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Abstract

Recently, progress has been made toward understanding the functional diversity of bacterial
microcompartment (MCP) systems, which serve as protein-based metabolic organelles in diverse
microbes. New types of MCPs have been identified, including the glycyl-radical propanediol
(Grp) MCP. Within these elaborate protein complexes, BMC-domain shell proteins assemble to
form a polyhedral barrier that encapsulates the enzymatic contents of the MCP. Interestingly, the
Grp MCP contains a number of shell proteins with unusual sequence features. GrpU is one such
shell protein, whose amino acid sequence is particularly divergent from other members of the
BMC-domain superfamily of proteins that effectively defines all MCPs. Expression, purification,
and subsequent characterization of the protein showed, unexpectedly, that it binds an iron-sulfur
cluster. We determined X-ray crystal structures of two GrpU orthologs, providing the first
structural insight into the homohexameric BMC-domain shell proteins of the Grp system. The X-
ray structures of GrpU, both obtained in the apo form, combined with spectroscopic analyses and
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computational modeling, show that the metal cluster resides in the central pore of the BMC shell
protein at a position of broken 6-fold symmetry. The result is a structurally polymorphic iron-
sulfur cluster binding site that appears to be unique among metalloproteins studied to date.

Keywords

metalloprotein; BMC-domain; glycyl-radical propanediol (Grp); conformational polymorphism;
symmetry-breaking

INTRODUCTION

Prokaryotic organisms have evolved remarkable metabolic diversity through adaptation to
highly varied environments. Many organisms have specialized metabolic pathways that
allow them to utilize small molecules that are abundant within their specific niches as key
carbon sources. In a number of intriguing cases, however, these specialized metabolic
pathways produce intermediate compounds that are cytotoxic, mutagenic, and/or diffuse
freely across the cell membrane at physiological pressure and temperature [1-3]. In order to
confine these mischievous intermediates, and to increase metabolic flux, many bacteria
encapsulate sequential enzymes from such metabolic pathways within giant protein
complexes called bacterial microcompartments (MCPs) [4-7]. Although they are completely
proteinaceous, and lack any lipid membrane, MCPs are functionally analogous to eukaryotic
organelles based on their ability to sequester specific subcellular processes. To date, MCPs
have been associated with at least 7 specific metabolic pathways[8,9], and MCP operons
have been detected in approximately 17% of sequenced bacterial genomes.

The ability of MCPs to carry out their highly sophisticated functions can be attributed to the
unique structures of their outer shell. This shell must act as a semi-permeable diffusion
barrier, restricting the efflux of small, nonpolar intermediates, while allowing the passage of
more polar, but similarly-sized, substrates and products [1,6,10,11]. The semi-permeability
of the shell is the result of its assembly from thousands of BMC-domain shell proteins
(Figure 1). These small (~100 residue) protein domains oligomerize into cyclic hexamers,
which further assemble into tightly-packed, two-dimensional molecular sheets [12,13].
Integration of pentameric vertex proteins (BMV proteins) allows these molecular sheets to
form a closed polyhedral shell, which is perforated only by small pores found at the centers
of some shell protein hexamers [14-16]. An additional level of complexity is added by the
presence of multiple BMC protein paralogs simultaneously within a single MCP shell [17-
20]. Based on X-ray crystal structures of paralogous BMC proteins [13,20,21], and
phenotypic analysis of MCPs with varied BMC protein mutations [22-24], it has become
clear that each paralog serves a unique role within the context of the shell. The putative
functions of various types of BMC protein paralogs have been reviewed extensively
[6,10,11].

In a number of saccharolytic pathogens, the initial steps of 1,2-propanediol catabolism are
sequestered within a MCP (Figure 1) [3,17]. When these pathogenic bacteria infect their
hosts, they are capable of hydrolyzing cell-surface glycans from the host tissue, releasing
monosaccharides, which become a primary source of metabolic energy for the proliferating
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bacteria [25]. These carbohydrate molecules, notably fucose and rhamnose, are first
degraded to 1,2-propanediol [26—28]. Propanediol is then metabolized to propionate, which
enters the methylcitrate cycle, providing a source of metabolic energy [3]. The conversion of
1,2-propanediol to propionate proceeds through a reactive propionaldehyde intermediate,
which is both cytotoxic and mutagenic if released into the cytoplasm [3]. Organisms that are
capable of propanediol catabolism, therefore, must encapsulate several steps of the pathway
within an MCP to sequester the aldehyde intermediate.

Two distinct types of 1,2-propanediol catabolic MCPs have been identified and studied
previously (Figure 1). The first of these two types, the Pdu MCP (for propanediol
utilization), has been studied for a number of years and is relatively well-understood. Within
the Pdu MCP, 1,2-propanediol is first converted to propionaldehyde by a vitamin B1,-
dependent diol dehydratase enzyme (PduCDE) [3,26]. The aldehyde is then converted to
propionyl-CoA by an aldehyde dehydrogenase enzyme, or to propanol by an alcohol
dehydrogenase enzyme, which facilitates recycling of the NAD™ cofactor within the MCP
[29]. In the final enzymatic step that occurs within the MCP lumen, propionyl-CoA is
converted to propionyl-phosphate. The second type of propanediol catabolic MCP has been
implicated only recently through microarray analysis [27] and a comparative genomic
analysis [8]. This MCP degrades 1,2-propanediol using a series of enzymatic reactions
similar to those found in the Pdu MCP, except the initial dehydration reaction is catalyzed
by a glycyl-radical diol dehydratase enzyme, rather than a vitamin B1,-dependent enzyme.
Consequently, this MCP has been named Grp, for glycyl-radical propanediol. In the case of
the Grp MCP, it has been suggested that in addition to retaining the propionaldehyde
intermediate, the MCP shell might also maintain an anaerobic environment for the glycyl-
radical enzyme, whose activated state is sensitive to oxygen-mediated cleavage of the
polypeptide backbone [30].

In contrast to the Pdu MCP, which has been studied in detail, only limited experimental
work has been done to characterize the Grp MCP. Along with a genomic analysis that
highlighted the Grp MCP operon, Jorda, et al. provided initial biochemical analysis of a
BMC-domain shell protein from the Grp MCP [8]. Almost simultaneously, Petit, et al.
demonstrated that Clostridium phytofermentans expresses Grp-type MCPs during the
fermentation of fucose and rhamnose [27]. Shortly after, Wheatley, et al. determined the
structure of a pentameric vertex protein, GrpN, from the Grp MCP of Rhodospirillum
rubrum [15]. These three reports provide the only experimental characterization of the Grp
MCP to date. Because of its overall similarity to the Pdu MCP, some of the functional
details of the Grp MCP can be inferred by analogy. However, the difference in the first
enzymatic step between these two systems also implies a certain degree of functional
divergence. For example, the Pdu MCP contains a system of enzymes (PduGHQS) that
regenerates inactivated Bq, cofactors [17,31,31,32], while the Grp MCP instead contains a
glycyl-radical enzyme activase [8]. Each of these two biochemical systems requires access
to a different set of substrates, cofactors, and reducing equivalents, which indicates that the
protein shells of the Pdu and Grp systems must differ to some extent with respect to their
function as a diffusion barrier. Therefore, further experimental characterization of the
protein shell of the Grp MCP should highlight the similarities and differences between the
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Pdu and Grp MCP systems, and will provide insight into how the Grp MCP supports the
activation of an encapsulated glycyl-radical enzyme.

Some Grp operons contain a gene encoding a particularly divergent BMC-domain shell
protein. Analysis of various MCP operons revealed that it is fairly common for a particular
type of MCP to vary in gene composition from one species to another [7,8]. These species-
to-species variations in MCP composition are presumed to represent functional adaptations
that modify the “core” MCP machinery, which is invariant between species. In the genomic
analysis of the Grp MCP, Jorda, et al. counted that 9 out of the 23 Grp operons they
examined contain a gene corresponding to a divergent BMC-domain shell protein [8]. The
closest homolog of this polypeptide in the Pdu MCP system is the PduU shell protein, and
consequently we have named this divergent Grp shell protein “GrpU.” The GrpU protein is
an interesting subject of inquiry for several reasons. First, because it is not universally
conserved within Grp operons, it represents a functional variation on the core Grp MCP
system. Second, the GrpU sequence is highly divergent from other BMC-domain proteins,
and therefore the degree of structural similarity between this BMC-domain protein and other
members of the protein family is unclear.

Here we present a structural study of two GrpU orthologs from phylogenetically distant
bacterial species. The first of these GrpU proteins is from Clostridiales bacterium

1 7 _47FAA, and is referred to hereafter as “Clost_GrpU.” While little information is
available about this particular species, the Clost_GrpU sequence is closely related to GrpU
sequences from other Clostridia that are human pathogens, including C. botulinum and C.
tetani, the causative agents of botulism and tetanus. The other GrpU sequence used in this
work is from Pectobacterium wasabiae, a plant pathogen that causes stem rot. This sequence
is hereafter referred to as “Pecwa_GrpU.” Our work combines X-ray crystallography,
spectroscopic methods, and molecular modeling to demonstrate that the GrpU shell protein
is a novel type of BMC-domain metalloprotein that binds an iron-sulfur (Fe-S) cluster using
a conserved, but uniquely polymorphic, binding motif that has not been observed before.

Spectroscopic evidence of Fe-S clusters in GrpU

Solutions of purified GrpU proteins appear brownish in color, and have spectral features
consistent with the presence of an iron-sulfur (Fe-S) cluster. Electronic absorption spectra
(UV-visible) of purified GrpU solutions reveal broad peaks near 420nm (Figure 2a).
Specifically, the absorption maxima of these peaks occur at 411nm for Clost_GrpU, and at
415nm for Pecwa_GrpU. Absorbance in this region of the electromagnetic spectrum is
known to result from Fe-S charge-transfer bands[33]. Additionally, electron paramagnetic
resonance (EPR) spectra of untreated and dithionite-reduced Clost_GrpU samples provide
further evidence for the presence of an Fe-S cluster (Figure 2b). The continuous-wave, X-
band EPR spectrum of the untreated sample is relatively featureless. However, chemical
reduction of the sample with dithionite produces a distinct signal with a g-factor of 1.948.
Our spectroscopic analysis reveals that GrpU likely binds to a [4Fe-4S] cluster, though line-
broadening in the EPR spectrum makes it impossible to completely rule out the possibility
that the ligand is a less common [2Fe-2S]cluster[33,34].

J Mol Biol. Author manuscript; available in PMC 2015 September 23.
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We note that similar spectroscopic features have been observed for the PduT BMC protein,
which were demonstrated to result from the presence of a [4Fe-4S] cluster[24]. Based on the
similarities of the Grp and Pdu MCP systems, it is likely that GrpU and PduT coordinate
similar metal clusters. Furthermore, we observed a disappearance of spectroscopic features
after storage of the samples for several days at 4°C, indicating that the Fe-S cluster is
somewhat labile and prone to dissociation upon protein oxidation.

In order to confirm that the observed spectroscopic phenomena do indeed result from an Fe-
S cluster bound to GrpU, and not from some other metal species, we also performed size
exclusion chromatography (SEC) followed by inductively coupled plasma mass
spectrometry (ICP-MS) to analyze the elemental composition of Clost_GrpU. Elution of the
protein from SEC was monitored by measurement of UV absorbance, followed immediately
by ICP-MS detection. Comparison of the UV and ion chromatograms clearly demonstrates
the co-elution of the Clost_GrpU hexamer with iron (°6Fe) (Figure S1). In contrast, ion
chromatograms for manganese (°°Mn), nickel (°8Ni), cobalt (>°Co), copper (83Cu), zinc
(66zn), and molybdenum (**Mo ) show no significant peaks co-eluting with the GrpU
hexamer.

GrpU structure determination

We determined X-ray crystal structures of two GrpU homologs, Clost_GrpU and
Pecwa_GrpU, at 2.5A and 2.8A resolution respectively. In both cases, structure
determination presented considerable difficulty due to high symmetry and high Wilson B-
factors for the X-ray data. Despite these difficulties, solutions were found in space group
P243 for Clost_GrpU and space group H3 for Pecwa_GrpU. In both crystal structures, GrpU
forms homohexamers which sit upon 3-fold crystallographic symmetry axes. Additionally,
2-fold non-crystallographic symmetry axes lie perpendicular to the crystallographic 3-folds,
resulting in what appear to be homododecameric arrangements of monomers with apparent
622 point group symmetry. Following molecular replacement, we performed restrained
refinement of the atomic coordinates, which converged to yield final models that agreed
reasonably well with the observed X-ray data and had excellent molecular geometry (Table
1).

In general, the Clost_GrpU and Pecwa_GrpU structures have similar features (Figure 3).
Likelihood-weighted electron density maps (2mF,-DF. and mF,-DF) used to generate our
structural models were somewhat noisy, likely due to the presence of disordered segments in
the crystal lattice (Figure S2). Nevertheless, we were able to reliably model residues 1-19,
32-64, and 70-102 of Clost_GrpU, and residues 2-67 and 72-94 of Pecwa_GrpU. The
Clost_GrpU and Pecwa_GrpU sequences are 40% identical, and consequently our two
structures have a low coordinate RMSD; any of the four independent protein molecules in
our Clost_GrpU structure can be superimposed upon any of the four molecules in our
Pecwa_GrpU structure with coordinate RMSDs of 1-2A calculated on Ca atoms. GrpU
molecules that are part of the same hexamer, but are crystallographically independent, can
be superimposed on each other with coordinate RMSDs of less than 1A.

Unfortunately, neither of our electron density maps contains features corresponding to the
presumptive Fe-S clusters. A number of phenomena could be responsible for the instability
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and subsequent loss of the cluster over the course of our crystallization and diffraction
experiments. First, the Fe-S cluster binding-site is highly solvent-exposed in GrpU, and we
observed spectroscopically that the bound Fe-S clusters are unstable over several days. In an
effort to circumvent this issue, we attempted to purify and crystallize the GrpU proteins
anaerobically. However, the crystals obtained anaerobically were similar to those obtained
aerobically, and no additional electron density was visible in the vicinity of the cluster
binding site. Second, it is known that Fe-S clusters tend to be acid-labile, and acid treatment
has been used to remove Fe-S clusters from their associated proteins[35]. In our
experiments, Clost_GrpU and Pecwa_GrpU only yielded high-quality crystals suitable for
diffraction experiments when crystallized in acidic conditions, thereby introducing another
potential source of cluster instability. Finally, the coincidence of a pseudo-6-fold oligomeric
symmetry axes with a true 3-fold crystallographic symmetry axes in both of our GrpU
crystals has the potential to produce rotational disorder that could further obscure
visualization of the Fe-S cluster binding site.

of GrpU with other BMC-domain proteins

Although GrpU has a highly divergent sequence, its structure is quite similar to other BMC
proteins. Our structures of GrpU reveal that the polypeptide assumes a typical BMC-domain
fold, with the “circularly permuted” topology previously observed in a number of other
BMC-domain proteins (Figure 3) [20,36,37]. Furthermore, GrpU monomers oligomerize to
form homohexamers, consistent with previous knowledge about BMC protein assembly
[10,11,13]. Interestingly, GrpU structures have an average RMSD of 2.1A (calculated on Ca
atoms), when compared to a representative set of 17 other BMC-domain protein structures
from the PDB, though the average sequence identities between these proteins is only 24%,
and the alignments typically have poor coverage due to sequence gaps and circular
permutation. Furthermore, a BLAST search [38] against sequences in the Protein Data Bank
using a GrpU query sequence does not find a single hit from the BMC-domain family with a
significant E-value (E<10), indicating that the GrpU sequence is highly divergent from other
members of the BMC protein family. A plot of Ca RMSD versus sequence identity for the
pairwise comparison of 19 BMC-domain structures, including Clost_GrpU and
Pecwa_GrpU, illustrates that while GrpU sequences have low sequence similarity to other
BMC-domain proteins, their structures are not particularly different (Figure 4).

Disorder in GrpU crystal structures

Our GrpU structures show a substantial percentage of disordered residues. The individual
monomers represented in our crystal structures are missing electron density for 13-23% of
residues, depending on the specific molecule, the majority of which are not located at either
terminus of the protein. These disordered regions include the loops that occupy the centers
of the individual hexamers (Figure 3). Residues 65-69 in each of the four chains within the
asymmetric unit of our Clost_GrpU structure, which occupy the central pore region of the
hexamer, lack interpretable electron density. Likewise, in all four chains of the asymmetric
unit of our Pecwa_GrpU structure, the segment covering residues 68-71 at the center of the
hexamers also lacks interpretable electron density. In addition to the pore residues described
above, our GrpU structures suffer from poor or absent electron density for a segment of
residues that lies on the luminal side of the hexamer. As a result, our structures have
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additional unmodeled segments corresponding to residues 20-31 in Clost_GrpU and 29-32
(chains A and D only) in Pecwa_GrpU.

A conserved sequence motif in GrpU

The disordered loop, six copies of which occupy the centers of the GrpU hexamers, contains
a conserved sequence motif. We performed a multiple sequence alignment of 15 non-
redundant GrpU sequences, taken from Grp operons analyzed by Jorda, et al. in their
comparative genomic study [8]. We observed that within this set of representative GrpU
sequences, there is a perfectly conserved GXCPQ sequence motif (Figure 5a). This
conserved motif contains Cys67 in Clost_GrpU and Cys69 in Pecwa_GrpU. By mapping the
position of the conserved GXCPQ motif onto our structural models of GrpU, we determined
that this motif is located in the loop connecting B-strands 3 and 4. In the context of the GrpU
hexamer, six copies of this loop, one per monomer, protrude toward the central pore region
of the oligomer. In both of our GrpU crystal structures, this loop region lacks interpretable
electron density and appears to be disordered, as described above.

Identification of cysteine residues that bind the Fe-S ligand in GrpU

We used site-directed mutagenesis to confirm that the conserved cysteine in the GXCPQ
motif (Cys67 in Clost_GrpU and Cys69 in Pecwa_GrpU) coordinates the putative iron-
sulfur cluster. We systematically mutated each of the three cysteine residues in the sequence
of Clost_GrpU to serine, to determine the effects of these mutations on the ability of GrpU
to bind to its Fe-S ligand. We immediately observed that the purified C67S mutant lacked
the brownish appearance characteristic of the wild-type protein (Figure 5b). Cysteine 67 is
the conserved cysteine residue found in the GXCPQ motif of Clost_GrpU. In contrast, the
other cysteine mutants, C18S and C47S, retained the brownish color seen for the wild-type
protein. Absorbance spectra of these mutants confirmed our visual observation, showing that
the C18S and C47S mutants absorb light at 411nm, while the C67S mutant does not (Figure
5c¢). This result demonstrates that in Clost_GrpU, Cys67 is required for Fe-S cluster binding.
Furthermore, we note that the Pecwa_GrpU sequence contains only one cysteine (C69),
which is found in the GXCPQ motif, and therefore the Fe-S cluster must be ligated by this
residue.

Computational modeling of metal-bound GrpU

In the absence of direct visualization of the Fe-S cluster by X-ray crystallography, we
considered it important to evaluate whether the proposed binding loop could adopt a
conformation compatible with ligation of a central 4Fe-4S cluster. Using our crystal
structure of Clost_GrpU as a starting point, we were able to prepare a computational model
of a Clost_GrpU hexamer with a cubic [4Fe-4S] cluster bound at its central pore. We
selected the [4Fe-4S] cluster over other types of Fe-S clusters based on the EPR data and on
the probable functional analogy between GrpU and PduT, a BMC-domain protein from the
Pdu MCP that has been shown to coordinate a [4Fe-4S] cluster [24]. Our model
demonstrates that a GrpU hexamer is indeed capable of accommodating its presumptive
metal cluster at the proposed binding site, without substantially altering the portions of the
structure that were well-resolved in the crystal structure.
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Our modeling protocol began with a 6-fold symmetric model of a hexamer, in which the
loops absent from our crystal structures were modeled by comparison with homologous
structures. We subsequently performed iterative, full-atom energy minimization while
relaxing the oligomeric symmetry from 6-fold to 3-fold with ligand restraints between
alternating Cys67 residues. We note that the Fe-S cluster could be bound in two alternate
orientations related by 180° flipping; i.e. the fourth Fe atom, which is not ligated to a
cysteine residue, could point either up or down. We considered both possibilities in the
computational modeling, but the true orientation could not be clearly distinguished from the
qualities of the two resulting models or their calculated energetics.

Despite being unable to confidently establish the binding orientation of the Fe-S cluster, one
thing that was clear was that conformational differences must exist between the f3-4
cluster-binding loops on adjacent protein subunits of the hexamer. Otherwise collisions
would occur near the center (Figure 6). In order to avoid steric clashes, adjacent subunits
must adopt alternating configurations. Another observation is that the Fe-S cluster is
positioned very low in the pore, making the luminal side of the GrpU hexamer appear as a
flat surface, in contrast to the concave feature that is typically found on the luminal side of
most BMC hexamers. Because of its position close to the luminal side of the hexamer, the
Fe-S cluster appears to lie at the bottom of a funnel-shaped cavity when viewed from the
cytosolic face of the hexamer.

A GrpU-like protein from a Pdu MCP

Somewhat surprisingly, an analysis of Pdu operons (i.e. those that encode B1,-dependent
propanediol-utilizing MCPs rather than the glycyl-radical type) revealed that at least one
organism, Anaerobaculum mobile, contains a shell protein sequence closely resembling
GrpU. This operon can be identified as a true Pdu operon based on the presence of a B1»-
dependent diol dehydratase enzyme (PduCDE), and we note that in addition to the GrpU-
like shell protein, this operon contains the normal repertoire of BMC-domain shell proteins
typically found in the Pdu MCP (PduABKJTU) [17]. The GrpU-like sequence from this Pdu
operon bears some similarity to the shell protein PduU, including a slightly extended N-
terminus with the capacity to form a small, 6-stranded p-barrel in the context of a hexamer.
But, a pairwise alignment of the sequence in question with known PduU and GrpU
sequences demonstrates that it is more similar to GrpU (average pairwise sequence identity
of 26%) than it is to PduU (average pairwise sequence identity of 13%). Construction of a
phylogenetic tree using known GrpU and PduU sequences also confirms that this sequence
is more closely related to GrpU homologs than it is to PduU homologs (Figure 7).
Furthermore, sequence alignment demonstrates that this polypeptide contains the conserved
GXCPQ sequence motif that we define here as characteristic of GrpU proteins.

DISCUSSION

Here we provide the first structural insight into the homohexameric BMC-domain shell
proteins from the recently-discovered Grp MCP. BMC-domain proteins are the major
component of MCP shells, and previous studies of other MCP systems have highlighted the
mechanistic understanding that can be gained from their structural elucidation [14,20,21].
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Towards the goal of extracting similar types of insights into glycyl-radical type (Grp) MCPs,
we have determined X-ray crystal structures of two GrpU homologs (Figure 3). One of these
homologs is taken from an organism whose genomic sequence is annotated only as
Clostridiales bacterium 1_7_47FAA. This sequence is 82% identical to the GrpU sequence
from Clostridium saccharolyticum, and GrpU sequences with high levels of sequence
similarity (54-67% identity) are found in species of Clostridia that are human pathogens,
including Clostridium botulinum and Clostridium tetani. The other GrpU homolog used in
this study originates from the plant pathogen Pectobacterium wasabiae. It is interesting to
note that although the genera Clostridium and Pectobacterium both contain a number of
pathogenic organisms with Grp operons, they are evolutionarily distant from one another;
Pectobacteria are gram-negative Proteobacteria, while Clostridia are gram-positive
Firmicutes. The conservation of the Grp MCP in such distantly related pathogens suggests
its potential importance in infection or other host-pathogen interactions.

Structural overview of GrpU

The structure of GrpU is quite similar to other BMC-domain proteins, despite its highly
divergent sequence. One feature of GrpU that initially attracted our attention was its
apparent dissimilarity to other BMC-domain proteins. BLAST searches do not identify any
alignments between GrpU sequences and other members of the BMC-domain superfamily as
having significant E-values (E<10), which we initially interpreted as evidence that GrpU
structures might be quite different from other known BMC-domain structures. Surprisingly,
our X-ray crystal structures of Clost_ GrpU and Pecwa_GrpU reveal that these proteins
exhibit only minor, though important, structural variation relative to the other members of
the BMC superfamily. In order to quantify the similarities between GrpU and other, less-
divergent members of the BMC superfamily, we calculated sequence identities and
coordinate RMSDs (calculated on Ca atoms) for pairwise comparisons of 24 BMC proteins
of known structure, including Clost_GrpU and Pecwa_GrpU. A plot of sequence identity vs.
Ca RMSD for the 276 pairwise comparisons demonstrates that while GrpU sequences
typically have low sequence identities when compared to other BMC proteins, they also tend
to have low Ca RMSDs for the corresponding structural alignments (Figure 4), emphasizing
that, although GrpU proteins have relatively divergent sequences, they are structurally
similar to other members of the BMC superfamily.

In both of our GrpU crystal structures, hexamers appear to pack within the lattice as
dodecameric assemblies with local Dg symmetry. The possibility that MCP shells may
consist of a double layer of oppositely faced BMC-domain shell proteins has been raised in
previous studies [39-41]. The dodecameric assemblies we observed in crystals of
Pecwa_GrpU and Clost_GrpU are distinct from each other, and neither appears to be
arranged in a way that would be compatible with formation of extended double-layer sheets,
though this does not discount the possible relevance of local dodecameric assemblies.

Identification of a Fe-S cluster binding site in GrpU

GrpU likely binds a cubic iron-sulfur cluster at its central pore, similar to the PduT shell
protein from the Pdu MCP. Absorbance spectra of GrpU shell protein samples show features
that are consistent with the presence of an iron-sulfur cluster (Figure 2a), particularly a
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broad absorbance peak near 420nm [33]. Additionally, the EPR spectra obtained for
Clost_GrpU are diagnostic of a bound Fe-S cluster. Specifically, the EPR spectrum collected
from an untreated Clost_GrpU sample is relatively flat, whereas reduction of the same
sample with dithionite produces a signal with a g-factor of 1.948 (Figure 2b). Both the g-
factor and redox response of the observed signal are characteristic of either a [4Fe-4S] or a
[2Fe-2S] cluster[33,34]; the features we observe in the EPR spectra are somewhat broad,
possibly due to intrinsic flexibility of the cluster binding site, so our data cannot clearly
differentiate between these two possibilities. As a final measure, to ensure that the
spectroscopic features we observe do indeed result from the presence of an Fe-S cluster and
not from some other type of bound metal, we performed liquid chromatography coupled to
ICP-MS, which confirmed that iron is the only metal showing significant co-elution with the
GrpU hexamer (Figure S1).

The spectroscopic signatures we observed for GrpU proteins are nearly identical to those
observed by Parsons, et al. in their study of the PduT BMC-domain shell protein, which
were shown to arise from a cubic [4Fe-4S] cluster[24]. Additional structural characterization
of PduT revealed that, in contrast to GrpU, it is a tandem BMC-domain polypeptide, which
assembles into a pseudohexameric trimer and binds a cubic [4Fe-4S] cluster at its central
pore [21,24,42]. In order to bind the Fe-S cluster at the center of a symmetric trimer, each of
the three PduT monomers contributes one cysteine, whose sulfur atoms ligate the Fe-S
cluster at the three-fold axis of oligomeric symmetry. In the GrpU shell protein, mutation of
a single, perfectly-conserved cysteine residue ablates the spectroscopic signal assigned to
the Fe-S cluster (Figure 5b,c), indicating that GrpU binds its Fe-S ligand in a manner similar
to PduT, in which multiple monomers each contribute a single cysteine residue to a binding
site that lies at the center of a homo-oligomer. The key difference is that in GrpU only three
of the six chemically identical subunits contribute their cysteines to ligate the metal cluster.
Mapping of these critical cysteine residues onto our structural models confirms their
location within loops (which appear disordered in the absence of the bound metal cluster)
near the oligomeric symmetry axis.

Structural features of the metal cluster binding site

Disorder at the center of the GrpU hexamer, in the 3-p4 loop, breaks the 6-fold oligomeric
symmetry, as required for binding of the Fe-S cluster at this position. There is no known
example of a biological Fe-S cluster with 6-fold symmetry[43], and to our knowledge there
have been no previous observations of any type of Fe-S cluster present at a coordination site
with 6-fold symmetry. However, because the cubic Fe-S cluster does have 3-fold symmetry,
which is also contained within the 6-fold oligomeric symmetry of GrpU, the GrpU hexamer
could bind the cluster (in one of two orientations — up vs down) using a coordination site
where the 6-fold symmetry is broken down to 3-fold symmetry. In order to explore whether
the loops (which were not visible in the crystal structures) could adopt configurations
compatible with cluster binding, we performed a computational modeling exercise. This
exercise showed that a binding site with cysteine residues obeying a 6-fold-symmetric
arrangement is not possible, because the Sy atoms of the cysteine residues that do not
participate in the Fe-Sy bonds would clash with the sulfur atoms that are part of the Fe-S
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cluster itself (Figure 6b). Consequently, we concluded that a GrpU hexamer cannot retain
strict 6-fold oligomeric symmetry when bound to its presumptive [4Fe-4S] ligand.

By relaxing the oligomeric symmetry of our computational model of Clost_ GrpU model
(from 6-fold to 3-fold) while constraining alternating Cys67 residues to form a [4Fe-4S]
coordination site, we were able to show that the cysteine-containing loops can adopt
conformations that would allow binding to the Fe-S cluster without steric overlap, as long as
modest structural differences between alternating chains in the cyclic hexamer are allowed
(Figure 6c,d). Our modeling exercise was unable to resolve an ambiguity regarding the exact
orientation of the cluster. The ability of the central loop of GrpU to break its six-fold
symmetry and adopt alternate conformations is important for its capacity to bind the central
cluster without steric clash.

In GrpU, a structural feature of the B-sheet (within each monomer) appears to promote
access to alternate protein configurations near the center of the oligomer. In particular, three
successive strands, 2, p3, and p4 have an unusual geometry that leads to conformational
variation of the B3-f4 loop, which occupies the center of the oligomer. The outer two of
these three strands, f2 and 33, appear to splay unusually far apart from one another at the
edge of the sheet. This arrangement of 32 and 33 creates a situation in which the middle
strand, p4, cannot simultaneously form hydrogen-bonds with both of its neighboring strands
in the sheet, leading to two alternative conformations (Figure 8a,b) and implying the
existence of dynamic disorder in the absence of the Fe-S cluster. Evidence for both of these
conformations can be found in our Clost_GrpU model and in corresponding electron density
maps. During the late stages of model building and refinement, after modeling the major
conformation of the 4 strand in Clost_GrpU, a strong positive density feature (6.7c) in the
mF,-DF, difference electron density map indicated a second, minor conformation (Figure
8c). This difference electron density was present near all four crystallographically
independent molecules in the Clost_GrpU structure. We were able to successfully model the
second conformation in one of the four crystallographically independent molecules,
although our attempt to model a second conformation of the 4 strand in the other three
Clost_GrpU molecules led to a drop in Ryork, but not in Rsree, and consequently these
conformers were omitted from the final coordinates. Additionally, in Clost_GrpU a
methionine residue (Met45) adjacent to the 34 strand also occupies two alternative rotamers
in a fashion that correlates with the alternative positions of the strand (Figure 8c). Failure to
model either of these alternate side-chain conformations results in strong positive peaks
(8.10) in the mF,-DF,, difference electron density map. We note that this methionine residue
is well-conserved in GrpU; all GrpU sequences have either methionine or leucine at this
position, indicating that motion of this residue may also play an important role in promoting
structural heterogeneity at the metal binding site.

Insights into GrpU function

Although we have provided detailed structural characterization of GrpU, our work reveals
little information about the function of this shell protein within the Grp MCP. Based on the
presence of the Fe-S ligand in GrpU, we have developed several hypotheses about its
function. Our first hypothesis is that GrpU facilitates electron transport through the shell of
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the Grp MCP in order to help generate the glycyl-radical at the active site of the diol
dehydratase enzyme. The glycyl-radical within the diol dehydratase enzyme is generated
with the help of a secondary activase enzyme, which requires S-adenosylmethionine and a
single electron donor [8,30,44]. It is possible that the single electron required for this
reaction is generated by oxidation of a cytoplasmic reductant and then transported through
the MCP shell via GrpU. An alternative hypothesis is that GrpU functions to transport intact
Fe-S clusters through the MCP shell. The activase in the Grp system requires a [4Fe-4S]
cluster for its enzymatic activity [30], and it is possible that GrpU transports [4Fe-4S]
clusters to supply the activase enzyme with fresh cofactor. GrpU might be a well-suited
transport protein for a cubic Fe-S cluster, because it would bind the cluster with only three
cysteine ligands. This might lead to a weaker affinity for the Fe-S cluster relative to another
protein that binds the same cluster with four cysteine residues, leading to an affinity gradient
compatible with directional transport. A third hypothesis is that GrpU might act as a sensor
of electrochemical environment and/or intracellular oxygen levels, in order to regulate the
function of the Grp MCP.

Genetic variability between Grp operons creates further confusion about the function of
GrpU. That not every Grp operon contains GrpU indicates that its specialized function may
represent a modification to the core Grp MCP [8]. On the other hand, there are Grp operons
that contain GrpU alongside other presumptive Fe-S-containing BMC shell proteins, namely
orthologs of PduT, indicating some functional redundancy in these systems. One such Grp
operon that contains GrpU and a PduT homolog is from the organism Desulfitobacterium
halfniense. Additionally, we have identified at least one true Pdu operon (i.e. encoding
PduCDE enzyme), from Anaerobaculum mobile, that contains a GrpU-like shell protein; it is
more similar to GrpU than it is to PduU, another closely-related shell protein from the Pdu
MCP system (Figure 7a). The anomalous distribution of GrpU across MCP operons is
evidence that GrpU plays a complicated role in these MCP systems. Hopefully, future
studies of GrpU will integrate our structural characterization with the results of genetic and
biochemical assays designed to unravel the function of this unusual shell protein.

CONCLUSIONS

The results presented here provide unexpected evidence that a previously uncharacterized
GrpU microcompartment shell protein binds a metal cluster at a unique site of coordination.
We used absorption spectroscopy to demonstrate the presence of a Fe-S cluster in GrpU, and
confirmed that a conserved sequence motif ligates the cluster at the center of a GrpU
hexamer. Two X-ray crystal structures of GrpU proteins at moderate resolutions reveal a
binding motif that is disordered in the absence of the Fe-S cluster. A subsequent
computational study of GrpU demonstrated that 6-fold oligomeric symmetry must break
down in order to accommodate the presumptive [4Fe-4S] cluster. Our work with GrpU
provides the first insight into the BMC-domain shell proteins of the Grp MCP. Based on the
chemistry associated with the Grp MCP, the Fe-S cluster in this shell protein probably
facilitates the transport of either reducing equivalents or intact metal clusters across the
shell, although more experiments will be required to develop a full understanding of GrpU
function.
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In addition to being the first BMC-domain homohexamer from the Grp MCP to be
experimentally characterized, GrpU represents a new variation on BMC-domain
metalloproteins. The PduT shell protein is another known Fe-S binding BMC-domain
protein. The functions of GrpU and PduT are likely similar, yet the two proteins have
dramatic structural differences. GrpU and PduT have different topology (by virtue of
circular permutation), and GrpU is a single-domain homohexamer, while PduT is a tandem-
domain homotrimer. This difference in oligomerization reflects a difference in how these
two proteins break the 6-fold oligomeric symmetry typical of the BMC-domain proteins in
order to accommodate their Fe-S ligands; PduT breaks 6-fold symmetry by domain
duplication and subsequent sequence divergence (i.e. sequence polymorphism), while 6-fold
symmetry is broken by conformational polymorphism between otherwise identical protein
subunits in GrpU. As far as we are aware, the symmetry-breaking mechanism by which
GrpU binds its Fe-S ligand is unique among metalloproteins studied to date.

MATERIALS & METHODS

Cloning of recombinant GrpU proteins

The codon-optimized DNA sequences corresponding to amino acids 1-101 of the GrpU
protein from Clostridiales bacterium 1_7_47FAA (Clost_GrpU) and amino acids 1-99 of the
GrpU protein from Pectobacterium wasabiae (Pecwa_GrpU) were designed using the
DNAWORKS web server [45]. Segments of linear DNA containing the designed sequences
were independently assembled from small oligonucleotides (Integrated DNA Technologies),
as suggested by DNAWORKS, using recursive PCR [46]. The PCR products were digested
with Ndel and Xhol restriction enzymes (New England Biolabs), purified by agarose gel
electrophoresis, and ligated into the pET-22b+ expression vector, which had also been
digested with Ndel and Xhol restriction enzymes, using Quick Ligase (New England
Biolabs). The restriction sites selected for incorporation of the GrpU sequences into
pET-22b+ append a hexahistadine purification tag (sequence: -LEHHHHHH) at the c-
terminus of the polypeptides, and place the GrpU genes under the control of the T7 promoter
region. Point mutations (C18S, C47S, and C67S) were introduced into the Clostridiales
GrpU sequence using the QuickChange method (Stratagene). All DNA constructs were
verified by dideoxy chain termination sequencing [47]. Protein sequences of Clost_GrpU
and Pecwa_GrpU are provided in the supplemental information.

Protein overexpression and purification

Expression plasmids (pET-22b+) bearing the GrpU genes were independently transformed
into Escherichia coli BL21 (DE3) chemically competent cells (New England Biolabs) for
protein expression. For expression of both protein constructs (Clost_GrpU and
Pecwa_GrpU), we added 1mM isopropyl-B-D-thiogalactopyranoside to cell cultures grown
in selective Luria-Bertani (LB) broth during the exponential phase of growth. Growth media
was supplemented with 1mM L-cysteine and 50mg/L ferric ammonium citrate when protein
overexpression was induced, in order to supply the cells with additional iron and sulfur.
After four hours of protein overexpression at 37°C, the cells were harvested by
centrifugation for 15 minutes at 5,000xg and stored at —20°C.
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Cell pellets containing overexpressed Clost_ GrpU protein were resuspended in buffer
containing 20mM Tris, 300mM sodium chloride, and 0.03% polysorbate 20 at pH 8.0,
supplemented with cOmplete Protease Inhibitor Cocktail (Roche), 10mM MgCl,, Img/mL
lysozyme, and 100units/mL of both DNase and RNase, and then lysed using a high-pressure
emulsifier (EmulsiFlex C3, Avestin). We centrifuged the cell lysate at 30,000xg for 30
minutes to remove insoluble material, and then used a HisTrap nickel affinity column (GE
Healthcare) to purify the protein from clarified lysate. The bound protein was eluted with
lysis buffer containing 300mM imidazole, and then dialyzed against a buffer containing
20mM Tris and 50mM sodium chloride at pH 8.0. The dialyzed sample was then loaded
onto a HiTrapQ anion exchange column (GE Healthcare) that was pre-equilibrated with the
dialysis buffer, and subsequently eluted with a linear gradient of buffer containing 20mM
Tris and 1M sodium chloride at pH 8.0. Finally, the eluted protein sample was dialyzed once
again against a buffer consisting of 20mM Tris and 50mM sodium chloride at pH 8.0.

Pecwa_GrpU protein was purified from cell pellets by first resuspending the cells in buffer
containing 50mM Tris, and 300mM sodium chloride at pH 8.0, supplemented with
cOmplete Protease Inhibitor Cocktail (Roche). Cells were lysed by ultrasonic disruption
(Vibra-Cell VCX, Sonics & Materials, Inc.) and the cell lysate was clarified by
centrifugation at 30,000xg for 30 minutes. The lysate was loaded onto a HisTrap nickel
affinity column and the bound protein was eluted with lysis buffer containing 350mM
imidazole. Finally, the Pecwa_GrpU sample was subjected to gel filtration using a
Superdex75 column (GE Healthcare), which provided a pure protein sample in buffer
consisting of 18mM Tris and 100mM sodium chloride at pH 7.6.

Absorption spectroscopy

Absorption spectra of Clost_GrpU and corresponding point mutants (C18S, C47S, and
C67S) were measured using a Cary-60 spectrophotometer (Agilent Technologies). We
performed a wavelength scan from 250nm to 800nm using a 0.5nm step size and 0.1sec
integration time. Spectra were collected immediately after protein purification and dialysis,
in order to minimize loss of the Fe-S cluster upon exposure to oxygen in the atmosphere. For
comparison of the wild-type protein with the various point mutants, individual spectra of the
mutant constructs were scaled to the wild-type spectrum according to protein concentration.

The absorption spectrum of Pecwa_GrpU was measured using a Cary-300Bio
spectrophotometer (Agilent Technologies). We performed a wavelength scan from 240nm to
700nm using a 1nm step size and 0.2sec integration time. Prior to measuring the absorption
spectrum, we added 5mM dithiothreitol (DTT) in order to minimize loss of the Fe-S cluster
due to protein oxidation.

Electron paramagnetic resonance spectroscopy

We prepared Clost_GrpU protein for spectroscopic analysis by adding 25% (v/v) glycerol as
a cryoprotectant, loading approximately 100uL into a quartz EPR tube with an inner
diameter of 3mm, and flash-cooling with liquid nitrogen before loading into the sample
cavity of the spectrometer. Two samples, one untreated and one reduced with 20mM
dithionite, were prepared at identical protein concentrations. Continuous wave-electron
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paramagnetic resonance (CW-EPR) data for Clost_GrpU were collected with a Bruker
ELEXSYS E580 X-band spectrometer equipped with a dielectric resonator (ER 4118X-
MD5). The experimental temperature was equilibrated at 10K using a temperature controller
(Oxford) cooled with liquid helium. The resonance frequency was 9.676 GHz. Data were
acquired using a field scan of 700G with 2.0mW incident power, a modulation frequency of
100kHz, and a modulation amplitude of 5G. Typical signal acquisition time was
approximately 10 minutes for each sample. The reported EPR spectra are after baseline
correction using a sample containing buffer only.

Inductively coupled plasma mass spectrometry

Elemental analysis of Clost_GrpU samples was performed using an inductively coupled
plasma mass spectrometer (ICP-MS) (Agilent7500ce) operating in line with a liquid
chromatography (LC) system (Agilent 1200 series) equipped with a Superdex200 5/150GL
size exclusion column (GE Healthcare). Following equilibration of the column in buffer
containing 25mM potassium phosphate pH 8.0, and 25mM sodium chloride, GrpU samples
were injected into the LC system and the eluate was analyzed by UV absorbance (214nm
and 280nm) and then directed to the ICP-MS using the high matrix interface. The ICP-MS
was set to analyze the samples using the Octopole Reaction System running in the helium
gas mode with time-resolved detection. We measured the signal intensities for the ions with
mass-to-charge ratio of 55, 56, 58, 59, 63, 66, and 95, representing the metals manganese,
iron, nickel, cobalt, copper, zinc, and molybdenum.

Protein crystallization

Purified Clost_GrpU protein was concentrated to approximately 12.5mg/mL and crystallized
by hanging-drop vapor diffusion in mother liquor consisting of 2.0M ammonium sulfate,
0.1M sodium acetate at pH 4.5. Crystallization drops were prepared by mixing 1uL of
protein solution with 1uL of mother liquor, sealing the drop above a 0.5mL reservoir
(Hampton VDX crystallization plate), and allowing the system to equilibrate at 296K. The
highest quality Clost_GrpU crystals were obtained when 10mM oxidized glutathione was
added to the protein sample at least 30 minutes prior to setting up the crystallization
experiment.

Purified Pecwa_GrpU protein was crystallized using a hanging-drop protocol similar to the
one used for crystallization of Clost_GrpU. In the case of Pecwa_GrpU, the protein sample
was concentrated to approximately 60mg/mL, and crystallized in mother liquor consisting of
30% 2-methyl-2,4-pentanediol, 0.025M sodium potassium phosphate at pH 5.8.

We attempted to purify and crystallize both Clost_GrpU and Pecwa_GrpU anaerobically, in
order to preserve the Fe-S clusters. Unfortunately, crystals obtained under anaerobic
conditions were identical to similar crystals grown in aerobic conditions, and did not provide
additional information about the Fe-S ligands.

X-ray data collection and processing

Prior to X-ray data collection, crystals of Clost_GrpU were harvested, cryoprotected using a
1:1 mixture of crystallization mother liquor and 4.0M trimethylamine-N-oxide, and flash-
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cooled in a liquid nitrogen cryostream at 100K. We collected single-crystal X-ray diffraction
data at the Advanced Photon Source using beamline 24-1D-C equipped with a Pilatus 6M-F
detector and operating at 12663eV. Crystals were maintained at cryogenic temperature
(100K) throughout the course of data collection. We indexed and integrated reflections to
2.5A resolution using XDS, performed scaling and merging with XSCALE, and converted
intensities to structure factors using XDSCONV. The free set of reflections (10%) was
designated by XDSCONYV [48].

For X-ray data collection from Pecwa_GrpU crystals, harvested samples were cryoprotected
using a mixture of 30% glycerol and 70% crystallization mother liquor and then flash-cooled
in a liquid nitrogen cryostream at 100K. We collected single-crystal X-ray diffraction data at
the Advanced Photon Source using beamline 24-1D-C equipped with a Pilatus 6M-F
detector and operating at 12662eV. Crystals were maintained at cryogenic temperature
(100K) throughout the course of data collection. We indexed and integrated reflections to
2.8A resolution using DENZO, and performed scaling and merging with SCALEPACK [49].
Intensities were converted to structure factors using Ctruncate and the free set of reflections
(5%) was assigned using Uniqueify, both within the CCP4 utility sca2mtz [50].

Information regarding data collection and processing for both Clost_GrpU and Pecwa_GrpU
is provided in Table 1.

Phase calculation by molecular replacement

Initial phase determination for the Clost_GrpU diffraction data was performed using the
phenix.mr_rosetta software [51], using an initial, lower-resolution (3.2A) dataset. Fragment
files and alignment information required for phenix.mr_rosetta were obtained from the
Robetta and hhpred web servers respectively. The solution obtained by phenix.mr_rosetta at
3.2A was subsequently used as a search model in a straightforward molecular replacement
procedure with the 2.5A data set, implemented using the Phaser software [52].

In order to find an acceptable molecular replacement solution for Pecwa_GrpU, we first had
to expand our data from space group H3 to the lower-symmetry space group P1. Using the
P1 data, we performed a molecular replacement search using the Phaser software [52], with
a search model consisting of a full BMC hexamer constructed from PDB: 3IA0. Once a
solution was found in P1, we selected four polypeptide chains corresponding to an
asymmetric unit in space group H3, and proceeded with a model corresponding to the
trigonal space group.

Crystallographic model building and refinement

Following molecular replacement, atomic models of GrpU proteins were prepared by
iterative steps of model-building and automated refinement of the model coordinates against
the observed X-ray data. Model building was performed with Coot v0.7 [53]. The final
model of Clost_GrpU was refined using BUSTER (version 2.10.0) with automatic NCS
restraints and automatic refinement of TLS parameters [54]. The final model of
Pecwa_GrpU was generated by restrained refinement using REFMAC (version 5.8.0049)
with automatic NCS restraints and a single TLS group for each chain [55]. The final models
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were deposited in the Protein Data Bank (PDB) [56] under accession codes PDB: 40LO and
PDB: 40LP for Clost_GrpU and Pecwa_GrpU respectively. Refinement and model
validation statistics are provided in Table 1.

Sequence and structural alignment of BMC-domain proteins

Pairwise sequence and structure alignments of 24 BMC-domain proteins, including both
Clost_GrpU and Pecwa_GrpU, were performed using the DALI web server [57]. The PDB
accession codes for the 22 non-GrpU proteins used in the comparison are: 3BN4, 2A1B,
2A10, 2EWH, 3H8Y, 3FCH, 3196, 4AXI, 316P, 4AXJ, 3N79, 3PAC, 3NWG, 3182, 4EDI,
3U27, 4FAY, 3NGK, 3CGl, 4HT5, 3100, 3IAQ. These 22 BMC-domain homologs were
selected in order to represent a variety of different species and MCP systems.

Multiple sequence alignment of GrpU homologs

For multiple sequence analysis of GrpU homologs, we used a set of 15 non-redundant GrpU
sequences. Fourteen of these sequences, including the Pecwa_GrpU sequence, were taken
from the original bioinformatics analysis of the Grp operon performed by Jorda, et al. [8],
and the fifteenth sequence is that of Clost_GrpU. We used the MUSCLE software to perform
the multiple sequence alignment [58].

Computational modeling of metal-bound GrpU

Computational models of Clost_GrpU bound to a cubic [4Fe-4S] cluster were prepared in
several steps. First, we used MODELLER (version 9.10) to model the disordered loop
regions for a single monomer from the Clost_GrpU crystal structure [59]. The model of the
complete monomer was then assembled back into a hexamer by applying a 6-fold symmetry
operator, followed by two cycles of rotamer optimization using Rosetta [60], then
symmetry-restrained, full-atom relaxation using CNS (version 1.2) [61,62], which performs
conformational sampling using the CHARMM force-field[63] to evaluate energetics. This
hexameric model was then subjected to structural relaxation, allowing backbone flexibility,
using MODELLER (version 9.10) [59]. During this relaxation step, we constrained the
hexamer to have 3-fold symmetry (thereby modeling two independent chains), and we
harmonically restrained the distances of alternating cysteine Sy atoms so that they would
form an equilateral triangle with a side length of approximately 6.5A. This distance restraint
places the sulfur atoms in positions which can accommaodate ligation of an Fe-S cluster.
After obtaining this 3-fold symmetric model, we attached the Fe-S group to the
corresponding cysteine residues, and performed 1000 cycles of symmetry-restrained, full-
atom conformational sampling with energy minimization, again using CNS (version 1.2)
[61,62] in the presence of the ligated Fe-S cluster. Two models were prepared, with the Fe-S
cluster in each of two non-equivalent orientations (up vs down) as described in the Results
section.

The computational models were judged to be geometrically plausible, based on satisfactory
energies after minimization and on above-average scores from the MolProbity geometry
analysis web server [64].
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A reliable set of 28 Pdu operons was defined by computationally identifying operons
containing both PAuCDE genes and genes for BMC-domain shell proteins. Computationally
identified operons were confirmed by manual inspection. By carefully analyzing shell
protein sequences within this manually-curated set of Pdu operons, we identified a GrpU
homolog in the Pdu operon of Anaerobaculum mobile (KEGG: Anamo_0124) [65].

Calculation of a phylogenetic tree comparing GrpU and PduU

As a first step towards generating a phylogenetic tree comparing GrpU and PduU sequences,
we created a multiple sequence alignment including 28 PduU sequences, 15 GrpU
sequences, and the GrpU-like sequence from the Pdu operon of A. mobile. The phylogenetic
tree was generated from this multiple sequence alignment using the PhyML software [66],
and the results were visualized using FigTree.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

MCP

BMC

BMV

Pdu

Grp

Clost GrpU
Pecwa_GrpU
RMSD

PDB
BLAST
PCR

DTT

microcompartment

bacterial microcompartment (in reference to the shell protein domain)
bacterial microcompartment vertex (in reference to the protein domain)
propanediol utilization

glycyl-radical propanediol

GrpU protein from Clostridiales bacterium 1_7_47FAA

GrpU protein from Pectobacterium wasabiae

root mean square deviation

Protein Data Bank

basic local alignment search tool

polymerase chain reaction

dithiothreitol
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Figure 1. Schematic of propanediol catabolic MCPs
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Degradation of 1,2-propanediol occurs in a MCP. Homohexameric BMC-domain shell
protein paralogs assemble into a proteinaceous shell surrounding a series of internalized

enzymes that convert the substrate, 1,2-propanediol, into the products, propanol and

propionyl phosphate. The chemistry involves a toxic intermediate (propionaldehyde), which
is highlighted by a red box. The first of these enzymatic steps differs in Pdu-type vs. Grp-
type MCPs. Dashed black arrows represent molecular transport events, while solid black

arrows represent enzymatic reactions.
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Figure 2. Spectroscopic characterization of GrpU proteins
Absorbance spectra (a) are shown for Clost_GrpU and Pecwa_GrpU, demonstrating broad

peaks at 411nm and 415nm respectively. Absorption maxima in this region, near 420nm, are
characteristic of Fe-S charge transfer bands[33]. Continuous-wave EPR spectra for
Clost_GrpU (b) reveal the appearance of a prominent feature upon reduction of the protein
with dithionite, which is characteristic of a bound Fe-S cluster[33,34].
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Overlay

Clostridiales sp. Pectobacterium wasabiae

\1) 180°

Clost_GrpU Pecwa_GrpU

Figure 3. X-ray crystal structures of GrpU proteins
Hexameric assemblies of Clost_GrpU (blue, left) and Pecwa_GrpU (red, right) are shown.

Monomers that are crystallographically independent are colored in different shades, and the
disordered $3-p4 loops are represented as dashed gray lines. In the center, an overlay of
Clost_GrpU and Pecwa_GrpU monomers illustrates their structural similarity.
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Figure 4. Comparison of BMC-domain sequences and structures
A plot of sequence identity vs. Ca RMSD for pairwise alignment of 24 BMC-domain

proteins, including Clost_GrpU and Pecwa_GrpU, demonstrates that GrpU proteins are
structurally similar to the rest of the BMC superfamily, despite having highly divergent
sequences. Comparisons involving GrpU are shown in red. Note that the pairwise sequence
identities reported tend to overestimate the degree of similarity between proteins when there
are substantial gaps in alignment, as is the case for many of the GpuU alignments.
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Figure 5. A conserved cysteine coordinates the Fe-S cluster
A sequence alignment of 15 GrpU orthologs (a) shows perfect conservation of a GXCPQ

sequence motif, and a semi-conserved methionine or leucine at another sequence position.
The GXCPQ motif spans residues 65-69 in Clost_GrpU and residues 67-71 in Pecwa_GrpU.
Solutions of the purified Clost_GrpU C67S mutant lack the characteristic brownish color
(b), and absorption spectra of Clost_GrpU and three point mutants (C18S, C47S, C67S)
demonstrate that only the C67S mutation eliminates the signal attributed to the Fe-S cluster

(©.
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Figure 6. Computational modeling of Clost_GrpU bound to a [4Fe-4S] cluster
Using our crystal structure as a starting point, we prepared a computational model of

Clost_GrpU bound to a [4Fe-4S] cluster (a). A model having perfect 6-fold symmetry was
judged to be impossible, based on a steric clash involving the Fe-S cluster and the Sy-atoms
of alternating Cys67 residues at the center of the hexamer (red arrowheads, b). Our model
demonstrates that this clash can be relieved if the symmetry of the hexamer is relaxed from
6-fold to 3-fold (c) via alternating conformations of the conserved GXCPQ motif. d) One of
multiple allowable configurations of the binding loops that would be compatible with Fe-S
cluster binding, with amino acid side chains shown as sticks (d).
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Figure 7. A GrpU ortholog from a Pdu operon
A phylogenetic tree (a) demonstrates the relationship of GrpU (blue background) and PduU

(green background) protein sequences. Pink lines highlight Clost_GrpU and another GrpU
homolog that is found in a true Pdu-type operon, but which clearly clusters with GrpU
sequences.
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Figure 8. Multiple conformations of the B384 loop
A distinctive splaying of the 2 and 3 strands in GrpU leads to a situation in which the

strand between them, 4, cannot simultaneously form H-bonds with both of its partners,
leading to two alternative conformations (a,b — side and top views respectively, side chains
omitted for clarity). Positive electron density features in both 2mF,-DF; and mF,-DF,
electron density maps calculated during the late stages of model-building and refinement (c)
indicate that the B4 strand and Met45 occupy alternate conformations.
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Table 1
Diffraction data and refinement statistics.
Parameter Clost_GrpU Pecwa_GrpU
X-ray Wavelength 0.9791A 0.9792A
Nominal Resolution Range 19.8-2.50A 61.0-2.79A
Unit Cell a=b=c=130.10 | a=b=117.85; ¢=76.02
a=p=y=90° a=p=90°; y=120°
Space Group P2,3 H3
Total Reflections 25,255 9,715
Multiplicity 41 12.9
Completeness 98.3% (99.8%) 99.5% (97.5%)
(lal) 176 (1.1) 10.2 (2.8)
Wilson B-factor 80.94A2 94.70A2
cc,? 0.999 (0.446) 0.997 (0.897)
ox @ 1.00 (0.768) 0.999 (0.972)
CCoone ® 0.958 (0.664) 0.925 (0.759)
CCiree a 0.945 (0.650) 0.948 (0.461)
Ruork 0.190 0.215
Riree 0.221 0.267
No. Atoms 2536 2637
Protein Residues 302 317
Solvent Molecules 80 4
Average Atomic B-factor 87.1A2 76.4A2
RMSD (bonds) 0.01A 0.01A
RMSD (angles) 1.26° 1.60°
Ramachandran Plot:
Favored 99.0% 97.5%
Allowed 1.0% 2.5%
Outliers 0.0% 0.0%
Molprobity Clashscore? 4.07 5.20

aCaIcuIated according to Karplus and Diederichs65.
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Rwork and Rfree are given by the following equation, computed for the working and test sets of reflections respectively:
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