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Figure 1.10. A model for assembly of bacterial microcompartments. BMC-domain proteins (top left) form 

hexamers or pseudohexameric trimers which pack into a tile-like molecular layer (top right) as the majority of 

the shell. BMV proteins (bottom left) occupy the vertices of the polyhedron. Together they form a closed 

icosahedron (bottom right). BMC proteins have central pores possibly for molecular transport. (65). 

     

      Carboxysome shell proteins CcmK2 and CcmK4 have pores about 7 Å and 4 Å in diameter, 

respectively. Since each of the six subunits contribute a positively charged amino acid residue 

Lys36 or Arg38 to the pore, a large net positive electrostatic potential is present in the pore region, 

which may attract negatively charged metabolites, particularly substrate bicarbonate, to the pore 

(35). While the hydrophobic CO2 intermediate will not have the same electrostatic attraction to 

the pore as bicarbonate and hence is retained in the lumen of carboxysomes. At the same time the 

neutral O2 which competes with CO2 for binding RuBisCO doesn’t show any advantage of 
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passing through the positively charged pore area hence can’t get into carboxysomes. The PduA 

central pores with about 10 Å in diameter are mostly polar due to the presence of hydrogen bond 

acceptors in the center of the pores. This favors transport of the substrate 1,2-PD compared to the 

intermediate propionaldehyde (36, 73). X-ray diffraction data showed a glycerol molecule which 

is a 1,2-PD analog is found in the central pore of one PduA point mutant, indicating the possible 

function of PduA is to move 1,2-PD into the lumen of the Pdu MCP (71). Based on the fact that 

PduJ, another Pdu BMC shell protein, has 86% sequence identity with PduA and identical pore-

lining residues, it is possible that PduJ has similar structure and pores as PduA. Pang et al. (72) 

investigated another major MCP shell component PduB in Lactobacillus reuteri and found three 

glycerol molecules present in each pore within the trimeric structure of PduB. The amino acid 

residues lining in the pore area have affinity for glycerol and may function as a channel for 

substrate glycerol, whereas the hydrogen bonds at the glycerol-binding sites may also prevent 

efflux of hydrophobic intermediate aldehyde from the MCPs (72). 

      In 2009, the structures of the shell protein with tandem BMC-domain was first solved for 

CsoS1D from α-carboxysome (87). Tandem BMC domain proteins contain two BMC domains 

duplicated in conjunction with each other to form trimers with a total of six BMC domains in a 

pseudohexameric symmetric arrangement, which are structurally similar to hexagonal shape of 

single BMC domain shell proteins. CsoS1D has a conserved Arg side chain which goes through 

conformational changes and causes the pores to either close or open up to 14 angstrom in 

diameter. Later structural studies suggested the presence of gated pores within another tandem 

BMC protein EutL (88). EutL has three pores per pseudohexameric unit which may allow 

increased flux across the shell compared to one pore per unit area. Based on these observations, a 

gated opening in response to specific conditions or signals was suggested. For Pdu, Eut and Grp 
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systems, transport of large cofactors might explain the existence of the large gated pores. In 

carboxysomes, the gated pores might allow transport of substrate ribulose bisphosphate. 

      Tandem BMC shell protein PduT and some Grp MCP proteins bear an iron-sulfur cluster in 

the center of the pore region (36, 44). In the case of PduT, each subunit from the homotrimer 

contributes a single cysteine ligand to the 4Fe-4S cluster, which calls for the 4th ligand to an iron 

atom. This specific feature suggested that PduT may contribute to the regeneration of 

encapsulated redox cofactors by moving electrons across the shell. Alternatively, PduT may 

transport intact [4Fe-4S] clusters into the MCPs to replace the damaged [4Fe-4S] clusters in the 

lumen enzyme PduS (36).  

      Most recently, it has been found that point mutations replacing conserved edge lysine 

residues with alanine on PduA, PduJ or PduB are severely impaired for edge contacts with 

neighboring shell components, which cause unstable MCP sheet or blocking closing of the shell 

due to weak and nonspecific edge contact with other BMC domain proteins (73). Specifically, 

K26, N29 and R79 on PduA are key residues which form hydrogen bonds within same hexamer 

and also with neighboring hexameric structures. This interaction hub strengthens the edges 

between the hexamers and thus stabilize the MCP shell. K26 and R79 are conserved across 

several BMC domain proteins among different MCPs, hence this could be a general mechanism 

for stabilizing MCP architecture.  

1.2.6. Stability 

      Sinha et al. (73) initiated the investigation of the phenotypic effects of structural mutations of 

Pdu MCP by identifying key surface residues in one major Pdu MCP protein PduA that are 

crucial to stabilize the MCP shell. Shortly after that, Kim et al. (89) tested the robustness of Pdu 

MCP shell with regard to time, pH and temperature, and concluded that Pdu MCPs retain 
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integrity in various physiological relevant conditions which makes MCPs suitable for a diversity 

of applications esp. in vivo applications. MCPs are stable for at least 6 days at either 4°C or room 

temperature in vivo and remain stable in vitro for a longer period of time.  MCPs display normal 

morphology between pH 6 and pH 10, although TEM images showed aggregates at pH 9 and 

above. Buffers with pH range below 5 or above 11 caused deterioration of MCP structure and 

reduced size. Also purified MCPs can tolerate temperatures up to 60°C without visible structural 

degradation under EM.  

1.2.7. Association of MCPs with Salmonella Pathogenesis 

      1,2-PD is a main fermentation product of rhamnose and fucose (90, 91). L-rhamnose is a 

common component of plants cell walls and the outer cell membrane of certain Mycobacteria 

species (92). L-fucose is also present in the glycoconjugates of intestinal epithelial cells (50).  

Hence, 1,2-PD is readily available in the anaerobic environment in the human and animal gut as 

well as aquatic sediments. Ethanolamine is present in the gastrointestinal tract of mammals as a 

product of degradation of phosphatidylethanolamine which is an essential component of 

membrane in both prokaryotic and eukaryotic cells and is constantly shed together with intestinal 

epithelial cells into the lumen of the gut (93).  

      1,2-PD and ethanolamine are present in the intestinal system but don’t not serve a role as 

carbon sources without a terminal electron acceptor (94). In the normal gut environment, 

anaerobic metabolism of microbiota constantly produce large amounts of hydrogen sulfide (H2S) 

which binds to mitochondrial respiratory enzymes and prevents oxidative phosphorylation during 

cellular respiration and hence causes cellular anoxia. Large intestinal mucosa convert H2S to 

thiosulfate (S2O3
2-) to prevent the toxicity. S. enterica, when introduced into the gut, employs 

two type III secretion systems T3SS-1 and T3SS-2 to effectively elicit acute intestinal 
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inflammation, penetrate the intestinal epithelial cells and survive in tissue macrophages (95). 

During acute inflammation, neutrophils migrate from blood vessels to the site of infection via 

chemotaxis and release nitric oxide radicals (NO) and reactive oxygen species, the process 

known as host respiratory burst, which results in oxidation of thiosulfate to tetrothionate. Genetic 

studies indicated that tetrothionate can serve as an alternative electron acceptor to support 

anaerobic respiration hence promote anaerobic growth on ethanolamine or 1,2-PD (75).  

      The ability of S. enterica to take advantage of host-generated 1,2-PD as well as ethanolamine 

clearly provides growth advantages for Salmonella in an inflamed gut. By using tetrothionate as 

alternative electron acceptor, Salmonella can utilize 1,2-PD and ethanolamine as the only carbon, 

nitrogen and energy source, which may be one of the virulence strategies that S. enterica utilizes 

to exploit inflammation to overcome colonization resistance (protection by high density of 

commensal microbiota inhabiting the intestine and shielding from infection) as well as 

competing with other enteropathogenic bacteria. By using in vivo expression technology (IVET), 

Conner et al. (96) pinpointed that genomic region containing pdu and cob operons are 

specifically induced during infection. Competitive index assay (CI) showed that removal of the 

pdu region conferred virulence defect in systemic survival, which indicated that the capability of 

using alternative carbon sources in the gut contribute to Salmonella virulence (96, 97). The 

findings that the pdu operon is induced in host cells may provide a starting point for drug and 

vaccine development against certain enteropathogenic bacterial infections. Further structural 

studies are needed to identify exposed peptide regions on BMC shell proteins.  

      One comparative genomic study identified a 55-kb gene locus in another enteric pathogen 

Listeria monocytogenes genome which is highly homologous to cob-pdu regulon and eut operon 

in S. enterica suggested a role of this locus in anaerobic growth and perhaps also in virulence of 
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L. monocytogenes in the host (98). Indeed, by analyzing the transcriptional profile of intracellular 

L. monocytogenes and validating the biological relevance of the intracellular gene expression 

profile, Joseph et al. (99) showed that, instead of competing with the host cells for their dominant 

carbon and nitrogen sources, L. monocytogenes can utilize alternative carbon and nitrogen source 

ethanolamine during replication in epithelial cells, which allows the longer survival in the host. 

Thus, MCP-dependent 1,2-PD and ethanolamine utilizations contribute to pathogenesis and 

dissemination of enteric pathogens containing pdu and/or eut operons.  

1.2.8. Applications 

1.2.8.1.Bioreactor 

      Recently studies have been testing the feasibility of encapsulate metabolic pathways for 

producing high-value compounds within MCPs. It has been shown that coordinated expression 

of shell proteins PduA-B-J-K-N-U in E. coli generated empty MCPs and it is possible to target 

proteins to outside (PduV) or inside (PduC, PduD) of MCPs (100). Choudhary et al. (101) 

successfully expressed Salmonella enterica Eut MCP shell proteins in E. coli resulting in the 

formation of polyhedral protein shells. They also found one single shell protein EutS sufficiently 

formed the MCPs. By tagging a pyruvate decarboxylase and an alcohol dehydrogenase with 

PduP N-terminal targeting sequence, Lawrence et al. (102) was able to efficiently generate 

ethanol from pyruvate and showed that the strains with modified empty MCPs produce alcohol 

with higher yield. Heterologous GFP proteins and β-galactosidase were successfully 

encapsulated into recombinant Eut MCPs by N-terminal 19 amino acids of EutC (101). Enzyme 

RuBisCO from heterologous species was also been engineered into carboxysomes (103). These 

studies provide a proof-of-concept for engineering of MCPs for biosynthesis and biocatalysis. 
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1.2.8.2.Drug Delivery 

      Many common chemotherapeutic agents are small hydrophobic molecules and the use of 

potentially toxic organic solvents are required for effective delivery (104). Moreover, the use of 

therapeutic proteins and peptides is prevented by the fast elimination from the circulation, 

enzymatic degradation and accumulation in normal organs and tissues (105). Current nanoscale 

drug delivery systems include liposomes, polymer particles and virus like particles (VLPs) (106). 

Liposomes and polymers may cause reduced activities of the peptides/enzymes due to chemical 

linking and liposomes sometimes exhibit drug leaking issues. VLPs have advantages compared 

to the lipid vesicles and polymers but have limited capacity (hundreds of proteins) and well-

documented immunogenicity (107).    

      The main function of MCPs is to retain small hydrophobic and toxic aldehyde within the 

shell, which makes MCPs suitable for delivering the chemotherapeutic drugs as well as peptide-

based anticancer drugs. Compared to the above mentioned delivering systems, the use of MCPs 

as drug carriers may results in higher active moiety: carrier ratio, better protection against 

degradation of drug activity without affecting normal cells because of their large internal volume 

and the demonstrated capability of keeping the activities of interior enzymes.  

      Two recent studies identified phenotypic effects of structural mutations of Pdu MCP and 

investigated the stability of Pdu MCPs over time, at elevated temperatures as well as in a diverse 

range of pH (73, 89). MCPs were found to retain the integrity in various physiological relevant 

conditions in regard to temperature and pH range which make MCPs great candidate for drug 

delivery (89). The robustness of MCPs helps prevent unspecific release of toxic or 

chemotherapeutic drugs. More importantly the breaking of the MCPs can be controlled by 

changing pH value of the buffers, meaning it is possible to regulate the release of the 
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encapsulated molecules, which opens the possibility of applying MCP in medical field, 

especially for drug delivery. 

1.2.8.3.Reuterin Production in Probiotics 

      Probiotic bacterium Lactobacillus reuteri produces reuterin by fermentation of glycerol. 

Reuterin is an equilibrium of 3-hydroxypropioaldehyde (3-HPA), HPA-hydrate and HPA-dimer. 

It has a broad spectrum of antimicrobial activity against viruses, prokaryotes (Gram+ and Gram- 

bacteria) as well as eukaryotes (fungi and parasites) and is also described as anti-cancer agent 

(108). Sriramulu et al. (109) reported that maximal reuterin production by L. reuteri was 

achieved with preincubation with 1,2-PD together with glycerol compared to glycerol alone. 

Further evidence indicated that Pdu MCP-associated diol dehydratase is responsible to produce 

3-HPA from glycerol. Probiotic bacteria are known to beneficially affect the host by inhibit 

pathogenic bacteria due to the excretion of reuterin while not interfere with normal microbiota in 

the gut. One problem of producing reuterin using probiotic bacteria is the low yield. To utilize 

MCPs as a reuterin bioreactor may increase the production of this molecule and may have further 

application in pharmaceutical industry.  

1.2.9. MCP Shell vs. Viral Capsid 

      When carboxysomes were first discovered by electron microscopy, they were thought to be 

viral particles, and attempts were made to induce a viral lytic response without success (110). 

Through years of studies on MCPs, now it is clear that MCPs have complete different contents 

and functions compared to viral capsids. Still, structural studies drew an architectural parallel 

between bacterial MCPs and viral particles esp. the ultrastructure and the underlying design 

principles. Both MCP shell and capsid have symmetrical structural featuring icosahedral shape. 

In MCPs, the conserved BMC domain shell proteins form cyclic hexamers, which bind side by 
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side to form layers representing the flat facets of the icosahedral shell (32). Certain minor shell 

components tend to form pentamers which serve as vertex to close the flat sheets and finally for 

a closed shell. The fact that different shell proteins may serve different roles in the architecture 

of the MCP shell resembles the structures of many viral capsids which also features combination 

of hexamers and pentamers, which applies to certain virus structure architecture as well.   

      So far there is no evident sequence resemblance or structural similarities between MCP shell 

proteins and viral capsid protein components, partly because there are relatively small number of 

viral capsid proteins have their structures solved by crystallization. The structural similarity 

between bacterial MCPs and virus may reflect geometric discipline of self-assembling 

macromolecular protein complex (24).  

      Crystal structures on MCP shell proteins proposed possibilities that hexameric central pores 

as well as the gaps between hexamers of BMC shell proteins. Similarly, certain viruses contains 

interstitial spaces between the capsid protein subunits which may also mediate the flow of 

metabolites. Yeast L-A viral capsid particle has 18 angstrom diameter openings at the 

icosahedral five-fold axes which provides a portal for the entry of nucleotide triphosphates and 

exit of the viral mRNA (111). The crystal structure of bluetongue virus icosahedral protein 

capsid disclosed that the pores on the 5-fold icosahedral axis allow the egress of mRNA through 

the interaction of RNA backbone phosphates with the amino acid side chains that line the pore 

(112). Also a different binding site on the capsid provides a selective channel for input and 

output of substrates and byproducts. However, bluetongue virus differs from MCPs shells in that 

encountering the physiological environment rich in Mg2+ and other ions results in the overall 

expansion of the capsid esp. around the 5-fold axes which was not observed in MCPs. The 

structural studies also showed that interactions between the C-terminal tails of the BMC domain 
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proteins could influence microcompartment domain assembly in the same way that the flexible 

termini of certain viral capsid proteins often participate as switches for distinct types of 

interactions in the mature viral capsid (35). 

      Cowpea Chlorotic Mottle Virus (CCMV) capsid can dissemble and reassemble depending on 

pH (113). There has been one report that showed that Pdu MCPs are sensitive to pH and the 

stability requires pH between 6 and 10 (89). Whether Pdu MCPs also fall apart and reform 

according to pH is unclear and future studies are needed to clarify it.  

1.3. Vitamin B12 

      Vitamin B12, also known as cobalamin, is a water-soluble vitamin with a crucial 

physiological role in cellular metabolism. Vitamin B12 is the largest and most structurally 

complicated vitamin and is synthesized only in bacteria and archaea. Adenosylcobalamin 

(AdoCbl) and methylcobalamin (CH3Cbl) are two cofactors for a variety of enzymes found in 

bacteria and higher animals. Animals assimilate cobalamin through diet, while fungi and plants 

don’t utilize B12. 

1.3.1. Control of the cob/pdu Regulon  

      The cob operon is located at minute 44 of the genetic map of S. enterica genome, which is 

adjacent to the pdu operon (see section 1.1.3.2). Enzymes encoded from cob operon are used for 

B12 synthesis. The two operons are induced by 1,2-PD using a single regulatory protein PocR 

(77). Two global regulatory systems Crp/Cya and ArcA/ArcB regulate inducibility of both cob 

and pdu operons in that both operons are activated aerobically and anaerobically by Crp protein 

and anaerobically by ArcA protein (77, 114). During anaerobic respiration of a poor carbon 

source, the Crp and ArcA proteins function additively and produce the maximum inducibility. 

The control of the cob/pdu regulon relies on five promoters which are all located in the central 
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region between the two operons and four of them are activated by PocR. As shown in Figure 

1.11, the cob and pdu operons are transcribed divergently from promoters Ppdu and Pcob, 

respectively. Ppdu and Pcob are activated when both PocR and 1,2-PD are present. Global control 

of the regulon is carried out by regulating PocR protein level. Transcription of the pocR gene is 

controlled by Ppoc which is regulated only by Crp/cAMuP, P2 which is autoregulated by PocR 

and requires ArcA and P1 whose regulation may involves Fnr or Crp in addition to PocR. 

      

 

Figure 1.11. Control of the cob/pdu regulon in S. enterica. Boxes indicate structural genes. Black arrows 

designate transcripts. Gray arrows indicate regulatory effects. Dashed gray arrows indicate that higher level of 

PocR may be required to activate the promoter (77). 

 

      The regulon is proposed to have three states (77). During aerobic growth on glucose, the 

regulon is in the off state, all promoters are at their lowest level and PocR is expressed by the 

basal levels of Ppoc, P1 and P2. During aerobic growth on a poor carbon source and/or anaerobic 

growth, cells switch to a standby state. At this state, cells grow under global conditions 

appropriate for induction while no 1,2-PD is present, PocR expression increases, but the regulon 

remains uninduced. The presence of 1,2-PD is sensed by PocR resulting in the induction of both 
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P1 and P2, which increase PocR level and pushes the system to the on state. Thus, the high level 

of PocR/1,2-PD induces the expression of Ppdu and Pcob. 

      There are 30 genes used for cobalamin synthesis (25 constitute the cob operon) and 22 genes 

used for 1,2-PD metabolism (pduX from the pdu operon used for cobalamin synthesis), which 

together count for >1% of Salmonella genome (53 of 4747 genes in S. enterica LT2) (115). 

Maintenance of such large collection of genes requires a strong selective force during evolution. 

The co-regulation of the cob operon and pdu operon suggested that B12-dependent utilization of 

1,2-PD could be a main reason for B12 synthesis in Salmonella spp (77).  

1.3.2. Structure 

      Cobalamin has three parts: a central ring, a nucleotide loop, and a variable moiety, for 

example, a cyano group (-CN), a hydroxyl group (-OH), a methyl group (-CH3) or a 5’-

deoxyadenosyl group, which yields the four B12 forms cyanocobalamin, hydroxocobalamin, 

methylcobalamin and adenosylcobalamin, respectively. The structure of cobalamin is based on a 

central corrin ring, which is structurally and biosynthetically similar to the porphyrin ring found 

in heme, chlorophyll, and a cytochrome. The central ring of B12 differs from other related rings 

by the lack of a carbon bridge between the A and D porphyrins, the ring oxidation state, the 

distribution of ring decorations, and by the unique central metal ion cobalt. Four of the six 

coordination sites are occupied by the corrin ring, while cobalt’s lower (Coα) axial ligand is N-7 

of dimethylbenzimidazole (DMB) which is covalently bonded to the corrin ring as part of a 

nucleotide loop (58) (Fig. 1.12). Ado-B12 also has a 5’ deoxyadenosyl moiety acting as its upper 

(Coβ) axial ligand, and the 5’ carbon of this group is joined by a covalent bond to the cobalt 

within the corrin ring. In the case of methylcobalamin, the deoxyadenosyl moiety is replaced by 

a methyl group (77).  
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1.3.3. Biosynthesis 

      Only bacteria and archaea contain the enzymes required for de novo synthesis of the central 

corrin ring. Certain bacterial species synthesize the corrinoid ring under aerobic conditions, 

others generate the corrin ring anaerobically. The two pathways may use nonhomologous 

enzymes to produce analogous intermediates during the biosynthesis. The first part of the process 

is identical between the aerobic and anaerobic routes, then at the later stage, the aerobic pathway 

incorporates oxygen as a prerequisite for the ring formation, while anaerobic route takes 

advantages of the chelated cobalt ion for the ring contraction (Fig. 1.13).  

 

            

Figure 1.12. Structure of cobalamin. The central carbon atoms are numbered, and peripheral amidated carboxyl 

groups are lettered. The R group stands for -CN, -CH3, and adenosyl group (115). 
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      Four major stages are required to synthesize cobalamin from the five-carbon precursor 5-

aminolaevulinic acid (ALA). The first stage is the biosynthesis of uroporphyrinogen III (Uro III) 

from ALA. Uro III is a precursor of corrins as well as heme, siroheme, chlorophylls and factor 

F430. Its biosynthesis from ALA involves the utilization of the enzymes ALA dehydratase 

(HemB), porphobilinogen deaminase (HemC) and uro’gen III synthase (HemD). The second 

stage entails the conversion of Uro III to cobinamide by a series of reactions including extensive 

methylation of the porphyrin ring, amidation of carboxyl groups, removal of a ring carbon, 

addition of the R group and the aminopropanol side chain. In the aerobic pathway, this stage 

results in the precorrin 6, while the anaerobic pathway is distinguished by the early incorporation 

of cobalt and results in cobalt-precorrin 6 rather than precorrin 6. On stage II, DMB moiety is 

synthesized possibly from flavin molecules. Stage III involves the covalent linkage of 

cobinamide, DMB, and a phosphoribosyl moiety derived from an NAD precursor.  

 

             

Figure 1.13. Biosynthesis of precorrin 6 through aerobic pathway (light arrows) and cobalt-precorrin 6 by 

anaerobic pathway (bold arrows) during B12 synthesis (116). 
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      In mammals, exogenous cobalamin precursors cyanocobalamin (CNCbl) and 

hydroxycobalamin (OH-Cbl) are obtained through the diet and converted into cofactors AdoCbl 

and CH3Cbl. As shown in Figure 1.14, assimilation of CNCbl is carried out by the conversion of  

CNCbl to cob(II)alamin by decyanation, further to cob(I)alamin by reduction, and finally to 

AdoCbl by transfer of a 5’-deoxyadenosyl group from ATP. The enzymes involved in this 

process are β-ligand transferase, cob(III)alamin reductase, cob(II)alamin reductase and 

adenosyltransferase, respectively (56, 63, 117-123). Assimilation of OH-Cbl occurs in a similar 

pathway except that the first step is the reduction of OH-Cbl to cob(II)alamin by cobalamin 

reductase or the reducing environment of the cell (124, 125).  

 

 

Figure 1.14. Proposed pathway for the conversion of CNCbl into AdoCbl (originally from (126), modified in 

(74)) 

 

1.3.4. Cobalamin-Dependent Reactions 

      AdoCbl and CH3Cbl act as cofactors for three types of enzymes: isomerases, 

methyltransferases, and dehalogenases (127). In humans, AdoCbl-dependent methylmalonyl-

CoA mutase MUT and CH3Cbl-dependent methionine synthase MTR play a key role for the 

formation of blood and in the normal functions of central nervous system. 
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1.3.4.1. AdoCbl-Dependent Isomerases 

      In bacteria, isomerases are the largest family of cobalamin-dependent enzymes which are 

important in fermentation pathways. These enzymes catalyze concomitant exchange of hydrogen 

atoms as well as a second substituent which can be a carbon atom, an oxygen atom of an alcohol, 

or a nitrogen atom of an amine. The isomerases in this family include methylmalonyl-CoA 

mutase, glutamate mutase, methyleneglutarate mutase, isobutyryl-CoA mutase, lysine 5,6 

aminomutase, diol dehydratase and ribonucleotide reductase, etc. (127).  

      In enteric bacteria, the primary role of the cofactor B12 may be to support fermentation of 

small molecules by generating both an oxidizable molecule and an electron sink for balancing 

redox reactions. This role has been observed in Ado-B12-dependent degradation of ethanolamine, 

1,2-PD and glycerol by ethanolamine ammonia lyase, propanediol dehydratases and glycerol 

dehydratase, respectively. The intermediate aldehyde can be oxidized to provide ATP and the 

oxidation reactions can be balanced by reducing part of aldehyde to an alcohol which is later 

excreted outside the cell. Ethanolamine is present in nature as components of lipids, phosphatidyl 

ethanolamine and phosphatidyl choline. Ethanolamine ammonia lyase produces ethanol and 

acetaldehyde which can be utilized to provide carbon and energy through acetyl-CoA in a Eut 

MCP-dependent manner. Similarly, 1,2-PD is converted by dehydratase to propionaldehyde 

which is used as carbon and energy source by the function of Pdu MCPs. In nonenteric bacteria, 

AdoCbl-dependent amino mutases catalyze similar reactions that support fermentation of 

glutamic acid, lysine, leucine, and ornithine.  

      The only AdoCbl-dependent isomerase that is also found in human beings is methylmalonyl-

CoA mutase MUT. The MUT function is necessary for proper myelin synthesis and is important 

in proper function of the central nervous system.  
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1.3.4.2. CH3Cbl-Dependent Methyltransferases 

      CH3Cbl-dependent methyltransferases play a crucial role in amino acid metabolism in both 

humans and bacteria. They are also important in carbon metabolism and CO2 fixation in 

anaerobic microbes (127). The enzymes catalyze the transfer of a methyl group from a methyl 

donor to a methyl group acceptor. Cofactor CH3Cbl is cleaved heterolytically and acts as a 

methyl group carrier. Methionine synthetase transfers a methyl group from methyl-

tetrahydrofolate to homocysteine as the last step in methionine synthesis. Salmonella and E. coli 

both express a B12-dependent methionine synthase MetH and a B12-independent MetE which 

catalyze the same reaction. MetH is preferred when CH3Cbl is available, while MetE is induced 

to respond to homocysteine accumulation when MetH is inactive (128). The only CH3Cbl-

dependent enzyme in human beings is methionine synthase MTR, which is important in blood 

formation.  

1.3.4.3. B12-Dependent Reductive Dehalogenases 

      Bacteria containing B12-dependent reductive dehalogenases provide benefits for the 

environment by detoxification of aromatic and aliphatic chlorinated organics, many of which, for 

example, chlorinated phenols, chlorinated ethane, and polychlorinated biphenyls (PCBs), are on 

the top list of EPA (Environmental Protection Agency) priority pollutants (127). Even though 

both anaerobic and aerobic microbes can carry out dehalogenation, anaerobic bacteria are more 

efficient in removing halogen atoms from polyhalogenated molecules (129). Anaerobic 

organisms with the capability of reductive dehalogenation include Desulfomonile, Dehalobacter, 

and Desulfitobacterium (130). These organisms have different preference for the chlorine 

substituent they can remove (131, 132).   
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1.3.5. A Cobalamin Recycling System in the Pdu MCP 

      As mentioned above, the first step of 1,2-PD degradation in the lumen of Pdu MCP is the 

conversion of 1,2-PD into propionaldehyde catalyzed by AdoCbl-dependent diol dehydratase 

(DDH). The adenosyl-group of AdoCbl is unstable and constantly lost and replaced by a 

hydroxyl group, resulting in inactivation of DDH by tight binding of inactive OH-Cbl to the 

active site (133, 134). DDH reactivase PduGH releases OH-Cbl and apo-DDH. Next OH-Cbl 

goes through reduction catalyzed by reductase PduS to cob(I)alamin and then adenosylation by 

adenosyltransferase PduO to active AdoCbl. AdoCbl automatically associates with apo-DDH to 

form active holoenzyme.  

       

                        

Figure 1.15. The proposed model for B12 recycling inside the Pdu MCP in S. enterica. Recycling of the 

inactive OH-Cbl-DDH into active AdoCbl is carried out by diol dehydratase reactivase (PduGH), cobalamin 

reductase (PduS) and adenosyltransferase (PduO). The process results in reactivation of AdoCbl and DDH (55).  
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of neurotransmitters and hormones including epinephrine, norepinephrine and dopamine, and 

also in brain metabolism. Inadequate levels of SAM thus may cause depression as well as 

neurodegeneration (136).  

1.4. Coenzyme A (HS-CoA) 

1.4.1. Discovery and Structure 

      HS-CoA is an essential intermediate in many biosynthetic and energy-yielding metabolic 

pathways and also a crucial regulator of several key metabolic reactions. Every genome 

sequenced so far encode enzymes that utilize coenzyme A as a substrate. Coenzyme A was 

discovered by Fritz Lipmann accidently when he studied acetylation on the amino group of the 

drug sulfonamide in 1940s. He named it coenzyme A (CoA) where “A” stood for “activation of 

acetate”. Lipmann shared the Nobel Prize in Physiology or Medicine in 1953 with Hans Adolf 

Krebs “for his discovery of co-enzyme A and its importance for intermediary metabolism” 

(Krebs won the Prize “for his discovery of the citric acid cycle”). Later, Lipmann showed that 

CoA consists of adenosine 5’-phosphate pantothenic acid and a sulfhydryl moiety (137, 138).  

 

       

Figure 1.16. The structure of coenzyme A. A 2D structure cited from http://pubchem.ncbi.nlm.nih.gov/; B 3D 

stick model cited from Wikimedia Commons.  
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CHAPTER 5. SUMMARY AND CONCLUSIONS 

      This dissertation focuses on biochemical and genetic analysis of the distinct 

phosphotransacylase PduL, its coenzyme A recycling functions specifically associated with Pdu 

MCPs as well as protein-protein interactions in Pdu MCPs.  

      Chapter 2 is about the identification of a new class phosphotransacylase PduL involved in 

1,2-PD metabolism associated with Pdu MCPs. preliminary data indicated the presence of a 

phosphotransacylase in this process, but the exact enzyme involved was not initially found. Here, 

we showed that the house-keeping PTAC pta is not involved in 1,2-PD metabolism. Next we 

conducted a series of biochemical and genetic studies and established the role of PduL as a 

phosphotransacylase in 1,2-PD utilization in Salmonella. Further bioinformatics analysis showed 

that PduL lacks sequence similarity with currently known phosphotransacylases, indicating that 

PduL is an evolutionarily distinct PTAC found in bacteria. Also PduL is a much smaller enzyme 

compared to other classes of PTACs in Salmonella. Further studies on the origin of PduL may 

disclose unique events during evolution.  

      Chapter 3 aims to determine the Pdu MCP-specific role of PduL and interpret how PduL is 

targeted into MCPs. Prior studies showed that another PTAC enzyme EutD is recycling HS-CoA 

internally within the Eut MCP, and an alcohol dehydrogenase PduQ regenerates cofactor NAD+ 

inside the Pdu MCP. PduL, in this work, was demonstrated to be an MCP component, might also 

function in cofactor recycling. Therefore, we performed a series of genetic and growth studies 

which showed that PduL is required for the proper function of intact MCPs, and furthermore, 

PduL in MCPs can’t utilize acetyl-CoA in the cytoplasm to support Salmonella growth. Together, 

coenzyme A internal recycling by PduL within the Pdu MCP is indicated. Sequence alignment 

and structure prediction indicated PduL has a targeting sequence, protein immunoblots provided 
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evidence that N-terminal region of PduL functions as a targeting sequence for MCP 

encapsulation. 

      Chapter 4 explores the protein-protein interactions in the Pdu MCPs. Here we used the 

bacterial two-hybrid screen tests and nickel-affinity pull-down experiments followed by 

immunoblots to show that PduL may have binding interaction with main shell protein PduBB’, 

which might mediate the encapsulation of PduL into the Pdu MCP. Our results also indicated 

that PduV, a protein with unknown functions, interacts with shell protein PduU. Protein-protein 

interactions among the MCP-associated proteins are crucial for assembly and spatial 

organization of MCPs. 

      Through the above series of studies in this dissertation, we drew the following conclusions. 

1. The PduL enzyme was established to function as a phosphotransacylase in 1,2-PD 

utilization. PduL represents a new class of phosphotransacylase. 

2. The primary role of PduL specifically associated with MCPs is to recycle HS-CoA within 

the Pdu MCP, which provides a way for MCPs to acquire and replenish cofactors. This 

enhances our knowledge level of the working mechanisms of MCPs. 

3. A short N-terminal targeting sequence of PduL is responsible for its encapsulation into 

the Pdu MCP. Targeting sequence-mediated interactions between lumen enzymes and 

shell proteins direct protein encapsulation into MCPs. These mechanisms advance our 

understanding of the self-assembly and the higher-level organization of bacterial MCPs. 

4. A complete understanding of the mechanisms of the functions of MCPs may allow their 

potential applications as bioreactors for industrial chemical production, biochemical 

pathway optimization, and as drug delivery systems for therapeutic applications. 
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NOMENCLATURE 

1,2-PD   1,2-Propanediol 

3-AT   3-Amino-1,2,4-Triazole 

3-HPA   3-Hydroxypropioaldehyde 

3-PGA   3-Phosphoglycerate 

ACP   Acyl Carrier Protein 

AdoCbl  Adenosylcobalamin 

AEBSF  4-(2-Aminoethyl) Benzenesulfonylfluoride.HCl 

ALA   5-Aminolaevulinic Acid 

ATP   Adenosine Triphosphate 

BMC   Bacterial Microcompartment 

BMV   Bacterial Microcompartment Vertex 

BSA   Bovine Serum Albumin 

CA   Carbonic Anhydrase 

Cbl   Cobalamin 

CCM   Carbon-Concentrating Mechanism 

CCMV   Cowpea Chlorotic Mottle Virus 

CDC   Centers for Disease Control and Prevention 

CFU   Colony Forming Unit 

CH3Cbl   Methylcobalamin 

CI   Competitive Index 

CNCbl   Cyanocobalamin  

CoA   Coenzyme A 
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CoAsy   Coenzyme A synthase 

CI   Competitive Index Assay 

DDH   Diol Dehydratase 

DHAP   Dihydroxyacetone Phosphate 

DLG1   Drosophila Disc Large Tumor Suppressor 

DMAPP  Dimethylallyl Pyrophosphate 

DMB   Dimethylbenzimidazole 

DPCK   Dephospho-CoA Kinase 

DyP   Dye Decolorizing Peroxidase 

EM   Electron Microscopy 

EPA   Environmental Protection Agency 

Eut MCP  Ethanolamine Utilization Microcompartment 

FAS   Fatty Acid Synthase 

Ffh   Fifty-Four Homologue 

Flp   Ferritin Like Protein 

GRIP   Glutamate Receptor-Interacting Protein 

Grp MCP   Glycyl Radical-based Propanediol Utilization Microcompartment 

HMG-CoA  3-Hydroxy-3-Methylglutaryl-CoA 

HPLC   High-Pressure Liquid Chromatography 

HPLC-ESI-MS HPLC electrospray ionization mass spectrometry 

IPP   Isopentenyl Pyrophosphate 

IPTG   Isopropyl--D-Thiogalactopyranoside 

IVET   In Vivo Expression Technology 
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LB   Luria-Bertani/Lennox 

MCP   Microcompartment 

MMA    Methylmalonic Acid 

MVP   Major Vault Protein 

NAD+   Nicotinamide adenine dinucleotide 

NBIA   Neurodegeneration with Brain Iron Accumulation 

NCE   No-Carbon-E 

NHERF  Na+/H+ Exchanger Regulatory Factor 

nNOS   Neuronal Nitric Oxide Synthase 

iNTS   Invasive Non-Typhoidal Salmonella 

NTS   Non-Typhoidal Salmonella 

OH-Cbl   Hydroxycobalamin  

PAGE   Polyacrylamide Gel Electrophoresis 

PanF   Pantothenate Permease 

PanK   Pantothenate Kinase 

PCB   Polychlorinated Biphenyl 

Pdu MCP  Propanediol Utilization Microcompartment 

PI3K   Phosphoinositide 3-Kinase 

PIP2   Phosphatidylinositol 4,5-Bisphosphate 

PKAN   PANK-Associated Neurodegeneration 

PPAT   Phosphopantetheine Adenylyltransferase 

PPCDC  Phosphopantothenoylcysteine Decarboxylase 

PPCS   Phosphopantothenoylcysteine Synthase 
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PPIs   Protein-Protein Interactions 

PSD95   Postsynaptic Density Protein 

PTAC   Phosphotransacylase 

RNP   Ribonucleoprotein 

RuBisCO  Ribulose Bisphosphate Carboxylase/Oxygenase 

RuBP   Ribulose-1,5-Bisphosphate 

SAM   S-Adenosyl-Methionine 

Shp2PTP  Src Homology 2 Domain-Containing Protein Tyrosine Phosphatase 

SPR   Surface Plasmon Resonance 

SPI   Salmonella Pathogenicity Island 

SRP   Signal Recognition Particle 

SR   Signal Recognition Particle Receptor 

PCB   Polychlorinated Biphenyl 

PI3K   Phosphoinositide 3-Kinase 

PPA   propionaldehyde 

T3SS/TTSS  Type III Secretion System 

TEM   Transmission Electron Microscopy 

TEP1   Telomerase Associated Protein I 

TF   Trigger Factor 

TFP   Teal Fluorescent Protein 

THF   Tetrahydrofolate 

TM   Transmembrane 

TNTC   Too Numerous to Account 
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Uro III   Uroporphyrinogen III 

VLP   Virus Like Particle 

VPARP   Vault Poly (ADP-Ribose)-Polymerase 

ZO1   Zonular Occludens-1 

 


