcompartments (Pdu MCPs) and ethanolamine 

utilisation microcompartments (Eut MCPs) in enteric bacteria (Bobik et al., 1999; Bobik et al., 

2015).  
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Figure 1-2. Models for the organisation of BMCs. (A) The shell of carboxysomes encase 

Rubisco and carbonic anhydrase (CA) and prevents the escape of CO2 for carbon fixation. 3-

PGA, 3-phosphoglycerate; RuBP, ribulose 1,5-bisphosphate; CBB cycle, Calvin-Benson-

Bassham cycle. (B) Generalised depiction of the reactions within metabolosomes. The 

encapsulated internal enzymes include a signature enzyme, an AlcDH (alcohol 

dehydrogenase), an AldDH (aldehyde dehydrogenase), and a PTAC (phosphotransacylase). 

The shell of the metabolosomes prevents the loss of aldehyde, a toxic intermediate generated 

by the signature enzymes, to the cytoplasm to protect the cell. Pi, inorganic phosphate; AK, 

acetyl kinase. 

 

There are also some newly discovered BMCs, such as glycyl radical enzymes associated 

microcompartments (GRMs) (Axen et al., 2014; Jorda et al., 2013), the Planctomycetes and 

Verrucomicrobia-type (PV) BMC involved in L-fucose and L-rhamnose degradation (Erbilgin 

et al., 2014), and the Rhodococcus and Mycobacterium BMCs (RMM) proposed to degrade 

amino-2-propanol (Axen et al., 2014). All these metabolosomes are thought to provide 

environmental and pathogenic bacteria with a growth advantage in diverse environments.  
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1.1.4 Carboxysomes 

Carboxysomes in all cyanobacteria and many chemoautotrophs (Kerfeld et al., 2018), are a 

well-studied model of BMC system. Carboxysomes contain the smallest set of encased 

enzymes among BMCs: Rubisco (Shively et al., 1973) and carbonic anhydrase (CA) (McGurn 

et al., 2016). Based on the forms of Rubisco encapsulated, carboxysomes can be categorised 

into α- and β-carboxysomes (Badger et al., 2002). The shell of the α-carboxysome is 

composed of CsoS1A/CsoS1B/CsoS1C (hexamer) (Tsai et al., 2007), CsoS1D (trimer) (Klein 

et al., 2009), and CsoS4A/CsoS4B (pentamer) (Cai et al., 2009). Other components of the α-

carboxysome include a structural protein CsoS2 (Cai et al., 2015a) and the Rubisco activase 

CbbQ/CbbO (Tsai et al., 2015). The shell of the β-carboxysome consists of three or four BMC-

H proteins (CcmK2/CcmK3/CcmK4, and sometimes CcmK1) (Kerfeld et al., 2005; Kinney et 

al., 2011; Samborska and Kimber, 2012; Tanaka et al., 2009), two BMC-T proteins (CcmO 

and CcmP) (Cai et al., 2013; Larsson et al., 2017), a BMC-P protein (CcmL) (Tanaka et al., 

2008). Additionally, β-carboxysome comprises two structural proteins, CcmM and CcmN 

(Kinney et al., 2012; Peña et al., 2010), and a Rubisco assembly chaperon, RbcX (Huang et 

al., 2019). The carboxysome shell is believed to prevent the escape of CO2 and preclude the 

diffusion through of O2, which enhances the Rubisco carboxylation activity and minimises 

photorespiration (Dou et al., 2008; Rae et al., 2013; Turmo et al., 2017).  

 

While α- and β-carboxysomes play the same role in carbon fixation and share a common shell 

architecture, it was deduced that they embrace distinct assembly pathways. The α-

carboxysome shell likely assembles concomitantly with nucleation of cargo enzymes Rubisco, 

inferred from the cargo partially encapsulated by shells (Iancu et al., 2010). Rubisco is 

condensed by the linker protein CsoS2 that also associates with shell proteins (Oltrogge et al., 

2020). In contrast, β-carboxysome biogenesis proceeds via an “inside out” mode: the cargoes 

Rubisco assemble before shell encapsulation (Cameron et al., 2013). CcmM interacts with 

Rubisco to initiate the formation of Rubisco condensates and then interacts with CcmN that 
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acts as a linker between the shell and enzymatic core (Kinney et al., 2012; Long et al., 2007). 

Although the assembly pathway differs in α- and β-carboxysomes, the Rubisco cargoes both 

form a dynamic condensate matrix mediated by the CsoS2 N-terminus and CcmM35, 

respectively (Oltrogge et al., 2020; Wang et al., 2019). 

 

Carboxysomes have been supposed to be ideal for engineering due to their self-assembly and 

modularity nature. The α-carboxysome operon was expressed in heterologous hosts, 

including Escherichia coli (E. coli) (Bonacci et al., 2012) and Corynebacterium glutamicum 

(Baumgart et al., 2017), to produce recombinant α-carboxysomes. Recent attempts include 

engineering β-carboxysomes in E. coli with CO2-fixing activity (Fang et al., 2018), 

reconstituting a simplified α-carboxysome in tobacco chloroplasts (Long et al., 2018), and 

reprogramming α-carboxysome as a nanoreactor for hydrogen production (Li et al., 2020).  

 

1.2 The propanediol utilisation microcompartment 

1.2.1 The role of 1,2-propanediol degradation in pathogens 

Utilisation of 1,2-propanediol (1,2-PD), which is executed by Pdu MCPs, is crucial for enteric 

pathogens. Salmonella enterica serovar Typhimurium (S. Typhimurium) is a dangerous 

pathogen that causes food poisoning and massive gut inflammation (Stanaway et al., 2019; 

Winter et al., 2010). The metabolism of 1,2-PD in S. Typhimurium plays an important role in 

colonisation of the gut: the genes required for the degradation of 1,2-PD are conserved among 

Salmonella enterica serovars (Chan et al., 2003; Porwollik et al., 2002); the 1,2-PD utilisation 

(pdu) genes are induced within S. Typhimurium from intraperitoneally infected mice, and 

removal of pdu genes confers avirulence defect in the murine infection model (Conner et al., 

1998; Heithoff et al., 1999). The 1,2-PD degradation is proposed to provide a fitness 

advantage that promotes the growth of S. Typhimurium in the inflamed intestine (Figure 1-3) 

(Faber et al., 2017). S. Typhimurium induces gut inflammation by its virulence factors to 



Chapter one: General introduction 

 
8 

 

provide respiratory electron acceptors (such as tetrathionate), thereby driving a respiratory 

expansion (Winter et al., 2010). As a metabolite produced by the gut microbiota during 

fermentation of rhamnose or fucose (Badía et al., 1985), 1,2-PD can serve as a growth 

substrate for S. Typhimurium under both anaerobic conditions with tetrathionate and aerobic 

conditions (Faber et al., 2017; Jeter, 1990; Price-Carter et al., 2001). Thus, the ability to 

consume 1,2-PD is proposed to enable Salmonella to overcome the nutrient limitation within 

the highly competitive gut environment caused by the intestinal microbiota (Faber et al., 2017). 

Moreover, the 1,2-PD degradation associated with pathogenesis is evidenced in Listeria by 

comparison of genomes (Buchrieser et al., 2003), and the induction of pdu genes was also 

observed in infected host cells (Joseph et al., 2006). 

 

Figure 1-3. Schematic representation of S. Typhimurium 1,2-PD utilisation. This image 

is modified from (Faber et al., 2017). Salmonella induces gut inflammation by using its 

virulence factors (T3SS-1 and T3SS-2). The host inflammatory response then generates a 

side-product, exogenous electron acceptors, which can drive a respiratory expansion inside 

the large intestine. Salmonella can expend in the inflamed gut by utilising microbe-derived 1,2-

PD under aerobic and anaerobic respiration. 
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1.2.2 The identification of Pdu MCPs in Salmonella 

A BMC-domain protein (PduA) involved in 1,2-PD degradation by S. Typhimurium was first 

reported by genetic studies in 1994 (Chen et al., 1994). Bobik et al. then determined the DNA 

sequence and the function of the propanediol dehydratase (PduCDE), a protein required for 

the catabolism of propanediol (Bobik et al., 1997). The complete DNA sequence of the pdu 

genes in S. Typhimurium was identified and analysed in 1999 (Bobik et al., 1999). Electron 

microscopy further confirmed that S. Typhimurium could conditionally form polyhedral 

organelles during B12-dependent growth in presence of 1,2-PD (Figure 1-4, left) (Bobik et al., 

1999). Later, Havemann et al. successfully purified these polyhedral organelles from S. 

Typhimurium (Figure 1-4, right) and relatively determined their protein content (Havemann 

and Bobik, 2003). They identified 15 proteins of the isolated organelles, including seven shell 

proteins (PduABB’JKTU) based on their sequence similarity to the reported shell of 

carboxysomes, seven catalytic components related to propanediol degradation pathway 

(PduCDEGHOP), and one unidentified protein. The relative abundance of these proteins was 

quantified by 2D electrophoresis: PduABB’J are major shell components, while PduKTU has 

a minor proportion in the shell (J:A:B’:B:K:T:U=15:10:7:6:1:1:2); PduCDE is the most abundant 

internal enzyme. Interestingly, a different composition was reported in the wild type (WT) MCP 

from Citrobacter freundii: PduB’ was found to make up 31% of the shell protein, while PduJ, 

PduA, and PduB comprised 24%, 19%, and 18%, respectively, indicating the species-

dependent stoichiometric fingerprint of Pdu MCPs (Mayer et al., 2016). Recent progress has 

been made in the characterisation of other components (PduN/S/Q/M/L) of the Pdu MCPs in 

S. Typhimurium (Cheng et al., 2012; Cheng et al., 2011; Liu et al., 2015; Parsons et al., 2010b; 

Sinha et al., 2012). A long-standing question concerns the exact stoichiometric composition 

and organisation of the Pdu MCP. Moreover, the localisation of some minor Pdu proteins, such 

as PduV/W/X is still unknown. 
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Figure 1-4. TEM characterisation of Pdu MCPs within S. Typhimurium (left) and of 

isolated Pdu MCPs (right). This image is modified from (Crowley et al., 2008). Scale bar: 

100 nm. 

 

1.2.3 Gene organisation and protein composition of Pdu MCPs in Salmonella 

In Salmonella, the genes required for the Pdu MCP formation and function clustered in a single 

pdu operon, encoding 22 Pdu proteins (Figure 1-5A). Among these proteins, PduA, B, B', M, 

N, J, K, T, and U are structural proteins (Cheng et al., 2011; Sinha et al., 2012). PduA, B, B', 

and J are major shell components, while the abundance of PduK, M, N, T, and U is relatively 

low of the Pdu MCP shell (Cheng et al., 2011; Sinha et al., 2012). Structurally, PduA, J, K, and 

U contain a BMC-H domain; PduB, B’, and T have a BMC-T domain, whereas PduN is the 

BMC-P protein that occupies the vertexes of the shell (Cheng et al., 2011; Wheatley et al., 

2013). PduM is a specific structural component, as it does not process any BMC-related 

domain (Sinha et al., 2012). The enzymes involved in 1,2-PD degradation can be functionally 

divided into enzymes for the 1,2-PD degradation pathway, containing PduCDE (diol 

dehydratase) (Havemann and Bobik, 2003), PduL (phosphotransacylase) (Liu et al., 2007), 

PduP (Leal et al., 2003), PduQ (Cheng et al., 2012) and PduW (Palacios et al., 2003), and 

enzymes for the reactivation of diol dehydratase and vitamin B12 recycling, composed of PduS 

(cobalamin reductase) (Sampson et al., 2005), PduO (adenosyltransferase) (Maurice et al., 

2007), PduGH (diol dehydratase reactivase) (Bobik et al., 1999), and PduX (L-threonine 

kinase) (Fan and Bobik, 2008) (Figure 1-5A). PduV was proposed to connect with filament-

associated BMC movement within the cell (Parsons et al., 2010a). PduCDE is the major 
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enzyme and converts 1,2-PD to propionaldehyde, a toxic intermediate, as the first step of the 

1,2-PD degradation pathway (Figure 1-5B) (Bobik et al., 1997). The Pdu MCP shell acts to 

confine propionaldehyde to protect Salmonella from cellular toxic sequelae (Figure 1-5B) (Fan 

et al., 2010). PduP (aldehyde dehydrogenase) or PduQ (alcohol dehydrogenase) then 

catalyses the conversion of propionaldehyde to propionyl coenzyme A (propionyl-CoA) or 1-

propanol, respectively (Cheng et al., 2012). PduL converts propionyl-CoA to propionyl-PO4
2- 

(Leal et al., 2003; Liu et al., 2015). The resulting propionyl-PO4
2- is converted to propionate by 

PduW with the phosphate group transferring to ADP to generate ATP (Palacios et al., 2003), 

which provides a source of ATP for Salmonella during 1,2-PD catabolism.  

 

Figure 1-5. The pdu locus and the organisation of the Pdu MCP in Salmonella enterica. 

(A) Diagram of the pdu operon. The pdu genes include those for 1,2-PD degradation 

(pduCDELPQW) and coenzyme B12 assimilation recycling (pduGHOSX) as well as those for 

MCP formation (pduABB’JKMNTU). BMC-H protein: PduA, PduJ, PduK, and PduU; BMC-T 

protein: PduB, PduB’, and PduT;  BMC-P protein: PduN. The pdu operon is transcribed from 

a single promoter upstream of pduA (Kröger et al., 2013). (B) Model of the Pdu MCP 

organisation. 1,2-PD first diffuses through the shell to the lumen of Pdu MCP and then will be 

converted to propionaldehyde, a toxic intermediate. The shell of Pdu MCP acts as a barrier to 

sequester and convey propionaldehyde to the next pathway enzyme to prevent toxicity and 

carbon loss.  
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1.3 Structure of the Pdu MCP 

1.3.1 Structures and roles of individual shell proteins 

Recent progress has been made on characterising the crystal structure of individual shell 

proteins (Figure 1-6, Table 1). Crowley et al. first reported the crystal structure of a minor shell 

protein PduU (Crowley et al., 2008). PduU formed a circularly permutated hexamer and had 

a unique central pore that was capped by a tightly packed β-barrel, suggesting that PduU 

might play no role in molecular transport. Another minor shell protein with a tandem domain, 

PduT, formed a pseudohexameric homotrimer and had a [Fe-S] cluster binding site at its 

central pore (diameter: 10.3 Å), indicating that PduT might take part in transferring electron or 

reconstructing [Fe-S] centres (Crowley et al., 2010). Further study suggests that PduT’s 

interaction with a corrin reductase PduS could allow for the efflux of electron (Parsons et al., 

2010b). Chowdhury et al. also showed that modification of the central pore of PduT could alter 

the permeability of the shell of the metabolosome (Chowdhury and Bobik, 2019). The crystal 

structure of PduA, a major shell protein, showed that PduA forms a symmetric hexamer with 

a central pore that was proposed to facilitate the transport of substrates across the shell 

(Crowley et al., 2010). PduA involving in selective molecular transport was evidenced by 

structural characterisation of PduA mutants, as well as biochemical and physiological studies 

(Chowdhury et al., 2015): the central pore of PduA is selectively permeable, acting as a major 

passage for the entry of the substrate 1,2-PD but restricting the discharge of the toxic 

intermediate propionaldehyde. The crystal structure of PduJ was approximately identical to 

that of PduA; particularly, the pore regions were the same, as PduJ and PduA shares 83% 

similarity in amino acid sequence (Chowdhury et al., 2016). But unlike PduA, PduJ did not 

mediate1,2-PD transport in WT S. Typhimurium, which was caused by different gene locations 

of pduA and pduJ: when pduJ gene replaced pduA at chromosome, PduJ protein played a 

role in 1,2-PD transport (Chowdhury et al., 2016). In contrast, there is no structural information 

of PduBB’/K/M/N from Salmonella, which is likely due to crystallographic difficulties, such as 

the presence of intrinsically-disordered protein regions. The structure of a PduB C-terminal 
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domain is available to form a pseudohexameric homotrimer from the Gram-positive bacterium 

Lactobacillus reuteri, but only share 57% amino acid identity to Salmonella PduB (Pang et al., 

2012). PduK possesses a BMC domain and may be a hexamer, and it has a ~70 amino acid 

extension on the C-terminus that is probably disordered (Crowley et al., 2010); PduM has an 

unknown structure with a poorly conserved sequence (Sinha et al., 2012); PduN has a BMC-

P domain, homologous to CcmL, and was suggested to cap the shell vertexes (Jorda et al., 

2015; Tanaka et al., 2008). 

 

Figure 1-6. Crystal structure of Pdu proteins. The shown protein models are representative 

structures from PDB entries: PduA PDB ID: 3NGK; PduJ PDB ID: 5D6V; PduU PDB ID: 3CGI; 

PduB PDB ID: 4I61; PduT PDB ID: 3N79; PduCDE PDB ID: 1DIO; PduGH PDB ID: 1NBW; 

PduL PDB ID: 5CUP; PduON PDB ID: 2R6T; PduOC PDB ID: 5CX7. PduON and PduOC 

represent the N-terminal and C-terminal domains of the PduO, respectively. Full list of Pdu 

proteins with available crystal structures can be found in Table 1-1. 
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Table 1-1. The structure of Pdu proteins currently available on PDB. 

Category Protein Structure 
PDB 
code 

Organism Reference 

Shell 
proteins 

PduA Hexamer 3NGK S. Typhimurium (Crowley et al., 2010) 

PduA Hexamer 4P7T Citrobacter freundii (Pang et al., 2014) 

PduA-K26A Hexamer 4PPD S. Typhimurium (Sinha et al., 2014) 

PduA-S40L 
PduA-S40GSG 
PduA-S40H 
PduA-S40C 
PduA-S40Q 

Hexamer 

4RBT 
4RBV 
4QIF 
4QIG 
4RBU 

S. Typhimurium (Chowdhury et al., 2015) 

PduB' Trimer 4I61 Lactobacillus reuteri (Pang et al., 2012) 

PduJ-K25A Hexamer 5D6V S. Typhimurium (Chowdhury et al., 2016) 

PduT Trimer 3PAC Citrobacter freundii (Pang et al., 2011) 

PduT-C38S Trimer 3N79 S. Typhimurium (Crowley et al., 2010) 

PduU Hexamer 3CGI S. Typhimurium (Crowley et al., 2008) 

Internal 
enzymes 

PduCDE 
Dimer 
(α βγ)2 

1DIO Klebsiella oxytoca (Shibata et al., 1999) 

PduGH 
Tetramer 
(α2β2) 

1NBW 
Klebsiella 
pneumoniae 

(Liao et al., 2003) 

PduL Dimer 
5CUP
5CUO 

Rhodopseudomonas 
palustris BisB18 

(Erbilgin et al., 2016) 

PduO (N-
terminal domain) 

Trimer 

2R6T 
2R6X 
3KE4 
3KE5 
3GAH 
3GAJ 
1NOG 

Lactobacillus reuteri 
and several other 
organisms 

(Maurice et al., 2007; 
Mera et al., 2007; Park 
et al., 2011; Saridakis et 
al., 2004) 

PduO (C-
terminal domain) 

Octamer 5CX7 S. Typhimurium 
(Ortiz de Orué Lucana 
et al., 2016) 

 

1.3.2 Structures and roles of individual internal enzymes 

The structural information of the catalytic components in the Pdu metabolosome in Salmonella 

is relatively less compared with that of shell components, while that of their homologs in other 

organisms is partly available (Figure 1-6, Table 1). PduCDE is a B12-dependent diol 

dehydratase that converts 1,2-PD to propionaldehyde as the first step of the 1,2-PD 

degradation pathway. The subunits of PduCDE from S. Typhimurium share more than 90% 

similarities with the α, β, and γ subunits from Klebsiella oxytoca, which exist as a dimer of 

heterotrimers (αβγ)2 in the crystal structure (Shibata et al., 1999). However, the structure is 

not available for the N-terminal regions of β and γ subunits (36 and 45 amino acids, 

respectively) that were excluded by limited proteolysis during crystallisation. These N-terminal 

regions are unrelated to the activity but substantially reduced the solubility of the diol 
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dehydratase (Tobimatsu et al., 2005). Later studies showed that the N-terminus of the β 

subunit was related to diol dehydratase encapsulation (Fan and Bobik, 2011). PduGH (diol 

dehydratase reactivase) is closely related to glycerol dehydratase (GDH) reactivase in 

sequence. Liao et al. reported the crystal structure of the GDH reactivase from Klebsiella 

pneumoniae composited a heterotetramer, α2β2 (Liao et al., 2003). A different ratio of the 

PduGH subunits (2:1) was reported by relative abundance analysis, indicating the composition 

of PduGH can differ in organisms (Havemann and Bobik, 2003), though  no structural evidence 

is available for the 2:1 stoichiometry. Erbilgin et al. revealed PduL from Rhodopseudomonas 

palustris BisB18 had a novel structure with phosphotransacylase function (Erbilgin et al., 2016). 

Similar to that of PduCDE, the reported crystal structure of PduL was an N-terminus (33 amino 

acids) truncated form, and this truncation was not essential for enzymatic activity. PduO in 

Salmonella is composed of two domains. The N-terminal domain of PduO is an 

ATP:Cobalamin adenosyltransferas, forming a trimer with each subunit comprised of a five 

helix-bundle in Lactobacillus reuteri (Maurice et al., 2007; Mera et al., 2007), Thermoplasma 

acidophilum (Saridakis et al., 2004), and Bacillus cereus (Park et al., 2011). PduO C-terminal 

domain in Salmonella assembled to an octamer and strongly bound to heme and was essential 

for effective 1,2-PD metabolism in vivo (Ortiz de Orué Lucana et al., 2016). No structural 

information is available for PduP/Q/S/V/W/X, which deserves further investigation. 

 

1.3.3 Structure of native Pdu MCP and mutants 

Thin section transmission electron microscopy (TEM) of the Salmonella cells and negative 

staining TEM of isolated organelles have been widely exploited to study the structure of Pdu 

MCPs in vivo and in vitro, respectively. The formation of the Pdu MCP was first verified by 

thin-sectioned S. Typhimurium LT2 cells grown in the presence of 1,2-PD (Bobik et al., 1999). 

The Pdu MCPs exhibited 100-200 nm in diameter and had a relatively irregular polyhedral 

shape compared with carboxysomes. In 2003, Havemann et al. successfully isolated these 

polyhedral organelles by combining detergent treatment and differential and density gradient 
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centrifugation, followed by structural analysis by EM (Havemann and Bobik, 2003). They found 

the purified Pdu MCPs had a size ranging from 100 to 150 nm in diameter with a 3-4 nm thick 

shell to encapsulate a heterologous interior. EM imaging on thin-sectioned individual shell 

deletion mutants (PduA/BB’/J/K/N/T/U) provided insight into the structural role of each shell 

proteins (Figure 1-7) (Cheng et al., 2011). PduBB’/J/N are supposed to be essential 

components for Pdu MCP assembly, as the deletion mutants could not properly form 

polyhedral structures (Cheng et al., 2011). PduB and PduB’ are encoded by overlapping genes, 

and PduB is 37 amino acids longer than PduB’ at the N-terminus otherwise they are identical 

in sequence (Havemann and Bobik, 2003). The pduBB’ deletion strain was unable to form Pdu 

MCP with a polar body observed in some cells; the pduJ deletion led to partial formation of 

elongated structures; a pduN mutant was observed to assemble to abnormal structures 

including enlarged and elongated structures (Cheng et al., 2011). The pduA deletion strain 

could form similar but somewhat enlarged Pdu MCP structure compared to the WT, but no 

explanation was offered for forming enlarged structure in lack of one major shell protein. Minor 

shell components PduK/T/U are not required for the formation of Pdu MCP, but a pduK mutant 

could cause the aggregation of MCPs. PduM was identified as a structural component in 2012, 

and EM of the whole cell of a pduM deletion mutant showed abnormal structures (Figure 1-6) 

(Sinha et al., 2012). The protein sequence of PduM is unrelated to any BMC domain, and the 

role of the PduM in MCP assembly is still uncertain. Pdu MCPs from pduA and pduJ deletion 

mutants were purified and characterised by EM, consistent with thin-section observations with 

typical and elongated MCP structures, respectively (Sinha et al., 2014). EM of isolated Pdu 

MCP from PduB M38A and PduB Δ1-37 showed typical MCP structure and empty shell, 

respectively, indicating the PduB N-terminus plays a role in shell and cargo binding (Lehman 

et al., 2017). Recently, Kennedy et al. applied different techniques, including TEM, ultra-thin 

section TEM, scanning EM, cryo-TEM, and dynamic light scattering (DLS), on imaging purified 

Pdu MCPs, which outlined variations in size and morphology between methods, and can help 

comparison of results across studies (Kennedy et al., 2020). These studies of the Pdu MCP 
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have provided valuable clues for structural role of the Pdu proteins. However, we still have 

limited knowledge about how these proteins assembly to the whole MCP structure; particularly, 

the exact stoichiometric composition of BMCs, as the key feature of the self-assembly, have 

not been established. 

 

Figure 1-7. TEM characterisation of thin-sectioned S. Typhimurium LT2 and selected 

pdu gene deletion mutants. The images for WT, ΔpduA, ΔpduBB’, ΔpduJ, ΔpduK and 

ΔpduN are modified from (Cheng et al., 2011). Scale bar: 200 nm. The image for ΔpduM is 

modified from (Sinha et al., 2012). 

 

1.4 Assembly of the Pdu MCP 

While the assembly pathways of carboxysomes have been characterised (Cameron et al., 

2013; Iancu et al., 2010; Oltrogge et al., 2020), little is known about the assembly process of 

bacteria metabolosomes including Pdu MCPs. Many efforts have been made on 

characterising the interactions among Pdu proteins, which are essential for the assembly of 

Pdu MCPs. 
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1.4.1 Encapsulation of Pdu proteins 

A key feature of BMCs is the self-assembly from hundreds of proteinsto form a semi-

permeable shell that encapsulates specific enzymes. Recent progress has revealed that the 

short N-terminal peptides of cargo enzymes are responsible for targeting enzymes to the 

lumen of MCPs. N-terminal regions of two subunits of PduCDE were found to be unrelated to 

enzymatic activity and be absent from its homologs that were irrelevant to metabolosomes 

(Daniel et al., 1998; Tobimatsu et al., 2005). This raises the possibility that these regions are 

crucial for the encapsulation of the proteins within the BMCs. Fan et al. first reported the BMC 

encapsulation peptide (EP) which is a short N-terminal peptide (PduP1-18) for packaging 

enzymes within the Pdu MCP in S. Typhimurium (Figure 1-8A) (Fan et al., 2010). Deletion of 

PduP1-18 undermined its encapsulation into the Pdu MCP but did not affect its enzymatic 

activity. Additionally, the fusion of PduP1-18 to GFP (green fluorescent protein), GST 

(glutathione S-transferase), or maltose-binding protein resulted in their targeting to the Pdu 

MCP. These results evidenced the short N-terminal peptides, PduP1-18, was necessary and 

sufficient for protein packaging into the Pdu MCP. A later study reported the N-terminal peptide 

of PduD (the medium subunit) mediated enveloping of PduCDE within the Pdu MCP, and the 

fusion of PduD1-18 to GFP or GST also led to their association with MCP (Figure 1-8A) (Fan 

and Bobik, 2011). Similarly, PduL1-20 was also identified as a targeting peptide for the Pdu 

MCP (Figure 1-8A) (Liu et al., 2015). Parson et al. showed that the fusion of PduC (a subunit 

of PduCDE) from Citrobacter freundii with GFP resulted in the fusion protein localised within 

the Pdu MCP, indicating PduC may play a role in targeting, though no N-terminal sequence is 

present (Parsons et al., 2010a). Overall, current studies suggest the N-terminal peptides play 

a crucial role in the encapsulation of enzymes. The identification of these EPs is also promising 

for the bioinspired design and engineering of Pdu MCP for biotechnological applications. 
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Figure 1-8. The encapsulation peptides of the Pdu MCP. (A) The sequence alignment of 

the encapsulation peptides of PduD1-20, PduP1-20, and PduL1-20 from S. Typhimurium LT2, 

using ClustalX 2.1 and Jalview 2.11.1.3 software. (B) The solution structure of the PduP1-18 

from Citrobacter freundii by NMR spectroscopy modified from (Lawrence et al., 2014). 

 

1.4.2 Shell-enzyme interactions 

The targeting mechanism of the Pdu MCP has been investigated by identifying the shell 

proteins that interact with the targeting peptides. The first study of the interaction between EP 

and shell of the Pdu MCP was reported by Fan and colleagues, who found PduP bound with 

PduA and PduJ in vitro but not other MCP structural components in S. Typhimurium (Fan et 

al., 2012) (Figure 1-9). In addition, the N-terminal of PduP interacted with a short C-terminal 

helix of PduA (on the concave face), which mediated the encasing of PduP within the MCP. 

However, this interaction is opposite to recent findings that the concave side of BMC-H 

proteins faces the cytoplasm (Sutter et al., 2017; Uddin et al., 2018). A later study reported 

the solution structure of the PduP1-18 from Citrobacter freundii by NMR (nuclear magnetic 

resonance) spectroscopy and showed that this targeting peptide has an α-helical conformation 

(Figure 1-8B) (Lawrence et al., 2014). PduP1-18 was found to interact with another shell protein, 

PduK (Figure 1-9), rather than PduA or PduJ as described above, which might suggest the 

interaction between EP and that the shell is diverse in S. Typhimurium and Citrobacter freundii, 

or PduP1-18 could bind with multiple shell components. Computational docking simulations 

showed that the N-terminal regions of PduC/D/E/L/P could dock to PduA in the same cleft on 

the concave face, indicating that PduA serves as a hub for binding various enzymes with the 
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N-terminal tails (Jorda et al., 2015). However, this binding needs further investigation, as the 

convex side rather than the concave side of hexermeric protein faces the lumen of the BMC 

(Sutter et al., 2017; Uddin et al., 2018). Thus, the interaction of PduA with PduC/D/E/L/P 

predicted by computational simulation was not included in Figure 1-9. 

 

Recent studies have indicated that the N-terminus of PduB involved in binding the shell and 

the cargo of the Pdu MCP based on genetic analysis and isolated complex characterisation 

(Lehman et al., 2017). Deletion of N-terminus region of PduB affected the growth of S. 

Typhimurium on 1,2-PD. The isolated Pdu MCP from the mutants showed empty shells and 

less catalytic proteins compared to that from WT. In another Pdu MCP-containing bacterium, 

Acetobacterium woodii, PduB could interact with PduC, PduP and Adh4 (corresponds to PduQ 

in S. Typhimurium) (Chowdhury et al.) (Figure 1-9), which also indicates an important role of 

PduB in binding internal enzymes.  

 

The potential encapsulation mechanism of other minor Pdu proteins (such as PduS and PduV) 

has been investigated. PduS, a corrin reductase, is reported to interact with PduT that is a 

shell protein having a [Fe-S] cluster for electron passage, reflecting the anchoring mechanism 

of PduS to the metabolosme (Figure 1-9) (Parsons et al., 2010b). PduV, a protein with 

unknown function, is likely to localise to the surface of the outer surface of the MCP, and N-

terminus of PduV is able to direct proteins to the MCP (Parsons et al., 2010a). Computational 

simulation showed that PduV interacted with the β-barrel of PduU (Figure 1-9), and the 

interaction between PduV and PduU was verified by two-hybrid assay (Jorda et al., 2015). 
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Figure 1-9. The protein-protein interactions between Pdu proteins. This diagram 

summaries the reported protein-protein interactions between Pdu proteins from various 

organisms, including S. Typhimurium, Citrobacter freundii, and Acetobacterium woodii, as 

detailed in sections 1.4.2, 1.4.3, and 1.4.4. These interactions were mainly detected by binding 

studies. Note: Some Pdu components are missing because no experimental evidence 

suggested any interactions of these components. Blue circle: shell components; pink circle: 

catalytic components. Blue line: shell-shell interaction; green line: shell-enzyme interaction; 

pink line: enzyme-enzyme interaction.  

 

1.4.3 Shell-shell interactions 

The interactions between Pdu shell proteins were detected by Parsons and colleagues, who 

conducted a series of pull-down assays of the shell components from Citrobacter freundii 

(Parsons et al., 2010a). They suggested that PduA played a crucial role in mediating the 

interactions of the outer shell, because PduA is the only shell protein that could bind with two 

major shell proteins, PduB and PduJ, and pentameric protein PduN (Figure 1-9). Moreover, 

PduA could also interact with PduK and PduU. PduK positively interacted with PduT and PduM. 

Computational modelling proposed that PduA and PduB could assembly to a stable mixed 

sheet, and experimental evidence is required to evidence this layout (Pang et al., 2012). Along 

with the above description that PduA is responsible for enzyme encapsulation by binding to 

the targeting peptide, it seems that PduA is the most important component for the assembly 
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of the Pdu MCP (Figure 1-9). However, this conclusion is somewhat opposite to the 

observation that the Pdu MCP can still assemble in the pduA deletion mutant. To characterise 

the composition of the pduA-deletion Pdu MCP will provide more evidence to clarify the role 

of PduA. 

1.4.4 Enzyme-enzyme interactions 

Previous studies have also revealed specific interactions between functionally related 

enzymes. Sampson and colleagues found a physical interaction between PduS and PduO in 

vitro (Figure 1-9), as PduO denosyltransferase is required for the activity of PduS to reduce 

cobalamin (Sampson et al., 2005). Further studies confirmed PduS could interact with PduO 

in vivo (Cheng and Bobik, 2010). PduQ and PduP interacted with each other in vitro (Figure 

1-9), which makes sense as they catalyse reactions in regenerating NADH/NAD+ for one 

another (Cheng et al., 2012). However, it remains unclear how the internal enzymes in 

absence of targeting peptides are encapsulated within the organelle, and the step-by-step 

assembly pathway remains unclear, which deserves further investigation. 

 

1.5 Engineering of the Pdu MCP 

1.5.1 Nanotubes 

The overexpression of individual shell protein (PduA, PduB, and PduJ) in E.coli results in the 

formation of nanotubes, which are potential scaffolds for biotechnical application (Kennedy et 

al., 2021; Parsons et al., 2010a; Uddin et al., 2018). PduA and its variant PduA* from 

Citrobacter freundii were first found to assemble to regular fibres when overproduced in E.coli 

(Parsons et al., 2010a). Further study demonstrated that the diameter of the synthetic PduA 

tube is around 20 nm, and the concave side of PduA faced out (Uddin et al., 2018). PduB from 

Lactobacillus reuteri is able to self-assemble to a 63 nm-diameter tube, also with the concave 

side facing out (Uddin et al., 2018). Another major shell protein, PduJ that possesses similar 

crystal structure with PduA from S. Typhimurium, could form a similar nanotube structure to 
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PduA tubes as well (Kennedy et al., 2021). It has been possible to specifically target 

recombinant proteins to the nanotube scaffolds by utilising complementary coiled-coil peptides 

CC-Di-A and CC-Di-B in E.coli (Figure 1-10) (Lee et al., 2018b). To achived this, PduA* was 

fused to CC-Di-B, while pyruvate decarboxylase (Pdc) and alcohol dehydrogenase (Adh) 

enzymes were fused to CC-Di-A. The targeting of Pdc and Adh enzymes to the outer surface 

of the filamentous scaffold of PduA* led to improved effective local and relative enzyme 

concentrations thus increased ethanol production. This finding demonstrates the potential of 

engineering the nanotubes to organize enzyme pathways and improve catalytic performance 

in synthetic biology (Lee et al., 2018b).  

 

Figure 1-10. Different strategies of engineering of the PduMCP. Nanotubes: The 
overexpression of individual shell protein (PduA, PduB, or PduJ) results in the formation of 
nanotubes, and recombinant proteins could be targeted to nanotubes via coiled-coil peptides. 
Recombinant BMC: The entire Pdu MCP has been engineered in various bacterial hosts. 
Empty shell: The shell of the Pdu MCP has been successfully produced in heterologous hosts. 
Targeting heterologous proteins: Heterologous proteins can be targeted to Pdu MCPs by 
fusing with the EPs or coiled-coil peptides. Shell-free aggregates: Shell-free recombinant 
enzyme aggregates can be generated to increase the enzyme performance by tagging the 
native EPs of the Pdu MCP. The nanotube structure is modified from (Uddin et al., 2018). 
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1.5.2 Recombinant Pdu MCP 

The transformation of pdu genes was first verified by cloning the entire pdu operon from 

Citrobacter freundii into E. coli, which resulted in fully functional recombinant metabolosomes 

(Figure 1-10) (Parsons et al., 2008). This work showed that the Pdu MCP has the potential for 

engineering to shield the bacterial host when producing toxic intermediate. Further study 

showed that the recombinant MCP isolated from E. coli had a comparable composition, size, 

shape, and mechanical properties to the WT MCP purified from Citrobacter freundii (Mayer et 

al., 2016). More recently, the S. Typhimurium pdu and cob/cbi (genes required for cobalamin 

biosynthesis) gene cluster (38 kb region) were systematically cloned in a variety of Gram-

negative bacteria and the transferants were catalytically functional in a range of species, such 

as S. Typhimurium Δpdu, E. coli, Salmonella bongori, Klebsiella pneumoniae, Cronobacter 

sakazakii, Serratia marcescens, and four Pseudomonas species (Graf et al., 2018). The 

authors also successfully isolated Pdu MCPs from several strains. This study further 

demonstrates the somewhat straightforward use and the flexibility to engineer the Pdu MCP 

in various bacterial hosts.  

 

1.5.3 Empty shell 

The naturally designed architecture, semi-permeability, and the capacity to enclose hundreds 

of molecules have made BMCs attractive engineering materials to compartmentalise multiple 

synthetic activities. The production of an empty shell in E. coli of the Pdu MCP from Citrobacter 

freundii takes the first essential step towards the rational design of this MCP as a robust 

nanoreactor (Figure 1-10) (Parsons et al., 2010a). Parson and colleagues also investigated 

the diverse structures of the empty shell generated by altering the expression profile of shell 

genes, and showed that the minimum components required for shell assembly were PduA-B-

B'J-K-N, in which minor protein PduT and PduU were nonessential. However, it was 

demonstrated that the Pdu MCP structure could be formed in the absence of PduA and PduK 

in S. Typhimurium (Cheng et al., 2011), although pduA deletion mutant showed growth defect 
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that is likely due to the altered semi-permeability of a remodelled shell (Sinha et al., 2014). 

These observations indicated that the minimum components required for Pdu MCP assembly 

may be even fewer, or might diverse in different organisms, although the genomic 

organisations of the pdu operons in the two organisms are highly conserved. Further study 

showed that the empty shell was smaller and less malleable compared to WT organelles, 

indicating that the cargo may control the size and elasticity of the metobolosomes (Mayer et 

al., 2016). More recently, Huber et al. successfully engineered the empty shell from Citrobacter 

freundii in Corynebacterium glutamicum (Huber et al., 2017), an established industrial cell 

factory traditionally used for producing amino acids and has been engineered for generating 

a range of products, such as diamines and biobased fuels (Becker and Wittmann, 2015). The 

production and assembly of the recombinant shell in Corynebacterium glutamicum shows the 

potential application of Pdu MCPs for bioinspired design and engineering of functional protein 

self-assemblies in different hosts. The construction of empty shell also suggests that the Pdu 

MCP could form in the absence of cargoes, indicating a shell-first or concomitant assembly 

pathway, which is similar to α-carboxysomes but different to β-carboxysomes. 

 

1.5.4 Targeting heterologous proteins 

Heterologous proteins can be targeted to MCPs by fusing with the N-terminal EP of the native 

internal enzymes, such as PduD1-18 and PduP1-18 (Figure 1-10). It is also achievable to change 

the encapsulation efficiency of PduP1-18 by amino acid mutation in S. Typhimurium, and some 

mutants showed higher strength of protein encapsulation than the WT (Kim and Tullman‐

Ercek, 2014). The EPs with various abilities of protein encapsulation may allow control over 

the stoichiometry of enclosed enzymes, which can affect the rational design of a specific 

synthetic pathway. A later study demonstrated that the EPs from different BMCs (Eut MCPs 

and GRMs) could direct proteins into Pdu MCP, and the interaction mechanism was mediated 

by a conserved hydrophobic motif (Jakobson et al., 2015). This mechanism was further 
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verified by de novo design of a Pdu MCP targeting sequence that has a canonical leucine-

zipper motif by library-based screening (Jakobson et al., 2017). Recently, de novo designed 

coiled-coils were used to target heterologous proteins to MCPs instead of EPs (Lee et al., 

2018a). The native EPs have been shown to lead to protein aggregations thus inefficient 

encapsulation, and can compete with each other due to the same binding site (Jakobson et 

al., 2015; Lee et al., 2016). The alternative targeting strategies may enhance metabolic influx 

thus facilitate further development of MCPs as nanobioreactors. 

 

The successful encapsulation into MCPs was evidenced by the fusion of EPs or synthetic 

scaffold with GFP or other affinity tags (Fan et al., 2010; Huber et al., 2017; Kim and Tullman‐

Ercek, 2014; Lee et al., 2018a; Parsons et al., 2010a). Further studies have demonstrated that 

it has been possible to manipulate MCPs for enclosing different metabolic pathways. 

Lawrence and colleagues generated an ethanol-producing bioreactor by using the native EPs 

of PduD and PduP to direct Pdc and Adh from Zymomonas mobilis into the empty Pdu MCPs 

(from Citrobacter freundii) in E. coli. This resulted in increased ethanol production (Lawrence 

et al., 2014). It has also been investigated that the application of the recombinant Pdu MCPs 

in biological phosphate removal, by the encapsulation of targeted polyphosphate kinase 

(Liang et al., 2017), and enhancing the expression of a toxic protein (lysis protein E), by 

tagging with EPs (Yung et al., 2017). Wagner et al. showed that the reconstructed Pdu shell 

could protect the encapsulated heterologous enzymes from external pH stress (Wagner et al., 

2017). Recently, Lee et al. developed a different strategy for directing recombinant proteins to 

Pdu MCPs via coiled-coil peptides CC-Di-A and CC-Di-B (Lee et al., 2018a). This pair of 

peptides could tightly interact with each other but not self-associate, which is different from 

EPs that are self-aggregated (Fletcher et al., 2013; Juodeikis et al., 2020). Fluorescent 

proteins tagged with CC-Di-A have been successfully targeted to the cytoplasmic and lumen 

sides of CC-Di-B fused shell of Pdu MCPs. These studies indicated that the shell is permeable 

for the access of various small molecules and cofactors but seems restricted to lipophilic 
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molecules (Lawrence et al., 2014; Liang et al., 2017; Wagner et al., 2017). However, the 

structures of recombinant MCPs are heterogeneous with various sizes and somewhat round 

but not polyhedral compared with that of the WT. The structural variations suggest the 

possibility that Pdu MCPs are not properly assembled, such as the incomplete closure of the 

shell. Advanced knowledge about the composition of the assembled Pdu MCP and the 

mechanism on how the Pdu proteins self-assemble together will help us to repurpose natural 

MCPs using synthetic biology for biotechnological applications. 

 

1.5.5 Shell-free aggregates 

To fully enclose recombinant pathways into the lumen of MCPs may be not required when 

toxic or volatile intermediates are not involved. It has been possible to generate MCP shell-

free enzyme aggregates to increase the yield of 1,2-PD production from glycerol by tagging 

the native EPs of PduD and PduP to relative enzymes including glycerol dehydrogenase, 

dihydroxyacetone kinase, glycerol dehydrogenase, and 1,2-PD oxidoreductase (Figure 1-10) 

(Lee et al., 2016). The tagged enzymes were able to coaggregate in activate forms at cell 

pores in E. coli, thus increase the efficiency of the metabolic pathway even in the absence of 

shells. Coiled-coil interactions between EPs may mediate the proteins aggregation, as the 

previous study showed that PduP1-18 tended to form a coiled-coil dimer in solution (Lawrence 

et al., 2014). Further study confirmed the heterologous expressed EPs (PduD1-18, PduP1-18, 

and PduL1-20) could aggregate with each other and self-aggregate by fusion with fluorescent 

proteins, which provides clues for the MCP assembly mechanism that the cargo may 

assemble prior to encapsulation (Juodeikis et al., 2020). Combined with previous studies on 

empty Pdu shell described in 1.5.3, it seems that both the shell and the cargo with EPs of the 

Pdu MCP could assembly separately. Further studies are required to investigate the assembly 

pathway of the Pdu MCP. 
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1.6 The overall aims of this thesis 

The fundamental nature of self-assembly of Pdu MCP has provoked great interest the 

engineering of functional protein self-assemblies for biotechnological applications. However, 

we still have limited knowledge about the biogenesis and self-assembly of BMCs; particularly, 

the exact stoichiometric composition and organisation of BMCs, as the key features of the 

self-assembly, have not been established. Additionally, it has remained unclear how 

thousands of protein components self-recognize and assemble in the highly dynamic cellular 

cytoplasm to generate intact, functional BMCs. Our knowledge of BMCs is largely based on 

studies on carboxysomes biogenesis. Assembly of the anabolic β-carboxysomes adopts an 

“Cargo first” pathway, while α-carboxysome assembly appears to follow either the “Shell first” 

or “Concomitant shell–core assembly” routes. In contrast, little is known about the assembly 

principles that mediate the formation of bacterial metabolosomes, which are required for the 

catabolism of various substrates. 

 

This thesis aims to study the molecular basis underlying the assembly and biogenesis of Pdu 

MCPs. For this purpose, the objectives were defined and addressed as follow: 

- To study the structure and protein composition of the Pdu MCP in S. Typhimurium (Chapter 

3) 

- To reveal the assembly patterns of the Pdu MCP by the construction of combinatorial 

fluorescently-labelled strains (Chapter 4) 

- To investigate the diffusion dynamics of the Pdu MCP (Chapter 5)
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2.1 Bacterial strains and growth conditions 

2.1.1 Salmonella enterica serovar Typhimurium LT2 

The bacterial strains were derivatives of Salmonella enterica serovar Typhimurium (S. 

Typhimurium) LT2 (Mcclelland et al., 2001). The rich medium used was LB-Lennox medium 

(10 g∙L-1 tryptone, 5 g∙L-1 yeast extract, 5 g∙L-1 sodium chloride), and the minimal medium used 

was no-carbon-E (NCE) medium (0.2 g∙L-1 MgSO4
.7H2O, 2 g∙L-1 citric acid-H2O, 10 g∙L-1 

K2HPO4.anhydrous, 3.5 g∙L-1 NaNH4HPO4
.4H2O) (Vogel and Bonner, 1956). The 

microcompartment-inducing media (MIM) was NCE medium supplemented with 1 mM MgSO4, 

0.5% succinate, 50 μM Fe(III) citrate, and 0.6% 1,2-PD (Lehman et al., 2017). Antibiotics were 

added at the following concentrations: ampicillin at 100 μg∙mL-1, apramycin at 50 μg∙mL-1, 

kanamycin at 50 μg∙mL-1, and gentamicin at 20 μg∙mL-1 in ddH2O, chloramphenicol at 25 

μg∙mL-1 in ethanol, and tetracycline at 25 μg∙mL-1 in methonal. For Pdu MCP purification, 

overnight culture was sub-inoculated 1:100 in 20 mL of LB-Lennox medium and grown for 

about 2 hours to an OD600 of 0.6−0.8 (Jenway 6300 Spectrophotometer, Jenway, UK). 

Subsequently, 4 mL of this LB culture was used to inoculate a 400 mL MIM culture which was 

shaken aerobically at 220 rpm at 37°C until the OD600 reaching 1.0−1.2. For intracellular 

visualization of fluorescently-tagged Pdu MCP proteins, an overnight LB culture of the relevant 

plasmid-carrying strains supplemented with appropiote antibiotics was inoculated 1:100 in 100 

μL of MIM in the absence of 1,2-PD at 37°C overnight. Unless otherwise specified, 1 μL of this 

culture was sub-inoculated to 100 μL of MIM both in the absence and in the presence of 1,2-

PD shaking aerobically at 37°C until OD600 reaching 1.0 to 1.2; for birth event detection, the 

sub-inoculated culture was shaking aerobically at 37°C for 1 h. For long term storage, 1 mL of 

the bacterial strains in LB-Lennox medium (OD600 > 1.2) were supplemented with 0.5 mL of 

50% glycerol, snap freezing with liquid nitrogen, and finally stored at -80°C. 
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2.1.2 Escherichia coli 

Three E. coli strains were used in this study: Top10 for plasmid retention and production, E. 

coli BW251113 for the λ-red recombination system, and E. coli S17-1 λpir for carrying pEMG 

derivative suicide plasmids. All E. coli strains were cultured in LB-Miller (10 g∙L-1 tryptone, 5 

g∙L-1 yeast extract, 10 g∙L-1 sodium chloride). Top10 and E. coli S17-1 λpir were growing at 

37°C while BW251113 were cultured at 30°C due to carrying thermo-sensitive λ-red 

recombination plasmid, all with starting OD600 at ~0.05. The bacterial cultures were allowed to 

grow overnight with constant shaking at 220 rpm before plasmid extraction. The storage 

procedure is the same as that for S. Typhimurium in 2.1.1. 

 

2.2 Construction of chromosomal mutations and vectors 

2.2.1 Genome editing in Salmonella 

2.2.1.1 Transformation of Salmonella by electroporation 

The S. Typhimurium strain of interest was firstly inoculated from an isolated colony from a LB 

agar plate into 5 mL of LB-Lennox with the appropriate antibiotic, and then incubated at 37°C 

or 30°C (for strains carrying thermo-sensitive) overnight with shaking at 220 rpm. 250 µL of 

the overnight culture was inoculated to 25 mL of LB in absence of NaCl in 250 mL Erlenmeyer 

Flask, supplied with the appropriate antibiotic. 0.2% of L-arabinose was supplied for strains 

that harbour the λ red recombination plasmid pKD46. The 25 mL culture was allowed to grow 

to an OD600 of 0.45 ± 0.05; for λ red recombination using pSIM5-tet, the cells were growing at 

30°C to an OD600 of 0.40 ± 0.05 and then incubated at 42°C for 15 min with shaking in a 

shacking water-bath (New Brunswick Scientific Co 3100 water bath shaker), to stimulate the 

expression of the λ red genes. After that, the culture was incubated on ice for 5 mins, following 

by washing with 25 mL cold sterile ddH2O for three times, and the bacterial pellet was 

resuspended in 250 µL of cold sterile ddH2O or cold sterile 10% glycerol (for electro-competent 

cells storage at -80°C). For transformation of S. Typhimurium, 50 µL of the obtained competent 
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bacteria were mixed with 50-500 ng of purified plasmid or 500 ng of PCR fragment for λ red 

recombination, and then transferred into a chilled electroporation cuvette before 

electroporated at 2.5 kV with Bio-Rad Gene Pulser electroporation system. The mixture was 

then resuspended in 1 mL LB and incubated at 37°C (30°C for λ red recombination with 

pSIM5-tet and for thermo- sensitive plasmids) with shacking at 220 rpm for more than 1 hour. 

Finally, the transformed bacteria were spread on appropriate selective LB agar plates. 

Table 2-1. Strains of S. Typhimurium LT2 derivatives. Relevant antibiotic resistances are 

indicated by R: Ap, ampicillin; Km, kanamycin, Am, apramycin. 

Strains Description Reference/origin 

LT2 LT2, WT (Zinder and 
Lederberg, 1952) 

LT2-ΔpduA::kan ΔpduA; KmR This study 

LT2-ΔpduA  ΔpduA This study 

LT2-pduP::eGFP::apr LT2 derivative with PduP fused with eGFP; AmR This study 

LT2-pduP::eGFP  LT2 derivative with PduP fused with eGFP This study 

LT2-pduT::eGFP::apr LT2 derivative with PduT fused with eGFP; AmR This study 

LT2-pduT::eGFP  LT2 derivative with PduT fused with eGFP This study 

LT2-pduV::eGFP::apr LT2 derivative with PduV fused with eGFP; AmR This study 

LT2-pduV::eGFP  LT2 derivative with PduV fused with eGFP This study 

LT2-pduW::eGFP::apr LT2 derivative with PduW fused with eGFP; AmR This study 

LT2-pduW::eGFP  LT2 derivative with PduW fused with eGFP This study 

LT2-pduX::eGFP::apr LT2 derivative with PduX fused with eGFP; AmR This study 

LT2-pduX::eGFP LT2 derivative with PduX fused with eGFP This study 

LT2-pduA:sfGFP  LT2 derivative with PduA fused with sfGFP This study 

LT2-ΔpduB1-37  The 5’ terminal region of pduB was deleted, 
without modification of the pduB’ gene promoter, 
RBS and starting codon 

This study 

LT2-ΔpduB’ The start codon for PduB’ is replaced by GCT 
(alanine) 

This study 

LT2-ΔpduJ ΔpduJ This study 

LT2-ΔpduK ΔpduK This study 

LT2-ΔpduM ΔpduM This study 

LT2-ΔpduN ΔpduN This study 

LT2-ΔpduB1-37/ΔpduA ΔpduB1-37 and ΔpduA double mutant This study 

LT2-ΔpduB1-37/ΔpduK ΔpduB1-37 and ΔpduK double mutant This study 

LT2-ΔpduB1-37/ΔpduM ΔpduB1-37 and ΔpduM double mutant This study 

LT2-ΔpduB1-

37/ΔpduCDE 
ΔpduB1-37 and ΔpduCDE double mutant This study 

LT2-ΔpduB1-37/ΔpduL ΔpduB1-37 and ΔpduL double mutant This study 

LT2-ΔpduB1-

37/ΔpduCDEGH 
ΔpduB1-37 and ΔpduCDEGH double mutant This study 

LT2-ΔpduB1-

37/ΔpduOPQS 
ΔpduB1-37 and ΔpduOPQS double mutant This study 

 



Chapter two: Materials and methods 

 
33 

 

2.2.1.2 λ red recombination-based site-directed mutagenesis in Salmonella 

Salmonella mutants (including gene deletion mutants and fluorescently protein fused mutants) 

were constructed by the gene disruption technique developed by Datsenko and Wanner 

(Figure 2-1) (Datsenko and Wanner, 2000). A complete list of strains and plasmids used in 

this study and construction details could be found in Tables 2-1 and 2-2. Primers used in this 

study were listed in Table 2-3. The template plasmids used for gene disruption were pKD4 

and pKD3. The amplified PCR fragments from the template plasmids were transformed to S. 

Typhimurium strains harbouring pKD46 or pSIM5-tet (Koskiniemi et al., 2011) for λ red 

recombination.  

 

Figure 2-1. Construction of gene deletion mutants or fluorescently labelled strains for 

pdu genes in S. Typhimurium LT2, adapted from (Datsenko and Wanner, 2000). (A) An 

example for construction of pduB deletion mutant; (B) An example for construction of 

pduA:sfGFP transformants. H1 and H2 refer to the homology extensions or regions. P1 and 

P2 refer to priming sites. 

 

P22 transduction was used to move the individual mutations into a clean genetic background 

(Schmieger, 1971). 5 µL of P22 HT 105/1 int-201 stock lysate was added to 5 mL of the donor 

recombinant S. Typhimurium (OD600 ~0.2), which was incubated at 37°C with shaking at 220 

rpm for at least 3 hours until the culture became transparent. 2.5 µL of filtered P22 lysate (with 

0.22 µm filters) was added to 200 µL of the recipient S. Typhimurium strain (OD600 ~2) and 



Chapter two: Materials and methods 

 
34 

 

incubated at 37°C for 1 hour with shaking at 220 rpm. The transduction reaction was spread 

onto selective LB agar plate and incubated overnight at 37°C. The obtained colonies were 

streaked on fresh selective plates and incubate overnight twice (two passages) to eliminate 

the residual P22. The resulting colonies were streaked on Green agar plate (Maloy, 1990) to 

confirm the absence of P22, and followed by PCR testing the transduction of mutation. 

The antibiotic resistance cassette was removed using pCP20, an ampicillin-resistant helper 

plasmid that expresses the FLP recombinase acting on the FRT sites flanking the resistance 

gene. pCP20 was transformed into the transduced S. Typhimurium by electroporation. 

Thermo-sensitive pCP20 was cured from the resulting strains by two passages in LB in the 

absence of ampicillin at 42°C. Double mutants were constructed following the same protocol 

but using ΔpduB1-37 as the backgroud strain instead of WT. All gene deletion mutants or 

fluorescently labelled strains were verified by PCR and DNA sequencing of PCR-amplified 

genomic DNA. 

 

Table 2-2. Plasmids used in this study. Relevant antibiotic resistances are indicated by R: 

Ap, ampicillin; Km, kanamycin, Am, apramycin; Cm, chloramphenicol; Gm, gentamicin; Tc, 

tetracycline. 

Plasmids Description Reference/origin 

pKD4 aph-cassette template plasmid; KmR 
(Datsenko and 

Wanner, 2000) 

pKD3 Template for amplification of CmR cassette; CmR, ApR 
(Datsenko and 

Wanner, 2000) 

pCP20 

Plasmid carrying the Flp recombinase to remove kanamycin 

resistance from pKD13 derived resistance cassette 

insertions; ApR 

(Datsenko and 

Wanner, 2000) 

pKD46 λ Red recombination plasmid, arabinose-inducible; ApR 
(Datsenko and 

Wanner, 2000) 

pSIM5-tet λ Red recombination plasmid, temperature-inducible; TcR 
(Koskiniemi et al., 

2011) 

pIJ786 eGFP-cassette template plasmid; AmR 
PBL Biomedical 

Laboratories 

pEUE01-

QconCATs 

Plasmid carrying the synthesised DNA sequence for 

QconCATs; ApR 
This study 

pEMG Suicide plasmid; KmR 

(Martínez‐García 

and de Lorenzo, 

2011) 
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pEMG-pduB1-

37_del 

pEMG bearing a 1kb EcoRI-BamHI insert for deleting region 

pduB1-37; KmR 
This study 

pEMG-pduB 

M38A 

pEMG bearing a 1kb EcoRI-BamHI insert for pduB M38A 

mutation; KmR 
This study 

pSW-2 
Plasmid for m-toluate–inducible expression of the I-SceI 

enzyme; GmR 

(Martínez‐García 

and de Lorenzo, 

2011) 

pBAD/Myc-His 
Vector for dose-dependent expression of recombinant 

proteins; ApR 
Invitrogen 

pBAD-EA 
pduE::mCherry-pduA::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-BA 
pduB::mCherry-pduA::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-B’A 
pduB'::mCherry-pduA::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-JA 
pduJ::mCherry-pduA::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-KA 
pduK::mCherry-pduA::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-MA 
pduM::mCherry-pduA::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-NA 
pduN::mCherry-pduA::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-TA 
pduT::mCherry-pduA::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-UA 
pduU::mCherry-pduA::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-BE 
pduB::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-B’E 
PduB’::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-JE 
pduJ::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-KE 
pduK::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-ME 
pduM::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-NE 
pduN::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-TE 
pduT::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-UE 
pduU::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-GE 
pduG::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-LE 
pduL::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-OE 
pduO::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-PE 
pduP::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-QE 
pduQ::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 
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pBAD-SE 
pduS::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-VE 
pduV::mCherry-pduE::sfGFP cloned into pBAD/Myc-His at 

NcoI and HindIII sites; ApR 
This study 

pBAD-

pduCDE-

sfGFP 

pduCDE::sfGFP cloned into pBAD/Myc-His at NcoI and 

HindIII sites; ApR 
This study 

pBAD-pduGH-

sfGFP 

pduGH::sfGFP cloned into pBAD/Myc-His at NcoI and 

HindIII sites; ApR 
This study 

pBAD-pduE-

sfGFP 

pduE::sfGFP cloned into pBAD/Myc-His at NcoI and HindIII 

sites; ApR 
This study 

pBAD-pduA-

sfGFP 

pduA::sfGFP cloned into pBAD/Myc-His at NcoI and HindIII 

sites; ApR 
This study 

pXG10-eGFP Plasmid for expression of eGFP; CmR This study 

pXG10-

PduX::eGFP 
Plasmid for expression of PduX::eGFP; CmR This study 

pXG10-pduB Plasmid for expression of PduB (M38A); CmR This study 

pXG10-pduBB’ Plasmid for expression of PduBB’; CmR This study 

pXG10-pduM Plasmid for expression of PduM; CmR This study 

pXG10-pduK Plasmid for expression of PduK; CmR This study 

 

 

Table 2-3. ssDNA Oligonucleotides used in this study. 

Primers Sequence (5’→3’) 

pduA_del_F 
TCTTATAGTCCCAACTATCGGAACACTCCATGCGAGGTCTTTATGGTG

TAGGCTGGAGCTGCTTC 

pduA_del_R 
GTTCCACCAGCTCATTGCTGCTCATTGGCTAATTCCCTTCGGTAACAT

ATGAATATCCTCCTTAG 

pduA_up AAATATTGCACAAGCCAACTTATC 

pduA_down GGCCCAGGGTATCGCCAATG 

pduP_GFP_F 
TCCCGGCGCTGCGTACTGACCAACGGCTTTTCTATTCGCCTGCCGGG

CCCGGAGCTGCC 

pduP_GFP_R 
TTTGTAGTGAGAAGGTATTCATCGCGACCTCAGTTAGCGATTCCGGGG

ATCCGTCGACC 

pduP_GFP_up TGCAAACCTCGATATTCGTC 

pduP_GFP_down GTTATCTCGCTAAAGACGCT 

pduT_GFP_F 
CGCCCGCATGAAGCCATGTGGCGACAGATGGTGGAGGGGCTGCCGG

GCCCGGAGCTGCC 

pduT_GFP_R 
TTGTCGGTTGTCTTTCCATTACCCCTCCACCATCTGTCGATTCCGGGG

ATCCGTCGACC 

pduT_GFP_up TGCTACATGGTGGTGGCGGG 

pduT_GFP_down TGCTTCGCTCGGCGTGATGG 

pduV_GFP_F 
GATTTTCTGAATTCGAAGGAACCTTTATGTCTTACAAAACTGCCGGGC

CCGGAGCTGCC 

pduV_GFP_R 
TAATGGCCATTATTTTGTAAGACATAAAGGTTCCTTCGAATTCCGGGG

ATCCGTCGACC 

pduV_GFP_up TATTTCGCTGGTTGCGGAGT 

pduV_GFP_down GCGTCTTAATTGTCACCTGC 
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pduW_GFP_F 
ATTGCGCTACCGGCCACGGAAGGGCTTTGTGTACCAGCCCTGCCGG

GCCCGGAGCTGCC 

pduW_GFP_R 
TTATTACCATGACTTGCCGCAATGCGTCGTATAACCCTCATTCCGGGG

ATCCGTCGACC 

pduW_GFP_up TGCGACATTTATCCAGACGG 

pduW_GFP_down TGGATAAGTTCCCCGCATGA 

pduX_GFP_F 
CATTTACTCAAGATGGTCACTGGCGGGGTCAAACTGCAGCTGCCGGG

CCCGGAGCTGCC 

pduX_GFP_R 
GAATAATGCGCTACGGCAGTGGGAGCGTATATCAGGCTCATTCCGGG

GATCCGTCGACC 

pduX_GFP_up TAGCGGTAGCGTGGTGGGTC 

pduX_GFP_down CTCCAAAGAGCGTCGCGACA 

pduA_sfGFP_F 
CCTCACACCGATGTAGAAAAAATCTTACCGAAGGGAATTAGCCAAGGA

TCCGCTGGCTCCGCTGC 

pduA_sfGFP_R 
TCTGTTCCACCAGCTCATTGCTGCTCATTGGCTAATTCCCTTCGGGTG

TAGGCTGGAGCTGCTTC 

pduB1-37_del_F1 
AGGGATAACAGGGTAATCTGAATTGCACAAGCCAACTTATCAATTTCG

A 

pduB1-37_del_R1 CCGTCTCTCGTATAGGTTGTCAGCTCATTGGCTAATTCCC 

pduB1-37_del_F2 GGGAATTAGCCAATGAGCTGACAACCTATACGAGAGACGG 

pduB1-37_del_R2 CCTGCAGGTCGACTCTAGAGGATCACTTCAGCGCGGTATCGGCC 

pduB_up TACACGTCATCCCACGCCCT 

pduB_down GTATCGCGCGGCAGCTCAAT 

pduB M38A-F1 AGGGATAACAGGGTAATCTGAATTCTGATGCTCAACAGCAAGTC 

pduB M38A-R1 AAACTGCAGCTTTTTTCTGCAGCAGCCGTCTCTCGTATAG 

pduB M38A-F2 CTATACGAGAGACGGCTGCTGCAGAAAAAAGCTGCAGTTT 

pduB M38A-R2 CCTGCAGGTCGACTCTAGAGGATCACTTCAGCGCGGTATCGGCC 

pduJ_del_F 
CCCTTTCGGGATCTCCATGCTTAATCACAGGAGAACGGCAGTATGGT

GTAGGCTGGAGCTGCTTC 

pduJ_del_R 
GCGGTGCTCCTTATTCGCCATCGATTAGGCTGATTTCGGCATATGAAT

ATCCTCCTTAG 

pduJ_up GATCGACACTCGCTGGTCGT 

pduJ_down CCTGAACGGAGGCCACATCA 

pduK_del_F 
GATGTTGAGGCCATTTTACCGAAATCAGCCTAATCGATGGTGTAGGCT

GGAGCTGCTTC 

pduK_del_R 
GCAGAAGCTCTTTATCCATTACGCTTCACCTCGCTTGCCCATATGAAT

ATCCTCCTTAG 

pduK_up TCATGGTTCGCGGCGATGTC 

pduK_down GATGGGATGGCCGGGAAACA 

pduM_del_F 
CCCGCATGCCTTTGCCCGGCTGGTAGGCCCGCGATGAACGTGTAGG

CTGGAGCTGCTTC 

pduM_del_R 
CGTGACTCGTGCCAGATGCATGATTTACTCCTGCTTAATCATATGAATA

TCCTCCTTAG 

pduM_up GCGGGCTGATTTTCAACAAC 

pduM_down GCCGCTGAGCAAAACCAGTT 

pduN_del_F 
GCCAATGCGCGGAATATTCAATTAATTAAGCAGGAGTAAATCATGGTG

TAGGCTGGAGCTGCTTC 

pduN_del_R 
GCCAGCGTCACCTGTTCGGGTATAAATCGCCATAACCGCCCCTTACAT

ATGAATATCCTCCTTAG 
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pduN_up TGCCGCTGGTATTCACCGAT 

pduN_down CTGCTGGATGGCCTCGAGTA 

pduCDE_del_F 
CGTCCGTCCTACATCTGATACCCACGAGGCTGATTCATGGTGTAGGCT

GGAGCTGCTTC 

pduCDE_del_R 
GCCAGCTATATATCGCATACGAAATCCTTAATCGTCGCCCATATGAAT

ATCCTCCTTAG 

pduCDE_up CGGCACCAGCTTTAGTAACG 

pduCDE_down TCCTGAATGCCGAACACGTT 

pduCDEGH_del_R 
TCCCAGTGCGTTATTCATACTGCCGTTCTCCTGTGATTACATATGAATA

TCCTCCTTAG 

pduL_del_F 
GCTTTGCATTCATTCCGGCAAGCGAGGTGAAGCGTAATGCATATGAAT

ATCCTCCTTAG 

pduL_del_R 
GCAGGGTTTCGCCGTTCATCGCGGGCCTACCAGCCGGGCGTGTAGG

CTGGAGCTGCTTC 

pduL_up CCTGAGCCTGAAGCGTCAG 

pduL_down GCAGGTCGATGAGCAGGAT 

pduO_del_F 
GGCATTGTAGATACGCTTTCGTGTTAAGGGGCGGTTATGGTGTAGGC

TGGAGCTGCTTC 

PduO_del_R 
CGAGTTCAGAAGTATTCATTGATGAGTTCCCACGTTAATCATATGAATA

TCCTCCTTAG 

pduO_up ATGAAGTGGCCGTGGACT 

pduO_down AGCGGGCACTGCTGATAAC 

pduP_del_F 
CGCCATCGCGGCTATTAACGTGGGAACTCATCAATGAATGTGTAGGCT

GGAGCTGCTTC 

PduP_del_R 
GTAGTGAGAAGGTATTCATCGCGACCTCAGTTAGCGAATCATATGAAT

ATCCTCCTTAG 

pduP_up GCTGAGCGATGTCGTTCA 

pduP_down GACGCTGATGCGGTTATCTG 

pduOPQS_del_R 
TTCCTATAGCCTGAGACATGGTTAACCTCTTACAACAGTCATATGAATA

TCCTCCTTAG 

pduOPQS_down TGCTTCGCTCGGCGTGATGG 

pBAD-CDE-sfGFP-F GGGCTAACAGGAGGAATTAACCATGAGATCGAAAAGATTTGAAGCAC 

pBAD-CDE-sfGFP-R GAGATGAGTTTTTGTTCTACGTATTATTTGTAGAGCTCATCCATGCC 

pBAD-GH-sfGFP-F1 GGGCTAACAGGAGGAATTAACCATGCGATATATAGCTGGCATTGACA  

pBAD-GH-sfGFP-R1 GGAGCCAGCGGATCCAGCATGGAGATCCCGA 

pBAD-GH-sfGFP-F2 ATGCTGGATCCGCTGGCTCCG 

pBAD-GH-sfGFP-R2 GAGATGAGTTTTTGTTCTACGTAAGCTT 

pBAD-EA-F1 GGGCTAACAGGAGGAATTAACCATGAATACCGACGCAATTGAATCG 

pBAD-EA-R1 
AGAACCAGCAGCGGAGCCAGCGGATCCATCGTCGCCTTTGAGTTTTT

TA 

pBAD-EA-F2 
CTGGCTCCGCTGCTGGTTCTGGCGAATTCGTGAGCAAGGGCGAGGA

G 

pBAD-EA-R2 CTCCTGTTAGCCCCTACTTGTACAGCTCGTCCATGCCGCC 

pBAD-EA-F3 
CAAGTAGGGGCTAACAGGAGGAATTAACCATGCAACAAGAAGCACTA

GG 

pBAD-EA-R3 GAGATGAGTTTTTGTTCTACGTATTATTTGTAGAGCTCATCCATGCC 

pBAD-PA-F1 
GGGCTAACAGGAGGAATTAACCATGAATACTTCTGAACTCGAAACCCT

GATTCGCA 
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pBAD-PA-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCGC

GAATAGAAAAGCC 

pBAD-PA-F2 CTGGCGAATTCGTGAGCAAG 

pBAD-PA-R2 CTGAGATGAGTTTTTGTTCTACGTA 

pBAD-PE-F1 
GGGCTAACAGGAGGAATTAACCATGAATACTTCTGAACTCGAAACCCT

GATTCGCA 

pBAD-PE-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCGC

GAATAGAAAAGCC 

pBAD-PE-F2 CTGGCGAATTCGTGAGCAAGGGCGA 

pBAD-PE-R2 TTGCGTCGGTATTCATGGTTAATTCCTCCTGTTAGCCCC 

pBAD-PE-F3 AACCATGAATACCGACGCAATTGAATCGATGGTCC 

pBAD-PE-R3 GAGATGAGTTTTTGTTCTACGTATTATTTGTAGAGCTCATCCA 

pBAD-J-F1 GGGCTAACAGGAGGAATTAACCATGAATAACGCACTGGGACTGGTTG 

pBAD-J-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCG

GCTGATTTCGGTAA 

pBAD-GE-F1 
GGGCTAACAGGAGGAATTAACCATGCGATATATAGCTGGCATTGACAT

CGGTAAC 

pBAD-GE-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCCT

GTCCATGCGCAAA 

pBAD-LE-F1 
GGGCTAACAGGAGGAATTAACCATGGATAAAGAGCTTCTGCAATCAAC

GGTC 

pBAD-LE-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCTC

GCGGGCCTACCAG 

pBAD-OE-F1 
GGGCTAACAGGAGGAATTAACCATGGCGATTTATACCCGAACAGGTG

ACG 

pBAD-OE-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCTT

GATGAGTTCCCAC 

pBAD-QE-F1 
GGGCTAACAGGAGGAATTAACCATGAATACCTTCTCACTACAAACGCG

GTTGTA 

pBAD-QE-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCTA

GCAGTTCCTCCAG 

pBAD-SE-F1 GGGCTAACAGGAGGAATTAACCATGAGCACCGCCATCAACAGCGTT 

pBAD-SE-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCAC

CTCTTACAACAGT 

pBAD-VE-F1 
GGGCTAACAGGAGGAATTAACCATGAAGCGTTTGATGTTTATCGGCCC

CA 

pBAD-VE-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCTT

TTGTAAGACATAA 

pBAD-K-F1 GGGCTAACAGGAGGAATTAACCATGGCGAATAAGGAGCACCGCGT 

pBAD-K-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCCG

CTTCACCTCGCTT 

pBAD-M-F1 GGGCTAACAGGAGGAATTAACCATGAACGGCGAAACCCTGCAGCGCA 

pBAD-M-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCCT

CCTGCTTAATTAA 

pBAD-N-F1 GGGCTAACAGGAGGAATTAACCATGCATCTGGCACGAGTCACGGG 

pBAD-N-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCAC

ACGAAAGCGTATC 

pBAD-T-F1 
GGGCTAACAGGAGGAATTAACCATGTCTCAGGCTATAGGAATTTTAGA

ACTCACCA 

pBAD-T-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCCC

CCTCCACCATCTG 
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pBAD-U-F1 
GGGCTAACAGGAGGAATTAACCATGGAAAGACAACCGACAACGGATC

GC 

pBAD-U-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCCG

TCCGGGTGATCGA 

pBAD-B-F1 GGGCTAACAGGAGGAATTAACCATGAGCAGCAATGAGCTGGTGGAAC 

pBAD-B-R1 
CTTGCTCACGAATTCGCCAGAACCAGCAGCGGAGCCAGCGGATCCTC

AGATGTAGGACGG 

pBAD-B’-F1 
GGGCTAACAGGAGGAATTAACCATGGCAGAAAAAAGCTGCAGTTTAA

CGG 

 

2.2.1.3 Genome editing in Salmonella using the pEMG and pSW-2 plasmids 

LT2-ΔpduB1-37 and LT2-ΔpduB’ were constructed by genome editing technique developed by 

Martínez-García and colleagues (Martínez‐García and de Lorenzo, 2011). The PduB1-37 

truncation (LT2-ΔpduB1-37), resulting in expression of the N-terminus truncated PduB (namely 

PduB’), was achieved by deleting the 5’ terminal region of pduB and adding a stop codon, 

without modification of the pduB’ gene promoter, RBS and starting codon as confirmed by 

DNA sequencing. LT2-pduB’ was achieved by replacing the start codon for PduB’ by GCT 

(alanine). First, DNA fragments (~800 bp) flanking the chromosome regions of interest were 

inserted into the pEMG suicide plasmid by Gibson assembly (NEBuilder HiFi DNA Assembly 

kit). The pEMG-derivative suicide plasmids were mobilised from E. coli S17-1 λpir to S. 

Typhimurium by conjugation. S. Typhimurium transconjugants clones that have integrated the 

suicide plasmid were selected on solid M9 minimal medium supplemented with 0.2% of 

glucose and 50 µg∙mL-1 of kanamycin. pSW-2, purified from LT2-WT strain, was then 

introduced into transconjugants by electroporation. Transformants were selected on LB agar 

medium supplemented with 20 µg∙mL-1 gentamicin and 1 mM of m-toluate. Colonies were 

screened for kanamycin resistance and sensitive clones were tested by specific PCR. pSW-2 

was cured from the resulting strains by two passages in LB in the absence of gentamicin. All 

gene deletion mutants were verified by PCR and DNA sequencing of PCR-amplified genomic 

DNA. 
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2.2.2 Vector construction 

pBAD/Myc-His was used as a backbone for a series of visible vectors construction. First, this 

plasmid was digested by NcoI and HindIII. Then PCR-amplified DNA fragments of individual 

pdu genes, mCherry, and sfGFP were cloned into the linear vector by Gibson assembly 

(NEBuilder HiFi DNA Assembly kit). The assembled mixture was then transformed into TOP10 

by electroporation and spread onto ampicillin agar plate for selection. The resulting plasmids 

were extracted from TOP10 by kit and stored at -20°C.  

pXG10 was utilised as a backbone for eGFP/PduX::eGFP expression, as well as for 

complementary experiments. The linear pXG10 and the coding sequences of proteins of 

interest were obtained by PCR amplification. The PCR fragments of proteins of interest were 

cloned into linear pXG10 via Gibson assembly. pEMG derivative suicide plasmids were 

constructed with EcoRI-BamHI insert.  

 

Plasmids used in this study are listed in Table 2-2. A complete list of primers used is in Table 

2-3. All vectors were verified by PCR and DNA sequencing. 

 

2.3 Growth assays 

10 μL of an overnight LB cell culture was used to inoculate 10 mL of LB containing 0.6% 1,2-

PD, and shaken aerobically in a shaker at 220 rpm. After 6 h, the cells were washed three 

times with the NCE medium supplemented with 0.6% 1,2-PD and 1 mM MgSO4. The washed 

and pelleted cells were resuspended in NCE medium (containing 0.6% 1,2-PD; 0.3 mM each 

of valine, isoleucine, leucine, and threonine; 50 μM ferric citrate; and 20 nM CN-B12) to an 

OD600 of 0.15, followed by growing at 37°C in a microplate reader (BMG LABTECH) with 

intermittent shaking. OD600 was measured every hour. The growth curves were repeated at 

least three times in duplicate. 



Chapter two: Materials and methods 

 
42 

 

2.4 Pdu MCP purification and evaluation 

2.4.1 Pdu MCPs purification 

The Pdu MCPs from S. Typhimurium LT2 derivatives were isolated by detergent treatment 

and differential centrifugation (Sinha et al., 2012). 400 mL cells in MIM (OD600 of 1.0-1.2) were 

harvested and washed twice with 40 mL of buffer A (50 mM Tris-HCl pH 8.0, 500 mM KCl, 

12.5 mM MgCl2, and 1.5% 1,2-PD), and lysed with a mixture of 10 mL of buffer A and 15 mL 

of the bacteria-specific reagent (BPER-II, Thermo Fisher) supplemented with 5 mM 2-

mercaptoethanol (Sigma-Aldrich), 1 × protease inhibitor cocktail (PIC, Sigma-Aldrich), 25 mg 

lysozyme (Sigma-Aldrich), and 2 mg DNase I (Sigma-Aldrich), with 60 rpm shaking at room 

temperature for half an hour. Subsequently, Pdu MCPs were separated from cell debris by 

consecutive centrifuge steps at 4°C (12,000 g for 5 min twice to pellet cell debris, 20,000 g for 

20 min to pellet Pdu MCPs). The pellet after 20,000 g was washed with a 10 mL mixture of 

buffer A and BPER-II (2:3, v/v) containing 1 × PIC, and then was resuspended in 0.2 mL of 

buffer B (50 mM Tris-HCl pH 8.0, 50 mM KCl, 5 mM MgCl2, 1% 1,2-PD) with 1 × PIC. Finally, 

isolated Pdu MCPs were obtained by centrifugation at 12,000 g (3 × 1 min) to further remove 

cell debris.  

 

2.4.2 SDS-PAGE analysis 

Standard procedures for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) were employed. The isolated Pdu MCPs or whole cell lysate were measured for protein 

concentration by spectrophotometer (DS-11 Spectrophotometer/Fluorometer Series from 

DeNovix) and then diluted to the same concentration, followed by mixed with 4 × SDS-PAGE 

sample loading buffer (250 mM Tris-HCl pH 6.8, 40% glycerol, 8% SDS, 0.2% bromophenol 

blue, 20% β-mercaptoethanol). The mixtures were denatured at 95°C for 10 minutes and then 

centrifuged at 12,000 g for 1 minute to remove the insoluble fractions. The obtained samples 

were kept at 4°C before loading and finally stored at -20°C. Protein samples (~20 μg) were 
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loaded to 6% polyacrylamide stacking gels and 15% resolving gels and stained with 

Coomassie Brilliant Blue G-250. 

 

2.4.3 Propanediol dehydratase (PduCDE) enzyme assay 

Propanediol dehydratase activity was measured by monitoring the formation of 

propionaldehyde (Lehman et al., 2017). Alcohol dehydrogenase was used as the coupled 

enzyme with the cofactor NADH. The components of the 200 μL reaction system included: 0.5 

μg of purified Pdu MCPs, 200 mM 1,2-PD, 25 μg∙mL-1 Saccharomyces cerevisiae alcohol 

dehydrogenase (Sigma-Aldrich), 0.4 mM NADH, 50 mM KCl, 50 mM HEPES buffer (pH 7.5), 

and 20 μM AdoB12. The reactions were plated in 96-well plates and were initiated by adding 

AdoB12. The absorbance (340 nm) was monitored at 37°C with a microplate reader (BMG 

LABTECH). Different concentrations (0.1 mM, 0.2 mM, 0.3 mM, and 0.4 mM) of NADH were 

used for generating standard curves to determine the amount of NADH consumption. 

 

2.5 Transmission electron microscopy and data analysis 

The Pdu MCPs structures in the LT2 WT and mutant strains were visualised using thin section. 

Salmonella cells were pelleted and fixed with a mixture of 4% paraformaldehyde and 2.5% 

glutaraldehyde in 0.05 M sodium cacodylate buffer (pH 7.2) for 1 h. Samples were then 

postfixed with 1% osmium tetroxide for 1.5 h, washed with ultrapure water, and stained with 

1% uranyl acetate for overnight at 4°C. Dehydration was conducted with a series of increasing 

alcohol concentrations (30 to 100%) before the cells were embedded in resin. Thin sections 

of 70 nm were cut with a diamond knife. 

 

The structures of isolated Pdu MCPs were characterised using negative staining transmission 

electron microscope (TEM) (Faulkner et al., 2017). The isolated Pdu MCPs (1 mg∙mL-1) were 
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first adsorbed to the grids (Carbon-coated formvar-copper grids, TAAB Laboratory & 

Microscopy, UK) for 5 minutes, washed with ultrapure water, and then stained with 3% uranyl 

acetate. 

 

Images were recorded using an FEI 120 kV Tecnai G2 Spirit BioTWIN transmission electron 

microscope. Image analysis was carried out using ImageJ software. Statistical analysis was 

performed using Student’s t-test conducted by IBM SPSS Statistics 24. 

 

2.6 Proteomic analysis 

Absolute quantification for the Pdu MCP proteomics was conducted using concatenated 

signature peptides encoded by a QconCAT (concatamer of standard Peptides for absolute 

quantification) (Pratt et al., 2006). In general, two peptides, serving as surrogates, were 

nominated to quantify each protein based on the published design principles (Table 2-4) 

(Lawless et al., 2016). The Pdu proteins were pre-digested with trypsin and then analysed by 

mass spectrometry to detect signal peptides of the Pdu MCPs. For QconCAT peptides design, 

all selected surrogate peptides were detected by Top3 label-free quantification. The length of 

the surrogate peptides was from 5 to 20 amino acids. The peptides with Asn or Gln at N-

terminus were excluded to avoid deamination. The peptides with Pro next to Lys were also 

excluded, which will not digest with Trypsin. I also try to exclude Met to avoid oxidation. Only 

one peptide meeting the criteria was selected for quantification of PduB, PduN, and PduX. 

The data is still reliable, given the excellent agreement between the nominated two peptides 

of other Pdu MCP proteins. All peptides were searched against the Uniprot of Salmonella 

enterica database to make sure that they are unique. The QconCAT gene was subcloned into 

a plasmid vector (pEU01) optimised for cell-free system (CFS), provided by GeneMill, 

University of Liverpool. The coding DNA sequence and translated peptide sequence for 

QconCATs were shown in Table 2-5. The CFS (WEPRO8240/8240H/8240G Expression Kit, 
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CellFree Sciences) was used to express the QconCAT proteins labelled with stable isotopes 

(Takemori et al., 2017). Statistical analysis was performed using Student’s t-test.  

Table 2-4. Peptide sequences determined by MS for Pdu protein quantification. Two 

peptides, serving as surrogates, were nominated to quantify each protein based on the design 

principles previously described (Lawless et al., 2016). One peptide was selected for PduB, 

PduN, and PduX, because only one peptide meets the QconCAT design criteria. The peptide 

with higher value was used for quantification (shown in bold), reasoning that signal loss from 

endogenous peptide is more likely. * The amount of PduB was calculated using the differential 

abundance of PduB and PduB/B’. 

Protein Nominated peptides 
PduA IGSGLVTVIVR 
 SANVMLVGYEK 
PduB * VATPEQQAIPGQPQPIR 
PduB/B’ SIGILGAR 
 ASYALEK 
PduC YGINLNR 
 FAQEIINK 
PduD EVIAGIEEEGIK 
 SSDVAFVAVEGNR 
PduE ITPETLR 
 VSDYPLANK 
PduG DDGVLVSNR 
 VFVTNALR 
PduH SSPLLVGIACDR 
 HSLVVHYK 
PduJ SANVQLVGYEK 
 IGSGLVTVMVR 
PduK SASITLLALEK 
 TNGSGWMVIK 
PduL SVSQVEISR 
 TLGIAAPLR 
PduM IVEEIVSR 
 DVALLSR 
PduN VTGAVVSTQK 

PduO LSDCLYALAR 
 VEPLHSFILPGR 
PduP SLIVVESVAER 
 TLQTSIFVK 
PduQ ASDFTDALAEK 
 CVLPSLAVALK 
PduS TVLSVAR 
 LCTDLCPR 
PduT GSNVTLVR 
 GLLVYR 
PduU SGAVEIGFLDR 
 FTGAVVLTGDVSAVEYALK 
PduV TSLTQSLR 
 ADLAEPQR 
PduW DAVTLLLEK 
 YVSGVLAEK 
PduX SSIPVAK 
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Wild type (WT) and PduA knockout (KO) Pdu MCPs preparations, 4 replicates of each, were 

diluted to a final protein concentration of 2 μg in 25 mM NH4HCO3 (40 μL). QconCAT (approx. 

10 pmol) was added and samples were reduced by the addition of 2.5 μL of 12 mM 

dithiothreitol (Melford Laboratories) in 25 mM NH4HCO3 and incubation at 60C for 10 min. 

Alkylation was carried out by the addition of 2.5 μL of 36 mM iodoacetamide (Sigma-Aldrich) 

in 25 mM NH4HCO3 and incubation at room temperature for 30 min in the dark. Trypsin 2.5 μL 

(200 ng in 25 mM NH4HCO3; E:P 1:10) was added to each sample in a final digest volume of 

50 μL. Trypsin Gold, Mass Spectrometry Grade was from Promega. Samples were incubated 

at 37C overnight. To remove residual Rapigest that was present in the QconCAT stock 

solution, digests were acidified by the addition of 0.5 μL of Trifluoroacetic acid (TFA, Fisher 

Chemicals) followed by incubation at 37C for 45 min. Samples were centrifuged at 17,200 x 

g for 30 min and transferred to fresh low-bind tubes. 

 

LC-MS analyses were conducted on a QExactive HF quadrupole-Orbitrap mass spectrometer 

coupled to a Dionex Ultimate 3000 RSLC nano-liquid chromatograph (Thermo Fisher, UK, 

Xcalibur software version 4.1). Sample digest (2 μL) 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 12 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 40°C, and the effluent was introduced directly into 

the integrated nano-electrospray ionisation source operating in positive ion mode. The mass 

spectrometer was operated in MS-only mode with survey scans between m/z 350-2000 
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acquired at a mass resolution of 240,000 (FWHM) at m/z 200. The maximum injection time 

was 50 ms, and the automatic gain control was set to 3e6. 

 

Table 2-5. DNA and protein sequences of the synthetic Pdu QconCAT peptide. 

DNA sequence (2067 bp) 

atgggcacccgcatgggaactcgcgagggcgttaacgacgaggaaggattcttcagcgccaggtacgagaagatcggctc
tggcctcgtgaccgtgatcgttaggggcgacgtgatggtgaagtccgccaacgttatgctcgtgggctatgagaagattggca
gcattgcccgcgtggcgaccccagagcaacaagctatcccaggacaaccacagccaatccgcgagactgccagataccg
ctctatcggaatcctcggagctaggactggcgctactgccagggcttcttacgccctcgagaaggctttcggaatcgcccgcta
cggcatcaacctcaacagggccgaagaggacatcaagttcgcccaagagatcatcaacaagaaccgcaacatcctccgc
gaggtgatcgccggaattgaggaagagggaatcaaggccagggtgtgcttcaagtcctccgacgttgccttcgtggccgtgg
aaggcaataggctctctggcgacatgaggatcaccccagagactctcaggctccaagcctctgccaaggtgagcgattacc
cactcgccaacaagcacccagagctgcaaagagatgacggcgtcctcgtgtccaacaggctcgagaagaaggaaaggg
ttttcgtcaccaacgcgctgagggcccttagggccgccagatcttctccactcctcgttggaatcgcctgcgacaggcattctctc
tgcgataggcatagcctcgtggtgcactacaagaacctgccaatggtcaagagcgccaacgtgcaactcgtcggctacgaa
aagatcgggtcctacgagaagattggaagcggcctcgtcaccgtcatggtgcgcggagatgttatggccaagtccgcctctat
caccctgctcgccctcgaaaagaccaacggcctggaaaagactaatggctccggctggatggtgatcaagatcaccggac
cactccgctccgtgagccaagtcgagatctctaggaccgacgccgatgccaggactctcggaattgctgccccactcaggat
gtccggcctccaaaggatcgtggaagagatcgtgtccaggctccacaggtcctacagggatgttgccttgctctctcgcggaa
gggttctcgccagagttactggcgccgtggtgagcacccaaaagtccccatctatcaaccgcctctccgactgcctctacgctc
tcgctagagccgaagatatggccagggtcgagccactccacagcttcattcttccaggacgctgcgaggccgccgagaagt
ctcttatcgtggttgagtctgtggccgagaggctcgttcaagccgctaggaccctccaaacctccatcttcgtgaagaacggcc
catctccaagggcctccgacttcactgatgccctcgctgagaaggccgcgaagaagcaacgctgcgttctcccatctctcgcc
gtggctctcaaggaaggtagggacgagaggaccgtgctctctgttgctaggaccgtgtgccaatgcaggctctgcactgatct
ctgcccaaggcatctgatcgccgtgaagggctctaacgtgaccctcgtgagggttcacatgggcgagaagggactgctcgtg
tacagatccgtgatcgccactaagtcaggcgccgtcgagatcggcttcctcgataggttcaccggcctcgatcgcttcactggc
gctgttgttctcaccggcgacgtttccgctgttgagtacgccctcaagcaagtgacctgcggcaagacctctctcacccaatctct
cagaggcgaggccgtgactaaggccgatcttgctgagccacaaaggatctccctcgaccacagggacgccgttactctcct
gcttgagaagctcctcggctcccacaagtacgtgtcaggcgttctggccgagaagctgggcgttgacgttaggtctagcatcc
cagtggccaagggcatggccactctcaggacccaagactaccataggctcccaaggctcgccgctgctctcgagcaccatc
accatcatcattag 

Protein sequence (688 AA) 

MGTRMGTREGVNDEEGFFSARYEKIGSGLVTVIVRGDVMVKSANVMLVGYEKIGSIARV
ATPEQQAIPGQPQPIRETARYRSIGILGARTGATARASYALEKAFGIARYGINLNRAEEDIK
FAQEIINKNRNILREVIAGIEEEGIKARVCFKSSDVAFVAVEGNRLSGDMRITPETLRLQAS
AKVSDYPLANKHPELQRDDGVLVSNRLEKKERVFVTNALRALRAARSSPLLVGIACDRHS
LCDRHSLVVHYKNLPMVKSANVQLVGYEKIGSYEKIGSGLVTVMVRGDVMAKSASITLLA
LEKTNGLEKTNGSGWMVIKITGPLRSVSQVEISRTDADARTLGIAAPLRMSGLQRIVEEIV
SRLHRSYRDVALLSRGRVLARVTGAVVSTQKSPSINRLSDCLYALARAEDMARVEPLHSF
ILPGRCEAAEKSLIVVESVAERLVQAARTLQTSIFVKNGPSPRASDFTDALAEKAAKKQRC
VLPSLAVALKEGRDERTVLSVARTVCQCRLCTDLCPRHLIAVKGSNVTLVRVHMGEKGLL
VYRSVIATKSGAVEIGFLDRFTGLDRFTGAVVLTGDVSAVEYALKQVTCGKTSLTQSLRG
EAVTKADLAEPQRISLDHRDAVTLLLEKLLGSHKYVSGVLAEKLGVDVRSSIPVAKGMATL
RTQDYHRLPRLAAALEHHHHHH* 

 



Chapter two: Materials and methods 

 
48 

 

Glufibrinopeptide B (Glufib, Sigma-Aldrich) unlabelled standard peptide was diluted to 200 

fmol⋅L-1 in 0.1%(v/v) TFA/3% (v/v) acetonitrile and mixed with an equal volume of digest. 2 μL 

was loaded on column and run on a short 10 min 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. An MS-only method was run at a mass 

resolution of 70,000 (FWHM) at m/z 200 on a QExactive quadrupole-Orbitrap mass 

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

maximum injection time of 50 ms, and the automatic gain control set to 3e6.  

 

To determine the absolute amount of QconCAT and therefore surrogate analyte peptide in 

each digest, a known amount of unlabelled glufibrinopeptide, was mixed in a 1:1 ratio with 

each digest and from the ratio of peak areas to a corresponding labelled quantification peptide 

was calculated using Skyline open source software the amount of Pdu peptide (femtomole) 

was determined (MacLean et al., 2010). An in-house Mascot Server search engine (version 

2.6.2., www.matrixscience.com), was used to search protein databases. 

 

2.7 Confocal microscopy 

2.7.1 Sample preparation 

Samples for confocal imaging were prepared as described previously (Liu et al., 2012). 

Overnight LB culture of S. Typhimurium LT2 cells was inoculated 1:100 in 100 μL of MIM in 

absence of 1,2-PD overnight. Unless otherwise specified, 1 μL of this culture was sub-

inoculated to 100 μL of MIM both in the absence and in presence of 1,2-PD shaking aerobically 

at 37°C until OD600 reaching 1.0 to 1.2; for birth event detection, the sub-inoculated culture 

was shaking aerobically at 37°C for 1 h. 10 μL of the obtained cultures were diluted to OD600 

of ~0.2 and applied over MIM agar plate, which were left to dry in fume hood for about 10 
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minutes. The MIM agar with cell patches was cut out and attached to a 0.17 mm glass 

coverslip, followed by sandwiched within a 35mm glass-bottom dish, which resulted in 

immobilised cells. 

 

2.7.2 Confocal imaging 

S. Typhimurium LT2 cells expressing fluorescent proteins were imaged with a Zeiss LSM780 

confocal microscopy with a 63 × oil-immersion objective excitation at 488 nm and/or 561 nm. 

GFP and mCherry fluorescence were detected at 500-520 nm and 660-700 nm, respectively. 

Images were captured as 512 x 512 pixels at 16 bits by Zeiss Zen 2010 software. The pinhole 

was set to ~1 μm to make sure that the signals were fully captured within Salmonella. The 

temperature was controlled at 37°C during the whole imaging process. Along with 

fluorescence images, transmission images were recorded with all pixels below saturation. All 

images were captured from at least three different cultures. 

 

Colocalisation analysis was performed by Coloc2 plugins in ImageJ software. Note that 

Pearson’s coefficients close to 1 indicate reliable colocalisation. Scatterplots are generated by 

plotting the intensity value of each pixel of mCherrry along the x-axis and the intensity value 

of the same pixel location of sfGFP on the y-axis using Coloc2 plugins in ImageJ. The 

scatterplots describe the relationship between the fluorescent signals. If the dots on the 

diagram appearing as a cloud clustered on a line indicates a strong colocalisation, and the 

Pearson’s R is close to 1 in this case. If the scattered distributions of the pixels close to both 

axes indicate a mutual exclusion, and the Pearson’s R is near zero. 

 

2.7.3 Time lapse and analysis 

To monitor the progression of shell and cargo formation of Pdu MCPs, overnight MIM (in 

absence of 1,2-PD) culture was diluted 1:100 in MIM pre-incubated at 37°C and 10 μL of this 
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culture was dropped onto MIM agar plate and left to dry at 37°C. Agar mat was prepared 

following the same procedure in section 2.7.1. The temperature was set to 37°C for cell growth. 

The images were taken at 0 h when the cells started to grow in presence of 1,2-PD, and at 1 

h when the shell and cargo started to assemble.  

 

To monitor the diffusion dynamics of the Pdu MCP, the prepared samples in stationary phase 

were allowed to grow on the MIM agar mat for 1 to 2 hours before imaging. The temperature 

was set to 37°C during the whole imaging process. The interval time was set to the minimum 

(121 milliseconds) to ensure accurate tracking of fluorescent signals. The laser power was set 

to 1% to minimise the fluorescent signal bleaching during tracking. For tracking analysis, 

images were aligned for drifting by Descriptor-based registration (2d/3d) plugin in ImageJ, and 

then analysed by TrackMate plugins in ImageJ for particle tracking. The velocity of the Pdu 

MCP was determined from the obtained tracking data. Bespoke MATLAB (Mathworks) scripts 

were used to analyse the diffusion coefficient and slope of the Moment Scaling Spectrum 

(sMSS) from the retrieved tracking data. 

 

2.7.4 Fluorescence recovery after photobleaching and analysis 

ΔpduN/pBAD-pduE-sfGFP and ΔpduN/pBAD-pduA-sfGFP cells in stationary phase were 

diluted to OD600 of 0.2 to 0.4, and 2 μL was spotted onto a 2% low-melting agarose ampicillin 

plate that was preincubated at 37°C. After cells were dried, the pad was converted onto a 

glass-bottom dish (35 mm), which was covered by a cover glass. Then cells were imaged with 

a Zeiss LSM780 confocal microscopy, and the settings were the same as that for confocal 

imaging in 2.7.2. Then, 100% laser power confocal laser was used to bleach a line across the 

center of the cell. After that, images were taken at a 1% laser power every 1 min for 60 min to 

ensure the stationary of fluorescence intensity at 37°C.  
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Fluorescence recovery after photobleaching (FRAP) data were analysed following the 

previous procedure (Casella et al., 2017; Mullineaux et al., 1997). The fluorescent profiles 

along the long axis of the cell were obtained by ImageJ software and were normalised to the 

same total fluorescence to compare fluorescence distributions before and after bleaching. The 

mobile proportion (M) was given by: 

M =
(Final fluorescence) − (Postbleach fluorescence)

(Scaled prebleach fluorescence) − (Postbleach fluorescence)
 

To calculate the diffusion coefficient (D), I performed a series of normalisations of the 

experimental fluorescence recovery curve, which was then fitted to a simulated recovery curve. 

This calculation was based on the following assumptions (Ishikawa-Ankerhold et al., 2012): 

- The bleached area is with the same size and shape, at the centre of the cell, and 

vertical to the long axis of the cell; 

- The diffusion is one-dimensional; 

- The diffusion during bleaching is negligible. 

The fluorescent profile along the long axis of the cell were extracted and normalised to the 

same total fluorescence against that of the prebleach cell. This normalisation aimed to 

minimise the fluctuations caused by the microscopy and the decrease of fluorescence intensity 

caused by laser scanning. Then I subtracted the scaled pre-bleach profile from the post-bleach 

profile to give a different profile, which allowed me to know the final fluorescence intensity. 

The different profile was plotted versus cell length to find the minimum value (usually the 

centre of the bleached area in the x-position). The fluorescence value in the different profile at 

the centre of the bleached area was plotted against time to give the experimental fluorescence 

recovery curve.  

 

Based on the post-bleaching and final fluorescent profiles, it is possible to simulate the 

evolution of the fluorescent profile. This was done by running the experimental different profile 
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in a home-made and iterative computer routine on SigmaPlot14 software, assuming an 

arbitrary diffusion coefficient for random diffusion (Kirchhoff et al., 2008). The routine can 

predict how the fluorescent profile will evolve in small time increments, based on the basic 

diffusion equation: 

𝑑𝐶

𝑑𝑡
= 𝐷

𝛿2𝐶

𝛿𝑋2
 

The routine estimates the value of 𝛅^2(C)/𝛅(X^2) at each point by calculating the difference 

between point in the profile and its two neighbours. This value is then multiplied by a factor 

related to the diffusion coefficient, and used to predict the increment in C at that point. Where 

the mobile fraction is less than 1, the routine calculates the "mobile profile" and predicts how 

it will evolve. Then a set of predicted fluorescent profiles were generated to estimate the 

diffusion coefficient. Once the simulated fluorescence curve was overlapped with the 

experimentally observed fluorescence recovery curve, the diffusion coefficient of the 

simulation was recorded. 

 

2.8 Bioinformatics 

The structures of PduB1-37, PduM, and PduK were predicted by the I-TASSER server (Roy et 

al., 2010). The shown structure is the predicted model with the highest score. The disordered 

score was calculated with PONDR-FIT (Xue et al., 2010). The N-terminus of PduB (PduB1-37) 

was searched across the 10K Salmonella Genomes. The 10K Salmonella Genome Project 

launched by Prof. Jay C.D. Hinton, which achieved 6,165 genomes from 51 

countries/territories (Perez-Sepulveda et al., 2020). The homologies of PduB (PduB1-37)  

were extracted from all the 6165 proteome sequences using BLASTp v2.9.0+ (Camacho et 

al., 2009), with a threshold of 90% coverage and 90% identity. The sequence alignment of the 

encapsulation peptides S. Typhimurium LT2 was obtained using ClustalX 2.1 and Jalview 

2.11.1.3 software with default parameters.  
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3.1 Introduction 

Self-assembly of proteins into various complexes ranging from the nanometer to micrometer 

scale is ubiquitous, and the resulting systems play pivotal roles in many biological processes 

(Ahnert et al., 2015). The process of self-assembly inherently defines the supramolecular 

structures of protein complexes, confers structural stability and could include a regulatory 

dimension. 

 

The bacterial microcompartment (BMC) is a paradigm of self-assembling macromolecular 

complexes and is a subcellular organelle assembled from many thousands of protein subunits 

of 10–20 distinct types (Bobik et al., 2015). The BMC is composed of a single-layer protein 

shell that resembles an icosahedral viral capsid, with facets composed of hexameric and 

trimeric proteins and vertices capped by pentameric proteins, and internal enzymes 

encapsulated by the shell (Kerfeld and Erbilgin, 2015; Klein et al., 2009; Larsson et al., 2017; 

Tanaka et al., 2008). The shell proteins possess a central pore which is key to modulating 

passage of metabolites and thus facilitating the catalytic activities of internal enzymes 

(Chowdhury et al., 2015; Crowley et al., 2008; Kerfeld et al., 2005; Tanaka et al., 2008; Tsai 

et al., 2007). In addition, segmenting and compartmentalising key enzymatic pathways inside 

the BMC permits enhanced metabolic performance and protects the cell from toxic or volatile 

intermediates. These organisational features allow BMCs to play critical roles in a range of 

biological processes, including CO2 fixation, pathogenesis, and microbial ecology, across a 

broad range of bacterial species (Axen et al., 2014; Chowdhury et al., 2014; Yeates et al., 

2013). 

 

The anabolic carboxysome, the CO2-fixing organelle in cyanobacteria and some 

chemoautotrophs, was the first BMC to be discovered (Shively et al., 1973). Other catabolic 

BMCs, or metabolosomes, have evolved for utilisation of diverse carbon sources, for example 

the Pdu MCP in Salmonella and other enteric bacteria, which play vital roles in 1,2-PD 
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degradation and enteric pathogenesis (Bobik et al., 1999; Chen et al., 1994; Cheng et al., 

2011; Chowdhury et al., 2015). In Salmonella, the genes related to Pdu MCP formation and 

function are located in a single pdu operon that encodes a total of 22 proteins (Figure 1-5A). 

The shell of the Pdu MCP contains nine types of proteins: PduA, B, B', M, N, J, K, T and U 

(Cheng et al., 2011). PduA, B, B’ and J are the major shell components, whereas PduK, M, N, 

T, and U have relatively low abundance in the Pdu MCP shell (Havemann and Bobik, 2003). 

Among the shell proteins, PduN forms pentamers occupying the vertices of the polyhedral 

structure (Cheng et al., 2011; Wheatley et al., 2013). The Pdu MCP shell encapsulates 

enzymes and cofactors for 1,2-PD degradation (Chowdhury et al., 2014) and confines 

propionaldehyde, a product of 1,2-PD degradation, to protect the bacterial cell from toxic 

sequelae (Fan et al., 2010). The catalytic enzymes of 1,2-PD degradation pathway consist of 

PduCDE, PduL, PduP, PduQ, and PduW. PduCDE (diol dehydratase) is the major enzyme in 

the organelle to catalyse the conversion of 1,2-PD to propionaldehyde (Bobik et al., 1997). 

Propionaldehyde is then converted to propionyl coenzyme A (propionyl-CoA) or 1-propanol by 

PduP (aldehyde dehydrogenase) or PduQ (alcohol dehydrogenase), respectively (Cheng et 

al., 2012; Leal et al., 2003). PduL catalyses the conversion of propionyl-CoA to propionyl-

PO4
2- (Liu et al., 2015), and PduW converts the resulting propionyl-PO4

2- to propionate, 

transferring the phosphate group to ADP to generate ATP (Palacios et al., 2003). In addition, 

the 1,2-PD metabolism requires the enzymes for the reactivation of diol dehydratase and 

vitamin B12 recycling, including PduS (cobalamin reductase) (Sampson et al., 2005), PduO 

(adenosyltransferase) (Maurice et al., 2007), PduGH (diol dehydratase reactivase) (Bobik et 

al., 1999), and PduX (L-threonine kinase) (Fan and Bobik, 2008). PduV, a protein of unknown 

function, was proposed to connect with the cytoskeleton and be responsible for positioning of 

Pdu MCPs in the bacterial cytoplasm (Parsons et al., 2010a). 

 

The fundamental nature of self-assembly has provoked great interest in the adoption of these 

principles for bioinspired design, and the engineering of functional protein self-assemblies for 
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biotechnological applications. However, we still have limited knowledge about the biogenesis 

and self-assembly of BMCs; particularly, the exact stoichiometric composition and 

organisation of BMCs, as the key features of the self-assembly, have not been established. 

To address these questions requires precise quantification approach as well as preparation 

and analysis of functional BMCs.  

 

Here, I perform absolute quantification of protein components in the active Pdu MCPs from 

Salmonella enterica serovar Typhimurium (S. Typhimurium) LT2, by exploiting quantitative 

mass spectrometry using a QconCAT (concatamer of standard peptides for absolute 

quantification) standard (Pratt et al., 2006; Takemori et al., 2017). I define the stoichiometry of 

individual shell proteins and interiors within the Pdu MCP. The encapsulation of Pdu enzymes 

within the Pdu MCP is characterised by live-cell confocal microscopy and electron microscopy 

(EM). The accurate protein stoichiometry allows me to propose a structural model of the Pdu 

MCP. The findings here provide insights into the organising principles of Pdu MCPs, which 

could be extended to other BMCs and self-assembling macromolecular complexes, and may 

inform strategies for the bespoke engineering of functional metabolosomes in biotechnology 

applications. 

 

3.2 Results 

3.2.1 Formation and isolation of functional Pdu MCPs 

The genes involved in 1,2-PD metabolism form a continuous cluster on the Salmonella 

chromosome, at the pdu locus, beginning with the pduA gene which encodes the canonical 

BMC shell protein PduA (Figure 1-5A). The pdu operon is transcribed from a single 

transcriptional start site located at 25 nucleotides upstream of pduA (Canals et al., 2019; 

Kröger et al., 2013). To investigate the structural variability of distinct Pdu MCP forms and to 

verify the protein quantification strategy I studied both the WT S. Typhimurium LT2, and the 

LT2-ΔpduA deletion mutant (Figure 3-1, Table 2-1). The increased growth rate of the LT2-
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ΔpduA strain compared with the WT in the presence of 1,2-PD at limiting levels of vitamin B12 

(Figure 3-2) probably reflects the altered organisation of Pdu MCP particles and the semi-

permeability of a remodelled shell that allows access of substrates to internal enzymes, as 

reported previously (Cheng et al., 2011; Sinha et al., 2014). The formation of Pdu MCPs in the 

WT and ΔpduA cells grown in the microcompartment-inducing media (MIM) (see Materials 

and Methods) was confirmed by thin-section EM (Figure 3-3A, arrows). In both strains, the 

Pdu MCP structures were polygonal with straight edges and angular facets, typical features 

of BMCs (Lee et al., 2019). 

 

Figure 3-1. PCR-based confirmation of LT2-ΔpduA, LT2-pduP::eGFP, LT2-pduT::eGFP, 

LT2-pduV::eGFP, LT2-pduW::eGFP, and LT2-pduX::eGFP. The size (bp) of the PCR 

products were indicated (yellow). 

 

The Pdu MCPs were isolated from the WT and the pduA-null mutant by differential 

centrifugation (Sinha et al., 2012). EM observations confirmed the polyhedral architecture of 

isolated Pdu MCPs, with the diameter ranging from 90−130 nm (Figures 3-3B and 3-4A). The 

mean diameter of the ΔpduA Pdu MCP (102 ± 16 nm, n = 87) was slightly smaller than that of 

the WT forms (110 ± 13 nm, n = 104) (p = 1.12e-4, Figure 3-4A). The mean thickness of the 

protein shell was 4.5 ± 0.6 nm (n = 156) for the WT and 4.3 ± 0.6 nm (n = 141) for the ΔpduA 

Pdu MCP (Figure 3-4B). The presence of major Pdu proteins in the purified MCPs was 

indicated by SDS-PAGE (Figures 3-3C and 3-5). PduA was detected in the WT Pdu MCPs 



Chapter three: Decoding the stoichiometric composition and organisation of bacterial metabolosomes 

 
58 

 

but was absent from the ΔpduA Pdu MCP (Figure 3-3C, red), confirming the genetic deletion 

of pduA. The minor Pdu MCP proteins (PduH, K, L, M, N, V, W and X) were not visualised by 

SDS-PAGE, due to their low abundance within the Pdu MCP (Sinha et al., 2012). It was 

evident that the level of PduJ, one of the major shell proteins, was elevated in the ΔpduA Pdu 

MCP compared to the WT Pdu MCP (Figure 3-3C, blue), whereas the content of PduB, PduB’, 

and PduD were reduced in the ΔpduA Pdu MCP (Figure 3-3C, yellow). The protein levels were 

quantified based on the intensity profiles across the gel lanes in Figure 3-3C (Table 3-1). The 

percentage of PduG and PduC was decreased, whereas the percentages of PduP and PduS, 

PduO, PduT, and PduU seem to be elevated in the ΔpduA Pdu MCP. The isolated Pdu MCPs 

were enzymatically functional (Figure 3-3D); the WT and ΔpduA Pdu MCPs had similar 

propanediol dehydratase (PduCDE) activity normalised by the total protein amount of the 

samples (p = 0.651, n = 4, two-sided t-test). Taken together, my results demonstrate the 

structural and functional integrity of the isolated Pdu MCPs; comparison of WT and ΔpduA 

Pdu MCPs suggests that the abundance of individual proteins and the overall structure of the 

functional Pdu MCP can be modulated. 

 

Figure 3-2. Growth assay for the WT and ΔpduA and fluorescently labelling strains 

under biotin-limiting conditions. Cells were growing aerobically at 37°C in the NCE medium, 

supplemented with 0.6% 1,2-PD; 0.3 mM each of valine, isoleucine, leucine, and threonine; 

50 μM ferric citrate; 20 nM CN-B12. Centre for error bars, mean. Error bars represent SD, n = 

3 (number of biologically independent samples). 
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Figure 3-3. The Pdu MCPs and their isolation from S. Typhimurium LT2. (A) Thin-section 
transmission electron microscopy of the WT and ΔpduA cells showing the presence of Pdu 
MCPs (yellow arrows). (B) Negative-staining TEM images of purified Pdu MCPs from the WT 
and ΔpduA cells, demonstrating the structural integrity of isolated Pdu MCPs. (C) SDS-PAGE 
of purified Pdu MCPs from the WT and ΔpduA cells, revealing the polypeptide composition 
(left). The intensity profile of the SDS-PAGE is shown on the right to compare different Pdu 
protein levels. PduA was detected in the WT Pdu MCPs but was absent in the ΔpduA Pdu 
MCPs (red arrow), confirming the genetic deletion of pduA. PduJ possesses an elevated 
abundance in the ΔpduA Pdu MCPs compared to the WT form (blue arrow), whereas the 
content of PduB, PduB’ and PduD in the ΔpduA Pdu MCPs were reduced (yellow arrows). (D) 
PduCDE (diol dehydratase) activity of purified Pdu MCPs from the WT and ΔpduA cells, 
demonstrating the functional integrity of isolated Pdu MCPs. Centre for error bars, mean. Error 
bars represent SD. The WT and ΔpduA Pdu MCPs had similar propanediol dehydratase 
(PduCDE) activity normalised by the total protein amount of the samples (p = 0.651, n = 4, 
two-sided t-test). n, number of biologically independent experiments.  
 

Table 3-1. Quantification of Pdu proteins from SDS-PAGE in S. Typhimurium LT2-WT 
and LT2-ΔpduA. This quantification results are based on the SDS-PAGE shown in Figure 3-
3C. The percentage of total protein is the ratio of the intensity of each protein bands to the 
total protein intensity. 

Proteins % Total protein 
 WT ΔpduA 

PduG+C 17.2 12.1 
PduP+S 14.6 22.4 

PduQ 1.9 2.1 
PduO 1.2 2.2 

PduB+D 14.6 7.3 
PduB' 15.8 7.7 
PduT 2.4 5.4 
PduE 7.7 6.5 
PduU 1.0 1.9 
PduA 10.9 0.0 
PduJ 12.5 32.3 
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Figure 3-4. Diameter and shell thickness of Pdu MCP in S. Typhimurium LT2 measured 

from TEM images. (A) and (B) The WT-Pdu MCP has a mean diameter of 110 ± 13 nm (n = 

104) and the shell thickness of 4.5 ± 0.6 nm (n = 156). The ΔpduA-Pdu MCP has a mean 

diameter of 102 ± 16 nm (n = 87) and the shell thickness of 4.3 ± 0.6 nm (n = 141). The 

diameter and shell thickness of the WT-Pdu MCP are significantly different from those of the 

ΔpduA-Pdu MCP (p = 1.12e-4 and 0.001, respectively, two-sided t-test). Each measurement 

of the diameter is the mean of the three vertex-to-vertex measurements from a single Pdu 

MCP (n represents the number of particles measured) as described previously for 

carboxysomes (Faulkner et al., 2017). Box plot centre lines correspond to the median value; 

upper and lower hinges correspond to the 75th and 25th percentiles; and upper and lower 

whiskers extend from the box to the largest or smallest value correspondingly, but no more 

than 1.5 times the interquantile range. Error bars represent SD. (C) Measurement of the Pdu 

MCP shell thickness on EM images. Cross-section profile reveals the shell thickness of 4.5 

nm. n is the number of edges measured.  
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Figure 3-5. SDS-PAGE of purified Pdu MCPs from the WT and ΔpduA cells with four 

biological replicates prepared for quantification by QconCAT. PduA was detected in the 

WT Pdu MCPs but was absent in the ΔpduA Pdu MCPs (red arrow), confirming the genetic 

deletion of pduA.  

 

3.2.2 Absolute quantification of Pdu proteins within the MCP 

Mass spectrometry and two-dimensional electrophoresis have been used for the relative 

quantitation of Pdu MCP components but could not define the number of proteins per 

metabolosome (Havemann and Bobik, 2003; Mayer et al., 2016). To establish the accurate 

stoichiometry of all Pdu proteins within the isolated Pdu MCP, I used high-resolution liquid 

chromatography mass spectrometry calibrated with protein-specific stable-isotope labelled 

internal standards generated via the QconCAT strategy (Figure 3-6) (Mayer et al., 2016; Pratt 

et al., 2006). The QconCAT approach is based on an artificial protein, a concatenation of 

multiple standard peptides that are quantotypic for the targeted proteins and a quantification 

peptide (Glufib) that is used for QconCAT peptides quantification (Figure 3-7A, Table 2-4) 

(Pratt et al., 2006). A single, stable-isotope labelled QconCAT protein was produced by cell-

free synthesis (Takemori et al., 2017).The labeled QconCAT proteins were purified, quantified 

and added to isolated Pdu MCPs from both WT and ΔpduA cells with four replicated in known 

quantity. After trypsin digestion, analyte mix released each of the QconCAT peptides in a strict 
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stoichiometry of 1:1. LC-MS analysis allowed the absolute quantification of each represented 

peptide of the isolated Pdu MCPs.  

 

The QconCAT was detectable as a strong band at the expected mobility, clearly visible above 

the cell-free system background (Figure 3-7B). A contaminating band at about 32 kDa was 

observed (Figure 3-7B), which is probably a protein that is present in the wheatgerm lysate of 

the cell-free expression system and can bind to Ni-NTA beads. This band persists in all 

purifications from wheat-germ lysate protein expression, regardless of the protein that is being 

expressed. Previous study also found that some contaminating proteins with non-engineered 

Ni-affinity were from the wheat-germ lysate itself (Zhao et al., 2010). Because the QconCAT 

method focuses on the peptide mass with a high level of resolution, the contaminating band 

does not interfere with quantification result. This QconCAT protein was spiked into the Pdu 

MCP samples and co-digested to generate a set of reference peptides for all Pdu MCP 

proteins that permitted absolute quantification of multiple proteins (Figure 3-8). The extracted 

ion chromatograms (Figure 3-8) show that the QconCAT peptides were separated with 

distinctive retention times. The ion intensity of the QconCAT peptides varied a lot despite in a 

strict stoichiometry of 1:1, indicating the response factor for different peptides is inconsistent 

in label-free quantification. By adding the labelled internal QconCAT standard, absolute 

quantification here can avoid the known issues of label-free quantification. 
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Figure 3-6. Schematic overview of QconCAT strategy. The QconCAT gene was subcloned 

into a plasmid vector (pEU01) optimised for cell-free system (CFS). The CFS was employed 

for transcription and translation to express the QconCAT proteins labelled with stable isotopes. 

The labeled QconCAT proteins (heavy, green) were purified, quantified and added to isolated 

Pdu MCPs from both WT and ΔpduA cells with four replicated (unlabelled, light, purple) in 

known quantity. After trypsin digestion, analyte mix released each of the QconCAT peptides 

in a strict stoichiometry of 1:1. LC-MS analysis allowed the quantification of each represented 

peptide of the isolated Pdu MCPs. One signature peptide for PduL, SVSQVEIS, was shown 

as an example. 
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Figure 3-7. Structure and expression of the Pdu QconCAT. (A) A schematic representation 

of the quantification concatamer, for quantification of 22 Pdu proteins.  41 quantification 

peptides in QconCAT Pdu are represented by blue boxes. Mass values for the doubly-charged 

peptide ion for the unlabelled QconCAT are aligned above each peptide (green text). The 

AQUA (absolute quantification) peptide (Glufib), and the hexahistidine tag for QconCAT 

purification are shaded in red and yellow respectively. (B) SDS-PAGE analysis of QconCAT 

expression and purification. The gene encoding QconCAT Pdu was sub-cloned into the cell-

free expression vector pEU-E01-MCS. QconCAT Pdu was prepared by wheat germ cell-free 

synthesis in the presence of [13C6,15N4]arginine and [13C6,15N2]lysine and purified by a 

hexahistidine tag. Replicate reactions were carried out and the purified QconCAT pooled. The 

negative control (- DNA) contained empty pEU01 plasmid and the positive control (+ DNA) 

contained dihydrofolate reductace (DHFR) encoded in the pUE01 plasmid vector. 
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Figure 3-8. LC-MS profile of Pdu QconCAT peptides. Stable isotope-labelled QconCAT 

Pdu was digested in-solution with trypsin and the digest analysed on a 1h LC-MSMS method. 

The raw data file was uploaded into Skyline and the QconCAT peptide masses were extracted. 

 

Because the Pdu MCPs were so highly purified and the Pdu MCP proteins are the most 

abundant in the samples (Figure 3-5), an MS1 precursor QconCAT quantification was elected. 

The purity of the Pdu MCP complexes was also evident from the base peak chromatograms 

of purified complexes compared with the complex chromatograms derived from lysed cell 

extracts (Figure 3-9). By contrast, the purified complex yield BPI (base peak intensity) 

chromatograms that exhibited few peaks, each of which was baseline resolved from adjacent 
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peaks, are exactly as would be anticipated from highly purified proteins and indeed, were 

confirmed by SDS-PAGE analysis of the Pdu MCPs (Figure 3-10A). Each precursor ion was 

cleanly isolated using the high resolution and high scanning speed of the MS1 approach. 

Further, replicate samples of lysed cell extracts and purified MCPs were analysed by label-

free quantification (Figure 3-10B and C). Proteins were ranked according to abundance, as 

measured by label-free quantification and the abundances of the shell and core proteins of 

the MCPs were highlighted on the ranked protein abundance curves. The combined label-free 

abundance of Pdu proteins is 96% of the total proteins in the MCP fraction compared with 15% 

in the whole cell lysate. The Pdu MCP complexes were abundant in lysed cell extracts and 

were highly enriched after purification, lending weight to the utility of an MS1 approach. 

 

The purified Pdu MCP proteins were mixed with QconCAT, co-digested and analysed by high-

resolution mass spectrometry of their precursor ions. This approach yielded a high number of 

sampling points across the chromatographic peak and processing the data through Skyline 

(MacLean et al., 2010) permitted accurate integration of peak area. The representative 

extracted ion chromatograms for two peptides attest to the quality of the data and the ease 

with which the precursor ions could be recovered (Figure 3-11). The variations in the level of 

the QconCAT peptides was due to different quanlity of QconCAT peptides in each replicate 

(Table 3-2). The absolute amount of QconCAT was determined by the known quanlity of 

standard quantification peptide Glufib (Table 3-2). The fmol amount of Pdu proteins was then 

quantified according the amount of QconCAT and the ratio of light/heavy peak areas (Table 

3-2). 
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Figure 3-9. Base peak chromatograms for purified Pdu MCPs and whole-cell extracts. 

Three purified Pdu MCPs and four whole-cell extracts were analysed in DDA mode. The base 

peak intensities were very similar, as expected from the SDS-PAGE data of the samples. 

Further, the total numbers of identified protein groups were very similar within each biological 

replicate, and as anticipated, the number of protein groups was considerably higher in the cell 

extract than in the Pdu complex samples. The simplicity of the base peak chromatogram of 

the complexes is further confirmation of the use of high resolution, MS1-based quantification 

using QconCATs. 
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Figure 3-10. Label-free quantification of MCP in cell extracts and purified complexes. 

Samples of WT broken cell extracts (CEX) or of purified Pdu MCP complexes were analysed 

by LC_MS/MS and label-free quantification. Four samples were analysed. (A) SDS-PAGE of 

the cell extracts and purified complexes were resolved by SDS-PAGE to illustrate the 

consistency of the preparations and the extreme enrichment of the purified Pdu MCP. (B and 

C) Proteins from cell extracts and isolated Pdu MCPs were discriminated according to whether 

they are shell (green) or enzyme (blue) components. Each Pdu protein was quantified using 

label-free approaches, and the proteins are ranked according to their abundance. As expected, 

there were many more proteins in the cell extracts. The Pdu proteins are then highlighted. The 

results show explicitly the considerable enrichment of Pdu MCP proteins in the isolated sample. 
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Figure 3-11. Extracted ion chromatograms for two peptides. Top panel: peptide is from 

PduB’ (ASYALEK), bottom panel: PduA (IGSGLVTVIVR) which is knocked out in the mutant. 

The ‘light’ purified complexes are defined by the red traces and the ‘heavy’ (QconCAT 

standard) is the blue trace. Marked reduction of the deleted protein PduA is evident from the 

inverted traces for IGSGLVTVIVR. 
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Table 3-2. Quantification of QconCAT standard and examples of quantification of Pdu 

proteins shown in Figure 3-11. To quantify the quanlity of QconCAT, an equal amount of 

unlabelled standard peptide Glufib (EGVNDEEGFFSAR, 200 fmol) was added to each 

replicate supplemented with isotopes labelled QconCAT (heavy) that contains the Glufib 

quantification peptide (Figure 3-7A). The amount of QconCAT was determined according to 

the ratio of light/heavy peak areas. The disparity of the amount of QconCAT in each replicate 

explains the variation of the peak areas shown in Figure 3-11. The fmol amount of surrogate 

peptides was then quantified according the known amount of QconCAT (heavy) and the ratio 

of light/heavy total area. Here shows the examples of quantification results of two peptides, 

IGSGLVTVIVR and ASYALEK from PduA and PduB’ (Figure 3-11), respectively. 

Replicate Peptide Sequence 
Heavy Total 

Area (×108) 

Light Total 

Area (×108) 

Ratio 

L/H 

Heavy-QconCAT 

Amount (fmol) 

KO_Rep1 EGVNDEEGFFSAR 6.55 36.94 5.64 35.46 

KO_Rep2 EGVNDEEGFFSAR 3.62 39.72 10.96 18.25 

KO_Rep3 EGVNDEEGFFSAR 5.53 46.78 8.46 23.65 

KO_Rep4 EGVNDEEGFFSAR 15.21 58.23 3.83 52.24 

WT_Rep1 EGVNDEEGFFSAR 4.30 43.46 10.10 19.80 

WT_Rep2 EGVNDEEGFFSAR 3.71 35.27 9.50 21.05 

WT_Rep3 EGVNDEEGFFSAR 4.46 48.43 10.85 18.44 

WT_Rep4 EGVNDEEGFFSAR 8.32 42.43 5.10 39.23 

Replicate Peptide Sequence 
Heavy Total 

Area (×108) 

Light Total 

Area (×108) 

Ratio 

L/H 

Light-surrogate 

peptide Amount (fmol) 

KO_Rep1 IGSGLVTVIVR 9.27 0.71 0.08 2.73 

KO_Rep2 IGSGLVTVIVR 5.43 0.58 0.11 1.95 

KO_Rep3 IGSGLVTVIVR 7.66 0.82 0.11 2.54 

KO_Rep4 IGSGLVTVIVR 17.02 1.29 0.08 3.96 

WT_Rep1 IGSGLVTVIVR 3.20 43.35 13.54 268.12 

WT_Rep2 IGSGLVTVIVR 5.28 74.04 14.03 295.32 

WT_Rep3 IGSGLVTVIVR 3.52 58.46 16.60 306.06 

WT_Rep4 IGSGLVTVIVR 8.15 51.47 6.32 247.79 

KO_Rep1 ASYALEK 4.48 11.25 2.51 88.99 

KO_Rep2 ASYALEK 1.90 9.00 4.74 86.49 

KO_Rep3 ASYALEK 2.49 8.77 3.52 83.13 

KO_Rep4 ASYALEK 7.11 12.74 1.79 93.53 

WT_Rep1 ASYALEK 1.41 21.31 15.15 300.00 

WT_Rep2 ASYALEK 1.63 24.25 14.89 313.35 

WT_Rep3 ASYALEK 1.35 23.78 17.62 324.91 

WT_Rep4 ASYALEK 3.46 26.35 7.62 298.99 
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The QconCAT was designed to deploy two unique peptides to quantify each Pdu MCP protein 

(Tables 2-4 and 2-5). The agreement between the two peptides was excellent, yielding 

accurate quantification of all of the proteins (except for PduE) (Figure 3-12). Digestion time-

course analysis (Figure 3-13) revealed that one of the target peptides from PduE 

demonstrated differing digestion kinetics between the target protein and QconCAT standard. 

This peptide was then excluded. Table 3-3 presents the percentage of each Pdu protein within 

MCPs isolated from four biological replicates of WT and ΔpduA S. Typhimurium cells. 

Replicates of the same strain (WT vs WT, ΔpduA vs ΔpduA) were mostly consistent, while the 

PduA and PduB content differed between the WT and ΔpduA Pdu MCPs (Figure 3-14). A 

perfect icosahedral Pdu MCP will have 20 facets and contain twelve PduN pentamers at the 

vertices of the icosahedron (Jorda et al., 2015; Tanaka et al., 2008). Based on the value of 60 

copies of PduN molecules per Pdu MCP, I quantified the other Pdu proteins within a single 

Pdu MCP (Table 3-3). The number of shell protein multimers per Pdu MCP was also quantified 

based on their structures. 
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Figure 3-12. Agreement between two QconCAT peptides used in quantification. For each 

protein, for each replicate and WT and PduA deletant, the absolute quantification values 

derived from one quantotypic peptide are plotted against the second quantotypic peptide for 

the same protein (the peptides are randomly assigned according to whether the quantification 

values were higher in one than the other). These data illustrate the excellent concordance 

between the values obtained from both peptides. The values for PduA obtained with the WT 

(green) and PduA deletant (blue) are highlighted to emphasise the degree of reduction in this 

protein. The values of the peptides were normalised by the estimated copy number of PduN 

peptides per Pdu MCP particle, 60 (Table 3-3).  

 

 

 

Figure 3-13. Digestion time-course analysis of target peptides of PduE. Differing 
digestion kinetics between the target peptide VSDYPLANK and QconCAT standard were 
observed. Slower digestion of QconCAT standard of this peptide could have led to over-
estimation of the amount of PduE, thus the absolute quantification value from the peptide 
VSDYPLANK was excluded. 
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Figure 3-14. Comparative quantification analysis across all biological replicates. For 

each WT or ΔpduA-Pdu MCP (KO) sample (4 of each), the absolute quantification values (log 

10 scale, four cycles) were plotted in a comparative matrix. The internal comparisons of WT 

(green) or KO (purple) indicate the overall experimental consistency of the study. The 

comparisons of WT and KO (central 4 by 4 block, red) indicate that most protein levels are 

essentially unchanged. Most notable is the reduction of PduA (black crosses, the target of the 

KO) which exhibits a high level of reduction – the non-zero value probably reflects the level of 

chemical noise in the quantification (about 0.1%). There was a small but significant degree of 

reduction in PduB (blue crosses) seen consistently across all replicates. 
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Table 3-3. Absolute quantification of Pdu proteins in S. Typhimurium LT2-WT and LT2-

ΔpduA. 

Category Protein 
% Total protein 

WT/ΔpduA 

n a 

WT/ΔpduA 

nm 
a 

WT/ΔpduA 

Structural proteins PduA 15.8/0.1 1841 ± 102/10 ± 3 307 ± 17/2 ± 0 

 PduB 5.8/1.6 671 ± 42/156 ± 7 224 ± 14/52 ± 2 

 PduB' 7.1/1.6 834 ± 52/158 ± 13 278 ± 17/52 ± 4 

 PduJ 44.7/72.2 5212 ± 430/7202 ± 889 869 ± 72/1200 ± 148 

 PduKb 4.4/5.8 514 ± 41/580 ± 41 86 ± 7/97 ± 7 

 PduMc 0.5/0.5 56 ± 9/50 ± 7  

 PduN 0.5/0.6 60 ± 4/60 ± 8 12 ± 1/12 ± 2 

 PduT 2.5/2.8 289 ± 19/276 ± 27 96 ± 6/92 ± 9 

 PduU 1.1/1.1 130 ± 17/111 ± 10 22 ± 3/18 ± 2 

 Total 82.3/86.2 9607 ± 450/8602 ± 890 1893 ± 78/1525 ± 149 

Catalytic proteins PduC 4.7/2.5 543 ± 79/251 ± 22  

 PduD 3.6/2.1 423 ± 46/207 ± 23  

 PduE 2.4/2.8 376 ± 57/204 ± 8  

 PduG 0.6/0.8 76 ± 9/81 ± 10  

 PduH 0.3/0.4 38 ± 4/43 ± 4  

 PduL 0.3/0.3 33 ± 3/32 ± 5  

 PduO 1.2/1.2 146 ± 15/118 ± 7  

 PduP 1.8/2.6 214 ± 31/255 ± 29  

 PduQ 1.2/1.1 145 ± 12/114 ± 14  

 PduS 0.4/0.5 49 ± 4/48 ± 6  

 PduV 0.1/0.1 7 ± 2/6 ± 2  

 PduW 0.1/0.1 11 ± 2/13 ± 3  

 PduX 0.0/0.0 4 ± 1/4 ± 2  

 Total 17.7/13.8 2065 ± 115/1376 ± 48  

a n, gross number of protein monomers per Pdu MCP; n
m
, number of protein multimers per 

Pdu MCP. 

b PduK is presumed to be a hexamer because it has a ~70 amino acid extension on the C-

terminus with low complexity that is probably disordered (Crowley et al., 2010). 

c PduM is listed as a shell component according to (Sinha et al., 2012). 
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Figure 3-15. Stoichiometry and localisation of Pdu proteins. (A) Gross number of the 

structural proteins per Pdu MCP. (B) Gross number of the catalytic proteins per Pdu MCP. 

Circle: signature peptide 1; triangle: signature peptide 2. The peptides with higher values were 

used for generating centre (mean) and error bars (SD), reasoning that signal loss from 

endogenous peptide is more likely. One peptide with higher values for PduE was excluded, 

because a time course digest revealed slower digestion of this peptide could have led to over-

estimation. The stoichiometric data were shown in Table 3-3. The deletion of PduA resulted 

in significant changes in the abundance of shell proteins PduB, B’, and PduJ (p = 0.000, 0.000, 

and 0.013 respectively, n = 4, two-sided t-test), and interiors PduC, D, E, O, and Q (p = 0.001, 

0.000, 0.002, 0.027 and 0.028, respectively, n = 4, two-sided t-test). ns, p > 0.05; *, p < 0.05; 

**, p < 0.01; ***, p < 0.001. n, number of biologically independent samples. (C) The subcellular 

distribution of PduV, PduW, and PduX in S. Typhimurium LT2. PduV, PduW, PduT, and PduP 

were fused with eGFP at their C-termini and recombined into the S. Typhimurium LT2 

chromosome. The eGFP fused to the C-terminal of PduX, and the native eGFP, were plasmid-

encoded. The spotty distribution of PduV, similar to that observed for PduT and PduP, 

indicated that PduV is localised with the Pdu MCPs. In contrast, PduW and PduX were 

localised throughout the cytoplasm, comparable to native eGFP, and did not possess typical 

Pdu MCP distribution in vivo.  
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Of the structural components for the WT Pdu MCPs, PduJ was the most abundant hexameric 

shell protein (5212 copies of PduJ monomer per MCP), followed by the hexameric PduA (1841 

monomers per Pdu MCP), trimeric PduB’ (834 monomers per Pdu MCP) and trimeric PduB 

(671 monomers per Pdu MCP) (Table 3-3). The ratio of distinct shell protein subunits 

(A:B:B’:J:K:M:N:T:U) was 31:11:14:89:9:1:1:5:2 (Table 3-4), different from the reported ratio 

of 39:23:25:61:5:-:-:4:6 quantified by 2D-electrophoresis, which may be due to dye-binding 

variability of the 2D-electrophoresis method. PduJ accounted for 54.2% of all shell proteins by 

number, higher than the sum of PduA, PduB, and PduB’ (34.8%), demonstrating the key role 

of PduJ in tiling the shell. Apart from the major shell proteins, I also quantified the abundance 

of minor Pdu shell proteins (PduK, M, N, T and U) (Table 3-3). There were 514 copies of PduK 

monomers per Pdu MCP. The number of trimeric PduT (289 monomers per Pdu MCP) was 

more than twice that of hexameric PduU (130 monomers per Pdu MCP), which is different 

from the PduT/PduU ratio of 1:2 estimated by two-dimensional electrophoresis (Havemann 

and Bobik, 2003). PduM has been reported to be a Pdu MCP structural protein (Sinha et al., 

2012), and my data revealed 56 copies of PduM subunits per Pdu MCP, comparable with the 

content of less abundant shell pentamer PduN (normalised as 60 monomers per Pdu MCP). 

 

Of the catalytic proteins for the WT Pdu MCP, PduCDE diol dehydratase was the most 

abundant. The subunit ratio of PduC, D and E in the diol dehydratase was approximately 1:1:1 

(Table 3-4), consistent with the stoichiometry revealed by the crystal structure of diol 

dehydratase in Klebsiella oxytoca (Shibata et al., 1999) but unsupportive to the ratio of 2:1:2 

estimated previously (Havemann and Bobik, 2003). The ratio of diol dehydratase reactivase 

PduG and PduH subunits was 2:1, consistent with an earlier S. Typhimurium study 

(Havemann and Bobik, 2003), but distinct from the ratio of 2:2 in K. oxytoca estimated by SDS-

PAGE densitometry (Toraya et al., 2000). The PduS enzyme, cobalamin reductase, was 

reported to interact with the PduO adenosyltransferase and shell protein PduT trimers (Cheng 

and Bobik, 2010; Parsons et al., 2010b). Here the ratios of PduT:PduS and PduO:PduS were 
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6:1 and 3:1, respectively. PduP aldehyde dehydrogenase and PduQ alcohol dehydrogenase 

could potentially bind with each other (Cheng et al., 2012); data here revealed that PduP and 

PduQ made up 1.8% and 1.2% of total Pdu protein, respectively, which is lower than the 

percentages of 8% and 3.6% estimated previously (Havemann and Bobik, 2003). The ratio of 

PduP: PduQ was 3:2 (Table 3-4), which is slightly lower than the ratio of 2:1 estimated in prior 

studies (Cheng et al., 2012). PduL had 33 copies per Pdu MCP, less than the content of the 

vertex protein PduN, confirming that this protein was a minor component of the Pdu MCP (Liu 

et al., 2015). 

 

Table 3-4. Different ratios calculated from the data of gross number of proteins per Pdu 

MCP. a The number of PduN was set to 1 in this study, and the ratio of other shell proteins 

was calculated accordingly. For direct comparison, the ratio in reported values for WT was 

normalised according the pencentage of total protein.  b For comparison, the corresponding 

values for WT that were reported previously are listed in the right column.  

Ratio of gross 

contents of Pdu 

proteins 

WT ΔpduA Reported values for WTb 

A:B:B’:J:K:M:N:T:Ua 31:11:14:89:9:1:1:5:2 0:3:3:120:10:1:1:5:2 

 

39:23:25:61:5:-:-:4:6 (Havemann 

and Bobik, 2003) 

PduC:PduD:PduE 1:1:1 1:1:1 

1:1:1 (Jorda et al., 2015) 

2:1:2 (Havemann and Bobik, 

2003) 

PduG:PduH 2:1 2:1 
2:1 (Havemann and Bobik, 2003) 

2:2 (Shibata et al., 1999) 

PduT:PduS 6:1 6:1  

PduO:PduS 3:1 3:1  

PduP:PduQ 3:2 2:1 2:1 (Cheng et al., 2012) 

Shell proteins/Internal 

enzymes 
4.6:1 6.2:1  

PduBB' (WT:ΔpduA) 5:1   

PduJ (WT:ΔpduA) 2:3   

PduCDE (WT:ΔpduA) 2:1   
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3.2.3 Variability of the stoichiometric organisation of Pdu MCPs 

PduA has been reported to mediate the majority of interactions with other shell proteins, 

including PduB, PduJ, PduK, and PduU (Parsons et al., 2010a). Comparison of protein 

stoichiometry of the WT and ΔpduA Pdu MCPs indicated that the absence of PduA resulted 

in a ~10% reduction in the total copy numbers of shell proteins (decline from 9607 to 8602, p 

= 0.045) and a ~41% reduction in the internal enzymes (decrease from 2065 to 1376 

molecules, p = 0.005) (Figure 3-15A, Table 3-3). The lower abundance of individual proteins 

was consistent with the reduced size of the ΔpduA Pdu MCPs as revealed by EM (Figure 3-

3C, Figure 3-4).  

 

In the ΔpduA Pdu MCP, the ratio of individual shell proteins (B:B’:J:K:M:N:T:U) was 

3:3:120:10:1:1:5:2, which was different from the ratio of 11:14:87:9:1:1:5:2 determined in the 

WT form (Table 3-4). There was a 38% increase in PduJ abundance within the Pdu MCP that 

lacked PduA (Figure 3-25A, Table 3-4). Interestingly, the copy number of PduJ within the 

ΔpduA Pdu MCP (nm = 1200 ± 148) was approximately equal to the total abundance of PduA 

(nm = 307 ± 17) and PduJ (nm = 869 ± 72) within the WT Pdu MCP (Figure 3-15A, Table 3-3). 

It is speculated that PduJ could compensate for the defects in the Pdu MCP structure caused 

by the lack of PduA, because PduA and PduJ proteins share high sequence (83%) and 

structural similarities (Chowdhury et al., 2016). In contrast, the PduBB’ content per Pdu MCP 

that lacked PduA decreased by a factor of 4, and the ratio of PduB and PduB’ in both 

complexes remained at 1:1 (Figure 3-15A, Table 3-4), raising the possibility that PduA and 

PduBB’ were structurally coordinated in the shell (Chowdhury et al., 2014; Parsons et al., 

2010a). The absence of PduA caused no significant difference in the abundance of PduK (p 

= 0.096), PduU (p = 0.146), PduM (p = 0.333), and PduT (p = 0.514). 

 

In addition to the variation of shell protein abundance, the deletion of PduA also led to a 50% 

decline in the PduCDE content and an approximately 20% reduction in the content of PduO 
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and PduQ (Figure 3-15B). The PduP stoichiometry in the WT and ΔpduA Pdu MCPs was 

unchanged (Figure 3-15B), which does not confirm the suggestion that PduP was 

encapsulated within the Pdu MCP via interactions with the C-terminus of PduA (Fan et al., 

2012). Significantly, the enzyme assays revealed no notable difference in the enzyme 

activities of the isolated WT and ΔpduA Pdu MCPs, when normalised by the total protein 

content (Figure 3-3D). However, the reduced total protein content and PduCDE amount per 

ΔpduA Pdu MCP led to the estimation that the catalytic activity per ΔpduA Pdu MCP is lower 

than that per WT Pdu MCP, due to the reduction in cargo enzyme content as well as the 

altered shell organisation and permeability in the absence of PduA. 

 

In summary, results here demonstrate that the stoichiometric composition and structure of the 

functional Pdu MCP can be remodelled. 

 

3.2.4 Association of PduV, PduW, and PduX with the Pdu MCP 

Several less abundant building proteins were also characterised in the WT and ΔpduA Pdu 

MCPs, PduV (7 copies per Pdu MCP), PduW (11 copies per Pdu MCP), and PduX (4 copies 

per Pdu MCP) (Table 3-3). However, given that this amount was at the similar level of the 

PduA mass spectrometric background signal detected in the ΔpduA Pdu MCP (10 copies per 

Pdu MCP, compared to 1841 copies in the WT, Table 3-3), it was uncertain that these low-

abundance proteins represent genuine components of the Pdu MCP structure. Thus, to 

validate the association of PduV, PduW, and PduX with the Pdu MCP, I fused enhanced green 

fluorescent protein (eGFP) to the C-terminus of each of the three proteins individually, 

expressed each from the chromosome of S. Typhimurium LT2 (Figure 3-1) and characterised 

intracellular localisation. Fluorescently tagging and live-cell confocal fluorescence imaging 

have been exploited in studying the composition, assembly and biogenesis of Pdu MCPs 

(Parsons et al., 2010a) and carboxysomes (Cameron et al., 2013; Huang et al., 2019; Savage 

et al., 2010; Sun et al., 2016; Sun et al., 2019) in vivo. In addition, one shell protein PduT and 
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one internal enzyme PduP were fused with eGFP, and a S. Typhimurium LT2 strain 

expressing native eGFP was constructed as the localisation controls. The GFP-fused strains 

grew slightly slower than the WT in the presence of 1,2-PD at limiting levels of B12 (Figure 3-

2), indicating that fluorescently-labelling of Pdu proteins marginally affect the growth of 

Salmonella cells on 1,2-PD. 

 

Confocal fluorescence imaging identified discrete intracellular patches of PduV that resembled 

the locations of PduT and PduP, representing the typical distribution pattern of Pdu MCPs in 

vivo (Figure 3-15C). In contrast, PduW that catalyses the conversion of propionyl-phosphate 

to propionate was dispersed throughout the cytoplasm, comparable to the distribution of native 

eGFP, indicating that PduW had a cytosolic location in S. Typhimurium LT2. PduX is 

responsible for the conversion of L-threonine to L-threonine-phosphate and plays a role in the 

synthesis of Ado-B12, a substrate for the PduCDE enzymes during 1,2-PD degradation. PduX 

is not required when Salmonella grows aerobically on the MIM medium with succinate as the 

carbon source (Fan and Bobik, 2008). The GFP fluorescence of PduX at the native 

chromosome locus was not detectable. I thus overexpressed PduX in S. Typhimurium LT2 

whilst inducing the synthesis of Pdu MCPs. PduX::eGFP exhibited even distribution in the 

cytosol, similar to free eGFP. Taken together, results here reveal that PduV functions as a 

component of the Pdu MCP, whilst PduW and PduX are likely not encased within the Pdu 

MCP structure, suggesting that metabolism of propionyl-phosphate and L-threonine-

phosphate may occur predominately in the cytosol and is not present within the Pdu MCP 

lumen. 

 

3.3. Discussion 

Despite endeavours to uncover BMC self-assembly and functions, their stoichiometry and 

overall structures are surprisingly unclear. This is mainly due to the difficulties to isolate intact, 

functional BMCs (Faulkner et al., 2017; Hagen et al., 2018; Mayer et al., 2016) and the 
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limitations of protein quantification. Numerous studies have used mass spectrometry to 

estimate the relative abundance of Pdu MCPs (Havemann and Bobik, 2003; Mayer et al., 2016) 

and carboxysomes (Faulkner et al., 2017; Long et al., 2005), which permitted comparison 

between different growth conditions but not the actual number of proteins per BMC. Recently, 

the use of single-molecule fluorescence microscopy allowed precise carboxysome protein 

stoichiometry to be determined by counting discrete bleaching steps of fluorescently-tagged 

components within the carboxysome in live cyanobacterial cells (Sun et al., 2019). Here, I 

isolated Pdu MCPs using differential centrifugation to ensure their structural and functional 

integrity (Sinha et al., 2012), which was confirmed by EM, SDS-PAGE and catalytical assays 

(Figure 3-3). Absolute quantification using mass spectrometry, based on QconCAT technology 

(Pratt et al., 2006; Takemori et al., 2017) was then used to characterise the isolated Pdu MCPs, 

leading to direct counting of the copy numbers of shell proteins and cargoes per Pdu MCP, 

and to quantify the PduA-dependent stoichiometric changes in Pdu MCPs (Table 3-3). The 

understanding of the levels of individual proteins led me to propose a model of the Pdu MCP 

structure (Figure 3-16).  

 

 

Figure 3-16. Schematic models of the Pdu MCP shell and interior organisations. (A) 
Models for two adjacent Pdu MCP shell facets in the S. Typhimurium LT2-WT and LT2-ΔpduA. 
Note that the model construction is based on the number of shell proteins from the absolute 
quantification data, and the relative geometric arrangement remains speculative. PduM is not 
shown here because of its unknown structure and uncertain role. (B) Model for the 
organisation of catalytic proteins. PduCDEGHLOPQV function as components of the Pdu 
MCP, whereas our confocal data suggest that PduW and PduX are not integrated into the Pdu 
MCP structure. 
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The ratios of shell proteins compared to interior proteins of the Pdu MCP were 4.6 for the WT 

Pdu MCP and 6.2 for the ΔpduA Pdu MCP (Table 3-4). Both ratios are higher than that 

determined in β-carboxysomes from the cyanobacterium Synechococcus elongatus PCC 

7942 (approximately 3.2) and α-carboxysomes from Prochlorococcus marinus MED4 (~1.4) 

(Roberts et al., 2012; Sun et al., 2019) and Halothiobacillus neapolitanus (~0.9) (Heinhorst et 

al., 2006), implying that the Pdu MCP has a lower cargo-loading capacity than the 

carboxysomes. Indeed, EM results (Figure 3-3) revealed the relatively loose enzyme packing 

within the Pdu MCP lumen (Chowdhury et al., 2016; Havemann and Bobik, 2003; Sinha et al., 

2012), in contrast to the dense packing of interiors within β-carboxysomes (Faulkner et al., 

2017). Unlike the relatively well-defined carboxysome structure, Pdu MCPs are less 

geometrically regular in shape and vary in the cargo loading (Figure 3-3), reflecting that cargo 

proteins could play vital role in shaping BMC architecture. Due to the heterogeneity of the Pdu 

MCPs, the model built in Figure 3-16A is an idealised model based on the icosahedral shape 

of the BMC, and the number of the proteins per Pdu MCPs represents the average amount of 

Pdu proteins. 

 

The QconCAT-driven mass spectrometry in this study allows accurate quantification of all the 

Pdu proteins, including some minor components (PduM/N/L/S/V) that were not quantified by 

2D-eletrophoresis (Havemann and Bobik, 2003). PduJ was the most abundant protein in WT-

MCPs  isolated from Salmonella, , followed by PduA, PduB’, and PduB, consistent with 

previous observations (Havemann and Bobik, 2003). However, the molar ratio of the individual 

Pdu protein to total Pdu proteins quantified by mass spectrometry in this study (Tables 3-3 

and 3-4) is different from that quantified by 2D-eletrophoresis in previous findings (Havemann 

and Bobik, 2003). Of the structural components of the WT-MCPs, there is higher amount of 

PduJ, PduK, and PduT in this study compared with the previous study (44.7% vs 30.5%, 4.4% 

vs 2.5%, 2.5% vs 2%, respectively), whereas the proportions of PduA, PduB, PduB’, and PduU 

are lower. These disparity may be ascribed to the dye-binding variability of the 2D-
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eletrophoresis method (Havemann and Bobik, 2003). In contrast, in the Pdu MCPs from a 

facultative anaerobic gram-negative bacterium Citrobacter freundii, PduB’ was estimated to 

be the most abundant Pdu protein, accounting for 31% of all shell proteins, whereas the PduJ 

abundance was only 18% (Mayer et al., 2016). The variations probably indicate the species-

dependent stoichiometric fingerprint of Pdu MCPs, although the genomic organisations of the 

pdu operons in the two organisms are highly conserved. The environment-mediated 

modulation of the protein content determined in carboxysomes (Sun et al., 2019) also raises 

the possibility that the protein stoichiometry of Pdu MCPs may vary in different growth 

conditions, such as anaerobic environment and different carbon source, and this deserves 

further investigation.  

 

Characterising the stoichiometric variations of BMCs allowed me to evaluate the inherent 

capacity of Pdu MCPs to remodel their composition and organisation for functional adaptation, 

and to consider specific protein interactions in the polyhedral organelle. The results here 

demonstrated that the increased amount of PduJ proteins incorporated within the ΔpduA Pdu 

MCP corresponds to the amount of PduA in the WT Pdu MCP. It is proposed that the major 

shell proteins PduA and PduJ are functionally redundant, and use a complementary strategy 

to retain the overall shape of Pdu MCPs.  

 

The more thoroughly characterised carboxysomes could offer functional insights into the Pdu 

MCP, as multiple types of major shell homologs are also present in the α-carboxysome of 

Halothiobacillus. neapolitanus (CsoS1A, B, and C) (Cannon et al., 2001), as does the β-

carboxysome in Synechocystis sp. PCC 6803 (CcmK1 and CcmK2) (Tanaka et al., 2008). In 

addition, the carboxysome minor shell homologs CcmK3 and CcmK4, which are encoded by 

the ccmK3 and ccmK4 genes that co-occur in cyanobacterial genomes, could form 

heterohexamers and are functionally linked (Sommer et al., 2019). The ratio of CcmK4:CcmK3 

per carboxysome is relatively constant, in the range of 3.6−4.1, under different growth 
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conditions (Sun et al., 2019), validating their organisational correlation within the carboxysome 

shell. Whether the heterohexamer formation occurs in Pdu MCP shell proteins remains to be 

tackled. 

 

In summary, I performed absolute protein quantification of the Pdu MCP metabolosome to 

characterise the stoichiometric and structural variations of Pdu MCPs with a combination of 

QconCAT-driven quantitative mass spectrometry and microscopic imaging. The growing 

interest in reprogramming BMCs for various biotechnological applications necessitates a 

deeper understanding of the protein stoichiometry and regulatory organisation of natural 

BMCs. Advanced knowledge about Pdu MCP self-assembly and the analytic methods 

developed here could be relevant to other self-assembling bacterial organelles and biological 

systems, and thus stimulate the engineering of bespoke, functional BMC structures in 

heterogeneous organisms for the enhancement of cellular metabolism. 
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4.1 Introduction 

BMCs are constructed by more than ten thousand protein subunits of 18 to 20 different types, 

forming a single-layer proteinaceous shell encapsulating internal enzymes and metabolites 

from the relative degradation pathway (Chowdhury et al., 2014; Kerfeld et al., 2018). How 

hundreds of proteins assemble into a functional microcompartment has been a long-standing 

question.  

 

In recent years, we have started to understand the hierarchical assembly pathway of BMCs. 

The biogenesis pathway of β-carboxysome has been studied by using live-cell fluorescence 

microscopy of Synechococcus elongatus PCC7942 (Cameron et al., 2013; Chen et al., 2013). 

The cargo Rubisco of β-carboxysome forms into procarboxysome mediated by CcmM first, 

followed by shell proteins (CcmK2, CcmO, and CcmL) encapsulation that is dependent on the 

association of CcmN. Compared to the inside-out model of β-carboxysomes, α-carboxysomes 

appear to form either concomitantly with nucleation of cargo enzymes Rubisco (Iancu et al., 

2010) or without cargoes (Li et al., 2020; Menon et al., 2008). The concomitant model is 

inferred by partially formed α-carboxysomes observed by electron tomography in H. 

neapolitanus (Iancu et al., 2010); while the construction of empty shells suggests that α-

carboxysomes could form in the absence of cargoes (Li et al., 2020; Menon et al., 2008).  

 

By contrast, little is known about the assembly pathway of bacterial metabolosomes. The short 

N-terminal peptides of PduD (a subunit of PduCDE, the most abundant internal enzyme), 

PduP, and PduL were found to be necessary and sufficient for directing enzymes into the 

lumen of the Pdu MCP (Fan and Bobik, 2011; Fan et al., 2010; Liu et al., 2015), revealing the 

mechanism for the encapsulation of internal enzymes, which is promising for the bioinspired 

design and engineering of Pdu MCP for biotechnological applications. Recent studies indicate 

that the N-terminus of the PduB protein is involved in binding the shell and the cargo of the 
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Pdu MCP based on genetic analysis and isolated complex characterisation (Lehman et al., 

2017). 

In this study, I designed a system to systematically investigate the structural roles of individual 

Pdu protein components and characterized the spatiotemporal biogenesis of Pdu 

metabolosomes in S. Typhimurium LT2. Genetic analysis, live-cell fluorescence imaging, 

electron microscopy and growth assays revealed that the Pdu components undergo 

independent self-assembly to form the cargo and shell aggregates. The biogenesis of Pdu 

metabolosomes adopts a combination of the “Shell first” and “Cargo first” pathways and occurs 

at the cell poles. I showed how the PduB N-terminus and PduM mediate the physical binding 

between the shell and internal enzyme assemblies, and how PduK impacts the subcellular 

positioning of Pdu metabolosomes. My findings provide mechanistic insight into the assembly 

principles of Pdu BMCs, which can be extrapolated to a range of bacterial metabolosomes. 

 

4.2 Results 

4.2.1 A System to investigate Pdu MCP biogenesis in S. Typhimurium LT2 

The genes encoding the proteins of the Pdu BMCs that mediate 1,2-PD degradation are 

located in the pdu operon (pduA-X) in the S. Typhimurium chromosome (Figure 4-1A and 1B). 

The transcription of the pdu operon is regulated by the inducible pdu promoter when 1,2-PD 

is present and preferred carbon souses are absent (Bobik et al., 1999). To investigate the 

biogenesis pathway of Pdu BMCs in S. Typhimurium LT2, I designed a system based on the 

pBAD/Myc-His vector with the arabinose-inducible ParaBAD promoter (Guzman et al., 1995; 

Lee et al., 1987) and labeled individual Pdu proteins with mCherry and super-folder GFP 

(sfGFP) (Fig. 4-1C). I used the sfGFP tag to visualize the assembly of the PduA shell protein 

and the PduE cargo protein. In the PduA-sfGFP background, I fused mCherry to other 

structural components (PduB/B’/J/K/M/N/T/U) and PduE individually. In the PduE-sfGFP 

background, I fused mCherry to the structural proteins (PduB/B’/J/K/M/N/T/U) and other cargo 

components (PduG/L/O/P/Q/S/V) individually (Table 2-2). With this system, I can determine 
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the localisation of all Pdu proteins and verify whether these Pdu proteins are colocalised using 

live-cell confocal microscopy. To survey if shell proteins are colocalised, I will use the 

combinations of structure proteins (tagged with mCherry) and PduA (tagged with sfGFP); to 

test if the internal enzymes are colocalised, I will use the combinations of catalytic components 

(tagged with mCherry) and PduE (tagged with sfGFP); to check if the shell proteins are 

colocalised with internal enzymes, I will use the combinations of structural components 

(tagged with mCherry) and PduE (tagged with sfGFP). 

 

Figure 4-1. A system to investigate the Pdu MCP biogenesis. (A) pdu operon encodes 

structural genes (pduABB’JKMNTU) and catalytic genes (pduCDELPQW for 1,2-PD 

degradation and pduGHOSX for B12 recycling) in the chromosome of Salmonella enterica 

serovar Typhimurium LT2. (B) The Pdu MCP shell encapsulates key enzymes that are 

required for 1,2-PD metabolism. (C) All Pdu proteins are visible by dual-labelled with 

fluorescent proteins (mCherry and super-folder GFP). Two series of vectors were constructed: 

Label PduA (a major shell protein) with sfGFP, and label other structural components or PduE 

(a major enzymatic component) with mCherry; Label PduE with sfGFP, and label structural 

components or other catalytic components with mCherry. (D) The presence of 1,2-propanediol 

(1,2-PD) is required for visualization of Pdu BMCs. The fluorescence images show WT LT2 

carrying pBAD-PduE-mCherry/PduA-sfGFP grown in microcompartment-inducing media 

(MIM), in the presence (+1,2-PD) or absence (-1,2-PD) of 1,2-PD. 
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To achieve the optimised condition for protein expression and fluorescence imaging, I tested 

the fluorescence signal of PduA-sfGFP at various L-arabinose (the inducer of ParaBAD) 

concentrations in microcompartment-inducing media (MIM) (Figure 4-2). I found in the 

absence or very low concentration (0.00002%, g/mL) of L-arabinose, PduA-sfGFP showed 

typical discrete intracellular patches of Pdu MCP as observed previously (Yang et al., 2020). 

In contrast, higher concentrations of L-arabinose resulted in the formation of large puncta, 

which indicates that induced high expression levels of fluorescently tagged Pdu proteins can 

either aggregate to inclusion bodies or interfere with the assembly of the Pdu MCP. Thus, the 

absence of L-arabinose was selected for live-cell imaging in this study. 

 

 

Figure 4-2. Fluorescence images show WT LT2 carryingpBAD-pduA-sfGFP grown in 

MIM+1,2-PD media at various arabinose concentrations (g∙mL-1) in MIM. In the absence 

or very low concentration (0.00002%, g/mL) of L-arabinose, PduA-sfGFP showed typical 

discrete intracellular patches of Pdu MCP. 

 

Growth of S. Typhimurium LT2 in the absence of 1,2-PD does not stimulate Pdu BMC 

formation (Bobik et al., 1999; Yang et al., 2020). In the experimental model here, growth in 

minimal media that lacked 1,2-PD (MIM-1,2-PD) allowed the visualization of expressed Pdu 

proteins diffused throughout the cytosol, confirming no formation of Pdu BMCs (Figures 4-1D 

and 4-3). Growth in the presence of 1,2-PD induced the expression of endogenous Pdu 

proteins and the formation of Pdu BMCs with a typical clustered distribution, as indicated by 
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in vivo colocalization of PduE-mCherry (cargo) and PduA-sfGFP (shell) fluorescence (Figure 

4-1D). This system and the generated S. Typhimurium LT2 mutant strains provided an ideal 

platform to explore the assembly and roles of individual Pdu proteins during Pdu BMC 

biogenesis 

 

Figure 4-3. Fluorescence imaging shows the absence of Pdu MCPs (without 1,2-PD).  
Fluorescence images show WT LT2 carrying pBAD (expressing fluorescently tagged Pdu 
proteins) grown in MIM-1,2-PD media. Green represents the fluorescence of Pdu proteins 
tagged with sfGFP, red represents the fluorescence of proteins tagged with mCherry. 
 

 

Figure 4-4. Fluorescence imaging shows the presence of Pdu MCPs (with 1,2-PD). 
Fluorescence images show WT LT2 carrying pBAD (expressing fluorescently tagged Pdu 
proteins) grown in MIM+1,2-PD media. Green represents the fluorescence of Pdu proteins 
tagged with sfGFP; red represents the fluorescence of proteins tagged with mCherry. 
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4.2.2 Roles of shell proteins during Pdu MCP biogenesis 

To characterise the roles of individual shell proteins during the Pdu MCP assembly process, I 

generated a series of mutants with the deletion of genes encoding shell proteins (ΔpduA, 

ΔpduB1-37, ΔpduB’, ΔpduJ, ΔpduK, ΔpduM, and ΔpduN, Figures 4-5A and 4-6A).  

 

Figure 4-5. PCR-based confirmation of S. Typhimurium LT2 gene deletion mutants. (A) 

and (B) correspond to shell and catalytic gene deletion, respectively. The size (bp) of the PCR 

products were indicated (yellow). No band was detected in two WT strain due to the expected 

size (red) is too big to amplify. 

 

PduE-mCherry/PduA-sfGFP was transformed into these knockout mutants to indicate the 

assembly of cargoes and shell proteins during the biosynthesis of Pdu MCPs induced by 1,2-

PD, except for the ΔpduA strain that was transformed with PduE-mCherry/PduJ-sfGFP (Figure 

4-6B). The colocalisation of cargo and shell proteins (indicated by mCherry and sfGFP  signals) 

was further quantified by determining the Pearson’s R and representative scatterplot (Figures 

4-6C, 4-7) (Bolte and Cordelières, 2006). The values of Pearson’s R close to 1 reflect reliable 

colocalisation, while values near zero indicate distributions of fluorescence uncorrelated with 

one other (Dunn et al., 2011). 
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Figure 4-6. Role of pdu shell gene products during Pdu MCP biogenesis. (A) Related 

shell genes were highlighted in pdu operon. (B) PduA-sfGFP (green, PduJ-sfGFP for ΔpduA) 

and PduE-mCherry (red) were visualised in WT and individual shell gene deletion mutants in 

the presence of 1,2-PD. (C) Colocalisation analysis of sfGFP and mCherry fluorescence in the 

strains in (B). Pearson’s R close to 1 reflects reliable colocalisation, while values near zero 

indicate distributions of fluorescence uncorrelated with one other. Shell (PduA) and cargo 

(PduE) were colocalized in all strains except the ΔpduB1-37 and ΔpduM mutants.  The 

Pearson’s R values for all strains are: 0.78 ± 0.07 (WT); 0.68 ± 0.02 (ΔpduA); -0.04 ± 0.12 

(ΔpduB); 0.78 ± 0.08 (ΔpduB’); 0.88 ± 0.07 (ΔpduJ); 0.86 ± 0.07 (ΔpduK); 0.42 ± 0.19 (ΔpduM); 

0.66 ± 0.14 (ΔpduN). Data are represented as mean ± SD. Boxplot center lines correspond to 

the median value; upper and lower whiskers extend from the box to the largest or smallest 

value correspondingly, but no more than 1.5 times the interquartile range; mean values show 

as the square symbol. n=20, n represents the number of cells. (D) Growth assay (OD600) of 

WT and shell gene deletion mutants in minimum medium (supplemented with 0.6% 1,2-PD; 

0.3 mM each of valine, isoleucine, leucine, and threonine; 50 μM ferric citrate; and 20 nM CN-

B12). 
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Figure 4-7. Representative scatterplots of colocalisation analysis of Figure 4-6B. 
Scatterplots are generated by plotting the intensity value of each pixel of mCherrry along the 
x-axis and the intensity value of the same pixel location of sfGFP on the y-axis using Coloc2 
plugins in ImageJ. The scatterplots describe the relationship between the fluorescent signals. 
If the dots on the diagram appearing as a cloud clustered on a line indicates a strong 
colocalisation, and the Pearson’s R is close to 1 in this case. If the scattered distributions of 
the pixels close to both axes indicate a mutual exclusion, and the Pearson’s R is near zero. 
 

As a control, PduE-mCherry/PduA-sfGFP in the WT cells showed typical discrete patches of 

Pdu MCP, in which the shell and cargo proteins are colocalised (Pearson’s R = 0.78 ± 0.07, 

Figure 4-6C). Correlation between PduE-mCherry and PduA-sfGFP were also observed in the 

ΔpduA, ΔpduB’ (the start codon of PduB’ was replaced by GCT), ΔpduJ, ΔpduK and ΔpduN 

strains (Figure 4-6B and 6C). The Pdu BMC assemblies in the ΔpduA and ΔpduB’ cells 

possessed a similar distribution to that seen in the WT background. Deletion of the most 

abundant hexameric shell protein, PduJ, resulted in polar aggregates and occasionally 

elongated structures, confirming that PduJ is required for both shell encapsulation and Pdu 

BMC formation (Cheng et al., 2011).Elongated Pdu MCP structures were observed in ΔpduN, 

verifying that PduN is the pentameric vertex protein (Wheatley et al., 2013). In the absence of 

PduK, Pdu MCPs aggregated at the cell pole implying a role for PduK in the spatial localization 

of Pdu BMCs (see detailed analysis below). 
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In the ΔpduB1-37 strain, in contrast, PduE assembled to form a large aggregate at one of the 

cell poles,, whereas PduA formed several assemblies in the cytosol (Figure 4-6B and 6C), 

explicitly revealing that the assembly of shell and cargo proteins were spatially separated. In 

ΔpduM, PduE was also observed as a polar aggregate but features a relatively higher level of 

colocalization with PduA compared with that in ΔpduB1-37  (Figure 4-6B and 6C). These 

observations suggest that PduB1-37 and PduM may play roles in correlating assembly between 

the shell and cargo proteins of Pdu BMCs.  

 

Growth assay was conducted on WT and all mutant strains at a limiting level of B12. Mutants 

unable to form Pdu MCPs show a phenotype of faster growth rate than the WT, which results 

from a shell defect (Cheng et al., 2011; Havemann et al., 2002). This is because the shell of 

the Pdu MCP acts as a barrier to regulate the influx/efflux of substrates and cofactors 

(Chowdhury et al., 2014). When the shell is absent, enzymatic activities increase because of 

elevated substrate availability (Chowdhury et al., 2014). Growth studies showed that ΔpduA 

and ΔpduB’ exhibited increased growth rates in the presence of 1,2-PD at the limiting levels 

of vitamin B12 (Figure 4-6D), reflecting the altered semi-permeability of a remodelled shell of 

the Pdu MCP (Cheng et al., 2011). Among all mutants, ΔpduB1-37 showed the highest growth 

rate, and ΔpduM ranked in second place, which is consistent with the confocal observation 

that the separated assembly of shell and cargo proteinsin these two strains. ΔpduJ and ΔpduN 

also showed increased growth rates at the limiting level of vitamin B12. By contrast, the growth 

rate of ΔpduK strain is comparable to that of WT, indicating an intact shell of the Pdu MCP 

(Cheng et al., 2011).  

 

4.2.3 The N-terminus of PduB links the enzymatic core to the shell 

 Results in 4.2.3 revealed that in the absence of the PduB N-terminus, the shell protein PduA 

and the cargo PduE were spatially disassociated and each of them self-assembled to form 

one or several aggregates (Figure 4-6). To understand the composition of these protein 
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assemblies, I studied the localization of individual Pdu proteins in the ΔpduB1-37 strain. The 

individual catalytic component was tagged with mCherry in the PduE-sfGFP/ΔpduB1-37 

background (Figure 4-8A and 8B). When Pdu BMC expression was not stimulated (in the 

absence of 1,2-PD), PduE, G, L, and Q distributed evenly throughout the cytoplasm (Figure 

4-8B). In contrast, PduO aggregated at the cell pole; PduP was located in both the cytoplasm 

and cell pore, reflecting that PduO and PduP self-aggregated or were insoluble. I also 

examined the distribution of the multi-protein enzyme complexes PduCDE and PduGH. 

PduCDE formed a polar aggregate, indicating PduCDE is insoluble (Figure 4-8C); whereas a 

dispersed signal was observed for PduGH, similar to PduG subunit (Figure 4-8B). By contrast, 

in the presence of Pdu MCPs induced by 1,2-PD, PduG, L, O, P, and Q colocalised with PduE 

at the cell poles (Figures 4-8B, 8D and 4-9), which reflects the formation of enzymatic core in 

the ΔpduB1-37 strain. The signal for the minor components PduS and PduV was weak due to 

their low expression levels and partial distribution in the cytoplasm (Figure 4-10A), which also 

appeared in the WT strain (Figure 4-4). Colocalisation analysis suggested that PduS and PduV 

may not colocalise with PduE (Pearson’s R= 0.04 ± 0.02 and 0.06 ± 0.02, Figure 4-10A), likely 

due to their interactions with the shell (Parsons et al., 2010a; Parsons et al., 2010b). 
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Figure 4-8. Enzymatic core forms a polar aggregation in the absence of PduB1-37. (A) 

Related catalytic genes were highlighted in pdu operon. (B) PduE-sfGFP (green) and mCherry 

(red, label different catalytic components) were visualised in ΔpduB1-37 in the absence and 

presence of 1,2-PD. (C) The localisation of Pdu proteins with multiple subunits, PduCDE and 

PduGH, were characterised in absence of 1,2-PD. (D) Colocalisation analysis of sfGFP and 

mCherry fluorescence in the strains in (B). Catalytic components (PduE, G, L, O, P, Q) are 

colocalised, forming a polar aggregate. The Pearson’s R values for all the strains are: 0.68 ± 

0.07 (G/E-); 0.53 ± 0.04 (L/E-); 0.01 ± 0.09 (O/E-); 0.28 ± 0.17 (P/E-); 0.70 ± 0.10 (Q/E-); 0.90 

± 0.08 (G/E+); 0.87 ± 0.07 (L/E+); 0.91 ± 0.08 (O/E+); 0.91 ± 0.05 (P/E+); 0.91 ± 0.10 (Q/E+). 

Data are represented as mean ± SD. n=20, n represents the number of cells. Note: the first 

capital letter of the name is the name of the Pdu protein tagged with mCherry and the second 

capital letter of the name is the name of the Pdu protein tagged with sfGFP. ‘+’ and ‘-’ 

represents in presence and in absence of 1,2-PD, respectively. For example: ‘GE+’ stands for 

PduG-mCherry/PduE-sfGFP in presence of 1,2-PD. 

 



Chapter four: Biogenesis of 1,2-propanediol-utilisation microcompartments in Salmonella 

 
97 

 

 

Figure 4-9. Representative scatterplot of colocalisation analysis of Figure 4-8B in 
ΔpduB1-37 in the absence and presence of 1,2-PD. Scatterplots are generated by plotting 
the intensity value of each pixel of mCherry along the x-axis and the intensity value of the 
same pixel location of sfGFP on the y-axis using Coloc2 plugins in ImageJ. The scatterplots 
describe the relationship between the fluorescent signals. If the dots on the diagram appear 
as a cloud clustered on a line, it indicates a strong colocalization and the Pearson’s R is close 
to 1. If the scattered distribution of the pixels is close to both axes, it indicates a mutual 
exclusion and the Pearson’s R is near zero. Note: the first capital letter of the name is the 
name of the Pdu protein tagged with mCherry and the second capital letter of the name is the 
name of the Pdu protein tagged with sfGFP. ‘+’ and ‘-’ represents in presence and absence of 
1,2-PD, respectively. For example: ‘G/E+’ stands for PduG-mCherry/PduE-sfGFP in presence 
of 1,2-PD. 

 

Figure 4-10. Localisation of minor Pdu proteins. (A) Fluorescence imaging on ΔpduB1-37 

expressing PduS-mCherry/PduE-sfGFP and PduV-mCherry/PduE-sfGFP (grown in MIM+1,2-
PD media), and scatterplots of colocalisation analysis. (B) Fluorescence imaging on ΔpduB1-

37 expressing minor shell proteins (PduN, T and U) tagged with mCherry and PduE-sfGFP or 
PduA-sfGFP (grown in MIM+1,2-PD media), and scatterplots of colocalisation analysis. Scale 
bar: 2 μm. 
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To determine the localisation of shell proteins, individual shell components were labelled with 

mCherry in both PduE-sfGFP/ΔpduB1-37 and PduA-sfGFP /ΔpduB1-37 backgrounds (Figure 4-

11A and 11B). In the presence of 1,2-PD, PduB’, J, and K exhibited patchy distribution and 

were colocalised with the shell protein PduA but were not colocalised with PduE that 

represents the enzymatic core (Figures 4-11C and 4-12). Along with the patchy distribution, 

other minor shell components, PduN, T, and U, have a propensity to diffuse throughout the 

cytosol, and likely colocalised with PduA (Figure 4-10B). These findings suggest that the self-

assembly of shell protein associations of the Pdu MCP in the ΔpduB1-37 strain, consistent with 

previous observations (Lehman et al., 2017). In contract, the minor shell protein PduM formed 

large puncta at the cell poles and colocalised with PduE (Figure 4-11B), indicating an 

interaction between PduM and the enzymatic core, and this will be discussed in the next part. 

Thin-section EM confirmed the fluorescence observations in which the enzymatic core forms 

a polar aggregate and shell proteins assemble to several empty shell structures in ΔpduB1-37 

(Figure 4-11D). The formation of an enzymatic core without the encapsulation of the shell that 

acts as a barrier to B12 also explained the increased growth rate of the ΔpduB1-37 strain in B12-

limiting environment, compared to that of the WT strain (Figure 4-6). 
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Figure 4-11. The N-terminus of the PduB binds the Pdu MCP shell to its enzymatic core. 

(A) Related shell and catalytic genes were highlighted in pdu operon. (B) PduE-sfGFP (green) 

or PduA-sfGFP (green) and mCherry (red, label different structural components) were 

visualised in ΔpduB1-37 in presence of 1,2-PD. (C) Colocalisation analysis of sfGFP and 

mCherry fluorescence in the strains in (B). Structure components (PduB’, J, K) colocalised 

with PduA (shell), but not colocalised with PduE (cargo). While PduM, a structural component 

colocalised with PduE. The Pearson’s R values for all the strains are: -0.05 ± 0.12 (B’/E); 0.72 

± 0.14 (B’/A); 0.05 ± 0.10 (J/E); 0.77 ± 0.12 (J/A); -0.05 ± 0.10 (K/E); 0.75 ± 0.08 (K/A); 0.84 ± 

0.09 (M/E); 0.08 ± 0.10 (M/A). Data are represented as mean ± SD. n=20, n represents the 

number of cells. Note: the first capital letter of the name is the name of the Pdu protein tagged 

with mCherry and the second capital letter of the name is the name of the Pdu protein tagged 

with sfGFP. For example: ‘JE’ stands for PduJ-mCherry/PduE-sfGFP. (D) Microscopic 

characterisation of ΔpduB1-37 strain showing a polar enzymatic core and several empty shell 

structures (yellow arrows). Top, confocal image of the pBAD-PduK-mCherry/PduE-sfGFP 

transformed into ΔpduB1-37 strain. Bottom, EM image of the ΔpduB1-37 strain. 
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Figure 4-12. Representative scatterplots of colocalisation analysis of Figure 4-11B in 

ΔpduB1-37 in the presence of 1,2-PD. Scatterplots are generated by plotting the intensity 

value of each pixel of mCherry along the x-axis and the intensity value of the same pixel 

location of sfGFP on the y-axis using Coloc2 plugins in ImageJ. The scatterplots describe the 

relationship between the fluorescent signals. If the dots on the diagram appear as a cloud 

clustered on a line, it indicates a strong colocalization and the Pearson’s R is close to 1. If the 

scattered distribution of the pixels is close to both axes, it indicates a mutual exclusion and 

the Pearson’s R is near zero. 

 

I detected the spatial separation of the assembly of shell proteins and cargoes in the ΔpduB1-

37 cells (Figures 4-8 and 4-11); on the contrary, the absence of PduB’ had no major effects on 

the shell-cargo association (Figure 4-13). These findings pinpointed the importance of the 

PduB N-terminus itself in the physical binding between shell and cargo proteins. 

Complementary experiments by expressing PduB (M38A) in the ΔpduB1-37 strain (ΔpduB1-

37/pXG10-pduB) showed the recovery of Pdu MCP formation (Figure 4-14A), as evidenced by 

colocalisation analysis (Pearson’s R = 0.85 ± 0.04, Figure 4-14B), thin-section TEM, and 

growth assay (Figure 4-14C and 14D). These results demonstrate the defective formation of 

an enzymatic core and several empty shells is caused by loss of PduB1-37. Interestingly, I found 

that overexpression of PduBB’ in the ΔpduB1-37 strain (ΔpduB1-37/pXG10-pduBB’) formed 

elongated structures (Figure 4-14A), and showed a faster growth rate than the WT and 

ΔpduB1-37/pXG10-pduB, indicating that a specific amount of PduBB’ is required for proper 

assembly of the Pdu MCP.  



Chapter four: Biogenesis of 1,2-propanediol-utilisation microcompartments in Salmonella 

 
101 

 

Taken together, these data demonstrate that the Pdu shell and cargo proteins have the 

intrinsic tendency to self-assemble to form shell-like structures and the enzymatic core, 

independently. Moreover, PduB1-37 serves as a linker peptide that acts as a bridge between 

the enzymatic core and shell assemblies, playing an essential role in the biogenesis of Pdu 

BMCs. 

 

Figure 4-13. PduB’ is not required for Pdu MCP formation. Fluorescence imaging and 
scatterplots of colocalisation analysis show presence of Pdu MCPs in ΔpduB’ grown in 
MIM+1,2-PD media. Green represents the fluorescence of Pdu proteins tagged with sfGFP; 
red represents the fluorescence of proteins tagged with mCherry. Scatterplots are generated 
by plotting the intensity value of each pixel of mCherry along the x-axis and the intensity value 
of the same pixel location of sfGFP on the y-axis using Coloc2 plugins in ImageJ. 
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Figure 4-14. Complementation of PduB. (A) Fluorescence imaging (PduA-sfGFP/PduE-

mCherry) on WT, ΔpduB1-37, ΔpduB1-37 strain expressing PduB-M38A from pXG10 plasmid 

(ΔpduB1-37/pXG10-pduB), and ΔpduB1-37 strain expressing PduBB’ from pXG10 plasmid 

(ΔpduB1-37/pXG10-pduBB’) grown in MIM+1,2-PD media. (B) Scatterplots of colocalisation 

analysis on the fluorescence in ΔpduB1-37/pXG10-pduB and ΔpduB1-37/pXG10-pduBB’ grown 

in MIM+1,2-PD media. (C) EM of WT and ΔpduB1-37/pXG10-pduB grown in MIM+1,2-PD 

media. The Pdu MCP structures are indicated with yellow allows. (D) Growth assay on WT, 

ΔpduB1-37, ΔpduB1-37/pXG10-pduB and ΔpduB1-37/pXG10-pduBB’ in minimum medium 

(supplemented with 0.6% 1,2-PD; 0.3 mM each of valine, isoleucine, leucine, and threonine; 

50 μM ferric citrate; and 20 nM CN-B12). 
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4.2.4 PduM plays a role in the binding between shell and enzyme core and shell 

formation 

My results showed that when the Pdu BMC shell-cargo association is impeded by the absence 

of PduB1-37, PduM formed large puncta at the cell pole and colocalized with PduE but not with 

PduA (Fig. 3F and 3G). This suggests a strong interaction between PduM and cargo enzymes 

within the enzymatic core, and no significant association between PduM and shell assemblies. 

To further study the role of PduM, I detected the assembly of both structural and catalytic Pdu 

proteins in the ΔpduM background (Figure 4-15A and 15B). Colocalisation analysis revealed 

that PduG, O, P, and Q aggregated with PduE, whereas shell proteins PduB, B’, J and K 

assembled together with PduA (Figures 4-15B, 15C, and 4-16). Combined with the 

observation of PduE-mCherry/PduA-sfGFP in ΔpduM (Figure 4-6B), the less colocalisation of 

shell and cargo (Pearson’s R= 0.42 ± 0.19, Figure 4-6C) indicates that the role of PduM is 

similar to that of PduB1-37 in the cargo and shell binding, but relatively weaker (Pearson’s R= 

-0.04 ± 0.12 in ΔpduB1-37). Although the shell proteins (PduA/B/B’/J/K) are colocalised in 

ΔpduM, some form elongated and enlarged structures (Figure 4-15B), indicating PduM is 

required for the proper assembly of the Pdu MCP shell. Thin-section EM verified these 

abnormal structures and the formation of polar aggregates (Figure 4-15D). These results 

indicate that PduB1-37 and PduM play similar roles in mediating the shell-cargo assembly. In 

addition, in the absence of PduM, both PduB and PduB’ colocalized with PduA in the resulting 

shell assemblies, suggesting that PduM sits between PduB1-37 and cargo enzymes to promote 

the shell-cargo binding. However, the function of PduM in the shell-cargo assembly appears 

less significant, as the Pearson’s R was higher in the absence of PduM (ΔpduM) than that in 

the absence of PduB N-terminus (ΔpduB1-37) (Figure 4-6C). 
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Figure 4-15. PduM plays a role in shell and enzyme core binding. (A) Related shell and 

catalytic genes were highlighted in pdu operon. (B) PduE-sfGFP (green) and mCherry (red, 

label different catalytic components), and PduA-sfGFP (green) and mCherry (red, label 

different structural components) were visualised in ΔpduM grown in MIM+1,2-PD media. (C) 

Colocalisation analysis of sfGFP and mCherry fluorescence in the strains in (B). Structure 

components (PduB, B’, J, K) colocalised with PduA (shell), and catalytic components (PduG, 

O, P, Q) colocalised with PduE (cargo). The Pearson’s R values for all the strains are: 0.83 ± 

0.10 (G/E); 0.78 ± 0.14 (O/E); 0.89 ± 0.07 (P/E); 0.84 ± 0.08 (Q/E); 0.78 ± 0.13 (B/A); 0.81 ± 

0.12 (B’/A); 0.86 ± 0.10 (J/A); 0.80 ± 0.09 (K/A). Data are represented as mean ± SD. n=20, n 

represents the number of cells. Note: the first capital letter of the name is the name of the Pdu 

protein tagged with mCherry and the second capital letter of the name is the name of the Pdu 

protein tagged with sfGFP. For example: ‘GE’ stands for PduG-mCherry/PduE-sfGFP. (D) EM 

of the ΔpduM strain showing a polar enzymatic core and various shapes of the shell structure 

(yellow arrows). 
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Figure 4-16. Representative scatterplots of colocalisation analysis of Figure 4-15B in 

ΔpduM in presence of 1,2-PD. Scatterplots are generated by plotting the intensity value of 

each pixel of mCherry along the x-axis and the intensity value of the same pixel location of 

sfGFP on the y-axis using Coloc2 plugins in ImageJ. The scatterplots describe the relationship 

between the fluorescent signals. If the dots on the diagram appear as a cloud clustered on a 

line, it indicates a strong colocalization and the Pearson’s R is close to 1. If the scattered 

distribution of the pixels is close to both axes, it indicates a mutual exclusion and the Pearson’s 

R is near zero. 

 

Expressing PduM using the pXG10 plasmid in the ΔpduM strain could partially rescue the 

assembly of the Pdu MCP (Figure 4-17A), reflected by a stronger colocalisation (Pearson’s 

R= 0.78 ± 0.07, Figure 4-17B) and a slower growth rate than ΔpduM (Figure 4-17D). 

Interestingly, the aberrant structures still existed (Figure 4-17C), which may be ascribed to a 

high expression level of PduM, as only a small amount of PduM (equal to that of the vertex 

protein PduN) is required for the assembly of the Pdu MCP (Yang et al., 2020). Previous study 

also proposed that a consistent amount of PduM is required for proper Pdu MCPs formation 

(Sinha et al., 2012). Structural prediction showed that PduM processed an ordered protein 

sequence (Figure 4-18A), though this sequence lacks identifiable motifs (Sinha et al., 2012). 

These results raise the possibility that PduM represents a novel class of structural proteins. 
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Figure 4-17. Complementation of PduM. (A) Fluorescence imaging (PduA-sfGFP/PduE-

mCherry) on ΔpduM, and ΔpduM strain expressing PduM from pXG10 plasmid 

(ΔpduM/pXG10-pduM) grown in MIM+1,2-PD media. (B) Scatterplots of colocalisation 

analysis on the fluorescence in ΔpduM/pXG10-pduM grown in MIM+1,2-PD media. (C) EM of 

ΔpduM/pXG10-pduM grown in MIM+1,2-PD media. The Pdu MCP structures are indicated 

with yellow arrows. (D) Growth assay on WT, ΔpduM, and ΔpduM/pXG10-pduM in minimum 

medium (supplemented with 0.6% 1,2-PD; 0.3 mM each of valine, isoleucine, leucine, and 

threonine; 50 μM ferric citrate; and 20 nM CN-B12). 
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Figure 4-18. Structure prediction of PduM (A) and PduK (B). The structures of PduM and 

PduK were predicted by the I-TASSER server (Roy et al., 2010). The shown structure is the 

predicted model with the highest score. The disordered score was calculated with PONDR-

FIT (Xue et al., 2010). 

 

4.2.5 PduK is vital for the distribution of Pdu MCPs 

PduK is another minor shell protein within the Pdu BMC (Yang et al., 2020). The N-terminal 

region of PduK has a high sequence similarity to the hexameric shell protein PduA, and the 

C-terminal extension of PduK has an unknown function (Figure 4-18B). In the absence of 

PduK, Pdu BMCs were restricted to the cell poles (Figure 4-6B), suggesting that PduK is 

essential for the spatial localization of Pdu BMCs.  

 

To investigate the role of PduK in shell formation, I monitored the assembly of Pdu proteins in 

the ΔpduB1-37/ΔpduK mutant (Figure 4-19A and 19B). The major shell proteins PduB’ and 

PduJ colocalised with PduA to form assemblies at the cell poles (Figures 4-19B, 19C and 4-

20). PduB’ was observed to weakly colocalise with PduA (Pearson’s R= 0.63 ± 0.14) due to a 

certain level of cytoplasm distribution, which also appeared in the WT strain (Figure 4-4). This 

is likely ascribed to the fact that a portion of PduBB’ could not be integrated into the Pdu MCP 

structure as revealed previously (Yang et al., 2020). The distribution of cargoes in ΔpduB1-

37/ΔpduK was comparable to that in ΔpduB1-37 as expected: PduG, L, O, P, and Q assembled 

to a discrete point at the end of cells and colocalised with PduE (Figure 4-19B and 19C), 
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indicating that PduK is not involved in the assembly of the enzymatic core. Interestingly, I 

observed that PduA/PduE and PduA/PduM were prone to aggregate at different positions: 

either in both cell poles or in the same pole but not perfectly colocalised (Figure 4-19B), 

suggesting that the shell and cargo of the Pdu MCP assemble independently at cell poles. I 

also found that expression of PduK-mCherry could complement the distribution of the empty 

shell of the Pdu MCP (Figure 4-19B), indicating that C-terminus labelling to PduK did not affect 

its function. Consistent with fluorescence results, thin-section EM showed polar aggregations 

in the ΔpduK strain (Figure 4-19D). Complementary experiment showed that expressing PduK 

from pXG10 plasmid in ΔpduK strain rescued the distribution of Pdu MCPs, and the growth 

rate remained similar but slightly slower to that of WT (Figure 4-21).  

 

Collectively, these data demonstrate that the assembly of Pdu BMC shell proteins and cargoes 

occur independently in vivo, and indicated that PduK is important for the assembly and 

subcellular distribution of both shell assemblies and entire Pdu BMCs. 
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Figure 4-19. PduK is vital for the distribution of the Pdu MCP. (A) Related shell and 

catalytic genes were highlighted in pdu operon. (B) PduA-sfGFP (green) and mCherry (red, 

label PduE and different structural components), and PduE-sfGFP (green) and mCherry (red, 

label different catalytic components), were visualised in ΔpduB1-37-ΔpduK strain grown in 

MIM+1,2-PD media. (C) Colocalisation analysis of sfGFP and mCherry fluorescence in the 

strains in (B). Structure components (PduJ, K) colocalised with PduA (shell), and catalytic 

components (PduG, L, O, P, Q) colocalised with PduE (cargo). PduE and PduM were partially 

not colocalised with PduA. The Pearson’s R values for all the strains are: 0.60 ± 0.14 (E/A); 

0.63 ± 0.15 (B’/A); 0.96 ± 0.02 (J/A); 0.83 ± 0.08 (K/A); 0.66 ± 0.16 (M/A); 0.94 ± 0.05 (G/E); 

0.86 ± 0.07 (L/E); 0.89 ± 0.05 (O/E); 0.93 ± 0.04 (P/E); 0.92 ± 0.07 (Q/E).  Data are represented 

as mean ± SD. n=20, n represents the number of cells. Note: the first capital letter of the name 

is the name of the Pdu protein tagged with mCherry and the second capital letter of the name 

is the name of the Pdu protein tagged with sfGFP. For example: ‘EA’ stands for PduE-

mCherry/PduA-sfGFP. (D) Microscopic characterisation of ΔpduK strain showing polar 

aggregates of Pdu proteins. Top, confocal image of the pBAD-PduE-mCherry/PduA-sfGFP 

transformed into ΔpduK strain. Bottom, EM image of the ΔpduK strain. 
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Figure 4-20. Representative scatterplots of colocalisation analysis of Figure 4-19B in 
ΔpduB1-37-ΔpduK strain in the presence of 1,2-PD. Scatterplots are generated by plotting 
the intensity value of each pixel of mCherry along the x-axis and the intensity value of the 
same pixel location of sfGFP on the y-axis using Coloc2 plugins in ImageJ. The scatterplots 
describe the relationship between the fluorescent signals. If the dots on the diagram appear 
as a cloud clustered on a line, it indicates a strong colocalization and the Pearson’s R is close 
to 1. If the scattered distribution of the pixels is close to both axes, it indicates a mutual 
exclusion and the Pearson’s R is near zero. 

 

Figure 4-21. Complementation of PduK. (A) Fluorescence imaging (PduA-sfGFP/PduE-
mCherry) on ΔpduK, and ΔpduK strain expressing PduK from pXG10 plasmid (ΔpduK/pXG10-
pduK) grown in MIM+1,2-PD media. (B) Scatterplots of colocalisation analysis on the 
fluorescence in ΔpduK/pXG10-pduK grown in MIM+1,2-PD media. (C) EM of ΔpduK/pXG10-
pduK grown in MIM+1,2-PD media. The Pdu MCP structures are indicated with yellow arrows. 
(D) Growth assay on WT, ΔpduK, and ΔpduK/pXG10-pduK in minimum medium 
(supplemented with 0.6% 1,2-PD; 0.3 mM each of valine, isoleucine, leucine, and threonine; 
50 μM ferric citrate; and 20 nM CN-B12). 
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4.2.6 PduCDE mediates the encapsulation and assembly of PduGH and PduQ 

Figure 4-8B revealed that soluble internal enzymes (PduGH/L/Q) assembled to enzymatic 

core when PduB1-37 was deleted, indicating the interactions among internal enzymes. The 

assembly mechanism of these enzymes was further investigated by visualizing their 

localisation after removing the major enzyme PduCDE and minor enzymes PduOPQS 

respectively in the ΔpduB1-37 background (Figure 4-22A). Without the PduCDE association, 

PduE alone was evenly distributed in the cytoplasm (Figure 4-22B), in agreement with 

previous studies, showing that PduD N-terminus is key to direct PduCDE to the lumen of Pdu 

MCP (Fan and Bobik, 2011); PduG and PduQ formed large puncta with partial cytoplasm 

distribution, unlike the typical MCP signal; PduL could still assemble to several aggregates in 

most cells, probably due to the fact that PduL itself has an N-terminus targeting peptide (Liu 

et al., 2015). Removal of both PduB1-37 and PduCDE resulted in the cytoplasmic distribution of 

PduG and PduQ, which is distinct from the polar aggregate in ΔpduB1-37 strain (Figure 4-8B), 

whereas the assembly of PduL was not affected (Figure 4-22C). These results show that the 

major internal enzyme PduCDE is required for proper encapsulation of PduGH and PduQ. On 

the contrary, the deletion of PduOPQS does not affect the encapsulation of PduCDE, PduGH, 

and PduL (Figure 4-22D). PduG and PduL still formed a polar aggregate after removal of both 

PduB1-37 and PduOPQS (Figure 4-22E), indicating that the assembly of PduG and PduL is not 

related to PduOPQS. Taken together, the results here demonstrate PduCDE but not 

PduOPQS mediates the assembly of PduGH and PduQ. 
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Figure 4-22. Interactions among internal enzymes. (A) Related catalytic genes were 

highlighted in pdu operon. (B) and (C) PduE-sfGFP (green) and mCherry (red, label different 

internal enzymes) were visualised in ΔpduCDE (B) and ΔpduB1-37/ΔpduCDE (C) grown in 

MIM+1,2-PD media. (D) and (E) PduE-sfGFP (green) and mCherry (red, label different internal 

enzymes) were visualised in ΔpduOPQS (D) and ΔpduB1-37/ΔpduOPQS (E) grown in 

MIM+1,2-PD media. 

 

4.2.7 The Pdu MCP undertakes a concomitant assembly pathway 

Next, I investigated the biogenesis of Pdu MCPs in the strains that express either PduE-

mCherry/PduA-sfGFP or PduJ-mCherry/PduE-sfGFP after inducing the expression of the pdu 

operon. Two hybrids of shell and cargo tagged with mCherry and sfGFP were used for cross-

validating (PduE-mCherry/PduA-sfGFP and PduJ-mCherry/PduE-sfGFP). After ~1h induction, 
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the initially evenly distributed fluorescence became a polar focus, which appeared both in shell 

and cargo proteins (Figure 4-23A). When PduA-sfGFP or PduJ-mCherry first formed an 

aggregation, it is a “shell-first” event; when PduE-mCherry or PduE-sfGFP first formed an 

aggregation, it is a “cargo-first” event. The “shell-first” events appeared roughly equal to the 

“cargo-first” events in two hybrids (n = 72 vs 71 and n = 74 vs 75, respectively). Time-lapse 

fluorescence microscopy further displayed that shell and cargo formed independently (Figure 

4-23B), which is in agreement with the above observation that shell and cargoes form 

assemblies separately (Figures 4-8 and 4-11). Moreover, I found that approximately 70.4% of 

the first Pdu MCP occurred at the less than quarter positions along the longitude axis of the 

cell (Figure 4-23C), consistent with the previous finding of β-carboxysomes (Chen et al., 2013). 

These results indicate that the Pdu MCP undertakes a concomitant assembly process in which 

shell and cargo assembly independently, and the generation of the first Pdu MCPs occurs 

preferably at the cell pole. 
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Figure 4-23. The Pdu MCP undertakes a concomitant assembly process. (A) Aggregation 

of the shell (PduA-sfGFP or PduJ-mCherry ) and cargo (PduE-sfGFP or PduE-mCherry) in 

WT strain following induction with 1,2-PD (addition of 0.6% 1,2-PD to MIM media at t=0). The 

distribution of the number of “Shell first” and “Cargo first” events in PduE-mCherry/ PduA-

sfGFP and PduJ-mCherry/ PduE-sfGFP was shown. (B) Progression of shell and cargo 

formation in WT strain with pBAD-PduJ-mCherry/PduE-sfGFP. “Shell first” and “Cargo first” 

events co-occurred 1h after addition of 1,2-PD to MIM media. (C) Histogram of the spatial 

distribution of the first Pdu MCP along the long axis of the cell. n = 81, n represents the number 

of cells. 
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4.3 Discussion 

As a family of bacterial microcompartments, Pdu MCP is self-assembled from more than ten 

thousand protein molecules for 1,2-PD degradation. Our knowledge of the biogenesis of the 

Pdu MCP is limited by the difficulties to distinguish various protein components and obtain 

high-resolution images. It has remained unclear how the large set of protein components of 

the Pdu BMC self-recognize and assembly so rapidly and efficiently to form such defined, 

functional architecture. Previous attempts using genetic, biochemical and microscopic 

analysis and synthetic biology provided fragmented knowledge about the protein components 

essential for the assembly and structures of Pdu BMCs (Cheng et al., 2011; Fan and Bobik, 

2011; Fan et al., 2010; Juodeikis et al., 2020; Kennedy et al., 2021; Lehman et al., 2017; 

Parsons et al., 2010a; Wade et al., 2019). Here, I developed experimental and analytical tools 

to systematically study the roles and hierarchical assembly of Pdu BMC proteins in the native 

host. This study provides the first insight into the defined, stepwise biogenesis pathway of 

bacterial metabolosomes. First, the Pdu cargo and shell components assembled 

independently, and then the Pdu metabolosomes formed by a combination of the “Shell first” 

and “Cargo first” assembly pathways.  

 

4.3.1 A model for the hierarchical Pdu BMC biogenesis 

The ordered assembly of protein complexes has a general significance in many intracellular 

biological systems, including β-carboxysomes (Cameron et al., 2013; Marsh et al., 2013) and 

likely the glycyl-radical enzyme-associated microcompartments (Kalnins et al., 2020). Here, a 

new model of Pdu BMC biogenesis was proposed based on the findings that successive 

protein self-assembly and hierarchical association drive the formation of higher-order 

structural intermediates and entire Pdu BMCs (Figure 4-24). The Pdu internal enzymes and 

shell proteins first self-associate independently to form cargo and shell aggregates. I found 

that shell proteins formed several assembly intermediates in the cytosol of S. Typhimurium 

LT2 cells in the absence of PduB1-37, including empty shell structures (Figure 4-11). It has 
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been suggested that PduJ, PduN, PduA, and PduB could first assemble to form scaffolding 

structures to trigger association of other shell proteins, as PduJ and PduN are essential for 

formation of the shell and Pdu BMC structures (Cheng et al., 2011), and PduA and PduB can 

form nanotube shell structures (Kennedy et al., 2021; Pang et al., 2014; Uddin et al., 2018).  

 

 

Figure 4-24. Model of the Pdu MCP assembly pathway. The Pdu internal enzymes and 

shell proteins independently self-associate to form cargo and shell aggregates, respectively, 

at the cell pole. PduB1-37 binds the shell and cargo aggregates, mainly via PduM that strongly 

binds with cargo enzymes. PduK is involved in the relocation of the assembled structural 

intermediates at the cell pole to other cellular positions, to permit the generation of additional 

Pdu BMCs. 

 

The enzymatic core of the Pdu BMC is clustered into six distinct types of enzyme complexes 

(Figure 4-24). Some internal enzymes, including PduP, PduD, and PduL, feature N-terminal 

extensions that serve as encapsulation peptides to ensure recognition and loading of internal 

enzymes (Fan and Bobik, 2011; Fan et al., 2010; Liu et al., 2015). The initial assembly of the 

main PduCDE enzyme complex may create high-affinity binding sites for cargo enzymes 

through the N-termini of PduL and PduP (Figure 4-24), to promote the ultimate formation of 

the enzymatic core near the cell poles. 

 



Chapter four: Biogenesis of 1,2-propanediol-utilisation microcompartments in Salmonella 

 
117 

 

The N-terminal short peptide of the shell protein PduB (PduB1-37) clearly plays an essential 

role in binding the enzymatic core to the shell (Figures 4-8 and 4-11), as suggested earlier 

(Lehman et al., 2017). PduB1-37 mainly interacts with the internal core through PduM; PduM in 

turn strongly binds with cargo enzymes, likely the N-terminus of PduD that serves as an 

encapsulation peptide. Both PduB1-37 and PduM play multiple roles, being important for shell-

interior interaction, shell encapsulation and full assembly of intact Pdu BMC structures, 

reminiscent of the β-carboxysome CcmM and CcmN that serve as the essential linker proteins 

to bind the shell and Rubisco matrix during β-carboxysome assembly (Cameron et al., 2013). 

The fact that orthologs of PduB1-37 were identified in about 97% of the 6165 S. enterica 

genomes that represent the broadest diversity of this disparate group of environmental and 

zoonotic bacteria (Table 4-1) suggests that the general assembly principle of Pdu 

metabolosomes will be pervasive in the Salmonella genus. 

 

Although diverse BMCs share a common shell architecture, the assembly pathways of the 

distinct types of BMCs differs (Kerfeld and Erbilgin, 2015). The biogenesis of β-carboxysomes 

adopts a “Cargo first” pathway, with the assistance of chaperones (Cameron et al., 2013; Chen 

et al., 2013; Huang et al., 2019). The assembled Rubisco enzymes first nucleate by 

interactions with CcmM to form a preorganized cargo matrix, which is then encapsulated by 

shell proteins to form the functional carboxysome. In contrast, assembly of α-carboxysomes 

may follow the “Shell first” or “concomitant shell–core assembly” pathway, as partially-formed 

α-carboxysomes have been visualized in vivo (Dai et al., 2018; Iancu et al., 2010; Menon et 

al., 2008), and empty α-carboxysome shells have been reconstituted in heterologous hosts (Li 

et al., 2020). In the present study, both pathways were visualized equally during live-cell 

confocal imaging (Figure 4-23). These results provided the first evidence that both the “Shell-

first” and “Cargo-first” assembly pathways are required in Pdu BMC biosynthesis. These 

findings are supported by the successful construction of empty Pdu BMC shells, and the fact 
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that encapsulation peptides are involved in Pdu BMC assembly (Fan and Bobik, 2011; 

Parsons et al., 2010a). 

 

Table 4-1. PduB1-37 in Salmonella species. 

Form of PduB1-37 Subspecies of Salmonellaa Number of Salmonella strains 

PduB1-37 

Typhimurium 2255 
Enteritidis 1387 

Infantis 259 
Newport 151 
Dublin 146 

Panama 302 
Agona 216 

Subtotal 5609 

PduB1-37A19S  119 

Otherb  253 

None  184 

 Grand Total 6165 
a only show the subspecies with a number >100 
b This includes peptides at the N-terminus of PduB that have >80% amino acid sequence 

identity to PduB1-37 in S. Typhimurium LT2 

 

 

4.3.2 De novo biogenesis of Pdu metabolosomes occurs at the cell poles 

I found that generation of the Pdu BMC enzyme and shell assembly intermediates generally 

occurred at a cellular pole (Figure 4-23). Consistently, the procarboxysome structures formed 

during β-carboxysome biogenesis and degradation of inactive β-carboxysomes also occur at 

the polar regions of cyanobacterial cells (Cameron et al., 2013; Hill et al., 2020). Likewise, α-

carboxysomes were observed exclusively at the cell poles of chemoautotrophs when lacking 

the capacity of functional positioning in the absence of the McdAB system (MacCready et al., 

2021). These observations suggest that the cell pole represents a universal, spatially-confined 

region for BMC biogenesis in bacterial cells.  

 

The intracellular positioning of BMCs is of physiological importance for cellular metabolism 

and equal segregation of BMCs during cell division (Savage et al., 2010). It has been proposed 

that the cytoskeletal proteins ParA (Savage et al., 2010) and McdAB (MacCready et al., 2018) 

are key for carboxysome partitioning in cyanobacteria. ParA is present in Salmonella, but it is 
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still unknown whether Salmonella has McdAB. The results shown in 4.2.5 suggest that PduK 

plays a vital role in the distribution of the Pdu MCP, as intact Pdu MCPs aggregated at the 

intercellular polar position in the absence of PduK (Figures 4-19 and 4-24), consistent with 

previous observations (Cheng et al., 2011). PduK was predicted to consist of an N-terminal 

BMC domain and a long disordered C-terminal extension (Figure 4-18B). The PduK 

component of the Pdu BMC could interact with other intracellular elements via its C-terminal 

flexible extension at the concave side facing outside of the shell, to control the spatial 

positioning and mobility of Pdu BMCs in bacterial cells.   

 

In summary, this work provides the first study of the biogenesis of catabolic bacterial 

microcompartments in vivo. The Pdu metabolosome undertakes both “Shell first” and “Cargo 

first” assembly pathways, which is different from the β-carboxysome that is assembled from 

inside out (Cameron et al., 2013). This fundamental finding of Pdu MCPs could provide 

mechanistic insight into the principles driving bacterial metabolosome assembly and stimulate 

the modulation of natural BMCs in bacterial cells and engineering of novel and functional 

BMCs in heterogeneous organisms for biotechnological applications. 
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Chapter 5 Diffusion Dynamics of Propanediol-

Utilisation Microcompartments in Salmonella 
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5.1 Introduction 

The bacterial cytoplasm is a highly dynamic and crowded environment. The intracellular 

positioning of BMCs is of physiological importance for cellular metabolism and equal 

segregation of BMCs during cell division (Savage et al., 2010). Carboxysomes were found to 

be spatially ordered and possess a confined movement in vivo (Savage et al., 2010). It has 

been proposed that the cytoskeletal proteins ParA (Savage et al., 2010), and McdA (a ParA-

type ATPase) and McdB (a novel factor that displaces McdA from the nucleoid) (MacCready 

et al., 2020a; MacCready et al., 2018) are key for carboxysome partitioning in the model 

cyanobacterium Synechococcus elongatus PCC 7942. However, it is unknown how Pdu 

MCPs are located and whether their positioning is confined in S. Typhimurium LT2. 

 

While the overall shell structure of various BMCs is largely conserved, the enzymes encased 

within BMCs differ structurally and functionally. It is of interest how cargo assemblies form and 

organise within the BMC structures. Liquid–liquid phase separation (LLPS) has emerged as a 

general mechanism that mediates the formation and organisation of protein assemblies and 

membrane-free organelles (Shin and Brangwynne, 2017). An intriguing feature of LLPS is the 

presence of intrinsically-disordered protein regions that function as linker proteins to facilitate 

cargo nucleation via multivalent weak protein-protein interactions (Alberti et al., 2019; Li et al., 

2012). Recent studies show that an intrinsically disordered protein CsoS2 is able to interact 

with and condense Rubisco, which mediates the biogenesis of α-carboxysomes (Cai et al., 

2015a; Oltrogge et al., 2020); Rubisco cargoes in β-carboxysomes form a dynamic 

condensate matrix mediated by the structurally-disordered CcmM35 (Wang et al., 2019). 

Similarly, Pdu MCPs are known to process intrinsically disordered peptides, including the N-

terminal peptides of PduD, PduP, and PduL for internal enzymes encapsulation (Fan and 

Bobik, 2011; Fan et al., 2010; Liu et al., 2015), as well as the N-terminal peptides of PduB for 

shell and cargo binding (Lehman et al., 2017). These findings led to the hypothesis that the 
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core enzymes in Pdu MCPs assemble following liquid-liquid phase separation. In addition, the 

cargo enzymes are less densely packed within Pdu MCPs, resulting in a more irregular and 

flexible overall architecture than that of the carboxysome (Yang et al., 2020).  

 

This chapter aims to investigate whether the positioning of Pdu MCPs is confined, whether 

the cargoes within Pdu MCPs possess a highly dynamic liquid-like nature and whether shell 

proteins are dynamic in the Pdu MCP. Time-lapse confocal imaging was applied on 

fluorescently tagged Pdu components in S. Typhimurium LT2 and fluorescence recovery after 

photobleaching (FRAP) on a ΔpduN mutant that produced elongated Pdu MCPs. These 

experiments enable me to survey the dynamic natures of the entire Pdu MCP, the shell and 

cargo of the Pdu MCP. The results here provided insights into the positioning and assembly 

mechanisms of Pdu MCPs. 

 

5.2 Results 

5.2.1 Diffusion dynamics of Pdu MCPs in Salmonella 

To study the Pdu MCP movement in living cells, one of the major shell proteins, PduA, was 

translationally fused with sfGFP. PCR analysis verified this result (Figure 5-1). LT2-

pduA:sfGFP cells were cultured in MIM and then visualised by confocal microscope. Figure 5-

2 showed the location of Pdu MCPs represented by the PduA:sfGFP signal, which is typical 

discrete intracellular patches of Pdu MCPs as observed previously (Yang et al., 2020).  
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Figure 5-1. PCR-based confirmation of fluorescently-labelling transductants for LT2-

pduA:sfGFP. Primers used are about 150bp upstream and downstream of the target gene 

(Table 2-3). 

 

 

Figure 5-2. Confocal characterisation of Pdu MCPs in S. Typhimurium LT2-pduA:sfGFP. 

PduA:sfGFP (green) expression shows the location of the Pdu MCP. PduA was fused with 

sfGFP at the C-terminus in the S. Typhimurium LT2 chromosome. 

 

LT2-pduA:sfGFP cells were monitored using time-lapse confocal imaging at the time interval 

of 121 msec. The movement of individual Pdu MCP was tracked and the mean velocity of the 

Pdu MCP was calculated by the tracked distance between two frames dividing by the time 

interval. The mean velocity of the Pdu MCP was determined to be 0.49 ± 0.08 µm∙s-1, 

suggesting a highly dynamic nature of the Pdu MCP in vivo. The diffusion coefficient and slope 

of the moment scaling spectrum (sMSS) of the tracked Pdu MCPs were analysed to 
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characterise the motion of Pdu MCPs. If the value of sMSS is equal to 0.5, it indicates a 

Brownian motion. When the value of sMSS is larger or smaller than 0.5, it indicates a directed 

or a confined motion, respectively (Sbalzarini, 2005; Schweizer, 2007). Figure 5-3A shows 

that the value of sMSS is smaller than 0.5; Figure 5-3B shows that the diffusion of the Pdu 

MCP is non-Brownian, indicating the motion of individual Pdu MCP is confined in S. 

Typhimurium LT2. Pdu MCPs have an average diffusion coefficient of 3.02 ± 3.51 × 10-4 µm2∙s-

1 (n = 131) (Figure 5-3A and Table 5-1). By contrast, the diffusion coefficient for GFP in E. coli 

DH5a is 7.7 ± 2.5 µm2∙s-1 (Table 5-1) (Elowitz et al., 1999), and a theoretical value of random 

diffusion coefficient was estimated to be 3.85 × 10-1 µm2∙s-1 using cytoplasmic parameters and 

a mean particle diameter of 100nm (Elowitz et al., 1999; Savage et al., 2010). The theoretical 

value is three orders of magnitude greater than the diffusion coefficient of Pdu MCPs, 

indicating that Pdu MCPs do not diffuse randomly. Compared with that of carboxysomes, the 

diffusion coefficient of Pdu MCPs is one to two orders of magnitude greater (Table 5-1) 

(Savage et al., 2010), suggesting that Pdu MCPs are more dynamic than carboxysomes. 

 

Table 5-1. Diffusion coefficient of Pdu MCPs, carboxysomes and GFP in vivo.  

 
Diffusion coefficient 
(D, × 10-4 μm2∙s-1) 

Organism Reference 

Pdu MCPs 3.02 ± 3.51 S. Typhimurium LT2 This study 

Carboxysomes 0.458 ± 0.450 
Synechococcus 

elongates PCC7942 
(Savage et al., 2010) 

Carboxysomes 
0.028 ± 0.019~ 
0.276 ± 0.283 

Synechococcus 
elongates PCC7942 

(Sun et al., 2019) 

GFP 77,000 ± 25,000 E. coli DH5a (Elowitz et al., 1999) 
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Figure 5-3. Analysis of the diffusion dynamics of Pdu MCPs in S. Typhimurium LT2. (A) 

Slope of the Moment Scaling Spectrum (sMSS) and diffusion coefficient analysis for the Pdu 

MCP. (B) Tracking of the Pdu MCP diffusion. Coloured lines represent the diffusion trajectories 

of each Pdu MCP and circles (yellow) show the diffusion areas of each Pdu MCP over 7.26 

seconds (interval: 121 msec, cycle: 60). 

 

5.2.2 Generation of elongated Pdu MCPs for FRAP 

What is the organizational status of the enzymatic core made of multiple cargo complexes 

within the Pdu BMC? To tackle this question, I determined the in vivo diffusion dynamics of 

internal enzymes and shell proteins of Pdu BMCs, using fluorescence recovery after 

photobleaching (FRAP). It is technically difficult to apply fluorescence bleaching and FRAP on 

the WT Pdu MCP, which is about 100 nm in diameter. It is possible to generate elongated Pdu 

MCPs by deleting the pduN gene in S. Typhimurium (Cheng et al., 2011), because PduN is 
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the pentameric protein occupying the vertices of the Pdu MCP. I generated a LT2-ΔpduN 

(Figure 4-5A: PCR verification), which possesses mainly elongated Pdu MCP structures 

(Figure 5-4). The elongated Pdu MCPs LT2-ΔpduN are suitable for FRAP analysis to reveal 

the dynamics of building proteins in the Pdu MCP (Mullineaux and Sarcina, 2002). The same 

strategy has been used in studying the diffusion of carboxysome core assemblies (Chen et 

al., 2013). Growth assays suggest that the resulting Pdu BMCs in ΔpduN are metabolically 

functional (Figure 4-6D). 

 

Figure 5-4. Microscopic characterisation of Pdu MCPs in S. Typhimurium LT2-ΔpduN. 

(A) Thin-section TEM of ΔpduN cells showed the elongated structures of Pdu MCPs (yellow 

arrow). (B) Confocal image of ΔpduN with plasmid-expressed (pBAD) PduE tagged with 

sfGFP, representing the localisation of Pdu cargo. (C) Confocal image of ΔpduN with plasmid-

expressed (pBAD) PduA tagged with sfGFP, representing the localisation of Pdu shell. 

 

The thin-section TEM image of the ΔpduN strain that was growing in MIM confirmed the 

formation of elongated structures of the Pdu MCP (Figure 5-4A, yellow arrows), consistent 



Chapter five: Diffusion dynamics of propanediol-utilisation microcompartments in Salmonella 

 
127 

 

with previous reports (Cheng et al., 2011). I then tagged PduE (a subunit of the most abundant 

internal enzyme PduCDE) and PduA (a major shell protein) with sfGFP to monitor the 

localisation of the cargo and the shell of the Pdu MCP, respectively. Live-cell confocal imaging 

on ΔpduN strain expressing PduE-sfGFP/ PduA-sfGFP showed filamentary structures, 

suggesting that both the shell and cargo of the Pdu MCPs are assembled to the elongated 

Pdu MCP structure (Figure 5-4B and 4C), in line with the TEM observation (Figure 5-4A).  

 

5.2.3 Motions of shell proteins and cargoes within the Pdu MCP 

 

Figure 5-5. FRAP of the fluorescence of shell and cargo in S. Typhimurium LT2-ΔpduN 

cells. (A) Representative fluorescence images before bleaching (prebleach), immediately 

after bleaching part of PduE-sfGFP (cargo) and PduA-sfGFP (shell) (0 min), and at various 

timepoints (10 min and 60 min). The yellow rectangular indicated the positions of the bleaching 

area. (B) Fluorescence intensity profiles of FRAP images in (A) at various timepoints. The total 

fluorescence was normalised against that of the prebleach cell. 
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To survey the motions of the assembled shell and cargo proteins within the Pdu MCP, I applied 

FRAP on the elongated Pdu MCPs tagged with sfGFP generated in the ΔpduN strain. Figure 

5-5 shows the representative FRAP image sequences and fluorescence intensity profiles of 

PduE-sfGFP (shell) and PduA-sfGFP (cargo) in the ΔpduN strain. The assembled cargo and 

shell of the Pdu MCP, represented by PduE-sfGFP and PduA-sfGFP, respectively, appeared 

to be rather homologous (Figure 5-5A, prebleach), which allows for the FRAP measurement. 

The confocal laser (100%) was scanned rapidly across the centre of the cell to bleach a line 

(Figure 5-5A, yellow rectangular). The bleached zones in the same cell were repeatedly 

imaged for every 1 min with a reduced laser power (1%). It is presumed that diffusion of the 

cargo or shell components will result in partial or full fluorescence recovery in the bleached 

area. I continued to determine the fluorescence intensities for up to 60 minutes.  

 

 

Figure 5-6. Representative time courses of fluorescence recovery of bleached regions 

of shell and cargo in S. Typhimurium LT2-ΔpduN cells. The y-axis represents the 

fluorescence intensities of percentage relative to the pre-bleaching fluorescence intensity. The 

recovery of GFP fluorescence is shown as black dots, fitted with an exponential function (red 

lines). 
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To compare pre- and post-bleaching fluorescence distributions, the fluorescent profiles within 

a cell before fluorescence bleaching were normalised to the same total fluorescence intensity. 

Figure 5-6 depicts the fluorescence recovery curves of the bleached regions of both cargo and 

shell proteins within the Pdu MCP for 60 min, fitted to an exponential function. Of the cargo 

within the Pdu MCP, I observed a notable recovery. Upon bleaching to 12% of the initial 

fluorescence intensity, the fluorescence recovery levelled off at 82% within 60 min (Figure 5-

6, cargo). By contrast, the fluorescence recovery of the shell was limited (Figure 5-6, shell).  

 

Table 5-2. Diffusion coefficient and mobile proportion of Pdu MCP per cell measured 

using FRAP. n represents the number of cells. 

 Diffusion coefficient (D, × 10-4 μm2∙s-1) Mobile proportion (%) 

PduE (cargo) 4.02 ± 1.89 (n = 20) 83 ± 6 (n = 20) 

PduA (shell) 0.28 ± 0.15 (n = 20) 6 ± 3 (n = 20) 

 

To quantify the dynamic nature of Pdu MCP proteins, I further investigate the mobile 

proportions of cargoes and shell proteins within the Pdu MCP (Table 5-2). Compared with the 

low mobile fraction of shell proteins (6% ± 3%, n = 20), the cargo enzymes exhibited distinctly 

higher mobile fraction (83% ± 6%, n = 20). These observations show distinct dynamics of the 

cargo and the shell of the Pdu MCP. The diffusion dynamics of the cargo suggests that the 

enzyme assemblies of Pdu MCPs may bear a liquid-like status, while the assembled shell is 

paracrystalline, indicative of the different mechanism driven the assembly of the cargo and 

shell of the Pdu MCP. The liquid-like property of encapsulated enzymes within the Pdu MCP 

resembles the liquid-like Rubisco condensates proposed in carboxysomes (Oltrogge et al., 

2020; Wang et al., 2019).  

 

The diffusion coefficients of shells and cargoes were also calculated (Table 5-2). An average 

diffusion coefficient of cargoes in ΔpduN is 4.02 ± 1.89 × 10-4 μm2 s-1 (n = 20), more than one 
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order of magnitude faster than that of the shells (0.28 ± 0.15 × 10-4 μm2 s-1, n = 20). By contrast, 

the diffusion coefficient of the cargoes is near four orders of magnitude slower than that of 

GFP in E. coli (Elowitz et al., 1999), and approximately one order of magnitude slower than 

that of the photosynthetic complexes in cyanobacterial thylakoid membranes (Casella et al., 

2017) and HIV-1 membrane protein envelope (Chojnacki et al., 2017). While protein 

interactions and arrangement within bacterial metabolosomes may differ between the canonic 

Pdu BMCs in the WT and elongated structures of Pdu BMCs in the ΔpduN strain, the results 

here reveal the organizational dynamics of internal enzymes relative to the stable shell 

structure and suggest the liquid-like property of the cargo condensate within the Pdu BMC. A 

similar liquid-like state has been proposed to be the foundation of the assembly of α- and β-

carboxysomes (Oltrogge et al., 2020; Wang et al., 2019). 

 

5.3 Discussion 

As a family of bacterial microcompartments, the Pdu MCP is self-assembled from more than 

ten thousand of protein molecules (Yang et al., 2020). It is still unknown how thousands of 

Pdu proteins assemble spatiotemporally to form such a large, complicated, organelle for 

function. The fluorescently tagged Pdu components, combined with time-lapse confocal 

imaging on living cells enabled me to study the dynamic nature of the Pdu MCP in S. 

Typhimurium LT2. Moreover, my findings in Chapter 4 have suggested that the Pdu MCP 

undertakes a concomitant assembly process in which shell and cargo assemble 

simultaneously and independently. These raise the possibility that the mechanism driving the 

assembly of the shell and cargo is different. The assembled and elongated Pdu MCP in ΔpduN 

strain, combined with fluoresce-tagging and FRAP enable me to investigate the diffusion 

dynamics of the shell and cargo of the Pdu MCP. 

 



Chapter five: Diffusion dynamics of propanediol-utilisation microcompartments in Salmonella 

 
131 

 

I have shown that PduK plays a vital role in the distribution of the Pdu MCP, and suspected 

that PduK interacts with cytoskeleton proteins to distribute Pdu MCPs (Chapter 4). Here I show 

that although the location of Pdu MCPs is highly dynamic, its movement is confined. This 

finding further indicates that Pdu MCPs interact with certain components of the bacterial 

cytoskeleton, which is similar to carboxysomes that are positioned by McdAB system 

(MacCready et al., 2020a; MacCready et al., 2018; MacCready et al., 2020b). The 

cytoskeleton components that interat with PduK merits further investigation. Recent study 

showed that the genes for the McdAB system are often clustered with the genes encoding 

carboxysome-related components, and were widespread among β-cyanobacteria 

(MacCready et al., 2020a). It deserves further investigation that whether similar systems are 

present in Salmonella. 

 

BMCs and other protein organelles lack physical separation by lipid membranes from their 

surroundings. How are the protein macromolecular assemblies constructed and how do they 

maintain their structures in the dynamic cytosol? Recently, liquid-liquid phase separation 

(LLPS) has emerged as a general mechanism that mediates the formation and organisation 

of protein assemblies and membrane-free organelles (Shin and Brangwynne, 2017). An 

intriguing feature of LLPS is the presence of intrinsically-disordered protein regions that 

function as linker proteins to facilitate cargo nucleation via multivalent weak protein-protein 

interactions (Alberti et al., 2019; Li et al., 2012). Recent studies suggested that in α- and β-

carboxysomes, Rubisco cargoes form a liquid-like condensate matrix mediated by the 

structurally-disordered CsoS2 N-terminus and CcmM35, respectively (Oltrogge et al., 2020; 

Wang et al., 2019). The results in this chapter provide in vivo experimental evidence 

suggesting that the cargo enzymes form a dynamic protein condensate within the Pdu BMC. 

The organizational dynamic rate of Pdu cargo proteins is lower than that of free GFP in the 

Escherichia coli (E. coli) cytosol (Elowitz et al., 1999) and of membrane complexes in 

thylakoids (Casella et al., 2017). I speculate that Pdu metabolosomes leverage the flexible 
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and dynamic internal organization to gain a balance between stable association and fluidity of 

cargo enzymes. This liquid-like nature would enhance enzyme activities of the catabolic 

pathways, and would permit reorganization of internal proteins and metabolites between the 

multiple sequestered pathways to modulate metabolism in the fluctuating environments 

experienced by Salmonella bacteria during infection (Kroger et al., 2013). Despite the different 

biogenesis pathways between β-carboxysomes and Pdu MCPs, LLPS appears to be a general 

principle underlying the assembly and organisation of bacterial microcompartments. 

Additionally, the fact that the cytoplasm of nutrient-starved E. coli cells has a glass-like 

structure (Parry et al., 2014) has suggested that LLPS could have broader relevance for the 

metabolism of Enterobacteriaceae. 

 

In summary, this work provides the first study of the diffusion dynamics of catabolic bacterial 

microcompartments in vivo. The Pdu MCPs are highly dynamic in S. Typhimurium LT2, but 

show a confined movement. The shell and enzymatic core of the Pdu MCP have distinctly 

different motions, and the enzyme core within the Pdu MCP possesses a dynamic liquid-like 

nature, resembling the Rubisco core within carboxysomes (Oltrogge et al., 2020; Wang et al., 

2019). This finding of the Pdu MCP could stimulate the investigation of the mechanism 

underlying the positioning and assembly of Pdu MCPs.
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6.1 Conclusions 

Pdu MCPs are self-assembled proteinaceous organelles that play crucial roles in propanediol 

utilisation in enteric pathogens. The fundamental nature of self-assembly has provoked great 

interest in the bioinspired design and engineering of functional protein self-assemblies for 

biotechnological applications. My PhD study has provided new information that advances our 

understanding of the assembly and biogenesis of Pdu MCPs, and provide insight into the 

general mechanisms of BMC biosynthesis. I have addressed several fundamental questions, 

including the stoichiometric composition and organisation of Pdu MCPs (Chapter 3), the 

biogenesis pathway of Pdu MCPs (Chapter 4), as well as the dynamic features of shell and 

cargo proteins within the Pdu MCP and the diffusion of Pdu MCPs in Salmonella (Chapter 5).  

 

In Chapter 3, I carried out the first characterisation of the accurate stoichiometry of shell 

proteins and internal enzymes of the natural Pdu MCP by QconCAT-driven quantitative mass 

spectrometry. Genetic deletion of the major shell protein and absolute quantification reveal the 

stoichiometric and structural remodelling of metabolically functional Pdu MCPs. I also 

determine the encapsulation of Pdu enzymes within the Pdu MCP by live-cell confocal 

microscopy. Decoding the precise protein stoichiometry allows me to develop an 

organisational model of the Pdu metabolosome. These structural insights into the Pdu MCP 

are critical for both delineating the general principles underlying bacterial organelle formation, 

function, and repurposing natural microcompartments using synthetic biology for 

biotechnological applications. 

 

Compared to other BMCs, we had very little knowledge about the biogenesis pathway of the 

Pdu MCP. In Chapter 4, I designed a system to visualise the biogenesis pathway using dual-

fluorescently tagged Pdu components, and determined the roles of individual Pdu proteins in 

the Pdu MCP formation by systematically deleting each gene and monitoring the Pdu MCP 
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formation in the resulting mutants. I identified the key structural components PduB1-37 that bind 

the shell and cargo, the gene product PduK that distributes the Pdu MCP, and a catalytic 

component PduCDE that mediates cargo encapsulation. Most importantly, I revealed that the 

Pdu MCP undertakes a concomitant assembly process in which the shell and cargo assemble 

simultaneously and independently. The finding allowed me to propose a model of the Pdu 

MCP assembly pathway. To my knowledge, this is the first systematic study of the biogenesis 

pathway of Pdu MCPs. My observations provide insights into the assembly principles of Pdu 

MCPs and may inform strategies for the construction of functional metabolosomes in 

heterologous organisms using synthetic biology.  

 

Recent studies suggested that in α- and β-carboxysomes, the structurally disordered CsoS2 

N-terminus and CcmM35 mediate the formation of Rubisco cargo that is a dynamic 

condensate matrix. However, little is known on how the cargo of the Pdu MCP assemble and 

what the dynamic nature of the cargo is. In Chapter 5, I applied fluorescence recovery after 

photobleaching (FRAP) on a ΔpduN mutant that produced elongated and fluorescently tagged 

Pdu MCPs, which allowed me to survey the dynamic nature of both the shell and cargo of the 

Pdu MCP. I found that the assembled shell of the Pdu MCP is almost immobile, while the 

cargo enzymes exhibited distinctly higher mobile fraction, which shows distinct dynamics of 

the cargo and the shell of the Pdu MCP. The diffusion dynamics of the cargo suggests that 

the enzyme assemblies of Pdu MCPs may bear a liquid-like status, while the assembled shell 

is paracrystalline, indicative of the different mechanism driven the assembly of the cargo and 

shell of the Pdu MCP. In addition, the in vivo dynamics of Pdu MCPs in Salmonella was 

monitored and analysed by using live-cell time-lapse confocal fluorescence microscopy. I 

revealed that the Pdu MCPs are highly dynamic in S. Typhimurium LT2 and show a confined 

movement that is likely controlled by certain components of the bacterial cytoskeleton. 
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6.2 Perspectives 

I have demonstrated that the stoichiometric composition and structure of the functional Pdu 

MCP can be remodelled in Chapter 3. Recently, the precise carboxysome protein 

stoichiometry has been determined by counting discrete bleaching steps of fluorescently-

tagged components within the carboxysome in live cyanobacterial cells (Sun et al., 2019). The 

modulation of the protein content in carboxysomes was mediated by the environment, such 

as light intensities and CO2 availability (Sun et al., 2019), which also raises the possibility that 

the protein stoichiometry of Pdu MCPs may vary in different growth conditions, such as 

anaerobic environment and different carbon sources, which merits further investigation.  

 

I have reported that PduB is the third most abundant shell protein of Pdu MCPs in Chapter 3 

(Yang et al., 2020), and the N-terminus of PduB (PduB1-37) plays a key role in Pdu MCP 

assembly in Chapter 4. Bioinformatic analysis showed that the sequence of PduB1-37 is highly 

conserved (Table 4-1), suggesting its importance among Salmonella species. However, there 

is no structural information of the entire PduB and PduB1-37 (only two structures of a PduB C-

terminal domain are in Protein Data Bank; both are from the Gram-positive bacterium 

Lactobacillus reuteri, and only share 57% amino acid identity to Salmonella PduB). Thus, for 

future work, it is crucial to resolve the structures of PduB1-37, and elucidate its interactions with 

cargo enzymes.  

 

It has been reported that in α- and β-carboxysomes, the Rubisco cargoes form a dynamic 

condensate matrix mediated by the structurally-disordered CsoS2 N-terminus and CcmM35, 

respectively (Oltrogge et al., 2020; Wang et al., 2019). The findings in Chapter 5 has shown 

that cargo enzymes within the Pdu MCP also possess a dynamic liquid-like phase. Combined 

with the fact that intrinsically-disordered peptides (including PduB1-37 PduD1-35, PduP1-18, 

PduL1-20) have proposed roles in cargo assembly (Fan and Bobik, 2011; Fan et al., 2010; 
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Lehman et al., 2017; Liu et al., 2015), it is possible that interactions between cargoes and 

intrinsically-disordered proteins are a driving force for phase separation (Shin and 

Brangwynne, 2017). How the liquid phase of enzyme assemblies mediates the assembly of 

the Pdu MCP remains unclear. 

 

The bacterial cytoplasm is a highly dynamic and crowded environment. To be metabolically 

active and take advantage of metabolite flux, Pdu MCPs need to be physiologically positioned 

and regulated. I have shown that PduK play a critical role in positioning Pdu MCPs and the 

localisation of Pdu MCPs in S. Typhimurium LT2 is dynamics but restricted. It deserves further 

investigation that the mechanisms govern the segregation and confinement of Pdu MCPs in 

bacterial cells. 
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