Bacterial
microcompartment

Alarge, polyhedral,
proteinaceous structure that
functions as an organelle by
encapsulating specific enzymes
inside a protein shell that is
reminiscent of a viral capsid.
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Protein-based organelles in
bacteria: carboxysomes and related
microcompartments

Jessup M. Shively™

Current research in microbiology is painting a picture
of bacterial cells with complex interiors'. Imaging stud-
ies continue to reveal a myriad of subcellular structures
that have diverse architectures and functions (reviewed
in REF. 2), and these direct observations have been com-
plemented by protein-sequence and structure analyses.
Such analyses have demonstrated, for example, the
surprising existence within microorganisms of proteins
that are homologous to those that organize the cytoskel-
etons of eukaryotic cells’®. Various lines of investigation
therefore indicate high levels of internal organization in
bacteria. Arguably the highest possible level of subcel-
lular organization is the spatial segregation of one region
of a cell. Eukaryotic cells achieve this level of organiza-
tion with their membrane-bound organelles, including
mitochondria, chloroplasts, lysosomes and Golgi bod-
ies. These organelles sequester specific proteins and
metabolic pathways inside of — and control the flow of
molecules in and out of — a defined, subcellular com-
partment. It is now clear that many bacteria contain
proteinaceous microcompartments that function like
organelles by sequestering specific enzymes within the
bacterial cell (reviewed in REFS 6-8).

Sequestering or colocalizing multiple enzymes from
a metabolic pathway can substantially increase the effi-
ciency of that pathway; the product of one enzyme reac-
tion is delivered at high concentration as a substrate for
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Abstract | Many bacteria contain intracellular microcompartments with outer shells that are
composed of thousands of protein subunits and interiors that are filled with functionally
related enzymes. These microcompartments serve as organelles by sequestering specific
metabolic pathways in bacterial cells. The carboxysome, a prototypical bacterial
microcompartment that is found in cyanobacteria and some chemoautotrophs, encapsulates
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and carbonic anhydrase, and
thereby enhances carbon fixation by elevating the levels of CO, in the vicinity of RuBisCO.
Evolutionarily related, but functionally distinct, microcompartments are present in diverse
bacteria. Although bacterial microcompartments were first observed more than 40 years
ago, a detailed understanding of how they function is only now beginning to emerge.

the next enzyme’. Furthermore, if colocalized enzymes
are surrounded by a barrier that has specific transport
or permeability properties, then additional advantages of
control and specificity can be gained. These principles
are observed in eukaryotic organelles and in subcellular
structures that are referred to as bacterial microcom-
partments. The first bacterial microcompartment to
be characterized in detail was the carboxysome. Here,
we briefly summarize research on the carboxysome, a
bacterial microcompartment that enhances CO, fixation,
and evolutionarily related microcompartments, and
highlight recent structural studies and their mechanistic
implications.

A brief history of carboxysome biology

The occurrence of inclusion bodies with a polygonal
appearance in prokaryotes was first reported in 1956
in the cyanobacterium Phormidium uncinatum'®
(TIMELINE). Over the next 20 years, these inclusions,
which were named polyhedral bodies in 1961, were
found in various other cyanobacteria (for example,
Nostoc punctiforme, Synechococcus elongatus (previ-
ously known as Anacystis nidulans), Anabaena cylin-
drica and Symploca muscorum) and chemoautotrophic
bacteria (for example, Halothiobacillus neapolitanus,
Acidithiobacillus ferrooxidans, Nitrobacter winograd-
skyi and Nitrococcus mobilis)™ (FIG. 1). Polyhedral
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Timeline | Highlights in the discovery and characterization of carboxysomes

(1956-1961)
Visualization and
subsequent naming
of polyhedral
bodiesin
bacteria'®*’.

Development of models for
carboxysome function® and
demonstration that carbonic
anhydrase does not operate in
the cytosol®.

Characterization of
RuBisCO activity
within the
carboxysome'.

Identification of the major shell
protein CsoS1A and its gene in
H. neapolitanus®. Identification
of a bacterial microcompartment
domain protein in the operon for
1,2-propanediol utilization (pdu)
in Salmonella enterica serovar
Typhimurium LT2 (REF. 48).

(2002-2003) Characterization of
the composition of the Pdu
microcompartment*®*3.

Isolation of polyhedral bodies
from Halothiobacillus
neapolitanus (a chemoautotroph)
and naming of the carboxysome
based on the content of ribulose-
1,5-bisphosphate carboxylase/

(1980-1984) Evidence
provided for the role
of the carboxysome in
CO, fixation'?2,

(1991-1993) Identification
of B-type carboxysome
genes in cyanobacteria?®?’.
Preparation of fractions
that were enriched in
B-carboxysomes from

(1998-2002) Comparative
genomics studies

of carboxysomes and carbon-
concentrating mechanisms’*%.
Localization of CsoS2 and CsoS3
to the shellin a-type

Assignment of carbonic
anhydrase activity in
a-carboxysomes to
CsoS3 (later renamed

CsoSCA)*,

oxygenase (RuBisCO)*.

Purification and cyanobacteriaand

Carboxysome

A polyhedral bacterial
microcompartment that
enhances carbon fixation by
encapsulating the ribulose-1,5-
bisphosphate carboxylase/
oxygenase and carbonic
anhydrase enzymes.

characterization of an
associated carbonic
anhydrase activity*' (1992).

compositional analysis in
1983 (extended in 1986)
of carboxysomes from

carboxysomes?****(1999).
Assignment of CcaA as the
probable carbonic anhydrase in
B-carboxysomes®’.

H. neapolitanus, which
are representative of
o-type carboxysomes?®,

bodies were first isolated in 1973 from the chemoau-
totrophic bacterium H. neapolitanus by differential
and sucrose step-gradient centrifugation, following
rupture in a French pressure cell. These bodies were
surrounded by a proteinaceous envelope (the shell)
and contained the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO); to reflect this
finding, the name carboxysome was proposed'2.
Polyhedral bodies or carboxysomes have since been
visualized in numerous cyanobacteria and other
chemoautotrophic bacteria'*. It is now widely
accepted that although carboxysomes can probably

Figure 1| Carboxysomes and the Pdu microcompartment. a | Transmission electron
micrograph of thin-sectioned Halothiobacillus neapolitanus cells that reveals
carboxysomes of the a-type. b | Purified carboxysomes from H. neapolitanus

(C, carboxysome; S, shell). ¢ | B-type carboxysomes from Synechocystis sp. PCC 6803 are
shown in thin section. d | Isolated pdu microcompartments from Salmonella enterica
serovar Typhimurium LT2 that were visualized by negative stain. The scale bars represent
100 nm (a, b and d) and 50 nm (c). Panels a and b courtesy of G.C. Cannon and S. Heinhorst,
University of Southern Mississippi, Hattiesburg, USA . Panel ¢ reproduced, with
permission, from REF. 35 © (2008) American Association for the Advancement of Science.
Paneld courtesy of T. Bobik, lowa State University, Ames, USA.

be found in all cyanobacteria, they are present in only
a limited number of chemoautotrophs: namely, some
of the sulphur and nitrifying bacteria (for example,
species of Thiobacillus, Halothiobacillus, Thiomonas,
Acidithiobacillus, Nitrobacter and Nitrosomonas)®'®.

The function of the carboxysome has been the subject
of much discussion'*"'>"!%, Two hypotheses were initially
proposed: carboxysomes are either storage bodies, analo-
gous to various other prokaryotic inclusions, or are sim-
ple microcompartments or organelles for the fixation of
CO,. The observation that the RuBisCO of intact, stable,
purified carboxysomes was active in CO, fixation and
had the same kinetic and inhibitor binding properties as
the isolated cytoplasmic enzyme supported the hypoth-
esis that carboxysomes are dedicated organelles for CO,
fixation'*?. Furthermore, when cultures of cyanobac-
teria and chemoautotrophic bacteria were transferred
to conditions in which CO, was limiting, RuBisCO
production increased. Most of this RuBisCO was found
within carboxysomes, which were present in increased
numbers, and this provided additional evidence for the
organelle hypothesis**%. Subsequent experiments corre-
lated mutations that caused deficient CO, fixation with
defective carboxysome formation®, and mathematical
models supported the role of the carboxysome as an
organelle for CO, fixation*. A key element was verified
by an experiment which showed that ectopic expression
of carbonic anhydrase activity in the cyanobacterial cytosol
prevented CO, fixation®, which was consistent with the
requirement for carbonic anhydrase to be localized with
RuBisCO in the carboxysome.
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(2005-2007) Crystal structures provided
of the main shell proteins (CcmK proteins
from B-carboxysomes and CsoS1A from
a-carboxysomes), models proposed for
the packing of protein hexamers in the
shell and pores proposed for molecular

transport®®1.

(2007-2008) Identification
of CcmM as an organizing
protein, and insights into
protein—protein
interactions in the
[B-carboxysome *243,

(2006-2007) Analysis of putative
bacterial microcompartment operons in
the genomes of diverse heterotrophic
bacteria®, and first electron-microscopy
reconstructions of o-type
carboxysomes®®*%,

Identification of previously
uncharacterized pentameric proteins
that were proposed to form the
vertices in both types of carboxysome
shell, and more-complete atomic
models of the shell proposed®.

CO, fixation

The process by which carbon in
the biosphere is converted
from an inorganic form (for
example, CO,) into organic
molecules.

Ribulose-1,5-bisphosphate
carboxylase/oxygenase

The enzyme that fixes carbon
by combining CO, with the
five-carbon compound ribu-
lose-1,5-bisphosphate to form
two molecules of the
three-carbon compound
phosphoglycerate.

Carbonic anhydrase

An enzyme that catalyses the
interconversion of bicarbonate
and CO,,.

A few years later, a group of genes (ccmKLMNO) from
an operon that is upstream of the genes for the large and
small subunits of RuBisCO in Synechococcus elongatus
PCC 7942 were individually inactivated by insertion
mutagenesis. In all cases, the mutants either produced
aberrant carboxysomes or lacked them completely,
and growth of the mutants required increased CO,
concentrations”*?. Similarly, inactivation of csoSIA,
which encodes one of the carboxysome shell proteins of
H. neapolitanus, resulted in mutants that had fewer car-
boxysomes than wild-type cells and required increased
levels of CO, for growth?. These results substantiated
the proposed role of carboxysomes in CO, fixation.

The purification of H. neapolitanus carboxysomes
to apparent homogeneity was reported in 1983 (REF. 20),
which allowed the subsequent correlation of carboxy-
some proteins with their genes. This and an additional
study indicated that the carboxysome consists of only
RuBisCO and a set of 7-11 other proteins that either
form, or are attached to, the shell”. The main protein
constituent of the shell (approximately 13% of the total
carboxysome protein) was isolated and sequenced™.
The gene that encodes this protein was subsequently
cloned and named csoSIA, and was confirmed to
encode a 98-amino-acid 9.9 kDa protein (FIC. 2a). The
CsoS1A shell protein from H. neapolitanus shares sig-
nificant sequence homology with the proteins that are
encoded by the ccemK and ccmO genes of cyanobac-
teria (for example, S. elongatus PCC 7942), and were
previously linked to carboxysome function by genetic
methods, which indicated that those proteins were

REVIEWS

components of the carboxysome shell in their respec-
tive organisms®'. Additional genes in H. neapolitanus
that are homologous to csoSIA were subsequently
identified both upstream (cs0S1C) and downstream
(csoS1B) of ¢s0S1A*. Four additional open reading
frames (ORFs) were subsequently found between the
RuBisCO ¢bbLS and csoS1C***. All of the genes were
oriented in the same direction and had a putative pro-
moter upstream of cbbL, which indicated that these
genes were organized as an operon®'®* (FIC. 2a). The
two ORFs that are immediately downstream of cbbS
(cs0S2 and cs0S3) were shown to encode proteins that
are associated with the shell*’, whereas the presumptive
gene products of the two remaining ORFs, which are
homologous to each other, were not detected in signifi-
cant amounts in preparations of carboxysomes®. These
two genes were originally named orfA and orfB, but
were renamed csoS4A and csoS4B after the structural
characterization of this protein family*. Identification
of the components of the carboxysome set the stage for
subsequent structural and functional studies.

Carboxysome function
Oceanic microorganisms contribute substantially to the
global carbon cycle®. Because most of the CO, fixation
in these microorganisms (including all cyanobacteria)
seems to occur within carboxysomes, understanding
how carboxysomes enhance this process is of con-
siderable interest. Carboxysomes can be divided into
two types that differ in their component proteins and
the organization of their respective genes (reviewed
in REF. 37). Carboxysomes of the a-type are found in
a-cyanobacteria (for example, Prochlorococcus species
and certain Synechococcus species, such as Synechococcus
sp. WH 8102), whereas carboxysomes of the B-type are
found in 3-cyanobacteria (for example, S. elongatus PCC
7942 and Synechocystis sp. PCC 6803). Organisms with
a-carboxysomes contain type 1A RubBisCO and their
carboxysome genes are arranged in a single operon,
whereas organisms with 3-carboxysomes contain type
1B RuBisCO and their carboxysome genes are typi-
cally arranged in multiple gene clusters. Not all of the
genes that are present in one type of carboxysome can
be identified in the genomes of organisms that produce
the other type. For example, homologues of the ccmM
and ccmN genes are present in f3-carboxysomes but not
a-carboxysomes, whereas homologues of the csoS2
and cs083 genes are found in o-carboxysomes but not
B-carboxysomes. Therefore, there could be functional
differences between the two types that are not yet fully
understood, and in fact our current understanding
of carboxysomes is based on information from both
types. Studies on the composition of carboxysomes
have been based mainly on a.-carboxysomes from the
chemoautotroph H. neapolitanus (reviewed in REF. 16).
Carboxysomes carry out the final stages of the
carbon-concentrating mechanism (CCM), through
which autotrophic prokaryotes accumulate inorganic
carbon to enhance CO, fixation (BOX 1). The first
part of the CCM involves transmembrane pumps,
which actively concentrate bicarbonate inside the cell
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Figure 2 | The genes and genomic organization of carboxysomes and related bacterial microcompartments.
a| Overview of the composition of a-type carboxysomes based on genetic and biochemical studies of Halothiobacillus
neapolitanus. Paralogous genes are coloured similarly. The number of protein copies in a single carboxysome was estimated

based on a combination of experimental data*® and inferences from protein crystal structures

361 The assembly features of

some of the proteins are indicated. The SDS gelin the centre illustrates the proteins that have been identified in purified
carboxysome preparations. The colouring of the carboxysome reflects the main constituents of the interior (ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO)) and the shell (CsoS1A, CsoS1B and CsoS1C). b | Bacterial gene clusters
from other representative microcompartments. Synechocystis sp. PCC 6803 contains a 3-type carboxysome, whereas the
other three organisms (Salmonella enterica serovar Typhimurium LT2 (S. typhimurium LT2), Escherichia coli and Vibrio furnissii
M1) contain various non-carboxysome microcompartments. Genes that share sequence homology are coloured in two
parts similarly. CcaA is coloured orange to reflect its status as a 3-type carbonic anhydrase. CcmM is coloured in two parts
to reflect sequence similarity that originates from the y-type carbonic anhydrase at its amino-terminal end and the
presence of repeated domains in its carboxy-terminal end that are similar to the RuBisCO small subunit?; four such repeats
are present in Synechocystis sp. PCC 6803 CcmM. Genes in white have no sequence homologues within the bacterial
microcompartment clusters that are shown. The lengths of the segments are proportional to the number of amino acids in
the full-length gene products, although intergenic regions in the Synechocystis sp. PCC 6803 genome are not to scale.
Established or putative functions for the pdu-specific gene products are: B, ,-dependent diol dehydratase for PduC, PduD
and PduE; propionaldehyde dehydrogenase for PduP; propanol dehydrogenase for PduQ; adenosyl transferase for PduO;
cobalamin reductase for Pdu$; diol dehydratase reactivase for PduG and PduH; phosphotransacylase for PduL; threonine
kinase for PduX; and an unknown function for PduM and PduV>3*>%, Established or putative functions for the eut-specific
gene products are: an unknown function for EutP and EutQ; corrinoid adenosyltransferase and cobalamin recycling for
EutT; phosphotransacetylase for EutD; aldehyde dehydrogenase for EutE; a possible chaperone function for EutJ; alcohol
dehydrogenase for EutG; permease for EutH; ethanolamine ammonia-lyase reactivase for EutA; ethanolamine ammonia
lyase for EutB and EutC; and as a transcription activator for EutR**%’. In addition to several shell proteins and certain pdu and
eut homologues, based on sequence homology, the V. furnissii bacterial microcompartment cluster also encodes a pyruvate
formate lyase (pfl2) and a pyruvate formate lyase activator (pflC)**.

(reviewed in REF. 38), whereas the second part involves
the carboxysome, in which bicarbonate is converted
to CO, in the viccinity of RuBisCO. Models for how
the carboxysome contributes to the CCM predict that
a carbonic anhydrase needs to be sequestered with
RuBisCO in the carboxysome to convert bicarbonate,
presumably as it enters the microcompartment from
the cytosol, to the RuBisCO substrate CO2 (BOX 1). Such
a mechanism would supply the kinetically inefficient
RuBisCO enzyme with a high effective concentration
of CO, (reviewed in REF. 6). The crucial location of both
carbonic anhydrase and RuBisCO in carboxysomes
(rather than in the cytosol) was emphasized by the

detrimental effects on CO, fixation after the ectopic
expression of carbonic anhydrase in the cytosol®; in
this situation, CO, is lost by diffusion out of the cell. In
a-carboxysomes, CsoS3 represents only a few percent
of the total carboxysome protein content and is associ-
ated with the shell® (FIC. 2a). Recombinant CsoS3 pro-
teins from H. neapolitanus, and those from the marine
cyanobacteria Prochlorococcus marinus subsp. pastoris
str. CCMP1986 (also known as Prochlorococcus mari-
nus MED4), Prochlorococcus marinus str. MIT 9313
and Synechococcus sp. WH 8102 that were produced in
Escherichia coli, were recently shown to have carbonic
anhydrase activity®’. Based on the lack of detectable
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Box 1| Carbon concentration and the carboxysome

In the first part of the carbon- Co, HCO,
concentrating mechanism
(CCM), bicarbonate is
concentrated inside the cell by
transporters in the cell
membrane (reviewed in REF. 38).
The carboxysome is involved in
the second part of the CCM

(see the figure for a schematic
that shows the function of the
carboxysome and its role in

the CCM), and enhances CO,
fixation by co-localizing the

two enzymes ribulose-1,5-
bisphosphate carboxylase/
oxygenase (RuBisCO) and
carbonic anhydrase (CA) inside a
thin shell that is assembled from

Transporters

Hco,~

Cytosol

m

o0 10000 0000000000000000000000000000000000000000eEE0EE00EE00EE00

0066000006 6000606000660006000ee0000006000660000600000000080000

thousands of protein subunits. +CO,+(H,0)

Bicarbonate is thought toenter 1. fco -+ CO.+HO 2. RuBPm))z PGA

the carboxysome through pores ’ Carbonic ' O\Zi PGA + phosphoglycolate
in the proteinaceous shell, where anhydrase \ |

itis converted to CO, for use by

I
Wasteful side reaction

RuBisCO. The five-carbon

compound ribulose-1,5-bisphosphate (RuBP) must also enter the carboxysome, and the three-carbon compound
3-phosphoglycerate (3-PGA; two molecules of which are formed by the addition of CO, to RuBP) must exit the carboxysome.
Glycolate metabolism has been shown to be important in Synechocystis sp. PCC 6803 (REFS 64,65). If the phosphoglycolate
arises from carboxysomal RuBisCO, it would imply that some O, enters the carboxysome and that phosphoglycolate exits

into the cytosol. The two enzymes in the carboxysome and their reactions are shown in reactions 1 and 2.

sequence similarity to known carbonic anhydrases,
CsoS3 was initially classified as a novel type of car-
bonic anhydrase, but was later assigned to the p-class
of carbonic anhydrases based on structural similari-
ties'’; the CsoS3 protein was consequently renamed
CsoSCA (carboxysome shell carbonic anhydrase).
Organisms with B-type carboxysomes do not encode a
homologue of CsoSCA. Instead, in most cyanobacteria
that contain f3-carboxysomes, the carbonic anhydrase
CcaA is present. CcaA is found in partially purified
preparations of -carboxysomes®, and has been shown
to associate with other components of the shell*>*.

Colocalization of RuBisCO and carbonic anhydrase
is a crucial feature that occurs within the carboxysome,
but a key question has been whether colocalization of the
two enzymes in the proper configuration is sufficient to
produce the observed CO,-fixing efficiencies or whether
diffusive loss of CO, from the carboxysome would also
need to be mitigated*. The outer shell could provide this
role, as recent experiments have shown that the outer
shell provides a barrier to the diffusion of CO, and
bicarbonate substrates**¢. However, how this diffusive
barrier impedes CO, passage without preventing the
entry and exit of larger substrates and products remains
a puzzle that has focused attention on the composition
and structure of the shell.

The carboxysome shell

The enzymatic components of the carboxysome —
RuBisCO and carbonic anhydrase — are surrounded by
a thin protein shell. In a-carboxysomes, the main shell

components are the CsoS1 proteins. These small proteins
(typically 9-11 kDa) are encoded by at least two paralogous
genes in all carboxysome-forming bacteria (FIG. 2a, TABLE 1).
The sequence similarity between different paralogues of
the main shell proteins is generally high within a given
organism. In H. neapolitanus, the main shell proteins
Cs0S1A and CsoS1C differ by only two amino acids,
whereas CsoS1B is 90% identical in its amino acid
sequence and has 12 more amino acids at its carboxyl
terminus. A recent quantification of carboxysome gene
transcripts in H. neapolitanus revealed transcripts for
all three csoS1 paralogues (csoSIA-C) at concentrations
that correlated with the numbers of the respective pro-
tein products in the a-carboxysome*’. The main shell
proteins (CsoS1A-C) account for approximately 17% of
the carboxysome by weight, whereas RuBisCO accounts
for approximately 70% of the carboxysome by weight. In
Synechocystis sp. PCC 6803, an organism that produces
f-carboxysomes, the homologues of the CsoS1 proteins
are named CcmK1-4 and another homologue, CcmO,
is also encoded. Crystal structures have recently been
determined for representative shell proteins from both
a-carboxysomes and B-carboxysomes, and have provided
insight into how the shell functions (discussed below).
In addition to the main shell proteins, a few other
proteins do not seem to be enzymatic and probably have
structural roles in the shell (TABLE 1). In a.-carboxysomes,
one of these proteins is Cs0S2. The proposal that CsoS2
is located in the shell has been supported by immuno-
electron microscopy, which indicated that the protein
is located mainly at the periphery of carboxysomes®.
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Table 1| Carboxysome proteins*

Protein

o-type carboxysome
CsoSCA (also known as CsoS3)

CsoS1A-CH

CsoS28

Cs0S4A and CsoS4B (previously
known as OrfA and OrfB,
respectively)”

Form 1A RuBisCO large and small
subunits! (REF. 12)

B-type carboxysome
CcaA

CcmK1-4*"and CcmO?

Ceml*

CcmN
CecmM

Form 1B RuBisCO large and small
subunits!

Function

Carboxysomal carbonic anhydrase; dehydration of bicarbonate to form CO,
(REFS 34,39,40)

Main shell proteins?*3%; members of the BMC protein family; form hexamers
that further assemble into a tightly packed layer that contains narrow pores®?;
conserved across other non-carboxysome microcompartments

Unknown

Crystal structures have revealed that CsoS4A is a pentamer that probably
forms the vertices of the shell*’; conserved across other non-carboxysome
microcompartments

CO, fixation; formation of two molecules of the three-carbon compound
3-PGA from the five-carbon compound RuBP and CO,

Carboxysomal carbonic anhydrase; dehydration of bicarbonate to form CO,
(REFS 41,42,69)

Main shell proteins?*3% members of the BMC protein family; form hexamers
that further assemble into a tightly packed layer that contains narrow pores®;
conserved across other non-carboxysome microcompartments

Crystal structures have revealed that this protein is a pentamer that probably
forms the vertices of the shell*’; conserved across other non-carboxysome
microcompartments

Unknown

Probably a scaffold or organizing protein***; contains separate regions that
are homologous to y-carbonic anhydrases and the RuBisCO small subunit?®

CO, fixation; formation of two molecules of 3-PGA from RuBP and CO,

*Proteins were chosen to be representative of the two types of carboxysome, although some species variations exist. *Proteins are
present in multiple paralogous copies in a single genome (for example, CcmK1-4 or CsoS1A-C). CcmO contains two tandem BMC
domains in one polypeptide chain. SMigrates as two distinct forms by SDS-PAGE, which has been attributed to differential
glycosylation®.IProteins are homologous. Proteins are homologous. *Proteins are homologous. 3-PGA, 3-phosphoglycerate; BMC,

bacterial microcompartment; RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase; RuBP, ribulose-1,5-bisphosphate

A molecular mass of 92 kDa was calculated from the
genomic sequence, whereas in SDS gels the protein
appeared as two bands that corresponded to two
different molecular weights (85 kDa and 130 kDa),
which has been attributed to differential glycosyla-
tion®. The function of CsoS2 is unknown, but a high
isoelectric point value has been noted (>9)'¢; the posi-
tive charge on CsoS2 could facilitate diffusion of the
negatively charged substrates and products of carbon
fixation (bicarbonate, 3-phosphoglycerate (3PGA) and
ribulose-1,5-bisphosphate (RuBP)) across the micro-
compartment shell. Homologues of CsoS2 are not
present in 3-carboxysomes, and the functions of other
B-carboxysome proteins, such as CcmM and CcmN, are
still unclear. However, recent biochemical and genetic
experiments have established protein-protein interac-
tions between CcmM, other carboxysome proteins,
including CemN and CcaA, and RuBisCO*>*, which has
implicated CcmM as a key organizing protein.

Finally, a set of homologous proteins — named
CcmL in B-carboxysomes, and CsoS4A and CsoS4B in
a.-carboxysomes — is encoded in operons together with
other carboxysome proteins, but is not present in detect-
able numbers in isolated carboxysome preparations (that
is, CsoS4A and CsoS4B were not evident in purified
H. neapolitanus carboxysomes) (TABLE 1). Nonetheless,

the importance of these proteins was highlighted by
genetic experiments in which the deletion of ccmL in
S. elongatus PCC 7942 yielded mutants that contained
elongated carboxysomes®. This suggested that the
CcmL and CsoS4A or CsoS4B proteins have an impor-
tant structural role in the carboxysome shell. Indeed,
special structural roles for CcmL and CsoS4A and an
explanation for their low abundance have been suggested
by recent crystallographic studies” (discussed below). In
addition, mRNA transcripts of csoS4B (previously orfB)
and the homologous csoS4A (previously orfA) were
detected in a recent study by Cai and colleagues®.

The diversity of bacterial microcompartments

For many years, carboxysomes were the only known
polyhedral microcompartments in bacteria. However,
in 1994, homologues of carboxysome shell proteins were
reported in Salmonella enterica serovar Typhimurium®*,
in which they constitute part of a cluster of genes that
are involved in coenzyme B ,-dependent metabolism of
1,2-propanediol (FIC. 2b). By encapsulating the enzymes
that are necessary for this process within a protein shell,
the propanediol utilization microcompartment (encoded
by the pdu operon) presumably protects the cell from
propionaldehyde, a toxic intermediate*’. Similar micro-
compartments are also formed in some enteric bacteria
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(including E. coli and serovars of S. enterica) when they
are grown in the presence of ethanolamine. The eth-
anolamine utilization microcompartment (encoded by
the eut operon) is thought to sequester acetaldehyde, an
intermediate in the degradation of ethanolamine, and
might serve to either protect cells from the toxic effects
of acetaldehyde or help retain this volatile intermedi-
ate, thereby preventing the loss of fixed carbon®*-*% The
microcompartments that are formed during growth
on 1,2-propanediol or ethanolamine seem to be less
uniform in size and more irregular geometrically than
carboxysome microcompartments, but it seems likely,
based on homology between the components of their
shells, that they are constructed through similar archi-
tectural principles. The pdu microcompartment and its
numerous proteins and enzymes have been functionally
characterized (reviewed in REFS 8,53) (FIG. 1d; FIG. 2b).
Interestingly, the models for operation of the pdu
microcompartment require the movement of bulky
molecules, such as ATP and B, cofactors, across the
shell, which raises other questions about molecular
transport.

The observation that diverse microcompartments are
composed of proteins that are homologous to the main
shell proteins of carboxysomes led to the identification of
a protein domain in the shells of all polyhedral bacterial
microcompartments. This conserved protein domain,
Pfam 00936 (REF. 54), is also known as the bacterial micro-
compartment (BMC) domain. The conserved BMC
domain is approximately 84 amino acids long, although
it is sometimes found as part of a larger protein or in
tandem copies within a single protein. The BMC domain
is found in CsoS1A-C and CcmK1-4 (and CcmO) shell
proteins from a-carboxysomes and 3-carboxysomes and
is also present in multiple proteins that are encoded by
the pdu and eut operons (FIC. 2b). A search of the avail-
able protein-sequence databases revealed that proteins
with the BMC domain are widely distributed, and 189
bacterial species and strains with BMC gene clusters
have been identified to date. Representatives are found
in the Actinobacteria, Acidobacteria, Firmicutes,
Planctomycetes and Fusobacteria, and all groups of the
Proteobacteria, except for the epsilon class. The wide
distribution of the BMC domain suggests the existence
of related, but diverse, bacterial microcompartments,
some of which could have novel metabolic functions®.

Interestingly, sequences that are typical of bacterial
microcompartments do not strictly correlate with spe-
cies. For example, among the five Rhodopseudomonas
palustris genomes sequenced, only R. palustris BisB18
contains a cluster of recognizable microcompartment
genes. This cluster encodes a few BMC-domain proteins,
together with several enzymes that are involved in car-
bon metabolism and other proteins of unknown func-
tion. Among the R. palustris strains for which genome
sequences are available, R. palustris BisB18 seems to
be especially metabolically versatile, and is further
distinguished by its ability to grow anaerobically in
the dark (C. Harwood, personal communication).
Similarly, among the 16 Vibrio genomes sequenced, only
Vibrio furnissii M1 contains a BMC gene cluster>; this
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cluster is composed of a set of genes that encodes BMC-
domain proteins that are similar to those in the pdu and
eut operons, together with several other genes, including
those that encode pyruvate formate lyase and its activator
(FIG. 2b). Based on sequence homology and experimental
evidence, Vibrio furnissii M1 is postulated to contain a
bacterial microcompartment for metabolizing pyruvate
to ethanol®. The R. palustris BisB18 and V. furnissii M1
BMC gene clusters are typical of those that have been
identified bioinformatically. Proteins that contain a BMC
domain seem to be encoded in operons, together with
genes that, based on their annotations, code for enzymes
that are involved in the metabolism of small organic com-
pounds. All of the gene clusters that have been shown to
contain BMC-domain proteins also encode one or more
homologues of CcmL, or CsoS4A and CsoS4B (previ-
ously known as OrfA and OrfB), which, together with
the BMC-domain proteins, are thought to be important
structural components of the microcompartment shell
(discussed below).

Collectively, these observations suggest that there are
many variations on the bacterial microcompartment
theme and that different microcompartments are spe-
cialized for different metabolic processes. To date, only
a few different microcompartments have been directly
observed by electron microscopy (EM). Confirming the
existence of novel microcompartments experimentally is
challenging, owing to the need to culture potentially novel
organisms and determine the conditions under which
microcompartments are produced. As a result, compara-
tive genomics approaches will continue to be important
in obtaining clues about novel microcompartments
and their functions. Parallel structural studies could
be crucial in verifying such functions and elucidating
the mechanisms of molecular transport.

Structural studies on carboxysomes

Structural studies could provide a better understand-
ing of the biochemical mechanisms and evolutionary
origins of the carboxysome and related bacterial micro-
compartments. Two approaches to three-dimensional
structural characterization of carboxysomes have been
initiated: EM studies have provided a top-down exami-
nation of intact carboxysomes that have been isolated
from bacterial cells and, in a complementary strategy,
X-ray crystallographic studies on individual protein
components have provided a bottom-up understanding
of the carboxysome.

EM studies of the carboxysome have faced two
main challenges. First, isolating intact carboxysomes
has generally been difficult. Although cellular frac-
tions that are enriched in carboxysomes have been
obtained from several organisms, including a cyano-
bacterium (Synechococcus sp. WH 8102) that produces
o-carboxysomes™, stable, highly purified carboxysomes
have only been obtained from H. neapolitanus® and two
Nitrobacter strains*® (all of the a-carboxysome type)
and high yields have only been obtained from H. nea-
politanus. Second, heterogeneity (in terms of size and
geometric irregularity) makes it difficult to reconstruct
high-resolution models from EM images; cryo-EM is
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Icosahedron

A regular geometric solid that
has 20 triangular faces and 12
vertices; a large icosahedron
can be constructed by
assembling hexagons together
on the triangular faces with
pentagons at the 12 vertices.

most straightforward when used to image particles
that are homogeneous or symmetrical, or both. Two
recent EM studies have partially surmounted the need
for homogeneity by using electron-cryotomography
methods to produce the first three-dimensional recon-
structions of carboxysomes from H. neapolitanus>
and Synechococcus sp. WH 8102 (REF. 59). Both of these
studies revealed that the carboxysome is icosahedral
with nearly flat, triangular faces; earlier studies had
suggested that carboxysomes were either icosahedral
or dodecahedral, and the tendency of carboxysomes
to be visualized as hexagons both in thin sections and
in two-dimensional projections had added to this
uncertainty. How RuBisCO is organized inside the
carboxysome is another question that is fundamental
to our understanding of the function of carboxysomes.
Both of these EM studies showed that RuBisCO mol-
ecules are arranged inside the shell in a few concentric
layers that begin at the inner surface of the shell and
are spaced approximately 110 A apart®>®. Conclusions
from the two studies diverged, however, on a few
more detailed points, which remain to be clarified.
For example, only one study found that the shell is
slightly thicker at the vertices of the icosahedron®.
EM studies have so far been unable to yield information
about the structure or organization of the thousands
of individual proteins that constitute the outer shell.
Progress towards that goal using EM techniques might
require carboxysome preparations that are more homo-
geneous and have greater geometric regularity, which
would enable higher-resolution reconstructions. So
far, high-resolution details have required an alternative
strategy that is based on X-ray crystallography.

In 2005, X-ray crystallographic studies were initiated
on individual carboxysome proteins that are present
in the shell in the hope of understanding carboxysome
assembly. Although these reductionist studies are still
ongoing, they have already been fruitful in clarifying
the roles of particular proteins and in understanding a
number of mechanistic and architectural features of the
carboxysome. As discussed above, the CsoS1 and CcmK
proteins (also known as BMC-domain proteins) are the
main constituents of the carboxysome shell in the a-type
and B-type carboxysomes, respectively. The first crystal
structures of carboxysome shell proteins were reported
by Kerfeld et al.*°, who described the structures of CcmK2
and CcmK4 from Synechocystis sp. PCC 6803. The crys-
tal structures of the shell proteins CsoS1A from H. nea-
politanus® and CcmK1 from Synechocystis sp. PCC 6803
(REF. 35) were subsequently elucidated. All of these shell
proteins were shown to form hexamers that are composed
of six identical subunits in a cyclic arrangement around
a central axis of symmetry (FIC. 3). This established that
the shell of the carboxysome is primarily built from
hexameric building blocks. However, whether mixed
hexamers (for example, of CsoS1A and CsoS1C) occur is
not known. Several large, icosahedral viral capsids have
also been shown to be assemblies of mainly hexameric
building blocks (reviewed in REF. 62), which made it pos-
sible to draw architectural parallels between viruses and
carboxysomes.

Three of the CcmK and CsoS1 hexamers visual-
ized so far (CcmK1, CemK2 and CsoS1A) have been
observed to associate in crystals, through tight pack-
ing of the hexagonal units, to form two-dimensional
layers of molecules (FIG. 3). The conserved nature of
this association led to the hypothesis that these lay-
ers of molecules form the flat facets of the icosahedral
carboxysome shell®. The features of these thin (~20
A thick), but tightly packed, molecular layers provide
insights into the function of the carboxysome. How
small molecules, such as bicarbonate, RuBP and 3-PGA,
diffuse in and out of the carboxysome is an important
question. Structures of the hexagonal layers of the
carboxysome revealed small pores that range from
approximately 4 to nearly 7 A in diameter depending
on the protein®®'. It has been proposed that these pores
serve as the channels for substrate and product diffu-
sion across the shell. Among the hexameric structures
solved so far, some variation has been observed in
the sizes and properties of the pores, but the tendency of the
pore to carry a positive electrostatic potential (owing
to lysine or arginine residues) has been consistent. This
could provide a transport advantage for the negatively
charged bicarbonate compared with uncharged CO,
and O,; rapid diffusive loss of CO, would compromise
efficiency, whereas O, would compete with CO, in its
reaction with RuBisCO (BOX 1; FIG. 3b).

An additional study of the hexameric layers (in which
the hexamers were spaced 66-70 A apart from centre
to centre) made it possible to establish the number of
shell proteins that are present in a carboxysome and
estimate triangulation numbers for the carboxysome
shell®, assuming that parallels can be drawn with viral
capsids, which are typically constructed according to
the principles of quasi-equivalence®. A comparatively
small carboxysome shell with a diameter of ~850 A
would have ~3,500 shell subunits (with a triangulation
number of ~60), whereas a larger carboxysome with a
diameter of 1,100 A would have ~4,500 shell subunits
(with a triangulation number of ~75).

The hexagonal layers that are formed by the main
shell proteins provide a good model for the flat parts of
the shell, but do not explain how a closed shell can be
formed. According to the principles of solid geometry,
as well as numerous examples that have been provided
by viral capsids, pentameric proteins might be present at
the vertices of the icosahedral shell. Insertion of penta-
meric proteins into flat, hexagonal layers that are formed
by the hexameric shell proteins would generate the cur-
vature that would be required to close the shell. Recent
crystal structures provided by Tanaka and colleagues®
have shown that the homologous carboxysomal proteins
CcemlL from Synechocystis sp. PCC 6803 and CsoS4A
(also known as OrfA) from H. neapolitanus, the functions
of which were previously unknown, are both pentamers
(FIG. 3). The sizes and shapes of these proteins indicate
that they constitute the 12 pentameric vertices of the car-
boxysome shell*”. The conclusion that these proteins are
present only at the vertices, and therefore only 60 protein
molecules are present in each shell, explains why they
were not detected earlier in carboxysome preparations.
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Figure 3 | High-resolution structures of carboxysome shell proteins. a | The main constituents of the shell, the
hexameric CsoS1 and CcmK proteins, fit together to form a tightly packed molecular layer (top structure; CemK1 is
shown). The two sides of the layer have different geometric and chemical properties, but which side faces outward has
not yet been determined. CsoS4A (previously known as OrfA) and CcmL are pentameric carboxysome shell proteins
(lower left structure; CcmL is shown) that are proposed to form the vertices of the shell. The lower right structure shows
one possible model for the arrangement of hexameric and pentameric proteins in the carboxysome shell. How particular
paralogues of these shell proteins and other proteins (such as CsoS2 and CsoSCA in a-carboxysomes and CcmM, CcmN
and CcaA in -carboxysomes) are arranged in the shellis not yet well understood. b | Narrow pores through the
hexagonal layer are proposed to allow diffusion of substrates and products into and out of the carboxysome. A shell
hexamer is shown rotated 90° from that in panel a and sectioned through the middle, with the pore (arrow) running
vertically along the axis of symmetry. The diagram below the shell hexamer indicates how a positive electrostatic
potentialis created in the pore by charged side chains and how this might provide an advantage for the passage of
negatively charged molecules, such as bicarbonate. Negatively charged ribulose-1,5-bisphosphate (RuBP) and
phosphoglycerate (PGA) (not shown) must also cross the shell. Dashed arrows indicate the passage of neutral molecules
(CO, and O,), which would be impeded by the tight packing of the shell and would not be promoted by the charged
pores. Molecular images were generated using PyMOL®®. RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase.
The lower right structure in panel a was adapted, with permission, from REF. 35 © (2008) American Association for the

Advancement of Science.

These early structural studies have led to key insights
about the architecture and function of carboxysomes,
and the detection of hexameric and pentameric building
blocks has provided a basic understanding of their under-
lying self-assembly principles. The tight packing of these
units suggests that the shell provides a crucial function
in the control of molecular diffusion, whereas detailed
features, such as charged pores, have provided clues
about selectivity in the diffusion of negatively charged
molecules. This selectivity could contribute to the ability
of the carboxysome to maintain a high effective CO, con-
centration. However, despite these advances, we are only
beginning to understand bacterial microcompartments
in atomic level detail.

Future directions

Knowledge of the roles and structures of many of the
individual components of the carboxysome has led to a
preliminary understanding of how the microcompart-
ment functions, but many important questions remain
to be clarified. The distribution of various homolo-
gous proteins in the shell is not understood, nor is it
certain whether this multiplicity has evolved owing
to structural or biochemical factors. Furthermore,
the organization of the shell proteins compared with the
enzymes that are encapsulated in microcompartments
is just beginning to be elucicidated*>****. Transport
models for the diffusion of molecules across the shell
have been surmised from crystal structures of isolated
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shell proteins. However, further studies are required
to reinforce these proposed models, particularly for
more complex microcompartments, which involve
larger and more varied molecules. An important
piece of information that is missing from our picture
of molecular transport is the ‘sidedness’ of the shell:
which side of the molecular layer faces out towards
the cytosol and which side faces inward? Some of
these questions are ripe for investigation by structure-
guided mutagenesis. Finally, it should be noted that
even in the well-studied carboxysome, there are some
proteins for which their functions and structures have
not been elucidated. We therefore acknowledge that
the views presented here may need to be modified
when our understanding is more complete.
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