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Abstract  21 

 Bacterial microcompartments (MCPs) are protein-based organelles that house 22 

the enzymatic machinery for metabolism of niche carbon sources, allowing enteric 23 

pathogens to outcompete native microbiota during host colonization. While much 24 

progress has been made toward understanding MCP biogenesis, questions still remain 25 

regarding the mechanism by which core MCP enzymes are enveloped within the MCP 26 

protein shell. Here we explore the hypothesis that the shell protein PduB is responsible 27 

for linking the shell of the 1,2-propanediol utilization (Pdu) MCP from Salmonella 28 

enterica serovar Typhimurium LT2 to its enzymatic core. Using fluorescent reporters, 29 

we demonstrate that all members of the Pdu enzymatic core are encapsulated in Pdu 30 

MCPs. We also demonstrate that PduB is the sole protein responsible for linking the 31 

entire Pdu enzyme core to the MCP shell. Using MCP purifications, transmission 32 

electron microscopy, and fluorescence microscopy we find that shell assembly can be 33 

decoupled from the enzymatic core, as apparently empty MCPs are formed in 34 

Salmonella strains lacking PduB.  Mutagenesis studies also reveal that PduB is 35 

incorporated into the Pdu MCP shell via a conserved, lysine-mediated hydrogen 36 

bonding mechanism. Finally, growth assays and systems-level pathway modeling reveal 37 

that unencapsulated pathway performance is strongly impacted by enzyme 38 

concentration, highlighting the importance of minimizing polar effects when conducting 39 

these functional assays. Together, these results provide insight into the mechanism of 40 

enzyme encapsulation within Pdu MCPs and demonstrate that the process of enzyme 41 

encapsulation and shell assembly are separate processes in this system, a finding that 42 

will aid future efforts to understand MCP biogenesis.  43 
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Importance 44 

 MCPs are unique, genetically encoded organelles used by many bacteria to 45 

survive in resource-limited environments. There is significant interest in understanding 46 

the biogenesis and function of these organelles, both as potential antibiotic targets in 47 

enteric pathogens and also as useful tools for overcoming metabolic engineering 48 

bottlenecks. However, the mechanism by which these organelles are formed natively is 49 

still not completely understood. Here we provide evidence of a potential mechanism in 50 

S. enterica by which a single protein, PduB, links the MCP shell and metabolic core. 51 

This finding is critical for those seeking to disrupt MCPs during pathogenic infections or 52 

for those seeking to harness MCPs as nanobioreactors in industrial settings.  53 
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Introduction 54 

 Subcellular compartmentalization into organelles is an important feature of 55 

cellular life (1). Organelles allow cells to organize chemical transformations in space, 56 

enabling diverse metabolic processes to occur simultaneously within single cells. This 57 

functionality, sequestering diverse processes into membrane delimited organelles, is 58 

most frequently associated with the eukaryotic domain (1). However, prokaryotes have 59 

diverse modes of subcellular compartmentalization as well, including both lipid (2) and 60 

protein (3) bound organelles.  61 

 A prime example of a protein-delimited organelle is the bacterial 62 

microcompartment (MCP) (4). These protein-based organelles come in numerous 63 

varieties, including carbon-fixing carboxysomes found in cyanobacteria and carbon-64 

harvesting metabolosomes often found in enteric pathogens (Figure 1A) (5, 6). 65 

Metabolosomes consist of a proteinaceous shell surrounding an encapsulated 66 

enzymatic core (Figure 1B) (6). Typically the enzymatic core consists of a specific 67 

metabolic pathway that utilizes a niche carbon source (Figure 1B), often one that must 68 

move through a toxic aldehyde intermediate (Figure 1B) (7). The MCP shell is thought 69 

to provide a diffusional barrier between the cytosol and enzymatic core, which both 70 

helps to increase flux through the encapsulated pathway and also protects the cell from 71 

the toxic intermediate (8, 9). In this way, MCPs are thought to be important for providing 72 

a growth advantage to pathogenic microbes during propagation within hosts (10). 73 

 One of the most well-studied types of metabolosomes is the 1,2-propanediol 74 

utilization (Pdu) MCP found in Salmonella enterica serovar Typhimurium LT2 (hereafter 75 

referred to as “LT2”). The Pdu MCP provides an excellent model for metabolosome 76 
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study as Pdu MCPs natively exist in a number of model bacterial hosts such as the 77 

aforementioned LT2 as well as strains of Escherichia coli (11). Pdu MCPs are broadly 78 

distributed throughout many bacterial phyla and numerous Pdu subtypes exist (12–14). 79 

The LT2 Pdu MCP is also a valuable model metabolosome because it contains 80 

representative shell proteins of all but one of the known shell protein subtypes (Figure 81 

1C), making Pdu-based studies broadly applicable to a variety of MCP systems (13). 82 

 Generally, Pdu MCP shells are irregular and polyhedral in geometry and roughly 83 

140 nm in diameter (15). They are composed of small, assembled shell proteins which 84 

tile together around the enzymatic core into a perforated, mosaic surface, containing 85 

small pores to allow metabolite diffusion (Figure 1B-C) (16). The assembled shell 86 

proteins come in a number of basic archetypal categories (Figure 1C) (13). These 87 

varying architectures include six-sided hexameric or pseudohexameric proteins 88 

composed of pfam00936 domains, as well as five-sided pentameric proteins (BMC-P or 89 

BMV) composed of pfam03319 domains (Figure 1C) (17, 18). The hexagonal 90 

pfam00936 proteins can be further subdivided into simple hexamers (BMC-H), circularly 91 

permutated hexamers (BMC-HP), pseudohexameric trimers (BMC-T), circularly 92 

permutated pseudohexameric trimers (BMC-TP), and circularly permutated 93 

pseudohexameric trimer dimers (BMC-TDP) (Figure 1C) (13). The LT2 Pdu operon 94 

contains eight total shell proteins, with representatives from all but the BMC-TDP 95 

subcategory (19).  96 

 Although tremendous progress has been made toward understanding the 97 

biogenesis and assembly of the Pdu MCP, questions remain regarding the mechanism 98 

linking the shell and the enzymatic core. Numerous studies exist throughout the 99 
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literature proposing nearly every single Pdu shell protein as responsible for 100 

encapsulating one or more of the enzymes that localize to the MCP core (Figure 2A) 101 

(20–24). In this study we expand on the hypothesis set forth by Lehman et al., which 102 

posited that the BMC-TP protein PduB is responsible enzyme encapsulation in Pdu 103 

MCPs (20). To build on this study, we created a suite of fluorescently-tagged enzyme 104 

reporters which report on the encapsulation state of all enzyme interaction partners (i.e. 105 

at least one enzyme from sets of enzymes that are known to interact) (Figure 2B). This 106 

reveals that PduB is responsible for encapsulating all members of the enzymatic core. 107 

Surprisingly, we demonstrate that PduW, an enzyme previously thought to be cytosolic 108 

(25), is also encapsulated within MCPs. We also show that signal sequences are 109 

sufficient for targeting to the enzymatic core, indicating that signal sequences interact 110 

with other members of the enzymatic core and not necessarily the MCP shell as 111 

previously thought (21, 23). Interestingly, MCP purifications from strains with the PduB 112 

open reading frame knocked out demonstrate that the MCP shell still assembles in the 113 

absence of the enzymatic core. This provides the first conclusive evidence that shell 114 

assembly and enzymatic core assembly are separate processes that can be decoupled. 115 

Through mutagenesis, we show that PduB is incorporated into the MCP shell via a 116 

conserved hydrogen bonding mechanism, similar to the mechanism for incorporation of 117 

the BMC-H proteins PduA and PduJ (26–28). Finally, our work shows decoupling the 118 

enzymatic core from the MCP shell results in a surprising growth phenotype, differing in 119 

growth rate and metabolic profile from other disrupted MCPs. Together, these results 120 

provide clarity to a field crowded with conflicting evidence regarding MCP enzyme 121 

encapsulation and organelle biogenesis.  122 
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Results 123 

Fluorescent reporters demonstrate PduB is critical for enzyme encapsulation 124 

 In 2017, Lehman et al. reported that deletion of the PduB N-terminus reduced the 125 

apparent enzyme content of purified MCPs as indicated by sodium dodecyl sulphate-126 

polyacrylamide gel electrophoresis (SDS-PAGE). While groundbreaking, this study did 127 

not directly demonstrate effects of PduB deletion on enzyme localization to MCPs, as 128 

malformed MCPs or mistargeted enzymes are co-purified with MCPs in the differential 129 

centrifugation process (27). To build on this landmark study, we created a suite of green 130 

fluorescent protein (GFP) reporters to inform on which members of the enzymatic core 131 

are directly impacted by the loss of PduB. Numerous studies have indicated that many 132 

Pdu shell proteins directly bind and encapsulate various core enzymes. Thus, we 133 

reasoned that PduB may only be responsible for binding and encapsulating a select 134 

subset of Pdu enzymes. For example, studies have suggested that PduK (21), PduT 135 

(22), PduA (23), PduJ (23), and PduU (24) are responsible for binding and targeting one 136 

or more Pdu enzymes to the MCP core (Figure 2A). However, the work by Lehman et 137 

al. is the only study to date to directly show that a genetic alteration (deletion of the 138 

PduB N-terminus in the pdu operon) leads to changes in enzyme localization. We 139 

therefore hypothesized that PduB is the most likely shell protein to be responsible for 140 

enzyme targeting (20).  141 

 To test the hypothesis that PduB is responsible for linking the Pdu MCP shell and 142 

enzymatic core, we created GFP protein fusions to report on each Pdu enzyme (Figure 143 

1B, 2B). Some enzymes or sets of enzymes contain known, short, N-terminal signal 144 

sequences that are sufficient for targeting enzymes to the MCP lumen. The signal 145 
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sequence of PduD (ssD) is sufficient for targeting PduC, PduD, and PduE (29); the 146 

signal sequence for PduP (ssP) is sufficient for targeting PduP (30); and the signal 147 

sequence for PduL (ssL) is sufficient for targeting PduL (31). Since these are the 148 

minimal components necessary for targeting these proteins, they were fused to GFP 149 

and used to report on the enzyme’s change in encapsulation as a result of genetic 150 

manipulations in this study (Figure 2B). Since PduD interacts with PduC and PduE, only 151 

ssD-GFP was necessary to report on these three proteins. In the same way, since PduP 152 

interacts with PduQ (32), ssP-GFP was used to report on this enzyme set (PduP and 153 

PduQ). PduL has been hypothesized to interact with PduS (33), but this has not been 154 

confirmed experimentally. However, PduS interacts with PduO (34), and since PduO is 155 

the more abundant member of this pair (25), it was fused to GFP and used as a reporter 156 

for PduS and PduO (O-GFP) (Figure 2B).  Similarly, PduG and PduH are subunits of a 157 

diol dehydratase reactivase enzyme and PduG is the more abundant member of this 158 

protein pair, so it was fused with GFP (G-GFP) and used for this study (Figure 2B) (25, 159 

35–37). Finally, PduW, which is thought to be cytosolic (25), was fused C-terminally with 160 

GFP (W-GFP) to report on its encapsulation state (Figure 2B).  161 

 To test the hypothesis that PduB is necessary for the encapsulation of all 162 

members of the enzymatic core listed above, each fluorescent reporter was expressed 163 

in four strains of LT2: (1) wild type (WT) LT2, (2) a strain with the genes encoding the 164 

BMC-H proteins PduA and PduJ knocked out (ΔA ΔJ), (3) a strain with the 165 

transcriptional activator PocR knocked out (ΔpocR), and (4) an experimental strain with 166 

PduB knocked out (ΔB) to inform on the effect of PduB loss on enzyme encapsulation 167 

(Figure 3A). The WT strain serves as a positive control and enables visualization of 168 
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which enzymes are normally encapsulated within MCPs (Figure 3A). The ΔA ΔJ strain 169 

serves as a negative control, as this strain is incapable of forming assembled MCPs but 170 

still forms proto-MCP aggregates, which appear as polar bodies (Figure 3A) (27). The 171 

ΔpocR strain serves as a negative control for MCP expression, as MCP proteins cannot 172 

be expressed from the genome in the presence of the native inducer 1,2-propanediol 173 

(1,2-PD) in this strain (Figure 3A) (27, 38–41). This allows us to determine which GFP-174 

tagged constructs formed aggregates when expressed in the absence of MCPs and to 175 

what degree.  176 

 When each fluorescent reporter is expressed in the WT strain they are localized 177 

to MCPs as indicated by the presence of bright fluorescent puncta (Figure 3B-C). This 178 

assay has been used as a readout of protein localization to MCPs and has been 179 

validated in numerous studies (27, 29, 30, 42). However, the relative encapsulation 180 

level of each enzyme set has not been quantitatively assessed using this assay before. 181 

Our results reveal that ssD-GFP and ssP-GFP are the most efficiently encapsulated, 182 

which is expected based on quantitative mass spectrometry analyses of purified MCPs 183 

(25). ssL-GFP is efficiently targeted to a relatively high number of MCPs, but puncta 184 

appear much dimmer qualitatively relative to ssD-GFP and ssP-GFP, as expected 185 

(Figure 3B). G-GFP and O-GFP are also encapsulated into MCPs, albeit less efficiently 186 

than any of the signal sequence tagged reporters. We hypothesize that this is due to 187 

their propensity to aggregate, as demonstrated by the formation of polar bodies in the 188 

ΔpocR strain (Figure 3B-C). Surprisingly, W-GFP is targeted to MCPs as well, in spite of 189 

the fact that it has been reported to be primarily cytosolic (Figure 3B-C) (25). It should 190 

be noted that it is only targeted to MCPs in a subset of cells, as indicated by the bimodal 191 
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distribution in the MCP counts for this construct (Figure 3C). Together these results 192 

demonstrate that all of the enzymatic members of the Pdu metabolic pathway are likely 193 

targeted to some degree to MCPs, and that the GFP reporter constructs used here are 194 

adequate reporters of this targeting.  195 

 When the fluorescent reporter constructs are co-expressed with MCPs in the ΔB 196 

strain, only polar bodies are observed, similar to the ΔA ΔJ strain (Figure 3B-C). 197 

Quantitatively, significantly fewer puncta are observed per cell for each fluorescent 198 

reporter in both the ΔB and ΔA ΔJ strains compared with the WT strain. Significantly 199 

more puncta are present in the WT strain than in the ΔpocR strain as well, as expected 200 

(Figure 3C). This indicates that either MCP formation or enzyme encapsulation is 201 

significantly impacted by the loss of PduB. 202 

The PduB knockout strain forms assembled but empty MCPs 203 

 The encapsulation assay reveals that PduB loss dramatically alters the 204 

encapsulation state of all fluorescently tagged enzymes tested. However, this assay 205 

cannot distinguish between changes in encapsulation or changes in MCP formation. To 206 

test the hypothesis that PduB impacts encapsulation but not assembly, MCPs were 207 

purified from the ΔB strain using differential centrifugation (43, 44). When purified 208 

samples are analyzed by SDS-PAGE, the ΔB strain appears dramatically different from 209 

the standard MCP banding pattern apparent in the WT samples (Figure 4A). The ΔB 210 

samples more closely resemble the ΔA ΔJ samples, which are known to contain 211 

malformed MCP aggregates (Figure 4A-B) (27). An important distinction is that the ΔB 212 

sample has high apparent levels of PduA and PduJ (Figure 4A). 213 
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 Purified samples were then analyzed by transmission electron microscopy (TEM) 214 

to determine if MCPs or partially formed aggregates were produced in the ΔB strain 215 

(Figure 4B). To our surprise, the ΔB sample shows many apparently well-formed MCPs. 216 

TEM micrographs from this sample contain structures with flat, distinguishable 217 

boundaries that appear roughly polyhedral in morphology (Figure 4B). Interestingly, the 218 

ΔB shells appear smaller than the WT shells (83 ± 21 nm vs 121 ± 19 nm, respectively 219 

(mean ± standard deviation)) and have qualitatively less electron density in their center, 220 

possibly indicating that they are empty (Figure 4B-C). The structures in the ΔB sample 221 

are clearly distinct from the aggregates observed in the ΔA ΔJ sample and the 222 

background structures present in the ΔpocR sample. These results, coupled with the 223 

SDS-PAGE and encapsulation assay results, indicate that the ΔB strain likely forms 224 

empty MCP shells as well as separate aggregates of Pdu enzymes. 225 

 To confirm this surprising finding, co-localization assays were performed in which 226 

the shell protein PduA was fused with a fluorescent mCherry reporter protein and 227 

expressed from the PduA locus in the WT, ΔB, and ΔpocR strain backgrounds. As 228 

expected, PduA-mCherry is localized to MCPs as indicated by the presence of bright 229 

fluorescent puncta (Figure 4D) (45). PduA is known to be important for shell formation 230 

and is one of the most abundant members of the Pdu MCP shell (25, 27, 46). When 231 

expressed in the WT background with the tagged GFP reporter constructs, GFP and 232 

mCherry colocalize, indicating reporter targeting to MCPs, as expected (Figure 4D). 233 

When expressed in the ΔpocR background, no mCherry puncta are present, as none of 234 

the proteins in the pdu operon, including PduA-mCherry, are expressed in this control 235 

(Figure 4D). In the ΔB strain background, mCherry puncta are still present, verifying the 236 
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finding that MCP shells were still formed in the absence of PduB. As expected based on 237 

the results described in Figure 3, GFP reporter constructs are only found in polar bodies 238 

in the ΔB strain (Figure 4D). These results conclusively demonstrate that PduB deletion 239 

impacts protein encapsulation but not MCP shell formation, and that these are two, 240 

distinct processes that can be decoupled upon PduB deletion. Furthermore, this 241 

suggests that signal sequences are sufficient for targeting to the enzymatic core, 242 

challenging the idea that primary Pdu MCP signal sequence function is to bind to MCP 243 

shell proteins, enabling enzymatic core encapsulation (21, 23).  244 

PduB is incorporated into MCPs by a conserved hydrogen bonding mechanism 245 

 While PduB appears to be important for linking the MCP shell and enzymatic 246 

core, the mechanism by which PduB is incorporated into the shell (Figure 5A) is not 247 

known. A groundbreaking structural study by Sutter et al. showed that BMC-TPD 248 

proteins similar to PduB appear to incorporate into the shell of a smaller, more regular, 249 

empty MCP from Haliangium ochraceum via a lysine-lysine hydrogen bonding motif 250 

(Figure 5B) (26, 47). In this motif, lysine side chains on adjacent BMC proteins (in this 251 

case, a BMC-H protein and BMC-TPD protein) arrange antiparallel to each other and 252 

hydrogen bond with the backbone carbonyl oxygen of the adjacent lysine (Figure 5B) 253 

(26, 47). Interestingly, analogous lysine residues (Figure 5C) are also important for the 254 

self-assembly of BMC-H proteins PduA and PduJ, and are necessary for their ability to 255 

drive shell assembly (27). For these reasons, we hypothesized that analogous lysine 256 

residues at these positions in the BMC-TP protein PduB (Figure 5C) are important for 257 

PduB incorporation into the MCP shell, bridging the gap between shell and enzymatic 258 

core.   259 
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 To test this hypothesis, a double mutant version of PduB was cloned where the 260 

lysine residues at position 102 and 207 were mutated to alanine residues. These 261 

residues appear to be well-conserved among PduB homologs (26), so we predicted that 262 

mutations to alanine should be disruptive. We expect that this protein is well-folded, as 263 

analogous mutations in other BMC proteins increase solubility and are used frequently 264 

in crystallographic studies (48, 49). The double mutant PduB (B-K102A-K207A) was 265 

then placed at the pduB locus in the pdu operon in place of WT pduB, generating the 266 

ΔB::B-K102A-K207A strain (Figure 3A). The encapsulation assay, in which each 267 

fluorescent reporter is expressed simultaneously with MCPs, reveals that the ΔB::B-268 

K102A-K207A strain has a similar phenotype to both the ΔB and ΔA ΔJ strains, where 269 

polar bodies are primarily observed rather than the scattered puncta indicative of MCPs 270 

(Figure 3B-C). This indicates that the PduB double mutant is likely unable to incorporate 271 

into MCP shells, effectively recapitulating the ΔB phenotype. 272 

 To confirm the conclusion based on the encapsulation assay, MCPs were 273 

purified from the ΔB::B-K102A-K207A strain. Samples from this strain appear similar to 274 

the ΔB strain by SDS-PAGE, where bands corresponding to enzymes are greatly 275 

reduced, but bands for PduA and PduJ are still visible (Figure 4A). Purified structures 276 

were then imaged by TEM, which reveals that apparently well-formed MCPs are present 277 

and similar in size and morphology to the MCPs purified from the ΔB strain (Figure 4B-278 

C). The PduB double mutant strain was also grown with PduA-mCherry expressed from 279 

the pduA locus, and this reveals bright puncta throughout the cytoplasm, similar to the 280 

ΔB strain, indicating the formation of MCP shells (Figure 4D). As in the ΔB strain, GFP-281 

tagged cargo appears only in polar bodies, again indicating well-formed shells 282 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 27, 2021. ; https://doi.org/10.1101/2021.10.27.466122doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.466122
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 
 

decoupled from the enzymatic cargo (Figure 4D). Together, these results strongly 283 

support the hypothesis that PduB is incorporated into the MCP shell by a similar 284 

mechanism to other BMC proteins, and that disruption of the conserved lysine hydrogen 285 

bonding network disrupts this interaction.  286 

Loss of PduB impacts LT2 growth on 1,2-propanediol as a carbon source 287 

 Having established that PduB is essential for linking the core to the shell of the 288 

Pdu MCP, we next explored how decoupling of the core and shell impacts the function 289 

of the native Pdu pathway. To this end, we compared growth and metabolite profiles in 290 

culture conditions that differentiate strains with well-formed MCPs and broken MCPs. 291 

Specifically, these growth conditions encourage buildup of the toxic propionaldehyde 292 

intermediate, leading to a growth lag in strains with broken MCPs that cannot sequester 293 

this intermediate away from the cytosol (9, 16, 27). Under these growth conditions, we 294 

hypothesized that our strains with decoupled core and shell assembly would exhibit a 295 

growth phenotype similar to that of a strain expressing broken Pdu MCPs (ΔA ΔJ). 296 

 We tested this hypothesis by comparing the growth and metabolite profiles of 297 

three control strains (WT, ΔpocR, ΔA ΔJ) to two experimental strains (ΔB, ΔB::B-298 

K102A-K207A). Our three control strains were the same as those used in the 299 

encapsulation assay—WT, which harbors functional MCPs, ΔpocR, which cannot 300 

express the pdu operon, and ΔA ΔJ, which forms proto-MCP aggregates but no shell 301 

and thus serves as our broken MCP control. Our two experimental strains (ΔB, ΔB::B-302 

K102A-K207A), as described above, both have decoupled MCP core and shell 303 

assembly. Our control strains behave as expected. The ΔpocR strain, which is unable to 304 

express any Pdu pathway enzymes, does not grow nor does it consume 1,2-PD (Figure 305 
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6A, B). Our broken MCP control strain (ΔA ΔJ) initially grows and consumes 1,2-PD 306 

faster than the MCP-containing strain (WT), as expected—the absence of a MCP shell 307 

accelerates apparent pathway kinetics by providing more direct access to 1,2-PD 308 

(Figure 6A, B). However, propionaldehyde build up in the ΔA ΔJ strain eventually leads 309 

to a lag in growth from 12-30 hours (Figure 6A, B). During this timeframe, the WT strain 310 

begins to outgrow the ΔA ΔJ strain, as the MCPs in the WT strain successfully 311 

sequester the toxic propionaldehyde intermediate away from the cytosol (Figure 6A, B). 312 

 Surprisingly, we find that our two experimental strains (ΔB, ΔB::B-K102A-313 

K207A), both of which have decoupled MCP core and shell assembly, exhibit distinct 314 

growth and metabolite profiles. The growth and metabolite profiles of the PduB double 315 

mutant strain (ΔB::B-K102A-K207A) are similar to those of the broken MCP control (ΔA 316 

ΔJ), in agreement with our initial hypothesis. This strain (ΔB::B-K102A-K207A) grows 317 

rapidly at first, and then suffers a growth lag after propionaldehyde accumulates after 9 318 

hours (Figure 6A, B). Interestingly, the growth lag is longer (9-40 hours) and the peak 319 

propionaldehyde level is higher (2.5 ± 0.6 mM) in the ΔB::B-K102A-K207A strain than in 320 

the ΔA ΔJ strain. More perplexing is the behavior of the ΔB strain—not only does this 321 

strain exhibit minimal propionaldehyde buildup, it also eventually outgrows the WT 322 

strain (Figure 6A, B). Correspondingly, the downstream metabolites propionate and 1-323 

propanol are consumed more rapidly in the ΔB strain than in other strains (Figure 6A, 324 

B). Given that ΔB and ΔB::B-K102A-K207A strains exhibit essentially identical behavior 325 

with respect to assembly phenotype (shown above), we turned to kinetic modeling to 326 

generate hypotheses that could explain this observed discrepancy in growth behavior 327 

and differences in propionaldehyde accumulation. 328 
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 Using a systems-level kinetic model of the Pdu pathway modified from previous 329 

work (8) (see Materials and Methods), we examined which features of the pathway or 330 

polar body geometry had the strongest impact on propionaldehyde buildup in cells 331 

containing polar bodies. We considered MCPs as a control case, modeling these MCPs 332 

as spheres with a diffusive barrier at their surface that limits metabolite transport to the 333 

enzymatic core. Polar bodies, then, are modeled as one large sphere with free diffusion 334 

of metabolites at the surface (Figure 7A). The volume of this polar body sphere was set 335 

to equal the total volume of MCPs in the cell (i.e. polar body volume = number of MCPs 336 

per cell x volume of a single MCP). We used this polar body model to assess the 337 

sensitivity of maximum propionaldehyde buildup to parameters affecting kinetics, 338 

geometry and transport. Comparison of the MCP (Supplementary Figure S1) and polar 339 

body (Supplementary Figure S2) models reveals that the maximum propionaldehyde 340 

buildup in the polar body case is much more sensitive to the maximum velocity (Vmax) of 341 

the PduCDE enzyme than in the MCP case. As the concentration of PduCDE in the 342 

polar body is decreased (leading to an equivalent fractional decrease in Vmax), the 343 

predicted propionaldehyde profile for the polar body approaches that of the MCP 344 

(Figure 7A). Indeed, decreasing the PduCDE concentration in the polar bodies 345 

decreases the maximum propionaldehyde concentration outside the cell (Figure 7B). 346 

Specifically, we find that the maximum propionaldehyde concentration observed in the 347 

polar body model matches that of the MCP model if the PduCDE concentration is 348 

decreased by 76%, suggesting that variation in PduCDE concentration between strains 349 

can impact propionaldehyde buildup as strongly as Pdu pathway encapsulation in 350 

MCPs (Figure 7B). We thus hypothesized that the difference between our strains 351 
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containing polar bodies was the level of PduCDE expression. We hypothesized that this 352 

was the result of polar effects in which different alterations to the pduB locus 353 

differentially impact the expression of downstream pduCDE genes. 354 

 We tested our hypothesis that PduCDE expression differed across strains 355 

containing polar bodies by measuring GFP expression at the pduD locus. Specifically, 356 

we replaced the pduD gene at the pduD locus with a gene encoding for ssD-GFP in our 357 

five growth strains (WT, ΔpocR, ΔA ΔJ, ΔB, ΔB::B-K102A-K207A) and used flow 358 

cytometry to quantify GFP expression. We find that the ΔB strain has the lowest 359 

expression at the pduD locus, with 49 ± 7% lower GFP fluorescence than the WT strain 360 

(p < 0.05). By contrast, the ΔB::B-K102A-K207A strain had higher apparent GFP 361 

expression at the pduD locus than the WT strain (p < 0.05). Finally, we find that our 362 

broken MCP control strain, ΔA ΔJ, has just slightly lower expression at the pduD locus 363 

than WT (p < 0.05) (Figure 7C). Importantly, we note that increased GFP expression at 364 

the pduD locus correlates with peak propionaldehyde level in the strains with 365 

unencapsulated enzymes (Pearson’s correlation coefficient = 0.92), supporting our 366 

hypothesis that PduCDE expression causes differences in propionaldehyde buildup in 367 

these strains. 368 

 Together, these results highlight two important considerations for future work in 369 

the MCP field. First, modeling is a powerful tool for generating hypotheses and 370 

exploring parameter space, enabling rapid identification of the key governing 371 

parameters for a given subcellular organizational strategy. Second, polar effects can 372 

impact downstream enzyme expression, which, in turn, can dramatically alter observed 373 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 27, 2021. ; https://doi.org/10.1101/2021.10.27.466122doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.27.466122
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 
 

pathway performance. Thus, quantifying these effects and minimizing them whenever 374 

possible is essential when conducting genetic studies of MCP function. 375 

Discussion 376 

 Metabolosomes are bacterial organelles confirmed to exist in a number of enteric 377 

bacteria, where their expression and activation has been linked to pathogenesis (10). Of 378 

the metabolosomes investigated to-date, the Pdu MCP is the best studied, and has 379 

served as a model system for understanding the basics of metabolosome assembly and 380 

metabolic function. However, even in this well-studied model system, a large body of 381 

conflicting evidence exists regarding the mechanism by which enzymatic cargo is 382 

loaded into the MCP shell (20–24). 383 

 Here, we used a comprehensive suite of fluorescent reporters to show that the 384 

shell protein PduB is responsible for linking the enzymatic core to the MCP shell—when 385 

PduB is absent or unable to incorporate into the shell, no Pdu enzymes are loaded into 386 

the MCP. This interaction between PduB and the enzymatic core likely happens via the 387 

N-terminus of PduB, as previously suggested in Lehman et al., since deletion of this 388 

unique structural domain reduces enzyme loading into MCPs (20). Instead, enzymes 389 

localize to proto-MCP aggregates, termed polar bodies, in the absence of PduB. 390 

Importantly, we find that N-terminal signal sequence tags such as those identified for 391 

PduD and PduP are sufficient for loading cargo to these proto-MCP aggregates (29, 392 

30). This is significant as these signal sequence tags were previously thought to exist 393 

primarily to link the shell and core of the MCP. We also report that although PduB is 394 

required for cargo loading, it is not necessary for MCP shell assembly, as empty MCP 395 

structures form in the absence of PduB. The fact that empty MCP shells and proto-MCP 396 
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aggregates form separately in the absence of PduB suggests that MCP shell and core 397 

assembly are independent processes in the Pdu MCP system. Combined with previous 398 

work demonstrating that a self-assembling proteins PduA or PduJ are required for Pdu 399 

MCP formation (27), this discovery brings us one step closer to realizing the 400 

components necessary to construct a minimal Pdu MCP. Specifically, two of the 401 

requisite components are: (1) a hexameric protein with a strong propensity for self-402 

assembly (PduA or PduJ) and (2) a protein that links the core and shell by interacting 403 

with both the enzymatic core and the self-assembling hexameric proteins via a 404 

conserved hydrogen bonding mechanism. We expect that computational models of this 405 

assembly process will provide insight into the specific roles that these different proteins 406 

play in MCP assembly (46, 50). 407 

 We also investigated how LT2 growth on 1,2-propanediol was impacted by the 408 

decoupling of MCP core and shell assembly. As expected, when enzymes are localized 409 

to polar bodies, buildup of the toxic aldehyde intermediate is not well-controlled as it is 410 

in MCPs. However, using a combination of systems-level kinetic modeling and 411 

experiments, we also discovered that strains that contain polar bodies rather than MCPs 412 

exhibit dramatically different growth profiles depending on PduCDE expression level. In 413 

our strains, we believe the differences in PduCDE expression we observed are a 414 

consequence of polar effects on gene expression, as the genes encoding for pduCDE 415 

are immediately downstream of the pduB gene. Specifically, we find that while our pduB 416 

knockout strain (ΔB) and our pduB double mutant strain (ΔB::B-K102A-K207A) both 417 

result in a similar decoupling of MCP core and shell assembly, the strain with the more 418 

dramatic genetic alteration at the pduB locus (ΔB, the knockout) decreases expression 419 
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at the pduD locus substantially, whereas the strain with minimal genetic alteration at the 420 

pduB locus (ΔB::B-K102A-K207A) does not. This result emphasizes an important point 421 

of concern for studies in this field—namely that polar effects on downstream gene 422 

expression can confound interpretation of experiment results, and thus must be 423 

considered. Indeed, it has been shown that alterations to the pduL locus, which 424 

encodes for enzymatic cargo, can disrupt Pdu MCP shell assembly, likely by modifying 425 

expression levels of downstream shell proteins like PduN (42). Conversely, we show 426 

here that modifications to the pduB locus, which encodes for a shell protein, can alter 427 

enzyme concentrations in the core, altering Pdu pathway performance. Thus, the 428 

identification of point mutants that minimally disrupt operon sequence, but prevent 429 

specific protein functions, will be essential in future MCP studies.  430 
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Materials and Methods 431 

Plasmid and strain creation 432 

 All plasmids used for this study were created using the Golden Gate cloning (51) 433 

method into a Golden Gate-compatible pBAD33t parent vector (chloramphenicol 434 

resistance, p15a origin of replication). All strains, plasmids, and primers are listed and 435 

described in Supplemental Tables S1-3, respectively. For constructs in which a signal 436 

sequence was appended to the N-terminus of GFPmut2, a BsaI cut site and the DNA 437 

sequence encoding the signal sequence were added to GFP using PCR (see Table S3 438 

for primer sequence information). For strains in which GFPmut2 was appended to the 439 

C-terminus of a full enzyme, a two-piece Golden Gate reaction was carried out. This is 440 

true for all GFP-enzyme fusions with the exception of PduG-GFP, which was cloned 441 

using SacI and XbaI restriction sites. First, forward and reverse primers were used to 442 

amplify the enzyme and GFPmut2 open reading frames. Each primer encoded 443 

compatible sticky ends to enable ligation into the pBAD33t parent vector in the proper 444 

orientation. A glycine-serine (GS) linker was also encoded between the enzyme and 445 

GFPmut2 open reading frames. Golden Gate reactions were carried out using 446 

FastDigest Eco31I (Thermo Fisher Scientific) and T4 DNA ligase (New England 447 

Biolabs), transformed into E. coli DH10b cells, purified using ZyppyTM Plasmid Miniprep 448 

kit (Zymo Research), and sequence verified by Sanger sequencing (Genewiz).  449 

 All modified LT2 strains used in this study are listed in Table S1 and were 450 

generated using λ red recombineering as described in previous reports (27, 52). Briefly, 451 

a marker encoding dual selection (cat/sacB) was PCR amplified containing flanking 452 

homologous overhangs matching the target gene locus and inserted into the pdu 453 
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operon. The cat/sacB selectable marker was then either replaced with a gene of interest 454 

or knocked out, leaving only the C-terminus of the target gene in order to reduce polar 455 

effects on downstream gene expression. For the PduB-K102A-K207A double mutant 456 

strain, QuikChange was used (with KOD Hot Start DNA Polymerase (Sigma-Aldrich)) to 457 

perform site directed mutagenesis on the two lysine residues on a plasmid backbone 458 

first before it was amplified and inserted into the pdu operon. Modified strains were 459 

sequence confirmed using Sanger sequencing (Genewiz).  460 

Fluorescence and phase contrast microscopy 461 

 Fluorescence and phase contrast micrographs were collected on Nikon Eclipse 462 

Ni-U upright microscope, 100X oil immersion objective, and an Andor Clara digital 463 

camera with NIS Elements Software (Nikon). GFP fluorescence micrographs were 464 

collected using a C-FL Endow GFP HYQ bandpass filter and mCherry fluorescence 465 

micrographs were collected using a C-FL Y-2E/C filter. Exposure times of 100 ms were 466 

used for ssD-GFP and ssP-GFP, 300 ms for ssL-GFP, 400 ms for G-GFP, O-GFP, and 467 

W-GFP, and 500 ms for mCherry. Cell culture samples were placed onto FisherbrandTM 468 

frosted microscope slides and covered using 22 mm x 22 mm, #1.5 thickness cover 469 

slips. All images were equally adjusted within experiments and sample type for 470 

brightness and contrast using ImageJ (53). Puncta counts were collected on brightness 471 

and contrast adjusted images.  472 

Microcompartment expression and purification 473 

 MCP expression and purification was done as described in detail previously (43). 474 

Briefly, overnight starter cultures were started from single colonies streaked out onto 475 

Lysogeny Broth, Miller (LB-M, Thermo Fisher Scientific) agar plates. These 5 mL LB-M 476 
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cultures (with 34 µg/mL chloramphenicol added when appropriate) were grown in 24-477 

well blocks for 15-18 hours at 37°C and shaking at 225 RPM. Saturated starter cultures 478 

were used to subculture expression cultures. If cultures were used for microscopy 479 

experiments, cultures were subcultured 1:500 in 5 mL LB-M supplemented with 0.02% 480 

(w/v) final concentration of L-(+)-arabinose to induce fluorescent reporter expression, 481 

0.4% (v/v) final concentration 1,2-propanediol to induce MCP expression, and 34 µg/mL 482 

chloramphenicol. Cultures were then grown for a minimum of 6 hours at 37°C, 225 RPM 483 

before imaging. For cultures used for MCP purification, saturated overnight cultures 484 

were diluted 1:1000 into 200 mL No Carbon Essential (NCE) media supplemented with 485 

50 µM ferric citrate, 42 mM succinate as a carbon source, 1 mM magnesium sulfate, 486 

and 55 mM 1,2-propanediol to induce MCP expression. The cultures were grown in 1 L 487 

glass Erlenmeyer flasks at 37°C, 225 RPM until cultures reached an OD600 of at least 1. 488 

MCPs were purified using an established differential centrifugation method described 489 

previously (43). Briefly, cells were pelleted at 5,000 x g and lysed chemically using an 490 

octylthioglucoside (OTG) solution. Cell lysate was clarified at 12,000 x g (4°C, 5 491 

minutes) and MCPs were pelleted at 21,000 x g (4°C, 20 minutes). Purified MCPs were 492 

stored in a buffered saline solution containing 50 mM Tris (pH 8.0), 50 mM potassium 493 

chloride, 5 mM magnesium chloride, and 1% (v/v) 1,2-propanediol at 4°C. Cultures used 494 

for flow cytometry were subcultured from overnights 1:1000 into 5 mL of the same NCE 495 

media used for compartment purifications and grown for 16 hours at 37 °C at 225 RPM 496 

prior to analysis. 497 

Transmission electron microscopy 498 
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 Transmission electron microscopy (TEM) on purified MCPs was done as 499 

described in detail in a prior study (15). Samples containing purified MCPs were applied 500 

and fixed onto 400 mesh Formvar-coated copper grids (EMS Cat# FF400-Cu). Fixation 501 

was done using 2% (v/v) glutaraldehyde and staining was done using 1% (w/v) uranyl 502 

acetate. Samples were then imaged using a JEOL 1230 transmission electron 503 

microscope with a Gatan 831 bottom-mounted CCD camera. MCP diameter 504 

measurements were collected using the Ferret diameter tool in ImageJ (53).  505 

SDS-PAGE 506 

 For analysis of purified MCPs using SDS-PAGE, samples were first normalized 507 

by protein concentration (measured by bicinchoninic acid assay) before loading onto the 508 

15 wt% polyacrylamide Tris-glycine minigels. SDS-PAGE was then run a second time 509 

with sample loading normalized by densitometry on the PduA band to correct for 510 

potential contaminants within the samples. Samples were boiled at 95°C for 5 minutes 511 

in Laemmli buffer and then immediately run at 120 V for 90 minutes. Gels were stained 512 

with Coomassie Brilliant Blue R-250 and imaged using the Bio-Rad ChemiDoc XRS + 513 

System. 514 

Growth assays and metabolite analysis 515 

 Overnight starter cultures of LT2 strains of interest were started from a single 516 

colony and grown in test tubes in 5 mL of Terrific Broth (Dot Scientific, Inc.) without 517 

glycerol. Overnights were grown 15-16 h at 37 °C at 225 RPM with orbital shaking. 518 

These overnights were subcultured into 50 mL No Carbon Essential (NCE) media 519 

supplemented with 50 µM ferric citrate, 1 mM magnesium sulfate, 150 nM 520 

adenosylcobalamin (Santa Cruz Biotechnology), and 55 mM 1,2-propanediol to an 521 
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OD600 of 0.05. Cultures were grown in 250 mL, unbaffled Erlenmeyer flasks at 37 °C, 522 

225 rpm. At each time point, 500 µL of cell culture was taken for OD600 measurement 523 

and HPLC analysis. OD600 measurements were taken using a BioTek Synergy HTX 524 

multi-mode plate reader. After 9 hours, cultures from all strains except the ΔpocR strain 525 

were diluted 1:5 in fresh NCE to ensure measurements were within the linear range of 526 

the instrument. Error bars on growth curves represent standard deviation over three 527 

biological replicates. The remainder of the cell culture sample (that not used for OD600 528 

measurement) was centrifuged at 13,000 x g for 5 minutes to pellet cells. The 529 

supernatant was collected and frozen at -20 °C. After completion of the growth 530 

experiment, supernatant samples were thawed and filtered (Corning™ Costar™ Spin-X 531 

LC filters) in preparation for HPLC analysis. Samples were run on an Agilent 1260 532 

HPLC system. Metabolites were separated using a Rezex™ ROA-Organic Acid H+ 533 

(8%) LC Column (Phenomenex) at 35 °C, in 5 mM sulfuric acid flowing at 0.4 mL/min. 534 

Metabolites were detected with a refractive index detector (RID) as previously described 535 

(9). Peak areas were calculated using the Agilent ChemLab software and converted to 536 

metabolite concentrations using standards of the metabolites of interest (1,2-537 

propanediol, propionaldehyde, propionate, 1-propanol) at 200 mM, 100 mM, 50 mM, 20 538 

mM, and 5 mM. Error bars on metabolite concentrations represent standard deviation 539 

over three biological replicates. 540 

Modelling   541 

 The kinetic model used here is modified from previous work, which described 542 

MCP function in the cell using a reaction-diffusion framework (8).  Modifications include 543 

an assumption that the cytosol is well-mixed to produce a compartmental model and the 544 
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incorporation of the effects of cell growth. We analyze how metabolite profiles evolve 545 

over time, while previous studies focused on steady state. A detailed description of the 546 

model used in this work is provided here and in Supplemental Document 1.  547 

 We model cells as capsule-shaped (cylinders with a hemisphere at either end) 548 

and allow passive transport of 1,2-propanediol, propionaldehyde, propionyl-CoA, 1-549 

propanol, and propionate at the cell surface, specified by the permeabilities included in 550 

Supplemental Table S4. MCPs are modeled as spheres 140 nm in diameter (15 per 551 

cell) that have a specified permeability at the surface; this permeability is assumed to be 552 

the same for all metabolites. Polar bodies are modeled as a single sphere per cell 345 553 

nm in diameter (selected such that the volume of the polar body is equal to that of 15 554 

MCPs), and allow free diffusion of all metabolites at their surface. Recognizing that 555 

diffusion in the MCP, cytosol, and media are much faster than the transport processes 556 

and enzyme reaction rates, we assume that the concentration is uniform in each of 557 

these locations.  558 

We assume that conversion of 1,2-propanediol to propionaldehyde by PduCDE is 559 

irreversible. Similarly, we assume that conversion of propionyl-CoA to propionate by 560 

PduL and PduW occurs in a single step, and that this reaction is also irreversible. 561 

Reverse reactions are included for conversion of propionaldehyde to 1-propanol and 562 

propionyl-CoA by PduQ and PduP respectively. Reactions catalyzed by PduCDE, 563 

PduP, and PduQ are assumed to occur only in the MCP or polar body volume, whereas 564 

the reaction catalyzed by PduL/PduW is assumed to occur only in the cytosol. All 565 

enzymes are assumed to have Michaelis-Menten kinetics.  566 
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Cell concentration and growth are calculated using the data from the growth 567 

curves. The model was built and implemented in Python (54). All codes used are 568 

available on GitHub at https://github.com/cemills/MCP-vs-PolarBody. A detailed 569 

description of the equations used in the model are available in Supplemental Document 570 

1. The parameters used for calculations presented here are available in Supplemental 571 

Table S4. Metabolite profiles over time of 1,2-propanediol, propionaldehyde, propionate, 572 

1-propanol for the PduCDE concentrations shown in Figure 7A can be found in 573 

Supplementary Figure S3. 574 

Flow cytometry 575 

 Prior to measurement, cells were diluted to OD600 = 0.03 into 200 µL phosphate-576 

buffered saline (PBS) supplemented with 2 mg/mL kanamycin to stop translation. 577 

Samples were prepared in a U-bottomed 96-well plate and kept away from light until 578 

measurement. 10,000 events were collected per sample on an Attune NxT acoustic 579 

focusing cytometer paired with an Attune NxT auto sampler. Cell populations were 580 

gated using forward and side scatter channels, and average reported fluorescence was 581 

calculated using the geometric mean of the population. Values were converted to 582 

molecules of equivalent fluorescence (MEF) using BD Sphero™ Rainbow Calibration 583 

Particles (Fisher Scientific catalog number BDB559123) according to manufacturer’s 584 

instructions. Analysis was performed using FlowJo software (www.FlowJo.com).   585 
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Figure Legends 775 

Figure 1 – Schematic representation of cells containing Pdu MCPs. (A) Cells 776 

harboring MCPs can scavenge niche carbon sources from their environment. (B) The 777 

Pdu MCP encapsulates enzymes responsible for the metabolism of 1,2-propanediol to 778 

propionate and 1-propanol via the toxic intermediate propionaldehyde, which is 779 

sequestered by the MCP shell. The Pdu MCP also encapsulates various enzymes 780 

responsible for cofactor recycling. (C) MCPs are composed of a protein shell made of a 781 

variety of different shell protein architectures, including hexamers (BMC-H), trimers 782 

(BMC-T), and pentamers (BMC-P) and their various subtypes. 783 

Figure 2 – A suite of fluorescent reporters is used to investigate hypotheses 784 

about enzyme encapsulation within Pdu MCPs. (A) A number of hypotheses have 785 

been proposed in the Pdu MCP literature regarding the mechanism of enzyme 786 

encapsulation (20-25, 33). Six of the eight Pdu shell proteins have been suggested to 787 

have a role in enzyme encapsulation. In order to test the hypothesis proposed in 788 

Lehman et al., we created a suite of fluorescent reporters (B) to inform on the 789 

encapsulation state on the entire Pdu MCP core.  790 

Figure 3 – Loss of PduB disrupts enzyme encapsulation. (A) Schematic 791 

representation of the pdu operon and modifications to various LT2 strains used in this 792 

study, including the wild type (WT) operon. ΔA ΔJ has the open reading frames 793 

encoding PduA and PduJ knocked out, disrupting MCP formation. The ΔpocR strain has 794 

the transcriptional activator for the pdu operon knocked out, disrupting Pdu MCP 795 

expression. The ΔB strain has PduB knocked out and the ΔB::B-K102A-K207A strain 796 

has WT PduB replaced with a double mutant that disrupts PduB incorporation into the 797 
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MCP shell. (B) Phase contrast and GFP fluorescence micrographs of cells expressing 798 

different GFP reporter constructs (scale bar = 1 µm). Different LT2 strains are indicated 799 

by the far left vertical axis label and the micrograph type is indicated by the near left 800 

vertical axis label. The reporter construct is indicated by the top horizontal labels. 801 

Representative bright, fluorescent puncta indicating MCPs are labelled with a blue 802 

arrow, polar bodies are labelled with a purple arrow, and diffuse fluorescence is 803 

indicated with a yellow arrow. (C) Quantification of puncta per cell for different 804 

fluorescently-tagged enzyme reporter constructs and various LT2 strains. The strain is 805 

indicated by the top, horizontal label and the encapsulation tag is indicated by the 806 

bottom horizontal label. Note that each reporter construct is readily encapsulated to 807 

varying degrees into the WT strain, whereas their encapsulation is significantly depleted 808 

in strains lacking PduB (p < 0.0001, one-tailed t-test). Puncta were counted from three 809 

biological replicates and >106 cells were counted per strain/construct.  810 

Figure 4 – Loss of PduB decouples Pdu MCP shell assembly from the enzymatic 811 

core. (A) Coomassie-stained SDS-PAGE gel of MCP purifications from various LT2 812 

strains (top horizontal label). Bands corresponding to various Pdu MCP components 813 

(right vertical labels) are present in the WT strain but absent in other strains. MWM = 814 

molecular weight marker. (B) Representative negative-stained transmission electron 815 

micrographs of Pdu MCP purifications from various LT2 strains. Well-formed MCP 816 

shells are irregular and polyhedral in shape and have a defined boundary and are 817 

present in the WT, ΔB, and ΔB::B-K102A-K207A samples. (C) Pdu MCPs purified from 818 

WT are significantly larger in diameter than shells purified from the ΔB or ΔB::B-K102A-819 

K207A strains (p < 0.0001, one-tailed t-test). Measurements were collected on three 820 
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biological replicates and >120 MCPs were measured for each sample type. (D) 821 

Representative phase contrast and fluorescence micrographs for various strains of LT2 822 

expressing ssP-GFP and PduA-mCherry reporter constructs (scale bar = 1 µm). The 823 

strain is labelled on the top horizontal axis and the microscopy type is labelled on the 824 

near left vertical axis. Bright, fluorescent puncta indicative of MCPs are labelled with a 825 

blue arrow, polar bodies are indicated with a purple arrow, and diffuse fluorescence is 826 

indicated with a yellow arrow. mCherry fluorescence is pseudocolored in yellow and 827 

GFP fluorescence is pseudocolored in cyan. Overlapping fluorescence is indicated in 828 

the merged image.  829 

Figure 5 – PduB is incorporated in the Pdu MCP shell via a conserved hydrogen 830 

bonding motif. (A) Schematic representation of BMC-H (orange) and BMC-T (blue) 831 

proteins tiling together to form the facets of the MCP shell. (B) Lysine residues at the 832 

hexamer-hexamer and hexamer-trimer interfaces are predicted to play a role in facet 833 

tiling in a MCP from H. ochraceum (PDB: 5V74) (26). BMC-H proteins are in orange and 834 

BMC-T proteins are in blue. (C) The edge lysine residue important for PduA (orange) 835 

self-assembly is also present in PduB (blue) (PduA PDB: 3NGK (55); PduB PDB: 4FAY 836 

(56)). All structural visualization was done using Chimera (57).  837 

Figure 6 – PduB alterations change LT2 growth and metabolite profiles. (A) LT2 838 

control and experimental strains containing different MCP morphologies (WT MCPs, 839 

polar bodies (ΔA ΔJ, ΔB, and ΔB::B-K102A-K207A), no protein expression (ΔpocR)). 840 

These differing morphologies lead to various LT2 growth profiles, as measured by the 841 

optical density at 600 nm (OD600) at different time points. (B) Metabolite profiles of 842 

different LT2 strains during growth on 1,2-propanediol as a sole carbon source with 843 
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excess adenosylcobalamin (150 nM). The concentration (mM) of four key metabolites 844 

(1,2-propanediol, propionaldehyde, propionate, and 1-propanol) was measured over the 845 

duration of the growth curve visualized in Fig. 6A.  846 

Figure 7 – System-level kinetic modelling reveals how a polar effect alters growth 847 

and metabolite profiles. (A) Two organizational strategies for Pdu enzymes (MCPs 848 

and polar bodies) were tested in a systems-level kinetic model. Plotted here are 849 

propionaldehyde concentrations in the external media. PduCDE enzyme concentration 850 

was also varied in the polar body model case to account for the potential genetic polar 851 

effects that alter gene expression. (B) The kinetic model demonstrates that changes to 852 

PduCDE concentration (mM) impact the maximum propionaldehyde concentration (mM) 853 

observed in the external media when pathway enzymes are contained in a polar body. 854 

(C) Comparison of GFP fluorescence (MEF FITC) measured by flow cytometry as a 855 

proxy for gene expression vs peak propionaldehyde concentration (mM) reveals that 856 

PduCDE expression is likely reduced due to a genetic polar effect in the ΔB strain.  857 
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