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ABSTRACT Bacterial microcompartments (MCPs) are protein-based organelles that
house the enzymatic machinery for metabolism of niche carbon sources, allowing
enteric pathogens to outcompete native microbiota during host colonization. While
much progress has been made toward understanding MCP biogenesis, questions still
remain regarding the mechanism by which core MCP enzymes are enveloped within
the MCP protein shell. Here, we explore the hypothesis that the shell protein PduB is
responsible for linking the shell of the 1,2-propanediol utilization (Pdu) MCP from
Salmonella enterica serovar Typhimurium LT2 to its enzymatic core. Using fluorescent
reporters, we demonstrate that all members of the Pdu enzymatic core are encapsu-
lated in Pdu MCPs. We also demonstrate that PduB is critical for linking the entire
Pdu enzyme core to the MCP shell. Using MCP purifications, transmission electron
microscopy, and fluorescence microscopy, we find that shell assembly can be
decoupled from the enzymatic core, as apparently empty MCPs are formed in
Salmonella strains lacking PduB. Mutagenesis studies reveal that PduB is incorpo-
rated into the Pdu MCP shell via a conserved, lysine-mediated hydrogen bonding
mechanism. Finally, growth assays and system-level pathway modeling reveal that
unencapsulated pathway performance is strongly impacted by enzyme concentra-
tion, highlighting the importance of minimizing polar effects when conducting these
functional assays. Together, these results provide insight into the mechanism of
enzyme encapsulation within Pdu MCPs and demonstrate that the process of
enzyme encapsulation and shell assembly are separate processes in this system, a
finding that will aid future efforts to understand MCP biogenesis.

IMPORTANCE MCPs are unique, genetically encoded organelles used by many bacteria
to survive in resource-limited environments. There is significant interest in understand-
ing the biogenesis and function of these organelles, both as potential antibiotic targets
in enteric pathogens and also as useful tools for overcoming metabolic engineering bot-
tlenecks. However, the mechanism by which these organelles are formed natively is still
not completely understood. Here, we provide evidence of a potential mechanism in S.
enterica by which a single protein, PduB, links the MCP shell and metabolic core. This
finding is critical for those seeking to disrupt MCPs during pathogenic infections or for
those seeking to harness MCPs as nanobioreactors in industrial settings.
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Subcellular compartmentalization into organelles is an important feature of cellular
life (1). Organelles allow cells to organize chemical transformations in space, ena-

bling diverse metabolic processes to occur simultaneously within single cells. This
functionality, sequestering diverse processes into membrane-delimited organelles, is
most frequently associated with the eukaryotic domain (1). However, prokaryotes have
diverse modes of subcellular compartmentalization as well, including both lipid (2)-
and protein (3)-bound organelles.

A prime example of a protein-delimited organelle is the bacterial microcompart-
ment (MCP) (4). These protein-based organelles come in numerous varieties, including
carbon-fixing carboxysomes found in cyanobacteria and carbon-harvesting metabolo-
somes often found in enteric pathogens (Fig. 1A) (5, 6). Metabolosomes consist of a
proteinaceous shell surrounding an encapsulated enzymatic core (Fig. 1B) (6). Typically
the enzymatic core consists of a specific metabolic pathway that utilizes a niche carbon
source (Fig. 1B), often one that must move through a toxic aldehyde intermediate (Fig.
1B) (7). The MCP shell is thought to provide a diffusional barrier between the cytosol
and enzymatic core, which both helps to increase flux through the encapsulated path-
way and also protects the cell from the toxic intermediate (8, 9). In this way, MCPs are
thought to be important for providing a growth advantage to pathogenic microbes
during propagation within hosts (10).

One of the most well-studied types of metabolosomes is the 1,2-propanediol utiliza-
tion (Pdu) MCP found in Salmonella enterica serovar Typhimurium LT2 (here referred to
as LT2). The Pdu MCP provides an excellent model for metabolosome study, as Pdu
MCPs natively exist in a number of model bacterial hosts, such as the aforementioned
LT2 as well as strains of Escherichia coli (11). Pdu MCPs are broadly distributed through-
out many bacterial phyla, and numerous Pdu subtypes exist (12–14). The LT2 Pdu MCP
is also a valuable model metabolosome because it contains representative shell pro-
teins of all but one of the known shell protein subtypes (Fig. 1C), making Pdu-based
studies broadly applicable to a variety of MCP systems (13).

Generally, Pdu MCP shells are irregular and polyhedral in geometry and roughly
140 nm in diameter (15). They are composed of small, assembled shell proteins that
tile together around the enzymatic core into a perforated, mosaic surface containing
small pores to allow metabolite diffusion (Fig. 1B and C) (16). The assembled shell pro-
teins come in a number of basic archetypal categories (Fig. 1C) (13). These various
architectures include six-sided hexameric or pseudohexameric proteins composed of
pfam00936 domains as well as five-sided pentameric proteins (BMC-P or BMV) com-
posed of pfam03319 domains (Fig. 1C) (17, 18). The hexagonal pfam00936 proteins
can be further subdivided into simple hexamers (BMC-H), circularly permutated hexam-
ers (BMC-HP), pseudohexameric trimers (BMC-T), circularly permutated pseudohexa-
meric trimers (BMC-TP), and circularly permutated pseudohexameric trimer dimers
(BMC-TDP) (Fig. 1C) (13). The LT2 Pdu operon contains eight total shell proteins, with
representatives from all but the BMC-TDP subcategory (19).

Although tremendous progress has been made toward understanding the biogene-
sis and assembly of the Pdu MCP, questions remain regarding the mechanism linking
the shell and the enzymatic core. Numerous studies exist throughout the literature
proposing nearly every single Pdu shell protein is responsible for encapsulating one or
more of the enzymes that localize to the MCP core (Fig. 2A) (20–24). In this study, we
expand on the hypothesis set forth by Lehman et al., which posited that the BMC-TP

protein PduB is responsible for enzyme encapsulation in vitamin B12-dependent Pdu
MCPs from LT2 (20). To build on this study, we created a suite of fluorescently tagged
enzyme reporters that report on the encapsulation state of all enzyme interaction part-
ners (i.e., at least one enzyme from sets of enzymes that are known to interact) (Fig.
2B), revealing that PduB plays a critical role in encapsulation. Through mutagenesis,
we show that PduB is incorporated into the MCP shell via a conserved hydrogen bond-
ing mechanism (25–27). We also show that signal sequences are sufficient for targeting
to the enzymatic core, indicating that signal sequences interact with other members of
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the enzymatic core and not necessarily the MCP shell, as previously thought (21, 23).
Interestingly, gene knockouts and MCP purifications demonstrate that the Pdu MCP
shell still assembles in the absence of the enzymatic core, providing evidence that shell
assembly and enzymatic core assembly are separate processes that can be decoupled.
Finally, our work shows decoupling the enzymatic core from the MCP shell results in a

FIG 2 Suite of fluorescent reporters is used to investigate hypotheses about enzyme encapsulation within Pdu MCPs. (A) A number of hypotheses have
been proposed in the Pdu MCP literature regarding the mechanism of enzyme encapsulation. Six of the eight Pdu shell proteins have been suggested to
have a role in enzyme encapsulation (20–24, 32, 34). (B) In order to test the hypothesis proposed in Lehman et al. (20), we created a suite of fluorescent
reporters to inform on the encapsulation state on the entire Pdu MCP core.

FIG 1 Schematic representation of cells containing Pdu MCPs. (A) Cells harboring MCPs can scavenge niche carbon sources from their environment. (B) The
Pdu MCP encapsulates enzymes responsible for the metabolism of 1,2-propanediol to propionate and 1-propanol via the toxic intermediate
propionaldehyde, which is sequestered by the MCP shell. The Pdu MCP also encapsulates various enzymes responsible for cofactor recycling. (C) MCPs are
composed of a protein shell made of a variety of different shell protein architectures, including hexamers (BMC-H), trimers (BMC-T), and pentamers (BMC-P)
and their various subtypes.
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surprising growth phenotype, differing from other strains expressing disrupted MCPs.
Together, these results provide clarity to a field crowded with conflicting evidence
regarding MCP enzyme encapsulation and organelle biogenesis.

RESULTS
Fluorescent reporters demonstrate PduB is critical for enzyme encapsulation.

In 2017, Lehman et al. (20) reported that deletion of the PduB N terminus reduced the
apparent enzyme content of purified MCPs, as indicated by SDS-PAGE. While ground-
breaking, this study did not directly demonstrate effects of PduB deletion on enzyme
localization to MCPs, as malformed MCPs or mistargeted enzymes are copurified with
MCPs in the differential centrifugation process (26). To build on this landmark study,
we created a suite of green fluorescent protein (GFP) reporters to inform on which
members of the enzymatic core are directly impacted by the loss of PduB. Numerous
studies have indicated that many Pdu shell proteins directly bind and encapsulate vari-
ous core enzymes. Thus, we reasoned that PduB may only be responsible for binding
and encapsulating a select subset of Pdu enzymes. For example, studies have sug-
gested that PduK (21), PduT (22), PduA (23), PduJ (23), and PduU (24) are responsible
for binding and targeting one or more Pdu enzymes to the MCP core (Fig. 2A).
However, the work by Lehman et al. (20) is the only study to date to directly show that
a genetic alteration (deletion of the PduB N terminus in the pdu operon) leads to
changes in enzyme localization. We therefore hypothesized that PduB is the most likely
shell protein to be responsible for enzyme targeting (20).

To test the hypothesis that PduB is responsible for linking the Pdu MCP shell and
enzymatic core, we created GFP fusions to report on each Pdu enzyme (Fig. 1B and
2B). Some enzymes or sets of enzymes contain known, short, N-terminal signal sequen-
ces that are sufficient for targeting enzymes to the MCP lumen. The signal sequence of
PduD (ssD) is sufficient for targeting PduC, PduD, and PduE (28); the signal sequence
for PduP (ssP) is sufficient for targeting PduP (29); and the signal sequence for PduL
(ssL) is sufficient for targeting PduL (30). Since these are the minimal components nec-
essary for targeting these proteins, they were fused to GFP and used to report on the
enzyme’s change in encapsulation as a result of genetic manipulations in this study
(Fig. 2B). Since PduD interacts with PduC and PduE, only ssD-GFP was necessary to
report on these three proteins. In the same way, since PduP interacts with PduQ (31),
ssP-GFP was used to report on this enzyme set (PduP and PduQ). PduL has been
hypothesized to interact with PduS (32), but this has not been confirmed experimen-
tally. However, PduS interacts with PduO (33), and since PduO is the more abundant
member of this pair (34), it was fused to GFP and used as a reporter for PduS and PduO
(O-GFP) (Fig. 2B). Similarly, PduG and PduH are subunits of a diol dehydratase reacti-
vase enzyme and PduG is the more abundant member of this protein pair, so it was
fused with GFP (G-GFP) and used for this study (Fig. 2B) (34–37). Finally, PduW, which
is thought to be cytosolic (34), was fused C-terminally with GFP (W-GFP) to report on
its encapsulation state (Fig. 2B).

To test the hypothesis that PduB is necessary for the encapsulation of all members of
the enzymatic core listed above, each fluorescent reporter was expressed in four strains of
LT2 grown in rich medium with 1,2-propanediol (1,2-PD) added to simultaneously induce
MCP expression: (i) wild-type (WT) LT2, (ii) a strain with the genes encoding the BMC-H
proteins PduA and PduJ knocked out (DA DJ), (iii) a strain with the transcriptional activator
PocR knocked out (DpocR), and (iv) an experimental strain with PduB knocked out (DB).
This procedure informed on the effect of PduB loss on enzyme encapsulation (Fig. 3A).
The WT strain serves as a positive control and enables visualization of which enzymes are
normally encapsulated within MCPs (Fig. 3A). The DA DJ strain serves as a negative control,
as this strain is incapable of forming assembled MCPs but still forms proto-MCP aggre-
gates, which appear as polar bodies (Fig. 3A) (26). The DpocR strain serves as a negative
control for MCP expression, as MCP proteins cannot be expressed from the genome in the
presence of the native inducer 1,2-PD in this strain (Fig. 3A) (26, 38–41). This allows us to
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determine which GFP-tagged constructs formed aggregates when expressed in the ab-
sence of MCPs and to what degree. Note that these experiments are intended to test for
MCP expression, enzyme encapsulation, and MCP assembly, not proper metabolic function
of MCPs.

FIG 3 Loss of PduB disrupts enzyme encapsulation. (A) Schematic representation of the pdu operon and modifications to various LT2 strains used in this
study, including the wild-type (WT) operon. DA DJ has the open reading frames encoding PduA and PduJ knocked out, disrupting MCP formation. The
DpocR strain has the transcriptional activator for the pdu operon knocked out, disrupting Pdu MCP expression. The DB strain has PduB knocked out, and
the DB::B-K102A-K207A strain has WT PduB replaced with a double mutant that disrupts PduB incorporation into the MCP shell. (B) Phase-contrast and GFP
fluorescence micrographs of cells expressing different GFP reporter constructs (scale bar, 1 mm). Different LT2 strains are indicated by the far-left vertical
axis label, and the micrograph type is indicated by the near-left vertical axis label. The reporter construct is indicated by the top horizontal labels.
Representative bright, fluorescent puncta indicating MCPs are labeled with a pink arrow, polar bodies are labeled with a purple arrow, and diffuse
fluorescence is indicated with a orange arrow. (C) Quantification of puncta per cell for different fluorescently tagged enzyme reporter constructs and
various LT2 strains. The strain is indicated by the top, horizontal label, and the encapsulation tag is indicated by the bottom horizontal label. Note that
each reporter construct is readily encapsulated to various degrees into the WT strain, whereas their encapsulation is significantly depleted in strains lacking
PduB (P , 0.0001, one-tailed t test). Puncta were counted from three biological replicates, and .106 cells were counted per strain/construct.
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When each fluorescent reporter is expressed in the WT strain it is localized to MCPs,
as indicated by the presence of bright fluorescent puncta (Fig. 3B and C). This assay
has been used as a readout of protein localization to MCPs and has been validated in
numerous studies (26, 28, 29, 42). However, the relative encapsulation level of each
enzyme set has not been quantitatively assessed using this assay before. Our results
reveal that ssD-GFP and ssP-GFP are the most efficiently encapsulated, which is
expected based on quantitative mass spectrometry analyses of purified MCPs (34). ssL-
GFP is efficiently targeted to a relatively large number of MCPs, but puncta appear
much dimmer qualitatively relative to ssD-GFP and ssP-GFP, as expected (Fig. 3B). G-
GFP and O-GFP are also encapsulated into MCPs, albeit less efficiently than any of the
signal sequence-tagged reporters. We hypothesize that this is due to their propensity
to aggregate, as demonstrated by the formation of polar bodies in the DpocR strain
(Fig. 3B and C). Surprisingly, W-GFP is targeted to MCPs as well despite it being
reported to be primarily cytosolic (Fig. 3B and C) (34). It should be noted that it is only
targeted to MCPs in a subset of cells, as indicated by the bimodal distribution in the
MCP counts for this construct (Fig. 3C). Together these results demonstrate that all of
the enzymatic members of the Pdu metabolic pathway are likely targeted to some
degree to MCPs and that the GFP reporter constructs used here are adequate reporters
of this targeting.

When the fluorescent reporter constructs are coexpressed with MCPs in the DB strain,
only polar bodies are observed, similar to the DA DJ strain (Fig. 3B and C). Quantitatively,
significantly fewer puncta are observed per cell for each fluorescent reporter in both the
DB and DA DJ strains than the WT strain. Significantly more puncta are present in the WT
strain than in the DpocR strain as well, as expected (Fig. 3C). This indicates that either MCP
formation or enzyme encapsulation is significantly impacted by the loss of PduB. To con-
firm that PduB is responsible for the observed disruption to encapsulation, we performed
a plasmid rescue experiment. In this experiment, PduB is overexpressed from a plasmid
concomitantly with MCP expression and ssD-GFP is expressed from the pduD locus in the
pdu operon to enable MCP visualization via fluorescence microscopy. PduB overexpression
rescued compartment formation, evidenced by the presence of significantly more puncta
in the DB strain with PduB overexpression (see Fig. S1 in the supplemental material).
Interestingly, presence of the plasmid containing PduB alone partially rescued MCP forma-
tion, likely due to leaky PduB expression (Fig. S1).

The PduB knockout strain forms assembled but empty MCPs. The encapsulation
assay reveals that PduB loss dramatically alters the encapsulation state of all fluorescently
tagged enzymes tested. However, this assay cannot distinguish between changes in
encapsulation or changes in MCP formation. To test the hypothesis that PduB impacts
encapsulation but not assembly, MCPs were purified using differential centrifugation from
the DB strain grown in minimal medium supplemented with 1,2-PD to induce MCP expres-
sion (43, 44). When purified samples are analyzed by SDS-PAGE, the DB strain appears dra-
matically different from the standard MCP banding pattern apparent in the WT samples
(Fig. 4A). The DB samples more closely resemble the DA DJ samples, which are known to
contain malformed MCP aggregates (Fig. 4A and B) (26). An important distinction is that
the DB sample has high apparent levels of PduA and PduJ (Fig. 4A). Note that weak bands
corresponding to Pdu enzymes in the DB sample are likely due to copurified enzyme
aggregates, which are also frequently present in the DA DJ assembly-deficient control
samples (26).

Purified samples were then analyzed by transmission electron microscopy (TEM) to
determine if MCPs or partially formed aggregates were produced in the DB strain (Fig.
4B). To our surprise, the DB sample shows many apparently well-formed MCPs. TEM
micrographs from this sample contain structures with flat, distinguishable boundaries
that appear roughly polyhedral in morphology (Fig. 4B). Interestingly, the DB shells
appear smaller than the WT shells (83 6 21 nm versus 121 6 19 nm, respectively
[mean 6 standard deviation]) and have qualitatively less electron density in their cen-
ter, indicating that they are empty (Fig. 4B and C). The structures in the DB sample are
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clearly distinct from the aggregates observed in the DA DJ sample and the background
structures present in the DpocR sample. These results, coupled with the SDS-PAGE and
encapsulation assay results, indicate that the DB strain forms empty MCP shells as well
as separate aggregates of Pdu enzymes.

FIG 4 Loss of PduB decouples Pdu MCP shell assembly from the enzymatic core. (A) Coomassie-stained SDS-PAGE gel of MCP
purifications from various LT2 strains (top horizontal label). Bands corresponding to various Pdu MCP components (right vertical
labels) are present in the WT strain but absent from other strains. MWM, molecular weight marker. (B) Representative negative-
stained transmission electron micrographs of Pdu MCP purifications from various LT2 strains. Well-formed MCP shells are irregular
and polyhedral in shape, have a defined boundary, and are present in the WT, DB, and DB::B-K102A-K207A samples. (C) Pdu MCPs
purified from WT are significantly larger in diameter than shells purified from the DB or DB::B-K102A-K207A strains (P , 0.0001, one-
tailed t test). Measurements were collected on three biological replicates, and .120 MCPs were measured for each sample type. (D)
Representative phase-contrast and fluorescence micrographs for various strains of LT2 expressing ssP-GFP and PduA-mCherry
reporter constructs (scale bar, 1 mm). The strain is labeled on the top horizontal axis, and the microscopy type is labeled on the near
left vertical axis. Bright, fluorescent puncta indicative of MCPs are labeled with a pink arrow, polar bodies are indicated with a purple
arrow, and diffuse fluorescence is indicated with a orange arrow. mCherry fluorescence is pseudocolored in yellow and GFP
fluorescence is pseudocolored in cyan. Overlapping fluorescence is indicated in the merged image.
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To confirm this surprising finding, colocalization assays were performed in which
the shell protein PduA was fused with a fluorescent mCherry reporter protein and
expressed from the PduA locus in the WT, DB, and DpocR strain backgrounds. As
expected, PduA-mCherry is localized to MCPs, as indicated by the presence of bright
fluorescent puncta (Fig. 4D) (45). PduA is known to be important for shell formation
and is one of the most abundant members of the Pdu MCP shell (26, 34, 46). When
expressed in the WT background with the tagged GFP reporter constructs, GFP and
mCherry colocalize, indicating reporter targeting to MCPs, as expected (Fig. 4D). When
expressed in the DpocR background, no mCherry puncta are present, as none of the
proteins in the pdu operon, including PduA-mCherry, are expressed in this control (Fig.
4D). In the DB strain background, mCherry puncta are still present, verifying the finding
that MCP shells were still formed in the absence of PduB. As expected based on the
results described in Fig. 3, GFP reporter constructs are only found in polar bodies in
the DB strain (Fig. 4D). These results conclusively demonstrate that PduB deletion
impacts protein encapsulation but not MCP shell formation, and that these are two dis-
tinct processes that can be decoupled upon PduB deletion. Furthermore, this suggests
that signal sequences are sufficient for targeting to the enzymatic core, challenging
the idea that primary Pdu MCP signal sequence function is to bind to MCP shell pro-
teins, enabling enzymatic core encapsulation (21, 23).

PduB is incorporated into MCPs by a conserved hydrogen bonding mechanism.
While PduB appears to be important for linking the MCP shell and enzymatic core, the
mechanism by which PduB is incorporated into the shell (Fig. 5A) is not known. A ground-
breaking structural study by Sutter et al. showed that BMC-TPD proteins similar to PduB
appear to incorporate into the shell of a smaller, more regular, empty MCP from Haliangium
ochraceum via a lysine-lysine hydrogen bonding motif (Fig. 5B) (25, 47). In this motif, lysine
side chains on adjacent BMC proteins (in this case, a BMC-H protein and BMC-TPD protein)
arrange antiparallel to each other and hydrogen bond with the backbone carbonyl oxygen
of the adjacent lysine (Fig. 5B) (25, 47). Interestingly, analogous lysine residues (Fig. 5C) are
also important for the self-assembly of BMC-H proteins PduA and PduJ and are necessary for
their ability to drive shell assembly (26). For these reasons, we hypothesized that analogous
lysine residues at these positions in the BMC-TP protein PduB (Fig. 5C) are important for
PduB incorporation into the MCP shell, bridging the gap between shell and enzymatic core.

To test this hypothesis, a double mutant version of PduB was cloned where the
lysine residues at positions 102 and 207 were mutated to alanine residues. These residues

FIG 5 PduB is incorporated in the Pdu MCP shell via a conserved hydrogen bonding motif. (A) Schematic representation of BMC-H (orange) and BMC-T
(blue) proteins tiling together to form the facets of the MCP shell. (B) Lysine residues at the hexamer-hexamer and hexamer-trimer interfaces are predicted
to play a role in facet tiling in an MCP from H. ochraceum (PDB entry 5V74) (25). BMC-H proteins are in orange and BMC-T proteins are in blue. (C) The
edge lysine residue important for PduA (orange) self-assembly is also present in PduB (blue) (PduA PDB entry 3NGK [61]; PduB PDB entry 4FAY [62]). All
structural visualization was done using Chimera (63).
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appear to be well conserved among PduB homologs (25), so we predicted that mutations
to alanine should be disruptive. We expect that this protein is well folded, as analogous
mutations in other BMC proteins increase solubility and are used frequently in crystallo-
graphic studies (48, 49). The double mutant PduB (B-K102A-K207A) was then placed at the
pduB locus in the pdu operon in place of WT pduB, generating the DB::B-K102A-K207A
strain (Fig. 3A). The encapsulation assay, in which each fluorescent reporter is expressed
simultaneously with MCPs, reveals that the DB::B-K102A-K207A strain has a phenotype
similar to those of both the DB and DA DJ strains, where polar bodies are primarily
observed rather than the scattered puncta indicative of MCPs (Fig. 3B and C). A plasmid
rescue experiment also showed that PduB-K102A-K207A expressed from a plasmid was
unable to recover MCP formation in the DB strain, confirming these results (Fig. S1). This
indicates that the PduB double mutant is unable to incorporate into MCP shells, effectively
recapitulating the DB phenotype.

To confirm the conclusion based on the encapsulation assay, MCPs were purified
from the DB::B-K102A-K207A strain. Samples from this strain appear similar to the DB
strain by SDS-PAGE, where bands corresponding to enzymes are greatly reduced, but
bands for PduA and PduJ are still visible (Fig. 4A). Purified structures were then imaged
by TEM, which reveals that apparently well-formed MCPs are present and similar in size
and morphology to the MCPs purified from the DB strain (Fig. 4B and C). The PduB
double mutant strain was also grown with PduA-mCherry expressed from the pduA
locus, and this reveals bright puncta throughout the cytoplasm, similar to the DB
strain, indicating the formation of MCP shells (Fig. 4D). As in the DB strain, GFP-tagged
cargo appears only in polar bodies, again indicating well-formed shells decoupled
from the enzymatic cargo (Fig. 4D). Together, these results strongly support the hy-
pothesis that PduB is incorporated into the MCP shell by a mechanism similar to that
of other BMC proteins and that disruption of the conserved lysine hydrogen bonding
network disrupts this interaction.

Loss of PduB impacts LT2 growth on 1,2-propanediol as a carbon source. Having
established that PduB is essential for linking the core to the shell of the Pdu MCP, we next
explored how decoupling of the core and shell impacts the function of the native Pdu
pathway. To this end, we compared growth and metabolite profiles in culture conditions
that promote buildup of the toxic propionaldehyde intermediate, thereby leading to a
growth lag in strains with broken MCPs that cannot sequester this intermediate away from
the cytosol (9, 16, 26). Specifically, cells were grown on 1,2-PD as a sole carbon source in
minimal medium with excess adenosylcobalamin (Ado-B12), where the excess Ado-B12
drives the buildup of the toxic propionaldehyde intermediate by maximizing PduCDE ac-
tivity (Fig. 1B). Under these growth conditions, we hypothesized that our strains with
decoupled core and shell assembly would exhibit a growth phenotype similar to that of a
strain expressing broken Pdu MCPs (DA DJ).

We tested this hypothesis by comparing the growth and metabolite profiles of
three control strains (WT, DpocR, DA DJ) to two experimental strains (DB, DB::B-
K102A-K207A). Our three control strains were the same as those used in the encapsu-
lation assay: WT, which harbors functional MCPs, DpocR, which cannot express the
pdu operon, and DA DJ, which forms proto-MCP aggregates but no shell and thus
serves as our broken MCP control. Our two experimental strains (DB and DB::B-
K102A-K207A), described above, both have decoupled MCP core and shell assembly.
Our control strains behaved as expected. The DpocR strain, which is unable to
express any Pdu pathway enzymes, does not grow or consume 1,2-PD (Fig. 6A and
B). Our broken MCP control strain (DA DJ) initially grows and consumes 1,2-PD faster
than the MCP-containing strain (WT), as expected; the absence of an MCP shell accel-
erates apparent pathway kinetics by providing more direct access to 1,2-PD (Fig. 6A
and B). However, propionaldehyde buildup in the DA DJ strain eventually leads to a
lag in growth from 12 to 30 h (Fig. 6A and B). During this time frame, the WT strain
begins to outgrow the DA DJ strain, as the MCPs in the WT strain successfully seques-
ter the toxic propionaldehyde intermediate away from the cytosol (Fig. 6A and B).

PduB Links the Microcompartment Shell and Core Journal of Bacteriology

September 2022 Volume 204 Issue 9 10.1128/jb.00576-21 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 0
5 

Se
pt

em
be

r 
20

23
 b

y 
19

2.
10

7.
17

5.
1.

https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00576-21


Surprisingly, we find that our two experimental strains (DB and DB::B-K102A-
K207A), both of which have decoupled MCP core and shell assembly, exhibit distinct
growth and metabolite profiles. The growth and metabolite profiles of the PduB dou-
ble mutant strain (DB::B-K102A-K207A) are similar to those of the broken MCP control
(DA DJ), in agreement with our initial hypothesis. This strain (DB::B-K102A-K207A)
grows rapidly at first and then suffers a growth lag after propionaldehyde accumulates
after 9 h (Fig. 6A and B). Interestingly, the growth lag is longer (9 to 40 h) and the peak
propionaldehyde level is higher (2.5 6 0.6 mM) in the DB::B-K102A-K207A strain than
in the DA DJ strain. More perplexing is the behavior of the DB strain: not only does this
strain exhibit minimal propionaldehyde buildup but it also eventually outgrows the
WT strain (Fig. 6A and B). Correspondingly, the downstream metabolites propionate
and 1-propanol are consumed more rapidly in the DB strain than in other strains (Fig.
6A and B).

Kinetic modeling reconciles differences in assembly and growth phenotypes.
Given that DB and DB::B-K102A-K207A strains exhibit essentially identical behavior
with respect to assembly phenotype (shown above), we turned to kinetic modeling to
generate hypotheses that could explain this observed discrepancy in growth behavior
and differences in propionaldehyde accumulation.

Using a system-level kinetic model of the Pdu pathway modified from previous
work (8) (see Materials and Methods), we examined which features of the pathway or
polar body geometry had the strongest impact on propionaldehyde buildup in cells
containing polar bodies. We considered MCPs a control case, modeling these MCPs as
spheres with a diffusive barrier at their surfaces that limits metabolite transport to the
enzymatic core. Polar bodies, then, are modeled as one large sphere with free diffusion
of metabolites at the surface (Fig. 7A). The volume of this polar body sphere was set to
equal the total volume of MCPs in the cell (i.e., polar body volume = number of MCPs
per cell � volume of a single MCP). We used this polar body model to assess the sensi-
tivity of maximum propionaldehyde buildup to parameters affecting kinetics, geome-
try, and transport. Comparison of the MCP (Fig. S2) and polar body (Fig. S3) models

FIG 6 PduB alterations change LT2 growth and metabolite profiles. (A) LT2 control and experimental strains containing different MCP morphologies (WT
MCPs, polar bodies [DA DJ, DB, and DB::B-K102A-K207A], and no protein expression [DpocR]). These differing morphologies lead to various LT2 growth
profiles, as measured by the optical density at 600 nm (OD600) at different time points. (B) Metabolite profiles of different LT2 strains during growth on 1,2-
propanediol as a sole carbon source with excess adenosylcobalamin (150 nM). The concentration (mM) of four key metabolites (1,2-propanediol,
propionaldehyde, propionate, and 1-propanol) was measured over the duration of the growth curve visualized in panel A.
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reveals that the maximum propionaldehyde buildup in the polar body case is much
more sensitive to the maximum velocity (Vmax) of the PduCDE enzyme than in the MCP
case. As the concentration of PduCDE in the polar body is decreased (leading to an
equivalent fractional decrease in Vmax), the predicted propionaldehyde profile for the
polar body approaches that of the MCP (Fig. 7A). Indeed, decreasing the PduCDE con-
centration in the polar bodies decreases the maximum propionaldehyde concentration
outside the cell (Fig. 7B). Specifically, we find that the maximum propionaldehyde con-
centration observed in the polar body model matches that of the MCP model if the
PduCDE concentration is decreased by 76%, suggesting that variation in PduCDE

FIG 7 System-level kinetic modeling reveals how a polar effect alters growth and metabolite profiles.
(A) Two organizational strategies for Pdu enzymes (MCPs and polar bodies) were tested in a system-
level kinetic model. Plotted here are propionaldehyde concentrations in the external media. PduCDE
enzyme concentration was also varied in the polar body model case to account for the potential
genetic polar effects that alter gene expression. (B) The kinetic model demonstrates that changes to
PduCDE concentration (mM) impact the maximum propionaldehyde concentration (mM) observed in
the external medium when pathway enzymes are contained in a polar body. (C) Comparison of GFP
fluorescence (MEF FITC) measured by flow cytometry as a proxy for gene expression versus peak
propionaldehyde concentration (mM) reveals that PduCDE expression is likely reduced due to a
genetic polar effect in the DB strain.
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concentration between strains can impact propionaldehyde buildup as strongly as Pdu
pathway encapsulation in MCPs (Fig. 7B). We thus hypothesized that the difference
between our strains containing polar bodies was the level of PduCDE expression. We
hypothesized that this was the result of polar effects in which different alterations to
the pduB locus differentially impact the expression of downstream pduCDE genes.

We tested our hypothesis that PduCDE expression differed across strains containing
polar bodies by measuring GFP expression at the pduD locus. Specifically, we replaced
the pduD gene at the pduD locus with a gene encoding ssD-GFP in our five growth
strains (WT, DpocR, DA DJ, DB, and DB::B-K102A-K207A) and used flow cytometry to
quantify GFP expression. We find that the DB strain has the lowest expression at the
pduD locus, with 49% 6 7% lower GFP fluorescence than the WT strain (P , 0.05). In
contrast, the DB::B-K102A-K207A strain had higher apparent GFP expression at the
pduD locus than the WT strain (P , 0.05). Finally, we find that our broken MCP control
strain, DA DJ, has just slightly lower expression at the pduD locus than WT (P , 0.05)
(Fig. 7C). Importantly, we note that increased GFP expression at the pduD locus corre-
lates with peak propionaldehyde level in the strains with unencapsulated enzymes
(Pearson’s correlation coefficient of 0.92), supporting our hypothesis that PduCDE
expression causes differences in propionaldehyde buildup in these strains.

Together, these results highlight two important considerations for future work in
the MCP field. First, modeling is a powerful tool for generating hypotheses and explor-
ing parameter space, enabling rapid identification of the key governing parameters for
a given subcellular organizational strategy. Second, polar effects can impact down-
stream enzyme expression, which, in turn, can dramatically alter observed pathway
performance. Thus, quantifying these effects and minimizing them whenever possible
is essential when conducting genetic studies of MCP function.

DISCUSSION

Metabolosomes are bacterial organelles confirmed to exist in a number of enteric
bacteria, where their expression and activation has been linked to pathogenesis (10).
Of the metabolosomes investigated to date, the Pdu MCP is the best studied and has
served as a model system for understanding the basics of metabolosome assembly
and metabolic function. However, even in this well-studied model system, a large body
of conflicting evidence exists regarding the mechanism by which enzymatic cargo is
loaded into the MCP shell (20–24).

Here, we used a comprehensive suite of fluorescent reporters to show that the shell
protein PduB is responsible for linking the enzymatic core to the MCP shell. When PduB is
absent or unable to incorporate into the shell, no Pdu enzymes are loaded into the MCP.
This interaction between PduB and the enzymatic core likely happens via the N terminus
of PduB, as previously suggested in Lehman et al., since deletion of this unique structural
domain reduces enzyme loading into MCPs (20). Interestingly, the N terminus of PduB is
not well conserved outside of Pdu and glycyl radical enzyme-associated (GRM) MCPs,
based on in-depth bioinformatics studies done by Sutter et al. (25) and Axen et al. (for
detailed information on the conservation of the PduB N terminus, see the supplemental
material) (12–13). This implies that the mechanism by which the PduB N terminus medi-
ates enzyme encapsulation is likely not conserved outside these systems.

In this study, we show that enzymes localize to proto-MCP aggregates, termed po-
lar bodies, in the absence of PduB. Importantly, we find that N-terminal signal
sequence tags such as those identified for PduD and PduP are sufficient for loading
cargo to these proto-MCP aggregates (28, 29). This is significant, as these signal
sequence tags were previously thought to exist primarily to link the shell and core of
the MCP, although others have found that signal sequences lower the solubility of cer-
tain proteins, leading to aggregation (26, 50–52). We also report that although PduB is
required for cargo loading, it is not necessary for MCP shell assembly, as empty MCP
structures form in the absence of PduB. The fact that empty MCP shells and proto-MCP
aggregates form separately in the absence of PduB suggests that MCP shell and core
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assembly are independent processes in the Pdu MCP system. Combined with previous
work demonstrating that the self-assembling protein PduA or PduJ is required for Pdu
MCP formation (26), this discovery brings us one step closer to realizing the compo-
nents necessary to construct a minimal Pdu MCP. Specifically, two of the requisite com-
ponents are (i) a hexameric protein with a strong propensity for self-assembly (PduA or
PduJ) and (ii) a protein that links the core and shell by interacting with both the enzy-
matic core and the self-assembling hexameric proteins via a conserved hydrogen
bonding mechanism. We expect that computational models of this assembly process
will provide insight into the specific roles that these different proteins play in MCP as-
sembly (46, 53).

We also investigated how LT2 growth on 1,2-PD as a sole carbon source in minimal me-
dium supplemented with Ado-B12 was impacted by the decoupling of MCP core and shell
assembly. As expected, when enzymes are localized to polar bodies, buildup of the toxic
aldehyde intermediate is not as well controlled as it is in MCPs. However, using a combina-
tion of system-level kinetic modeling and experiments, we also discovered that strains that
contain polar bodies rather than MCPs exhibit dramatically different growth profiles
depending on PduCDE expression level. In our strains, we believe the differences in
PduCDE expression we observed are a consequence of polar effects on gene expression,
as the genes encoding pduCDE are immediately downstream of the pduB gene.
Specifically, we find that while our pduB knockout strain (DB) and our pduB double mutant
strain (DB::B-K102A-K207A) both result in a similar decoupling of MCP core and shell as-
sembly, the strain with the more dramatic genetic alteration at the pduB locus (DB, the
knockout) decreases expression at the pduD locus substantially, whereas the strain with
minimal genetic alteration at the pduB locus (DB::B-K102A-K207A) does not. This result
emphasizes an important point of concern for studies in this field, namely, that polar
effects on downstream gene expression can confound interpretation of experimental
results and, thus, must be considered. Indeed, it has been shown that alterations to the
pduL locus, which encodes enzymatic cargo, can disrupt Pdu MCP shell assembly, likely by
modifying expression levels of downstream shell proteins like PduN (42). Conversely, we
show here that modifications to the pduB locus, which encodes a shell protein, can alter
enzyme concentrations in the core, altering Pdu pathway performance. Thus, the identifi-
cation of point mutants that minimally disrupt operon sequence, but prevent specific pro-
tein functions, will be essential in future MCP studies.

MATERIALS ANDMETHODS
Plasmid and strain creation. All plasmids used for this study were created using the Golden Gate

cloning (54) method into a Golden Gate-compatible pBAD33t parent vector (chloramphenicol resistance,
p15A origin of replication). All strains, plasmids, and primers are listed and described in Tables S1 to S3,
respectively, in the supplemental material. For constructs in which a signal sequence was appended to
the N terminus of GFPmut2, a BsaI cut site and the DNA sequence encoding the signal sequence were
added to GFP using PCR (see Table S3 for primer sequence information). For strains in which GFPmut2
was appended to the C terminus of a full enzyme, a two-piece Golden Gate reaction was carried out.
This is true for all GFP-enzyme fusions with the exception of PduG-GFP, which was cloned using SacI
and XbaI restriction sites. First, forward and reverse primers were used to amplify the enzyme and
GFPmut2 open reading frames. Each primer encoded compatible sticky ends to enable ligation into the
pBAD33t parent vector in the proper orientation. A glycine-serine (GS) linker was also encoded between
the enzyme and GFPmut2 open reading frames. Golden Gate reactions were carried out using
FastDigest Eco31I (Thermo Fisher Scientific) and T4 DNA ligase (New England Biolabs), transformed into
E. coli DH10b cells, purified using Zyppy plasmid miniprep kit (Zymo Research), and sequence verified by
Sanger sequencing (Genewiz).

All modified LT2 strains used in this study are listed in Table S1 and were generated using l red
recombineering as described in previous reports (26, 55). Briefly, a marker encoding dual selection (cat-
sacB) was PCR amplified containing flanking homologous overhangs matching the target gene locus
and inserted into the pdu operon. The cat-sacB selectable marker was then either replaced with a gene
of interest or knocked out, leaving only the C terminus of the target gene to reduce polar effects on
downstream gene expression. For the PduB-K102A-K207A double mutant strain, QuikChange was used
(with KOD hot start DNA polymerase [Sigma-Aldrich]) to perform site-directed mutagenesis on the two
lysine residues on a plasmid backbone first before it was amplified and inserted into the pdu operon.
Modified strains were sequence confirmed using Sanger sequencing (Genewiz).

Fluorescence and phase-contrast microscopy. Fluorescence and phase-contrast micrographs were
collected on a Nikon Eclipse Ni-U upright microscope, 100� oil immersion objective, and an Andor Clara
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digital camera with NIS Elements software (Nikon). GFP fluorescence micrographs were collected using a
C-FL Endow GFP HYQ bandpass filter, and mCherry fluorescence micrographs were collected using a C-
FL Y-2E/C filter. Exposure times of 100 ms were used for ssD-GFP and ssP-GFP, 300 ms for ssL-GFP,
400 ms for G-GFP, O-GFP, and W-GFP, and 500 ms for mCherry. For experiments where ssD-GFP was
expressed from the pduD locus, an exposure time of 1 to 2 s was used. Cell culture samples were placed
onto Fisherbrand frosted microscope slides and covered using 22-mm-by-22-mm, number 1.5 thickness
coverslips. All images were equally adjusted within experiments and sample type for brightness and
contrast using ImageJ (56). Puncta counts were collected on brightness- and contrast-adjusted images.

Microcompartment expression and purification. MCP expression and purification was done as
described in detail previously (43). Briefly, overnight starter cultures were started from single colonies
streaked out onto lysogeny broth, Miller (LB-M; Thermo Fisher Scientific) agar plates. These 5-mL LB-M
cultures (with 34 mg/mL chloramphenicol added when appropriate) were grown in 24-well blocks for 15
to 18 h at 37°C and shaking at 225 rpm. Saturated starter cultures were used to subculture expression
cultures. If cultures were used for microscopy experiments, cultures were subcultured 1:500 in 5 mL LB-
M supplemented with 0.02% (wt/vol) final concentration of L-(1)-arabinose to induce fluorescent re-
porter expression, 0.4% (vol/vol) final concentration 1,2-PD to induce MCP expression, and 34 mg/mL
chloramphenicol. L-(1)-arabinose was left out of cultures where GFP was expressed from the genome.
Cultures were then grown for a minimum of 6 h at 37°C and 225 rpm before imaging. For cultures used
for MCP purification, saturated overnight cultures were diluted 1:1,000 into 200 mL No Carbon Essential
(NCE) medium supplemented with 50 mM ferric citrate, 42 mM succinate as a carbon source, 1 mM mag-
nesium sulfate, and 55 mM 1,2-PD to induce MCP expression. The cultures were grown in 1-liter glass
Erlenmeyer flasks at 37°C and 225 rpm until cultures reached an optical density at 600 nm (OD600) of at
least 1. MCPs were purified using an established differential centrifugation method described previously
(43). Briefly, cells were pelleted at 5,000 � g and lysed chemically using an octylthioglucoside (OTG) solu-
tion. Cell lysate was clarified at 12,000 � g (4°C, 5 min), and MCPs were pelleted at 21,000 � g (4°C, 20
min). Purified MCPs were stored in a buffered saline solution containing 50 mM Tris (pH 8.0), 50 mM po-
tassium chloride, 5 mM magnesium chloride, and 1% (vol/vol) 1,2-PD at 4°C. Cultures used for flow
cytometry were subcultured 1:1,000 overnight into 5 mL of the same NCE medium used for compart-
ment purifications and grown for 16 h at 37°C at 225 rpm prior to analysis.

TEM. Transmission electron microscopy (TEM) on purified MCPs was done as described in detail in a
prior study (15). Samples containing purified MCPs were applied and fixed onto 400-mesh Formvar-
coated copper grids (no. FF400-Cu; EMS). Fixation was done using 2% (vol/vol) glutaraldehyde, and
staining was done using 1% (wt/vol) uranyl acetate. Samples were then imaged using a JEOL 1230 trans-
mission electron microscope with a Gatan 831 bottom-mounted charge-coupled device (CCD) camera.
MCP diameter measurements were collected using the Ferret diameter tool in ImageJ (56).

SDS-PAGE. For analysis of purified MCPs using SDS-PAGE, samples were first normalized by protein
concentration (measured by bicinchoninic acid assay) before loading onto the 15 wt% polyacrylamide
Tris-glycine minigels. SDS-PAGE was then run a second time with sample loading normalized by densi-
tometry on the PduA band to correct for potential contaminants within the samples. Samples were
boiled at 95°C for 5 min in Laemmli buffer and then immediately run at 120 V for 90 min. Gels were
stained with Coomassie brilliant blue R-250 and imaged using the Bio-Rad ChemiDoc XRS1 system.

Growth assays and metabolite analysis. Growth assays and metabolite analyses were carried out as
previously described (9, 16, 26), with some modifications. Overnight starter cultures of LT2 strains of interest
were started from a single colony and grown in test tubes in 5 mL of Terrific broth (Dot Scientific, Inc.) with-
out glycerol. Overnight cultures were grown 15 to 16 h at 37°C at 225 rpm with orbital shaking. These cul-
tures were subcultured into 50 mL NCE medium supplemented with 50 mM ferric citrate, 1 mM magnesium
sulfate, 150 nM adenosylcobalamin (Santa Cruz Biotechnology), and 55 mM 1,2-PD to an OD600 of 0.05. 1,2-
PD was added to serve as the sole carbon source, and Ado-B12 was added to support PduCDE activity. This
enables interrogation of whether Pdu MCPs can successfully mediate propionaldehyde toxicity. Cultures
were grown in 250-mL unbaffled Erlenmeyer flasks at 37°C, 225 rpm. At each time point, 500 mL of cell cul-
ture was taken for OD600 measurement and high-performance liquid chromatography (HPLC) analysis. OD600

measurements were taken using a BioTek Synergy HTX multimode plate reader. After 9 h, cultures from all
strains except the DpocR strain were diluted 1:5 in fresh NCE to ensure measurements were within the linear
range of the instrument. Error bars on growth curves represent standard deviations over three biological rep-
licates. The remainder of the cell culture sample (not used for OD600 measurement) was centrifuged at
13,000 � g for 5 min to pellet cells. The supernatant was collected and frozen at 220°C. After completion of
the growth experiment, supernatant samples were thawed and filtered (Corning Costar spin-X LC filters) in
preparation for HPLC analysis. Samples were run on an Agilent 1260 HPLC system. Metabolites were sepa-
rated using a Rezex ROA-organic acid H1 (8%) LC column (Phenomenex) at 35°C in 5 mM sulfuric acid flow-
ing at 0.4 mL/min. Metabolites were detected with a refractive index detector (RID) as previously described
(9). Peak areas were calculated using the Agilent ChemLab software and converted to metabolite concentra-
tions using standards of the metabolites of interest (1,2-propanediol, propionaldehyde, propionate, and 1-
propanol) at 200 mM, 100 mM, 50 mM, 20 mM, and 5 mM. Error bars on metabolite concentrations represent
standard deviations over three biological replicates.

Modeling. The kinetic model used here is modified from previous work, which described MCP func-
tion in the cell using a reaction-diffusion framework (8). Modifications include an assumption that the
cytosol is well mixed to produce a compartmental model and the incorporation of the effects of cell
growth. We analyze how metabolite profiles evolve over time, while previous studies focused on steady
state. A detailed description of the model used in this work is provided here and in the supplemental
material.
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We model cells as capsule-shaped (cylinders with a hemisphere at either end) and allow passive
transport of 1,2-propanediol, propionaldehyde, propionyl-coenzyme A (CoA), 1-propanol, and propio-
nate at the cell surface, specified by the permeabilities included in Table S4. MCPs are modeled as
spheres 140 nm in diameter (15 per cell) that have a specified permeability at the surface; this perme-
ability is assumed to be the same for all metabolites. Polar bodies are modeled as a single sphere per
cell 345 nm in diameter (selected such that the volume of the polar body is equal to that of 15 MCPs)
and allow free diffusion of all metabolites at their surfaces. Recognizing that diffusion in the MCP, cyto-
sol, and medium are much faster than the transport processes and enzyme reaction rates, we assume
that the concentration is uniform in each of these locations.

We assume that conversion of 1,2-propanediol to propionaldehyde by PduCDE is irreversible.
Similarly, we assume that conversion of propionyl-CoA to propionate by PduL and PduW occurs in a sin-
gle step and that this reaction is also irreversible. Reverse reactions are included for conversion of pro-
pionaldehyde to 1-propanol and propionyl-CoA by PduQ and PduP, respectively. Reactions catalyzed by
PduCDE, PduP, and PduQ are assumed to occur only in the MCP or polar body volume, whereas the
reaction catalyzed by PduL/PduW is assumed to occur only in the cytosol. All enzymes are assumed to
have Michaelis-Menten kinetics.

Cell concentration and growth are calculated using the data from the growth curves. The model was
built and implemented in Python (57). All codes used are available on GitHub at https://github.com/
cemills/MCP-vs-PolarBody. A detailed description of the equations used in the model are available in the
supplemental material. The parameters used for calculations presented here are available in Table S4.
Metabolite profiles over time of 1,2-propanediol, propionaldehyde, propionate, 1-propanol for the
PduCDE concentrations shown in Fig. 7A can be found in Fig. S5.

Flow cytometry. Prior to measurement, cells were diluted to an OD600 of 0.03 into 200 mL phos-
phate-buffered saline (PBS) supplemented with 2 mg/mL kanamycin to stop translation. Samples were
prepared in a U-bottomed 96-well plate and kept away from light until measurement. A total of 10,000
events were collected per sample on an Attune NxT acoustic focusing cytometer paired with an Attune
NxT auto sampler. Cell populations were gated using forward and side scatter channels, and average
reported fluorescence was calculated using the geometric mean of the population. Values were con-
verted to molecules of equivalent fluorescence (MEF) using BD Sphero rainbow calibration particles (cat-
alog number BDB559123; Fisher Scientific) according to the manufacturer’s instructions. Analysis was
performed using FlowJo software (www.FlowJo.com).

Bioinformatic analysis of PduB N terminus. A list of 45 diverse PduB homologs was curated based
on the comprehensive list available in Sutter et al. (13). In this study, MCP shell proteins were divided
into subclades and given a color designator based on the color palette available online at https://xkcd
.com/color/rgb/. This study also expanded on the work published in Axen et al. (12) by assigning MCP
shell protein homologs to diverse MCP subtypes based on operon structure. For the analysis done here,
a single representative from each subclade was chosen. The full set of sequences, including their sub-
clade/color designation, MCP subtype, and UniProt accession number, is available in Table S5. This set of
PduB homologs was then aligned using Clustal Omega, available at the European Molecular Biology
Laboratory-European Bioinformatics Institute (EMBL-EBI) webpage (https://www.ebi.ac.uk/Tools/msa/
clustalo/) (58). The multiple-sequence alignment was analyzed and viewed using JalView software (59)
and used to make a phylogenetic tree using the neighbor-joining method.

Data availability. All scripts used to generate modeling data for this paper are available on GitHub
at https://github.com/cemills/MCP-vs-PolarBody (60). All strains, plasmids, and underlying data files are
available upon request.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.9 MB.
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