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ABSTRACT Bacterial microcompartments (MCPs) are proteinaceous organelles consisting
of a metabolic pathway encapsulated within a selectively permeable protein shell.
Hundreds of species of bacteria produce MCPs of at least nine different types, and
MCP metabolism is associated with enteric pathogenesis, cancer, and heart disease.
This review focuses chiefly on the four types of catabolic MCPs (metabolosomes) found in
Escherichia coli and Salmonella: the propanediol utilization (pdu), ethanolamine utilization
(eut), choline utilization (cut), and glycyl radical propanediol (grp) MCPs. Although the great
majority of work done on catabolic MCPs has been carried out with Salmonella and E. coli,
research outside the group is mentioned where necessary for a comprehensive
understanding. Salient characteristics found across MCPs are discussed, including
enzymatic reactions and shell composition, with particular attention paid to key differences
between classes of MCPs. We also highlight relevant research on the dynamic processes
of MCP assembly, protein targeting, and the mechanisms that underlie selective
permeability. Lastly, we discuss emerging biotechnology applications based on MCP
principles and point out challenges, unanswered questions, and future directions.

GENERAL FEATURES OF BACTERIAL MICROCOMPARTMENTS (MCPs)
One often-cited mark of sophistication for eukaryotic cells is the ability to
compartmentalize metabolic reactions. It is increasingly becoming appreci-
ated, however, that prokaryotic cells also have the means to sequester cellular
processes by the use of bacterial microcompartments (MCPs) (1–3). MCPs
range in size from 100 to 400 nm in diameter and consist of a selectively
permeable protein shell surrounding enzymes for a multistep metabolic
pathway. The pathways encapsulated within MCPs have volatile or toxic
intermediates, and the primary functions of MCPs are to prevent cellular
toxicity, reduce carbon loss, concentrate reaction machinery, and increase
process efficiency. The genes required for MCP formation are typically
contained within large contiguous gene clusters (Fig. 1) that encode related
elements and are frequently spread by horizontal gene transfer (3–8). All
known MCPs include shells that are built from a conserved set of shell
proteins (9), and many catabolic MCPs encapsulate pathways involving
radical enzymes that produce aldehyde intermediates (1, 5–7, 10). MCPs are
produced by hundreds of species of bacteria encompassing at least 23 phyla
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and have diverse physiological functions (4–8). The
metabolism of MCPs provides a selective advantage to
pathogens in host environments and impacts the ecology
of the human gut (1, 11–13). Developments in charac-
terizing the assembly and function of several classes of
MCPs have revealed the complex nature of these particles
and have motivated varied bioengineering applications
(14–17). However, there are still a number of unanswered
questions surrounding MCPs that promise the discovery
of unusual biochemistry and will likely spur further
biotechnology advances.

Diverse Bacterial MCPs
Carboxysomes were the first bacterial MCP identified
(18). Initially, these compartments were observed within
cyanobacteria by electron microscopy (EM) and were
thought to be viruses. However, later work showed that
carboxysomes consisted of a protein shell filled with
Rubisco and that their function was to enhance CO2

fixation as part of a CO2-concentrating mechanism (19–
22). Over 20 years later, an operon required for 1,2-
propanediol utilization (pdu) by Salmonella enterica
serovar Typhimurium (referred to here as S. enterica)
was found to contain multiple homologs of carboxysome
shell genes (22). Further study showed that the pdu op-
eron encoded a 100- to 150-nm polyhedral body (a new
type of MCP) involved in 1,2-propanediol degradation
(22). Shortly after this, searches of bacterial genomes for
shell gene homologs began to identify diverse MCP
operons which we now know are present in ∼20% of
bacterial species (4–8). Further work found that catabolic
MCPs (also referred to as metabolosomes) support
bacterial growth on a variety of substrates, including
1,2-propanediol, ethanolamine, choline, glycerol, rham-
nose, fucose, fucoidan, aminoacetone, and perhaps other
metabolites (22–27).

This review focuses on metabolosomes found in Esche-
richia coli and Salmonella. These include the propanediol
utilization (pdu), ethanolamine utilization (eut), choline
utilization (cut), and glycyl radical propanediol (grp)
MCPs. Each of these metabolosomes supports growth by
breaking down substrates to alcohols and acids via acet-
aldehyde or propionaldehyde intermediates (Fig. 2). The
Pdu and Eut MCPs are the best-studied metabolosomes,
and much of this research has been conducted in Sal-
monella and E. coli (10). Both these MCPs use pathways
that are dependent on coenzyme B12 (adenosylcobalamin),
referred to here as Ado-B12. The Cut and Grp MCPs
employ glycyl radical enzymes and are B12-independent
(28–30). They are part of the widespread group of MCPs
known as glycyl radical microcompartments (GRMs),
which are absent from Salmonella but narrowly distrib-
uted among E. coli. These MCPs tend to be found in
pathogenic strains where investigations aimed at dis-
secting their structure, function, mechanisms, and unique
features have recently begun (29, 30).

Function of the MCP Shell
The defining feature of MCPs is the presence of a selec-
tively permeable, polyhedral protein shell. The shell itself
plays three important functional roles: (i) protecting the
cell from toxic intermediates generated byMCP enzymes,
(ii) sequestering volatile reaction intermediates, and (iii)
concentrating substrates together with reaction machin-
ery. Both genetic and bioinformatic analyses support the
idea that metabolosome shells protect cells from toxic
aldehydes during substrate degradation (31). Mutants
unable to form the shell of the Pdu MCP accumulate
propionaldehyde to toxic levels and incur DNA damage.
Furthermore, polA (DNA repair polymerase) and gsh
(glutathione biosynthesis) mutants are impaired for
growth on 1,2-propanediol or ethanolamine, supporting

Figure 1 A comparison of selected MCP operons. Representative operons from S. enterica LT2 (pdu, eut), E. coli 536 (cut), and E. coli CFT073
(grp) are shown using one-letter abbreviations for genes and protein products. Gene sizes and spacing are roughly to scale. Note that in the cut
operon, shell proteins are named with a different acronym, CmcA to -E to avoid redundancy with prior work.
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aldehyde toxicity (32). In addition, under stringent con-
ditions, S. entericamutants unable to form the shell of the
Eut MCP are incapable of growth due to acetaldehyde
loss to the environment (33). Other experiments on
ethanolamine degradation showed that overexpression of
Eut catabolic enzymes in the absence of the Eut MCP
supported wild-type growth rates, indicating that another

function of the MCP may be to concentrate reaction-
associated enzymes (34). Computational models of the
Pdu MCP predict that the presence of the shell enhances
pathway flux (35), similar to the role played by the
carboxysome shell in increasing Rubisco activity (19).
Although specific functions have not been extensively
tested in glycyl radical microcompartments, a conserved

Figure 2 Schematic of MCP pathways discussed in the text. (A) Pdu MCP; (B) Eut MCP; (C) Cut MCP; (D) Grp MCP. Shell protein names are
shown in brown, signature enzymes in green, accessory enzymes (where applicable) in light green, aldehyde dehydrogenase in purple, alcohol
dehydrogenase in red, phosphotransacetylase in blue, and acetate kinase in gold.
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function seems reasonable. Thus, studies support the
model that bacterial MCPs enhance metabolic pathways
by sequestering toxic or volatile intermediates and by
concentrating enzymes together with their substrates.

Role of MCPs in Pathogenesis and Human Health
The metabolism of specific carbon substrates by MCPs
confers a selective advantage to pathogenic bacteria in
host environments and influences the ecology of the
human gut in a manner that affects human health. Ex-
pression of the eut operon in Salmonella and E. coli is
linked to virulence, including toxin production and in-
creased transmission to new hosts (11, 36, 37), and is
associated with urinary tract infections and Crohn’s
disease (38, 39). Similarly, expression of the cobalamin
(cob, B12) biosynthesis-propanediol utilization (cob-pdu)
gene cluster in S. enterica is necessary for replication
within macrophages (40) and required for colonization of
the gut lumen of host organisms (41). Moreover, as a
consequence of inflammation induced by S. enterica in-
fection, chemical processes in the gut produce the un-
usual electron acceptor tetrathionate from thiosulfate,
which supports anaerobic respiration of ethanolamine
and 1,2-propanediol. This process provides a growth
advantage to Salmonella, enabling it to outgrow other gut
flora, thereby enhancing dissemination (42–44). Al-
though less studied, the Grp MCP, which is found in
some pathogenic E. coli, enables 1,2-propanediol me-
tabolism, which has been associated with pathogenesis in
Salmonella and Listeria (29, 45, 46).

Choline utilization MCPs are also closely associated with
human health. The Cut MCP metabolizes choline, defi-
ciencies of which have been linked to numerous diseases,
including atherosclerosis and breast cancer (47, 48). The
Cut MCP is a major source of trimethylamine (TMA) in
the gut, which, upon exiting the MCP, travels through the
bloodstream to the liver, where flavin-containing mono-
oxygenase metabolizes it to trimethylamine-N-oxide
(TMAO). TMAO is a marker for nonalcoholic fatty liver
disease (49, 50), cardiovascular disease (12, 48, 50, 51),
kidney disease (52, 53), and diabetes (54, 55), suggesting
that MCP-associated metabolism in the gut plays an
important role in physical health.

Distribution of the Pdu, Eut, Cut, and Grp MCPs
The Pdu MCP is thought to be particularly important
for bacteria in anaerobic environments, such as soil,

sediments, and the gut of higher organisms, where 1,2-
propanediol is a major product of fucose and rhamnose
fermentation (56). The pdu operon is unevenly distrib-
uted among many soil-dwelling and enteric bacteria, as
well as Firmicutes, Actinobacteria, Deltaproteobacteria,
Synergistetes, Fusobacteria, and Spirochaetes (4, 6).
Among the Salmonella, growth on 1,2-propanediol in a
B12-dependent fashion is nearly universal, whereas this
ability is uncommon in E. coli (57). Studies suggest that
Salmonella acquired this ability by horizontal gene
transfer after its divergence from E. coli (57).

Ethanolamine, which is metabolized by the Eut MCP in
an Ado-B12-dependent manner, is a component of cel-
lular phospholipids and is present as a free compound
within bodily fluids (58). The eut operon is found with
high frequency throughout E. coli and Salmonella (39,
57) (Table 1). It is also located in a variety of other
bacterial classes, including Firmicutes, Actinobacteria,
Synergistetes, Fusobacteria, and Chloroflexi (4).

Choline, which is common in the diet of animals, is a
necessary nutrient for humans and a growth substrate for
various gut bacteria. Because the Cut MCP employs an
oxygen-sensitive glycyl-radical enzyme, these MCPs oc-
cur exclusively in anaerobic and facultatively anaerobic
bacteria. The cut operon appears narrowly distributed
within the Gammaproteobacteria, but surprisingly, it is
not found in Bacteroidetes, the largest class of gut-
associated bacteria (59). Cut operons have also been
identified in Firmicutes, Actinobacteria, and Deltaproteo-
bacteria (4). Evaluation of the E. coli reference collection
(ECOR), 72 isolates representing the diversity of the
species (60), identified five strains (∼7% of the isolates)
that were able to degrade choline and contained cut genes
(30). In a related survey of gut metagenomic DNA, cutC
genes were identified in 6.1% of E. coli tested (59), sug-
gesting a narrow but important distribution of Cut MCPs.
However, cut genes have not been found in Salmonella.

The Grp MCP, like the Pdu MCP, processes 1,2-
propanediol but is less widely distributed. Grp MCPs are
found only in Gammaproteobacteria and Firmicutes (4).
Like the Cut MCP, it relies on an oxygen-sensitive glycyl
radical enzyme and is only found within anaerobes and
facultative anaerobes (61). The ECOR collection was
assessed, and grp genes were identified in 10% of the
isolates (29), suggesting that the grp operon is slightly
more widespread than cut. Thus far, grp operons have not
been found in Salmonella.
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Lastly, we note that among bacteria that contain MCP
gene clusters, about 40% contain two or more (5). Most
Salmonella contain both pdu and eut operons (Table 1).
In contrast, most E. coli contain an eut operon, and a
small percentage contain pdu, cut, or grp operons, but
these latter three have not been found to co-occur.
Whether certain E. coli strains utilize B12-dependent or -
independent 1,2-propanediol degradation is probably
dependent on the environments encountered.

MCP OPERONS IN E. COLI AND SALMONELLA:
AN OVERVIEW
Below, we provide brief descriptions of the four major
MCPs characterized in E. coli and Salmonella, including

general characteristics, operon layout, and regulation.
Further details of structural and genetic studies are
presented in the following sections on individual MCP
components.

Pdu MCPs
The Pdu MCP of S. enterica serovar Typhimurium LT2
was the first metabolosome discovered, and it is the best
understood. Pdu MCPs are used for Ado-B12-dependent
growth of S. enterica on 1,2-propanediol under aerobic or
fermentative conditions (62, 63). In addition, the Pdu
MCP supports anaerobic respiration of 1,2-propanediol
with tetrathionate as a terminal electron acceptor but not
with other acceptors, including nitrate, dimethyl sulfox-
ide (DMSO), TMAO, and fumarate (63). S. enterica

TABLE 1 MCP operons found in S. enterica and E. coli, taken from genomic studies (4)a

Salmonella enterica Escherichia coli

NCBI taxon ID Serovar Strain MCP Locus NCBI Taxon ID Serovar Strain MCP Locus
41514 Arizonae 62:z4,z23:- PDU EUT 216592 042 EUT

882884
62:z4,z23:-
RSK2980 PDU EUT 362663 536 EUT CUT

454166 Agona SL483 PDU EUT 655817 ABU 83972 EUT

321314 Choleraesuis SC-B67 PDU EUT 405955 APEC O1 EUT GRP

439851 Dublin CT_02021853 PDU EUT 469008 BL21(DE3) EUT

550537 Enteritidis P125109 PDU EUT 199310 CFT073 EUT GRP

550538 Gallinarum 287/91 PDU EUT 331111 E24377A PDU EUT

1081093 Gallinarum/
pullorum

PDU EUT 585397 ED1a EUT GRP

454169 Heidelberg SL476 PDU EUT 585057 IAI39 EUT CUT

1267753 Javiana CFSAN001992 PDU EUT 595495 KO11FL EUT

423368 Newport SL254 PDU EUT 591946 LF82 PDU EUT

295319 Paratyphi A ATCC9150 PDU EUT 574521 O127:H6 E2348/69 PDU EUT

1016998 Paratyphi B SPB7 PDU EUT 155864 O157:H7 EDL933 EUT

476213 Paratyphi C RKS4594 PDU EUT 386585 O157:H7 Sakai EUT

439843 Schwarzengrund CVM19633 PDU EUT 1072459 O7:K1 CE10 EUT CUT

220341 Typhi CT18 PDU EUT 585035 S88 EUT GRP

1132507 P-stx-12 PDU EUT 409438 SE11 EUT

209261 Ty2 PDU EUT 439855 SMS-3-5 EUT

527001 Ty21a PDU EUT 511145 K-12 MG1655 EUT

588858 Typhimurium 14028S PDU EUT 585056 UMN026 PDU EUT

568708 D23580 PDU EUT 696406 UMNK88 EUT

99278 LT2 PDU EUT 364106 UTI89 EUT CUT

216597 SL1344 PDU EUT

990282 UK-1 PDU EUT

936157 Weltevreden 2007-60-3289-1 PDU EUT
aSee reference 4 methodology for details. Multiple strains of the same serovar are listed in the first instance.
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synthesizes the Ado-B12 needed for 1,2-propanediol me-
tabolism de novo under anaerobic conditions but requires
added vitamin B12 (or another complex precursor of Ado-
B12) for aerobic 1,2-propanediol breakdown (10). A few
strains of E. coli are able to degrade 1,2-propanediol in a
B12-dependent manner, but B12-independent degradation
is employed with higher frequency (4).

Figure 2 shows the accepted model of 1,2-propanediol
catabolism by S. enterica. First, 1,2-propanediol diffuses
across the MCP shell and is converted to the toxic in-
termediate propionaldehyde by an Ado-B12-dependent
diol dehydratase (DDH, PduCDE) (22, 64, 65). The PduQ
alcohol dehydrogenase converts propionaldehyde to 1-
propanol, which exits the MCP and then leaves the cell
(66). Propionaldehyde is also converted to propionyl-
phosphate by aldehyde dehydrogenase (PduP) and phos-
photransacylase (PduL) (67, 68). Propionyl-phosphate
exits the MCP and is converted to propionate by propi-
onate kinase (PduW), generating 1 ATP (69). Under
respiratory conditions, propionyl-phosphate is thought to
be converted back to propionyl-CoA (in the cytoplasm)
and feed into the methylcitrate pathway (70). Within
the Pdu MCP, NAD+ and coenzyme A (CoA) are recycled
by the PduQ propanol dehydrogenase and the PduL
phosphotransacylase, respectively. Ado-B12 (which is
subject to breakdown during catalysis) is recycled by the
PduGH reactivase, PduS cobalamin reductase, and the
PduO ATP-cob(I)alamin adenosyltransferase (ACAT)
(71–73). As mentioned above, the main function of the
Pdu MCP is to prevent propionaldehyde toxicity during
growth on 1,2-propanediol (31, 32), which presumably is
achieved by balancing the rate of propionaldehyde pro-
duction and consumption by MCP enzymes.

The genes for 1,2-propanediol utilization are found in the
pdu locus (22). The main pdu operon contains genes for
the MCP shell (pduA, pduB, pduB′, pduJ, pduK, pduN,
pduT, pduU), the 1,2-propanediol degradative pathway
(pduCDE, pduL, pduP, pduQ, pduW), Ado-B12 recycling
and assimilation (pduGH, pduO, pduS), and two genes of
uncertain function (pduM, pduV), which may be in-
volved in MCP assembly (pduM) and MCP segregation
at cell division (pduV) (22, 64, 67, 74–78). At the end
of the pdu operon is a gene (pduX) which encodes an
L-threonine kinase used for the assimilation of complex
precursors of Ado-B12 (79, 80). The pdu locus also includes
a regulatory protein (pocR) and a 1,2-propanediol diffu-
sion facilitator (pduF) that are divergently transcribed
from the main operon.

In S. enterica, the genes of the pdu locus are coregulated
with the adjacent B12 (cobalamin, cob) biosynthetic genes.
Both genes sets are induced by PocR in response to 1,2-
propanediol (81, 82). This makes sense, as Ado-B12 is the
required cofactor for the DDH that catalyzes the first step
of 1,2-propanediol metabolism (10). pdu genes are also
controlled by the global regulators CRP/cAMP, ArcA/B,
CsrA, and Fnr (83–86). CRP/cAMP are needed for in-
duction of the pdu genes under both aerobic and anaer-
obic conditions (83). ArcA/B, which monitor oxygen
availability, further stimulate induction under anaerobic
conditions (83, 84). Transcriptomic studies suggest CsrA
is also needed for induction of the pdu operon during
aerobic growth, and proteomics analysis suggests that Fnr
represses the pdu operon in the absence of oxygen (85, 86).

Eut MCPs
The eut operon was first identified in S. enterica and en-
codes a bacterial MCP that mediates Ado-B12-dependent
ethanolamine catabolism (10, 23, 87, 88). Under aerobic
conditions, ethanolamine acts as the sole source of carbon,
energy, and nitrogen (87). Under fermentative conditions,
ethanolamine provides the sole nitrogen source and
stimulates growth by providing an additional source of
ATP (63). In the absence of oxygen, ethanolamine can
also be respired with tetrathionate as a terminal electron
acceptor, but better-known terminal electron accepters
such as nitrate, DMSO, TMAO, and fumarate have not
been shown to support ethanolamine respiration (63). S.
enterica synthesizes the Ado-B12 needed for ethanolamine
metabolism de novo under anaerobic conditions but re-
quires a complex precursor under aerobic conditions (10,
87, 89). E. coli is unable to synthesize Ado-B12 de novo and
requires a source of complex precursors such as
cobinamide or vitamin B12 to grow on ethanolamine (57).

The most widely accepted model for the metabolism of
ethanolamine begins with its diffusion into the lumen of
the Eut MCP (23, 90). There, ethanolamine is converted
to acetaldehyde and ammonia by Ado-B12-dependent
ethanolamine ammonia-lyase (EAL, EutBC) (91). Sub-
sequently, acetaldehyde is metabolized by a pathway that
is analogous to that employed for propionaldehyde
degradation by the Pdu MCP. The EutE aldehyde de-
hydrogenase, the EutG phosphotransacetylase, and the
EutD alcohol dehydrogenase convert acetaldehyde to
ethanol and acetyl-phosphate (23, 33, 34, 88, 92). Ethanol
exits the MCP and then the cell. Acetyl-phosphate leaves
the MCP and is converted to acetate, which is excreted
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into the environment. Under fermentative conditions,
this pathway produces 1 ATP, provides a source of ni-
trogen, and stimulates growth but does not produce a
source of cell carbon (63). Under respiratory conditions,
acetyl-CoA generated by ethanolamine catabolism sup-
ports growth via the TCA cycle and glyoxylate shunt.
NAD+ and HS-CoA are thought to be recycled internally
within the Eut MCP by the EutG alcohol dehydrogenase
and EutD phosphotransacetylase similarly to the process
described above for the Pdu MCP (93). Ado-B12 is also
thought to be recycled within the Eut MCP by the EutA
reactivase and the EutT ACAT, which are unrelated to
the B12 recycling enzymes of the Pdu MCP (94–97).
Studies indicate that the function of the Eut MCP is to
sequester acetaldehyde production to minimize toxicity
and prevent carbon loss, as described in more detail
above (32–34).

The 17-gene eut operon has been characterized mainly in
S. enterica (23, 33, 34, 98). Ado-B12-dependent EAL is
encoded by the eutBC genes (99, 100). Aldehyde dehy-
drogenase, alcohol dehydrogenase, and phosphotrans-
acetylase enzymes are specified by eutE, eutG, and eutD,
respectively (33, 34, 88, 92, 93, 101). The enzymes used
for Ado-B12 recycling are encoded by eutA and eutT (94–
97, 102). The eut operon contains genes for five shell
proteins, eutS, eutM, eutN, eutK, and eutL, and a putative
chaperone, eutJ, whose role in MCP metabolism is un-
known (23, 103). Genes for additional proteins, including
two novel acetate kinases (eutQ, eutP), a transcriptional
regulator (eutR), and an ethanolamine permease (eutH)
round out the operon. The EutQ acetate kinase is re-
quired for anaerobic respiration of ethanolamine with
tetrathionate, but a specialized role for EutP is not cur-
rently known (102). The EutH permease is most im-
portant at lower pH or low external ethanolamine
concentrations, where it mediates transport of proton-
ated ethanolamine (104). EutR regulates eut transcription
in the presence of both ethanolamine and Ado-B12 (the
required cofactor for ethanolamine ammonia lyase) (87,
105). EutR also induces its own expression by a positive
feedback loop, and this is thought to help it compete with
EAL for available Ado-B12 (106). In Salmonella, the eut
operon is globally regulated by CRP/cAMP, ArcA/B, and
CsrA (107, 108). In other organisms, regulation of the
Eut MCP does not involve EutR and instead employs an
unusual noncoding RNA riboswitch (11).

As described above, a number of studies of eut regulation
were conducted in S. enterica. However, S. enterica

contains both eut and pdu operons, raising the question
of how their regulation is coordinated since essential shell
components are highly similar between these two MCPs.
In vivo studies of S. enterica showed that 1,2-propanediol
induces the pdu operon but acts as a repressor of the eut
operon, thereby preventing detrimental mixing of the
two systems (109). Therefore, while it is technically
possible for MCPs to incorporate nonnative components
(109–111), leading to some interesting protein design
experiments, local regulation may be designed to prevent
this in native hosts. We also point out that 40% of bac-
teria that produce MCPs make two or more; hence, co-
ordinating their expression is broadly important to cell
physiology.

Cut MCPs
Craciun and Balskus identified a glycyl radical choline
TMA lyase in Desulfovibrio desulfuricans and other gut
bacteria that converts choline to acetaldehyde and TMA
via a novel C-N cleavage mechanism (112). Studies also
found that the gene for choline-TMA lyase (cutC) clusters
with MCP shell protein genes, suggesting that this en-
zyme is MCP associated (59, 112). Microcompartment
formation linked to choline fermentation was later
demonstrated in Proteus mirabilis (28) and subsequently
in E. coli 536 (30).

In E. coli 536, choline stimulates anaerobic growth in
medium supplemented with a usable carbon source such
as yeast extract or fumarate (30). Although fumarate can
function as a terminal electron acceptor for anaerobic
respiration by E. coli, it is inconclusive whether it does so
with choline. E. coli is not known to use choline as a
nitrogen source, suggesting that TMA is simply excreted.
The Cut MCP does not support aerobic growth, pre-
sumably because of the extreme oxygen sensitivity of the
CutC choline TMA lyase. In P. mirabilus, choline sup-
plementation is associated with colony expansion and
biofilm formation, but E. coli has not been tested for these
phenotypes (28). The Cut MCP has not been identified in
Salmonella.

The first step of the proposed choline degradation
pathway is the conversion of choline to acetaldehyde and
TMA within the lumen of the Cut MCP (112). This re-
action is catalyzed by a glycyl radical choline-TMA lyase
(CutC) which must first be activated by CutD (30, 112). It
is thought that TMA is excreted and acetaldehyde is
converted to ethanol and acetyl-phosphate as in the Eut
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MCP (28, 30, 59). Ethanol is proposed to diffuse out of the
MCP into the cytoplasm and then out of the cell. Acetyl-
phosphate is thought to exit the MCP into the cytoplasm,
where it is converted to acetate with the generation of 1
ATP. Although this pathway provides ATP, it does not
provide a source of cell carbon. Hence, choline stimulates
growth of E. coli only in medium supplemented with a
usable carbon source (30). Based on analogy with the Pdu
and Eut MCPs, the Cut MCP is proposed to mitigate
acetaldehyde toxicity and carbon loss.

The choline-utilization MCPs are subdivided into two
classes (type 1 and type 2) which have substantial dif-
ferences in distribution and composition (7, 59). Gene
clusters for type 1 Cut MCPs are found in obligate
anaerobes and contain 20 genes, while type 2 loci are
found in facultative anaerobes and contain 16 genes
within two operons. These two classes also have lyases
that differ in primary structure. Type 2 CutC enzymes
contain an extended∼350-residue N terminus relative to
type 1 lyases which has been suggested to contribute
to enzyme activity and/or play a role in targeting CutC to
the MCP lumen (7, 113). E. coli strains that metabolize
choline contain type 2 Cut MCPs.

In uropathogenic E. coli 536, the cut locus is located
within a pathogenicity island, PAI-II536 (30, 114). Here, as
is typical for type 2 clusters, there are two operons: the
cutWXY operon and a “main” cut operon separated by an
∼519-bp intergenic region (Fig. 1). Within the main cut
operon, cutC codes for the glycyl radical choline TMA
lyase, and cutD codes for its partner activating enzyme. It
also contains genes for downstream pathway enzymes,
including an aldehyde dehydrogenase (cutF), alcohol
dehydrogenase (cutO), and phosphotransacetylase (cutH),
which were inferred by homology to enzymes found in the
Pdu and Eut MCPs and likely convert the acetaldehyde to
ethanol and acetate (Fig. 2). Similar to the Eut and Pdu
MCPs, it is thought that NAD+ and HS-CoA are recycled
internally within the Cut MCP, but conclusive experi-
mental support is lacking (30). At the end of the cut op-
eron are the genes cutU and cutV, which are homologs of
efflux pumps that may be involved in product export or
substrate uptake, but this has not been reported experi-
mentally. The cut locus encodes five shell proteins: cmcA,
cmcB, cmcC, cmcD, and cmcE; however, these do not in-
clude a trimeric BMC shell protein related to those found
in the majority of MCP operons and hypothesized to
transport larger metabolites and enzymatic cofactors
through MCP shells (30). This unexpected finding raises

the question of how larger compounds traverse the MCP
shell. The presence of the CutU and CutV efflux pumps
offers a possible solution.

The Cut microcompartment contains a potentially
unique local regulation system that utilizes three pro-
posed regulatory genes (cutWXY) located in an operon
adjacent to the main cut cluster (Fig. 1) (30). Deletions of
individual genes showed that cutX, which contains se-
quence similarity to transcriptional regulators, and cutY,
which does not, are necessary for induction of the cut
operon by choline. On the other hand, deletion of the
cutW gene, which encodes a protein with a DNA-binding
domain, did not affect cut operon induction, and its
function is currently unknown.

Grp MCPs
The Grp MCP processes the same substrate as the Pdu
MCP: 1,2-propanediol. In contrast to the Pdu MCP, the
Grp MCP employs a B12-independent glycyl radical diol
dehydratase (GR-DDH, GrpM) in the first catabolic step
(6, 29, 61). GR-DDH is extremely oxygen sensitive, and
the metabolism of 1,2-propanediol by the Grp MCP only
occurs under strict anaerobic conditions. In E. coli
CFT073, the anaerobic metabolism of 1,2-propanediol by
the Grp MCP stimulates growth if a source of cell carbon
such as yeast extract or fumarate is also present, but 1,2-
propanediol does not serve as a sole carbon and energy
source (29). Similar to the cut operon, 1,2-propanediol
was not respired when DMSO, TMAO, or nitrate were
provided as terminal electron acceptors (29).

The proposed model for 1,2-propanediol metabolism by
the Grp MCP is similar to the model for the Pdu MCP
but with GR-DDH (which requires activation by GrpN)
replacing B12-dependent DDH in the first catabolic step,
the conversion of 1,2-propanediol to propionaldehyde
(29, 115). From there, the downstream steps of the
pathway that convert propionaldehyde to 1-propanol
and propionic acid are thought to be directly analogous
to the Pdu MCP. Cofactors are thought to be recycled
within the Grp MCP as described for the Pdu MCP, but
more supporting work is needed (29). While the function
of the Grp MCP has not been studied, it is presumed to
sequester propionaldehyde to mitigate its toxicity.

The grp operon has been genetically characterized in
uropathogenic E. coli CFT073 (29). The grp locus contains
21 genes that encode six pathway enzymes (grpA, grpB,
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grpG, grpJ, grpM, grpN), five shell proteins (grpE, grpH,
grpI, grpK, grpS), two regulators (grpP, grpQ), a permease
(grpO), and several proteins of unknown function (grpC,
grpD, grpF, grpL, grpR, mrtA, mrtB). Sequence homology
to other MCP components suggests that grpC encodes a
protein that resembles EutJ, a chaperone of unknown
function, while grpD, grpF, grpL, and grpR encode proteins
with homology to a putative flavoprotein, heme-binding
protein, protease, and methionine adenosyltransferase,
respectively. The grp cluster contains three large intergenic
regions (IGRs) (284 to 549 bp) which is unusual for bac-
terial gene clusters. Two of these IGRs may be remnants of
the horizontal gene transfer, because they flank two re-
verse transcriptase maturase genes (mrtAB) which are not
involved in 1,2-propanediol metabolism. However, these
IGRs might also be involved in gene regulation.

The Grp MCP has been classified as a type 3 glycyl
radical microcompartment (GRM 3) (7). It is distin-
guished from other classes of GRM by the substrate
processed, gene content of its encoding operon, and
protein phylogeny. Additionally, in type 3 GRMs, GR-
DDH contains a 50- to 60-residue region between its two
structural domains which may be involved in enzyme
localization to the MCP lumen.

Regulatory studies found that the grp operon in E. coli
CFT073 is induced by 1,2-propanediol and is regulated
by a two-component regulatory system, grpP (histidine
kinase) and grpQ (response regulator), located near the
end of the operon (29). Related studies in Rhodobacter
capsulatus also identified a similar regulatory pair,
pointing out partial sequence conservation with PocR,
which regulates the pdu operon in response to 1,2-
propanediol (115). The operon organization of R.
capsulatus differs from that of E. coli CFT073 and other
identified GRMs. In most GRMs, the gene for the acti-
vating enzyme is adjacent to the GRE, possibly indicating
coregulation. However, these two components are lo-
cated near opposite ends of the operon in R. capsulatus
(115). Whether this difference affects enzyme activation
and function is unknown.

MAIN COMPONENTS OF MCPs

Targeting Sequences
The question of how cargo is directed to the MCP interior
during assembly is essential to a complete understanding
of these organelles. An early clue regarding MCP as-
sembly came from bioinformatic studies that identified

terminal extensions of roughly 20 amino acids present on
a subset of MCP proteins but absent from homologs that
are not MCP associated (116). Subsequent genetic and
biochemical work showed that a number of such
extensions (referred to throughout the literature as “sig-
nal sequences,” “targeting sequences,” or “encapsulation
peptides”) were necessary and sufficient for directing
enzymes to the lumen of bacterial MCPs. Functional
N-terminal targeting sequences were demonstrated for
DDH (PduCDE) (117) and EAL (EutC) (118), as well as
two MCP-associated aldehyde dehydrogenases (PduP
and EutE) (119, 120). In addition, bioinformatic studies
indicated that targeting sequences are widely used for the
encapsulation of proteins into diverse MCPs and share a
similar pattern of alternating polar and hydrophobic
residues, although their sequences are poorly conserved
(110, 121, 122). An NMR structure of the 18-residue
N-terminal targeting sequence of PduP revealed that this
region forms an amphipathic helix (123), and it was
suggested that other targeting sequences adopt a similar
fold. Due to their widespread and generic character,
targeting sequences do not appear to be overly specific for
particular MCPs. In fact, targeting sequences from varied
MCPs as well as nonnative sequences are able to direct
enzymes to the Pdu MCP simply through a common
hydrophobic motif (110). However, manyMCP-associated
proteins lack recognizable targeting sequences, indicating
that other mechanisms are also used to facilitate assembly
and encapsulation (116, 121).

How targeting sequencing mediates encapsulation of
MCP core enzymes and participates in shell assembly is
not fully understood. Presumably, targeting sequences
bind MCP shell proteins to mediate encapsulation during
assembly. Supporting this idea, studies indicate that tar-
geting sequences found on Eut and Pdu enzymes bind to
the PduA, PduJ, PduK, and EutS shell proteins (103, 116,
123). Furthermore, in the case of the PduP aldehyde
dehydrogenase, evidence indicates that its N-terminal
targeting sequence binds to the C-terminal helix of PduA
and PduJ. Recent work suggests that PduP is still traf-
ficked to the MCP shell in the absence of PduA, indi-
cating that multiple partner proteins may be involved in
binding cargo to the protein shell (124). The interplay
between shell proteins and shell contents remains an
important yet underexplored area of MCP research.

Signature Enzymes
Enzymes that determine MCP substrates are sometimes
referred to as signature enzymes. With regard to the
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MCPs found in E. coli and Salmonella, the signature
enzymes are the PduCDE Ado-B12-dependent diol
dehydratase (DDH) of the Pdu MCP, the EutBC Ado-
B12-dependent ethanolamine ammonia lyase (EAL) of the
Eut MCP, the CutC glycyl radical choline TMA lyase of
the Cut MCP, and the GrpM glycyl radical diol
dehydratase (GR-DDH) of the GrpMCP. In each of these
cases, the signature enzyme catalyzes the first step of
substrate breakdown.

B12-Dependent Enzymes
Ado-B12-dependent ethanolamine ammonia lyase (EAL)
in the eut system and diol dehydratase (DDH) in the pdu
system catalyze the first steps of ethanolamine and 1,2-
propanediol degradation, respectively (23, 64, 88). While
there are distinguishing features between these two en-
zymes, they both utilize the same basic mechanism (125).
These enzymes use Ado-B12 in the “base-on” form,
meaning that the dimethylbenzimidizole (DMB) ring is
coordinated to the central cobalt atom (126). Binding co-
enzyme B12 by the apoenzyme allows for activation
through homolytic cleavage of the Co-C bond creating cob
(II)alamin and the 5′-deoxyadenosyl radical. Binding
substrate shifts the equilibrium toward activation from 1%
to 60% and 90% for DDH and EAL, respectively (127). The
generalized reaction mechanism is as follows: the adenosyl
radical abstracts a hydrogen from the substrate, and the
substrate radical rearranges to form the product radical,
which abstracts a hydrogen from 5′-deoxyadenosine,
allowing cob(II)alamin and the adenosyl radical to re-
combine and regenerate the starting state of the enzyme.

B12-Dependent Enzyme Reactivases
Both EAL and DDH are subject to substrate-dependent
and substrate-independent inactivation by the formation
of catalytically inactive forms of cobalamin (125, 128). In
the case of substrate-independent inactivation, O2 reacts
with activated enzyme forming HO-B12, which remains
tightly bound in the active site (129). In substrate and
substrate analog inactivation, 5′-deoxyadenosine and a
catalytically inactive cobalamin are formed and degraded
to HO-B12 (130–132). The reactivation of enzyme and
recycling of the HO-B12 to Ado-B12 is understood to be
handled inside theMCP byMCP-associated proteins. The
reactivase mechanism has been heavily studied in both
Pdu and Eut and is the subject of detailed reviews (125,
133); here, we briefly highlight the key steps. Removal of
HO-B12 is mediated by PduGH or EutA reactivases in
the relevant MCPs, both of which require ATP and Mg2+

(96, 134). The PduGH structure in Klebsiella oxytoca was
solved by X-ray crystallography, and homology analysis
identified similarity to the ATPase domain of the E. coli
HSP70 DnaK, suggesting that it may function as a
chaperone that partly unfolds DDH, releasing HO-B12

(135). After release from the inactive enzyme, HO-B12 is
converted back to Ado-B12. This begins with reduction of
HO-B12 to cob(I)alamin by the PduS cobalamin reductase
in the case of the Pdu MCP or by unknown means in the
case of the Eut MCP (71, 136). Cob(I)alamin is
adenosylated to form Ado-B12 by the PduO (72, 128) or
by the EutT ACAT (94, 95) in a reaction where ATP is the
adenosyl-group donor. Lastly, Ado-B12 reassociates with
DDH or EAL apoenzymes to form active holoenzyme,
completing the reactivation cycle. In S. enterica, deletion
of PduS cobalamin reductase partly impairs 1,2-
propanediol degradation (71). This may be due to func-
tional redundancy with NAD(P)H:flavin oxidoreductase
(Fre) or NADP+:ferredoxin(flavodoxin) reductase (Fpr)
(137, 138), although genetic analyses have not yet fully
worked this out. Deletion of the PduO or EutT ACAT
partially impairs 1,2-propanediol or ethanolamine deg-
radation, respectively (72, 95). Both enzymes are thought
to be partially redundant with the CobA housekeeping
ACAT since cobA eutT or cobA pduO double mutants are
unable to grow on ethanolamine or 1,2-propanediol, re-
spectively (72, 94, 95). Presumably, the PduO and EutT
ACATs are more efficient at recycling Ado-B12 internally
within their respective MCPs, but experimental evidence
for this has not yet been reported.

Ethanolamine ammonia lyase (EAL, EutBC)
While the overall mechanism is the same for both EAL
and DDH, the substrate specificity and structure of these
two enzymes are not. EAL (PDB: 3ABO, crystal structure
from E. coli K-12 [91]) is composed of two subunits
(EutB and EutC) that come together as a dodecameric
ring (α2β2)3. Using modeling and validated by biochem-
ical methods, Bovell and Warncke put forward a model
of assembly where EutB dimerizes and then trimerizes to
form an EutB hexameric ring, allowing EutC to dimerize
with EutB to form the final [(EutB-EutC)2]3 complex
(139). The Ado-B12 is sandwiched between the EutB and
EutC subunits, oriented with the DMB liganded face
toward EutC (91). Genetic knockout studies have shown
that mutants lacking eutBC are unable to grow on etha-
nolamine (33, 88). Studies indicate that the EutC subunit
of EAL has a functional targeting sequence that pre-
sumably directs its encapsulation into the Eut MCP
(118).
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Diol dehydratase (DDH, PduCDE)
In Salmonella, three genes encode the diol dehydratase
encapsulated in the Pdu MCP (PduCDE) (64). Unlike
EAL, which makes a trimer of dimers, PduCDE from
K. oxytoca (96% amino acid similarity to Salmonella
PduCDE) forms a dimer of trimers (αβγ)2, where PduC
makes up the full dimer interface, and PduD and PduE
are on opposite sides of PduC from the dimer interface
(140). Both PduD and PduE have N-terminal extensions
compared to homologs that are not MCP associated;
however, only the N-terminal extension of PduD has
been shown to function as a targeting sequence (117). A
number of in vivo and in vitro studies established that
PduCDE localizes to the lumen of the Pdu MCP (22, 78,
117, 141), and knockouts of PduCDE abolish 1,2-
propanediol metabolism by Salmonella (73).

Glycyl radical enzymes (GREs)
A widespread, but less well-studied, class of MCPs (which
includes the Cut and Grp MCPs of E. coli) uses glycyl
radical enzymes to initiate substrate metabolism. These
enzymes employ a glycyl radical instead of a 5′-
deoxyadenosyl radical generated from Ado-B12 for catal-
ysis (142, 143). GREs, unlike B12-dependent enzymes, need
to be initially activated by a radical S-adenosylmethionine
(SAM) enzyme (142). Each GRE has a specific partner
activating enzyme (AE) (144). The AE generates a 5′-
deoxyadenosyl radical (from SAM) which abstracts a hy-
drogen from the active site glycine in the GRE. In the
presence of substrate, the glycyl radical abstracts a hy-
drogen from a nearby cysteine, generating a thiyl radical.
The thiyl radical abstracts a hydrogen from the substrate
to form the substrate radical, allowing for radical rear-
rangement to produce the product radical. At this point,
the thiyl radical is regenerated, producing the final prod-
uct, and lastly, the glycyl radical is regenerated (143).
While the AE is necessary, it is only needed for initial
activation, after which the catalytic cycle regenerates the
glycyl radical. The glycyl radical is extremely oxygen
sensitive and can react withmolecular oxygen, cleaving the
peptide backbone at the site of the radical. In E. coli, GRE
“spare parts” proteins have been identified, which replace
the portion of enzyme missing after O2 inactivation (145),
but these are not encoded within the MCP operons.

CutC (a type 2 lyase) is the only microcompartment GRE
characterized in detail (7, 112, 113, 146). Crystal struc-
tures of CutC from Klebsiella pneumoniae were deter-
mined in both the presence and absence of choline

substrate, revealing an unexpected topological change
upon choline binding (113, 147), in contrast to other
non-MCP-associated GREs. As expected, deletion of ei-
ther the choline TMA lyase gene (cutC) or the gene for its
activating enzyme (cutD) eliminates choline degradation
by the Cut MCP (30). Similarly, deletion of GR-DDH
(grpM) or its activating enzyme (grpN) prevent 1,2-
propanediol metabolism by the Grp MCP (29).

MCP Pathway Enzymes
In the Pdu, Eut, Cut, and Grp MCPs discussed here, the
signature enzyme generates an aldehyde (acetaldehyde or
propionaldehyde) product which is metabolized to the
corresponding alcohol and organic acid by a conserved
pathway using the enzymes described below (Fig. 2).

Aldehyde dehydrogenase
Aldehyde dehydrogenases (Ald) are used for substrate
metabolism by the Pdu, Eut, Cut, and Grp MCPs.
These enzymes convert an aldehyde, HS-CoA, and NAD+

to the corresponding acyl-CoA and NADH internally
within MCPs. Aldehyde dehydrogenases are essential to
functional MCPs; when the pduP, eutE, cutF, or grpJ al-
dehyde dehydrogenase genes are individually deleted,
growth on the respective substrates is eliminated (29, 30,
67, 88). In vitro assays of purified enzyme verify that
PduP and EutE have CoA-acylating aldehyde dehydro-
genase activity (92). The PduP and EutE aldehyde
dehydrogenases were shown to have N-terminal tar-
geting sequences that mediate their encapsulation into
the Pdu and Eut MCPs (93, 116). In addition, PduP was
shown to copurify with Pdu MCPs (67, 119), and a series
of genetics studies localized EutE to the interior of the Eut
MCP (93). CutF and GrpJ also have aldehyde dehydro-
genase activities as shown by in vivo assays, and a
structure of GrpJ from Rhodopseudomonas palustris
has been solved (30, 61). Like their EutE and PduP
counterparts, the CutF and GrpJ aldehyde dehydro-
genases have N-terminal extensions predicted to mediate
MCP encapsulation, but experimental support for this
function has not been reported.

Phosphotransacetylase
Nearly all metabolosome operons encode phosphotrans-
acylase (PATC) enzymes or homologs thereof. Within
the metabolosome, PATC enzymes accept the acyl-CoA
products of aldehyde dehydrogenases and convert them
to acyl-phosphates and HS-CoA (68, 75). This not only
produces a high-energy phosphate compound, but it
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regenerates HS-CoA for the aldehyde dehydrogenases.
Genetic deletion of the PATC genes found in the pdu, eut,
cut, and grp operons results in partial growth impairment
under standard growth conditions and, in the case of eut,
no growth under stringent conditions (29, 30, 75, 93). The
explanation for these phenotypes is that MCP-associated
PATC enzymes have activities that are redundant with
housekeeping enzymes but are still needed for regen-
erating HS-CoA internally within the MCP. Fairly exten-
sive genetic studies of both the PduL and EutD PATC
enzymes support a role in internal cofactor recycling, the
key finding being that breaking the MCP shell corrects the
phenotypes of PATC deletions (75, 93). Both PduL and
EutD have been recombinantly expressed and purified,
and biochemical assays verify that they possess PATC
activity (75, 148). The PduL class of PATC, which is the
most common version encoded by MCP operons, is un-
related in sequence to the housekeeping enzymes (Pta),
which are widespread in biology. The crystal structure of
PduL from R. palustris has been solved, and it forms a
dimer in the crystals, as well as by size exclusion chro-
matography (SEC). However, Phe116, which is important
for dimerization, is poorly conserved and is not present in
S. enterica PduL. This brings into question the oligomeric
state of PduL generally (149). The EutD enzyme of S.
enterica is related in sequence to the C-terminal PTA_PTB
domain of housekeeping Pta enzymes (101) and is less
common in MCP operons compared to PduL-type PATC
enzymes. The PTAC enzymes in the cut and grp operons
(CutH, GrpB) which are PduL-type have not been
assessed in any detail. However, deletion of their encoding
genes results in partial impairment of growth consistent
with a role in internal cofactor recycling (29, 30).

Acetate/propionate kinase
Acetate/propionate kinases are often encoded by MCP
operons but are thought to localize to the cytoplasm of
the cell rather than the MCP interior. These enzymes
catalyze the conversion of an acyl-phosphate, ADP, and
Pi to the corresponding organic acid and ATP. The eut
operon encodes two acetate kinases (EutP and EutQ).
Both show activity in vitro. EutQ is necessary for growth
of S. enterica on ethanolamine under anoxic conditions,
while EutP deletions have no known phenotype (97). The
analogous Pdu protein PduW shows propionate kinase
activity and catalyzes the conversion of propionyl-
phosphate to propionate with the production of ATP
from ADP and Pi (69). However, PduW is not necessary
for growth on 1,2-propanediol under any tested condi-

tion. This suggests that PduW is functionally redundant
with the housekeeping acetate kinase (Ack) (69). Pre-
sumably, PduW contributes to the degradation of 1,2-
propanediol under as yet unidentified conditions. The
type 2 cut operon of E. coli 536 is not known to contain
an acetate kinase and likely relies on the housekeeping
Ack enzyme for this function (7). For the Grp MCP, grpG
is believed to be a propionate kinase by homology, and
knocking out grpG partially impairs growth on 1,2-
propanediol (29). This suggests that GrpG might have an
MCP-specific role, but the details are unclear.

Alcohol dehydrogenase
Most MCP operons encode alcohol dehydrogenases (or
homologs) that convert aldehydes and NADH to alcohols
and NAD+. The primary function of these enzymes in
MCP metabolism is to regenerate NAD+ from NADH
(formed by the aldehyde dehydrogenase reaction) inter-
nally within the MCP (66, 75, 93). Deletion of MCP-
associated alcohol dehydrogenases typically only partially
impairs growth due to functional redundancy with
housekeeping enzymes under fermentative conditions or
the electron transport chain under respiratory condi-
tions. Internal NAD+ recycling by MCP alcohol
dehydrogenases is well supported by genetic studies on
both the Eut (93) and Pdu (66) MCPs. The alcohol
dehydrogenases encoded by the cut and grp operons have
not been as extensively studied. However, genetic dele-
tion of the cutO or grpA alcohol dehydrogenase partially
impaired substrate metabolism, suggesting a role in
NAD+ recycling as well as partial redundancy with
housekeeping Adh enzymes (29, 30). Above, we men-
tioned genetic analyses that indicated functional redun-
dancy between MCP-associated alcohol dehydrogenases
and housekeeping Adh enzymes or the electron transport
chain. However, regenerating NAD+ outside the MCP for
use within the MCP requires that NADH and NAD+

move across the MCP shell by a means that has not been
defined but which may involve gated channels in trimeric
shell proteins as described further below.

Microcompartment Shell Proteins
The outer boundary of bacterial MCPs is a polyhedral
protein shell 100 to 400 nm in diameter, which is similar
in morphology across the MCPs considered here (29, 30,
103, 141) (Fig. 3). MCP shells form a selectively perme-
able barrier which allows the passage of substrates and
products while sequestering toxic and/or volatile path-
way intermediates. Remarkably, the shells of diverse
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MCPs are built primarily from a single family of small,
functionally diversified proteins known as bacterial
microcompartment (BMC) domain proteins (Pfam00936)
(150). There are two main groups of BMC domain pro-
teins: hexameric (BMC-H) and trimeric (BMC-T). As the
name suggests, BMC-H proteins assemble into hexamers
in solution, with each monomer contributing a BMC
domain. Each BMC-T monomer, by contrast, comprises
two fused BMC domains and three monomers assemble
into pseudohexameric trimers. Both BMC-H and BMC-T
shell proteins share a similar flat hexagonal quaternary
structure. MCP shells are typically built from two to ten
different types of BMC domain proteins (BMC-H and
BMC-T combined) that tile edge to edge into mixed
sheets, forming the facets of the shell. Variations in BMC
domain proteins are thought to allow the metabolism of
diverse substrates in a range of host organisms (151–153).
The diversification of BMC domain proteins includes
circular permutations, [Fe-S] clusters, and fusions to a
number of different domains of unknown function (154–
157). In addition to BMC domain proteins, MCPs also
contain conserved pentameric proteins that cap the ver-
tices and impart shell curvature. These are known as
bacterial MCP vertex proteins (BMV) or BMC-P proteins
(Pfam0916) (151–153, 158).

Numerous BMC shell protein structures have been
solved by crystallography (2, 9, 151, 153, 155, 159–164).
Together with genetic and biochemical studies, these
findings have substantially advanced our understanding
of shell assembly and function (Fig. 4). In addition,
several structures of empty recombinant shells have been
reported recently, providing further insights into MCP
architecture (147, 165–167). Below, we provide more
detailed information on MCP shell proteins focusing on

those from the Pdu, Eut, Cut, and Grp MCPs of E. coli
and Salmonella.

Hexameric shell proteins (BMC-H)
Hexameric BMC shell proteins are the most prevalent
class, and the pdu, eut, cut, and grp loci of Salmonella and
E. coli all encode multiple BMC-H proteins. The struc-
ture of BMC-H proteins is highly conserved among di-
verse MCPs (Fig. 4A and B). In crystals, BMC-H proteins
are usually flat, hexagonally shaped cyclic hexamers (159,
168–170) which interact edge to edge to form sheets. Two
positively charged residues at the hexamer edge (K26 and
R79 in the canonical BMC-H protein PduA) are crucial
for hexamer-hexamer tiling and are widely conserved
across BMC-H (and BMC-T) proteins, suggesting a
common manner of assembly (152, 171–173).

The primary opening in the protein sheets formed by
BMC-H proteins is a 5- to 10-Å diameter pore at the
center of each hexamer. Studies indicate that these pores
allow the selective diffusion of small metabolites into and
out of MCPs. In vivo, in vitro, and in silico studies showed
that the PduA hexamer preferentially allowed the diffu-
sion of 1,2-propanediol (compared to propionaldehyde)
across the shell of the Pdu MCP (163, 174). Although the
topology of BMC-H hexamers is highly conserved, the
residues lining the pores may vary in their chemical and
physical properties, suggesting that they mediate selective
transport of different compounds, presumably MCP
substrates and products. This might explain in part why
MCP operons often encode multiple BMC-H proteins.
For example, altering the chemical properties of the
PduA pore residues by site-directed mutagenesis was
sufficient to change the permeability of the Pdu MCP
(111, 163). Additionally, both in vivo and in vitro studies

Figure 3 Electron micrographs of bacteria expressing MCPs, indicated by arrows. (A) Cut MCPs from E. coli 536; (B) Grp MCPs from E. Coli
CFT073; (C) Pdu MCPs from S. enterica. Scale bars are located on each image. Images were obtained as described (76).
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have highlighted the importance of relative gene position
in shell function and formation, which could also account
for multiple BMC-H genes within a single MCP operon
(78, 162).

BMC-H proteins are understood to make up a large
portion of the microcompartment shell and, as a result,

play a pivotal role in MCP formation (124, 141, 165). For
the Pdu MCP of S. enterica, the PduA and PduJ shell
hexamers are estimated to comprise ∼40 to 60% of the
protein of the shell (124, 141), and deletion of the pduA
or pduJ genes individually results in the formation of
aberrant microcompartments and propionaldehyde tox-
icity (76). Similarly, a knockout of the EutM BMC-H

Figure 4 Representative crystal structures of select MCP shell proteins. (A) PduA BMC-H protein from S. enterica typhimurium (PDB ID:
3NGK) (155); (B) EutM, the orthologous BMC-H protein from E. coli K-12 (3I6P) (159); (C) PduU permuted BMC-H protein from S. enterica
serovar Typhimurium (3CGI) (154); (D) EutL BMC-T closed form from E. coli K12 (3GFH) (160); (E) EutL BMC-T open form from E. coli K12
(3I87) (159); (F) PduT [Fe-S]-containing BMC-T protein from C. freundii (3PAC) [156]; (G) GrpN BMV pentamer from R. rubrum (4I7A) (158).
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component of the Eut MCP causes the buildup of acet-
aldehyde and cellular toxicity, most likely as a result of a
defective shell (33). The effects of BMC-H gene
knockouts on the Cut MCP are currently uncertain, as
relatively limited work has been reported, and charac-
teristic phenotypes were not observed (30). Knockouts of
BMC-H protein GrpH (as well as other shell proteins of
the Grp MCP) revealed the surprising phenotype of in-
hibition of growth stimulation by substrate, suggesting
that the Grp MCP shell is essential for enzymatic activity
in vivo, in contrast to other MCPs studied (29).

The pdu, eut, cut, and grp operons also contain variations
of canonical BMC-H proteins, including circular
permutations (found in EutS, PduU, and GrpK) where the
quaternary structures of permuted hexamers align well
with canonical hexamers but their secondary structural
elements are in a different order. A unique feature of some
permuted hexamers is an N-terminal extension from each
subunit which forms a six-stranded beta barrel “capping”
the pore, as first observed in the crystal structure of PduU
from S. enterica (Fig. 4C) (155). If and how occlusion of
the central pore is controlled by pathway flux or inter-
actions with specific metabolites remains unknown.

Another variation on the BMC-H theme is canonical
hexamers with C-terminal extensions. At least one copy of
this protein type is found in the four operons discussed
here (PduK, CmcE, EutK, GrpS). The exact role of these
extensions is unknown. In the case of PduK, its C-terminus
includes an [Fe-S] cluster binding motif, suggesting a role
in electron transfer (7, 155, 157). Biochemical and struc-
tural analyses of EutK show that it does not purify as a
hexamer and contains a putative DNA binding domain
whose role in shell structure and/or MCP assembly is not
known (159). With regard to CmcE and GrpS, so far, there
have been no reports on the function of their C-terminal
domains. In addition to examples mentioned here, ex-
tended BMC-H proteins are widespread among diverse
MCPs and warrant further study.

Trimeric shell proteins (BMC-T)
BMC-T proteins have a similar topology to BMC-H
proteins and are thought to have arisen by gene dupli-
cation and divergence of BMC-H proteins. Each BMC-T
monomer contains two circularly permuted or two ca-
nonical Pfam00936 domains and assembles into trimeric
pseudohexamers that have six-fold symmetry (150). Like
BMC-H oligomers, BMC-T trimers contain a central

pore region; however, this region may be occluded by an
[Fe-S] cluster or may be dynamic, opening and closing in
response to environmental conditions. The pdu, eut, and
grp loci of Salmonella and E. coli all encode BMC-T
proteins, but the cut locus is unusual in that it does not.

PduB and PduB′ are the major BMC-T proteins of the
Pdu MCP of S. enterica, together comprising about 25 to
50% of the total shell protein content (124, 141). PduB
and PduB′ are permuted trimers transcribed from over-
lapping genes and are identical in amino acid sequence
except that PduB′ is shorter by 37 amino acids on the N-
terminus. These 37 residues play a key role in assembly of
the Pdu MCP.When removed, large MCPs lacking lumen
enzymes result, indicating that the N-terminus of PduB is
needed for the encapsulation of enzymatic cargo (175). A
crystal structure of PduB from Lactobacillus reuteri (62%
sequence similarity to S. enterica) displays the major
structural hallmarks of BMC-T oligomers and is discussed
in more detail below (161). S. enterica strains with pduBB′
deletions fail to make MCPs, instead producing polar
bodies which are aggregates of other MCP proteins (76).
Such mutations also result in propionaldehyde accumu-
lation, cellular toxicity, and DNA damage during growth
of S. enterica on 1,2-propanediol.

The Eut operons of E. coli and Salmonella encode a single
permuted trimeric BMC domain protein, EutL. Interest-
ingly, EutL crystallized in both “open” and “closed”
conformations where a 10-Å central pore present in the
open form is absent in the closed form (Fig. 4D and E)
(153). This suggests that EutL may allow selective trans-
port of metabolites to and from the MCP interior through
a gating mechanism (159, 160). In addition to the gated
central pore, the crystal structures of EutL revealed allo-
steric binding pockets between the tandem repeat do-
mains, which could serve to “unlock” the central gate
under specific conditions (161, 164). In a crystal structure
of the closed form of EutL from Clostridium perfringens
(73% sequence similarity to S. enterica), ethanolamine
was shown to bind in these pockets, presumably as a
means of negative allosteric regulation (164). Glycerol was
shown to bind in a similar location in the closed crystal
structure of PduB from L. reuteri, likely fulfilling the same
function in the Pdu system (161). BMC-T proteins from
β-carboxysomes have also been crystallized in open and
closed forms. In addition, these trimeric rings have been
shown to stack face-to-face, forming a central cavity that
might function by an airlock mechanism in metabolite
transport (176–178). A working model suggests that
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larger metabolites such as ATP or cobalamin could tra-
verse the shell using this method, while aldehyde inter-
mediates remain trapped within (164). However, active
gating has not yet been demonstrated in vivo or in vitro.

Another type of BMC-T protein, exemplified by PduT
from the Pdu MCP, is composed of canonical BMC do-
mains but surprisingly contains a [4Fe-4S] cluster
blocking the central pore (155, 156) (Fig. 4F). This ar-
rangement, coordinated by loops containing conserved
Cys residues contributed by each subunit, may function in
facilitating redox chemistry such as regenerating encap-
sulated cofactors via electron transfer across the micro-
compartment shell (155). In a recent study, site-directed
mutagenesis of the conserved Cys residues to remove the
[Fe-S] clusters (leaving behind pores) resulted in greater
diffusion of substrate, intermediate, and NAD+/NADH
cofactors, when small charged or uncharged residues were
substituted (179). These findings indicate that alteration
of the pore chemistry is a reasonable method for fine-
tuning transport through BMC-T oligomers.

The grp locus of E. coli CFT073 encodes a single BMC-T
protein, GrpI. It is in the permuted class, suggesting a role
in dynamic solute transport. Structural characterization
of GrpI has not been reported; however, a genetic
knockout of grpI in E. coli CFT073 eliminated growth on
1,2-propanediol (29). This phenotype was unexpected
since shell gene knockouts in other MCPs result in al-
dehyde toxicity and DNA damage but typically do not
prevent growth on MCP substrates.

As mentioned above, the cut operon of E. coli 536 lacks a
BMC-T gene, but this organism is still able to metabolize
choline, extrude product, and form MCPs which are
similar in size to Pdu MCPs (30). Other proteins may
compensate for the role of BMC-T proteins in this sys-
tem. Genetic knockouts of cutU and cutV, putative efflux
pumps which might fulfill the function of BMC-T pro-
teins in the Cut MCP, abolish choline metabolism, sug-
gesting a different method of large metabolite transport
in this class of B12-independent MCPs. Alternatively, it is
possible that other yet uncharacterized elements of the
Cut MCP system may be involved in large metabolite
transport.

Bacterial MCP vertex (BMV) proteins
Most (or all) MCPs are thought to use proteins with
conserved Pfam03319 domains as vertices (151, 158).

BMV proteins generally occur in low abundance in
MCPs, since fewer copies relative to other proteins are
needed for shell assembly. Because of this, BMV proteins
were not initially identified in preparations of purified
MCPs (141, 180). Subsequently, the PduN vertex protein
was found to be a component of both purified Pdu MCPs
and recombinant empty shells by Western blotting (76)
and green fluorescent protein (GFP) tagging (78). More
recently, the role of various BMV proteins as vertices was
demonstrated when the structures of several empty MCP
shells were assigned (147, 165, 167).

Unlike other shell proteins, BMV proteins are
pentameric in arrangement. The first BMV proteins to be
identified, CcmL and CsoS4A from two types of carbo-
xysomes, were found to be pentamers whose size and
shape were compatible with vertex formation (151).
Later, GrpN from Rhodospirillum rubrum was also
shown to form pentamers (158) (Fig. 4G). Surprisingly,
the BMV protein from the eut operon (EutN) crystallized
as a hexamer with pseudo-pentameric symmetry (151).
However, additional biochemical studies showed that
EutN forms a pentamer in solution, in agreement with
other BMV structures (158). In some instances outside of
E. coli and Salmonella, multiple copies of BMV genes
may exist in a single MCP operon (181). Although the
rationale for this diversity has not been determined, it
suggests additional roles for BMV proteins beyond cap-
ping MCP vertices.

Genetics studies have shown that BMV proteins are es-
sential for proper formation of the Pdu, Eut, Cut, and Grp
MCPs. In S. enterica, deletion of pduN resulted in Pdu
MCPs with unusual shapes by EM as well as propional-
dehyde toxicity during growth on 1,2-propanediol (76).
Similarly, increased acetaldehyde accumulation was ob-
served when eutN was genetically deleted from the
S. enterica eut operon, again indicating a role in proper
MCP formation (33). Recent work on the cut operon in
K. pneumoniae revealed that recombinant empty MCP
shells were not formed without the cmcD pentamer (147).
And finally, in the grp operon of E. coli CFT073, deletion
of the grpE gene prevented growth on 1,2-propanediol,
indicating a role in MCP function (29).

Specifically if and how vertex proteins are able to impart
curved structure to MCPs has been explored computa-
tionally but not experimentally (182, 183). It is possible
that vertex capping occurs as a later step in metabolo-
some formation, similarly to β-carboxysome assembly
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(184, 185). In keeping with this hypothesis, vertex pro-
teins have been utilized in a novel strategy for the puri-
fication of synthetic MCPs with a complete shell. By
attaching a strep affinity tag to recombinantly produced
vertex proteins, MCPs expressed in the absence of BMV
proteins may be “sealed” and purified in a single step on
an affinity column (186). Whether this technique can be
employed across diverse metabolosomes has not been
investigated.

Shell-associated proteins
Some shell-associated proteins are also predicted to play
a role in MCP architecture and assembly. Deletion of the
pduM gene, which lacks a BMC domain, leads to the
formation of highly aberrant MCPs and cells that un-
dergo propionaldehyde toxicity during growth on 1,2-
propanediol (74). Similarly, the EutQ acetate kinase (also
lacking a BMC domain) is necessary for shell integrity
and acetaldehyde degradation under anoxic conditions
but also is able to bind to the N-terminus of the BMC-H
protein EutM and increases the cellular copy number of
Eut shells by an unknown mechanism (97, 103). How
and when these various interactions occur during MCP
assembly is unknown.

Although not well studied, some MCP-associated pro-
teins are predicted to interact with the external face of the
shell, providing clues regarding native MCP intercellular
localization. PduV, a protein of unknown function with
sequence similarity to RAS-type GTPases, was shown by
GFP tagging to localize to the external face of empty Pdu
MCPs (78). Additionally, based on its dynamics over
time, PduV was speculated to be involved with anchoring
MCPs to the cytoskeleton in growing bacterial cells.
Further evidence from computational docking studies
and bacterial two-hybrid experiments predicted an inter-
action between the N terminus of PduV and the C-terminal
extended β-barrel of PduU, placing PduV on the external
face of the MCP (187); these findings were supported
by recent GFP localization studies (124). Whether other
MCP operons also include external shell-associated pro-
teins remains to be determined, although a similar role
has been suggested for shell protein PduK (76), and
cytoskeletal movement of MCPs has been detected but
not localized in Eut (118). Details of the global spatial
organization of MCP-containing cells beyond cytoskeletal
attachment has remained elusive due to challenges with
EM visualization (188) and the findings that knockouts of
individual MCP genes may produce profound effects on
MCP abundance, structure, and assembly (76, 103, 175).

Understanding these complex interactions could provide
additional details on MCP function and their specific role
in cellular metabolism.

Cryo-EM and crystal structures of empty MCP shells
Recently, recombinant empty MCP shells amenable to
crystallography and cryo-EM have been produced in
E. coli and characterized structurally (147, 165, 167). The
recombinant shells that have been analyzed thus far were
composed of a subset of shell proteins and lacked core
enzymes, resulting in structures that were much smaller
but more homogeneous than wild-type MCPs. It seems
reasonable that these structures assembled in a physio-
logically relevant manner, but studies with native MCPs
will be needed to rigorously establish the overall structure
with all components present.

A subset of MCP shell proteins was utilized to obtain the
first high-resolution structure of an intact empty meta-
bolosome shell from Haliangium ochraceum (165, 166).
Mixed sheets of BMC-H and BMC-T proteins formed the
facets of the shell, which was icosahedral in shape. Inter-
estingly, the permuted BMC-T proteins were arranged
into a two-BMC-T stack, presumed to act as an “airlock,”
potentially allowing tight control of metabolite flux (165,
166). Additionally, BMV proteins formed the vertices, as
anticipated (151, 159). The global arrangement of proteins
forming this shell resembles the cryo-EM structure of an
empty β-carboxysome (167), suggesting structural simi-
larities in the overall construction of carboxysomes and
metabolosomes. Recently, an empty Cut MCP shell was
characterized in K. pneumoniae using a subset of shell
proteins: CmcABC′D (CmcC′ contained an extended
C-terminus) (147). Like other empty shells, the structure
was icosahedral and highly regular, although the authors
note that including all five native shell proteins from the
cut operon resulted in larger and less homogeneous shell
preparations. To date, a structure of a native MCP (con-
taining cargo) has not been determined; how the structural
organization differs from the empty shells would shed
light on a number of important questions.

APPLICATIONS OF BACTERIAL
MICROCOMPARTMENTS
As more information has been revealed about the
structure and function of MCPs, attempts to use this
knowledge for biotechnology applications have also
advanced. Diverse MCPs, including carboxysomes and
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metabolosomes, have been heterologously expressed in E.
coli and other organisms, allowing the transfer of MCP
functions to new hosts. In addition, these applications
have allowed a better understanding of component parts
of MCPs and revealed key rules in particle assembly and
stability (186, 189–192).

Along these lines, a number of groups are working on
engineering carboxysomes into C3 plants, with the goal
of improving CO2 fixation and reducing photorespiration
(2, 191–193). Additionally, a great deal of effort has also
gone into repurposing metabolosomes as enzyme
scaffolds, nanobioreactors, containers for toxic proteins,
and hybrid enzyme-inorganic catalysts (14–17, 194).
Here, we briefly outline the main research directions in
MCP bioengineering, including the design and produc-
tion of empty protein shells from MCP components, the
use of targeting sequences to drive novel cargo encap-
sulation, efforts to control shell permeability, and
repurposing MCPs toward novel functions. For more
information, we refer readers to a number of excellent
reviews on this subject (14, 16, 195–198).

“Empty”MCPs and Production in Industrial Hosts
Parsons and colleagues were the first to demonstrate the
assembly of a cargo-free MCP shell by developing a fu-
sion plasmid containing all essential shell genes in the
pdu operon from C. freundii and expressing these
recombinantly in E. coli (78). Later, empty protein shells
from carboxysomes (167), a Hochraceum MCP of un-
known function (165), the Eut MCP (103, 118), and the
Cut MCP (147) were also produced in E. coli. Protein
shells have also been assembled in vitro from single shell
proteins at an oil-water interface (199) and frommultiple
shell proteins modified with cleavable SUMO tags to
block premature assembly of individual shell proteins
into protein sheets (186).

Another approach to the production of protein shells has
been the redesign of native MCP shell proteins. A cir-
cularly permuted variant of PduA was found to form a
60-subunit nanocage (200). Interestingly, this novel
compartment was sensitive to changes in pH and salt
concentration, environmental factors which could pro-
vide biological tuning for further applications. Also along
these lines, empty shells were formed by a synthetic
tandem duplication of a BMC-H protein (201) and a
BMC-T shell protein with inverted sidedness (202),
resulting in relatively homogeneous protein shells.

Novel Enzyme Design and Targeting
Concomitant with the development of empty protein
shells derived from MCP proteins, methods for targeting
novel cargo to those shells were developed. A number of
groups were able to target fluorescent proteins to empty
MCP shells using native targeting sequences (such as
the 18 N-terminal residues of PduP) or synthetically
designed targeting sequences with specific motifs (78,
117, 118, 120, 122, 203–206). In addition, native targeting
sequences were used to direct multiple heterologous
proteins to the Pdu shell, thereby constructing a proof-
of-concept bioreactor for the production of ethanol
(123). Another attractive direction for the design of be-
spoke MCP shells is the sequestration of toxic products.
Yung and colleagues were able to increase expression
of lysis protein E from bacteriophage Φx174 by fusing
it to an MCP targeting sequence and recombinantly
coexpressing it with Pdu shell proteins (207). In another
example, an engineered MCP for the removal of phos-
phate contaminants from wastewater was developed by
targeting polyphosphate kinase (PPK1) to an empty Pdu
MCP through fusion with a PduP targeting sequence
(203). This allowed an 8-fold increase in cellular phos-
phate accumulation, apparently by blocking competing
reactions that break down polyphosphate (199). More
recently, approaches to improve the targeting efficiency
of cargo directed to MCP-based protein shells were
pioneered by fusing shell and cargo proteins to nonnative
binding partners, including scaffolding domains (SH3,
PDZ, and GBD), a split coiled-coil domain, or the spy-tag
spy-catcher system (186, 204, 208). Both proteins and
small molecules have also been encapsulated within
minimal shells derived from MCPs by in vitro loading
during assembly on an oil-water interface (199). Lastly,
we mention that empty MCP shells and protein targeting
systems have been engineered into industrially important
organisms, including the thermophilic bacilli and coryne-
bacteria (204, 206). Thus, substantial progress has been
made on targeting desired cargo to protein shells built
from MCP proteins.

Current models for MCPs propose that optimal function
requires a selectively permeable protein shell. Accord-
ingly, work aimed at controlling shell permeability has
begun. So far, this work has focused on modifying the
pores present in shell proteins by site-directed muta-
genesis and by constructing hybrid shells using BMC
proteins derived from different MCPs (111, 163, 179,
181). As mentioned above, there are many aspects of shell
permeability that are poorly understood. Hence, further
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work will be needed before shells with desired perme-
ability can be engineered.

Another notable biotechnology application is the use of
MCPs to construct hybrid enzyme-inorganic catalysts
(209). In a recent study, gold nanoparticles were fabri-
cated onto the surface of purified Pdu MCPs. The gold
nanoparticle-MCPs retained the native diol dehydratase
activity in the MCP interior and possessed inorganic
activity from the gold nanoparticles on the MCP exterior.
This is a first step toward developing hybrid catalysts
based on MCPs.

CURRENT CHALLENGES AND OPEN QUESTIONS
Although many aspects of MCP structure, function, and
physiology have been elucidated, open questions remain.
Genetic characterization has revealed many MCP com-
ponents and their general roles in product production,
assembly, and bacterial growth. However, in many cases
their particular mechanisms of action, as well as specific
locations within (or in some cases, potentially outside) the
microcompartments remain to be determined. Addition-
ally, while crystal structures of individual MCP proteins
have advanced the understanding of MCP composition,
function, and assembly, how MCP parts work together,
both structurally and enzymatically, to build and maintain
a complete bioreactor has yet to be determined.

The pathways by which metabolosomes assemble remain
only partly understood. Current findings suggest differ-
ent assembly mechanisms between classes of carboxy-
somes (185, 210, 211); therefore, it is possible that each
metabolosome class possesses its own assembly frame-
work. Relatedly, while many protein-protein interactions
that govern MCP assembly have been determined, many
more, particularly those that mediate assembly of the
core and its interaction with the shell, are only beginning
to be understood. Moreover, once an MCP is assembled,
it is unclear how MCP structure enhances substrate
processing. Despite an understanding of the mechanistic
pathway taking place within the MCP, there are many
unanswered questions about how MCP interiors are or-
ganized, and in turn, how these compartments interact
with host cells.

A particularly intriguing question about MCPs is how
their shells mediate the selective movement of small
molecules. The size and chemical properties of the central
pores of BMC-H proteins are thought to allow the

selective diffusion of MCP substrates. However, the
manner in which MCP products and enzymatic cofactors
move across the shell has not been worked out. Dynamic
gates in BMC-T proteins have been proposed but not
demonstrated experimentally. Furthermore, many MCPs
include only a single gated trimer, and how a single gate
would mediate the movement of several different co-
factors is unclear. In addition, electron transfer through
shell proteins with [Fe-S] clusters has been suggested but
not experimentally demonstrated.

It is also of note that as large, complex organelles, MCPs
are energetically costly to the cell. The stability and
longevity of these compartments remain unclear, and
these aspects, in particular, may have implications for
inhibiting pathogenic and commensal bacteria to opti-
mize health. Further, an understanding of MCP stability
would allow improved engineering for designing
compartments, allowing them to survive in harsh envi-
ronments to sequester toxic species or dissociate pre-
dictably at the site of drug delivery.

The diversity of bacterial MCPs is another area where
further study is likely to yield rewards. Many diverse
MCPs found throughout the domains of bacteria have
been studied very little or not at all. In some cases, MCP
substrates are unknown, and almost no work has been
done on how MCPs fit into the broader metabolic
schemes of their host organisms. Future work in these
areas promises to uncover interesting biochemistry, ad-
vance bioengineering and biomedical applications, and
broaden our understanding of bacterial physiology and
pathogenesis. Furthermore, we expect that ongoing
studies of these sophisticated organelles in the context of
the Salmonella and E. coli hosts will drive advances in
many of the areas mentioned above.
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