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Bacterial microcompartments (BMCs) are proteinaceous organelles encapsulating enzymes that catalyze sequential reactions of
metabolic pathways. BMCs are phylogenetically widespread; however, only a few BMCs have been experimentally characterized.
Among them are the carboxysomes and the propanediol- and ethanolamine-utilizing microcompartments, which play diverse
metabolic and ecological roles. The substrate of a BMC is defined by its signature enzyme. In catabolic BMCs, this enzyme typi-
cally generates an aldehyde. Recently, it was shown that the most prevalent signature enzymes encoded by BMC loci are glycyl
radical enzymes, yet little is known about the function of these BMCs. Here we characterize the glycyl radical enzyme-associated
microcompartment (GRM) loci using a combination of bioinformatic analyses and active-site and structural modeling to show
that the GRMs comprise five subtypes. We predict distinct functions for the GRMs, including the degradation of choline, pro-
panediol, and fuculose phosphate. This is the first family of BMCs for which identification of the signature enzyme is insufficient
for predicting function. The distinct GRM functions are also reflected in differences in shell composition and apparently differ-
ent assembly pathways. The GRMs are the counterparts of the vitamin B12-dependent propanediol- and ethanolamine-utilizing
BMCs, which are frequently associated with virulence. This study provides a comprehensive foundation for experimental inves-
tigations of the diverse roles of GRMs. Understanding this plasticity of function within a single BMC family, including character-
ization of differences in permeability and assembly, can inform approaches to BMC bioengineering and the design of
therapeutics.

In the last decade, an accumulation of countervailing evidence
has overturned the long-held verdict that bacteria are primitive

organisms lacking intracellular organization. In addition to mem-
brane-bound organelles like the magnetosomes of magnetotactic
bacteria (1, 2) or the anammoxosomes found in some members of
the Planctomycetes, bacteria also form protein-based organelles
known as bacterial microcompartments (BMCs) (3–5). The de-
fining feature of all BMCs is a shell composed of homologous
proteins containing the Pfam00936 domain. A protein with a sin-
gle copy of the Pfam00936 domain that forms hexamers is referred
to as BMC-H; a second type of shell protein consists of a fusion of
two Pfam00936 domains and forms pseudohexameric trimers and
is referred to as BMC-T. The hexamers and pseudohexamers are
thought to tile into the facets of the shell (3, 6). A third type of shell
protein containing the Pfam03319 domain forms pentamers that
are assumed to cap the vertices of an apparently icosahedral shell
and is referred to as BMC-P (3, 7). The BMC-H, BMC-T, and
BMC-P oligomers are typically perforated by pores, through
which metabolite exchange with the cytosol is assumed to be
mediated. Residues flanking the pores are generally polar and
well conserved among orthologs, and mutation of the residues
can lead to growth defects, leakage of intermediates, or im-
paired uptake of substrates (8, 9), while others are tolerated
(10). Comparable to a lipid bilayer, the protein shell is pre-
dicted to act as a semipermeable membrane that isolates the
BMC lumen from the cytosol. Notably, this permeability is
opposite in selectivity to that of a lipid bilayer; it allows the
passage of charged and polar molecules, whereas uncharged
and nonpolar compounds do not freely pass.

While the protein shell defines the organelle and is conserved
among all BMCs, the enzymes associated with BMCs vary; as a

result, BMCs are functionally diverse. The first BMC identified,
the carboxysome, encapsulates ribulose 1,5-bisphosphate carbox-
ylase/oxygenase (RuBisCO) (11, 12) together with a carbonic an-
hydrase (13, 14) to enhance the efficiency of CO2 fixation in cya-
nobacteria and some chemo- and photoautotrophs. In contrast,
the five other types of BMCs that have been experimentally char-
acterized to date are catabolic. These BMCs function to degrade
various carbon compounds and are referred to as propanediol-
utilizing (PDU) and ethanolamine-utilizing (EUT) BMCs (3, 15–
17), ethanol-utilizing BMCs (18, 19), and two distinct types of
BMCs that degrade fucose (20, 21).

A common feature of all known catabolic BMCs, referred to as
metabolosomes (22), is the formation of a volatile and/or reactive
aldehyde (Fig. 1) that is subsequently either reduced to an alcohol
by an alcohol dehydrogenase or oxidized to an acyl coenzyme A
(CoA) thioester by an acylating aldehyde dehydrogenase. The
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CoA thioester is then used to produce ATP (Fig. 1) via reactions
catalyzed by a phosphotransacylase and an acyl kinase. The alco-
hol dehydrogenase and the phosphotransacylase are important
for the regeneration of NAD� and CoA within the BMC lumen

(23–25) (Fig. 1). These cofactors are presumably too large to cross
the shell; thus, BMCs maintain private cofactor pools insulated
from the cytosol. Collectively, the aldehyde dehydrogenase, the
alcohol dehydrogenase, and the phosphotransacylase constitute

FIG 1 Schematics of the functions of metabolosomes. (A) Generalized functional scheme for metabolism by experimentally characterized catabolic bacterial micro-
compartments. The signature enzyme generates a toxic and/or volatile aldehyde, which is successively metabolized by an acylating aldehyde dehydrogenase (AldDH), a
phosphotransacylase (PTAC), and an acyl kinase (AcK). The cosubstrates CoA and NAD� are regenerated by the PTAC and an alcohol dehydrogenase (ADH) within
the lumen of the compartment. (B) Schematics of the proposed functions of the different GRE-associated microcompartments (GRMs). The GREs in GRM1 and GRM2
are predicted to be choline TMA-lyases or ethanolamine ammonia-lyases, whereas the GREs in GRM3 to GRM5 are proposed to function as 1,2-propanediol dehydra-
tases. GRM5 BMC loci also encode a fuculose phosphate aldolase (FPA) and a putative lactaldehyde reductase (LAR). The function of the lactaldehyde reductase would
negate the necessity for a propanol dehydrogenase. Representative gene clusters for each type of locus are depicted below the schematic with the corresponding coloring:
purple, signature enzymes; purple hatched, FPA; red, AldDH; red hatched, inactive (dud) AldDH; green, ADH; pink, PTAC; light gray, AcK; orange, PduS (PF13375,
PF13534, PF01512, PF10531); gray hatched, EutJ (PF11104); brown, DUF336 (PF03928); dark gray, putative transporters (various Pfams); black, putative regulators
(various Pfams); white, other ancillary genes. The average number and types of BMC shell proteins of the different GRMs are also indicated; dark blue, BMC-H; light blue,
BMC-T; yellow, BMC-P.
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the core enzymes conserved across the majority of catabolic BMCs
(5, 26). The aldehyde-generating enzyme, which differs among
metabolosome types, is considered the signature enzyme (5, 26)
because it defines the substrate of the BMC (e.g., 1,2-propanediol
dehydratase for PDU BMCs, ethanolamine ammonia-lyase for
EUT BMCs, a sugar phosphate aldolase for the BMCs involved in
fucose degradation).

Recently, a comprehensive study (5) identified and categorized
a surprisingly large number of different types of BMCs on the basis
of genomic analyses and genome locus composition. Interest-
ingly, the most abundant single class of BMCs as defined by the
signature enzyme is almost entirely uncharacterized. These BMC
loci contain genes encoding a glycyl radical enzyme (GRE) and its
associated activating enzyme (AE). The glycyl radical enzyme
family, which utilizes radicals of the amino acids glycine and cys-
teine during catalysis, is considered to be evolutionarily ancient
(27); members have a vast array of different substrate and reaction
specificities. Examples of experimentally characterized GREs are
pyruvate formate-lyase (28), anaerobic ribonucleotide reductase
(29), benzylsuccinate synthase (30), glycerol dehydratase (31),
4-hydroxyphenylacetate decarboxylase (32), and choline trimeth-
ylamine (TMA)-lyase (33). GREs are synthesized in a catalytically
inactive form that requires activation by an iron-sulfur cluster-
containing enzyme, which catalyzes the reductive cleavage of S-
adenosylmethionine (SAM), producing a transient radical inter-
mediate (34). This radical intermediate abstracts a hydrogen from
a strictly conserved glycine residue (35), generating the active
form of the GRE. Subsequently, the radical is transferred to a
conserved cysteine residue in the active site, which then takes part
in the radical reaction with the substrate of the GRE. The active
form of a GRE is extremely oxygen sensitive; exposure to oxygen
leads to inactivation by cleavage of the polypeptide chain at the
position of the radical (36). Encapsulation in a BMC may protect
the enzyme from molecular oxygen; this would parallel the func-
tion of the carboxysome shell, which provides a diffusion barrier
to CO2 (37) and, presumably, O2.

Genome loci encoding GRE-associated microcompartments
(GRMs) are prevalent and phylogenetically diverse, being found
in the Actinobacteria, Firmicutes, Alphaproteobacteria, Gamma-
proteobacteria, and Deltaproteobacteria (5). The GRE of a GRM
locus in a clostridial species was suggested to act as a 1,2-propane-
diol dehydratase, analogous to the PDU BMC (20). A GRE asso-
ciated with another type of GRM locus has been shown to catalyze
a choline trimethylamine-lyase reaction (33, 38). This hints at the
functional diversity of GRMs. In contrast to the PDU and EUT
metabolosome loci for which identification of the signature en-
zyme (e.g., ethanolamine ammonia-lyase) is sufficient to predict
function, for GRM loci the identification of the GRE is only a first
step to predicting function. This is due to the range of their pro-
spective substrates.

Here we present a comprehensive bioinformatic characteriza-
tion of the GRM loci. By sequence, structural, and phylogenetic
comparison of the associated core and ancillary enzymes and anal-
ysis of the shell properties, we show that the GRM loci not only are
the most prevalent BMC loci (5) but also encode the most func-
tionally diverse family of metabolosomes known. These data en-
able prediction of three distinct functions for GRM loci and hint
that many are involved in pathogenesis. Moreover, we found evi-
dence for distinctive differences in how the GRM subtypes assem-
ble. Finally, our data indicate how the GRMs may have evolved,

likely descending from PDU BMCs. Collectively, these results pro-
vide a basis for experimental efforts to characterize this diverse
family of BMCs that appear to play key roles in organismal fitness
in ecophysiologically important microbes. Moreover, it expands
our understanding of the structural and functional diversity of
BMCs.

MATERIALS AND METHODS
The GRM locus database was extracted from the work of Axen et al. (5).
Multiple-sequence alignments were performed with the MUSCLE pro-
gram (39) using standard parameters, and alignments were visualized
using the JalView program (40).

The evolutionary histories of the proteins and enzymes were in-
ferred using the maximum likelihood method based on the Le and
Gascuel model (41). All positions containing gaps were eliminated.
Evolutionary analyses were conducted in the MEGA (version 6) pro-
gram (42) with 100 bootstraps. Only for the phylogenetic analyses of
BMC-H sequences, all positions in the alignments with less than 95%
site coverage were eliminated, allowing fewer than 5% alignment gaps
at any position.

Homology modeling and secondary structure predictions were per-
formed by using the Phyre2 online server (43), RaptorX web server (44),
and SWISS-MODEL server (45). The models were analyzed using the
PyMOL (https://www.pymol.org) and UCSF Chimera (46) programs.
Homology modeling for surface electrostatics analysis was performed us-
ing the SWISS-MODEL server. Multiple templates were used, and only
models with the highest global model quality estimation values and the
highest values from the QMEAN server (47) were used for subsequent
surface electrostatics analysis. The surface electrostatics were generated
using the PDB2PQR program (48), the APBS program (49), and PyMOL.
Pore diameters were analyzed using the Caver (http://caver.cz) plug-in for
PyMOL.

RESULTS
Analysis of signature enzymes. The different types of GRE-asso-
ciated BMCs are referred to as GRM1 to GRM5 (Fig. 1B) accord-
ing to the classification of Axen et al. (5), which grouped loci on
the basis of the encoded Pfam domains and calculation of locus
similarity networks. We compared the primary structures of the
enzymes, created homology models based on known crystal
structures, and constructed phylogenetic trees. We hypothe-
sized that enzymes would phylogenetically cluster together ac-
cording to their function (i.e., substrate and reaction specificities),
likely corresponding to the BMC locus types, as opposed to the
species phylogeny of the host organism.

(i) GREs. A list of all analyzed BMC-associated glycyl radical
enzymes (GREs) (with GenBank accession numbers) is provided
in Table S1 in the supplemental material. A phylogenetic tree of
the BMC-associated GREs (Fig. 2A) shows that they fall into dis-
tinct groups that are, for the most part, congruent with the Pfam
domain-based taxonomy of the BMC loci (5). The GRM1 GREs
include choline trimethylamine-lyase (5, 33, 38), which forms ac-
etaldehyde in a reaction similar to that of the ethanolamine am-
monia-lyase of EUT BMCs. The GREs of GRM1 fall into two dis-
tinct clades in the phylogenetic analysis (Fig. 2A). The major clade
comprises GREs from the Firmicutes, Deltaproteobacteria, and Ac-
tinobacteria. The smaller clade is monophyletic and contains rep-
resentatives only from the family of Peptococcaceae, which also
belong to the Firmicutes. Representatives of both phylogenetic
clades exhibit well-conserved N-terminal extensions of about 60
amino acids that share features of encapsulation peptides (EPs)
and their linkers (see the supplemental material). EPs have been
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FIG 2 Phylogenetic trees of GRM-associated enzymes. Maximum likelihood trees are drawn to scale, and branch lengths are based on the number of substitu-
tions per site. Bootstrap values for important nodes are represented as filled circles (above 50%) and empty circles (below 50%). (A) GRE tree generated from 83
amino acid sequences. The sequences used for calibration were those of biochemically characterized GREs not associated with BMCs: vitamin B12-independent
glycerol dehydratase (GDH) from Clostridium butyricum, the benzylsuccinate synthase (BSS) from Thauera aromatica, the 4-hydroxyphenylacetate decarbox-
ylase (4HPD) from Clostridium difficile, and pyruvate formate-lyase type 1 (PFL1) from E. coli. PDU-GRM, the locus in Escherichia fergusonii which appears to
be a fusion of the PDU BMC and GRM loci; GUF, GREs of unknown function; CHL, choline TMA-lyase. (B) Tree of the activating enzymes inferred from 79
amino acid sequences. The activating enzyme of the pyruvate formate-lyase type 1 from E. coli (PFL1-AE) was used as an outgroup. (C) Cartoon representation
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shown to interact with shell proteins in experimentally character-
ized BMCs (50–52) and may also play a role in the nucleation of
encapsulated enzymes (53).

A few GREs (from Desulfitobacterium dehalogenans, Desulfito-
bacterium hafniense DCB-2 and Y51, and Desulfotalea psychro-
phila) that were previously classified as members of the GRM1
locus family apparently lack EPs. These GREs cluster separately in
the phylogenetic tree and appear to be more closely related to
nonencapsulated GREs (Fig. 2A); these are designated GREs of
unknown function (GUFs). Homology modeling of the GUF
structure results in an active-site architecture very different from
that of the other types of GRM GREs (see Fig. S1 in the supple-
mental material). Although the genes encoding the GUFs are lo-
cated in the vicinity of BMC gene clusters (5), they are oriented in
the opposite direction from the BMC loci (except in D. psychro-

phila). Notably, the genomes of all of the organisms that harbor
the GUF loci also contain a second BMC locus with GRE orthologs
that cluster with GRM1-type GREs (Table 1). The lack of an EP
and the inverted gene orientation indicate that the GUFs are likely
not part of a BMC. For more detailed information on the GUF
loci, see the supplemental material.

The GREs of the GRM2 loci likewise cluster as a separate clade
(Fig. 2A). A distinctive feature of the GRM2-associated GREs is an
�350-amino-acid N-terminal extension (Fig. 2C; see also Fig. S2
in the supplemental material) that is the result of an apparent
duplication of �1 kb of the 5= end of the original gene. The pri-
mary structure of the extension domain is �28% identical to the
main domain of the GRE. Because the N-terminal extension does
not include the glycine or the cysteine residues involved in the
radical catalysis, it presumably is not enzymatically active (54). A

of the multiple-sequence alignment of the GREs. Orange segments, extensions/insertions that likely constitute EPs with linkers; blue segment, the N-terminal
extension of the GREs of the GRM2 BMCs that appears to be a partial domain duplication. (D) Tree of the acylating aldehyde dehydrogenases (AldDHs) inferred
from 111 amino acid sequences. The AldDH homologs from the conventional ethanolamine-utilizing BMC (EutE) and propanediol-utilizing BMC (PduP) from
Salmonella enterica were included in the analysis. GRM1 (duds), presumably inactive AldDH homologs; GUF*, AldDHs from D. psychrophila. (E) Tree of
PduL-like phosphotransacylase homologs inferred from 74 amino acid sequences. The phosphotransacylase (PduL) from the experimentally characterized PDU
BMC of S. enterica was included for comparison. GRM1*, the PduL homologs of Desulfovibrio spp.

TABLE 1 Organisms whose genomes encode GRMs and additional BMC loci

Organism GRM locus type(s) Additional BMC locus type(s)a

Alkaliphilus metalliredigens QYMF GRM1 BUF
Alkaliphilus oremlandii OhILAs GRM1 EUT2, BUF
Clostridium botulinum A3 strain Loch Maree GRM1 Satellite
Clostridium botulinum B strain Eklund 17B GRM1 MUF
Clostridium botulinum B1 strain Okra GRM1 Satellite
Clostridium botulinum E3 strain Alaska E43 GRM1 MUF
Clostridium botulinum F strain Langeland GRM1 Satellite
Clostridium ljungdahlii DSM 13528 GRM1, GRM3 Satellite, satellite-like
Clostridium phytofermentans ISDg GRM1, GRM5 EUT2
Clostridium saccharolyticum WM1 GRM1 EUT2, PVM-like
Clostridium tetani E88 GRM1 EUT2
Desulfitobacterium dehalogenans ATCC 51507 GRM1, GUF
Desulfitobacterium hafniense DCB-2 GRM1, GUF EUT3
Desulfitobacterium hafniense Y51 GRM1, GUF EUT3
Desulfosporosinus meridiei DSM 13257 GRM1 EUT2 (2�)
Desulfosporosinus orientis DSM 765 GRM1 EUT2, EUT other
Desulfotalea psychrophila LSv54 GRM1, GUF
Desulfotomaculum reducens MI-1 GRM1 EUT2
Escherichia coli 536 GRM2 EUT1
Escherichia coli APEC O1 GRM3 EUT1
Escherichia coli CFT073 GRM3 EUT1
Escherichia coli ED1a GRM3 EUT1
Escherichia coli IAI39 GRM2 EUT1
Escherichia coli O7:K1 strain CE10 GRM2 EUT1
Escherichia coli S88 GRM3 EUT1
Escherichia coli UTI89 GRM2 EUT1
Escherichia fergusonii ATCC 35469 PDU/GRM2-fusion EUT1
Klebsiella oxytoca E718 GRM2 EUT1, PDU1
Klebsiella oxytoca KCTC 1686 GRM2 EUT1, PDU1
Klebsiella pneumoniae 342 GRM2 EUT1, PDU1
Klebsiella variicola At-22 GRM2 EUT1, PDU1
Raoultella ornithinolytica B6 GRM2, GRM3
Ruminococcus obeum A2-162 GRM5 Satellite, satellite-like
Ruminococcus sp. SR1/5 GRM5 Satellite, satellite-like
Ruminococcus torques L2-14 GRM5 Satellite, satellite-like
a The BMC locus nomenclature is that described by Axen et al. (5). BUF, BMC of unknown function; MUF, metabolosome of unknown function; PVM, Planctomycetes and
Verrucomicrobia microcompartment.
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role for this partial domain in the assembly of the BMC core is
discussed below.

The GREs of GRM3, GRM4, and GRM5 form clades that clus-
ter together in the phylogenetic tree (Fig. 2A). There is no evidence
of an N- or C-terminal EP for these GREs; instead, they contain a
feature distinguishing them from all other GREs: an insertion of
about 50 to 60 amino acids between the structural domains (Fig.
2C) that may represent a novel interdomain EP (see the supple-
mental material). Notably, the non-BMC-associated vitamin B12-
independent glycerol dehydratase (GDH) clusters together with
the GRM3, GRM4, and GRM5 GREs in the phylogenetic tree (Fig.
2A) and does not have an insertion (Fig. 2C). This supports the
hypothesis that the insertion is a specific feature of these BMC-
associated GREs, likely functioning as an EP.

The GRE of a GRM5 locus was previously predicted to func-
tion as 1,2-propanediol dehydratase (20). Our analysis supports
this prediction, and the close phylogenetic relationship among the
GREs of the GRM3, GRM4, and GRM5 loci implies that they all
have the same function. Furthermore, the canonical (nonencap-
sulated) GDH is nested within the greater GRM3, GRM4, and
GRM5 clade and shares �60% amino acid sequence identity with
these GREs. The close physicochemical resemblance of their pre-
sumed substrate, 1,2-propanediol, to glycerol supports the func-
tioning of these GREs as propanediol dehydratases. Furthermore,
homology modeling of their structures shows that they have
nearly identical active-site architectures (see Fig. S1A in the sup-
plemental material). There are two conserved substitutions: a ser-
ine and a tyrosine residue present in the GDH are replaced in the
proposed propanediol dehydratases by a valine and a phenylala-
nine, respectively. The valine side chain would form a close, un-
favorable contact to the one primary hydroxyl group of glycerol
(see Fig. S1A in the supplemental material) that is not present in
1,2-propanediol. In addition, both the valine and the phenylala-
nine would provide a more hydrophobic environment, accom-
modating the terminal methyl group of 1,2-propanediol. There-
fore, the GRM3, GRM4, and GRM5 GREs likely represent vitamin
B12-independent alternatives to the propanediol dehydrates of the
canonical PDU BMC.

Three GREs that were previously classified as members of
GRM3-type loci (5) cluster together with enzymes from the
GRM1 type (Clostridium ljungdahlii, Desulfosporosinus meridiei,
Desulfosporosinus orientis). These GREs also do not contain the
internal putative EP that is found in GRM3 GREs. They do, how-
ever, possess the N-terminal EP typical of GRM1 GRE homologs.
This is one of the few examples of incongruence between the GRM
classification based on the locus composition of the encoded Pfam
domains (5) and the phylogenetic relationship among specific
constituent proteins. For further information on the reclassified
loci, see the supplemental material.

(ii) Glycyl radical AEs. The phylogenetic tree of the activating
enzymes (AEs) associated with the different GRMs is congruent
with the GRE phylogeny (Fig. 2A and B). These observations in-
dicate a coevolution of the AEs and GREs; the AEs may be specific
in their ability to activate the colocalized GRE.

Comparison of the primary structures of the BMC-associated
AEs reveals that all but the GRM5 AEs contain one or two addi-
tional [4Fe-4S] cluster motifs, in addition to the catalytically ac-
tive iron-sulfur cluster. These extra motifs are found within an
insertion of �60 amino acids downstream of the catalytic cluster
(see Fig. S3 in the supplemental material). However, the primary

structures of the insertions differ even among AEs of the same
GRM type (see Fig. S3 in the supplemental material). The presence
of additional Fe-S clusters in some non-BMC-related AEs has
been noted previously (27, 55). Recently, it was proposed that
these additional Fe-S clusters are involved in the generation of a
more long-lived glycyl radical and are not required for electron
transfer to the catalytic Fe-S cluster responsible for SAM cleavage
(56). None of the BMC-associated AEs appear to contain an EP;
they are presumably recruited to the BMC by the interaction with
their cognate GREs.

(iii) Fuculose phosphate aldolases and lactaldehyde reducta-
ses of the GRM5 loci. The GRM5 loci are unique in encoding an
additional signature enzyme—a class II aldolase—that was pro-
posed to cleave L-fuculose phosphate and L-rhamnulose phos-
phate into dihydroxyacetone phosphate and lactaldehyde (20).
The latter is believed to be reduced to 1,2-propanediol, the sub-
strate for the GRE-type propanediol dehydratase (20). The GRM5
fuculose phosphate aldolase (FPA) possesses a canonical C-termi-
nal EP, implying that the FPA localizes in the interior of the GRM5
BMC. Another gene typically found only in GRM5 loci encodes a
putative zinc-containing alcohol dehydrogenase (comprising the
Pfam00107 and Pfam08240 domains), in addition to the iron-
containing ADH (see Table S2 in the supplemental material).
These zinc-containing enzymes perhaps serve as lactaldehyde re-
ductases, a reaction that is required only in the GRM5 BMCs (Fig.
1B). This could also explain why two of the GRM5 loci do not
contain the iron-containing ADH required for NAD� regenera-
tion, a function that would be fulfilled by the lactaldehyde reduc-
tase. The inclusion of FPA and the putative lactaldehyde reductase
is the major difference between the GRM5 and GRM3 loci (5) and
represents the progressive incorporation of the remainder of the
pathway-relevant upstream enzymes into the organelle.

Core enzyme analysis supports the GRM phylogeny. Apart
from the signature enzymes, the GREs, and their respective AEs,
the analysis of the three common metabolosome core enzymes,
namely, aldehyde dehydrogenase, phosphotransacylase, and
alcohol dehydrogenase (5), provides more evidence for diver-
gent GRM functions.

(i) Acylating AldDHs. A phylogenetic tree of the GRM-asso-
ciated acylating aldehyde dehydrogenases (AldDHs) also exhibits
distinct branching patterns (Fig. 2D) that concur with the previ-
ous classification of the GRM loci (5). A comparison of their pri-
mary structures reveals that AldDHs from GRM1 and GRM2 pos-
sess C-terminal EPs. Interestingly, there are two AldDH isoforms
encoded by the majority (31 of 34) of GRM1 loci analyzed (Fig.
2D). However, in one of the two paralogs, a catalytically important
cysteine residue in the active site is replaced by either a proline or
a serine (5), presumably rendering the enzyme inactive (57, 58);
these are labeled “duds” in the phylogenetic tree (Fig. 2D). In
contrast, the GRM3 to GRM5 loci encode only one AldDH ho-
molog, which lacks the C-terminal EP found in the AldDHs of the
GRM1 and GRM2 loci. Instead, they contain N-terminal EPs
comprising up to two amphipathic helices (see the supplemental
material).

(ii) PTACs. The PduL (Pfam06130) and PTA_PTB
(Pfam01515) homologs are two evolutionarily distinct phospho-
transacylases (PTACs) associated with catabolic BMCs (59). All
but four of the GRM loci encode a PduL homolog as their core
PTAC. One of these four loci, the GUF locus in D. psychrophila,
encodes a PTA_PTB-like PTAC; these are typically associated with
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only a subset of EUT BMC loci (5). PduL homologs contain an
N-terminal EP for encapsulation within the BMC (25). Phyloge-
netically, the PduL homologs from the same locus type tend to
group together and form clades (Fig. 2E). However, only PduLs
from the GRM2 and GRM3 loci form true monophyletic clades,
supporting their classification as distinct locus types. All PTACs of
the GRM1 loci except for those of the deltaproteobacterial Desul-
fovibrio genera also cluster together in one large clade in the phy-
logenetic tree (Fig. 2E). The branching distance may indicate that
the PduL homolog of the deltaproteobacterial Desulfovibrio gen-
era was acquired by a relatively recent horizontal gene transfer
event.

(iii) Iron-containing ADHs. In the metabolosome lumen,
iron-containing alcohol dehydrogenases (ADHs; Pfam00465) are
believed to be essential for NADH recycling to NAD� (24), which
is a cofactor required for the acylating aldehyde dehydrogenases
(Fig. 1). The ADHs are very similar among all types of GRM loci,
and only a few loci lack these genes (see Table S2 in the supple-
mental material). Only the ADHs from the GRM2 loci form a
monophyletic clade, possibly because these loci are confined to
the gammaproteobacteria (see Fig. S4 and Data Set S1 in the
supplemental material). None of the ADHs appear to have EPs;
they are likely to be encapsulated through interactions with
other lumen proteins (26, 53). For example, PduQ, the ADH of
the PDU BMC, physically interacts with the AldDH PduP (23),
which contains an EP.

Ancillary enzymes/proteins of GRM loci. Interestingly, a pu-
tative pduS gene can be found in roughly half of the GRM1 loci, a
minority of the GRM3 loci, and in all GRM5 loci. PduS is a flavo-
protein which acts as a cobalamin reductase in the maturation and
repair of the vitamin B12 cofactor of the canonical propanediol
dehydratase in PDU BMCs. Since no vitamin B12-dependent en-
zymes are encoded in GRM loci, the role of the pduS gene product
is enigmatic; it may have been co-opted for a new function. We
suggest that PduS serves as an electron shuttle (using the flavin
cofactor), providing electrons to the AE. Consistent with this hy-
pothesis, pduS genes always co-occur with pduT-like genes, whose
products presumably serve as electron conduits across the shell
(60). All GRM-associated PduS homologs contain conserved
amino acid sequence motifs that have been proposed to be in-
volved in the binding of NADH, flavin mononucleotide, and two
[4Fe-4S] clusters (60, 61) and thus appear to be redox active. No-
tably, an alternative flavoprotein gene is found in 12 out of the 19
GRM3 loci. Interestingly, in all but one of the GRM3 loci, genes
encoding the alternative flavoproteins and PduS homologs are
mutually exclusive (see Data Set S1 in the supplemental material).
Moreover, it was recently noted that flavoproteins are widespread
among diverse BMC loci, yet their functions are unknown (5, 26).
Other occurrences of genes encoding additional ancillary BMC
enzymes and proteins are summarized in the supplemental
material.

The shell composition of GRM locus types is consistent with
distinctive functions. Given the proposed differences in the sub-
strate specificities of their signature enzymes, GRM1 to GRM5
BMCs presumably require different substrates and products to
cross their respective shells (Fig. 1; Table 2). These differences
should be reflected in the permeability properties of their shell
proteins. We compared the shell compositions of the GRM loci by
extracting the primary structures of all BMC-H, BMC-T, and
BMC-P proteins from each GRM locus, constructed multiple-

sequence alignments and phylogenetic trees (see Fig. S5 in the
supplemental material), and built homology models.

Of the 78 GRM loci analyzed, only the GRM1 loci of D. psy-
chrophila and Clostridium tetani appeared to have an incomplete
set of shell proteins (see the supplemental material).

(i) BMC-Hs. BMC-Hs are typically the most abundant com-
ponent of a BMC shell (see Fig. S5 in the supplemental mate-
rial), and it is presumed that the residues converging at the
pores (pore motifs; Table 2), which have charges complemen-
tary to those of the metabolites (6, 62, 63), facilitate the major-
ity of flux. Some general trends among BMC-Hs are apparent
in the context of proposed substrates for each GRM locus type
(Table 2). All GRMs require small negatively charged mole-
cules (phosphate, acyl-phosphates) to cross the shell (Fig. 1).
BMC-H proteins with positively charged pores, which would
facilitate the diffusion of these metabolites, are observed in
homology models for shell proteins from each GRM type (Fig.
3 and Table 2; see also Data Set S1 in the supplemental material
for comparison).

Only the GRM1 and GRM2 signature enzymes require a posi-
tively charged metabolite, choline, to cross the shell. Indeed, these
loci encode one or two shell proteins that model as hexamers with
negatively charged pores on their concave side and relatively neu-
tral pores on their convex side (Fig. 3, models 1 and 4). Of all the
organisms harboring GRM1 loci, only Desulfovibrio spp. lack this
type of BMC-H. However, these loci encode a BMC-T protein that
is predicted to form trimers with a pore motif similar to that of the
hexamers that are apparently typical of GRM1 and GRM2 loci (see
Data Set S1 in the supplemental material).

The only other BMC-H proteins that may form hexamers with
negatively charged pores are orthologs of PduU (64) or EutS (65,
66), which are encoded by all GRM1 loci, three GRM3 loci, and
one GRM5 locus. Crystal structures have shown that PduU and
EutS have an additional N-terminal domain that folds into a
�-barrel structure that caps the pore (64, 66). This �-barrel has
been suggested to undergo a conformational change that removes
the occlusion to permit metabolites to pass (64). Electrostatic sur-
face analysis of the homology models of the GRM counterparts
shows that the predicted pore of these hexamers is more or less
uncharged and much larger (�17 Å) than the others (Fig. 3,
model 3). However, if the �-barrel is indeed able to undergo a
conformational change (e.g., a twisting motion), a narrower (di-
ameter, much less than 17 Å) and negatively charged channel
could be exposed. Accordingly, when open, this type of BMC-H
may allow the crossing of positively charged molecules.

Finally, GrpU, a BMC-H protein from a GRM3 locus, was re-
cently shown to have within its pore an Fe-S cluster binding site
formed by a G-X-C-P-Q motif; this could have implications for
electron or Fe-S cluster transport across the shell (67). The major-
ity of GRM1 loci (21 out of 34) and GRM3 loci (12 out of 16)
encode a GrpU ortholog, while GRM2, GRM4, and GRM5 loci do
not (Table 2; see also Data Set S1 in the supplemental material).

(ii) BMC-Ts. BMC-T proteins, which form trimeric pseudo-
hexamers, are considered relatively minor components of BMC
shell facets. Structures of some BMC-Ts indicate that the residues
surrounding the pores formed by the trimers can have alternate
conformations to gate the pores (18, 68–71). A subset of BMC-Ts
forms a distinct clade, and these pseudohexamers stack and are
gated (68, 69). Notably, none of the GRM BMC-Ts are members
of this stacking clade. Furthermore, one type of BMC-T protein,

Glycyl Radical Enzyme-Associated BMCs

December 2015 Volume 81 Number 24 aem.asm.org 8321Applied and Environmental Microbiology

http://aem.asm.org


PduT of the PDU BMC, has been shown to coordinate a [4Fe-4S]
cluster in its pore for electron channeling between the BMC lumen
and the cytosol (72, 73). Of the 34 GRM1 loci analyzed, only 18
encode a PduT-like BMC-T with cysteine residues predicted to
bind the [4Fe-4S] in the pore of the trimer, as do 4 out of the 16
GRM3 loci and all of the GRM5 loci (Table 2; see also Data Set S1
in the supplemental material).

Although the majority of GRM loci encode at least one BMC-T
protein, all GRM2 loci are devoid of genes encoding BMC-T ho-
mologs. The same is true for most of the GRM1 loci found in
Clostridium and Streptococcus spp. (Table 2; see also Data Set S1 in
the supplemental material). Nevertheless, all GRM3 and GRM4
loci, including those that harbor a pduT gene ortholog, encode a
BMC-T protein that is phylogenetically most closely related to
PduB and EtuB of the PDU and ethanol-utilizing BMCs, respec-
tively (see Fig. S5 in the supplemental material). The correspond-
ing crystal structures were identified to be the best templates for
homology modeling of GRM3 and GRM4 BMC-T homologs (Fig.
3, model 13). The models of the GRM3 pseudohexamers contain
three weakly negatively charged pores (diameter, �3.7 Å) that
may be involved in metabolite transport (18, 70). A small number
of GRM1 loci (in Desulfovibrio and Desulfotalea spp.) encode yet
another type of BMC-T protein (see Data Set S1 in the supplemen-
tal material), for which homology modeling also predicts three
similar openings in the trimer.

(iii) BMC-Ps. While they are required to seal icosahedral shells
(37), BMC-P proteins are thought to play only a minor role in

terms of shell permeability due to their low abundance (12 pen-
tamers) per icosahedron. Accordingly, the amino acids surround-
ing the pores would presumably not be conserved. However, we
found that the GRM BMC-P protein pore residues are generally
conserved and are similar to those of carboxysome (63), EUT, and
PDU BMC-P pores. The only exception to this is the BMC-P pore
sequence of the GRM2 loci, E-Y-F/L-A-L, which is also exclusive
to the GRM2 loci (see Data Set S1 in the supplemental material).
Homology models show these pores to be occluded by the bulky
aromatic residues. These models, like the topology of the BMC-P
tree, are consistent with an evolutionary divergence of the GRM2
locus from the other GRM loci (see Fig. S5 in the supplemental
material).

DISCUSSION
Prediction of GRM functions. In contrast to other BMC in which
the signature enzyme (e.g., propanediol dehydratase, ethanol-
amine ammonia-lyase) is sufficient to describe the function of the
metabolosome, our analyses indicate that there are at least three
different functional types of BMCs with a GRE as the signature
enzyme (Fig. 1B). Moreover, these different types of GRE-associ-
ated microcompartments appear to differ from other BMCs and
from one another in the details of their assembly, evident in the
presence of atypical encapsulation peptides and some defunct cat-
alytic domains, as well as distinctive shell protein complements.

All of the GRM1 loci, which encode tightly clustering signature
and core enzymes (Fig. 2), likely represent choline-degrading

TABLE 2 GRM locus shell protein oligomer properties based on homology modelinga

Locus Predicted function
Metabolites predicted to cross the
shell

Shell
protein
type

Pore motif residues
(diam [Å]) Pore properties

Model in
Fig. 3

Closest homolog
characterizedb

(% identity)

GRM1 Choline degradation Choline, trimethylamine, ethanol,
acetyl-phosphate

BMC-H Y-V-G-G (4.7) Positive 2 PduJ (76)

BMC-H G-X-C-P-Q Occluded (Fe-S cluster) NAc GrpU (�50d)
BMC-H R-F-T/S Occluded, possibly gated

negatively charged �-barrel
3 PduU (61)

BMC-H N-I/V-A/G-S (4.5) Polar, neutral/negative 1 PduA (56)
BMC-T S/P-T/V-C-P Occluded (Fe-S cluster) NA PduT (40)

GRM2 Choline degradation Choline, trimethylamine, ethanol,
acetyl-phosphate

BMC-H K-V-G-S (4.5) Positive 5 PduA (51)

BMC-H N-V/I-G-S (4.3) Polar, neutral/negative 4 PduJ (66)
BMC-T NA NA NA NA

GRM3 Propanediol degradation Propanediol, propanol,
propionyl-phosphate

BMC-H K-I-G-S (4.3) Positive 6 PduA (85)

BMC-H G-X-C-P-Q Occluded (Fe-S cluster) NA GrpU (�50d)
BMC-H L/F-T/A-K/R-G-G/D Occluded 7 None
BMC-T G-A/G-G-H (3.7) Negative (3 pores) 13 PduB (67)

GRM4 Propanediol degradation Propanediol, propanol,
propionyl-phosphate

BMC-H K-I-G-S (4.7) Positive 8 PduJ (82)

BMC-H R-T-I-G-S Occluded 9 PduK (49)
BMC-T G-A-G-H Negative (3 pores) 13 PduB (77)

GRM5 Fuculose- and/or
rhamnulose-1-
phosphate
degradation via
propanediol

Fuculose- and/or rhamnulose-1-
phosphate, DHAP,e

(propanol),f

propionyl-phosphate

BMC-H R/K-N-K-P-A Occludedg 11 CcmK1/2 (35)g

BMC-H K-I-G-S (4.4) Positive 10 PduA (79)
BMC-H R-K-L-G-G Occluded 12 PduJ (40)
BMC-T T-V-C-P Occluded (Fe-S cluster) NA PduT (40)

a See Data Set S1 in the supplemental material for the complete data set.
b The closest homolog characterized by BLAST analysis. The representative shell proteins depicted in Fig. 3 were searched against PDU, EUT, carboxysome, and Planctomycetes and
Verrucomicrobia microcompartment shell proteins in Salmonella enterica, Synechococcus elongatus PCC7942, Halothiobacillus neapolitanus, and Planctomyces limnophilus.
c NA, not applicable.
d The percent identities are to the GrpU orthologs in the Protein Data Bank.
e DHAP, dihydroxyacetone phosphate.
f Production of propanol is not necessarily required for NAD� regeneration in GRM5, because of the proposed function of a lactaldehyde reductase.
g In the model, the predicted positively charged pores are occluded (Fig. 3, model 11), but note that the best available structural template (CcmK1 from Thermosynechococcus
elongatus) is only 35% identical.
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BMCs (Fig. 1B); a GRM1 GRE has recently been experimentally
verified to be a choline trimethylamine-lyase (33, 38). In our anal-
ysis, only the GRM1 GREs contain a predicted EP in a typical
position, an N-terminal sequence extension. Furthermore, only
the GRM1 loci encode two isoforms of AldDH, one of which
seems to be catalytically defunct. What is the function of such dud
enzymes? Perhaps these inactive dehydrogenases fulfill a struc-
tural role in the interior organization of the BMC analogous to the
role of CcmM in �-carboxysome assembly (74). CcmM contains a
carbonic anhydrase domain that is inactive in some strains (75), as
well as multiple copies of domains resembling the small subunit of
RuBisCO (76) that are involved in scaffolding of the carboxysome
core (74). The GRM1 defunct AldDHs, by analogy, may serve a
structural role, e.g., in coalescence of the enzymatic core.

While GRM2 GREs are situated phylogenetically near their
GRM1 counterparts (Fig. 2A), they contain a unique N-terminal
extension that resembles approximately half of the catalytic do-
main of the GRE. Recently, the crystal structure of a GRM2 GRE
was solved; however, due to proteolysis the structure lacks the

N-terminal extension domain (54). This extension may be in-
volved in nucleating the core of the GRM2 metabolosome. Other
characterized GREs (e.g., pyruvate formate-lyase and the vitamin
B12-independent glycerol dehydratase) form homodimers (see
Fig. S2A in the supplemental material) (27). On the basis of the
homology model (see Fig. S2B in the supplemental material), the
N-terminal extension of the GRM2 GREs could displace the sec-
ond subunit of the homodimer. Multiple displacement events
among neighboring GRE subunits could create a bolus of GREs
(see Fig. S2C in the supplemental material) in a manner analogous
to the coalescence of RuBisCO via RuBisCO small-subunit-do-
main mimics in �-carboxysome assembly (74). Alternatively, the
N-terminal extension domain may fulfill the role of an EP (see Fig.
S2D in the supplemental material).

The short branching length and position of the GRM2 GREs
close to the GRM1 GREs indicate that these GREs also function as
choline TMA-lyases; this was recently confirmed for the GRM2
GRE of Klebsiella pneumoniae (54). Moreover, it was demon-
strated that strains harboring GRM2 loci were indeed able to form

FIG 3 Electrostatic surface renderings of homology models of shell protein oligomers conserved among GRM loci. Both the concave and convex sides of the
model of each shell protein assembly are shown. The GRM type (pore motifs) are indicated. The boxed GRM3 BMC-T serves as an example for shell protein
trimers with three pores. Positive surface potentials (blue) and negative surface potentials (red) ranging from 10 to �10 kT/e are indicated, with the Boltzmann’s
constant (k), temperature (T), and the charge of an electron (e).
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trimethylamine when choline was provided during growth (77).
Amino acid sequence alignments and structural comparisons of
both the GRM1 and GRM2 GREs show that their active-site resi-
dues are highly conserved. However, there are substantial differ-
ences between the complement of protein domains encoded by
the GRM1 and GRM2 loci (Fig. 1B). The GRM2 loci do not en-
code the defunct AldDHs found in the GRM1 loci. The number of
genes encoding shell proteins is relatively reduced in the GRM2
loci, whereas most GRM1 loci encode a BMC-T as well as an
average of six (and up to eight) BMC-H proteins and all GRM2
loci harbor only 4 genes encoding BMC-H proteins and no genes
for BMC-T proteins (Fig. 1B; see also Data Set S1 in the supple-
mental material). Moreover, the GRM1 and GRM2 loci differ in
the type of BMC-Hs with positively charged pores. The GRM1 loci
encode predominantly BMC-H proteins with L/F/Y-V-G-G
pores, whereas the GRM2 loci encode BMC-Hs with K-V/I-G-S-
type pores (Fig. 3 and Table 2; see also Data Set S1 in the supple-
mental material). All but one (C. ljungdahlii) of the GRM1 loci
additionally encode a PduU-like BMC-H protein that forms hex-
amers with a negatively charged �-barrel that caps a relatively
wide (�17-Å) neutral pore (64). In summary, the differences
between the GRM1 and GRM2 loci hint at different shell archi-
tectures and a different interior organization.

For the GRM3, GRM4, and GRM5 BMCs, our data indicate
that their respective GREs function as 1,2-propanediol dehydra-
tases. This was proposed earlier for a clostridial GRM locus (20),
which in our classification is a GRM5. The clustering of a charac-
terized vitamin B12-independent glycerol dehydratase (31) in the
phylogenetic tree (Fig. 2A), forming a clade with the GREs of types
GRM3, GRM4, and GRM5, corroborates this hypothesis. This
type of glycerol dehydratase can also use 1,2-propanediol as the
substrate (78); therefore, it is likely that the GRM3, GRM4, and
GRM5 BMCs function similarly to the canonical PDU BMCs. No-
tably, only the vitamin B12-dependent signature enzyme has been
replaced by the GRE; the three metabolosome core enzymes are
similar to those of the canonical vitamin B12-dependent PDU
BMC (Fig. 1B). The major differences among the GRM3, GRM4,
and GRM5 loci are in the types of ancillary genes and the shell
composition.

The GRM3 and GRM4 loci, but not the GRM5 loci, encode a
BMC-T that, on the basis of homology modeling, contains three
weakly negatively charged pores per trimer (Fig. 3 and Table 2; see
also Data Set S1 in the supplemental material). In the template
crystal structure (PduB from the PDU BMC), these pores contain
glycerol molecules (70). Glycerol is physiochemically similar to
1,2-propanediol, the substrate of the PDU BMC and, according to
our analysis, the GRM3 and GRM4 BMCs, indicating that this
shell protein may form the conduit for 1,2-propanediol into these
BMCs. In contrast, the GRM5 BMCs, which are also predicted to
metabolize 1,2-propanediol, have only one shell protein predicted
to form hexamers containing an open pore, a BMC-H with the
K-I-G-S pore motif, which is also found in other GRM locus types
(Fig. 3 and Table 2; see also Data Set S1 in the supplemental ma-
terial). This implies that only negatively charged metabolites are
able to cross the GRM5 shell. This is consistent with the hypothesis
that fuculose phosphate and not propanediol is the substrate that
must enter the GRM5 BMC. This is supported by the observation
of an EP on the C terminus of the fuculose phosphate aldolase
encoded in the GRM5 loci, indicating that it is encapsulated in the
BMC. The phosphorylated cleavage product, dihydroxyacetone

phosphate, could exit via the same pore while the other uncharged
cleavage product, lactaldehyde, remains within the BMC and is
further metabolized to propionyl phosphate (Fig. 1B). The latter
metabolite could diffuse out of the shell through the K-I-G-S-type
pores of the hexamers. If this proposed reaction sequence is cor-
rect, there would be no requirement for any uncharged metabo-
lites (e.g., propanol) to cross the shell; furthermore, if lactaldehyde
is converted to propanediol within the BMC, the NAD� required
for the AldDH is provided by that reaction (Fig. 1B). Therefore,
the action of a propanol dehydrogenase would not be required.
This could also account for why some GRM5 loci do not encode
an ADH (see Table S2 in the supplemental material); the action of
a propanol dehydrogenase could be detrimental to the redox bal-
ance within the GRM5 BMCs, if the resulting propanol diffused
out of the compartment. The trapping of propanol within the
BMC lumen would prevent the imbalance of the NADH/NAD�

recycling, as the buildup of propanol would result in ADH cata-
lyzing the reverse reaction to propionaldehyde, regenerating the
NADH that lactaldehyde reductase consumes (Fig. 1B). The lack
of pores that allow diffusion of uncharged metabolites among the
BMC-Hs of the GRM5 shell is consistent with this scenario. Fur-
thermore, the encapsulation of the lactaldehyde reductase would
be advantageous for organisms that are dependent on deriving
energy (i.e., ATP) from fuculose phosphate degradation via the
GRMs. All of the propionaldehyde produced can be channeled
toward the ATP generated from propionyl phosphate (Fig. 1B).
This may also enhance the metabolic flux through the BMC and
thus render the utilization of fucose more (energy) efficient.

How larger cofactors cross the EUT and PDU BMC shells re-
mains enigmatic, as does how SAM is supplied to the AEs within
GRMs. Genes encoding SAM synthetases are found in only a few
GRM3 loci (7). SAM could be synthesized in the cytosol and then
diffuse into the BMC. Alternatively, if SAM is regenerated within
the microcompartment lumen, as predicted for NAD� (23, 24)
and the vitamin B12 cofactor (61), its precursor, ATP, would be
required to cross the shell, but ATP is a comparably large cofactor,
so the question remains. It is possible that the BMC shell oligom-
ers which we predict have occluded pores are gated and have con-
formational states that allow the passing of larger molecules. No-
tably, the PDU and EUT BMCs also require ATP to cross the shell
in order to mature and regenerate the vitamin B12 cofactor (26).
Furthermore, some carboxysomes are predicted to encapsulate a
RuBisCO activase, which would require ATP as well (26, 79). To
date, there are no experimental data demonstrating ATP entry
into a BMC. This underscores the currently incomplete under-
standing of the properties of BMC shells.

Electron transport across the shell, which is required for the
activation of the GREs by the AEs, is likewise not understood. The
occurrence of shell proteins that are predicted to form assemblies
with iron-sulfur clusters in the pores (PduT-like BMC-Ts or a
GrpU-like BMC-H) offers one possibility (67, 72). The majority of
GRM1, GRM3, and GRM5 loci encode at least one shell protein
homolog potentially coordinating an Fe-S cluster in its predicted
oligomeric state (Table 2; see also Data Set S1 in the supplemental
material). However, these homologs are not found in GRM2 and
GRM4 loci, indicating that these BMCs may not require electrons
to cross the shell or that electron transfer proceeds via a different
mechanism. If and how larger metabolites, oxygen, and electrons
cross the shells of GRMs and other BMCs are fundamental ques-
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tions to be answered about BMC function and for the engineering
of BMCs for diverse applications in biotechnology.

Evolution of GRE-associated BMCs. We have previously pro-
posed that BMC loci are constructed of interchangeable modules,
where components (e.g. signature enzymes) can be swapped
among loci with minimal detriment to BMC function (26). The
GRM loci provide naturally occurring examples of this kind of
exchange. The composition of the GRM3 and GRM4 BMCs un-
derscores that this occurs in nature, as they are the vitamin B12-
independent counterparts of the PDU BMCs; only the signature,
aldehyde-generating enzyme differs (Fig. 1B). The contents of the
GRM5 loci also closely resemble those of the canonical PDU
BCMs; in addition to the change in the signature enzyme, two
upstream enzymes are included: fuculose phosphate aldolase and
(a putative) lactaldehyde reductase (Fig. 1B). Likewise, the GRM1
(and, presumably, GRM2) BMCs resemble canonical EUT BMCs
in function; only the acetaldehyde-generating signature enzyme
and, concomitantly, its substrate (choline for ethanolamine) are
replaced (33).

These observations raise an interesting evolutionary question:
which signature enzyme, the GRE or the vitamin B12-dependent
one, first came to be associated with a BMC? The GRE family of
enzymes is presumably older than the vitamin B12-dependent en-
zymes, as the GREs utilize the comparatively much simpler amino
acid radicals instead of the relatively elaborate vitamin B12 cofac-
tor, which requires a rather complicated biosynthesis pathway
(80, 81). However, we favor a model in which the vitamin B12-
dependent BMCs arose first and later a GRE was substituted for
the B12-dependent enzyme. Consistent with this hypothesis, many
of the GRM loci encode the cobalamin reductase PduS (61, 82) but
lack genes encoding any cobalamin-containing proteins/enzymes.
Furthermore, PduS co-occurs only with its BMC-T interaction
partner PduT (60). The latter was shown to coordinate an Fe-S
cluster within its pore (72), which presumably conducts electron
transfer from the cytosol to PduS in the lumen of the BMC. Be-
cause the enzymatic function of PduS is not required in GRMs, the
electron transfer from PduT would presumably not be needed.
However, these two genes are retained in a subset of GRM loci,
where their products may serve structural roles or have been co-
opted for a new function, such as transfer of electrons to the AEs.

Interestingly, all of the GRM-associated ADHs appear to be
more closely related to the 1-propanol dehydrogenase PduQ of
the PDU BMC than to the ethanol dehydrogenase EutG of the
EUT BMC (see Fig. S4 in the supplemental material). Likewise, of
the two distinct BMC-associated PTACs, the housekeeping
PTA_PTB and PduL, only the latter is encoded by almost all of the
GRM loci surveyed here. Collectively, these observations imply
that the different GRMs are descended from PDU BMCs. How-
ever, some GRM loci also contain genes that appear to have orig-
inated from the EUT BMC. For example, an EutJ homolog is en-
coded by the majority of the GRM1 and GRM3 loci. There is no
biochemical evidence for a specific role for EutJ, but its chaper-
onin-like nucleotide-binding domains hint at possible chaperone
or adenosylcobalamin reactivation functions (83). Overall, the
presence of genes homologous to components of both EUT and
PDU BMC loci in GRM loci is also consistent with a mix-and-
match evolution of the GRM loci by multiple gene duplication
and gene transfer events. The latter is evident in a chimeric GRM1-
GRM3 locus found in C. ljungdahlii and a PDU-GRM2 fusion

locus in Escherichia fergusonii, which are described in the supple-
mental material.

Links between GRMs and environmental niche specializa-
tion. The substrate of the GRM3 BMC, 1,2-propanediol, is a fer-
mentation product of the common plant sugars fucose and rham-
nose (84). Fucose is also found in glycans present in the intestinal
tract (85), and these glycans are important for host-symbiont in-
teractions (86). Fucosylated glycans can be found in other epithe-
lial tissues as well (87), and the ability to use fucose as a carbon
source is known to confer a competitive advantage to pathogenic
bacteria (88). Accordingly, the GRM3 BMC may represent an en-
ergy-efficient strategy for the anaerobic utilization of propanediol
derived from fucose and/or rhamnose fermentation, thus allow-
ing the strain to be more successful during infection. Interestingly,
some strains whose genomes encode the GRM3 locus are poten-
tially able to aerobically degrade fucose and rhamnose by utilizing
a fuculose phosphate aldolase that is �30% identical to the one
encoded by GRM5 loci. The aerobic degradation does not proceed
via propanediol (89), but it is conceivable that under anoxic con-
ditions the same aldolase is used and propanediol is produced.

In anoxic marine and freshwater sediments, the decay of plant
material produces rhamnose and fucose. Resident species, such as
Rhodopseudomonas palustris and Rhodospirillum rubrum, likely
utilize GRM3 for the catabolism of propanediol derived from
these sugars. However, these species do not appear to encode a
fuculose phosphate aldolase and, thus, could be dependent on
other organisms providing either propanediol or lactaldehyde.
The same is probably true for Shewanella species whose genomes
encode the GRM4 loci; these are also facultative anaerobes iso-
lated from marine and terrestrial environments (90).

On the other hand, the organisms whose genomes encode
GRM5 loci are all obligate anaerobes. Ruminococcus spp. as well as
Roseburia inulinivorans were isolated from human feces (91, 92),
whereas Clostridium phytofermentans was found in forest soil (93).
A simple explanation as to why only the GRM5 loci include the
fuculose phosphate aldolase may be the strictly anaerobic nature
of the GRM5-associated organisms. Most species whose genomes
encode GRM3 and GRM4 loci are facultative anaerobes and
would require the GRM only under anoxic conditions. Therefore,
it would be ideal to regulate the expression of the fuculose phos-
phate aldolase independently from the expression of GRMs, as
under oxic conditions fucose degradation proceeds through a dif-
ferent pathway that does not involve propanediol as an interme-
diate. Correspondingly, the GRM5 BMC in obligate anaerobes
needs to be coexpressed with the aldolase; including its gene in a
BMC locus/operon or polycistron would ensure cotranscription.

The phylogenetic distribution of the GRM1 and GRM2 loci
hints at links to pathogenesis; GRM1 loci can be found in patho-
genic Clostridium and Streptococcus species. Likewise, all species
that encode GRM2 loci are known pathogens, mostly of the En-
terobacteriaceae family. Furthermore, the GRM2 locus of the uro-
pathogenic strain Escherichia coli 536 is located in a pathogenicity
island (94). The ability to efficiently degrade choline would likely
provide a nutritional advantage that could boost infectivity, as is
known for other pathogens that metabolize propanediol or etha-
nolamine via the PDU and EUT BMCs (95–99). Interestingly, the
genomes of many of these pathogenic organisms encode GRMs as
well as other BMC types (Table 1). This indicates that these organ-
isms may be able to switch between the use of compartments,
depending on either the supply of the respective substrate (cho-
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line, ethanolamine, propanediol) or the availability of vitamin B12.
Given that the vitamin B12 cofactor has to be repaired or regener-
ated frequently (31, 100) and the vitamin B12-dependent glycerol/
diol dehydratases as well as the ethanolamine ammonia-lyases are
prone to quick inactivation during the turnover of their respective
substrates, the GRE signature enzyme and the GRM BMCs may
provide a relatively parsimonious alternative to their EUT and
PDU BMC counterparts. Moreover, the de novo biosynthesis of
vitamin B12 is biochemically costly (80) and requires cobalt, which
can be limiting. Both the biosynthesis and the repair of the vitamin
B12 cofactor consume a substantial amount of ATP. In contrast,
GREs circumvent these limitations; the synthesis of SAM as the
substrate for the activation of the GREs requires much less energy
because it is formed from methionine and only one ATP molecule.
Moreover, GREs do not require constant repair or reactivation.
Thus, a selective advantage for bacteria able to form GRMs would
likely be in anoxic environments, where ATP is scarce, because the
de novo synthesis of vitamin B12 would be too costly if environ-
mental vitamin B12 sources are limiting.

The by-products of GRM-related metabolism may also have
implications for human health. The catabolism of choline via
GRMs results in the products trimethylamine (TMA) and acetal-
dehyde (Fig. 1B). In humans, bacteria in the gut are the sole source
of TMA (101, 102), which is absorbed by the intestine and oxi-
dized in the liver and kidneys to TMA oxide (TMAO) (103).
TMAO has been linked to atherosclerosis and is one of the pri-
mary markers for this disease (102). The choline TMA-lyase of the
GRM1 and GRM2 BMCs (33, 38, 54) is one of only two enzymes
known to generate TMA, indicating that these BMCs may be a
significant source of TMA in the human gut (77).

Conclusions. Based on the in-depth bioinformatics analysis of
this major, yet understudied, family of BMCs, we suggest that they
play important roles in the environment and in pathogenesis. Be-
cause the GREs constitute a very diverse family of enzymes with
various substrate and reaction specificities, they confer these dis-
tinct functions as the signature enzymes of microcompartments as
either choline TMA-lyases or diol dehydratases. Our analysis also
has implications for the biotechnological modification and design
of BMCs, as not only the number and types of BMC constituents
differ among the GRMs, but also new variants of putative encap-
sulation peptides as well as predicted novel domain interactions in
assembly are apparent among the GRMs. Experimental studies are
in order and under way to test our predictions about the biological
function and the modes of assembly of the GRMs.
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