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Abstract

Bacterial microcompartments are large proteinaceous structures that act as metabolic organelles in
many bacterial cells. A shell or capsid, which is composed of a few thousand protein subunits,
surrounds a series of sequentially acting enzymes and controls the diffusion of substrates and
products into and out of the interior. The carboxysome and the propanediol utilization
microcompartment represent two well-studied systems among seven or more distinct types that
can be delineated presently. Recent structural studies have highlighted a number of sophisticated
mechanisms that underlie the function of bacterial microcompartment shell proteins. This review
updates our understanding of bacterial microcompartment shells, how they are assembled, and
how they carry out their functions in molecular transport and enzyme organization.

Introduction

Many bacterial species produce giant proteinaceous compartments — polyhedral in shape and
roughly 1000 A in diameter — for the purpose of sequestering key metabolic reactions within
the cell [Bobik, 2006; English et al., 1994; Kerfeld et al., 2010; Shively et al., 1973; Yeates
etal., 2010; Yeates et al., 2011]. By spatially separating distinct cellular processes, they
serve as metabolic organelles in bacteria. These bacterial microcompartments, referred to
hereafter as MCP’s, consists of a series of sequentially acting enzymes enclosed within a
thin shell or capsid, which is assembled from a few thousand shell protein subunits. MCP’s
are present in approximately 20% of known bacteria, and distinct types dedicated to several
different metabolic processes have been delineated; a few have been studied experimentally
while others have so far only been inferred from genomic analyses.

MCP’s function to improve the flux or direct the flow of metabolites through a sequestered
pathway (Figure 1). The way in which this confers a selective advantage appears to differ
somewhat between different types of MCP’s. The carboxysome, the founding member of the
MCP’s, encapsulates two enzymes: carbonic anhydrase and RuBisCO[Cannon et al., 2001].
Carbonic anhydrase dehydrates bicarbonate, after it has diffused across the shell from the
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cytosol into the lumen of the MCP, to produce CO5, [Cannon et al., 2010; Heinhorst et al.,
2006]. There the CO, is “fixed’ by its addition to ribulose bisphosphate in a reaction
catalyzed by RuBisCO, a notoriously slow and imperfectly selective enzyme, before the
nonpolar CO, can escape back into the cytosol and across the cell membrane. Other types of
MCP’s are more complex than the carboxysome, enclosing more enzymes and more
complex reactions. Two types of MCP’s prevalent in enteric bacteria are the Pdu MCP,
which metabolizes 1,2-propanediol, and the Eut MCP, which metabolizes ethanolamine
[Bobik et al., 1999; Chen et al., 1994; Kofoid et al., 1999; Penrod and Roth, 2006;
Stojiljkovic et al., 1995]. These two compartments carry out related reaction schemes
(Figure 1), both producing aldehydes as intermediates — propionaldehyde in the case of Pdu
and acetaldehyde in the case of Eut. These aldehyde intermediates are further metabolized to
alcohols and CoA-esters within their respective MCP’s before the aldehydes can escape into
the cytosol. Retaining aldehyde intermediates within the MCP prevents those chemically
reactive molecules from damaging cellular DNA[Havemann et al., 2002; Rondon et al.,
1995a; Rondon et al., 1995b; Sampson and Bobik, 2008]. It also prevents valuable carbon
compounds from being lost by diffusion across the cell membrane, which is particularly
problematic for the more volatile acetaldehyde [Penrod and Roth, 2006; Sampson and
Bobik, 2008]. The Pdu and Eut MCP’s both carry out vitamin B12-dependent reactions as
their first encapsulated step, with subsequent reactions requiring additional cofactors (e.g.
NAD+/NADH, ATP, CoA, and iron-sulfur clusters). Although studies support the presence
of active mechanisms for regenerating some cofactors internally, it appears likely that some
transport of cofactors across the shell must occur [Cheng et al., 2012]. How this might be
accomplished without allowing smaller aldehyde molecules to escape presents an intriguing
mechanistic puzzle.

To date, the range of metabolic reactions that occur within MCP’s has only been partially
explored. Aside from those described above that have been studied in some experimental
detail, a few other categories have been delineated. One type, present across a wide range of
bacteria, appears to metabolize 1,2-propanediol (and possibly other similar compounds such
as glycerol), but with an initial reaction step different from the B12-dependent Pdu and Eut
MCP’s. In this case, the key dehydration reaction involves a glycyl radical-based enzyme
rather than a B12 cofactor [Jorda et al., 2013; Petit et al., 2013; Scott et al., 2006]. The name
Grp (glycyl radical-based propanediol) has been proposed for this type of MCP. Gene
expression data, bioinformatics analyses, and preliminary structural results suggest that the
Grp MCP is similar in major respects to the other MCP’s characterized so far. Other
prospective types of MCP’s, including one that has been proposed to metabolize amino
alcohols in select mycobacteria [Jorda et al., 2013], and another that has been proposed to
metabolize fucose and rhamnose (via 1,2-propanediol), [Petit et al., 2013; Scott et al., 2006]
possibly using an encapsulated aldolase, have yet to be explored experimentally.

The shells of MCP’s play key functional roles. They form a barrier that separates the cytosol
from the lumen of the MCP. They provide narrow pores for the selective diffusion of the
substrates and products of the enclosed pathway. And they selectively bind and organize the
enzymes that are enclosed within the MCP. In this review we focus on our current
understanding of those mechanisms, with an emphasis on insights that have come from
structural studies on numerous shell proteins.
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MCP Shell Proteins

The shells of MCP’s are formed predominantly by a single family of proteins, referred to
here as BMC shell proteins (PF00936 in the PFAM database [Finn et al., 2008]) which are
typically about 100 amino acids long. It is notable that metabolically diverse MCP’s are all
assembled from this conserved family of proteins. BMC genes have apparently spread across
the bacterial kingdom by horizontal gene transfer events [Bobik et al., 1999]. The BMC
shell proteins were first identified in seminal work by Shively et al. by the analysis of
purified carboxysomes, followed by gene sequencing[English et al., 1994]. This led to the
discovery of other types of MCP’s by sequence analysis [Bobik, 2006; Bobik et al., 1999;
Chen et al., 1994; Stojiljkovic et al., 1995]. The shell proteins and the enzymes they
encapsulate are typically encoded together in operons. In some bacteria these MCP operons
encode more than 20 different shell proteins and enzymes. A remarkable property of most
MCP operons is the presence of multiple BMC genes encoding a set of paralogous shell
proteins — as many as seven in some cases (Figure 1). Although direct evidence is lacking on
the composition of individual MCP particles, the prevailing view is that individual particles
are composed of mixtures of multiple BMC paralogs, with each paralog serving a
specialized function in the shell. A single shell consists of a few thousand protein subunits in
total.

Crystal structures of BMC shell proteins, beginning with the first studies in 2005, have
provided rich insights into mechanisms of assembly in MCP’s (Figure 2)[Crowley et al.,
2010; Crowley et al., 2008; Heldt et al., 2009; Kerfeld et al., 2005; Klein et al., 2009; Pang
et al., ; Sagermann et al., 2009; Takenoya et al., 2010; Tanaka et al., 2009; Tanaka et al.,
2010; Tsai et al., 2007; Yeates et al., 2010]. Diverse BMC shell proteins assemble to form
disk-shaped homohexamers. These are the basic building blocks of the shell. Typically, one
side of the hexamer is relatively flat and polar in character. The other side often bears a
bowl-shaped depression, depending on the disposition of flexible C-terminal segments of the
protein. This side tends to be more hydrophobic, and is believed to represent the inward-
facing or lumenal surface of the shell [Fan et al., 2012]. Each hexamer typically bears a
narrow central pore, which is presumed to provide a route for molecular transport across the
shell. The BMC hexamers are shaped so that they can further associate side-by-side to make
an essentially solid molecular layer, about 20 A thick. Extended layers of this type have been
observed in the context of numerous crystals of different BMC shell proteins, and formation
of true two-dimensional layers from purified shell proteins has been demonstrated by
electron microscopy [Dryden et al., 2009]. These molecular layers are presumed to represent
the nearly flat facets of the polyhedral MCP shell (Figure 2).

The relatively simple picture of identical protein subunits forming hexagons that tile to make
a layer is complicated by a striking amount of structural divergence between the multiple
paralogous BMC shell proteins within even a single type of MCP (Figure 3). Though the
individual BMC protein domain is small, it has undergone a surprising variety of
rearrangements during evolution[Yeates et al., 2010]. Some instances of the BMC shell
protein reveal a circular permutation in which a highly similar tertiary structure is built from
secondary structure elements occurring in a different order. This phenomenon was first
identified in the shell protein PduU, where the permutation leads to protein termini in
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different locations, allowing for distinct elaborations at the ends of the protein
chain[Crowley et al., 2008]. Gene duplication events have led to a second type of variation
in the form of numerous tandem-domain BMC proteins. These assemble as trimers, which
are only approximately hexameric. These trimeric structures allow the otherwise strict
hexagonal symmetry of the BMC proteins to be broken. This appears to enable important
conformational rearrangements in these proteins, as discussed subsequently. Yet other BMC
shell proteins are both permuted and duplicated. Finally, numerous BMC shell proteins have
been elaborated by fusion with other protein domains, which likely extend into the cytosol to
perform other functions. Many of these fusions appear to have repetitive, charged, or
otherwise atypical sequence compositions, and may be disordered. However, one fusion
domain has been characterized — from the EutK shell protein — and its helix-turn-helix
structure suggests a role in DNA binding[Tanaka et al., 2010].

The model of a flat molecular layer composed of hexagonal units begs the question of how a
closed structure can be achieved. According to the principles of solid geometry, curvature of
an otherwise flat hexagonal array requires insertion of non-hexagonal units. In particular,
pentagonal units at the vertices give rise to icosahedral assemblies, as seen in many large
viral capsids and geodesic domes. It was therefore illuminating when previously
uncharacterized proteins (CsoS4A and CcmL) from the alpha and beta types of
carboxysomes were shown by crystallography to be pentagonal, and to have edge lengths
consistent with co-assembly together with BMC shell proteins[Tanaka et al., 2008]. Prior
studies had failed to detect these proteins in purified carboxysomes, owing to their low
abundance — 60 copies compared to a few thousand BMC shell proteins. Subsequent studies
confirmed the presence of these pentameric proteins in purified carboxysomes by Western
blotting[Cai et al., 2009]. The understanding that MCP’s were composed of pentameric units
together with a much larger number of hexameric (BMC) units made it possible to generate
a rough atomic model of an intact, essentially icosahedral carboxysome shell, based on
model building and computational docking[Tanaka et al., 2008] (Figure 2). Electron
cryotomography studies of isolated carboxysomes have supported the approximately
icosahedral shape of the shell[Jensen and Briegel, 2007; Schmid et al., 2006], but it has not
been possible yet to directly confirm the proposed arrangement of shell proteins by that
method, owing to limited resolution. Nonetheless, the proposed model in which special
pentameric proteins are required for vertex formation [Tanaka et al., 2008] is largely
consistent with mutagenesis experiments in various systems. In experiments on the Pdu
MCP and the beta-type carboxysome, deletion of the presumptive vertex protein tends to
prevent formation of closed polyhedra [Cai et al., 2009; Parsons et al., 2010; Price et al.,
1993; Sampson and Bobik, 2008]. In the alpha carboxysome, experiments have shown that
normal looking MCP’s can be formed in deletion mutants lacking the two proteins
(CsoS4A/B) that have been proposed to form vertices in that system, though carboxysomes
produced by those mutants are leaky[Cai et al., 2009]. This would be consistent with the
pentameric proteins being required for complete closure of the shell, but not for overall
architecture.

Proteins homologous to the pentameric carboxysomal proteins (CcmL and CsoS4A) are
present in other types of MCP’s, where they have retained names such as EutN, PduN, and
GrpN according to the metabolic functions of their respective MCP’s. An initial crystal
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structure of EutN provided a confounding observation: that protein was found as a hexamer
in the crystal form[Tanaka et al., 2008]. A recent crystal structure, however, showed that the
GrpN protein from R. rubrum is pentameric, consistent with the proposed role of this protein
family [Wheatley et al., 2013]. This prompted a reexamination of EutN, where it was found
that the protein is predominantly pentameric in solution, arguing that crystallization
promoted formation of a minor (hexameric) assembly form of that protein in the earlier
study[Wheatley et al., 2013]. To emphasize the idea that this protein family plays a special
role in forming the vertices of polyhedral MCP shells, the name BMV (bacterial
microcompartment vertex) has been proposed.

Alternative models for the MCP shell have been proposed. Numerous studies have shown
that hexameric or pseudo-hexameric BMC shell proteins sometimes stack to make double-
layered, dodecameric species. In addition to solution and gel electrophoresis experiments, a
few crystal structures have revealed two hexameric units paired with their C-terminal (bowl-
shaped) surfaces arranged face-to-face[Cai et al., 2013; Klein et al., 2009; Samborska and
Kimber, 2012; Tanaka et al., 2009]. This gave birth to hypotheses that MCP shells are
actually composed of a double-layered shell[Klein et al., 2009; Samborska and Kimber,
2012]. So far, however, in cases where dodecameric units have appeared in crystal
structures, they have not been arranged in the same layered fashion as is often seen for the
single-domain BMC proteins. A double layer structure would also raise other difficult
questions about how enzymes would be preferentially attached to one side, and how the shell
would bend preferentially in an inside vs outside sense in order to close. But those
challenges do not argue against the role of double-disk structures in limited parts of the
shell. At present, it remains an open question whether the tendency of hexamers to form
pairs is an artifact of the inward-facing surface being naturally evolved for protein-protein
interactions (i.e. with enzymes), or whether double layer arrangements contribute to the
function of MCP shells.

Molecular Transport through Shell Protein Pores

Crystal structures of most BMC shell proteins have revealed a narrow pore down the center
of the hexamer. This was proposed to be the route by which molecules transit the shell in
either direction [Kerfeld et al., 2005; Yeates et al., 2007]. Smaller holes have been noted at
other sites within hexameric units, and at other joints between hexamers in a layer, but the
central pores are the most obvious routes. Numerous crystallographic experiments have
attempted to visualize key substrate or product molecules bound in the pores of BMC shell
proteins. Those experiments have led to hints, but not to unambiguous models for transport,
which remain somewhat speculative at present.

In the case of the carboxysome shell, a positive electrostatic potential surrounding the pore
was observed in the original structural studies [Kerfeld et al., 2005; Tsai et al., 2007] (Figure
3). It was argued that a positive potential around the pore might confer an important
selective advantage for passage of negatively charged molecules, particularly bicarbonate,
whose rate of entry might otherwise limit the efficiency of carbon fixation. It is noteworthy
that CO», the key intermediate produced within the carboxysome, is neutral. The CO2
intermediate would therefore not experience the same electrostatic attraction to the pore as
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bicarbonate. Selective transport could enable a kinetic scheme in which CO, molecules
tends to encounter RuBisCO enzymes multiple times (if necessary) before having a chance
to randomly diffuse out of the carboxysome. For other types of MCP’s, it is less obvious
how the substrate molecule might gain an advantage in inward transport compared to the
outward movement of the metabolic intermediate produced inside. However, the presence of
hydrogen bond acceptors in the pore of the PduA shell protein has been offered as a
potential mechanism for favoring transport of the propanediol substrate compared to the
propionaldehyde intermediate in that system[Crowley et al., 2010]. The availability of
structural data on a growing number of shell proteins presents new opportunities for testing
hypotheses about molecular transport by structure-guided mutagenesis. In addition, as
molecular dynamics methods continue to increase in power, their application to this field
could add fresh insight into mechanisms of transport through the pores of shell proteins.

In certain tandem-domain BMC shell proteins, dramatic conformational changes have been
observed in the pore region, with obvious implications for transport (Figure 3). Open and
closed-pore forms of tandem-domain BMC shell proteins have been seen in both types of
carboxysomes — CsoS1D in the alpha type [Klein et al., 2009] and CcmP in the beta
type[Cai et al., 2013]. A major, open vs closed conformational change was also reported in
the EutL shell protein from the Eut system [Tanaka et al., 2010]. The simplest explanation
for such behavior is a gated opening in response to specific conditions or signals. What
might trigger such conformational changes has not been elucidated yet. However, tandem-
domain BMC shell proteins appear to sometimes contain disulfide bonds, which are
essentially absent from single-domain BMC shell proteins (Michael Thompson, unpublished
data), suggesting the possibility of a connection to redox state. The interpretation of open
and closed pores in tandem-domain shell proteins is further complicated by the presence of
very small holes in the ‘closed’ pore conformation of these proteins, not down the symmetry
axis at the center of the oligomer, but through narrow openings that emerge in the individual
subunits [Pang et al., 2012; Sagermann et al., 2009]. One line of argument holds that such
holes arise incidentally from the conformational changes that occur during closing of the
large central pore [Tanaka et al., 2010]. On the other hand, a recent structural study on the
PduB shell protein revealed unexplained electron density features in these holes and
elsewhere[Pang et al., 2012]. These were interpreted as glycerol, which had been included at
high concentration during the crystallization process, leading to speculation that the narrow
openings could support the transport of propanediol (or glycerol) in the Pdu system. For the
Eut system and other complex MCP’s such as the Pdu and Grp, the need for cofactor
transport might explain the existence of large gated pores. An explanation for large gated
pores is harder to rationalize in the case of the carboxysome, as cofactors are not implicated
in the interior reactions. It has been noted, however, that the conserved genomic proximity of
CsoS1D genes to certain enzymes and proteins not evidently related to CO5 fixation leaves
open the possibility of unanticipated complexity in the carboxysome[Jorda et al., 2013;
Kerfeld et al., 2010].

Lastly, some shell proteins bear an iron-sulfur cluster in the pore. This was revealed first in
the tandem-BMC shell protein, PduT[Crowley et al., 2010; Pang et al., 2011]. Like other
tandem-domain shell proteins studied so far, PduT is a pseudohexameric homotrimer. In this
case, each subunit contributes a single cysteine ligand to the 4Fe-4S cluster. This is an
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unusual arrangement, leaving the fourth iron atom to be bound by an unknown ligand. Other
BMC shell proteins from the Grp MCP have also been discovered to bind an iron sulfur
cluster at the central pore (Nicole Wheatley and Michael Thompson, unpublished data). The
presence of iron-sulfur clusters in BMC shell proteins from complex MCP types — and their
apparent absence from carboxysome MCP’s — resonates with the presence of redox reactions
inside the MCP. A bound iron-sulfur cluster provides a potential route for electron flow to
balance interior reactions, though this remains speculative. An alternate possibility for these
shell proteins is to provide a route for transporting intact metal clusters needed by interior
enzymes, including PduS. These hypotheses await experimental testing.

Protein-Protein Interactions in MCP’s

Various mechanisms have evolved in nature for targeting specific proteins to different
organelles or different parts of the cell. Fan et al. provided a decisive explanation for how
certain enzymes are targeted to the interior of Pdu MCP’s [Fan et al., 2010]. They showed
that some of the interior enzymes in the Pdu system carry special N-terminal extensions that
are necessary and sufficient for targeting to the MCP. Genetic truncation of an 18 residue
segment at the N-terminus abrogated encapsulation of the native PduP enzyme, whereas
fusion of the same sequence to green fluorescent protein caused it to be encapsulated. A
bioinformatic analysis predicts the presence of N-terminal targeting sequence extensions in
various enzymes from other MCP systems [Fan et al., 2010] (Figure 4). Experiments have
confirmed the role of some other N-terminal sequences in targeting [Fan and Bobik, 2011],
including in the Eut system[Choudhary et al., 2012]. An examination of the amino acid
sequences predicted to act as targeting signals for various enzymes reveals only weak
similarity between them; they follow a general pattern consistent with an amphipathic alpha
helix. The variation between enzyme tails, even within a single type of MCP, admits the
possibility of specific enzymes being bound to specific BMC shell protein homologs. This
could provide a system for higher level organization in MCP’s. For example, prior studies
showed that the PduP targeting sequence preferentially binds the PduA and PduJ shell
proteins [Fan et al., 2012]. Likewise, EutC from the Eut system can only be targeted to the
MCP in presence of the EutS shell protein[Choudhary et al., 2012].

Attempts to visualize the detailed atomic interactions between shell proteins and interior
enzymes (or their terminal sequences) by crystallographic methods have so far been
unsuccessful. Some predictions about those interactions have been generated from
mutagenesis and preliminary computer modeling [Fan et al., 2012]. The N-terminal enzyme
tails are predicted to be alpha helical. Mutagenesis studies show that enzyme targeting (e.g.
of PduP) is eliminated by mutations in its N-terminus, or in the C-terminal helix of the PduA
shell protein. That finding supports an earlier prediction that the concave side of BMC shell
proteins would represent the inward facing surface [Tanaka et al., 2009]. Based on the
known structure of shell proteins such as PduA, and using a helical model for the N-terminal
tail of PduP that binds to the inward facing surface of PduA, tentative docking models can
be produced computationally. One such docking model is shown in Figure 4.

Some of the mechanisms for enzyme and shell organization have also been illuminated in
the carboxysome. In the B-type carboxysome, a peculiar protein, CcmM, has been shown to
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be important in binding other interior proteins. Remarkably, the CcmM sequence bears in its
C-terminal region three or four tandem segments that are homologous to the small subunit of
RuBisCO[Ludwig et al., 2000]. These repeated domains from CcmM are presumed to bind
RuBisCO by mimicking the ring of four small subunits that ordinarily forms the end cap of
the native RuBisCO oligomer. The N-terminal domain of CcmM is a redox sensitive
carbonic anhydrase [Pena et al., 2010]. CcmM has been shown to interact with additional
carboxysomal proteins, including CcmN [Cot et al., 2008; Long et al., 2007]. Recent
experiments on CcmN show that its C-terminal region binds to the CcmK shell proteins and
is essential for carboxysome assembly [Kinney et al., 2012]. Based on that finding,
additional sequences important for MCP assembly were proposed.

An emerging understanding of how enzymes are targeted to MCP’s opens up prospects for
engineering novel enzymatic containers. Preliminary experiments have already provided
proof of concept. Green fluorescent protein was successfully directed to Pdu MCP’s in their
native Sa/monellahost[Fan et al., 2010]. A similar experiment demonstrated the targeting of
GFP and beta galactosidase to MCP’s constructed from only EutS shell subunits in £.
colf[Choudhary et al., 2012]. And carboxysomes have been engineered to encapsulate
RuBisCO molecules derived from heterologous species [Menon et al., 2008]. The ability to
express MCP shells in heterologous hosts offers additional possibilities. Pdu-type shells
having less regular morphologies than native shells have been produced in £. coli [Parsons et
al., 2010], and carboxysomes of the alpha type have been produced in E. coli with
morphologies approximating native carboxysomes. Efforts are underway to encapsulate
reaction pathways for producing high value compounds within MCP’s.

Concluding Remarks

Considerable insights about function have come from crystal structure studies on individual
shell proteins from various MCP systems. However, in the absence of crystal structures of
complexes between shell proteins and interior enzymes, a deeper understanding of how
different elements are organized will depend on other experimental approaches. So far,
electron microscopy studies have not revealed additional clues about how various paralogous
shell proteins might be arranged in MCP’s. With improvements in resolution and image
processing methods, electron cryotomography might provide new information along those
lines. In the meantime, biophysical experiments are providing some clues about interactions
between shell proteins [Parsons et al., 2010; Samborska and Kimber, 2012], while the advent
of atomic structures for MCP shell proteins has enabled structure-guided mutagenesis
experiments aimed at identifying important interactions between shell proteins and interior
enzymes [Fan et al., 2012; Kinney et al., 2012]. Numerous hypotheses regarding molecular
transport through the pores of BMC shell proteins have been put forward, and these are now
amenable to testing by mutagenesis as well. Ultimately, these studies may reveal new
paradigms by which protein-based systems can control metabolite movement. BMC shell
proteins are also ripe for molecular dynamics simulations aimed at testing hypotheses of
selective permeability. Computational studies could also be important in identifying novel
compounds for inhibiting or modulating MCP function. With regard to engineering
applications, the possibilities are vast, and the successful demonstration of a designed
container with practical utility would establish MCP’s as a general framework for future
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work in synthetic biology with potential applications in the production of biofuels/
pharmaceuticals and as drug delivery vehicles.
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Bacterial microcompartments and models of their sequestered pathways. (A) Thin-section
EM of a dividing cell of the cyanobacterium Synechocystis sp. PCC6803 (top left) along
with an enlargement of a single carboxysome (top right, courtesy of Wim Vermaas). (bottom
left) EM of thin-sectioned Sa/monella enterica serovar Tyhpimurium LT2 (reprinted from
[Crowley et al., 2008]) and (bottom right) purified Pdu microcompartments (reprinted from
[Crowley et al., 2008]). (B) Models for CO, fixation and 1,2-propanediol and ethanolamine

metabolism in the carboxysome, Pdu and Eut microcompartments, respectively.

J Mol Microbiol Biotechnol. Author manuscript; available in PMC 2018 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Yeates et al. Page 14

BMC Shell Proteins

Vertex Proteins

Figure2.
A model for assembly of bacterial microcompartments. Shell proteins from the BMC family

form hexamers (or pseudohexameric trimers) that tile to make a molecular layer comprising
the majority of the shell. They have central pores proposed to allow molecular transport.
Different BMC paralogs (indicated in different shades) perform different roles in the shell.
Special pentameric proteins, unrelated to the BMC protein family, are proposed to occupy
vertex positions in the polyhedral shell, which is shown here idealized as a perfect
icosahedron (bottom right). The shell proteins bind to and organize interior enzymes
(arranged hypothetically in layers). Bottom right image: Creative Commons license, T.
Yeates).
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Figure 3.
Crystal structures of representative shell proteins of different types and different presumptive

functions. Except for the structure of PduA, which is shown in both orientations, the shell
proteins are viewed from the outside direction. The structures are rendered for depth based
on diffusion accessibility[Tsai, 2009; Yeates, 1995], with the exception of the carboxysome
protein CsoS1A, which is shown colored by electrostatic potential (blue:positive,
red:negative). The Fe-S cluster believed to occupy the PduT pore is indicated in its
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presumptive location; only the apo form of the protein has been structurally characterized.
The hexameric crystal form of the presumptive vertex protein EutN is not shown.
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Figure 4.
Key interior enzymes have sequence extensions that direct their association to the interior

surface of the microcompartment shell. (A) An alignment of PduP sequences from various
bacterial species, including a subset (top group) in which that enzyme is compartmentalized
in a Pdu MCP. The sequence extension has been shown to be necessary and sufficient to
encapsulate enzymes (adapted from [Fan et al., 2010]) (B) Representative sequences that
have been shown experimentally to be involved in binding to MCP shells [Choudhary et al.,
2012; Fan and Bobik, 2011; Fan et al., 2010; Kinney et al., 2012]. (C) A computational
prediction of the PduP tail (white) bound to the interior surface of the hexameric PduA shell
protein. The binding mode illustrated is based on a more exhaustive computational search
compared to an earlier proposed model[Fan et al., 2012]).
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