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ABSTRACT Bacterial microcompartments (MCPs) are extremely large proteinaceous
organelles that consist of an enzymatic core encapsulated within a complex protein
shell. A key question in MCP biology is the nature of the interactions that guide the
assembly of thousands of protein subunits into a well-ordered metabolic compart-
ment. In this report, we show that the N-terminal 37 amino acids of the PduB pro-
tein have a critical role in binding the shell of the 1,2-propanediol utilization (Pdu)
microcompartment to its enzymatic core. Several mutations were constructed that
deleted short regions of the N terminus of PduB. Growth tests indicated that three
of these deletions were impaired MCP assembly. Attempts to purify MCPs from
these mutants, followed by gel electrophoresis and enzyme assays, indicated that
the protein complexes isolated consisted of MCP shells depleted of core enzymes.
Electron microscopy substantiated these findings by identifying apparently empty
MCP shells but not intact MCPs. Analyses of 13 site-directed mutants indicated that
the key region of the N terminus of PduB required for MCP assembly is a putative
helix spanning residues 6 to 18. Considering the findings presented here together
with prior work, we propose a new model for MCP assembly.

IMPORTANCE Bacterial microcompartments consist of metabolic enzymes encapsu-
lated within a protein shell and are widely used to optimize metabolic process. Here,
we show that the N-terminal 37 amino acids of the PduB shell protein are essential
for assembly of the 1,2-propanediol utilization microcompartment. The results indi-
cate that it plays a key role in binding the outer shell to the enzymatic core. We
propose that this interaction might be used to define the relative orientation of the
shell with respect to the core. This finding is of fundamental importance to our un-
derstanding of microcompartment assembly and may have application to engineer-
ing microcompartments as nanobioreactors for chemical production.

KEYWORDS microcompartment, carboxysome, 1,2-propanediol, Salmonella,
vitamin B12

Hundreds of species of bacteria produce complex proteinaceous organelles known
as bacterial microcompartments (MCPs) (1–8). The function of MCPs is to optimize

metabolic pathways having intermediates that are toxic or poorly retained by the cell
envelope (5, 7, 9). They consist of sequentially acting metabolic enzymes (an enzymatic
core) encapsulated within a protein shell that controls the diffusion of enzyme sub-
strates and products while confining toxic or volatile intermediates (10–14). MCPs are
among the largest multiprotein complexes known. They are typically 100 to 150 nm in
diameter and up to a gigadalton or more in mass and are built from thousands of
protein subunits of 10 to 20 different types. A key question of MCP architecture, and the
subject of this report, is the protein-protein interactions that guide the assembly of
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thousands of protein subunits into a functioning bacterial organelle with a defined
higher-order structure.

The first bacterial MCP identified was the carboxysome, which is used to enhance
autotrophic CO2 fixation (15, 16). Subsequent studies showed that MCPs are involved
in the catabolism of 1,2-propanediol (1,2-PD), ethanolamine, choline, glycerol, rham-
nose, fucose, and fucoidan (11, 17–22). Based on bioinformatics analyses, MCPs are
produced by about 20% of bacteria distributed across 11 kingdom-level taxa and have
a number of variant forms with uncertain physiological roles (1, 2, 6, 8). Notably, MCPs
have been linked to bacterial pathogenesis, as well as to heart disease, via their
metabolic role in the gut microbiome, and they are a promising basis for the devel-
opment of engineered nanocompartments (5, 23–29). A remarkable feature of bacterial
MCPs is that the outer shells of diverse metabolic types are built primarily from the
same family of proteins known as bacterial microcompartment (BMC) domain proteins
(26, 30, 31). BMC domain family members have a flat hexagonal quaternary structure
and tile edge to edge into extended protein sheets (30). Many are functionally
diversified, and a typical MCP shell is composed of 4 to 10 different BMC domain
proteins (5, 7). The edge-to-edge interactions that drive shell protein tessellation are
thought to be conserved among varied types of BMC domain proteins, allowing the
formation of complex shells (31, 32). Another key aspect of MCP architecture is the use
of short sequence extensions on the N and C termini of both lumen enzymes and
structural proteins to guide assembly (33–37). Many enzymes that localize to the lumen
of bacterial MCPs have N-terminal extensions that are absent from homologs that are
not associated with MCPs (35, 37), and in a number of cases, these extensions (typically
about 20 amino acids in length) are necessary and sufficient for the encapsulation of
enzymes into MCP shells (25, 33–37). In one case, an N-terminal-targeting sequence was
found to interact with short C-terminal �-helix conserved on several shell proteins, and
this binding interaction is thought to guide encapsulation (38, 39). In addition, a short
C-terminal sequence of the CcmN protein is essential for carboxysome formation and
is proposed to bind the CcmK2 shell protein (37).

Perhaps the best understood MCP is the 1,2-PD utilization (Pdu) MCP of Salmonella
enterica serovar Typhimurium LT2. The Pdu MCP encapsulates enzymes used for the
B12-dependent degradation of 1,2-PD, which is an important carbon and energy source,
particularly in anaerobic environments (40, 41). Initially, 1,2-PD diffuses into the lumen
of the MCP, where it is converted to propionaldehyde by coenzyme B12-dependent diol
dehydratase (40, 42). Propionaldehyde is then converted to propionyl coenzyme A
(propionyl-CoA) by CoA-dependent aldehyde dehydrogenase (PduP) or to 1-propanol
by the PduQ alcohol dehydrogenase (43, 44). The PduL enzyme converts propionyl-CoA
to propionyl-PO4, which exits the MCP and enters central metabolism via the methyl
citrate pathway (45–48). The protein shell of the Pdu MCP confines propionaldehyde,
minimizing its toxicity and diffusive loss (14, 49). This shell is composed of seven BMC
domain proteins (PduA, PduB, PduB=, PduJ, PduK, PduT, and PduU) and a bacterial
microcompartment vertex (BMV) protein (PduN) and may also include PduM, but the
function of this protein is uncertain (50–52). The most abundant shell proteins of the
Pdu MCP are PduB and PduB= (51). Together, they make up about 50% of the shell and
almost 25% of the total MCP protein (51). PduB and PduB= are expressed from
overlapping genes and are identical in sequence, except that PduB has a 37-amino-acid
N-terminal extension (51, 53). In this report, we investigate the role of the 37-amino-
acid N-terminal extension of PduB, and based on our results, we present a new model
for MCP assembly.

RESULTS
Multiple-sequence analysis and secondary structure prediction for the

N-terminal region of PduB. To investigate the function of the N-terminal region of
PduB, we constructed a multiple-sequence alignment to look for conserved sequence
features. PSI-BLAST (54) was used to identify PduB homologs in GenBank, and Clustal
Omega (55) was used to construct the alignment. Amino acid residues L6 to V18 of the
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PduB N-terminal region were highly conserved across diverse genera, but residues A18
to E35 were much more divergent, particularly when distantly related genera were
compared (Fig. 1). Analyses with the small-peptide structure prediction software PEP-
FOLD (56) suggested that the N terminus of PduB is composed of an �-helix (L6 to V18),
followed by a disordered region (A18 to E35). Thus, the N-terminal extension that
distinguishes PduB from PduB= consists of a highly conserved predicted �-helix and a
less conserved disordered region connected to the two tandem BMC domains that
comprise the core structure of both PduB and PduB= (57).

N-terminal deletion mutants. To further investigate the role of the N-terminal
extension of PduB, a series of scarless mutants were constructed by Sac-Cat recom-
bineering and verified by DNA sequencing (Fig. 2): in the PduB Δ1–37 mutant, the
entire N-terminal extension that distinguishes PduB from PduB= is deleted; in the PduB
Δ6 –12 mutant, the N-terminal half of the highly conserved predicted �-helix is re-
moved; in the PduB Δ11–25 mutant, the C-terminal half of the same �-helix and part
of the linker region are removed; in the PduB Δ27–32 mutant, a somewhat unusual
proline-rich area of the linker region is deleted; and in the PduB M38A mutant, the start
codon for PduB= is changed to CGC (alanine) such that PduB M38A is produced but
PduB= is not (verified as described below).

Effect of N-terminal PduB deletions on MCP assembly. Our initial analysis of the
PduB deletions was to test their effects on MCP assembly in vivo (Fig. 2). Prior studies
showed that Salmonella mutants unable to correctly assemble the Pdu MCP grow
substantially faster than the wild type on 1,2-PD minimal medium with limiting B12 (49).
This phenotype, which is due to increased access of the MCP lumen enzymes to their
substrates, is a reliable test of the integrity/permeability of the Pdu MCP (49, 50, 58). The
deletion mutants described above showed a range of growth rates on 1,2-PD at limiting
B12 (Fig. 2). The PduB Δ1–37, PduB Δ6 –12, and PduB Δ11–25 mutants grew much faster
than the wild type on minimal 1,2-PD medium, with limiting B12 indicating an assembly
defect. Indeed, the growth rates resulting from these short deletions were similar to
that observed for a full-length pduBB= deletion, which was previously shown to produce
no MCPs (50). On the other hand, the PduB Δ27–32 mutation and the PduB M38A
mutation (which prevents translation of the PduB= protein by replacement of its start
codon) resulted in intermediate growth phenotypes indicative of a partial assembly
defect (Fig. 2). We consider it unlikely that any of the mutations described above had
substantial effects on PduB folding, since prior crystallographic studies showed that
PduB lacking 37 N-terminal amino acids (PduB=) folds normally (57) and, below, we
show that these mutant proteins are still incorporated into the shell of the Pdu MCP.
Hence, the studies described above indicate that the N-terminal region of PduB plays
a role in assembly of the Pdu MCP.

FIG 1 Multiple-sequence alignment of the first 53 amino acids of the PduB/PduB= coding region, with their respective
translation start sites indicated. The PduB protein has a 37-amino-acid N-terminal extension not present in PduB= but is
otherwise identical in amino acid sequence. Blue-highlighted residues have �80% amino acid sequence identity across the
sequences shown, whose GI numbers are (top to bottom) 409994423, 545166260, 737633100, 490278627, 507082779,
506359047, 738157884, 696233319, 746121973, and 496088740.
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To further investigate the role of the N terminus of PduB in MCP assembly, MCPs
from each of the mutants described above were purified and analyzed. MCP yield (the
total protein content of the purified MCPs/gram of cells) relative to the wild type was
used to evaluate MCP stability during purification. SDS-PAGE was used to examine
protein content, and enzyme assays were used to determine the relative abundance of
two major lumen enzymes, B12-dependent diol dehydratase (PduCDE) and aldehyde
dehydrogenase (PduP). The PduB M38A and PduB Δ27–32 mutant MCPs were purified
with somewhat reduced yields compared to the wild type, at 66% and 75%, respec-
tively, consistent with the partially impaired assembly/stability indicated by growth
tests (Fig. 3). However, the protein content of these mutant MCPs was similar to the
wild type by SDS-PAGE, with the exception of the changes due to the mutations (Fig.
3). For the PduB Δ27–32 mutant, the truncated PduB protein ran just above the PduD
band. For the PduB M38A mutant, the PduB= band is missing, consistent with prior
studies that indicated that M38 is the start of PduB= (51, 53). All other major proteins
in MCPs purified from these mutants were present at levels similar to the wild type.
Some minor MCP proteins (PduN, PduK, and PduL) are difficult to observe by SDS-
PAGE; hence, their abundance in the mutant MCPs is uncertain. We also measured the
PduCDE (diol dehydratase) activity of the purified mutant MCPs. The activities of
the PduB M38A (25.5 � 0.9 �mol · min�1 · mg�1) and PduB Δ27–32 (25.6 � 0.9 �mol ·
min�1 · mg�1) mutants were similar to that of the wild type (26.0 � 1.3 �mol · min�1 ·
mg�1), indicating normal encapsulation of PduCDE within the MCP (Fig. 3). For PduP
aldehyde dehydrogenase, activities were 9.3 � 0.6, 10.2 � 0.8, and 10.3 � 0.08 �mol ·
min�1 · mg�1 for the wild type, PduB Δ27–32 mutant, and PduB M38A mutant,
respectively (Fig. 3). Overall, analyses of purified MCPs suggest that the PduB Δ27–32
and PduB M38A mutants have a defect that partially impairs MCP assembly or stability,
leading to a reduced yield during purification; however, this defect does not have a
large effect on the composition of purified MCPs.

FIG 2 Short N-terminal deletions in PduB result in faster growth of Salmonella on 1,2-propanediol
minimal medium. The top panel is a schematic of N-terminal deletions that were tested. Residues
highlighted in red indicate the deleted regions. Underlined residues correspond to a highly conserved
putative �-helix. The pduBB= deletion mutant is a control known to have a very high growth rate due to
an MCP assembly defect. Other PduB deletion mutants are indicated in the legend. The M38A mutant
changes the start codon of PduB= and blocks its translation; thus, it is essentially a ΔpduB= mutant. The
table to the right shows the doubling time for each strain, and the error shown is one standard deviation
determined from the results from three or more independent experiments. The wild type (WT) is
Salmonella enterica LT2 serovar Typhimurium. OD600, optical density at 600 nm.
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The other N-terminal deletion mutants analyzed (PduB Δ1–37, PduB Δ11–25, and
PduB Δ6 –12) all had growth phenotypes indicative of a more severe MCP assembly
defect (Fig. 2). In addition, yields of MCPs from these mutants (total protein obtained
in the MCP fraction/gram of cells) were drastically lower than that from the wild type,
as only 11%, 27%, and 30% relative recovery was obtained, respectively, which is
indicative of a substantial assembly defect (Fig. 4). We also analyzed the protein content
of the MCP fractions purified from the PduB Δ1–37, PduB Δ11–25, and PduB Δ6 –12
mutants by SDS-PAGE (Fig. 4). Prior studies have shown that the MCP purification
protocol used here allows the isolation of partially assembled and misassembled MCP
complexes (32, 50). The complexes obtained from the PduB Δ1–37, PduB Δ11–25, and
PduB Δ6 –12 mutants had a substantially altered protein composition compared to
wild-type MCPs (Fig. 4). These complexes included the major shell proteins of the Pdu
MCP, PduA, PduB=, and PduJ, as well as truncated versions of PduB resulting from the
mutagenesis and the minor shell proteins PduM, PduU, and PduT. Interestingly, how-
ever, these mutants appeared to have substantially reduced levels of the major lumen
enzymes (PduG, PduC, PduP, PduQ plus PduO, PduD, and PduE) (Fig. 4). Enzyme assays
substantiated that the MCP complexes isolated from the PduB Δ1–37, PduB 6 –12, and
PduB Δ11–25 mutants contained much lower levels of the PduCDE diol dehydratase
and the PduP aldehyde dehydrogenase than the wild type (Fig. 4). We propose that
these mutations impaired the association of lumen enzymes with the MCP shell but had
lesser effects on interactions among the major shell proteins, although more complex
explanations are possible. It is notable that the mutant forms of PduB analyzed here
were incorporated into the MCP shell complexes that were isolated, supporting their
normal folding. Furthermore, the yields of purified “empty shells” were underestimated,
since the enzymatic core constitutes about 50% of the total MCP protein (Fig. 4). Hence,

FIG 3 SDS-PAGE of MCPs purified from the PduB Δ27–32 mutant, the PduB M38A mutant, and the wild
type (WT). Letters on the right indicate the Pdu protein represented by each band. Lysozyme (lys) is not
an MCP component but was used to lyse cells. The percent yield of purified MCPs indicates grams of
protein/gram of cells relative to the wild type. The specific activities of the major lumen enzymes, the
PduCDE diol dehydratase and the PduP aldehyde dehydrogenase, are shown in micromoles per minute
per milligram. Ten micrograms of protein was loaded in each lane. Gels were stained using a Coomassie-
based protocol. The enzyme assay methods are described in Materials and Methods. The error shown is
one standard deviation determined from the results from three or more independent experiments. M,
molecular mass markers.
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analysis of the MCPs purified from the PduB Δ1–37, PduB Δ11–25, and PduB Δ6 –12
mutants substantiates a key role for the N terminus of PduB in MCP assembly.

Point mutations in the N-terminal �-helix of PduB. To further define the role of
the N terminus of PduB in MCP assembly, the highly conserved predicted �-helical
region (residues L6 to V18) was examined. Thirteen scarless chromosomal mutations
were constructed (L6T, V7T, E8A, Q9A, I10T, M11S, A12S, Q13A, V14T, I15T, R17A, and
V18T), such that each amino acid side chain along the helix was changed from polar to
nonpolar or vice versa. All mutations were verified by DNA sequencing. The effect of
each mutation on MCP integrity was first examined using growth tests. As described
above, fast growth of Salmonella on 1,2-PD at low B12 indicates a compromised MCP
structure (49, 50). Strains having PduB L6T, A12S, and I15T mutations grew similarly to
the wild type on 1,2-PD minimal medium with low B12. This suggested that these
residues do not play a critical role in MCP assembly. Strains with PduB E8A, Q9A, Q13A,
R17A, and V18T mutations grew slightly slower than the wild type on 1,2-PD medium,
but the effect was small and not clearly significant. More interesting were strains with
PduB V7T, I10T, M11S, and V14T mutations, which showed significantly faster growth
than the wild type (Fig. 5). This suggests that V7, I10, M11, and V14 of PduB have
important functional roles in assembly of the Pdu MCP.

To further investigate the effects of the PduB V7T, M11S, V14T, and I10T mutations
on MCP assembly, MCPs were purified and analyzed from each mutant strain. Purifi-
cation yields were 80%, 90%, 70%, and 25% relative to the wild type, respectively,
indicating that each mutation reduced MCP stability, with I10T having the largest effect.
When we examined the protein content of MCPs purified from each mutant by
SDS-PAGE, the expected shell proteins (PduB, PduB=, PduA, PduJ, PduT, PduU, and
PduM) were present in each case (Fig. 6). Notably, however, MCPs purified from the
PduB I10T mutant had substantially reduced levels of lumen enzymes compared to
the wild type, including PduCDE diol dehydratase and PduP aldehyde dehydrogenase
(PduP), and the other mutant MCPs appeared to have somewhat reduced PduCDE
levels (Fig. 6). To better quantify the lumen enzymes present, we measured the PduCDE
and PduP enzyme activities in MCPs purified from each mutant (Fig. 6). PduCDE diol

FIG 4 SDS-PAGE of MCPs purified from pduB deletion mutants with MCP assembly defects. WT, wild type.
Letters on the right indicate the Pdu protein represented by each band. Lysozyme (lys) is not an MCP
component but was used to lyse cells. The percent yield of purified MCPs indicates grams of protein/
gram of cells relative to the wild type. The specific activities of the major lumen enzymes, the PduCDE
diol dehydratase and the PduP aldehyde dehydrogenase, are shown in micromoles per minute per
milligram. The error shown is one standard deviation determined from the results from three or more
independent experiments. Ten micrograms of protein was loaded in each lane. Gels were stained using
a Coomassie-based protocol. Enzyme assays are described in Materials and Methods.
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dehydratase activity was lower than the wild type in each mutant MCP, with the I10T
mutant showing the biggest differential (�18% activity compared to the wild type)
(Fig. 6). The specific activity of PduP (the second most abundant lumen enzyme) was
reduced in the I10T mutant MCPs (�35% activity) but not in the other mutant MCPs
assayed. Thus, analyses of purified MCPs supported the growth studies that indicated
a role for PduB V7, I10, M11, and V14 in proper MCP assembly. They also tentatively
suggested that these residues have particular importance in the association of the
PduCDE diol dehydratase with the Pdu MCP.

FIG 5 Individual point mutations along the highly conserved putative �-helix on the N terminus of PduB
result in fast growth on 1,2-propanediol minimal medium. WT, wild type. The PduB Δ6 –12 mutant is a
control strain known to have a very high growth rate due to an MCP assembly defect. Four pduB mutants
with site-directed mutations (V7T, I19T, M11S, and V14T) were also tested. The table to the right shows
the doubling time for each strain, and the error shown is one standard deviation determined from the
results from three or more independent experiments. Growth curves were determined with a microplate
reader, as described in Materials and Methods.

FIG 6 SDS-PAGE of MCPs purified from PduB mutants with site-directed mutations in the conserved
N-terminal �-helix. WT, wild type. Letters on the right indicate the Pdu protein represented by each band.
Lysozyme (lys) is not an MCP component but was used to lyse cells. The percent yield of purified MCPs
indicates grams of protein/gram of cells relative to the wild type. The specific activities of the major
lumen enzymes, the PduCDE diol dehydratase and the PduP aldehyde dehydrogenase, are given in
micromoles per minute per milligram. The error shown is one standard deviation determined from the
results from three or more independent experiments. Ten micrograms of protein was loaded in each
lane. Gels were stained using a Coomassie-based protocol. Enzyme assays are described in Materials and
Methods. On the right is a model that maps the residues of the PduB N terminus that were altered.
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Transmission electron microscopy of purified MCPs from selected mutants.
Transmission electron microscopy (TEM) was used to evaluate the MCPs/partially
assembled MCPs purified from selected mutants, including the PduB M38A, PduB
Δ1–37, and PduB Δ6 –12 mutants (Fig. 7). TEM showed that the PduB M38A mutant
formed MCPs similar in appearance to the wild type, which supported the SDS-PAGE
analyses and enzyme assays that indicated a normal protein content (Fig. 3). On the
other hand, TEM of the MCP fraction purified from the PduB Δ1–37 mutant revealed
primarily structures larger than wild-type MCPs, with an appearance similar to empty
MCP shells described earlier (33). This was supportive of the SDS-PAGE results, which
showed that the MCP fraction purified from the PduB Δ1–37 mutant consisted mainly
of shell proteins and only a small amount lumen enzymes (Fig. 4). Similarly, TEM
indicated that the PduB Δ6 –12 mutant formed mainly large (216 � 66 nm) empty MCP
shells, which was also consistent with SDS-PAGE results (Fig. 4). For both deletion
mutants (PduB Δ1–37 and Δ6 –12), substantial proteinaceous debris was observed in
the purified MCP fraction. Given that SDS-PAGE indicated that these fractions consisted
mainly of shell proteins (Fig. 4), we consider it likely that the debris is shell protein
aggregates. Hence, TEM results support the idea that the N-terminal region of PduB is
needed for proper MCP assembly.

DISCUSSION

Bacterial MCPs are extremely large multiprotein complexes that are widely used as
metabolic organelles. A key question about MCP morphogenesis is the nature of the

FIG 7 Transmission electron microscopy images of MCPs and MCP subcomplexes isolated from selected
pduB deletion mutants. The wild-type strain is Salmonella enterica serovar Typhimurium LT2. MCP/MCP
subcomplexes were negatively stained, as described previously (32, 43). Arrowheads indicate MCPs or
putative empty MCP shells.
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interactions that direct the assembly of thousands of protein subunits into a highly
ordered functioning organelle. From a broad perspective, bacterial MCPs consist of a
protein core composed of sequentially acting enzymes encapsulated within a selec-
tively permeable protein shell. Their assembly requires interactions specific to the shell
and the core, as well as associations that tether the shell to the core. In this report, we
present several lines of evidence that indicate that the N-terminal region of PduB plays
a crucial role in binding the shell of the Pdu MCP to its enzymatic core. Various
mutations in the N-terminal region of PduB resulted in a growth phenotype indicative
of impaired MCP assembly (fast growth on 1,2-PD at low B12). Purification of MCPs from
several strains carrying mutations in the N terminus of PduB (Δ6 –12, Δ11–25, and
Δ1–37 mutants) led to the isolation of MCPs depleted in the core enzymes, as measured
by SDS-PAGE and enzyme assays, but with the expected content of major shell proteins
as assessed by SDS-PAGE. TEM provided further support, as MCPs purified from two
different mutants revealed structures that appeared to be large empty MCP shells.
Putting this in context, prior studies showed that deletion of any individual shell protein
of the Pdu MCP (other than PduB) did not prevent shell-core interactions, since MCPs
purified from these mutants had the expected complement of core enzymes and shell
proteins (32, 50, 52, 59). Furthermore, we showed that an M38A mutation (which
prevents translation of PduB=) also had relatively little effect on the association of the
shell with the enzymatic core (Fig. 3). Thus, studies encompassing the roles of every Pdu
shell protein in MCP assembly indicate that the N-terminal region of PduB mediates the
major interaction that binds the shell of the Pdu MCP to its enzymatic core.

A theme in the assembly of bacterial MCPs is that short extensions on the N or C
terminus of both structural proteins and core enzymes play a key role in determining
higher-order structure (4). This idea developed from studies that showed the N-terminal
18 amino acids of the PduP core enzyme function as a targeting sequence that is
necessary and sufficient for encapsulation of proteins within the Pdu MCP, as well as an
extensive bioinformatic analysis that predicted that analogous short extensions are
widely used in MCP assembly (35). Further work showed that short N-terminal exten-
sions are used to target enzymes to diverse types of MCPs, both native and recombi-
nant (27, 33, 34, 36, 39, 60–62). Mechanistic studies found that the N-terminal targeting
sequences of PduP form an �-helix that binds to a short C-terminal helix of the PduA,
PduJ, and/or PduK shell proteins to mediate encapsulation (38, 39). Similarly, the
targeting sequences of the EutC and EutE enzymes of the ethanolamine MCP bind a
corresponding helix on the EutS shell protein (although the helix is internal rather than
terminal, due to circular permutation of the EutS shell protein) (62). Thus, it is generally
accepted that binding interactions between enzyme-targeting sequences and shell
proteins drive the encapsulation of enzymes into the lumen of diverse bacterial MCPs.
However, the question of specificity with regard to the binding of the enzymatic core
to the shell is unresolved and somewhat paradoxical. Studies indicate that a single
N-terminal enzyme-targeting sequence can bind multiple shell proteins (38, 39) and
vice versa, i.e., that a single shell protein can bind multiple core enzymes through
targeting sequence associations (59, 62, 63). Recent findings have also shown that
targeting sequences from diverse MCP systems (Eut and Grp) can direct the encapsu-
lation of proteins into the Pdu MCP via a conserved hydrophobic motif (36). Thus, the
seemingly low specificity observed for core-shell interactions raises the question of
whether MCP cores and shells (each of which are composed of 4 to 10 different
proteins) have defined relative molecular orientations. Above, we presented data
indicating that the N-terminal region of PduB plays the primary role in binding the shell
of the Pdu MCP to its enzymatic core. Hence, we propose a model for assembly of the
Pdu MCP in which binding of the N-terminal region of PduB fixes the position of the
shell relative to the core.

In this study, we also conducted a bioinformatic analysis of the N terminus of the
PduB shell protein and found that it consists of a highly conserved putative �-helix and
a less conserved coiled region. Prior studies indicated that the targeting sequences of
core enzymes are short �-helices that bind to short �-helices in shell proteins (38, 62).
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Binding occurs along conserved surfaces and mediates enzyme encapsulation (36, 38,
60, 62). Site-directed mutagenesis of PduB �-helix at residues 6 to 18 indicated that a
conserved hydrophobic patch formed by residues V7, I10, M11, and V14 was crucial to
MCP assembly. This patch is reminiscent of surfaces present in other MCP assembly
sequences found primarily at the termini of shell proteins and lumen enzymes. Pre-
sumably, this hydrophobic surface interacts with a core enzyme of the Pdu MCP,
possibly a targeting sequence. However, further work will be needed to find the
binding partner(s) of PduB.

A number of labs are developing bacterial MCPs as nanobioreactors for the pro-
duction of renewable chemicals and pharmaceuticals (24, 26, 27, 64). Spatial organiza-
tion of enzymes by encapsulation within protein shells (as exemplified in MCP systems)
has the ability to accelerate catalysis, prevent side reactions, and minimize the harmful
effects of toxic intermediates. A key advance in this field has been the production of
empty MCP shells which were then filled with heterologous cargo by fusing targeting/
encapsulation sequences to desired enzymes/proteins (33, 36, 60–62, 64–68). Further
development of this approach for efficient encapsulation of multiple enzymes with
defined stoichiometries will likely require the use of various types of targeting se-
quences, as well as parameterization of the molecular interactions that define encap-
sulation. Here, we have defined a new terminal sequence (the N-terminal region of the
PduB shell protein) that mediates a major interaction between the enzymatic core and
the shell of the Pdu MCP. This sequence might prove useful for developing additional
systems that mediate protein encapsulation into engineered MCPs.

The findings reported here also relate to two views of MCP biogenesis that have
been proposed. Studies of the �-carboxysome suggest that the shell and the core
assemble more or less simultaneously (69), while studies of the �-carboxysome suggest
that the enzymatic core assembles first and then is rapidly enveloped by the shell
(although the factors that delay association of the shell and core have not been
determined) (70, 71). Given the key role of the N terminus of PduB in fastening the shell
of the Pdu MCP to its enzymatic core, it is likely to play a prominent role in biogenesis,
perhaps even making the first point of contact. We also observed that the essentially
empty MCP shells produced by certain mutants were much larger than wild-type MCPs.
This suggests that interactions between the shell and the core may help to impart
curvature to the shell and define MCP size, but certainly this is not the only factor
involved, and indeed, prior studies have pointed out the key role of vertex proteins in
guiding shell curving (72, 73). Hence, the findings presented here may help with future
studies on the dynamics and mechanisms of MCP assembly.

MATERIALS AND METHODS
Chemicals and reagents. Antibiotics, coenzyme B12 (Ado-B12), vitamin B12 (CN-B12), NADH, and

NAD� were from Sigma Chemical Company (St. Louis, MO). Choice Taq Blue master mix was from
Denville Scientific (Holliston, MA). KOD Hot Start master mix was from EMD Millipore (Billerica, MA).
Bacterial protein extraction reagent (B-PERII), NuPAGE Bis-Tris gels, SimplyBlue SafeStain, and other
reagents were from Thermo Fisher Scientific (Pittsburgh, PA).

Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table
1. The rich media used were lysogeny broth (LB), also known as Luria-Bertani/Lennox medium (Becton,
Dickinson and Company, Franklin Lakes, NJ) (74), and Terrific broth (MP Biomedicals, Solon, OH). The
minimal medium was no-carbon-E (NCE) medium (75). Growth curves were determined using a Synergy
HT microplate reader (BioTek, Winooski, VT), as previously described (32). NCE minimal medium was
supplemented with 0.6% 1,2-PD, 0.3 mM each Val, Ile, Leu, Thr, Phe, Met, and Cys, 0.1 mM each Tyr and
Trp, 20 �M calcium pantothenate, 50 �M iron(III) citrate, and CN-B12, as indicated in Results.

Construction of chromosomal mutations. Scarless chromosomal deletions and point mutations
were made by Sac-Cat recombineering using the lambda Red recombinase, as described previously (32,
76). The oligonucleotides used for recombineering are listed in Table S1. All mutations were verified by
DNA sequencing.

MCP purification and electron microscopy. MCP purification was performed by detergent extrac-
tion and differential centrifugation, as described previously (52), with the modification that growth
medium was supplemented with 50 �M Fe(III) citrate. The amount of purified MCPs obtained (in grams
of protein) per gram of cells was used to calculate the percent yield. For electron microscopy, purified
MCPs were fixed to carbon-coated copper grids and negatively stained, as described previously (32, 43).
Grids were viewed under a JEOL 2100 scanning transmission electron microscope (JEOL USA, Inc.,
Peabody, MA).
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Enzyme assays and protein methods. Coenzyme B12-dependent diol dehydratase (PduCDE) activ-
ities were determined by a linked continuous spectrophotometric assay, as described previously (59).
PduP aldehyde dehydrogenase activities were measured by following the conversion of NAD� to NADH
spectrophotometrically at 340 nm, as described previously (44). Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was carried out using NuPAGE 4 to 12% Bis-Tris gels, Novex mini cells
(Invitrogen), and SimplyBlue SafeStain (Thermo Fisher Scientific). Protein was measured using Bio-Rad
protein assay reagent, which is based on the method of Bradford, with bovine serum albumin as the
standard.
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