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Bacterial microcompartments (BMCs) encapsulate enzymes within a selectively permeable, proteinaceous shell. Carboxysomes
are BMCs containing ribulose-1,5-bisphosphate carboxylase oxygenase and carbonic anhydrase that enhance carbon dioxide
fixation. The carboxysome shell consists of three structurally characterized protein types, each named after the oligomer they
form: BMC-H (hexamer), BMC-P (pentamer), and BMC-T (trimer). These three protein types form cyclic homooligomers with
pores at the center of symmetry that enable metabolite transport across the shell. Carboxysome shells contain multiple BMC-H
paralogs, each with distinctly conserved residues surrounding the pore, which are assumed to be associated with specific
metabolites. We studied the regulation of b-carboxysome shell composition by investigating the BMC-H genes ccmK3 and ccmK4
situated in a locus remote from other carboxysome genes. We made single and double deletion mutants of ccmK3 and ccmK4 in
Synechococcus elongatus PCC7942 and show that, unlike CcmK3, CcmK4 is necessary for optimal growth. In contrast to other
CcmK proteins, CcmK3 does not form homohexamers; instead CcmK3 forms heterohexamers with CcmK4 with a 1:2
stoichiometry. The CcmK3-CcmK4 heterohexamers form stacked dodecamers in a pH-dependent manner. Our results
indicate that CcmK3-CcmK4 heterohexamers potentially expand the range of permeability properties of metabolite channels
in carboxysome shells. Moreover, the observed facultative formation of dodecamers in solution suggests that carboxysome shell
permeability may be dynamically attenuated by “capping” facet-embedded hexamers with a second hexamer. Because
b-carboxysomes are obligately expressed, heterohexamer formation and capping could provide a rapid and reversible means
to alter metabolite flux across the shell in response to environmental/growth conditions.

Bacterial microcompartments (BMCs) are polyhedral
organelles that were first discovered in cyanobacte-
ria (Drews and Niklowitz, 1957). Similar particles in
chemoautotrophs were later shown to contain ribulose-
1,5-bisphosphate carboxylase oxygenase (Rubisco)
(Shively et al., 1973)—the central enzyme of the
Calvin–Benson–Bassham Cycle—and the particles
were accordingly named “carboxysomes.” All carbox-
ysomes also encapsulate carbonic anhydrase, and the
colocalization of the two enzymes enhances CO2 fixa-
tion and reduces photorespiration (Price and Badger,
1989; So et al., 2004; Long et al., 2007; Kerfeld and
Melnicki, 2016). Due to the abundance of cyanobacte-
ria in the open ocean, carboxysomal Rubisco contrib-
utes substantially to global primary carbon production
(Garcia-Pichel et al., 2003). The catalytic efficiency of

carboxysomes has inspired attempts to transfer the or-
ganelle into crop plants to enhance biomass production
and yield (Price et al., 2013; Zarzycki et al., 2013; Lin
et al., 2014a, 2014b; McGrath and Long, 2014).

Carboxysomes are delimited by a selectively perme-
able shell made of proteins (Cannon et al., 2001; Kerfeld
et al., 2005). There are three classes of constituent
proteins that form a shell with icosahedral symme-
try: Hexamer-forming proteins containing a single
Pfam00936 domain (BMC-H) (Kerfeld et al., 2005);
trimer/pseudohexamer-forming proteins consisting of
a fusion of two Pfam00936 domains (BMC-T) (Klein
et al., 2009; Cai et al., 2013; Larsson et al., 2017), and
pentamer-forming proteins containing the Pfam03319
domain (BMC-P) (Tanaka et al., 2008; Sutter et al., 2013).
Each oligomer has a concave and convex side. The
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facets of BMC shells are comprised of a monolayer of
these proteins, with their concave face exposed to the
cytosol, punctuated by a subset of BMC-T pseudohex-
amers that form stacked oligomers (dimers of trimers,
referred to as BMC-Td) (Sutter et al., 2017) (Fig. 1).
Pores, typically at the cyclic axes of symmetry of the
oligomers, are the conduits for substrates and products.
There are two types of carboxysomes, distinguished

by the form of Rubisco they encapsulate: Form IA in
a-carboxysomes and Form IB in b-carboxysomes
(Tabita, 1999; Rae et al., 2013; Zarzycki et al., 2013;
Kerfeld and Melnicki, 2016). Accordingly, cyanobacte-
rial species encoding each carboxysome type were
termed a- and b-cyanobacteria (Badger et al., 2002).
a-cyanobacterial strains occupy the open ocean (Pro-
chlorococcus and the marine Synechococcus), and their
carboxysomes are encoded in a single genomic locus
(Badger et al., 2006; Roberts et al., 2012). In contrast,
b-cyanobacteria inhabit a variety of dynamic habitats.
Most b-carboxysome genes, including the genes en-
coding the BMC-H proteins CcmK1 and CcmK2, are
situated in the main carboxysome locus and are con-
stitutively expressed across a wide range of conditions
(Billis et al., 2014; Hernández-Prieto et al., 2016). But all
b-cyanobacterial genomes also contain varying num-
bers of additional CcmK paralogs (CcmK3-CcmK6) in
satellite loci (Sommer et al., 2017). It has been hypoth-
esized that the different CcmK paralogs have differing
metabolite selectivities (Kerfeld et al., 2005; Rae et al.,
2013; Sommer et al., 2017).
Two of these paralogs, CcmK3 and CcmK4, are pre-

sent in;90% of all sequenced b-cyanobacterial genomes
(Sommer et al., 2017). Gene deletion of ccmK3 and ccmK4
has been shown to cause impaired growth, although
carboxysomes are still formed (Rae et al., 2012).Whereas

the exact function of CcmK3 and CcmK4 remains un-
known, Rae et al. (2012) found that the genes of both
ccmK3 and ccmK4must be knocked out in Synechococcus
elongatus PCC7942 (Syn7942) to cause a slow-growth
phenotype, and they thus concluded that the gene pro-
ducts act redundantly. However, deletion of only ccmK4
was sufficient to produce a slow-growth phenotype in
Synechocystis sp. PCC 6803 (Syn6803) (Zhang et al., 2004).
A recent comprehensive survey of carboxysome genes in
b-cyanobacteria showed that ccmK3 and ccmK4 genes
always co-occur; it was suggested that the proteins are
not redundant but are functionally linked (Sommer et al.,
2017). Because our understanding of BMC hexamers is
based on crystal structures of purified BMC-H proteins
of a single type, we hypothesized that the functional
interdependencemay involve heterohexamer formation.
In this study, we investigated the function of the

satellite locus-encoded proteins CcmK3 and CcmK4.
Growth analysis of deletionmutants shows that CcmK3
and CcmK4 are not redundant and that CcmK3 is a
component of the b-carboxysome that is expendable
under ideal growth conditions. CcmK3 does not form
homohexamers when expressed recombinantly, but
CcmK3 and CcmK4 form a heterohexameric complex
that can further form dodecamers under certain con-
ditions. Previous studies have provided examples of
homohexamer formation among BMC proteins; here
we provide an example of heterohexamer formation
by a BMC-H protein. We suggest that heterohexamer
formation could provide a means of fine-tuning
b-carboxysome shell permeability.

RESULTS

In Vivo Characterization of ccmK3 and ccmK4

We created DccmK3 and DccmK4 mutants in Syn7942
and evaluated their growth in air under low light

Figure 1. Model of the beta carboxysome shell. Selective permeability
of eachpore type is represented by dashed lines and spheres in shades of
green. Proposed capping of carboxysome facet CcmK4 hexamers by
CcmK3-CcmK4 heterohexamers is indicated with red arrows. Altered
metabolite flux after capping is represented in red.
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(80 mE). The doubling rate of the wildtype and the
DccmK3 mutant were similar, with a doubling rate of
0.15 per hour (Fig. 2A). The DccmK4 mutant and the
DccmK3-DccmK4 double mutant showed substantial
growth impairments with doubling rates of 0.06 and
0.04 per hour, respectively. This is in contrast to a pre-
vious study by Rae et al. (2012) who did not detect a
growth phenotype for the DccmK4 mutant. However,
they grew themutant in pH 8.0, whereas we carried out
our growth experiments at pH 7.4. When growth of the
strains generated in this study was measured at pH 8.0,
we observed a decrease in the difference of growth
between the DccmK4 mutant and the wild type, which
was about 3-fold as long in pH 7.4 and only 2-fold as
long in pH 8.0 (Supplemental Fig. S1). This finding can
in part explain the differences between the studies.

To verify our growth rate results, the DccmK3-
DccmK4 mutant was complemented with either
ccmK3, ccmK4, or the complete ccmK3-ccmK4 locus from
Syn7942 (Fig. 2B). When ccmK3 was inserted into the
genome of the double deletion mutant, growth
remained slow (0.04 h21). Complementation of the
double mutant with ccmK4 or the whole locus, how-
ever, resulted in a recovery to a doubling rate to
0.11 h21. When a mutated version of ccmK4 (that ver-
sion with pore residue S40 replaced by Asp) was used
to rescue the double mutant, growth remained slow
with a doubling rate of 0.05 h21, highlighting the
importance of CcmK4 for function. Although CcmK3
is not essential for growth, it is a component of the
carboxysome; CcmK3 labeled with yellow fluores-
cent protein (YFP) colocalizes with carboxysomes la-
beled with Rubisco-cyan fluorescent protein (CFP)
(Supplemental Fig. S2).

Characterization of Purified CcmK3 and CcmK4
Oligomeric States

The oligomeric state of heterologously expressed and
purified CcmK3 (12 kD) and CcmK4 (14 kD) from
Halothece PCC 7418 was determined by size exclusion
chromatography (SEC, Fig. 2C). CcmK4 formed ag-
gregates (.1,000 kD), with a small shoulder at 150 kD
that could represent a dodecamer. In contrast, CcmK3
formed only smaller oligomers (29 kD) that could
be dimers or trimers but formed no hexamers or
higher order oligomers. For example, CcmK2 (10.9
kD), the main carboxysomal BMC-H protein, elutes
as a hexamer (64 kD, Supplemental Fig. S3). Also, all
structurally characterized BMC-H proteins are sym-
metrical hexamers that sometimes form higher order
assemblies in crystals (Kerfeld et al., 2005; Samborska
and Kimber, 2012).

We were not able to crystallize heterohexamers of
CcmK3 and CcmK4, but we successfully determined
the structure ofHalotheceCcmK4 at a resolution of 1.8 Å
(Fig. 2D, Supplemental Table S2). The protein forms
typical BMC-H hexamers with a positive partial charge
surrounding the pore (Fig. 2D). The hexamers packed
into loosely associated concave-to-concave facing
dodecamers in the crystal, consistent with a peak ob-
served in SEC (Fig. 2C). These dodecamers are similar
to what has previously been observed for CcmK2
(Samborska and Kimber, 2012). We analyzed the in-
terface between the hexamers with PISA (Krissinel and
Henrick, 2007) (Supplemental Table S1); the surface
area of each CcmK4 hexamer that is involved in
dodecamer formation is ;2,200 Å2, which is less than
half of the area buried in a typical double stacking

Figure 2. Characterization of CcmK3 and CcmK4. A and B, Growth of (A) Syn7942 DccmK3 and DccmK4mutants, and (B) lines
complementing the DccmK3-K4 mutant. Values are means 6 SD from three biological replicates. C, Gel filtration of purified
Halothece CcmK3-His, CcmK4-Strep and protein standard. D, Concave surface of a hexamer of the CcmK4 crystal structure,
colored by electrostatic potential according to the scale on the right.

158 Plant Physiol. Vol. 179, 2019

Sommer et al.

http://www.plantphysiol.org/cgi/content/full/pp.18.01190/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01190/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01190/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01190/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01190/DC1


BMC-Td protein (e.g. CcmP; Fig. 1[Cai et al., 2013]),
which are stable in solution.

Interaction of CcmK Paralogs

We analyzed interactions between the different
CcmK proteins using sequential affinity purification of
proteins recombinantely expressed and purified from
E. coli. We coexpressed pairs of CcmK paralogs where
one protein was His-tagged and the other Strep-
tagged. Coexpression of CcmK2-His and CcmK4-
Strep yielded mostly insoluble protein (Supplemental
Fig. S4 A) with no detection of His- or Strep-tag by
western blotting in the soluble fraction (Fig. 3A top).
Soluble protein was obtained from coexpression of
CcmK3-His and CcmK2-Strep as well as CcmK3-His
and CcmK4-Strep (Fig. 3A top). CcmK4-Strep mi-
grates as two bands that show up on both SDS-PAGE
(Supplemental Fig. S4) and a-Strep western blot
(Fig. 3A bottom). The soluble lysate fractions were
loaded on a His-trap column, and the eluate then was
applied on a Strep-trap affinity column. No protein
was detected from the Strep-trap eluate when CcmK3-
His was coexpressed with CcmK2-Strep, indicating
they do not stably interact. In contrast, sequential
affinity purification of coexpressed CcmK3-His and
CcmK4-Strep showed both proteins in the Strep-eluate
on SDS-PAGE (Supplemental Fig. S4), and their
identity was confirmed by western blotting (Fig. 3A),
indicative of a stable interaction between the two types
of proteins.

Nondenaturing PAGE was performed to compare
the copurified proteins to CcmK3 and CcmK4 homo-
complexes (Fig. 3B). One major band was visible on the
gel for the CcmK3-K4 complex that migrates differently
than either CcmK3 or CcmK4 alone (Fig. 3B). Western
blots confirmed the presence of CcmK3 and CcmK4 in
this complex. Control experiments with the Strep-Tag
on CcmK3 and the His-Tag on CcmK4, as well as
with Syn7942 orthologs, yielded comparable complexes
(Fig. 3B).
The molecular mass of the CcmK3-CcmK4 hetero-

complex was determined by SEC. Elution of the mixed
complex from the SEC column using a standard buffer
(TBS 20/50, pH 7.4) yielded a major peak at 75 kD,
corresponding to a hexamer (Fig. 3C) that was preceded
by a small peak corresponding to the size of a
dodecamer (144 kD). We confirmed the presence of
both CcmK3-His as well as CcmK4-Strep in both the
main hexamer and small dodecamer peak with western
blots (Fig. 3C, inset). When 0.2-M Gly was added to the
buffer, the relative amount of this peak increased to
about 15%. The amount of the putative dodecamer
formed was also affected by pH of the running buffer
(Fig. 3D), with significantly more dodecamer observed
at pH 7.0 (36%) than at pH 8.0 (3%).
The stoichiometry of CcmK3 and CcmK4 in the het-

erohexamers was determined using a quantitative dot
blot (Supplemental Fig. S5, A, B). The concentration of
CcmK3 in an undiluted Halothece CcmK3-CcmK4
sample after copurification was calculated as 78 mM

(+/2 8 mM). The concentration of CcmK4 in this sample
was calculated to 174 mM. The ratio of CcmK3 and

Figure 3. Characterization of CcmK3-CcmK4 complexes. A, Identification of CcmK proteins by SDS-PAGE and western blots
after recombinant expression (soluble lysate) and tandem purification (final elution from second column). B, Native PAGE of
recombinantly expressed and purified Syn7942 andHalothece CcmK proteins.Western blots of native gels of copurified CcmK3-
CcmK4 protein. C and D, SEC of copurified Halothece CcmK3-CcmK4 complexes in different mobile phases.
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CcmK4 is equivalent to 1.9 CcmK3 monomers per
hexamer of the mixed complex. To confirm the
results from the dot blot with a further indepen-
dent method, we performed quantitative analysis
of the heterocomplex via liquid chromatography
andmass spectrometry (LC-MS/MS). This also resulted
in 1.9 CcmK3 monomers per hexamer (Supplemental
Table S2).

Characterization of the Interaction between CcmK3-
CcmK4 in the Heterohexamers

Because we were unable to crystallize the CcmK3-
CcmK4 complex, we characterized the interprotein
interactions using hydroxyl radical x-ray footprinting
coupled to LC-MS (Fig. 4, A–C; Xu and Chance, 2007).
The relative oxidation of residues by hydroxyl radi-
cals measured in x-ray footprinting mass spectrom-
etry (XFMS) correlates to solvent accessibility of a

residue; profiles were collected for purified CcmK3 and
for the CcmK3-CcmK4 complex. In isolated CcmK3,
25 residues were susceptible to oxidation. Of these,
nine showed a decreased solvent accessibility (dose
response) in the presence of CcmK4. In a model as-
suming a typical hexameric assembly consisting of
CcmK3 and CcmK4 (Fig. 4C), the CcmK3 residues with
a decrease in solvent accessibility in the presence of
CcmK4map to the intermonomer surface (V5, F13, L31,
F34) or the concave surface (T30, V32, S33, F42), with
the exception of M23, which points into the hydro-
phobic core between the beta sheet and alpha helices of
the BMC fold. Notably, solvent accessibility of residues
at the convex side surface (V53, E54, R55, M77, M89,
I91), the hexamer perimeter (P2, V3, P49, E52), and the
central pore (K36, R39) remained unchanged. This
finding indicates that CcmK3 only forms the typical
intermonomer interactions observed within hexamers
in the presence of CcmK4.

Figure 4. Interactions between CcmK3 and
CcmK4 in heterohexamers determined by
XFMS. A, Alignment of the sequences of
CcmK2, CcmK3, and CcmK4 of Syn7942 and
Halothece for reference. Conserved residues
involved in interoligomer (lateral tiling) con-
tacts are shaded brown, and those facing the
intermonomer interface are yellow. Asterisks
indicate substitutions of conserved residues at
the interoligomer surface in CcmK3. Num-
bering below follows Halothece CcmK3.
Boxes highlight important regions. B, Ratio of
dose response to irradiation of CcmK3 resi-
dues, comparing a CcmK3-CcmK4 hetero-
complex to isolated CcmK3. C, Concave
surface of a CcmK3 model replacing a pro-
tomer of a CcmK4 hexamer. Blue coloring
shows residues in CcmK3 buried upon inter-
action with CcmK4 as determined by de-
creased dose response. D, Structural model of
a CcmK3-CcmK4 heterohexamer (assuming
1:2 ratio and symmetrical distribution). Two
residues involved in interoligomer contacts in
CcmK4 (D50, R81) are colored in green, and
the residues replacing them in CcmK3 are
in red.
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Sequence and Structural Analysis and Molecular Dynamics
Simulations of CcmK3, CcmK4, and Their Complexes

An alignment of CcmK3 with the paralogs CcmK2
and CcmK4 reveals conservation of intermonomer
residues (Fig. 4A). On the other hand, three residues
conserved among CcmK1, CcmK2, and CcmK4 that
are required for lateral contacts between adjacent
hexamers in shell facets are not conserved in CcmK3
(D49P, R80N, and H42P). Another distinctive feature of
CcmK3 is the substitution of a Glu residue for an ab-
solutely conserved Gly in the sequence motif that con-
verges at the pore in all CcmK homohexamers (Fig. 4A;
Kerfeld et al., 2005; and figure 2C in Sommer et al.,
2017). Given the differences in primary structure fea-
tures between CcmK3 and its paralogs, we compared
energetics of their (putative) oligomeric states by mo-
lecular dynamics.
Quantifying the propensity for formation of (hetero)

hexamers by Halothece BMC-H proteins would require
investigating the process by which six monomers come
together to form a hexamer. Molecular dynamics sim-
ulations of this self-assembly process is, however, cur-
rently intractable. Instead, we chose to study models of
hexameric assemblies under physiological conditions
and compare their structures during all atom relaxation
simulations to gain insights into the propensity of
monomers to form hexamers.
We used the crystal structure of the Halothece CcmK4

hexamer (Fig. 2D), and we constructed a homology
model of a CcmK3 hexamer using this structure as a
template. We also constructed two different CcmK3-
CcmK4 heterohexamers using the experimentally ob-
served 1:2 stoichiometry. In CcmK3A-CcmK4, the two
CcmK3 monomers are adjacent to each other, and in
CcmK3O-CcmK4 the CcmK3 monomers are opposite
one another (separated by two CcmK4monomers). The
simulations were computed over a window of 240 ns
for CcmK3, CcmK3A-CcmK4 and a window of 300 ns
for CcmK4 and CcmK3O-CcmK4.
We used root mean squared deviations (RMSDs)

between the initial and the relaxed state at specific time
points to track the course of the simulation. After an
initial fast rise, the RMSD of the CcmK3 hexamer rea-
ches a plateau after 50 ns, indicating that the simulation
has reached equilibrium (Fig. 5A). In contrast, the
RMSDs of the CcmK4, CcmK3O-CcmK4, and CcmK3A-
CcmK4 hexamers continue to increase and only reach a
plateau after 200 ns in the simulations. A sharp RMSD
change takes place in CcmK3A-CcmK4 at 160 ns, at
which time the RMSD increases from 1.5 Å to 3 Å
within ;30 ns. This dramatic change is due to a con-
formational transition of the C-terminal helix of a sub-
unit that dissociates from the compact structure of the
monomer and swivels almost 180° to interact with a
neighboring subunit. This helix is found disordered in
some crystal structures (Tanaka et al., 2009) and inter-
acts with neighboring hexamers in others (Kerfeld et al.,
2005; Samborska andKimber, 2012; Cai et al., 2015). The
flexibility could help it sample different conformations,

yielding to the double stacking interactions observed
previously for CcmK2 (Samborska and Kimber, 2012)
as well as here for Halothece CcmK4. Analysis of the
RMSD of CcmK4 reveals a peak at around 100 ns, cor-
responding to a similar structural transition.
The distinctive feature of CcmK3 is a conserved Glu

in the pore region; CcmK2 and CcmK4 have a
conserved Gly residue in this position (Fig. 4A). We
focused on the behavior of the pore residues by calcu-
lating the distance between equivalent positions over
the whole simulation time. From this calculation we
obtained a distribution of distance values (Fig. 5, B–E;
Supplemental Fig. S6, A–D): clearly, the pore residues
for the CcmK3 homohexamer are further apart than
those of the heterohexamers or the CcmK4 homohex-
amer. This distance is probably a consequence of each
monomer of CcmK3 contributing two bulky residues
each (Glu and Arg) to the pore region, which causes
steric clashes. Such interactions are ameliorated in the
CcmK3-CcmK4 heterohexamers. Moreover, for the
heterohexamers, the pore is larger in the CcmK3A-
CcmK4 heterohexamer, in which bulky residues are
placed in adjacent monomers, than in the CcmK3O-
CcmK4 heterohexamer. As monomers converge at
the pore, repulsion between the bulky residues likely
precludes the formation of a stable CcmK3 homohex-
amer in solution. For CcmK4, CcmK3A-CcmK4, and
CcmK3O-CcmK4, in which there is comparatively less
intermonomer repulsion, there is a comparatively
smaller energetic penalty when comparing the initial
versus the final states of the simulations (Supplemental
Fig. S7). These data are consistent with a ratio of two
CcmK3 to four CcmK4 as observed experimentally
(Supplemental Fig. S5, Supplemental Table S2).
Notably, the final state of the CcmK3O-CcmK4 sim-

ulation reveals an interesting interaction between the
absolutely conserved Glu-38 in CcmK3 and Arg-38
in CcmK4 (Fig. 5F). The hydrogen bonds between
these residues could stabilize and therefore favor a
heterohexameric K3-K4 complex. Those interactions
are present over the whole course of the simulation
(Supplemental Figure S6E). Arg-39 of CcmK3 is point-
ing to the center of the pore and seems to close it in this
conformation.

DISCUSSION

In this study we re-evaluated the function of the
satellite locus-encoded b-carboxysome shell proteins
CcmK3 and CcmK4 for autotrophic growth of Syn7942.
Growth experiments with ccmK3 and ccmK4 deletion
mutants indicate that the loss of CcmK4 reduces growth
(Fig. 2A), implying that the ccmK4 mutant cannot be
functionally compensated by ccmK3. This indication is
similar to what was previously observed for a DccmK4
mutant of Syn6803 (Zhang et al., 2004), but it stands in
contrast to a study reporting that both ccmK3 and
ccmK4 need to be deleted to cause retarded growth in
Syn7942 (Rae et al., 2012). The apparent functional
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redundancy observed by Rae et al. (2012) may be partly
due to the higher pH of the media used in their phe-
notypic characterization (pH 8.0 versus pH 7.4); we also
see a slightly higher grow rate of the ccmK4 knockout in
control experiments at pH 8.0 (Supplemental Fig. S1).
Our results indicate that deletion of ccmK3 has little
effect on growth, and ccmK3 was unable to rescue the
ccmK3-ccmK4 mutant (Fig. 2, A–B). These data and the
strict co-occurrence of ccmK3 and ccmK4 (Sommer et al.,
2017) support our conclusion that CcmK3 and CcmK4
are not functionally redundant.

Our results also indicate the two paralogs are struc-
turally distinct. In contrast to CcmK4 (Fig. 2D) (Kerfeld
et al., 2005; Cai et al., 2015), purified CcmK3 does not
form a hexamer; instead it forms a smaller oligomer,
either a dimer or trimer (Fig. 2C). Coelution of a com-
plex of CcmK3 and CcmK4 after tandem-purification
(Fig. 3B) demonstrates that CcmK3 and CcmK4 form
a stable heterocomplex; and the interaction between
these two paralogs appears to be specific, because nei-
ther of the proteins forms a heterocomplex with CcmK2
(Fig. 3A). To verify that this distinction was not an
attribute of CcmK3 and CcmK4 from Halothece specifi-
cally, we reproduced complex formation using CcmK3-
CcmK4 from Syn7942 (Fig. 3B, far right lane of native
PAGE). CcmK4 by itself has previously been shown
to form homohexamers when expressed separately
(Kerfeld et al., 2005; Cai et al., 2015).

Both quantitative analysis by dot blotting and tan-
dem mass spectrometry indicate a ratio of four CcmK4
to two CcmK3 monomers (Supplemental Fig. S5,
Supplemental Table S1) in the CcmK3-CcmK4 complex.
In XFMS analysis, the CcmK3 residues that would be at
an intermonomer interface within the CcmK3-CcmK4
hexamer were less accessible to solvent in the presence
of CcmK4 (Fig. 4, B and C). In conjunction with the
solution state data, this result strongly suggests that
CcmK3 and CcmK4 assemble into heterohexamers
(Fig. 4D).

In Halothece CcmK3, the sequence motif that forms
the pore in other paralogs contains two bulky charged
residues, a Glu (E38) and anArg (R39) residue, in which
generally small and uncharged residues are found
(Sommer et al., 2017). Among structurally charac-
terized hexamers, an exception is the RMM1 BMC-H
protein, which has a conserved Asp at the pore
(Mallette and Kimber, 2017); however, this Asp is in the
structurally equivalent position of the R39 residue and
is flanked by two Gly residues that might provide ad-
ditional space that would alleviate steric clashes. The
larger, charged sidechains in CcmK3 may sterically
and/or electrostatically preclude formation of stable
homohexamers. The physical properties of the pore
formed by CcmK3-CcmK4 heterohexamers when
modeled are substantially different from those of a
CcmK4 homohexamer pore (Fig. 5F) and, accordingly,

Figure 5. Molecular dynamics simulations of a
CcmK3-CcmK4 heterohexamer model. A,
RMSDs for of all Ca-atoms. CcmK3 and
CcmK3A-CcmK4 were found to reach conver-
gence at 240 ns, whereas for CcmK4 and
CcmK3O-CcmK4, 300 ns were needed. B to E,
Distances between adjacent residues sur-
rounding the central pore of homohexamers
and heterohexamers. Shown are Ser-Ser dis-
tances in CcmK4, (B); Arg-Arg distances in
CcmK3, (C); Arg-Arg, Arg-Ser, and Ser-Ser dis-
tances in CcmK3A-CcmK4, (D); and Arg-Ser
and Ser-Ser distances in CcmK3O-CcmK4, (E).
F, Structure of the final simulation model of
CcmK3O-CcmK4 shows interaction between
E38 of CcmK3 (blue) and R37 of CcmK4 (cyan).
R39 of CcmK3 is pointing to the center of
the pore.
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these properties are predicted to alter its permeability.
The CcmK4 S40D mutant was created to simulate
the effect that insertion of CcmK3 into a mixed hexa-
mer with CcmK4 may have on the pores. The mutant
protein was unable to rescue the DccmK3-ccmK4 mu-
tant. Expression and purification of CcmK4 S40D in
E. coli confirmed that it was able to form hexamers
(Supplemental Fig. S8). It is thus likely that CcmK4
homohexamers function as specific metabolite trans-
porters and that the observed phenotype is due to
altered biochemical properties of the pore. In CcmK3-
CcmK4 heterohexamers, the bulky and charged side-
chains of the CcmK3 loop converging at the pore would
alter the permeability characteristics. Our results sug-
gest that CcmK4 can form both homohexamers and
heterohexamers with CcmK3, and the two types of
hexamers have distinct permeability properties.
Formation of two functionally distinct complex types

by CcmK4 may increase the flexibility of carboxysome
shell composition and permeability. It also provides an
explanation for the positioning of ccmK3 and ccmK4 in a
satellite locus. The b-carboxysome is one of the few
BMCs that contain its constituents in satellite loci, distal
to essential organelle genes (Axen et al., 2014), which
enables their differential expression (Sommer et al.,
2017). This distinction is particularly important for the
b-carboxysome, as it is to date the only known consti-
tutively expressed BMC type, and the permeability of
its shell may require rapid adjustments to changing
environmental conditions.
We confirmed that CcmK3 is carboxysome associ-

ated (Supplemental Fig. S1), although it was not iden-
tified in purified Syn7942 carboxysomes, implying that
it is a minor component (Faulkner et al., 2017). Predic-
tion of interhexamer interactions based on sequence
analysis indicates that the edges formed by CcmK3 are
atypical (Fig. 4A) andwould likely reduce the affinity of
the heterohexamer for embedding in facets. For exam-
ple, residues highly conserved across BMC-H proteins
(e.g. R81, H83 inHalothece CcmK4) involved in forming
the interhexamer interface (Sinha et al., 2014; Sutter
et al., 2017) are replaced by Asn and Pro in Halothece
CcmK3 (Fig. 4A). CcmK3 also lacks an acidic residue
(D50 in Halothece CcmK4 is a Pro in CcmK3) that is
conserved in other CcmK proteins and is involved in
establishing hexamer-pentamer contacts (Sommer
et al., 2017; Sutter et al., 2017). This supports our hy-
pothesis that heterohexamers containing CcmK3 are
less likely to be integrated into the shell.
In addition to hexamers, CcmK3-CcmK4 complexes

can also form dodecamers (Fig. 3, C and D). Interaction
occurs at the concave surfaces of two hexamers, as in-
dicated by the decreased solvent accessibility of the
concave surface of CcmK3 measured in hetero-
complexes during XFMS analysis in conditions pro-
moting dodecamer formation (Fig. 4B). This finding
would also be consistent with the dodecamer formation
observed previously for CcmK2 (Samborska and
Kimber, 2012) as well as for our CcmK4 crystal struc-
ture. However, both of those cases are interactions

between homohexamers. The CcmK3-K4 heterohexamers
provide the possibility of a heterotypic interface that
could potentially have more favorable interactions.
Interestingly, the sequence predicted to be the
C-terminal helix in CcmK3 (E98-R101) is quite con-
served (Sommer et al., 2017), supporting such a
hypothesis.
The percentage of CcmK3-CcmK4 heterohexamers

forming dodecamers varied with buffer conditions
(Fig. 3, C and D), implying that formation of dodeca-
mers could be dynamic and could potentially be
triggered by molecular cues. For example, glycine,
which is the precursor of a cyanobacterial osmor-
egulator (Hagemann, 2011), caused an increase in
dodecamerization (Fig. 3C). Dodecamer formation also
correlated with pH (Fig. 3D). A structural response to
changes of the pH is not unusual for large protein as-
semblies; the virus capsid, a proteinaceous shell with
many parallels to the BMC shell, can be assembled,
reshaped, and gated through pH changes (Allison et al.,
1995; Speir et al., 1995). A dodecamer has previously
been characterized for the Thermosynechococcus elonga-
tus CcmK2 (Samborska and Kimber, 2012). Key resi-
dues for this interaction are conserved glutamates on
the C-terminal helix, which interestingly are also pre-
sent in CcmK3 (E98) and CcmK4 (E99 and E103). Their
charge state could play a role in the pH-dependent
dodecamer formation. Whereas it is impossible to pre-
dict all the effects of pH on such a complex system, the
pH-dependent dimerization of BMC-H hexamers could
represent a means to dynamically modify proteina-
ceous compartments through metabolic signals.
Given that the carboxysome shell is a monolayer,

what are the possible roles for transient dodecamers?
Because the concave surface of the hexamers is exposed
to the cytosol, dodecamers could form by the appres-
sion of two carboxysomes. This scenario seems un-
likely, because evidence suggests that carboxysomes
are spatially distributed in the cell (Savage et al., 2010),
and because CcmK3-CcmK4 heterohexamers may not
be embedded in the facets. Alternatively, free hexamers
(expressed but not integrated into the shell) could in-
teract with a facet-embedded hexamer, effectively
“capping” it. We propose a model in which CcmK3 and
CcmK4 form heterohexamers under specific conditions,
and these are recruited to cap hexamers embedded in
an extant carboxysome shell (Fig. 1). The dodecameric
assemblies observed recapitulate this interaction in
isolation, and the looseness of the association is con-
sistent with the proposal that this interaction provides
a means for dynamic regulation of shell permeability,
i.e. under some conditions the cap will be removed.
A concave-concave interaction of CcmK3-CcmK4

heterohexamers with facet-embedded shell proteins
could, thus, be formed on the outside surface of the
organelle. An alternative mechanism to regulate shell
permeability would be replacing facet-embedded hex-
amers in extant carboxysomes. But this replacement has
been shown to be an infrequent event even in simple
monolayers of BMC-H hexamers (Sutter et al., 2016).
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Moreover, removal of a hexamer would compromise
the diffusive barrier provided by the shell and, based on
the lack of residue conservation on their perimeters
noted previously, CcmK3-CcmK4 heterohexamers
seem less likely to integrate into the shell. This possi-
bility is consistent with the absence of any indication of
the heterohexamers to form higher order assemblies
beyond the stacked dodecamers (Fig. 3, C and D) and
the lack of detectable CcmK3 protein in purified
b-carboxysomes (Faulkner et al., 2017). Capping hexa-
mers embedded in the facet, however, could provide
a means to quickly alter the permeability of the b-
carboxysome shell under fluctuating environmental
conditions. For example, in light-limited conditions,
capping of selected shell protein pores may be used to
decrease shell permeability for certain metabolites. This
capping may enhance carbon dioxide fixation by
Rubisco when metabolism is slow due to light-energy
limitation, but the method may not be efficient under
ideal growth conditions. Alternatively, certain metab-
olites could be actively retained in, or precluded from,
the carboxysome to control cytosolic metabolite pools
and regulate metabolism both rapidly and transiently.
The cytosolic pH decreases from 8.4 in light to 7.3 in
darkness in cyanobacteria (Mangan et al., 2016); such
a change could trigger the formation of dodecamers
with CcmK3-CcmK4 heterohexamers in light-limited
conditions.

In conclusion, we show that two b-carboxysome shell
proteins, CcmK3 and CcmK4, are able to form hetero-
hexamers. The long-standing assumption that all shell
proteins form homooligomers has arisen from their
structural characterization by x-ray crystallography,
which takes as its starting point a single purified
BMC-H paralog. The ability to form either CcmK4
homohexamers or CcmK3-CcmK4 heterohexamers,
and their expression from a satellite locus, increases the
flexibility of carboxysome shell assembly and permea-
bility. This increased flexibility may be advantageous,
because the b-carboxysome is an organelle constitu-
tively expressed and subject to environmental changes
that alter metabolite levels. To maintain this flexibility,
it is essential to express CcmK3 and CcmK4 as separate
proteins, which may explain why their genes have
not fused to produce a BMC-T gene. Considering that
carboxysomes, and BMCs in general, are attracting re-
searchers’ intense efforts to repurpose them for bio-
technological applications (Frank et al., 2013; Chessher
et al., 2015), shell capping as proposed here for the
b-carboxysome offers a unique strategy to altering
permeability in a synthetic BMC shell.

MATERIALS AND METHODS

Purification of Recombinant Halothece and Syn7942
CcmK Proteins

For copurification of proteins, ccmK sequences were amplified by PCR and
inserted into pCDFDuet-1, fusing an affinity tag sequence to the C terminus of
each gene. For the expression of single Halothece proteins, the gene of the other

protein was then deleted from the plasmid. Plasmids were transformed into
E. coli BL21 cells. After expression (4 h at 37°C) and lysis, soluble proteins were
purified by affinity purification. For coexpressed CcmK proteins, lysate was
purifiedwith a 5-mLHIS-trap (GE) and subsequently the eluate was applied on
a 5-mL STREP-trap (GE). Bio-Rad gels (Mini-PROTEAN 4% to 20%) and Tris-
Gly buffers were used for the native and SDS-PAGE of protein samples. Full-
size images of the native PAGE gels in Figure 3B are shown in Supplemental
Figure S9.

Syn7942 Mutants

Genetic deletions were produced in the Syn7942 wild type through gene
replacement with a kanamycin cassette using homologous recombination.
Segregation of the strains was confirmed through PCR. For complementation,
geneswere introduced into neutral site 1, driven by a Ptrc promoter and anApca
ribosome binding site, followed by an aadA gene. Cultures were grown in two
different setups, one configuration, using baffled flasks, shaking at 110 rpm in
air, BG11 medium buffered with 20-mM Tris at pH 7.4, with a light-emitting
diode (LED) lamp (Supplemental Fig. S10) as the light source; 1-mM isopropyl
b-D-1-thiogalactopyranoside (IPTG) was added for complementation lines. An
LED lamp (Supplemental Fig. S10) was used for illumination. Growth was
determined at 150-mE sunlight equivalent, from three replicates at a starting
OD730 around 0.3 over the course of 1 h, 4 h after starting the cultures from
exponentially growing precultures. The second setup used the same conditions
as in Rae et al. (2012))): in air, BG11 medium buffered with 20-mM Tris at pH 7.4
or 25-mMHEPES pH 8.0 and 80 mE of cool-white fluorescent light. Growth rates
were determined for three replicates at a starting OD750 of about 0.08 over the
course of 2 d, about 4 h after starting the cultures from exponentially growing
precultures.

Colocalization by Fluorescent Labeling

pSL175a contains a CcmK3-YFP translational fusion with a GS linker. The
fusion gene was cloned downstream of the LacUV promoter in a derivative of
pNS3, in which the antibiotic resistance gene has been replaced to Spectino-
mycin/Streptomycin. pSL175awas introduced into the genome of thewild-type
Syn7942 and of the mutant JC007, in which RbcL-CFP fusion is expressed in
NS2 from ccmK2 promoter as described in Cameron et al. (2013). Plasmid in-
troduction was carried out by conjugation using the conjugative plasmid
pRL443 (Elhai et al., 1997) and the colK derivative pDS4101 (Twigg and
Sherratt, 1980).

Western Blots

For western blots of protein gels, proteins were electroblotted to a nitro-
cellulosemembrane. For the dot blot, 50mL of each protein sample were spotted
in technical triplicates on nitrocellulose membrane resting on a glass vacuum
filter to minimize bleeding of dots. Immunolabeling of His-tags and Strep-tags
was done with 1:5,000 dilutions of 6x-HIS tag antibody-horseradish peroxidase
(HRP) Conjugate (Thermo) and StrepTactin-HRP Conjugate (Bio-Rad), re-
spectively. SuperSignal Chemiluminescence Substrate (Thermo) was used to
visualize HRP. Signal intensity was determined densitometrically, using
ImageJ. Linear regression of the chemiluminescence intensity of CcmK3 stan-
dards was fitted with a slope of 7,977 mM21 and 4.2% inaccuracy (6335 mM21).
The derived concentrations of CcmK3 in two diluted CcmK3-CcmK4 samples
were used to fit a second regression line (inaccuracy: 6.0%), from which the
CcmK3 concentration in the undiluted CcmK3-CcmK4 sample was calculated.

Size Exclusion Chromatography

Purified proteins were transferred to different buffers using PD10 columns.
Two mg of protein were subjected to gel filtration, using a Superdex 200 Increase
10/300 GL column. TBS = 20-mM Tris-HCl, 50-mM NaCl; PBS = 10-mM sodium-
phosphate, 50-mMNaCl. For plots, theA280was normalized to the areaunder each
curve, and the highest overall value was set to 1. Sizes were determined from
comparison to the Bio-Rad gel filtration standard, run in TBS pH 8.0.

Sequence Alignment

Sequences of CcmK2/3/4 from Syn7942 and Halo7418 were aligned using
Clustalx (Larkin et al., 2007). Residuesweremarked intermonomer based on the
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structure described in Sutter et al. (2017). Conservation was assessed based on
the sequence conservation logos of CcmK2/3/4 published in Sommer et al.
(2017).

Crystallization

Halothece CcmK4 was crystallized at 25°C using the sitting drop vapor dif-
fusion method. Protein sample was concentrated to 25 mg/mL in TBS 20/50,
pH 7.4; and 0.2 mL were mixed with 0.2 mL of reservoir solution (40% [w/v]
MPD, 0.1-M HEPES, pH 7.0). The crystal was mounted in nylon loops, cryo-
stabilized by adding ethylene glycol and flash frozen in liquid nitrogen. Dif-
fraction data were integrated with XDS (Kabsch, 2010) and scaled with SCALA
(www.ccp4.ac.uk) (Winn et al., 2011). The structure was solved usingmolecular
replacement with CcmK4 of Syn6803 (PDB ID 2A10). Manual rebuilding/re-
finement cycles using Coot (Emsley and Cowtan, 2004) and phenix.refine
(Afonine et al., 2012) were then applied to improve the model. Statistics for
diffraction data collection, structure determination, and refinement are sum-
marized in Supplemental Table S3. Figures of crystal structures and homology
models were prepared using pymol (www.pymol.org). To create the CcmK3-
CcmK4 heterohexamermodel, two opposingmonomers of the CcmK4 hexamer
were replaced by CcmK3 models using the “align” function. The Protein Data
Bank accession ID for Halothece CcmK4 is 5VGU.

XFMS

During XFMS, the microsecond x-ray pulse ionizes both bulk and bound
water rapidly and isotropically to generate hydroxyl radicals in situ, which then
react with proximal residues to yield stable modification products (Xu and
Chance, 2007; Gupta et al., 2014). Purified CcmK3 and CcmK3-CcmK4 sam-
ple was exchanged into 10-mM sodium phosphate, pH 7.0, 50-mM NaCl on a
PD10 column and diluted to 10 mM. The samples were subjected to a series of
increasing exposure, from 0-ms to 400-ms time range as described previously
(Gupta et al., 2014, 2015). High-resolution quantitative bottom-up liquid
chromatography–tandem mass spectrometry (LCMS) provided a residue-
specific dose response for each site of modification and covered ;80% of se-
quence of the protein (Supplemental Figure S11, Supplemental Table S4).
Modificationswere detected at 25 CcmK3 residues. The pseudo-first-order fit of
the dose-response gives the hydroxyl radical reactivity rate constant (k s21),
which is a measure of both intrinsic reactivity and solvent accessibility of the
modified side chain (Supplemental Figure S11). In a comparative structural
analysis, the R of rate constants between CcmK3 and CcmK3-CcmK4 sample
determines the relative solvent accessibility changes, which are independent of
any sequence context (Gupta et al., 2015). Complex formation decrease (R =
kCcmK3-CcmK4/kCcmK3 , 1) or (R = kCcmK3-CcmK4/kCcmK3 . 1) in solvent accessi-
bility of certain residues is indicative of binding and conformational change. In
our study, we considered more than ;2.5-fold change in accessibility as sig-
nificant change (Supplemental Table S4).

Simulation of All Atom Relaxation

A homology model of Halothece CcmK1, K2, and K3 was built with SWISS-
MODEL based on the pdb entry 4OX7, which is CcmK2 of Syn7942. During
simulation, delta-protonated His parameters were used, simulating buffer
conditions of pH ;8. The Cys residue of CcmK4 was treated as fully proton-
ated. Hydrogen atoms were added using the program VMD (Humphrey et al.,
1996), plugin psfgen. Each hexamer was solvated in a 150-nm water cube with
100-mM NaCl, using TIP3P water molecules. All molecular dynamics simula-
tions were performed with the NAMD program (Phillips et al., 2005) with the
CHARMM22 force fields. The short-range cutoff distance for nonbonded in-
teractions was set to 12 Å. Long-range electrostatic interactions were calculated
through the particle mesh Ewald method using a grid spacing of 1.0 Å. Lan-
gevin dynamics and a Langevin piston algorithm were both used, keeping
temperature at 310 K and pressure at 1 atm. Time steps of 2 fs were employed.
Each system was treated with two equilibration steps: 1,000 steps of minimi-
zation and 240 (300) ns equilibration for CcmK3, CcmK3A-CcmK4 (CcmK4,
CcmK3O-CcmK4).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers EMBL ABB57451.1 (ccmK2), ABB56316.1

(ccmK3), and ABB56317.1 (ccmK4) for Syn7942, and EMBL AFZ45643.1
(ccmK1), AFZ45642.1 (ccmK2), AFZ42582.1 (ccmK3), and AFZ42581.1 (ccmK4)
for Halo.
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The following supplemental materials are available.

Supplemental Figure S1. Growth rates of Syn7942 DccmK3 and DccmK4
mutants.

Supplemental Figure S2. Colocalization of labeled CcmK3 with
carboxysomes.

Supplemental Figure S3. Gel filtration of purified Syn7942 CcmK2.

Supplemental Figure S4. Copurification of CcmK proteins with a HIS-trap
and a STREP-trap column.

Supplemental Figure S5. Densitometric analysis of CcmK3:CcmK4 R.

Supplemental Figure S6. Analysis of the pore residue distances in the
molecular dynamics simulations of CcmK3-4 complexes.

Supplemental Figure S7. Initial and equilibrated arrangement of the Ca
atoms surrounding the pore in all the hexamers studied.

Supplemental Figure S8. Complex formation of Syn7942 CcmK complexes.

Supplemental Figure S9. Full-size images of the native PAGE gels in
Figure 3B.

Supplemental Figure S10. Light spectrum of the LED lamp used for
growth of Syn7942 cultures.

Supplemental Figure S11. Dose response plots for the comparative XFMS
analysis of CcmK3 (black) and CcmK3-CcmK4 (red) complexes.

Supplemental Table S1. CcmK4 interhexamer complex interaction
statistics.

Supplemental Table S2. Quantification of CcmK3 and CcmK4 by LC/
MS-MS.

Supplemental Table S3. Data collection and refinement statistics of Halo
CcmK4 crystal structure analysis.

Supplemental Table S4. R of hydroxyl radical reactivity between CcmK3-4
complex and CcmK3.
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