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Abstract

Some bacteria contain organelles or microcompartments consisting of a large virion-like protein
shell encapsulating sequentially acting enzymes. These organized microcompartments serve to
enhance or protect key metabolic pathways inside the cell. The variety of bacterial
microcompartments provide diverse metabolic functions, ranging from CO2 fixation to the
degradation of small organic molecules. Yet they share an evolutionarily related shell, which is
defined by a conserved protein domain that is widely distributed across the bacterial kingdom.
Structural studies on a number of these bacterial microcompartment shell proteins are illuminating
the architecture of the shell and highlighting its critical role in controlling molecular transport into
and out of microcompartments. Current structural, evolutionary, and mechanistic ideas are
discussed, along with genomic studies for exploring the function and diversity of this family of
bacterial organelles.
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INTRODUCTION

Although they lack the typical membrane-bound organelles of eukaryotic cells, bacterial
cells can have highly organized interiors. Electron microscopic investigations of bacteria
have revealed a wide variety of subcellular inclusions, many of which remain to be
characterized (38, 61). Some serve as storage bodies or granules for special compounds or
polymers (4, 65), whereas others perform metabolic activities complex enough to meet the
functional definition of an organelle (7, 62, 77). Few of these bacterial organelles have been
studied in detail.

Several members of one diverse family of organelles have been either observed directly or
inferred to exist from genomic data. Where they have been observed by electron
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microscopy, they appear as dense, typically polyhedron-shaped bodies ranging in size from
80 to 200 nm (9, 13, 25, 63) (Figure 1). Here we refer to this family of polyhedral organelles
as bacterial microcompartments. The current view is that they are proteinaceous assemblies
comprising several thousand protein and enzyme subunits, lacking the lipid bilayer of
eukaryotic organelles and some viruses, and lacking the nucleic acid component of viruses
and some eukaryotic organelles. Each kind of microcompartment consists of two or a few
distinct types of enzymes in the interior, acting sequentially in a metabolic pathway,
surrounded by a thin protein shell reminiscent of a viral capsid (reviewed in Reference 77).
Functionally diverse bacterial microcompartments contain different enzymes, though they
have shells assembled from similar proteins bearing a conserved bacterial
microcompartment (BMC) protein domain (14, 16, 23, 51). The presence of BMC shell
proteins effectively defines the bacterial microcompartment family of organelles.

The various reactions encapsulated by bacterial microcompartments share a common theme.
A small metabolite, which is volatile or cytotoxic, is produced by one interior enzyme and
consumed by another. Such arrangements are capable of enhancing the flux through desired
pathways while limiting alternative, detrimental processes; various simpler protein-based
systems for substrate channeling have been elucidated (52, 67). The functions of bacterial
microcompartments are reviewed here, with an emphasis on the structure and evolution of
their protein shells.

COMPARTMENTALIZED REACTIONS AND PROCESSES

Data have been presented for the existence of bacterial microcompartments carrying out at
least six different metabolic pathways. Three of these pathways have been explored
experimentally (Figure 2), and genomic searches suggest a wide range of unexplored
functions.

CO2 Fixation in the Carboxysome

Beginning some 50 years ago, dense polyhedral bodies of unknown function were observed
in numerous cyanobacteria and chemoautotrophic bacteria (21, 25, 63). In 1973, Shively et
al. (62) isolated the inclusions from the chemoautotroph Halothiobacillus neapolitanus and
showed that they consisted mainly of the CO2-fixing enzyme ribulose bisphosphate
carboxylase/oxygenase (RuBisCO). The inclusions were named carboxysomes because of
their inferred function in CO2 fixation. They became the founding member of the polyhedral
bacterial microcompartments. The identification and sequencing of conserved shell proteins
led to the possibility of genomic studies (13, 16, 23, 41, 51). Sequence analysis indicated
that carboxysomes are present in some chemoautotrophs and all known cyanobacteria.
Owing to the abundance of photosynthetic microbes in oceans, carboxysomes contribute
substantially to the global CO2 cycle (2).

The active role of carboxysomes in CO2 fixation has been established by numerous genetic
and biochemical studies (reviewed in References 2 and 28). It is now generally understood
that carbonic anhydrase (CA) is colocalized with RuBisCO inside the carboxysome (18, 29,
50) and that this is a key mechanistic feature for enhancing CO2 fixation when the
concentration of inorganic carbon is low, as it is in most natural environments. The
carboxysome comprises the second part of a carbon concentrating mechanism (CCM),
whose first part is the concentration of bicarbonate inside the cell by active transport across
the cytoplasmic membrane and into the cytosol (2). Current models hold that bicarbonate
then crosses the protein shell and enters the carboxysome by diffusion. In the lumen of the
carboxysome, CA dehydrates bicarbonate to CO2 in a space where diffusion is restricted and
where RuBisCO is highly concentrated, thereby countering the low catalytic efficiency and
poor substrate selectivity of RuBisCO for CO2 (Figure 2). The carboxysome shell is
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believed to play a role in allowing or limiting the transport of substrates and products [i.e.,
bicarbonate, CO2, 3-phosphoglycerate (3-PG), and ribulose-1,5-bisphosphate] (20, 39, 54,
58) and possibly O2 (46), which competes with CO2 in its reaction with RuBisCO.

Two kinds of carboxysomes, α and β, can be delineated on the basis of the identity and
genomic organization of their carboxysomal proteins (2) (Figure 2). Form I RuBisCO and
shell proteins of the α- and β-carboxysomes are homologous, although their sequences can
be grouped by type. On the contrary, the CA enzymes, along with other proteins believed to
help organize the carboxysome, differ between α- and β-carboxysomes. Some of the
mechanistic features may therefore differ between the two types of carboxysomes.

1,2-Propanediol Utilization in the Pdu Microcompartment

Microcompartments related to but functionally distinct from the carboxysome were first
implicated by genomic analysis when a gene encoding a homolog (PduA) of the
carboxysome shell proteins was identified in the heterotrophic bacterium Salmonella

enterica (16). Multiple presumptive shell genes (PduA/B/J/K/T/U) were identified in a large
21-gene operon (Figure 2) for metabolism of 1,2-propanediol (1,2-PD) (8), a compound that
arises during the anaerobic breakdown of some sugars. Subsequent studies demonstrated the
induction of polyhedral microcompartments by growth on 1,2-PD and confirmed the role of
the microcompartment in degrading that compound (8). Isolation of these propanediol
utilization (Pdu) microcompartments allowed the identification of enzymes localized to the
microcompartment and the development of tentative models for the complex metabolic
pathway for compartmentalized 1,2-PD metabolism (26) (Figure 2).

The central feature of the Pdu microcompartment is the breakdown of 1,2-PD to
propionaldehyde by an adenosylcobalamin-dependent diol dehydratase, followed by the
conversion of propionaldehyde to propionyl-CoA and 1-propanol without escape of the
aldehyde into the cytosol. Evidence suggests that propionaldehyde is toxic when it is
produced in the cytoplasm in genetic mutants lacking the microcompartment shell. Initial
growth on 1,2-PD as a sole carbon source is followed by a period of growth arrest (27), and
the buildup of aldehyde correlates with increased DNA damage (57). The findings indicate
that the organization of enzymes for forming and consuming propionaldehyde within the
protein shell effectively channels the aldehyde through a productive pathway while limiting
its cellular toxicity.

Questions remain concerning which molecules must pass through the protein shell, although
1,2-PD presumably passes inward across the shell, and propionaldehyde formed by
dehydration of 1,2-PD is presumably oxidized to propionaldehyde-CoA before (or perhaps
as) it passes outward through the shell (26) (Figure 2). In addition, it appears likely that
cobalamin and possibly nucleotide cofactors may have to cross the shell. This raises an
important paradox regarding how large molecules can be transported without allowing the
much smaller aldehyde to escape (17). Structural studies on microcompartment shell
proteins are providing clues to that puzzle.

Ethanolamine Utilization in the Eut Microcompartment

Several enteric bacteria, including E. coli and Salmonella enterica, have genes for producing
an ethanolamine utilization (Eut) microcompartment. The 17-gene eut operon encodes
several enzymes and four proteins homologous to microcompartment shell proteins (EutM/
K/L/S) (41, 66) (Figure 2). Microcompartments are induced by growth on ethanolamine and
have been visualized by electron microscopy (9). The Eut microcompartment appears to be
closely related to the Pdu microcompartment in terms of encoded enzymes and chemical
reactions. Parallels between the two are therefore useful in developing a model for
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metabolism in Eut (48) (Figure 2). Whereas dehydration of the three-carbon 1,2-PD leads to
propionaldehyde in the Pdu microcompartment, deamination of the two-carbon
ethanolamine leads to acetaldehyde in the Eut microcompartment. Eut microcompartments
have not been purified, so we can only surmise which enzymes and reactions occur inside
the cell, but it is likely that ethanolamine crosses the protein shell into the
microcompartment, where it is converted to acetaldehyde and then to acetyl-CoA before the
acetaldehyde can escape into the cytosol. Questions concerning the retention of small
molecules and the transport of large cofactors are similar to those noted above for Pdu.

Two different hypotheses, not necessarily mutually exclusive, have been put forward
regarding the defect that arises when acetaldehyde is produced in the absence of a
microcompartment. Genetic data in Salmonella demonstrate that glutathione-based
detoxification pathways and DNA polymerase repair functions are essential under
conditions in which high concentrations of aldehydes are either added or produced during
1,2-PD or ethanolamine metabolism (55). Alternatively, it has been emphasized that
acetaldehyde is sufficiently apolar and volatile (bp = 21°C) to pass readily through the
bacterial cell membrane, suggesting that acetaldehyde in the cytosol might lead to
detrimental loss of carbon (48). When Salmonella was grown at lower concentrations of
ethanolamine, acetaldehyde toxicity was not evident. Instead, growth defects associated with
microcompartment mutations correlated with evaporative loss of acetaldehyde (48). The
potential importance of small-molecule volatility relates closely to the carboxysome. Part of
the advantage conferred by the carboxysome is that CO2 produced inside the carboxysome is
more likely to be fixed by RuBisCO than to escape the cell by diffusion across the cell
membrane, which it does readily when CO2 is produced in the cytosol (50). Clarification of
the toxicity versus volatility issue for the Eut microcompartment requires further study, but
it may be that loss of microcompartment function causes multiple defects that manifest
themselves differently under disparate conditions.

Other Presumptive Microcompartments

Few bioinformatics studies on bacterial microcompartments have been reported (see below),
but microcompartment shell genes have been identified in some relatively uncharacterized
operons coding for enzymes involved in small-molecule metabolism. From this, the likely
compartmentalization of certain pathways has been inferred. A microcompartment for
metabolizing pyruvate to ethanol has been postulated in Vibrio furnissii M1 (74). A
microcompartment for fermenting ethanol to acetate by way of an acetaldehyde intermediate
in Clostridium kluyveri in a pathway for butyrate synthesis, along with a presumably distinct
microcompartment for metabolizing glycerol, presumably through a 3-
hydroxypropionaldehyde intermediate, has been postulated (60). These putative
compartmentalized pathways are generally consistent with the varied themes discussed
above: channeling of substrates, mitigation of toxicity, and control of evaporative loss.
Bioinformatics approaches can be used to identify a wider range of proteins and enzymes
likely to be associated with microcompartments (see below).

PROTEIN SHELL STRUCTURE AND ASSEMBLY

The first electron microscopy studies of isolated carboxysomes (62) indicated that the
inclusions were surrounded by a thin membrane of undetermined composition, subsequently
established to be a proteinaceous shell (23, 34). Although early impressions left open the
possibility that microcompartments could be relatively unorganized packages of enzymes,
emerging views of the shell are emphasizing its sophisticated structure and mechanisms.

Gene sequencing and microcompartment purification experiments demonstrated that
microcompartments are composed of several protein components in addition to those
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presumed to carry out required enzymatic functions (15, 26, 34, 51). The most abundant
nonenzymatic components purified from both carboxysomes and Pdu microcompartments
are members of a conserved family of small proteins, typically around 100 amino acids in
length, that define the BMC protein domain (InterPro domain IPR000249). These BMC
proteins are the major constituents of microcompartment shells. Furthermore, in all
organisms for which genomic data have revealed a BMC protein for a presumptive
microcompartment, multiple paralogous BMC proteins have been found. For example,
CcmK1/2/3/4 are present in one type of carboxysome, CsoS1A/B/C in another, PduA/B/J/K/
T/U for Pdu, and EutL/M/K/S for Eut (Figure 2). The involvement of multiple distinct BMC
proteins in the shell appears to be a strongly conserved feature (5, 39). In addition to the
major (BMC-type) shell proteins, other less abundant proteins are likely to be involved in
the formation of microcompartment shells. Structural studies on individual shell proteins
have begun to illuminate key mechanisms of microcompartment function.

BMC Domains: The Hexameric Building Blocks of the Shell

In a bottom-up approach to studying the shell, individual BMC shell proteins have been
purified from heterologous protein expression systems. To date, crystal structures of 12
different BMC proteins have been determined, some in multiple crystal forms and
conformations (Supplemental Table 1; follow the Supplemental Material link from the
Annual Reviews home page at http://www.annualreviews.org). These include three from the
β-type carboxysome (39, 68), three from the α-type (40, 72, 73), one from the Pdu
microcompartment (19), four from the Eut microcompartment (56, 70), and one predicted to
function in an ethanol-utilizing (Etu) microcompartment (30). From these crystal structures,
basic features of assembly and transport have been inferred.

The BMC domain adopts an α/β-fold with a central four-stranded antiparallel sheet flanked
by small helices (Figure 3). No similarity is evident between the BMC domain and any viral
capsid proteins whose structures are presently known. The BMC fold resembles that seen in
various small proteins, including ferredoxin, but whether this reflects a remote evolutionary
relationship or a convergence to a relatively simple folding motif is unclear.

The BMC protein structures published to date are homohexamers with cyclic (C6)
symmetry, or some variation on that arrangement (Figure 3). Extensive interactions hold the
monomers together within a hexamer. The hexameric arrangements visualized in crystal
structures of different BMC domain proteins are essentially superimposable, and biophysical
studies confirm that the proteins tend to assemble as hexamers in solution. Numerous lines
of evidence therefore show that hexamers comprise the building blocks of bacterial
microcompartment shells (39, 72, 78). Most BMC shell proteins adopt structures in which
the hexamer has a prominent bowl-shaped depression on one side, specifically the side on
which both the N and C termini reside in the typical BMC domain. The C termini are often
observed to be flexible or disordered and therefore are difficult to model. The center of the
typical BMC hexamer is perforated by a narrow central pore, which has been postulated to
allow transport of small metabolites into and out of the microcompartment (39, 72, 78).

Assembly into Molecular Layers

Several different crystal structures of BMC proteins reveal tightly packed two-dimensional
layers of molecules (39, 56, 68, 72, 73) (Figure 3) (Supplemental Table 1). The shape of the
BMC hexamer is evidently tailored for further side-by-side assembly into a molecular sheet,
roughly 20 Å thick on average, with a center-to-center distance between hexamers ranging
from 66 to 69 Å. The molecular layer is nearly solid, except for narrow pores through the
centers of the hexamers and where hexamers meet at twofold and threefold axes of
symmetry.
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The conserved sheet structure has been postulated to represent the natural structure of the
microcompartment shell. Recent two-dimensional crystallography experiments support this
view (22). The three BMC shell proteins from the Synechocystis sp. PCC 6803 carboxysome
that could be expressed and purified successfully (CcmK1, 2, and 4) were arrayed via their
polyhistidine affinity tails on the surface of droplets containing nickelated lipid molecules.
Electron microscopy and Fourier transform analysis showed hexagonal molecular packings
closely matching those reported in the context of three-dimensional crystals.

Some of the BMC proteins do not appear to form layers by themselves, suggesting
alternative behavior or specialized roles. One BMC protein from the Syn. 6803 β-type
carboxysome, CcmK4, formed linear strips of hexamers in three-dimensional crystals rather
than uniformly oriented layers (39). CcmK4 is suspected to be only a minor component of
the shell, which appears consistent with its failure to form a layer by itself. Whether the
unusual behavior of CcmK4 is biologically relevant—reflecting, for example, a specialized
role in forming the edges of a polyhedral shell—remains to be tested.

Overall Shell Architecture

The first crystal structures of BMC proteins explained how facets of a polyhedral shell could
be constructed by the packing of hexagonal building blocks, following principles common to
various viral capsids, but the overall architecture of the microcompartment shell remained
unclear. Electron microscopy studies had led to opposing conclusions that carboxysomes
were shaped like an icosahedron (49), a pentagonal dodecahedron (33), or a hexagonal
structure with D6 symmetry (13). Two recent electron cryotomography studies on α-
carboxysomes from highly divergent organisms concluded that carboxysomes are at least
roughly icosahedral, with nearly flat triangular facets (36, 59). The resolutions of the studies
were not high enough to visualize the packing arrangements of individual shell subunits, but
the findings were consistent with models proposed on the basis of crystal structures. The
shell was confirmed to be a nearly solid layer of molecules. A few layers of enzymes,
presumed to be mainly RuBisCO molecules, were visible in the microcompartment interior
beginning at the inward facing side of the shell, consistent with earlier studies (33). Less is
understood about the shape and organization of other kinds of microcompartments, as these
have not yet been studied by similar techniques, but traditional electron microscopy studies
suggest that Pdu and Eut microcompartments are not as geometrically regular as
carboxysomes.

Minor Shell Components and Vertex Proteins

In different microcompartments, multiple proteins are present that are apparently neither
enzymatic nor homologous to the major BMC shell protein family (Figure 2) (Supplemental
Table 1). Such proteins are presumed either to help organize the microcompartment
enzymes, or to be minor structural components of the shell. There is considerable variation
regarding the accessory proteins present in different microcompartments. For example, the
proteins CcmM and CcmN are present only in β-carboxysomes, whereas CsoS2 is present
only in α-carboxysomes. Even greater variation seems likely in metabolically diverse
systems. However, the presence of one minor protein is conserved across
microcompartments and is named according to microcompartment type: CcmL (β-
carboxysome), CsoS4A/B (α-carboxysome), PduN, or EutN—collectively referred to as the
CcmL/EutN protein family.

Proteins from the CcmL/EutN family are found encoded in operons wherever BMC genes
are present (Figure 2). Paralogous copies of the gene are often present, paralleling the
situation observed for BMC proteins (5). Whether genes from this family encoded bona fide
microcompartment genes was initially unclear, because the homologous gene products in the
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α-carboxysome operon (CsoS4A/B) were not detected initially in purified H. neapolitanus

carboxysomes (15). However, deletion of the ccmL gene in cyanobacterial β-carboxysomes
gave rise to aberrant, elongated tubular carboxysomes (51). Crystal structures of
corresponding proteins, CsoS4A and CcmL, from the two types of carboxysomes clarified
their structural roles. Both proteins are pentamers whose sizes and shapes are compatible
with formation of vertices in an icosahedral shell assembled mainly from BMC hexamers
(68). On that basis, rough atomic models of carboxysome shells have been constructed
(Figure 3). Models in which the CcmL or CsoS4 proteins occupy icosahedral vertices
explain the two key observations noted above. First, vertex proteins would be present in
only 60 copies per shell, compared to a few thousand for the BMC proteins and the
RuBisCO subunits, explaining difficulties in detection; later studies confirmed the
expression of the csoS4A/B genes (11). Second, in the absence of pentagonal vertices, a flat
layer of hexamers can roll up into a tube, whereas introducing the (Gaussian) curvature
required to close the ends is problematic without pentamers.

Understanding the role of proteins from the CcmL/EutN protein family is complicated,
however, by two observations. A recent experiment demonstrates that, in H. neapolitanus,
deletion mutants lacking the CcmL homologs form only a minority of aberrant, tubular
carboxysomes (12). Moreover, the crystal structure of EutN shows a hexameric assembly
(24, 68). It is not clear yet whether architectural principles distinct from those in the
carboxysome are at work in the Eut microcompartment, but the problem of assembling
closed structures from only hexagonal units has been encountered before in other biological
contexts (76). Alternatively, despite its behavior in isolation, EutN could be pentameric in
the context of the native shell. The reported crystal structure of EutN is more distorted from
perfect hexagonal symmetry compared with typical BMC proteins and other homo-
oligomeric protein assemblies in general. Similarly, a recent structure of the EutS shell
protein revealed a highly distorted hexameric assembly (70). The asymmetry of these Eut
shell proteins could relate to the lesser geometric regularity observed in Pdu and Eut
compartments compared to the carboxysome.

PROTEIN SHELL EVOLUTION

Bacterial microcompartments have a complex evolutionary history. Operons encoding
microcompartment genes are widely but sporadically distributed across the bacterial
kingdom (7, 39, 77). Closely related bacterial strains can differ with respect to the presence
of microcompartment genes, while close similarities can be seen between genes in more
distant lineages. The carboxysome genes from α-type cyanobacteria are more similar to
genes from chemoautotrophic bacteria than to those from β-type cyanobacteria.
Microcompartment operons have apparently been the subject of horizontal gene transfer
events (31). The widespread occurrence of gene transfer events between bacteria,
particularly for genes involved in metabolic pathways (37), has been emphasized, with
clusters of genes offering a particular advantage (42). Indeed, BMC genes appear to have
been transferred often as clusters. In some cases, the underlying genetic events have been
clarified by three-dimensional structural elucidation.

Evolution of the BMC Protein Family

A current search of the sequence databases detects some 4300 BMC shell proteins from
bacteria belonging to 10 different phyla. BMC shell proteins are particularly common in the
Gammaproteobacteria, Firmicutes, and cyanobacteria. A single potentially homologous
protein is detected in the Epsilonproteobacteria, in H. pylori. Homologues have not been
detected in the archaeal or eukaryotic kingdoms, though the possibility of their undetected
existence among primitive algae has been raised (10).
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BMC gene duplication events are common. In genomes where they appear, the average
number of BMC paralogs found is 2.6 (5). About 75% of BMC genes are found immediately
adjacent to another BMC gene. Such adjacent BMC genes are often similar in sequence,
representing recent gene duplications. In other cases, paralogous BMC proteins within an
organism are more divergent than orthologous genes from different organisms, indicating
gene duplication prior to speciation or horizontal gene transfer. The evolutionary distances
between several different BMC proteins are illustrated in Supplemental Figure 1.

Multiple sequence alignments highlight segments of relatively high conservation.
Knowledge of the BMC protein structure makes it possible to map conserved sites to three-
dimensional space (Figure 4). The regions of relatively high sequence conservation are
around the perimeter of the hexamer; these are the interfaces where multiple hexamers meet
in a layer. This is consistent with an increased level of evolutionary constraint in protein-
protein interfaces compared to that in solvent-exposed protein surfaces. In contrast, the pore
is a region of relatively high divergence with respect to amino acid sequence and loop
lengths, suggesting functional specialization for transport. One exception is a widely
conserved glycine residue (residue number 38 in CcmK1) that lines the pore.

Protein Fold Variations

The amino acid sequences of BMC proteins have diverged over large evolutionary distances
such that recognizing homology is difficult in some cases. Detecting evolutionary
relatedness is further complicated by the varied genetic mechanisms that have affected the
protein fold. These have been clarified by structural studies (Figure 5). The crystal structure
of the PduU shell protein revealed a circularly permuted version of the BMC domain (19).
The structure of PduU overlaps with the canonical BMC fold, but its secondary structure
elements occur in nonsequential order. If an attempt is made to align the sequence of PduU
with a canonical BMC protein, PduU is shorter at its C terminus and longer at the N
terminus. This extra N-terminal region of PduU fulfills the structural role of the C-terminal
region of the canonical BMC fold. The PduU fold is also distinct because its novel N-
terminal segment extends away from the hexagonal disk. Six copies of this segment, one
from each monomer, come together to form a tightly wound six-stranded β-barrel that
blocks the pore present in the canonical BMC (19).

Genetic events leading to fused BMC domains have also been common, leading to
widespread tandem BMC domains. Three tandem BMC domain proteins have been
characterized structurally: a widespread carboxysome shell protein called CsoS1D (40),
EutL from the Eut microcompartment (56, 70), and EtuB (30). Surprisingly, these tandem
BMC domain proteins were revealed to be duplications of a permuted BMC fold closely
resembling that of PduU. However, despite the apparently parallel genetic events leading to
their similar overall construction, the tandem domains are arranged in a different spatial
order in different proteins (Figure 5). Yet another apparently distinct type of tandem BMC
domain protein, CcmO, is present in some β-type (cyanobacterial) carboxysomes. The
crystal structure of CcmO is not known, but sequence alignments suggest that it might be
composed of tandem canonical (unpermuted) BMC domains. In addition to the fusion of
multiple BMC domains together, many proteins comprise a BMC domain fused to another
distinct domain. Among the numerous domains found fused to BMC domains, only one,
EutK, has been characterized structurally. The extra domain present in EutK was revealed to
have a helix-turn-helix structure, suggesting a potential nucleic acid binding function (70).

The distinct topological variations observed for BMC proteins are diagrammed in Figure 5.
The variation seems remarkable for such a small protein domain. As noted above, multiple
BMC domain proteins appear to be present in all microcompartment operons, and varied
topologies may be required for distinct structural or functional roles in the shell. The specific
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locations and relative arrangements of distinct BMC proteins in native shells have not been
deciphered.

MOLECULAR TRANSPORT

Structural studies have focused on the importance of the protein shell in microcompartment
function. That the shell proteins have evolved shapes and assembly patterns with such tight
packing makes a compelling argument for their roles in controlling molecular transport.

Experimental Studies

The possibility that the protein shells of microcompartments might present important
diffusion barriers has long been appreciated (13, 54), but direct experimental tests of the
transport properties of the shell have been challenging. Nonetheless, important inferences
have been possible. RuBisCO inside the carboxysome shell was less inhibited by O2 than
was RuBisCO expressed in the cytosol (46), suggesting that the carboxysome shell could
restrict diffusion of O2, which is competitive with CO2. Likewise, the shell provides a
barrier to CO2. A key experiment showed that ectopic expression of CA in the cytosol,
which causes dehydration of bicarbonate to CO2, disrupted CO2 fixation (50). This
demonstrated that localizing CO2 production to the carboxysome interior is critical,
evidently because evaporative loss occurs more rapidly than transport across the shell when
CO2 is produced outside the microcompartment shell. Moreover, experiments on
carboxysomes lacking CA showed that cytosolic CO2 is about three times less kinetically
accessible to RuBisCO than is CO2 produced by CA inside the carboxysome (20). Similarly,
the rate of CO2 hydration by CA (the reverse of the natural reaction) in intact carboxysomes
is about three times slower than that in disrupted carboxysomes (29). Experiments on the
carboxysome are therefore consistent with a shell that acts as a moderate barrier but does not
restrict diffusion severely. More quantitative interpretations are complicated, however, as it
is difficult to determine whether the kinetic effects are due entirely to the shell or to a
combination of geometric considerations, such as the production of CO2 in a region of
densely packed RuBisCO molecules (53).

Structural Data and Mathematical Models

Detailed kinetic modeling of microcompartments has been limited by an incomplete
understanding of the structure of the shell and the organization of the interior enzymes.
Although the organizational questions are still murky, crystal structures of the shell
components offer a starting point for a quantitative understanding of transport. As noted
above, the BMC shell proteins are tightly packed in a molecular layer, leaving but small
pores down the center of each hexamer and, in some cases, similarly small pores where
multiple hexamers meet. The canonical BMC proteins whose structures have been
determined typically have pores with diameters ranging from 4 to 6 Å (39, 68, 69, 72)
(Figure 6). These pores are likely large enough to permit the diffusion of small substrates
and products of the known microcompartments (e.g., bicarbonate, 3-PG, 1,5-RuBP,
ethanolamine, and 1,2-PD). Positive electrostatic potential has been noted in the hexameric
pores of the major BMC proteins of the carboxysome (69, 72). It has been suggested that
this could confer a kinetic advantage for bicarbonate (HCO3

−) diffusion into the shell. CO2
and O2, whose respective outward and inward passages are undesirable, would not benefit
from the same electrostatic advantage as bicarbonate. The pore regions of various BMC
hexamers are illustrated in Figure 6.

A definitive demonstration that the pores visualized in BMC protein structures serve as
portals for transport has been elusive. Metabolites have not been visualized in the pores by
X-ray crystallography, although negatively charged sulfate ions have been visualized in the
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hexameric pores in multiple cases (69, 72). Even in the carboxysome, where several shell
protein structures are known, there are components potentially residing in the shell whose
structures have not been elucidated. Examples include the CsoS2 protein in the α-
carboxysome and CcmN and CcmM in the β-carboxysome. The possibility that these
proteins provide routes for molecular transport cannot be discounted.

The small size of the pores in BMC shell proteins, and their distant spacing in the shell
(nearly 70 Å apart), raises the question of whether such an arrangement would present a
diffusive barrier so great as to offset any kinetic advantage gained by sequestering sequential
enzymes together. Analytical calculations suggest this is not the case (72). Owing to the
complex properties of diffusion, a relatively high porosity can be achieved in a spherical
shell (or a polyhedral shell in the present case) when the pores represent only a small
fraction of the outer surface. The analysis is parallel to the classic problem of receptors or
transporters embedded in a bacterial cell membrane (6). For a microcompartment of typical
size, a calculation based on shell proteins with pore diameters in the 4 to 6 Å range shows
that such a shell would present only a moderate diffusion barrier (e.g., on the order of 50%
porosity). These analytical calculations are consistent with experimental studies of diffusion
discussed above. The moderately limiting properties of such a diffusion barrier could be
offset by the advantages of enzyme compartmentalization, particularly if the pores provided
mechanisms for selective transport of desired substrates and products.

Dynamic Mechanisms

Recent structural data have highlighted potentially dynamic transport processes in
microcompartment shells. The structure of a newly identified carboxysome shell protein,
CsoS1D, was determined and found to exist in two dramatically different conformations
(40) (Figure 6). The two conformations of CsoS1D correspond to an open and closed central
pore. The closed form is essentially occluded, whereas the open form has a pore roughly 14
Å in diameter (Figure 6). Likewise, EutL has been visualized in two different
conformations, one that is nearly occluded (56, 70) and one that has a roughly 11 Å pore
(70). In addition to offering an explanation of how larger molecules might be transported,
the two conformations suggest a potential gating mechanism that could control which
molecules pass through the shell (40, 70). This would help address the question of how
larger molecules might be able to pass through a shell that presents a diffusion barrier to
smaller compounds.

A second potentially significant observation is that CsoS1D tends to form a double-disk
structure via a face-to-face interaction of two trimers (or pseudohexamers). This creates a
large interior cavity. In two different crystal forms, the double-disk is composed of one
trimer in the open configuration and a second in the closed configuration, leading the
investigators to suggest an alternating access mechanism (40). The discovery of dynamic
shell proteins (CsoS1D and EutL) hints that further studies on diverse microcompartment
proteins will reveal a multitude of varied pores and transport mechanisms.

MICROCOMPARTMENT BIOINFORMATICS AND GENOMIC CONTEXT

A number of sequence searches for proteins homologous to BMC domain proteins have
been conducted. They have led to the conclusion that bacterial microcompartments are
widespread among bacteria. The field of bacterial microcompartment research is now ripe
for more complex bioinformatics queries based on genomic context and comparative
genomics methods.
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BMC Proximity and Microcompartment-Related Enzyme Families

The tendency of proteins to be functionally related to each other when they are encoded near
each other on a bacterial chromosome—or fused to each other in the case of multidomain
proteins—is well established (35, 45). The known microcompartment operons support this
finding. Enzyme and protein families showing a tendency to be encoded near BMC shell
proteins might therefore by inferred to be involved in compartmentalized functions in
certain bacteria. Here we provide a systematic analysis based on that idea. Searching across
the known databases of sequenced bacterial genomes, we identified all genes within 10
coding regions (either upstream or downstream) of a BMC domain protein and clustered the
resulting set of roughly 8600 distinct proteins (Figure 7). Such an automatic analysis leads to
the spurious identification of many individual proteins that might not be truly related to
microcompartments. However, the large body of sequence data makes it possible to identify
a large of number of protein families that appear near BMC genes in many different
genomes. These BMC-proximal protein families can be ascribed microcompartment-related
functions with a reasonable statistical likelihood. The list of frequently identified protein
families includes several known to be associated with previously characterized
microcompartments, along with numerous proteins and enzymes for which roles in
microcompartment function might be predicted. They include enzymes involved in butyrate
and malate metabolism and proteins involved in iron uptake, nitrate sensing, and drug
efflux, among others (Supplemental Tables 2 and 3). These predictions may be useful in
guiding future experimental studies.

Genomic Signature for the Discovery of Unrelated Compartments

The varied inclusions visualized in bacteria suggest that other kinds of microcompartments,
evolutionarily unrelated to the type discussed in this review (i.e., the BMC type), could exist
in nature. A recent bioinformatics study sought to predict novel, uncharacterized
microcompartments by analyzing genomic context (5). BMC-type microcompartment
operons typically present a simple but rather distinct signature: multiple paralogs of a small
protein (in this case the BMC domain) encoded in close proximity to each other (Figure 2).
This pattern was used as a query to analyze all known protein families in search of any that
tends to follow a similar genomic signature. The analysis retrieved numerous candidates,
including a mixture of characterized and uncharacterized protein families (5). Among the
identified protein families whose functions had been previously characterized, a majority
were confirmed to be involved in forming large protein assemblies of various types (e.g.,
shells, filaments, and tubular assemblies). A minority of the predictions were of families not
known to form large assemblies, and likely represent false positive predictions. The
favorable outcome among the characterized families suggests that many of the
uncharacterized protein families identified are likewise components of yet unknown
bacterial assemblies. Some could represent compartmentalized systems, but experimental
studies on the numerous protein families identified are required. Supporting experimental
evidence for self-assembly was provided for one family (IPR009482) present in
Archaeoglobus fulgidis and in other archaea (5).

OPEN QUESTIONS AND FUTURE DIRECTIONS

Research on bacterial microcompartments is accelerating. Open questions abound.
Elucidating the higher-level organization of microcompartments is paramount to
understanding better their functions and mechanistic features. For the carboxysome,
experiments indicate that CA (whose abundance is only about 80 copies per
microcompartment) is physically bound to the interior of the shell (3, 64), and RuBisCO
appears to be organized in interior layers (33, 36, 59). Further spatial details are murky, but
experiments from independent groups have identified key protein-protein interactions in
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beta-type carboxysomes. Those studies have focused attention on the protein CcmM as a
central player in organizing multiple components (18, 43). CcmM has the remarkable
property of showing homology to γ-type CAs in its N-terminal region (1) (despite lacking
apparent enzymatic activity) and harboring near its C terminus typically three or four
tandem sequence repeats homologous to the small subunit of RuBisCO (44). Both parts of
CcmM could interact with other carboxysomal proteins through a kind of mimicry, but
structural data are lacking. How other kinds of microcompartments might be organized and
how their encapsulated enzymes might be targeted to the interior are not known, but the
possibility of special targeting sequences on the enzymes has been put forward (71; T.
Bobik, unpublished data). These sequences could interact with the interior surface of the
shell. Experiments aimed at determining which side of the molecular layer of BMC proteins
faces inward to interact with encapsulated enzymes, and which faces outward to the cytosol,
have not been successful. Structural characteristics, combined with the behavior of the
flexible C-terminal tails on some BMC domains, suggest that the side of BMC proteins
bearing the prominent depression probably faces inward (69), though experimental
confirmation is needed. The possibility that formation of the shell might require interactions
with interior enzymes has been refuted. Both the carboxysome and the Pdu shell have been
assembled following deletion of naturally encapsulated enzymes (7, 47). Because insertion
of enzymes after shell assembly is viewed as problematic, it seems likely that interior
enzymes assemble simultaneously with the shell when both components are present.
Whether microcompartment structures are dynamic—e.g., whether they undergo controlled
disassembly, division, or repair—is unknown.

Open questions also surround the evolutionary history of bacterial microcompartments.
Architectural similarities to viral capsids are obvious, but no evidence of a common
evolutionary origin for the two types of protein shells has been obtained. Likewise, an early
claim of nucleic acid in carboxysomes (75), which would provide a further parallel to
viruses, was later contradicted (32). Whether nucleic acids might play a role in some
microcompartments is an open question; the recent report of a helix-turn-helix motif in the
EutK shell protein (70) suggests a potential line of investigation. At the other end of the
evolution spectrum, no proteins homologous to BMC proteins have been identified in
eukaryotes. If carboxysomes were present in cyanobacteria at the time symbiosis gave rise
to algae, then carboxysomes might be expected within algal chloroplasts. RuBisCO is
organized in dense pyrenoid or central bodies in some algae, but no biochemical or genomic
evidence for a shell has been found (10). Evolutionary connections between
microcompartments and similar bodies from viruses and eukaryotes can therefore only be
speculated at this time.

In future protein engineering work, structural data on microcompartment shells will guide
studies aimed at addressing fundamental mechanistic questions and key experimental
obstacles. Carboxysomes with altered pores could address some of the questions articulated
above regarding molecular transport across the shell. By engineering stabilized shells,
researchers could improve the purification and characterization of microcompartments,
enabling more definitive compositional analyses and in vitro activity studies. Finally,
systems for targeting enzymes to microcompartment interiors could lead to novel
biotechnology applications (47). Diverse bacterial microcompartments, some yet to be
discovered, should offer many fruitful lines of investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Yeates et al. Page 12

Annu Rev Biophys. Author manuscript; available in PMC 2012 February 5.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Acknowledgments

The authors thank Thomas Bobik and Yingssu Tsai for discussions and comments on the manuscript. We thank
Richard Llewellyn, Robert Jefferson, and Tobias Sayre for contributions to the bioinformatics analysis. The work
was supported by NIH grant AI081146, NSF grant MCB-0843065, and the BER program of the DOE Office of
Science.

Glossary

Bacterial

microcompartment

a widely distributed family of typically polyhedron-shaped
bacterial organelles that have an outer protein shell and
enclose two or more sequentially acting enzymes

Bacterial

microcompartment

(BMC) protein

the family of conserved shell proteins that defines the
bacterial microcompartment family of organelles; they
form hexamers that constitute the building blocks of the
shell

RuBisCO ribulose bisphosphate carboxylase/oxygenase

Carboxysome a particular type of bacterial microcompartment that
enhances CO2 fixation

CA carbonic anhydrase

3-PG 3-phosphoglycerate

Pdu propanediol utilization

1,2-PD 1,2-propanediol

Pdu microcompartment a bacterial microcompartment that metabolizes 1,2-PD
without allowing the escape of the propionaldehyde
intermediate

Eut ethanolamine utilization

Eut microcompartment a bacterial microcompartment that metabolizes
ethanolamine without allowing the escape of the
acetaldehyde intermediate
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SUMMARY POINTS

1. Many bacteria have sophisticated proteinaceous inclusions that serve as
organelles for specific metabolic pathways.

2. The bacterial microcompartment family of organelles is defined by the presence
of the conserved BMC family of shell proteins, a few thousand of which
assemble to form the outer shell of the microcompartment.

3. Bacterial microcompartment organelles are widely distributed across the
bacterial kingdom, where they have diversified to carry out varied metabolic
pathways, typically by encapsulating two or a few sequentially acting enzymes.

4. Three-dimensional structural data for numerous BMC shell proteins indicate a
high level of mechanistic sophistication and a complex evolutionary history.
The body of structural data illuminates key principles of shell assembly and
provides a framework for understanding molecular transport through pores in
the protein shell.

5. Bioinformatic analyses, including genomic context methods, suggest that
bacterial microcompartments exist with a wide variety of metabolic functions,
and that other kinds of microcompartments, evolutionarily unrelated to the BMC
family, might also exist.

6. Numerous key questions remain, particularly regarding the higher-level
organization of the multiple shell and enzymatic components within a
microcompartment.
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Figure 1. Electron micrographs of various bacterial microcompartments

(a) Transmission electron micrographs showing (left) a section through a dividing
cyanobacterial cell (Synechocystis sp. PCC 6803) and (right) an enlargement of a single
carboxysome on the right (courtesy of Wim Vermaas) (adapted from Reference 39). (b)
Purified carboxysomes from Halothiobacillus neapolitanus (sample courtesy of Sabine
Heinhorst and Gordon Cannon, image courtesy of Kelly Dryden and Mark Yeager). (c)
Isolated Pdu microcompartments from Salmonella enterica serovar Typhimurium LT2
(courtesy of Thomas Bobik).
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Figure 2.

Gene organization and proposed metabolic pathways for three types of bacterial
microcompartments. Genes are colored to indicate their homology. All BMC shell proteins
are light blue. For each microcompartment, the key sequestered intermediate is boxed in
orange. (a) Function of the carboxysome in enhancing CO2 fixation. See text and Reference
28 for mechanistic details. Gene organizations for α- and β-carboxysomes are on the right.
(b) A current model for the function of the propanediol utilization (Pdu) microcompartment
in metabolizing 1,2-propanediol. See text and Reference 17 for mechanistic details. The
gene organization for the pdu operon is shown on the right. (c) A hypothetical model for the
metabolism of ethanolamine in the Eut microcompartment. See text and Reference 48 for
mechanistic details. The gene organization of the eut operon is shown on the right.
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Figure 3.

Idealized model for assembly of the carboxysome and related bacterial microcompartments.
(a) A ribbon diagram of a typical bacterial microcompartment (BMC) shell protein fold. (b)
A hexameric assembly of a BMC protein in a ribbon diagram. (c) Hexameric building
blocks of the BMC proteins can assemble into a molecular layer (right), which forms flat
facets of the polyhedral shells of various bacterial microcompartments. The pentameric
proteins (CcmL or CsoS4A) from the carboxysome (bottom, right) have been argued to form
vertices of the icosahedral carboxysome (left) (68). The Pdu and Eut microcompartments are
less geometrically regular than the carboxysome and are potentially more complex.
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Figure 4.

Sequence conservation among diverse bacterial microcompartment (BMC) shell proteins.
Conserved amino acid positions (red) were defined as those having sequence identity above
80% in an alignment of 2174 BMC sequences. Positions of high conservation occur mainly
at the perimeter, where hexamers meet. In the CcmK1 protein, these residues include A4,
G6, A19, D21, K25, V29, G38, G48, V50, V53, and G70; the conserved residue in the pore
is glycine G38.
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Figure 5.

Variations on the bacterial microcompartment (BMC) protein fold. (Top) Secondary
structure schematics of BMC proteins in their various arrangements. Individual secondary
structure elements are colored. The canonical BMCs include CcmK1/2/3/4, CsoS1A/B/C,
PduA/J, and EutM. CcmO likely encodes tandem canonical BMC domains. The permuted,
single-domain BMC proteins include PduU and EutS. (Bottom, right) The cores of canonical
and permuted BMC proteins are in close agreement, as shown by a superposition of PduU
(salmon) over CcmK2 (yellow). (Bottom, left) Both EutL and CsoS1D have permuted BMC
domains in tandem, but their tertiary arrangements differ. Individual BMC domains are
colored separately. When the N-terminal BMC domains (blue) of the two proteins are
superimposed, their C-terminal domains (CsoS1D in magenta and EutL in green) adopt
different positions in the hexamer. The linker regions between domains are colored yellow.
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Figure 6.

Various pores of bacterial microcompartment (BMC) proteins. Top views of central pores
from some representative BMC proteins colored by electrostatic potential (positive: blue;
negative: red). Canonical BMC proteins (e.g., CcmK1 from the β-carboxysome) have a
small pore at the sixfold, which has a diameter of 4 to 6 Å (39, 69, 72). A circularly
permutated tandem BMC protein from the α-carboxysome, CsoS1D, adopts alternative
conformations with open and closed pores (40). A circularly permutated BMC protein from
the pdu microcompartment, PduU, revealed a totally closed pore (19). Whether this pore
opens for transport is unknown. Another circularly permutated tandem BMC protein, EutL,
has been observed in two distinct conformations, open (70) (not shown) and closed (40, 70)
(shown). See Supplemental Figure 2 for additional views of the pores.
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Figure 7.

Schematic for identifying conserved bacterial microcompartment (BMC)-proximal protein
families. First, BMC homologues were retrieved from the NCBI database (CDD ID
cl01982). Their respective chromosomal positions were located in fully sequenced bacterial
genomes deposited into the EBI Integr8 database. For each chromosomal position identified,
10 BMC-proximal open reading frames in both the 5′ and 3′ direction were retrieved as
candidate microcompartment-associated genes and subsequently assigned to homologous
sequence clusters by performing a full pairwise BLAST analysis. The dominant clusters
suggest likely microcompartment-associated functions (Supplemental Tables 2 and 3).
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