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Carboxysomes are capsid-like, CO,-fixing organelles that are present in all cyanobacteria and some chemoautotrophs and that
substantially contribute to global primary production. They are composed of a selectively permeable protein shell that
encapsulates Rubisco, the principal CO,-fixing enzyme, and carbonic anhydrase. As the centerpiece of the carbon-
concentrating mechanism, by packaging enzymes that collectively enhance catalysis, the carboxysome shell enables the
generation of a locally elevated concentration of substrate CO, and the prevention of CO, escape. A functional carboxysome
consisting of an intact shell and cargo is essential for cyanobacterial growth under ambient CO, concentrations. Using cryo-
electron microscopy, we have determined the structure of a recombinantly produced simplified B-carboxysome shell. The
structure reveals the sidedness and the specific interactions between the carboxysome shell proteins. The model provides
insight into the structural basis of selective permeability of the carboxysome shell and can be used to design modifications to
investigate the mechanisms of cargo encapsulation and other physiochemical properties such as permeability. Notably, the
permeability properties are of great interest for modeling and evaluating this carbon-concentrating mechanism in metabolic
engineering. Moreover, we find striking similarity between the carboxysome shell and the structurally characterized,
evolutionarily distant metabolosome shell, implying universal architectural principles for bacterial microcompartment shells.

Carboxysomes are bacterial microcompartments
(BMCs) that encapsulate Rubisco and carbonic an-
hydrase (CA) in a selectively permeable protein shell.
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They are found in some chemoautotrophs and all
cyanobacteria and are an important part of global
carbon fixation (Garcia-Pichel et al., 2003). Bacteria
that contain carboxysomes actively accumulate cyto-
solic HCO,~, which diffuses across the carboxysome
shell. Inside the carboxysome, CA converts HCO;~ to
CO,, the substrate of Rubisco, to enhance CO, fixation
(for overview, see Yeates et al., 2008; Kerfeld et al.,
2018). The carboxysome was the first BMC identified,
evident as ~200-nm polyhedral particles, based on
electron microscopy (Drews and Niklowitz, 1956) and
subsequent isolation and biochemical characterization
(Shively et al., 1973; Holthuijzen et al., 1987). More re-
cently, the availability of genomic sequence data and
bioinformatics analysis have shown that compartmen-
talization of metabolism in BMCs is widespread across
the Bacterial Kingdom (Axen et al., 2014). Whereas the
encapsulated enzymes differ widely, the basic building
blocks of the shell are conserved. Two different folds
compose the BMC shell architecture, the mixed a-helix/
B-sheet pfam00936 domain that forms regular hexagons
consisting of either six BMC-H chains (Kerfeld et al,,
2005) or three BMC-T chains (each BMC-T chain con-
tains two pfam00936 domains; Heldt et al., 2009; Klein
et al., 2009; Sagermann et al., 2009; Crowley et al.,
2010) and the pure B-sheet pfam03319 domain that
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forms pentagonal shaped truncated pyramids con-
sisting of five BMC-P chains (Tanaka et al., 2008).
Structural characterization of shells made of proteins of
an uncharacterized catabolic BMC from the myx-
obacterium Haliangium ochraceum (HO shell) shows
that proteins from these two folds can form icosahe-
dral structures with the BMC-H and BMC-T on the
facets and the BMC-P located at the vertices (Sutter
et al., 2017).

There are two types of carboxysomes (a and B)
that perform the same biological function but differ
in composition, assembly, and evolution (Kerfeld and
Melnicki, 2016). Our model shell is of the B-type, and
the prefix of the protein names Ccm originates from
carbon-concentrating mechanism, starting at CcmK
because the extent of the operon was unknown at the
time (Price et al., 1993). The conserved carboxysomal
genomic loci generally consist of the shell proteins
CcmK1 and CemK2 (BMC-H), CemL (BMC-P), CcmO
(a BMC-T of unknown structure), as well as the lumenal
proteins CcmM and CcmN. There are additional pro-
teins in satellite chromosomal locations, such as the
BMC-T type CecmP and the BMC-H proteins CcmK3
and CcmK4 (Sommer et al., 2017). A recent study shows
in detail how Rubisco interacts with parts of the CA
CcmM to form networks (Wang et al.,, 2019) around
which the B-carboxysome shell is thought to assemble
(Cameron et al., 2013). The a-carboxysome shell has
been shown to provide a barrier to CO, leakage (Cai
et al., 2009), contributing to the carbon-concentrating
mechanism of carboxysomes.

We have previously shown the formation of shells
from the B-carboxysome proteins CemK1, CemK2,
CemL, and CecmO from Halothece sp. PCC 7418 and
demonstrated their potential for engineering purposes
(Caietal., 2016). Here, we optimized the purification of
this particle and determined 3D structures definitively
composed of CemK1 and CemK2 and CemL with cryo-
electron microscopy (cryo-EM) single-particle analysis.
The shell proteins self-assemble predominantly into
two families of shells with pseudo-T = 3 and pseudo-T
= 4 icosahedral symmetry with diameters of 210 and
245 A, respectively. The resolution is sufficient to
identify the specific amino acid interactions among the
various shell proteins, which are likely the same as in
native carboxysomes. The complete structural descrip-
tion of this synthetic B-carboxysome shell provides a
foundational system for the design of cargo-loading
strategies and mutational studies that will enable di-
rect measurement of the carboxysome shell permea-
bility to gases and metabolites.

RESULTS
Cryo-EM of Purified Synthetic Carboxysome Shells

A synthetic B-carboxysome shell operon encoding
BMC-H proteins CcmK1 and CemK2, BMC-T type
CemO, and C-terminally Strep-tagged BMC-P/CcmL
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was recombinantly expressed in Escherichia coli, and
self-assembled shells were purified by affinity and
anion-exchange chromatography. The composition of
the purified sample was assessed by SDS-PAGE and
negative-stain transmission electron microscopy prior
to vitrification for cryo-EM imaging (Supplemental Fig.
S1, A and B).

Cryo-EM imaging and subsequent single-particle
analysis revealed that multiple classes of shell assem-
blies were present in the sample (Fig. 1A; Supplemental
Fig. S2). We obtained 3D reconstructions of three clas-
ses (Fig. 1B; Supplemental Fig. S3). The most prominent
and highest resolution class (75% picked particles, 2.6
A) was a pseudo-T = 4 icosahedral shell (designated
pseudo because not all subunits are identical), with a
diameter of approximately 245 A (Fig. 1, Band C). A
smaller, pseudo-T = 3 icosahedral shell with a di-
ameter of 210 A was also found in the sample at a
lower occurrence of 3.4%, but we were still able to
obtain good resolution (3 A) due to the high inherent
particle symmetry (Fig. 1, B and D). An elongated
shell (Fig. 1E), similar to prolate capsids of some
bacteriophages (Luque and Reguera, 2010), was also
found at low occurrence (4.5%). It has dimensions of
245 X 310 A, and we were only able to obtain a
low- resolutlon structure (Fourier shell correlation
[FSCo.143] = 4.1 A), likely due to the lower symmetry
and possibly structural variability. There were also
some larger shells (greater than 300 A diameter) that
frequently appeared filled (Supplemental Fig. S2),
indicating that cargo encapsulation (albeit nonspe-
cific, because the shell was not produced in the na-
tive organism) might favor larger shells that are
closer to the full carboxysome size. However, density
can also be seen in pseudo-T = 3 and pseudo-T = 4
shells occasionally (Fig. 1A; Supplemental Fig. S2,
A and B), indicating that E. coli cytosolic cargo is
commonly packaged.

Structural Analysis of the Carboxysome Shell Assemblies

Atomic modeling into the density was facilitated by
available high-resolution crystal structures of homolo-
gous carboxysome shell protomers (Kerfeld et al., 2005;
Tanaka et al., 2008). The T = 3 and T = 4 icosahedral
shell reconstructions were of exceptional quality, and
atomic models could be readily built and refined into
the density (Supplemental Table S1; Supplemental Fig.
S4). For the prolate shell, shell proteins could be reliably
docked but not refined because of the poor quality of
the density. In all cases, the shell reconstructions are
composed entirely of the BMC-H protomers CcmK1/
CemK2 and the BMC-P protomer CemL. The BMC-H
paralogs CcmK1 and CemK2 share 92% sequence iden-
tity over 101 aligned residues (CcmK1 has a 12-residue
C-terminal extension that is not visible in the density)
and could not be distinguished in the T = 4 reconstruc-
tion at 2.6 A resolution. However, ambiguous density at
the side chain positions where the two proteins differ
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Figure 1. Cryo-EM reconstruction of synthetic
shells. A, Example cryo-EM micrograph used in
reconstruction with example particles of different
shell types boxed (T = 4 in magenta, T = 3 in
yellow, and T = 4, Q = 6 prolate in cyan). All
particles were used for reconstruction, but only
selected ones are highlighted for clarity. B, Single-
particle analysis preprocessing workflow with
example 2D class averages for the different shell
types. Particle counts and percentage of input
particles for each class are indicated. C to E, 3D
reconstructions for the T = 4 (C), T = 3 (D), and
prolate (E) shell types with dimensions indicated.
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possibly indicates that the two proteins are used inter-
changeably in those shells (Supplemental Fig. S5). For
simplicity, all BMC-H protomers are modeled as CemK1
(hereafter, CcmK refers to either unless specified). Den-
sity corresponding to the BMC-T protomer CcmO was
not observed in any of the 3D reconstructions. It is pos-
sible that CcmO is binding to particles on the inside or
outside, or it could be a structural part of particles with
low occurrence (e.g. some of the larger particles shown in
Supplemental Fig. S2, A and B).

The T = 3 shell icosahedral asymmetric unit consists
of one CcmL protomer and two CemK protomers, with
the complete shell composed of 20 CcmK hexamers and
12 CemL pentamers at the vertices (Fig. 2A). The T = 4
shell icosahedral asymmetric unit contains an addi-
tional CcmK protomer relative to the T = 3 shell for
a total of 30 CcmK hexamers and 12 CcmL penta-
mers (Fig. 2B). In the prolate capsid, the asymmetric
unit consists of six CcmL protomers and 24 CcemK
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protomers, with the complete shell composed of 40
CcmK hexamers and 12 CemL pentamers.

In all of the shells, the orientation of the subunits was
consistent. For the CemL pentamers, which are shaped
like truncated pyramids, the broader side (pyramid
base) and C termini face outward. The CcmK proteins
have distinct concave and convex surfaces. In all shells,
the concave side, which contains both termini, faces
outward (Fig. 2). The sidedness of the carboxysome
shell proteins is therefore consistent with the previously
characterized shell of a metabolosome (Sutter et al.,
2017; Greber et al., 2019).

Structural Details of the Shell

The interfaces between the individual proteins for the
T = 3 and the T = 4 shell are almost perfectly identical;
we show only the T = 4 interfaces for clarity. The
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residues at the interfaces between the BMC-H:BMC-H
and BMC-P:BMC-H are highly conserved across dif-
ferent microcompartment types (Sutter et al., 2017). For
the CemK-CemK interface, we could recognize the ab-
solutely conserved K25 making an antiparallel inter-
action with its counterpart (Fig. 3A). Another highly
conserved interaction is R80 of the (A /P)-R-P-H motif
inserting into a pocket formed by H82 and backbone
oxygens of the neighboring CemK (Fig. 3A). This
CcmK-CemK interface is at an angle of 30° and, as ob-
served previously for the HO shell, the same interface
can probably also adopt a planar configuration where
the R80 is extending all the way into the pocket. An
interaction that seems to be specific to 8-carboxysomes
is the hydrogen bonds formed between the R28 side
chain and the side chain of E52, its own chain, as well as
the backbone oxygen of A79 and A2 across the interface
(Fig. 3A). Looking at the CemK-CemK interface from
the interior of the shell, we noticed additional intra-
chain interactions between residues E62 and K65 as
well as R66 and E18 (Fig. 3B); the E62 and R66 residues
are positioned such that they could possibly interact
across the interface in a planar configuration. Inter-
estingly, this is a position where Halothece sp. PCC
7418 CcmK1 and CecmK?2 differ (E62/K65 in CcmKl1,
D62/N65 in CcmK?2), which could cause a preference
of one shell subunit over another for angled/planar
interfaces. This residue pattern is not consistent, though,
for all B-carboxysomal CcmK1 and CemK2; there is no
distinguishing feature that separates CcmK1 from CemK2
other than the C-terminal extension (Sommer et al., 2017).

The composition of our T = 4 shell enables visuali-
zation for the first time, in the context of a complete
BMC shell, of the interface where three BMC-H proteins
meet; in the HO shell, a BMC-T is always one of the
three oligomers at this interface. The small side chain of
residue S51 seems to prevent steric clashes (Fig. 3A) and
explains why the residues at this position are generally
Gly, Ala, or Ser.

The interface between CemL and CemK seems to rely
mainly on shape complementarity (Fig. 3, C and D).
There is a notable interaction between K23 of CemL and
the backbone oxygen of P46 (Fig. 3D), which, similar to
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Figure 2. Geometrical description of the regular
icosahedral shell types. Closeup of the cartoon
model for each shell type is shown with the
asymmetric unit indicated by red triangles. Subu-
nits corresponding to the T = 3 and T = 4 lattices
are indicated by solid lines for the icosahedral
shells in A and B, respectively.

the antiparallel Lys residues of CcmK, creates a flat
surface. There are a few charged interactions, including
CemK’s E52 side chain and CemL’s R91 as well as
CcmK'’s R66 side chain to the backbone oxygen of P46.

The Structural Basis of Permeability to Carboxysome
Metabolites 3-Phosphoglyceric Acid and Bicarbonate

The CemK proteins are the major building blocks of
the facets of the B-carboxysome shell. Protein-protein
interactions in the facets completely seal the synthetic
shell from bulk solvent, and the pores formed by the
cyclic axes of symmetry provide the only conduits into
and out of the shell. The EM density for the residues
around the CemK pore of the T = 4 shell was of good
quality and allowed placement of the backbone and
side chains for all residues (Supplemental Fig. S4C).
CcmK1 and CemK?2 are identical in their pore-forming
residues, and therefore even if the observed CcmK
proteins are heterohexamers (i.e. mixtures or CcmK1
and CcmK?2), the diameter of the pore is unlikely to be
affected. The pores in the CcmK hexamers are about 7 A
in diameter, consistent with the sizes estimated from
the hexamers in isolation (Kerfeld et al., 2005). Elec-
trostatic surface analyses of the shells revealed a gen-
erally more negatively charged exterior and positively
charged interior (Fig. 4). The pores of both CcmK and
CcmlL are positively charged, especially pronounced on
the exterior surface, possibly favorable to interaction
with the negatively charged metabolites that must cross
the shell.

There is some residual density at the center of the
CemK pore (Supplemental Fig. S4C), but it is weaker
than the surrounding protein density, unlike the
very strong density observed at the center of CcmL
(Supplemental Fig. S6A). At the center of the pentamer
pore, we observed a large spherical density on the
concave, outside-facing side of the shell. The density is
approximately 8 A in diameter and appears relatively
smooth and featureless. Asymmetric reconstructions
still resulted in featureless density occupying the CcmL
pore (Supplemental Fig. S6B); therefore, the density
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Figure 3. Protein subunit interfaces. A and B,
View onto the CcmK-CcmK interface from the
outside (A) and from the inside (B). C and D, View
of the CcmK-CcmlL interface from the inside (C)
and outside (D). Interface residues are shown as
sticks, CcmK in shades of blue and CcmlL in yel-
low. Important residues are labeled, and dashed
lines indicate specific interactions.
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likely corresponds to an average of a molecule in mul-
tiple orientations. The density is surrounded by posi-
tively charged residues K39 and R59, and it is possible
that a negatively charged molecule from the E. coli cy-
tosol was bound and retained throughout the purifi-
cation process.

Comparison with Other Shell Proteins and the
Metabolosome (HO) Shell

There are a number of crystal structures available for
both CcmK1 and CemK2 and CemL. When we aligned
the structure of one chain of the CcmK hexamer extrac-
ted from the shell to other available B-carboxysomal
CcmKl1 and CemK2 structures (Fig. 5A, left), the root-
mean-square deviation (rmsd) values were very low
(0.3-0.5 A over 80-90 aligned C-a atoms). However,
when looking at the opposite side of the locally aligned
hexamer, we noted that the hexamer extracted from the
shell is more compact than its isolated counterparts
(Fig. 5A, right). This indicates that the BMC-H mono-
mer fold is quite rigid but that there is some flexibility in
the interactions between individual chains that allow
the hexamer to adopt slightly different overall shapes.

Figure 4. Electrostatics of the T = 4 shell. A, Sur-
face as seen from the outside colored by electro-
static potential (red, negative; blue, positive), with
outlines of CcmK and Cecml indicated. B, Same as
A, but for the inside view. The scale bar below
indicates the range from —4 to +4 kT/e.
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The difference could be due to the fact that the hexamer
in the shell is more constrained by surrounding proteins
relative to a single type of hexamer in the context of only
crystal-packing interactions. However, the flexibility
could also have a role in the native particles, where
CemK presumably interacts with itself and CemL and
also CemO and CemP. The CemL monomer also aligned
very well to structures of available S-carboxysomal
counterparts (Fig. 5B, left; 04-0.55 A over 75-85
aligned C-a atoms), but, in contrast to the CcmK hexa-
mer, the whole pentamer also aligned very well (Fig. 5B,
right), indicating that the shape of the pentamer is
quite rigid.

Prolate Shells

The peculiar architecture of the prolate shell consists
of two hemispheres similar to the T = 4 shell connected
by an additional belt of hexamer subunits, described by
an elongation number of six (Q = 6; Luque and
Reguera, 2010). Due to the additional hexamer belt,
the prolate shell lacks the threefold symmetry that
would otherwise be present if the shell were a regular
icosahedron, thus the structure is D5 symmetric. The

Plant Physiol. Vol. 181, 2019



low abundance of this class necessitated enforcement of
this D5 symmetry during 3D classification and refine-
ment to yield sufficient resolution reconstructions to
discern the identity of the constitutive shell protomers.
Whereas symmetric refinement of the entire complex
resulted in density maps of sufficient quality to resolve
secondary structure elements, the density on the cir-
cumference of the hemisphere regions appeared as a
partial mix of subunit density and central belt that was
very weak relative to the hemisphere regions.

To address the structural heterogeneity and improve
the resolution of the reconstruction, we performed
symmetry expansion on the prolate particle images
and treated the artificially increased data set without
enforcing symmetry. Classification on the expanded
particles with a soft mask about the vertices and without
angular searches revealed a mix of pentamer- and
hexamer-centered particles. This result indicated a mix-
ture of prolate shells in which the T = 4 hemispheres are
rotated 36° relative to one another (Supplemental Fig.
54C). The angular assignments for hexamer-centered
particles were appropriately rotated, combined with
the pentamer-centered class, and refined to yield a 3.7 A
reconstruction. However, the central belt hexamers are
still much lower quality than the remainder of the re-
construction. Nevertheless, despite the low quality, we
could identify the shell protomers as CcmK and CemlL.
The low quality of parts of the structure and low abun-
dance indicate that this is likely an incorrectly assembled
particle rather than a relevant structural form.

DISCUSSION

The structures we have determined for the synthetic
B-carboxysome shells are formed by the major carbox-
ysome shell proteins CemK1 and CemK2 and the pen-
tamer protein CcmL (Kerfeld et al., 2005; Tanaka et al.,
2008; Rae et al., 2012). Despite coexpression of CcmO
and its presence throughout the purification, we could
not unambiguously identify this protein in the final
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Figure 5. Structural alignment of Halothece sp.
PCC 7418 BMC-H and BMC-P from the shell
with corresponding isolated structures of other
B-carboxysomes. A, Alignment of Halothece sp.
PCC 7418 CcmK1 and CcmK2 (blue), with avail-
able crystal structures of CcmK1 and CcmK2
(Protein Data Bank identifiers 2A1B, 3BN4,
3CIM, 35S8Q, 3SSS, and 40X7) in different shades
of gray. Views of the aligned chain in cyan (left)
and opposite side (right) are shown. B, Alignment
of Halothece sp. PCC 7418 CcmL (yellow), with
homologous structures (Protein Data Bank iden-
tifiers 2QW?7, 4JVZ, 4)WO0, and 4N8X) in different
shades of gray.

structure. It is possible that it is bound to the shell
randomly or present in particles that are not ordered
well enough to enable classification. Purified CcmO has
so far eluded structural characterization (C.A. Kerfeld
group, unpublished data), and it is possible that only in
native (enzymes + shell) carboxysomes does CcmO
play a functional role and is even properly folded. We
observe two main types of structures, corresponding to
pseudo- (because not all subunits are identical) T = 3
and T = 4 icosahedral particles as well as an elongated
prolate-type structure that is likely a result of mis-
assembly. Native B-carboxysomes are typically much
larger (greater than 150 nm diameter; Rae et al., 2012),
but it has been shown that the assembly of functional
carboxysomes starts with an aggregation of the interior
components (Cameron et al., 2013), which might in-
fluence their size. Larger particles presumably have
extended sheets of planar CcmK1 and CemK?2, but
the pentamer caps and the surrounding hexamers are
expected to be the same as in our model, because the
angles are conserved among all sizes of icosahedral
particles.

The permeability of carboxysome shells has not
been measured directly; it is an essential parameter in
estimating the CO, fixation efficiency of natural and
designed carboxysomes, the latter of which includes
the goal of enhancing CO, fixation in plants by het-
erologous expression of carboxysomes. The surface of
the synthetic B-carboxysome shell is tightly sealed,
perforated only by 7-A openings at the cyclic sym-
metry axis of each CcmK hexamer. These openings
are large enough to readily allow the passage of
bicarbonate/HCO," (Fig. 6, A and B) and potentially
3-phosphoglyceric acid (PGA; Fig. 6, C and D), but
they are unlikely to conduct ribulose 1,5-bisphosphate.
Moreover, by revealing the sidedness of the shell pro-
teins, our model provides new structural information
about the orientation of the pores and the electrostatic
potential on the interior and exterior surfaces of the
shell (Fig. 4); these provide constraints that now can be
used to inform theoretical models of the influence of
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Figure 6. A, Closeup of the CcmK pore of the
Halothece sp. PCC 7418 shell with a bicarbonate
modeled in the center. K36 lines the concave side
of the pore, and hydrogen bonds to the E35 side
chain and the backbone oxygen of K36 of the
adjacent chain. B, Surface representation of A. C
and D, Same as A and B, but with PGA.

shell permeability (i.e. CO, barrier, substrate, and pro-
duct permeability) on CO, fixation efficiency (Mangan
and Brenner, 2014; McGrath and Long, 2014; Hinzpeter
et al.,, 2017; Tsitkov and Hess, 2019). Notably, the
exterior surface (Fig. 4A) is predominantly negative,
with relatively strong positive charges focused at the
pores. The metabolites (HCO;~, PGA, and ribulose 1,5-
bisphosphate) that cross the carboxysome shell all are
negatively charged. The overall global charge distri-
bution is likely important for electrostatic steering of
HCO; to the openings in the shell. The synthetic shell
system and its atomic resolution model provide an
ideal system to probe shell permeability. CcmK1 and
CcmK?2 represent the major shell protein of the facets
(Rae et al., 2012) and, as such, are prime targets to ob-
tain estimates for shell permeability, one of the pa-
rameters still missing for accurate theoretical modeling
(Mangan and Brenner, 2014; Hinzpeter et al.,, 2017;
Tsitkov and Hess, 2019). Knowing the structure will
facilitate the design of modifications, such as the SpyTag/
Catcher system that has been used to program synthetic
metabolosome shells (Hagen et al., 2018) to reliably en-
capsulate cargo. Since the CcmK structures are highly
conserved, a substitution of some subunits with homo-
logs is possible, for example to test the effect of capping of
CcmK4 subunits with CamK3-CemK4 heterohexamers,
as was shown recently (Sommer et al., 2019). Our detailed
structure of a synthetic carboxysome shell, together with
our previous biochemical characterization (Cai et al.,
2016), makes this an attractive model system to study
aspects like encapsulation and shell permeability.
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We recently reported the structure of a synthetic
catabolic BMC shell derived from the phylogenetically
remote BMC from H. ochraceum. This HO shell is con-
structed from a BMC-P protein, a single type of hexa-
mer (there are no BMC-H paralogs in the genome),
and three BMC-T proteins. The carboxysome and HO
BMC are functionally distinct and are found in orga-
nisms remote from one another on a phylogenetic tree
(A-proteobacteria versus cyanobacteria; Schulz et al.,
2017). The amino acid sequences of HO-BMC-P and
CemL are 49% identical, and a structural alignment
yields an rmsd of 0.7 A over 72 aligned C-a atoms.
Similar values are observed when comparing the HO-
BMC-H and CcmK1 and CemK2; the sequences share
53% sequence identity, and the structures align with
an rmsd of 0.65 A over 78 aligned C-a atoms. We
also compared the interfaces between two hexamers
and between the hexamer and pentamer for the
B-carboxysomal shell and the HO shell. Despite a
number of amino acid substitutions, the backbones of
the subunits involved in both the hexamer-hexamer
and hexamer-pentamer interfaces align almost per-
fectly (Supplemental Fig. S7, A and B). In a phyloge-
netic tree of BMC-P proteins (BMC-H trees are much
more difficult to generate and interpret due to per-
mutation and duplication events), the Halothece sp.
PCC 7418 CcmL and H. ochraceum BMC-P are in very
distinct clades and separated almost all the way to the
base of the tree (Supplemental Fig. S8). In this context,
the structural conservation between these function-
ally distinct BMC types is remarkable and suggests
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that this is a very stable architectural solution for capping
interaction between the pentamer and its surrounding
hexamers, one that has persisted through evolution and
functional diversification. Indeed, BMC-H and BMC-P
seem to form an optimal structure that allows the for-
mation of the vertices, where a BMC-P pentamer is
surrounded by five BMC-H hexamers, while allowing
the BMC-H to form specific interactions between each
other. The CcK-CemK interaction around the penta-
mer is at a 30° angle, whereas a planar interaction (as
observed in the HO shell) is necessary to form sheets for
larger facets. These findings provide detailed structural
information on key intersubunit interfaces such as BMC-
P:BMC-H and BMC-H:BMC-H and subunit sidedness,
providing a foundation for the direct study of carbox-
ysome shell permeability.

MATERIALS AND METHODS

Expression and Purification of Synthetic
Carboxysome Shells

The plasmid Halo-1 as described (Cai et al., 2016) was modified using
Gibson cloning to include a Strep-II tag (WSHPQFEK) at the C terminus of
CemL connected by a GS linker. Escherichia coli (DE3) cells were transformed
with this plasmid and grown in Studier’s autoinducing medium at 25°C
overnight. The cell pellet was resuspended in 100 mm Tris, pH 8, 150 mm NaCl,
and 1 mm EDTA (buffer A), after which Benzonase and Lysozyme were
added (EMD Millipore, Novagen; manufacturer’s instructions) and cells
were lysed using a French press. The lysate was centrifuged in an SS-34 rotor
at 20,000 rpm for 20 min. The soluble lysate was applied to a 5-mL GE
StrepTrap equilibrated in buffer A, the column was then washed with 6
column volumes of buffer A, and the protein was eluted with 5 column
volumes of 20 mm Tris, pH 8, 50 mm NaCl, 1 mm EDTA, and 2.5 mm
D-desthiobiotin. The eluate was then applied on a Suc cushion (30% [w/Vv]
Suc in 20 mm Tris, pH 8, and 50 mm NaCl) and centrifuged in a Ti-70 rotor for
16 h at 42,000 rpm. The glassy pellet was then resuspended in 20 mL of 20 mm
Tris, pH 8, and 50 mm NaCl and applied to a MonoQ 10/100 anion-exchange
column. Shells eluted at around 35% of a 50 to 1,000 mm NaCl gradient in
20 mm Tris, pH 8.

Cryo-EM Grid Preparation and Data Collection

In the chamber of a Vitrobot Mark IV at 4°C and 100% humidity, 3 uL of
sample at ~0.6 mg mL~! was applied to a freshly glow-discharged R1/2 Cu 300
grid (Quantifoil) and immediately blotted with Whatman No. 1 filter paper for
6 s prior to plunging into liquid ethane contained in a liquid nitrogen bath. Data
were collected on a Titan Krios G2 transmission electron microscope operated
in EFTEM mode at 300 kV and equipped with a K2 summit direct electron
detector and Quantum LS Imaging Filter (slit width of 25 eV). Movies were
recorded in superresolution mode at an effective pixel size of 0.4454 A with a
cumulative exposure of 50 e~ A~2 distributed uniformly over a 6-s exposure
into 25 frames. Data acquisition was performed using SerialEM (Mastronarde,
2018) with one exposure per hole and focusing for each exposure to a target
defocus range of —0.5 to —2 um. A total of 1,343 movies were collected.

Single-Particle Analysis Image Processing

Preprocessing was performed concurrently with data collection through
Focus (Biyani et al., 2017). Superresolution movies were drift corrected, dose
weighted, and Fourier cropped to 0.8908 A per pixel using MotionCor2-v1.1.0
(Zheng et al., 2017), and contrast transfer function (CTF) parameters were es-
timated using Getf-v1.06 (Zhang, 2016). Aligned micrographs were manually
curated, and 1,334 were selected for further processing. Nontemplated particle
picking was performed using Gautomatch-v0.56 (https:/ /www.mrc-Imb.cam.
ac.uk/kzhang/Gautomatch), and results were curated to remove empty picks,
resulting in 47,121 particles. Particles were extracted in a 512-pixel box and
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binned by a factor of 2 using RELION-v3.0.b2 (Scheres, 2012; Zivanov et al.,
2018), subjected to reference-free 2D classification, and the different assembly
types were selected individually for further processing. All reported global map
resolutions correspond to the gold-standard FSC at 0.143 between indepen-
dently refined half-maps, with phase randomization to correct for masking
artifacts (Scheres and Chen, 2012). Local resolution maps were generated using
RELION.

For the T = 4 assembly, 35,383 particles were reextracted in a 424-pixel box
and imported into cryoSPARC-v2.2 (Punjani et al., 2017) for ab initio reference
generation and subsequent homogenous refinement with icosahedral symme-
try enforced, resulting in a 3.1-A map. The cryoSPARC refinement metadata
were converted to RELION STAR format for further processing using Daniel
Asarnow’s pyem scripts (unpublished data; https://github.com/asarnow/
pyem). CTF parameter refinement followed by 3D autorefine improved the
global resolution to 2.8 A. Bayesian polishing (Zivanov et al., 2019) further
improved the map to 2.6 A. Further 3D classification without alignment into
four classes resulted in a class of 15,354 particles that yielded a 2.6-A map with
marginal improvements.

The T = 3 assembly was processed similarly to the T = 4 for 1,586
particles extracted in a 384-pixel box and achieving final global resolu-
tion of 3 A. Further classification of the particles did not yield an
improved map.

For the prolate (T = 4, Q = 6) assembly, 2,123 particles were extracted in a
484-pixel box and binned by a factor of 2 (Nyquist limit ~ 3.6 A). An ab initio
reference could not successfully be generated using either cryoSPARC or
RELION. Nevertheless, based on the known dimensions of the shell protomers
and 2D class averages, a coordinate model was built and converted to a pseudo-
map using Chimera-v1.12 (Goddard et al., 2007). The pseudo-map was low-
pass filtered to 12 A and used as an initial reference for autorefinement in
RELION using D5 symmetry, which resulted in a 44-A map. Refinement of
CTF parameters and Bayesian polishing improved the map to 4.1 A. To further
improve the resolution, the particle images were expanded with D5 symmetry,
resulting in 21,230 expanded particles. Focused classification of the expanded
particles was performed into five classes, using C1 symmetry and applying a
soft mask encompassing an asymmetric unit of the complex. This resulted in
two dominant classes, one a pentamer-centered face (58%) and the other hex-
amer centered (22%). One-tenth of a rotation was applied to the hexamer-
centered particle metadata and particles merged with the pentamer-centered
class, resulting in 16,941 particles that yielded a 3.7-A map after autorefinement.
The necessity to invert the handedness of the map suggests low initial reference
bias, and FSC curves dropping to around zero indicate the absence of duplicate
particles.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AFZ45643.1 (ccmK1), AFZ45642.1 (ccmK2),
and AFZ45644.1 (ccmL) for Halothece sp. PCC 7418 shell proteins. Density maps
were deposited with the Electron Microscopy Data Bank with accession codes
EMD-20207 (T = 4 shell), EMD-20208 (T = 3 shell), EMD-20209 (prolate shell),
and EMD-20210 (symmetry-expanded prolate shell). Raw frames were depos-
ited with the Electron Microscopy Public Image Archive with accession code
EMPIAR-10275. Coordinate models were deposited with the Protein Data Bank
with accession codes 60WEF (T = 3 shell) and 60WG (T = 4 shell).

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Purification of synthetic carboxysome shells.
Supplemental Figure S2. Larger particles observed in the cryo-EM data.
Supplemental Figure S3. Cryo-EM reconstruction workflow.
Supplemental Figure S4. Cryo-EM map and model quality.
Supplemental Figure S5. CcmK1 versus CemK2 comparison.
Supplemental Figure S6. Density occupying the CcmL pore.

Supplemental Figure S7. Alignment of the interfaces with the correspond-
ing HO shell proteins.
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Supplemental Figure S8. Phylogenetic tree of BMC-P sequences.

Supplemental Table S1. Cryo-EM data collection, refinement, and valida-
tion statistics.
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