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Abstract

Bacterial microcompartments are protein-based organelles that carry out spe-

cialized metabolic functions in diverse bacteria. Their outer shells are built

from several thousand protein subunits. Some of the architectural principles of

bacterial microcompartments have been articulated, with lateral packing of

flat hexameric BMC proteins providing the basic foundation for assembly.

Nonetheless, a complete understanding has been elusive, partly owing to poly-

morphic mechanisms of assembly exhibited by most microcompartment types.

An earlier study of one homologous BMC shell protein subfamily, EutS/PduU,

revealed a profoundly bent, rather than flat, hexameric structure. The possibil-

ity of a specialized architectural role was hypothesized, but artifactual effects

of crystallization could not be ruled out. Here we report a series of crystal

structures of an orthologous protein, CutR, from a glycyl-radical type choline-

utilizing microcompartment from the bacterium Streptococcus intermedius.

Depending on crystal form, expression construct, and minor mutations, a

range of novel quaternary architectures was observed, including two spiral

hexagonal assemblies. A new graphical approach helps illuminate the varia-

tions in BMC hexameric structure, with results substantiating the idea that the

EutS/PduU/CutR subfamily of BMC proteins may endow microcompartment

shells with flexible modes of assembly.
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1 | INTRODUCTION

Nearly 20% of bacteria species produce giant protein-
based organelles that are used for carrying out sensitive
metabolic reactions in a sequestered cellular environ-
ment.1 These extraordinary structures, known as bacte-
rial microcompartments or MCPs (or alternatively
BMCs), encapsulate distinct enzyme types in different

bacteria.1–4 Generally, a small metabolic intermediate
(either volatile, toxic, or both) is produced within the
MCP and is further metabolized before it can escape into
the cytosol or out of the cell entirely.2,5–7 These key meta-
bolic intermediates include CO2 for the case of the carbo-
xysome, the founding member of the MCP family, while
various aldehyde intermediates occur in other types of
MCPs, including the type under investigation in the
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present study. Comprised of thousands of protein sub-
units, MCPs are among the largest and most mechanisti-
cally sophisticated protein assemblies to have evolved in
nature.8,9

A protein shell, reminiscent of a viral capsid, is the
hallmark of MCPs (Figure 1). Different MCP types, even
those with divergent metabolic functions, are all assem-
bled from homologous shell proteins. The bulk of the
MCP shell is composed of proteins containing a roughly
100-amino acid BMC protein domain (Pfam PF00936).
The recognition that this protein family (first identified
by Shively and coworkers10) is encoded across diverse
bacterial operons has provided a bioinformatics basis for
exploring MCP function and evolution.1,4,11,12 It is now
understood that BMC proteins assemble to form nearly
flat faces of the MCP shell, while a second minor and
distinct protein (known as a BMV protein, Pfam
PF03319) forms vertices.13–17 Multiple paralogs of BMC
proteins, typically ranging from two to seven in number,
are present in different systems. Different BMC protein
paralogs offer modularity in the shell. Some BMC pro-
teins provide pores for substrate and product diffusion
across the shell, some are believed to bind and organize
interior enzymes, some may serve specialized architec-
tural roles, while others may have yet unrecognized
functions.

Structural studies on MCP proteins have shed light
on architectural and functional mechanisms, with the
basic principles emerging from crystallographic studies

beginning fifteen years ago.18,19 BMC proteins of the
canonical type form flat hexameric units; these are the
building blocks for shell assembly. Typically, BMC
hexamers possess narrow pores for molecular transport.
These hexamers tile side by side to form extended facets
of nearly solid protein perforated by small holes. A
remarkable feature of BMC shell proteins is the wide
range of structural rearrangements that have occurred
through evolution, thereby conferring distinct properties
on multiple BMC paralogs within an operon. Notable
variations include circular permutations of the chain to
produce BMC versions with termini in different
locations,20 versions bearing tandem BMC
domains,16,21–23 versions bearing iron–sulfur clusters
and other small molecules in their central pores,24–27

and versions fused to other protein domains.23 Biochem-
ical, genetic, and engineering studies have provided
additional insights into the prospective roles of different
BMC shell proteins,16,28–33 but much remains unknown
about separate and distinct (or even redundant) func-
tions that might be attributed to different BMC paralogs.
Functional distinctions between BMC shell proteins
may furthermore vary between different MCP types,
based on differences in metabolic purpose, BMC paralog
composition, and MCP architecture; for example, some
MCP shells, like the carboxysome, appear much more
geometrically regular (i.e., icosahedral) (Figure 1d) than
those that metabolize various organic metabolites
(Figure 1e).

FIGURE 1 Microcompartment shells are composed of homologous hexameric proteins. For all bacterial microcompartments, the

canonical BMC domain (a) oligomerizes to form the traditional flat hexamer (b). These hexameric shell proteins tessellate (c) to form the

nearly flat faces of bacterial microcompartments shells. (d) An idealized model of a microcompartment with hexameric BMC proteins that

form the face (teal), pentameric BMV proteins that form the vertices (purple), and internal encapsulated enzymes (orange). (e) Negative

stain EM of purified Pdu microcompartments (scale bar: 50 nm)
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One type of BMC shell protein paralog of special
interest is EutS/PduU (from the ethanolamine utilization
and propanediol utilization MCPs, respectively). Pro-
teins from this subfamily are a permuted version of the
canonical BMC domain. By virtue of their permuted
topology, EutS/PduU paralogs present distinct features
in the form of a protruding, N-terminal six-stranded par-
allel beta-barrel that occludes the central pore. Remark-
ably, an early crystallographic study of EutS from E. coli
revealed a unique structure in which the hexamer had
undergone an extraordinary twisting deformation of
approximately 40�,23 a stark contrast to other BMC
hexamers that are very nearly flat, a general expectation
for cyclic homooligomeric assemblies. This peculiar
observation invoked the possibility of an important
architectural role. However, other structures of this
paralog (e.g., PduU and even a point mutant of EutS)
revealed a typical flat hexameric assembly,13,20 leaving
uncertainty about the meaning and significance of the
dramatic departure from the typical BMC structure. The
relevance versus artifactual nature of the structural vari-
ation observed in EutS has not been revisited since that
initial observation a decade ago. In the present work, we
undertook a series of crystal structure investigations on
an orthologous protein, CutR, from a different type of
MCP from Streptococcus intermedius. We present further
observations of major polymorphism in this shell pro-
tein subfamily and discuss implications for a specialized
architectural role in certain bacterial metabolic
organelles.

2 | RESULTS

2.1 | CutR crystallized as five unique
structures

In order to investigate the structural polymorphism of a
permuted BMC shell protein, we undertook a series of
crystallographic studies of CutR, a BMC shell protein
from the type 1 choline microcompartment (choline utili-
zation or Cut MCP) from Streptococcus intermedius.
When an initial structure revealed a completely unex-
pected, and likely artificial, dimeric structure, further
mutagenesis and structural studies were pursued to dis-
sect the possible effects of individual amino acids and ter-
minal purification tags. We report five crystal structures
obtained from four sequence variants. These structural
forms include one novel dimer, two traditional flat
hexamers, and two novel six-fold screws of varying pitch.
Geometric and computational analyses helped illuminate
details of the observed quaternary forms.

The first structure we obtained for CutR revealed a
novel dimeric arrangement not previously observed in
other BMC proteins (Figure 2). A model was refined to a
resolution of 1.8 Å with final Rwork/Rfree values of
0.176/0.210. Interestingly, this unexpected dimeric form
of CutR crystallized from gel-filtration fractions whose
elution positions were consistent with that of a BMC
hexamer (a molecular weight of approximately 80 kDa
based on standard curves). In this unexpected structure,
the two monomeric subunits came together, exchanging
terminal segments in a fashion characteristic of domain

FIGURE 2 A comparison of a novel CutR dimeric form to the traditional flat hexameric form of the same protein. (a) Cartoon

representation of the observed novel dimeric form. A disulfide bridge forms between C37 and C73, pulling the N-terminus from its

traditional position in the BMC domain, causing residues 18–28 to occupy the adjacent monomer by domain swapping. (b) Overlay of a

monomer from the hexameric form (lime green) with residues 18–28 of one monomer (cyan) and residues 29–116 from the second monomer

(deep blue), with emphasis on regions that differ. (c) Superimposition of one chain from the dimer with one chain from the flat hexamer

shows that severe steric clashes would be caused by the presence of the dimeric form in the context of the hexameric assembly
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swapping.34 Moreover, we observed an unexpected intra-
molecular disulfide bond between C37 and C73
(Figure 2a). The disulfide bond pulls the first N-terminal
beta-strand (residues G18-A28) out of its anticipated loca-
tion and into a position contacting the adjacent monomer
(Figure 2a). This domain swap preserves the overall BMC
tertiary structure. The N-terminal beta-strand from one
monomer (residues G18-A28) packs alongside the
remaining residues (A29-S116) of the second monomer,
forming intermolecular interactions that results in a
structure resembling the traditional BMC fold [0.50 Å
RMSD backbone deviation (Figure 2b)].

While this dimeric architecture of CutR presented a
new and intriguing structure, it could not be reconciled
with the quaternary hexameric arrangement understood
for BMC shell proteins or their packing in a layer.
Aligning one monomer from the dimeric form with one
monomer from the hexameric form results in severe ste-
ric clashes of their quaternary structures (Figure 2c). Not-
withstanding the effects of an apparently adventitious
disulfide bond, the unusual quaternary structure that we
observed prompted further structural studies to look for
potential modes of polymorphic assembly. We thus con-
ducted structural studies on sequence variants of the pro-
tein as well as structural studies under reducing
conditions. This work led to multiple structures with
additional novel quaternary arrangements.

Motivated by the unconventional dimeric form, we
pursued mutagenesis work to determine whether the

circularly permuted CutR was capable of forming a tradi-
tional flat BMC hexamer. We obtained two distinct crys-
tal forms of CutR, with subsequent structural analysis
revealing canonical flat hexamers. The first crystal form
referred to as Hexamer 1 (Figure 3a) crystallized in space
group C2 and provided an atomic structure to a resolu-
tion of 2.6 Å with Rwork/Rfree values of 0.201/0.242. We
also solved the structure of a second crystal form, referred
to as Hexamer 2 (Figure 3b). Hexamer 2 crystallized in
space group P42212 and provided a structure to a resolu-
tion of 1.5 Å with Rwork/Rfree values of 0.161/0.184. We
obtained numerous crystals with varied morphologies
including flat hexagonal plates and octahedral bi-
pyramidal forms. Importantly, two separate mutants of
CutR each gave rise to traditional flat hexagonal BMC
structures. The first mutant retained an N-terminal His-6
tag and had a C37A mutation. The second mutant con-
tained a cleavable His-6 tag and a K66A mutation,
instead of the original K66D mutation (Table S1).
Hexamer 2 was the most well behaved, presumably
owing to the non-polar residue at position 66 (discussed
subsequently) located at the edge and to the lack of
obstruction from the N-terminal His-6 tag. This version
purified with relative ease and formed numerous diffrac-
tion quality crystals within 1 month of setting up broad
screen crystallization trials. Crystals that formed in 2 M
ammonium sulfate, 0.2 M lithium sulfate, and 0.1 M
CAPS/sodium hydroxide pH 10.5 had the strongest dif-
fraction pattern and the highest resolution, ultimately

FIGURE 3 Cartoon and geometric representation of four CutR polymorphs. CutR crystallized as a traditional flat BMC hexamer (a and

b) and formed two distinct screws with varying pitch (c and d). The flat hexamers are viewed down the six-fold axis of symmetry (a and b)

and the screws are displayed on their sides to show their pitch (c and d). Geometric representations reveal that in the flat form, Hexamer

1 (a) and Hexamer 2 (b) both deviate slightly from perfect C6 symmetry. Screw 1 (c) has a pitch of 41.9 Å and Screw 2 (d) has a pitch of

33.8 Å. Asterisks indicate constructs that crystalized while retaining an N-terminal His-6 tag
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giving rise to the Hexamer 2 structure. As with other
circularly-permuted BMC domains, specifically PduU20

(PDB ID 3CGI) and EutS23 (PDB ID 3I96), we observed a
beta-barrel on the flat face created by the protruding N-
termini of the six chains (Figure 3a,b). The interior of the
beta-barrel is decorated with the side chains of alternat-
ing residues I11, Q13, and S15. As with PduU,20 the bulky
side chains of the interior-lining residues are unable to
occupy symmetry-equivalent positions. Specifically, the
six instances of Q13 adopt two conformations: pointing
up toward the N-terminus and down toward the center of
the hexameric disk.

We also determined the structure of two novel BMC
domain-based structures in which the quaternary struc-
ture formed a six-fold screw axis. The first hereinafter
referred to as Screw 1, came from the same CutR con-
struct that gave rise to the dimer, which still contains a
cysteine at position 37, an aspartic acid at position 66 (sig-
nificance explained below) and an N-terminal His-6 tag
(Table S1). We solved this structure to 2.8 Å with Rwork/
Rfree values of 0.231/0.267. Screw 1 is a right-handed
screw with a pitch of 41.9 Å (Figure 3c). This screw has a
6 sub 1 axis of helical symmetry. Looking down the axis,
we observe that the structure forms an apparent hexamer
that except for its pitch in the z-axis, has a similar mor-
phology to Hexamer 2 (Figure S1). Measuring from C-
alpha to C-alpha of corresponding positions, Screw1 and
Hexamer 2 have diameters with maxima of 69.2 and
71.1 Å, respectively (Figure S1). The unexpected nature
of the screw form prompted further studies.

Owing to purification challenges from initial work,
including aggregation and dynamic oligomerization, and
because we observed novel and unexpected structures,
we sought to purify an additional mutant version,
CutR_D66A, under reducing conditions. CutR_D66A was
purified in the presence of TCEP to disrupt the disulfide
bridge observed in the initial dimeric structure and has a
point mutation at residue 66. In the native form, this resi-
due is normally occupied by a conserved lysine, which
participates in intermolecular salt bridges to support the
lateral tessellation of BMC hexamers in the shell
(Figure 1c); this lysine has been widely mutated in labo-
ratory studies to allow isolation of individual
hexamers.35,36 We hypothesized that the aspartic acid in
this version played a significant role in our inability to
purify well-behaved, monodisperse species of the CutR
construct. This new CutR_D66A mutant retained the
His-6 affinity tag and was purified with relative ease. Sur-
prisingly, this construct gave rise to a second structure
having a six-fold screw axis, hereinafter referred to as
Screw 2. Like Screw 1, Screw 2 forms a right-handed
screw, though its pitch of 33.8 Å is considerably shorter
than that of Screw 1. We solved the structure to 3.3 Å

with Rwork/Rfree values of 0.219/0.265. Like the previously
observed screw, Screw 2 also creates an apparent
hexamer when looking down the six-fold axis of symme-
try with a similar diameter of 70.1 Å (Figure S1). Both
screw structures were obtained with an intact N-terminal
His-6 tag.

2.2 | Analysis of quaternary
polymorphisms in CutR

We found value in a new graphical approach for visualiz-
ing structural arrangements in the BMC shell protein
family. Our prior studies have emphasized the canonical
packing of BMC subunits into roughly flat hexameric
units. BMC subunits typically fit together like six slightly
twisted pie pieces with a central depression commonly
found on one side of the full hexamer. Furthermore, as
noted in this work, the permuted BMC family bears a
small protruding beta-barrel on the opposite side of the
hexameric disk. Based on the well-established packing of
canonical BMC hexamers, we established a coordinate
system for mapping a simple pie-shaped structure onto
the conserved secondary structural elements of a BMC
protomer. With this mapping established, it was possible
to generate diverse packing diagrams to illustrate the
wide-ranging quaternary arrangements observed in the
permuted BMC family (Figure 4). This was helpful for
interpreting the nature of the nuanced variations and for
complementing numerical calculations such as angular
rotations and atomic coordinate shifts.

Previous studies of the circularly-permuted BMC pro-
teins PduU (PDB ID 3CGI) and the bent EutS (PDB ID
3I96) have been interesting study cases of the BMC
domain. Both maintain the traditional BMC domain fold
but comparing adjacent monomer pairs reveals remark-
able flexibility. We established a system for evaluating
the angular rotations and shifts observed in the EutS
structures. We overlapped the A subunit of a given struc-
ture with the A subunit of a canonical BMC hexamer,
and then evaluated the difference between the adjacent B
subunits from the two structures being compared
(Figure 4). These comparisons are summarized here and
in Table 1. As anticipated, traditional flat hexamers from
this permuted BMC family, including PduU and the CutR
hexamers from this work, have RMSD values of less than
1 Å, while a comparison of the flat hexamers to EutS
(bent) yields RMSD values between 15 and 18 Å. Like-
wise, the rotation angles required to align corresponding
B monomers of flat permuted BMC hexamers were less
than 2�, while alignment of the corresponding B mono-
mer from any flat hexamer to the corresponding B mono-
mer from EutS required up to 53� of rotation in order to
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achieve the optimal overlap (Table 1). Unsurprisingly, a
comparison of the two CutR screws shows relatively
minor coordinate deviations (0.8 Å RMSD) and angular
differences (2.9�), as the two screw forms vary mainly in
pitch.

Motivated by the variability observed between the
structures of CutR polymorphs, we checked for evidence

of dynamic behavior in solution studies. Using another
BMC-domain protein (EutL, a tandem BMC-domain pro-
tein from Clostridium perfringens) as a control, we com-
pared elution profiles of recursive size exclusion
chromatography runs of the various CutR constructs
(Figure S2). While recursive size exclusion of the EutL
control resulted in a single sharp peak, recursive size

FIGURE 4 Summary of the quaternary structure deformations observed in the CutR/EutS/PduU subfamily of BMC shell proteins.

(a) Geometric representation of adjacent pairs of permuted BMC shell protein subunits from three flat or very nearly flat hexameric

structures (CutR Hexamer 1, CutR Hexamer 2, and PduU) after aligning their A subunits (gray). The relative position of the B subunits is

shown for CutR Hexamer 1 (lime green), CutR Hexamer 2 (orange), and PduU (forest green). (b) Similar representations for the two screw

forms (CutR Screw 1 (magenta) and CutR Screw 2 (purple) relative to the flat CutR form (gray). (c) A similar representation of the bent EutS

structure (teal, PDB ID 3I96) relative to the flat CutR form (gray). (d) Overlay of all A monomers relative to the flat hexamer with the B

monomers colored as follows: Cut R flat Hexamer 1 (lime green), Cut R flat Hexamer 2 (orange), PduU (forest green), CutR Screw

1 (magenta), CutR Screw 2 (purple), and EutS (teal). The rotation of adjacent subunits in alternate assembly forms, as calculated in Table 1,

is diagrammed

TABLE 1 Comparison of structural deviations across the permuted BMC family

– PduU Hex1 Hex2 Screw1 Screw2 EutS

PduU – 0.5 Å 0.7 Å 3.5 Å 2.8 Å 15.8 Å

Hex1 1.6� – 0.2 Å 3.5 Å 2.7 Å 15.6 Å

Hex2 1.7� 0.6� – 3.4 Å 2.7 Å 15.4 Å

Screw1 14.4� 16.5� 16.7� – 0.8 Å 17.1 Å

Screw2 11.7� 13.6� 13.9� 2.9� – 17.1 Å

EutS 42.0� 40.4� 40.4� 55.9� 52.9� –

Note: RMSD values (upper right) shown are based on adjacent AB monomers for four hexameric CutR polymorphs, along with PduU and
EutS. The values describe backbone deviations in corresponding B subunits after superimposing A subunits. The rotation angle required to
align the B monomers for any given pair of adjacent monomers is reported in the bottom left.
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exclusion of the hexameric peak from CutR constructs
resulted in either broad peaks or multiple peaks,
supporting a tendency to reequilibrate between multiple
conformations or assembly forms in solution.

Finally, the variable packing modes in CutR moti-
vated a study of atomic interactions at the subunit inter-
faces. A general finding was that for most of the alternate
packing variations observed, the bending modes between
subunits can occur without substantial perturbations to
key atomic interactions. The exceptions to this are the
(presumptively artifactual) dimeric form, and the highly
bent hexameric form initially observed by Tanaka et al.23

Structural variation in the latter case, in addition to the
bending motion, is accompanied by a twist of roughly
40�, which brings alternative secondary structure packing
interactions into play. For the various flat and screw
hexamers observed for CutR, major disruptions are not
observed. The retention of a basic hexameric (flat or
screw) shape despite high flexibility raises a question as
to whether a small number of particularly strong interac-
tions in CutR might be important for integrity. A poten-
tial role for the beta-barrel in that regard was noted
previously.20 Our analysis showed that while the
extended portions of the beta-barrel are disrupted in the
screw forms, other interactions near the central regions
and at the interfaces of the hexamer could be important.
Using manual evaluation and the PDBePISA server,37 we
determined that residues S50, E55, D62, S81, Y101, K115,
and S116 may play key stabilizing roles. A hydrogen bond
network involving these key residues is present in both

the flat hexamer and in the screw forms of CutR
(Figure 5).

3 | DISCUSSION

Since first determining the structures of PduU20 and
EutS,23 the single-domain permuted BMC family has
been an interesting but under-studied special class of the
BMC family. In this work, we sought to investigate
another orthologue from this class, CutR from Streptococ-
cus intermedius. We conclude that the circularly-
permuted BMC protein CutR has an innate and dynamic
capacity to sample alternative quaternary forms, with its
canonical C6 symmetry breaking down in various ways.
Based on these findings, we hypothesize that the per-
muted BMC family may play a key role in conferring het-
erogeneity and flexibility in certain types of bacterial
microcompartments.

In this work, we elucidated five crystal structures
from four CutR constructs, observing a dimer, two flat
hexamers, and two six-fold screws of varying pitch. In
addition to variations driven by different crystallization
conditions and crystal packing forces, it is likely that vari-
ations in the different constructs played important roles
in dictating the diverse outcomes. The presence or
absence of cysteine (C37), the presence or absence of a
charged residue in the traditional edge-lysine position
(K66), and the presence or absence of an N-terminal
His-6 purification tag (Table S1) are all relevant

FIGURE 5 The extensive hydrogen bond network of the beta-barrel from a flat hexamer compared to the hydrogen bond network of

the screw. (a) The flat hexameric form has a beta-barrel with an extensive hydrogen bond network. There are several key residues essential

for maintaining the overall hexameric architecture. (b) In the screw form, the hydrogen bond network of the beta-barrel is largely lost, but

other key intermolecular interactions near the pore are retained
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variations. Certain correlations between constructs and
quaternary forms are notable. The formation of a screw
was only observed in structures that retained an N-
terminal His-6 tag (Table S1). However, the presence of
an N-terminal purification tag did not force the forma-
tion of a helical arrangement, as evidenced by the forma-
tion of flat Hexamer 1. A further intriguing question
concerns how (or at what point) helical architectures are
formed. We note that the recombinant protein that gave
rise to both screw forms, based on size exclusion chroma-
tography, had an estimated molecular weight consistent
with a discrete hexamer (roughly 80 kDa). This argues
for ordinary (non-helical) hexameric forms being pre-
dominant, yet retaining the flexibility to undergo consid-
erable distortions and interface disruptions under
diverse, relatively mild, and solution conditions. Signifi-
cantly, the screws retained key intermolecular interac-
tions that are shared with the flat hexameric form
(Figure 5).

The vast majority of homomeric protein assemblies
are arranged in a symmetric fashion. The reasons for this
were articulated as early as Crick and Watson,38 and have
been expanded upon and surveyed many times since.39–41

The evident tendency toward asymmetry, therefore, puts
CutR and its orthologues in a unique category. Symmetry
breaking in protein assemblies has been described in
other areas. In particular, it has been explored in the con-
text of molecular motors where alternating configura-
tions occur during catalytically-driven motions42 as well
as in viral capsids.43 In the latter category, as explained
by Casper and Klug, alternative conformations that break
symmetry are required to accommodate different packing
environments.44 The unusual polymorphism seen in
CutR may help explain the heterogeneity and structural
irregularity seen in many types of bacterial
microcompartments.

Carboxysomes are among the most extensively stud-
ied bacterial microcompartments, and they are typically
the most regular in shape. EM studies have shown that
carboxysome microcompartments exhibit a relatively
high degree of homogeneity and geometric
regularity.45–51 In a few cases, miniaturized versions of
microcompartment shells have been produced from syn-
thetic operons. Those have proven to assemble with high
levels of order, even obeying icosahedral symmetry, with
examples including a beta-carboxysome shell, a GRM2
microcompartment shell, and a shell from a micro-
compartment of unknown function,15,30,31 but native
forms of these MCPs likely diverge in important ways.
Unlike their more symmetrical carboxysome counter-
parts, other native microcompartments have been found
to have polymorphic structures52,53 (Figure 1e). These
include several MCP types, such as Pdu, Eut, and Cut.

Sometimes classified as “metabolosomes”, these MCPs
degrade propanediol, ethanolamine, choline,
aminoalcohols, and other small metabolites.1–5,16 Circu-
larly permuted BMC paralogs (PduU, EutS, CutR) are
found in several MCPs of the metabolosome type, but as
far as we know these circularly permuted paralogs are
not present in carboxysome microcompartments, nor
have they been included in the synthetic miniaturized
MCP shells that have proven to be geometrically regular.
Some insight is available from genetic studies in the Pdu
system, which metabolizes 1,2-propanediol. While the
permuted shell protein PduU is not required for the for-
mation of intact microcompartment shells (as it is a rela-
tively low-abundance component of the shell), PduU
deletion mutants showed growth defects, with an
increase in lag time while growing to higher cell density
compared to their wildtype counterparts.28 The dynamic
nature of permuted BMC proteins, highlighted in the pre-
sent study, helps explain the impaired growth rates of
PduU deletion mutants, considering that dynamic behav-
ior could be important for degradation, recycling, and
seeding new microcompartment shells.

The highly twisted EutS structure originally reported
by Tanaka13 and the CutR polymorphs presented here
may only be a small population of the potential quater-
nary structure variations that the permuted BMC family
is capable of forming. Beyond a potential role in dynam-
ics, increased shell flexibility could allow for packing a
greater variety of internal enzymes in non-carboxysomal
MCPs, or more variable enzyme stoichiometries. The pro-
cesses that govern MCP assembly and disassembly
remain only partially understood,15,54–57 and flexibility
could be important for those processes. The flexibility
observed in this protein family invites additional ques-
tions about microcompartment structure, evolution, and
function. Investigation of additional orthologues could
add further insights.

4 | MATERIALS AND METHODS

4.1 | Negative stain electron microscopy

Intact Pdu microcompartments were purified from
S. enterica serovar Typhimurium LT2 and imaged with
negative stain electron microscopy as previously
described by Havemann et al. and Sinha et al.58,59 Briefly,
S. enterica serovar Typhimurium LT2 was grown in
400 ml of growth medium containing 1X NCE, 1 mM
MgSO4, 0.5% succinate, and 0.6% 1,2-PD. Cultures were
grown at 37�C overnight, shaking. Cells were harvested
by centrifugation (4,000g for 15 min) and washed once
with Buffer A, containing 50 mM Tris–HCl (pH 8.0),
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500 mM KCl, 12.5 mM MgCl2, and 1.5% 1,2-PD. The cells
were resuspended in a lysis buffer containing a mixture
of 40% Buffer A and 60% B-PER II (Thermo Scientific)
supplemented with Pierce Protease Inhibitor tablets
(Thermo Scientific), Lysozyme (Sigma-Aldrich), and
DNase I (Sigma-Aldrich) and incubated at 30�C for 1 hr
to lyse. Cell debris was removed by centrifugation at
12,000g for 5 min, and intact Pdu MCPs were pelleted by
spinning at 20,000g for 40 min. Pdu MCPs were
resuspended in a buffer containing 50 mM Tris–HCl
(pH 8.0), 50 mM KCl, 5 mM MgCl2, and 1% 1,2-PD to a
concentration of 0.5 mg/ml. Pdu MCPs were placed on
Formvar/Carbon 400 mesh copper grids (Ted Pella),
washed twice with 0.1% 1,2-PD and stained with 5 μl of
2% uranyl acetate. Pdu MCPs were imaged using an FEI
Tecnai T12 transmission electron microscope.

4.2 | Cloning, protein expression, and
purification

We initially purchased a codon-optimized gBlock Gene
Fragment of CutR, a EutS homolog from Streptococcus
intermedius, from Integrated DNA Technologies (IDT).
This first construct was ordered with a non-cleavable N-
terminal His-6 tag and a K66D mutation. Previous work
has demonstrated that mutating this edge lysine facili-
tates recombinant BMC protein expression and purifica-
tion. We hypothesized that maintaining a charged amino
acid in this position would achieve the same facile purifi-
cation while maintaining structural integrity. We inserted
the gBlock into the pET24a expression vector using NdeI
and HindIII restriction endonuclease sites. For mutagene-
sis work, we also purchased primers from IDT. Primers
were designed based on the previously published
Quikchange protocol.60 We explored a variety of mutants
including C37A, to disrupt the observed disulfide bridge,
D66A to further facilitate expression and purification,
and insertion of a TEV-cleavage site (ENLYFQG) just
after the His-6 tag, in order to assess the role of the His-6
tag in crystal packing.

We used the BL21(DE3) E. coli expression system
(New England Biolabs) to express recombinant protein.
Briefly, we used 6 ml 1 mg/L ampicillin supplemented
LB overnight cultures to inoculate 1 L of autoinduction
media. Cells were grown in TB medium supplemented
with kanamycin and 5,052 autoinduction sugars.61 Cul-
tures were grown at 37�C for 6 hr and then 18�C over-
night and subsequently harvested by centrifugation for
15 min at 5,000g. For a recombinant protein that
resulted in the dimeric form, cells were grown in TB
medium supplemented with 1 mg/L kanamycin. At
OD600 = 1.0–1.2, we used 1 mM of IPTG to induce

expression and proceeded to grow cells at 25�C
overnight.

Cell pellets were resuspended in 20 mM Tris pH 8.0,
300 mM NaCl, supplemented with protease inhibitor
cocktail tablets (Pierce Protease Inhibitor Tablets, EDTA-
Free, Thermo Scientific), lysozyme (Sigma), DNase
(Sigma), and RNase (Sigma). We lysed the resuspended
pellets with sonication over ice and clarified the lysate by
centrifugation (15,000g for 30 min). The clarified lysate
was applied over a pre-equilibrated Nickel IMAC gravity
column (HisPur Ni-NTA Resin, Thermo Scientific) and
His-tagged samples were eluted using 20 mM Tris pH 8.0,
300 mM NaCl, 300 mM imidazole, and 10% glycerol.
Samples that contained a TEV-cleavage site were subject
to TEV-protease and dialyzed overnight at 4�C into
50 mM Tris pH 8.0 and 150 mM NaCl. All proteins were
subject to the second round of purification using gel-
filtration chromatography (Superdex 200 10/300 GL, GE
Healthcare) and eluted with a buffer containing 50 mM
Tris pH 8.0 and 150 mM NaCl. Fractions from peaks that
corresponded to a molecular weight of approximately
80 kDa were pooled together. We verified the presence
and purity of protein throughout the purification process
using denaturing SDS-PAGE. We also sought to investi-
gate the role and significance of the observed disulfide
bridge by using reducing agents. In one iteration of
our purification procedure, we added 10 mM tris
(2-carboxyethyl)phosphine (TCEP) to purification
buffers. Following the two-step purification, proteins
were subsequently concentrated to approximately
30 mg/ml using 10KDa MWCO Amicon Ultra concentra-
tors (Millipore) and syringe-filtered through 0.22 μM fil-
ters (Millipore). Following concentration and filtration,
this protein was used for crystallization experiments.

4.3 | Crystallization

We obtained diffraction quality crystals using a TTP
Labtech robotic mosquito and the hanging-drop vapor
diffusion method at the UCLA Crystallization facility. We
observed several crystal forms in numerous conditions,
the most prominent being flat hexagonal sheets and
bi-pyramidal octahedrons. We collected diffraction data
for the CutR dimer that crystallized in 0.1 M Potassium
thiocyanate, 30% w/v PEG 2000. Flat Hexamer 1, which
contained a C37A mutation, crystallized in 2.0 M ammo-
nium sulfate, 0.1 M BIS-Tris, pH 5.5. Flat Hexamer 2, with
a cleaved His-6 tag, crystallized in 2 M ammonium sul-
fate, 0.2 M lithium sulfate, and 0.1 M CAPS/Sodium
hydroxide pH 10.5. Screw 1 crystallized in 10% (w/v) PEG
3000, 200 mM sodium chloride, and 100 mM sodium
phosphate dibasic/Citric acid pH 4.2. Finally, Screw
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2, which was purified in the presence of reducing agents
and contained the D66A mutation, crystallized in 0.2 M
potassium sodium tartrate tetrahydrate, 0.1 M Bis-Tris
propane, 8.52% w/v PEG 3350.

4.4 | Data collection, structure
determination, and refinement

X-ray diffraction datasets were collected at the Advanced
Photon Source in Chicago on beamlines 24-ID-C and
24-ID-E (NE-CAT) and then indexed, integrated, and
scaled using XDS/XSCALE.62 We used PHASER63 to first
solve the structure of the CutR dimer by molecular
replacement using a EutS homolog from Clostridium dif-
ficile (PDB ID 4AXI) as a reference model. The model
was built using COOT64 and refined using PHENIX.65

We also used Refmac66 and Buster67 in subsequent
rounds of refinement. The CutR dimer was refined to a
final model with Rwork/Rfree of 0.176/0.210 at a resolution
of 1.8 Å. Subsequent structures were solved by molecular
replacement using one monomer of the CutR dimer as a
reference using similar model-building and refinement
strategies. We also utilized the PDBePISA server37 to
computationally assess the interfaces created by these
various structures.
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