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e Carboxysomes are self-assembled bacterial microcompartments (BMCs) that encapsulate
the enzymes RuBisCO and carbonic anhydrase into a proteinaceous shell, enhancing the effi-
ciency of photosynthetic carbon fixation. The chaperone CcmS was reported to participate in
Cong-Zhao Zhou the assembly of B-carboxysomes; however, the underlying molecular mechanism remains elu-
Email: zcz@ustc.edu.cn sive.

e We report the crystal structure of CcmS from Synechocystis sp. PCC 6803, revealing a
monomer of o/ fold. Moreover, its complex structures with two types of BMC hexamers,
CcmK1 homohexamer and CcmK1-CecmK2 heterohexamer, reveal a same pattern of CemS
binding to the featured C-terminal segment of CcmK1.

e Upon binding to CemS, this C-terminal segment of CcmK?1 is folded into an amphipathic -
helix protruding outward that might function as a hinge to crosslink adjacent BMC-H hexam-
ers, thereby facilitating concerted and precise assembly of the B-carboxysome shell. Deletion
of the ccmS gene or the 8-residue C-terminal coding region of ccmK7 resulted in the forma-
tion of aberrant and fewer carboxysomes, suppressed photosynthetic capacity in Synechocys-
tis sp. PCC 6803.

¢ These findings enable us to propose a putative model for the chaperone-assisted assembly
of B-carboxysome shell and provide clues for the design and engineering of efficient carbon
fixation machinery.
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Carboxysomes are well-investigated bacterial microcompartments

Introduction (BMCs) of ¢. 100400 nm in diameter that encapsulate the cargo

Photosynthesis, one of the most important biochemical reactions
on Earth, provides energy and organic materials for almost all liv-
ing organisms (Hayer-Hard & Hartl, 2020). The enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the
most abundant protein in nature (Bar-On & Milo, 2019), cata-
lyzes the carboxylation of ribulose 1,5-bisphosphate (RuBP) to
produce two molecules of 3-phosphoglycerate (3-PGA)
(Miziorko & Lorimer, 1983). However, RuBisCO exhibits a low
carboxylation efficiency (Zhao et 4l., 2024). Additionally, it can
recognize O, and perform an oxygenase reaction during photore-
spiration, leading to a significant loss of carbon fixation (Feller
et al., 2008; Hagemann & Bauwe, 2016; Walker ez 4/, 2016).
Cyanobacteria and many autotrophs, including algae and C4
plants, have developed a CO,-concentrating mechanism (CCM)
to enhance the carbon fixation efficiency of RuBisCO (Hennacy
& Jonikas, 2020). The cyanobacterial CCM comprises inorganic
carbon (HCO;™ and CO,) transport systems and a core compo-
nent termed the carboxysome (Kupriyanova er al, 2023).
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enzymes RuBisCO and carbonic anhydrase (CA) within an
icosahedral-like proteinaceous shell (Stewart ez al., 2021; Sutter
et al., 2022). Carboxysomes are present in two distinct evolution-
ary lineages: o-carboxysomes, which globally dominate most
habitats (Cabello-Yeves et al, 2022); and PB-
carboxysomes, =~ which  are  distributed  mainly  in
freshwater/estuarine cyanobacteria (Rae ez al., 2013; Whitehead
er al, 2014; Nguyen er al, 2023). In both o~ and B-
carboxysomes, the 20 facets of the shell are self-assembled by
numerous hexameric proteins BMC-H of the Pfam00936
domain and the trimeric proteins BMC-T of tandem
Pfam00936 domains (Sommer et al., 2017; Kerfeld ez al., 2018;
Lee er al., 2019). The 12 vertices are sealed by the pentameric
protein BMC-P of the Pfam03319 domain, forming an intact
icosahedral-like shell (Tanaka ez /., 2008; Kerfeld ez /., 2018).
The major building blocks of the B-carboxysome shell are
composed of variable BMC-H paralogs CcmKs (Sommer
et al., 2017). The model cyanobacterium Synechocystis sp. PCC
6803 (hereafter Syn6803) contains four BMC-H paralogs,
CcmK1-4, and two BMC-T proteins, CemP and CemO
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(Kaneko ez al., 1996; Kerfeld et al., 2005; Tanaka ez al., 2009;
Larsson et al., 2017; Wang et al., 2022). Among them, CcmK1
and CemK2, whose coding genes are within a single ccm operon,
are highly conserved shell proteins that constitute the majority of
the shell (Tanaka er al, 2009; Sommer ez al, 2017; Wang
et al., 2022), whereas CcmK3, CcmK4, CemP, and CecmO are
minor shell proteins that decorate the shell. These minor shell
proteins were proposed to confer plasticity to the shell for adapt-
ing to environmental changes (Rae er al, 2012; Cameron
et al., 2013; Garcia-Alles et al., 2019; Wang er al., 2022). The
BMC-H protein adopts a conserved o/ fold and forms hexamers
with a disk-like shape, characterized by a concave and convex side
(Yeates et al., 2010, 2011). The BMC-T protein assembles into a
trimer/pseudohexamer resembling the structure of the BMC-H
hexamer (Ochoa & Yeates, 2021). Notably, BMC-H proteins
can also form chimeric heterohexamers, such as CcmK1-CcmK2
and CcmK3-CcmK4 heterohexamers (Garcia-Alles et al, 2019;
Sommer et al, 2019). All BMC-H homo/heterohexamers and
BMC-T trimers feature a central pore with distinct polarities,
which are presumed to modulate the translocation of substrates
and products across the carboxysome shell (Tsai ez al, 2007;
Samborska & Kimber, 2012; Sutter et al, 2019; Faulkner
et al., 2020). Phylogenetic analysis indicated that the major shell
proteins CemK1 and CemK2 are grouped into the same branch
(Sommer ez al., 2017), indicating their functional redundancy
and complementarity in B-carboxysome assembly. Despite shar-
ing > 90% sequence identity with CcmK2, CemK1 features an
8-residue C-terminal extension (Kerfeld et 2/, 2005; Tanaka
et al., 2008, 2009). Previous structural studies on C-terminal
deletion mutants of $y#6803 CcmK1 demonstrated that the
C-terminus tends to participate in protein—protein interactions
during B-carboxysome assembly (Tanaka ez a/., 2009).

The assembly of B-carboxysomes was proposed to follow a °
core-first’ model, in which the inner cargo interactions initiate
the assembly process, while the final morphology is jointly
regulated by both shell and cargo components (Rotskoff & Geiss-
ler, 2018; Trettel ez al., 2024). Specifically, the biogenesis of B-
carboxysomes begins with the condensation of RuBisCO and
CA, which form the inner core, followed by the recruitment of
shell proteins (Wang er al., 2019; Zang et al., 2021; Wang &
Hayer-Hartl, 2023). The scaffolding proteins CemM and CemN
play central roles in mediating the assembly and maturation of -
carboxysomes (Wang ¢t a/., 2019; Sun et al., 2021). Atomic force
microscopy (AFM) studies of purified CemK proteins revealed
shell patches that might be precursors of the B-carboxysome shell
(Mahalik et al., 2016; Garcia-Alles et al, 2017, 2019). Moreover,
the structures of individual shell components and recombinant
mini-shells have provided detailed information on the interaction
patterns among shell oligomers (Cai ez al., 2016; Dai ez al., 2018;
Garcia-Alles et al., 2019; Sommer et al., 2019; Sutter et al., 2019;
Tan er al, 2021; Ni et al, 2023). Our recently reported
cryo-electron microscopy structure of Prochlorococcus intact o-
carboxysomes demonstrated the fine assembly pattern of the o-
carboxysome shell, which is reinforced by the scaffolding protein
Cs0S2 (Zhou et al., 2024). Despite extensive structural studies of
shell proteins (Kerfeld er al, 2005; Tanaka er al, 2009;

New Phytologist (2025)
www.newphytologist.com

New
Phytologist

Samborska & Kimber, 2012; Garcia-Alles ez al., 2017, 2019,
2023; Sommer et al., 2019), the detailed mechanism underlying
the assembly of various CcmK homo/hetero-oligomers in the -
carboxysome shell remains elusive.

Our previous study identified a new carboxysomal protein,
CemS, which binds to the shell protein CemK1 (Chen
et al., 2023). Deletion of cemS results in aberrant carboxysome
formation and suppressed photosynthetic capacity, leading to a
slow-growth phenotype, particularly under CO,-limited condi-
tions (Chen er al., 2023). The recently reported crystal structure
of Anabaena sp. PCC 7120 (termed Ana7120 for short) CemS
revealed that CemS functions as a chaperone that specifically
binds to the C-terminal extension of CcmKl (Cheng
et al., 2024). These findings suggested that CemS is required for
the coordinated assembly of B-carboxysomes, maintaining proper
CCM function. However, the precise role of CemS in the assem-
bly and functionality of B-carboxysomes remains unclear. In this
study, we solved the crystal structures of CemS and its two com-
plexes with the CemK1 homohexamer and the CemK1-CemK2
heterohexamer. Structural analysis revealed that the chaperone
CemS protects the protruding configuration of the C-terminal
segment of CcmK1, which might function as a hinge that cross-
links the adjacent CcmK hexamers and further stabilizes the shell.
Together with previous reports, we propose a model for the
assembly of the B-carboxysome shell mediated by the chaperone
CcmS. These findings provide new insights into the biogenesis of
B-carboxysomes and may guide the design of efficient carbon
fixation machinery.

Materials and Methods

Cloning, plasmids, and strains

The genes encoding CemS (Prol5-Alal42) with a deletion of the
N-terminal 14 residues, CcmK1, CcmK2, CcmK3, CcmK4,
CemL, CcmP, and CemO were amplified via PCR from the
genomic DNA of Synechocystis sp. PCC 6803 T. All mutants
were generated using a standard PCR-based strategy. The CemS
gene encoding residues Pro15-Alal42 was cloned and inserted
into the pET22a expression vector with a C-terminal 6 x His tag,
while the remaining genes were cloned and inserted into the
pCDFDuet expression vector. The sequences of the cyanobacter-
ial strains, plasmids, and proteins used in this study are listed in
Supporting Information Table S1.

Protein expression and purification

Both the wild-type (WT) and mutant proteins were overex-
pressed individually in the Escherichia coli strain BL21 (DE3).
The E. coli cells were cultured in LB media supplemented with
the corresponding antibiotics (50 pg ml™' ampicillin or
100 pg ml™" spectinomycin) at 37°C. Protein expression was
induced by adding 0.2 mM  isopropyl  B-D-1-
thiogalactopyranoside (IPTG) when the optical density at
600 nm (ODgqq) reached 0.6-0.8. The cells were then incubated
at 16°C on a shaker for 2024 h. The cells were harvested by
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centrifugation at 7700 g for 3 min. The suspension was flash-
frozen in liquid nitrogen and stored at —80°C for future use.

The cells expressing CcmS were resuspended in buffer A
(20 mM Tris—HCI pH 7.5, 300 mM NaCl) and lysed using
ultrasonication for 30 min to facilitate cell disruption. After cen-
trifugation at 17 000 g for 30 min, the supernatant containing
the target protein was loaded onto a Ni-NTA column (GE
Healthcare, Uppsala, Sweden) preequilibrated with buffer A.
Protein elution was achieved using buffer A supplemented with
0.5 M imidazole. The eluted proteins were further purified by
gel filtration using a Superdex 200 pg column (GE Healthcare)
preequilibrated with buffer A.

The CemS-CemK1 complex was obtained by mixing the sus-
pensions of the E. coli cells expressing Hisg-tagged CemS and the
cells expressing 1 Flag-tagged CcmK1, followed by resuspension
in buffer B (20 mM Tris—HCI pH 8.0, 150 mM NaCl, 1 mM
EDTA, and 5% glycerol). The CcmS-CemK1-CemK2 complex
was obtained by mixing the suspensions of the E. co/i cells expres-
sing Hisg-tagged CcmS and the cells coexpressing CcmK1 and
3 x Flag-tagged CcmK2, followed by resuspension in buffer B.
Then the mixed cells were lysed by ultrasonication for 30 min.
After centrifugation, the supernatant was loaded onto a Ni-NTA
column (GE Healthcare), and the column was washed with buf-
fer B. Contaminants were then removed using the wash buffer
supplemented with 20 mM imidazole. Protein elution was
achieved using buffer B supplemented with 0.5 M imidazole.
The eluted proteins were further purified by gel filtration using a
Superdex 200 pg column (GE Healthcare) in buffer B. The
obtained protein was then concentrated for further use. The
CcmK1-CemK2 proteins were expressed and purified in the same
manner as the CcmS-CemK1-CemK2 complex.

For the pull-down experiment, suspensions of cells expressing
Hisg-tagged CemS and cells expressing shell proteins or mutants
were mixed with buffer B. The cells were subsequently lysed by
ultrasonication for 30 min to facilitate cell disruption. After cen-
trifugation at 17 000 g for 30 min, the supernatant containing
the target protein was loaded onto a Ni-NTA column (GE
Healthcare) preequilibrated with buffer B. Protein elution was
achieved using buffer B supplemented with 0.5 M imidazole.
Finally, the protein complexes were evaluated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to assess

protein interactions.

Size exclusion chromatography with multiangle light
scattering

Size exclusion chromatography with multiangle light scattering
(SEC-MALS) was used to determine the molecular weight of
CemS in the solution. The assay was performed using a Superdex
200 10/300 GL column connected to the DAWN HELEOS II
light scattering detector (Wyatt Technology, Santa Barbara, CA,
USA) and the Optilab T-rEx refractive index detector (Wyatt
Technology). The protein samples (100 pl, 1.0 mg ml™Y) were
injected into and then eluted from the column pre-equilibrated
with the buffer 20 mM Tris—HCI pH 8.0, 150 mM NaCl. The
results were recorded and processed by ASTRA 7.0.1 software

© 2025 The Author(s).
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(Wyatt Technology). The final figures were prepared using the
GRAPHPAD PrisMm 8 software.

Mass photometry assays

Mass photometry experiments were conducted using Refeyn
TwoMP instruments (Refeyn Ltd, Oxford, UK) to determine the
molar masses of CemS-CemK1 and CemS-CemK1-CemK2 com-
plexes (Young ez al., 2018). Microscope coverslips (Thorlabs, New-
ton, NJ, USA) were assembled into the flow chamber, and silicone
gaskets (Grace Bio-Labs, Bend, OR, USA) were positioned on the
glass surface to facilitate sample loading. The gaskets were designed
with 3 x 2 wells to accommodate the sample drops, ensuring
proper alignment and containment before measurements.
Contrast-to-mass calibration was performed by measuring the con-
trast of bovine serum albumin. This calibration standard was used
to establish a reference curve, which was then applied to each sam-
ple measurement to calculate the molecular mass corresponding to
each histogram distribution during data analysis.

The CemS-CemK1 or CemS-CemK1-CemK2 proteins were
diluted to a final concentration of 500 nM using the buffer
20 mM Tris—HCI pH 8.0, 150 mM NaCl, and 1 mM EDTA.
For each acquisition, 2 pl of the diluted protein sample was
added to a well containing 15 pl of freshly prepared working buf-
fer (20 mM Tris—HCI pH 8.0, 150 mM NaCl, and 1 mM
EDTA) pre-equilibrated at room temperature. Measurements
were performed using the standard image acquisition mode with
each recording lasting 60 s (6000 frames). The acquired data
were processed and analyzed using Refeyn DiscoverMP software,
where each histogram was fitted to a Gaussian distribution to
determine the molecular mass (kDa) and normalized counts.

Redox assays of CcmS

The purified CemS protein and its mutants, in the buffer
20 mM Tris—HCI pH 8.0, 150 mM NaCl, were divided into
two equal parts, respectively. One part was treated with 0.5 mM
CuCl,, and the other with 0.1 M B-mercaptoethanol, followed
by incubation on ice for 30 min. Afterward, denatured polyacry-
lamide gel electrophoresis (SDS-PAGE) and Native-PAGE ana-
lyses were performed to evaluate the formation of intermolecular
disulfide bonds in CcmS. Notably, the loading buffer for both
SDS-PAGE and Native-PAGE was free of any reducing agents.

Crystallization and structure determination

Crystals of CcmS were grown at 16°C by hanging drop vapor
diffusion with 1 pl of 9 mg ml™" protein solution and 1 pl of
reservoir solution. The crystals were grown in 0.1 M Tris
pH 7.5, 25% PEG 6000, and 0.6 M LiCl. The crystals were
soaked in 500 mM KI for 1 min. The crystal structure of CcmS
was determined by the single-wavelength anomalous dispersion
method. Crystals of CemS-CemK1 were grown at 16°C by hang-
ing drop vapor diffusion with 0.1 pl of 14 mg ml™" protein
solution and 0.1 pl of reservoir solution. The crystals were grown

in 0.1 M MES pH 6.5, 0.2 M Na acetate, and 2 M NaCl. The
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crystal structure of the CcmS-CemK1 complex was determined
by a molecular replacement method using the previously solved
structure of CemKI1 from Syn6803 (PDB: 3BN4) and the crystal
structure of CemS as a model. Crystals of CcmS-CemK1-
CcmK2 were grown at 16°C by sitting drop vapor diffusion with
1 pl of 22 mg ml™" protein solution and 1 pl of reservoir solu-
tion. The crystals were grown in 0.1 M Tris pH 8.5 and 0.7 M
ammonium tartrate dibasic. The crystal structure of CemS-
CcmK1-CemK2 was determined by molecular replacement using
the structures of Sy7#6803 CcmK1 (PDB: 3BN4), CcmK2 (PDB:
2A1B), and CcmS as search models.

Single-crystal X-ray diffraction measurements were performed
on an XtaLAB PRO diffractometer at 1.5406 A and 100 K using
Cu X-rays generated by an MMF007 rotating-anode X-ray
(Rigaku, Japan) with a Pilatus 200K detector at the Core Facility
Center for Life Sciences, USTC. Data processing and reduction
were carried out using HKL.2000 (Otwinowski & Minor, 1997)
and CRYALISPRO (v.39.35¢) (Matsumoto et al., 2021). The crystal
structures were refined by the maximum likelihood method
implemented in REFMACS5 (Murshudov ez al.,, 2011) as part of
the CCP4i (Winn ez al., 2011) program suite. Iterative model
building was performed using the Coot program (Emsley &
Cowtan, 2004). The final models were evaluated using MolProb-
ity (Chen et al., 2010). The search and analysis of protein folding
types were conducted using SCOPe (Fox ez al., 2014; Chandonia
et al., 2022). All interface areas were calculated using PDBsum
(McDonald & Thornton, 1994; Wallace et al., 1995), and all
structural figures were prepared using PYMOL (https://pymol.
org/2/). The models of CemK1 and CemK3 hexamers are pre-
dicted by AlphaFold3 (Abramson ez al, 2024). A list of para-
meters for data collection, processing, structure determination,
and refinement is provided in Table S2.

Cultivation of cyanobacteria

Wild-type Syn6803 and mutant Syn6803 cells were cultured in
BG11 media supplemented with 20 mM TES-NaOH pH 8.0 at
30°C under growth light (40 pmol photons m™* s™'). The cells
were grown under two different conditions: one with 4% CO, in
air (referred to as HC) and the other with ambient air (referred
to as LC). The BG11 solid medium was supplemented with
1.5% agar. The corresponding antibiotics were added to the
BG11 media during the cultivation of the mutants (4ccmK7 and
AcemK2: 10 pg ml™'  kanamycin; comKIAC8 and  AcomS:
1 pg ml~" gentamycin).

Construction of mutant lines

The AcemS, AcemK1, and cemKI1A C8 mutant strains were gener-
ated as reported previously (Chen e al, 2023). The upstream
and downstream regions of sll1028 (cemK2) were amplified by
PCR, along with amplification of the cassette encoding a kana-
mycin resistance gene. These fragments were then ligated into the
pMD19T vector via homologous recombination. The pMD19T
plasmid was subsequently transformed into WT Syn6803 cells,
and the transformed cells were spread onto solid BG11 media
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supplemented with 10 pg ml™" kanamycin. Incubation was con-
ducted in 4% (v/v) CO, in air. The deletion of ccmK2 was vali-
dated by PCR.

Transmission electron microscopy

Syn6803 cells were centrifuged at 4300 g for 3 min. The pellet
was resuspended in 0.1 M PBS pH 7.2, 5% glutaraldehyde, and
4% paraformaldehyde and incubated at room temperature for
3 h. Thereafter, the cells were transferred to 4°C for 24 h. The
fixed samples were washed three times with 0.1 M PBS pH 7.2
and then fixed overnight in 2% OsOy at room temperature. The
fixed samples were dehydrated in a series of ethanol, followed by
three washes with acetone. The samples were then infiltrated with
a series of epoxy resins and embedded in epoxy resin. Ultrathin
sections were cut using a diamond knife and mounted on copper
grids. The sections were stained with 2% uranyl acetate for
10 min, followed by lead citrate staining for 2 min. Imaging was
performed using a transmission electron microscope (FEI Tecnai

G2 Spirit 120 kV).

CO, uptake measurement

CO, uptake was measured by using a portable Li-6400 open-
flow gas exchange system (LI-COR Biosciences, Lincoln, NE,
USA). Thirty microliters of each cell suspension was placed on
BG11 solid media. The CO, concentration was controlled at
400 pumol mol™'. The values represent the mean 4 SE of three
independent measurements.

Oxygen exchange

The cells were cultured in BG11 media pH 8.0 bubbled with air
at 30°C under growth light (40 pmol photons m™> s~ ') until
they reached the mid-logarithmic phase. Photosynthetic oxygen
evolution was determined in the BG11 medium that contained
the cell at ¢. 2.5 pg Chl ml™" with a Clark-type oxygen electrode.
The entire monitoring process was performed at 30°C. The
values represent the mean &+ SE of four independent measure-
ments.

Phylogenetic and conservation analysis

The complete cyanobacterial genomes used for phylogenetic ana-
lyses were obtained from the National Center for Biotechnology
Information (NCBI) genome database (May 2024), which con-
tains 2064 cyanobacterial species and 3738 genomes. RbcL,
CemK1, CcmK2, and CemS in these cyanobacteria were identi-
fied by alignment with the NCBI nr database using DIAMOND
(Buchfink ez al, 2021). The CcmK2, CcmKl1, and CcmS
sequences were aligned with MAFFT v.7.515 using the G-INS-i
algorithm (—maxiterate 1000), and sequence logos were generated
with WebLogo3 (Crooks ez al., 2004; Katoh & Standley, 2013).
Nonredundant RbcL sequences were clustered at 100% identity
using CD-Hit v.4.8.1 (-c 1) (Fu et al, 2012). A maximum likeli-
hood tree was constructed using IQ TREE v.2.2.2.3 after
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Fig. 1 Biochemical and structural analyses of Syn6803 CcmS. (a) Size exclusion chromatography with multiangle light scattering assays of Syn6803 CcmS.
The absorbance is shown on the left y-axis, whereas the molecular weight represented by the jagged short line is shown on the right y-axis. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (b) and Native-PAGE (c) of wild-type CcmS and its mutants. CemS in the presence of CuCl,
and B-mercaptoethanol are shown as '+' and ‘—', respectively. (d) Cartoon representation (left) and topology diagram (right) of the CcmS structure, which
are colored teal. The secondary structural elements and terminal residues are labeled.

alignment with Marrr (Katoh & Standley, 2013; Minh
et al., 2020). The output tree was visualized using ITOL (Letunic
& Bork, 2021). The CcmK1 and CemS proteins of 132 species
for the phylogenetic analysis were obtained by CcmK1 sequence-
based redundancy reduction of species from the aforementioned
evolutionary tree.

Results

Synechocystis CcmS is a monomer of o/ fold

The SEC-MALS technique indicated that CcmS in solution
mainly exists as a monomer of .16 kDa, which is comparable to
the theoretical mass of 15.9 kDa (Figs 1a, Sla). Moreover, SDS-
PAGE and Native-PAGE analyses in the presence of the oxidant
Cu®" showed that the majority of CcmS exists as a monomer
(Fig. 1b,c), in addition to a minor portion of dimers that were
observed in our previous report (Chen et al., 2023). Notably, the
dimer is completely dissociated upon the addition of B-
mercaptoethanol. Indeed, sequence analysis showed that CcmS
contains two cysteine residues, Cys62 and Cys118, which are
highly conserved among CemS homologs (Fig. S1b). Mutations

© 2025 The Author(s).
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of either Cys62 or Cys118 to alanine led to much less dimer for-
mation compared to the WT protein under oxidative conditions.
The double mutation of both cysteine residues nearly completely
abolished the dimer formation (Fig. 1b,c), although a very faint
dimeric band remained, likely resulting from nonspecific interac-
tions between CemS monomers.

Using single-wavelength anomalous dispersion, we determined
the crystal structure of CemS at 2.35 A resolution, with each
asymmetric unit containing five CemS molecules. Crystal pack-
ing analysis revealed that the two cystine residues are positioned
far away from each other and the maximum contact area among
CcmS molecules is only c. 450 A2, which is insufficient to sup-
port the formation of a stable dimer. This further confirms that
Syn6803 CcmS adopts a monomeric structure. Notably, both
Cys62 and Cys118 are exposed on the surface of the CemsS struc-
ture (Figs 1d, S1b), which might form nonspecific intermolecular
disulfide bonds under oxidative conditions.

CcmS adopts a three-layered o/B/a fold composed of a cen-
tral four-stranded mixed B-sheet (B1—P4) sandwiched by helices
o3 and 04 on one side and helices a1-2 and o5-06 on the other
side, and the central B-sheet follows a 2-1-3-4 order (Fig. 1d).
The structure of Syn6803 CcmS closely resembles the recently

New Phytologist (2025)
www.newphytologist.com

85U801 SUOWILLIOD BA11e81D) 3|qeot[dde auy) Aq peuenob ke Saoie YO ‘8sn JO S8 I0j ARIqiT8UIIUO AB|I UO (SUOTIIPUOD-PUB-SWIBH 00" A8 1M Ake.q)1|Bu[U0//:SANY) SUORIPUOD PUe SWie | 8U18eS *[520z/c0/52] Uo AriqiTauliuo (1M ‘90ueids JO AisieAlun Aq 9800, ydu/TTTT 0T/I0p/woo A8 im Aeiqipuljuoydu//sdny woiy pepeojumod)



reported structure of An47120 CemS (PDB: 8ZLH) (Cheng
et al., 2024), with a root mean square deviation (RMSD) of
0.834 A for the 101 Co atoms (Fig. Slc). However, Syn6803
CcmS exists mainly as a monomer, in contrast to the dimeric
structure of An47120 CemS, which is stabilized by main-chain
hydrogen bonds between the 4 strands of two subunits, as well
as salt bridges involving Glul1l1l-Argl6 and Glulll-Lys104
(Cheng et al, 2024). Further sequence analysis showed that,
despite sharing a sequence identity of 36%, the residues
involved in the dimeric interface of An47120 CcmS are not
conserved in Syn6803 CcmS (Fig. S1b). Particularly, the key
residue Glull11l for An47120 CcmS dimerization is replaced by
a hydrophobic residue Ile112 in S$y#6803 CcmS. These varia-
tions make the different CemS: monomer in Sy»6803 and
dimer in An47120.

CcmS binds to the CcmK1 hexamer by specifically
recognizing its C-terminal hinge domain

Our previous study showed that CcmS interacts with the shell
protein CcmK1 (Chen er al, 2023). To investigate whether
CcemS could also bind to other shell proteins, we performed pull-
down assays using Hisg-tagged CcmS with various f-
carboxysome shell proteins from Syn6803. The results showed
that CcmS can interact with CcmK1 but not with other shell
proteins (Fig. 2a). Deletion of the unique C-terminal eight resi-
dues (termed C-tail for short) of CcmK1 completely abolished its
interaction with CemS (Fig. 2b). In addition, fusing the C-tail of
CcmK1 to the C-terminus of CcmK2 enabled CcmK2 to bind to
CcemS (Fig. 2b). These results suggest that the C-tail of CemK1
is indispensable for binding to CemS.

To further elucidate the interaction pattern between CcmS
and CemK1, we purified the CemS-CemK1 complex. Gel filera-
tion chromatography and SDS-PAGE analysis revealed that
CcmS forms a stable complex with CemK1 (Fig. S2a). Then, we
crystallized the CemS-CemK1 complex and solved its structure
at 2.95 A resolution. The structure revealed that two Ccm$
molecules bind to subunits A and D of one CcmK1 hexamer,
forming a 2 + 6 binding pattern (Fig. 2¢). This complex pos-
sesses a theoretical molecular weight of 112 kDa, which is com-
parable to that of the calculated mass of 107 kDa (Fig. S2b).
CcmS binding to the CcmK1 hexamer did not induce notable
conformational changes in either the CcmS or CemK1 hexamer,
with RMSDs of 0.593 A for the 113 Co atoms in CemS and
1.403 A for the 512 Cot atoms in the CcmK1 hexamer, respec-
tively. CemS binds to the C-terminal segment (residues Glu95-
Argl11) of CemKl, which is clearly resolved as an a-helix (a3)
followed by a C-tail loop in the density map, whereas these resi-
dues are devoid of density in the other four CemK1 subunits
(Fig. 2¢). Overall, the binding of CcmS stabilizes the C-terminal
segment of CemK1, forming an individual domain composed of
03 and the C-tail (termed the hinge domain) that protrudes out-
ward from the core structure.

In the complex structure, each CemS binds specifically to the
hinge domain of one CcmK1 subunit (Fig. 2c). Two distinct
interfaces were identified for CcmS binding to the CemKl1
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hexamer, yielding a total buried interface area of ¢ 2000 A”
(Fig. 2¢,d). The first interface (Interface I) involves the insertion
of a3 and the C-tail of CemK1 into the groove of CemS formed
by the central B-sheet and helices o2-3, contributing to «
1000 A2 of the interface area (Fig. 2d). The a3 of CcmK1 aligns
parallel to the a3 of CcmS, forming extensive hydrophobic inter-
actions. Notably, the C-tail of CcmK1 binds to the 02 and B2 of
CcmS via numerous polar interactions, including several pairs
of hydrogen bonds and salt bridges, such as Argl10-Gln41,
[le108-Trp42, Argl10-Glu46, Asnl105-Ser61, Argl01-Asp52,
and Argl01-His54 (Fig. 2d). In particular, Argl10 of CcmK1
makes a group of interactions with CemS, including a cation-nt
interaction with Trp42 of CcmS (Fig. 2d). Mutation of Arg110
to alanine in CemK1 almost completely abolished its ability to
bind to CemS (Fig. S2¢). Similarly, the triple mutation of resi-
dues Gln41, Trp42, and Glu46 to alanine in CemS also abol-
ished its CemK1-binding capability (Fig. S2¢). These results
confirmed the critical role of these residues in mediating the
interactions between CcmK1 and CcmS. The second interface of
. 1000 A2 (Interface II) involves the formation of an extended
B-sheet formed by B5 of CcmK1 and the central B-sheet of CemS
(Fig. 2d). Upon CcmS binding, the His82-Val88 residues of
CcmK1 undergo drastic structural rearrangement, transitioning
from a short o-helix to a B-strand (B5). Consequently, the B5 of
CcmK1 aligns antiparallel to the B4 of CcmS, forming an
extended five-stranded [B-sheet. Main-chain hydrogen bonds
between B5 of CcmK1 and B4 of CcmS were found to stabilize
Interface II (Fig. 2c¢,d). Notably, Arg77 of CcmS forms two
hydrogen bonds with Glu83 of the adjacent CcmK1 subunit
(Fig. 2d), further stabilizing the interface.

Upon CemS binding, the hinge domain of CcmK1 undergoes
conformational changes, and flips outward from the core struc-
ture, resulting in a reduction in the interface area between the
CemK1 subunits from 1000 to 680 A2 (Fig. S3a). Compared to
the CemK1 hexamer, the CcmS-bound CemK1 hexamer adopts
a flatter conformation, which deviates ¢. 10° along the central axis
(Fig. S3b). However, despite these changes, the central pore
remains similar in size, ¢. 5.1 A in the CcmS-bound CemK1 hex-
amer, which is comparable to the 4.8 A observed in the CcmS-
free CemK1 hexamer (Kinney et 4/, 2011).

Compared to the previously reported complex structure of
Ana7120 CcmS bound to the C-terminal 15-residue peptide
of CemK1 (termed CemK1€?%) (Cheng ez al., 2024), Syn6803
CcemS adopts a similar pattern binding to the CemK1 C-tail,
emphasizing the essential role of this C-tail in facilitating
CcmK1-CemS interaction (Fig. S3c). However, the C-tail of
Syn6803 CemK1 consists of eight residues, which is shorter than
the 12-residue C-tail found in An47120 CemK1 (Fig. $4). In the
Ana7120 CemS-CemK1<"® complex structure, the CemK1<"
peptide interacts with two CemS dimers. One interaction mode
resembles that observed in the §y76803 CcmS-CemK1 complex,
whereas the additional C-terminus (Arg108-Pro114) of An47120
CcmK1 also interacts with the neighboring CemS dimer (Cheng
et al., 2024). Given the CemS subunit in the two complex struc-
tures aligned, one CemK1 subunit in our complex partially over-
laps with the other subunit of CemS dimer in the Ana7120
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Fig. 2 CcmS specifically binds to the hinge domain of CcmK1. (a) Pull-down assays of CemS against all types of shell proteins of Syn6803. BMC-H

proteins: CcmK1-CemK4; BMC-T proteins: CcmP and CcmO; BMC-P protein: CemL. The CemS protein was fused with a Hiss tag. The protein marker was
loaded in lane 1. BMC, bacterial microcompartment. (b) Wild-type and mutant CcmK1 and CcmK2 were pulled down by His-tagged CcmS. CcmK1ACS:
CcmK1 with eight C-terminal residues deleted. CcmK2+C8: CcmK2 fused with the eight C-terminal residues of CcmK?1. (c) Cartoon representation of the
CcmS-CemK1 complex. The overall structure is shown on the left. The CemS and CemK1 subunits that bind to CemS are highlighted on the right. The
CcmS subunits and CcmK1 hexamer are colored teal and orange, respectively. Two hinge domains (85, a3, and the C-tail) of CcmS-bound CcmK1 subunits
are highlighted in red. Two distinct interfaces (labeled | and I1) are outlined by black boxes. (d) The interfaces between CcmS and CemK1. Interfaces | and 11
correspond to (c). The interacting residues are shown as sticks. The polar interactions are indicated by dashed lines.
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complex (Fig. S3c), suggesting that Sy#6803 adopts a CemS-
CcmK1 binding mode distinct from that in A7a7120.

CcmS also stabilizes the hinge domain of CcmK1 in the
CcmK1-CcmK2 heterohexamer

Previous studies have shown that coexpression of four CcmK
paralogs (CcmK1—4) in E. coli results in the formation of two
predominant heterohexameric complexes, CemK1-CemK2 and
CcmK3-CemK4, which also suggests the plasticity of the car-
boxysome shell (Rae ez al., 2012; Garcia-Alles et al., 2019; Som-
mer et al., 2019). To analyze the expression profiles of CcmKI1
and CcmK2, whose coding genes are located in the same com
operon, we cloned and coexpressed the cemK2-cemK1 operon in
E. coli. Gel filtration chromatography and denatured polyacryla-
mide gel electrophoresis analysis revealed that a major fraction of
the purified proteins formed the CemK1-CemK2 heterocomplex,
in addition to the minor fraction of the CemK1 and CemK2
homohexamers (Figs 3a, S5a). Further pull-down assays revealed
that the CcmK1-CemK2 heterocomplex could also interact with
CemS (Fig. 3b). We therefore purified the ternary complex that
has a calculated molecular weight of 109 kDa (Fig. S5b), com-
parable to that of the CcmS-CemK1 complex. Then we solved
the crystal structure of CemS-CemK1-CemK2 at 2.5 A resolu-
tion by molecular replacement. In the complex structure, four
CcmK1 subunits and two CemK2 subunits form a 4 : 2 hetero-
hexamer, in which subunits C and F of the CcmKI1 hexamer are
replaced by two CcmK2 subunits, resulting in a twofold sym-
metric assembly pattern (Fig. 3c). Similar to the CemS-CemK1
complex, two CemS molecules adopt the same pattern of binding
to two CcmK1 subunits by fixing the hinge domain of CemK1
(Figs 2¢, 3¢).

The structure of the CcmK1-CemK2 heterohexamer closely
resembles the previously reported structures of CecmKl1 and
CcmK2 hexamers (Kerfeld ez 2l, 2005; Tanaka ez al, 2008).
Compared to the CcmK1 or CemK2 hexamer, the structure of
the CemK1-CemK2 heterohexamer adopts a flatter conforma-
tion, which deviates only ¢. 4° along the central axis (Fig. S5¢).
o4 at the C-terminus of CcmK2 pairs with the 03 of CemK1 via
hydrophobic interactions (Fig. 3¢), which is also observed in the
structures of the CemK2 hexamers from Synechococcus elongatus
PCC 7942 (PDB: 40X7) (Cai et al., 2015) and Halothece sp.
PCC 7418 (PDB: 60WG) (Sutter et al, 2019) (Fig. S6).
Although these various CemK hexamers share a similar assembly
pattern, they differ from each other in the polarities of the central
pore. The area around the central pore of the CcmK1 hexamer is
generally hydrophobic, which is mainly attributed to the residue
Leull, which points toward the center of the central pore
(Fig. S7). In CemK2, the counterpart residue is replaced by
Argll, which results in the formation of a highly positively
charged central pore, potentially conferring the transport capabil-
ity of negatively charged metabolites (Faulkner ez al, 2020). In
the CcmK1-CemK?2 heterohexamer, the presence of Argll resi-
dues from two CcmK2 subunits also makes the central pore
somewhat positively charged (Fig. S7). Notably, an additional
density was observed at the central pore of the CemK1-CemK2
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heterohexamer, which could be fitted with a molecule of tartrate
ion that is most likely incorporated from the crystallization buffer
(Fig. S7). The binding of tartrate ions to the central pore of the
CcmK1-CemK2 heterohexamer further supports the notion that
the pores execute the transport of substrates and products into
and out of the carboxysome (Faulkner et 2/, 2020).

The hinge domain of CcmK1 is necessary for the formation
of regular B-carboxysomes in Syn6803

To better understand the role of CcmK1 and CemS in carboxy-
some assembly and functionality, we generated a series of
Syn6803 genetic mutants with specific alterations in the CemS
and CemK1/K2 proteins. Deletion of either cemKI or cemK2
prohibited carboxysome biogenesis (Fig. S8), causing the cyano-
bacterial cells to only grow under high CO, (4%) conditions
(HC) and therefore to exhibit a high-CO,-requiring phenotype
(Fig. 4a), similar to previous studies on CcmK mutants (Rae
et al., 2012; Cameron et al., 2013). Moreover, the growth of the
cemS deletion mutant (AcemS) or C-tail truncation mutant of
cemK1 (cemKIAC8) was similar to that of the WT under HC
conditions but was significantly slower under low CO, condi-
tions (air, LC) (Fig. 4a). Compared to those in the WT, the rates
of net photosynthetic CO, uptake in the AcemS and comK14C8
mutants were significantly reduced by ¢ 62.6% and 56.8%,
respectively (Fig. 4b). Moreover, the rates of photosynthetic O,
evolution in the AcemS and cemKIAC8 mutants decreased by
65.6% and 61.5%, respectively (Fig. 4c).

We further detected the ultrastructures of B-carboxysomes in
the WT and Sy»6803 mutant strains using transmission electron
microscopy. Under LC conditions, the carboxysomes became sig-
nificantly larger in AcemsS than in the WT, and the overall archi-
tecture of the carboxysomes was somewhat abnormal (Fig. 4d),
which also resulted in a decrease in photosynthetic capacity
(Fig. 4b). The diameter of the carboxysomes in the AcemsS strain
was 359 = 102 nm, which was ¢ twofold greater than that in
the WT strain (215 £ 36 nm, Fig. 4e). Similarly, larger car-
boxysomes were also found in the AccmsS strain under HC condi-
tions (Fig. 4d,e). By contrast, unlike the AcemS mutant, the
cemK14 C8 mutant could barely form carboxysomes under HC
conditions (Fig. 4d). Even under LC conditions, only aberrant
carboxysomes with irregular shapes and smaller sizes were formed
in the cemKIAC8 mutant (Fig. 4d,e). Moreover, under either
HC or LC conditions, the AccmS and cemK1A C8 mutants had
fewer carboxysomes in a cell (approximately one per cell) than
the ¢. 2 carboxysomes in a WT cell (Fig. 4f). These results clearly
suggest that the C-tail of CemK1 is necessary for the proper
assembly of regular carboxysomes in Sy#6803.

Discussion
The carboxysome shell gains more plasticity in the presence
of the CcmK1-CcmK2 heterohexamer

The carboxysome shells contain variable BMC-H paralogs, each
with distinctly conserved residues surrounding the pore, which
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Fig. 3 Structure of the CcmS-CecmK1-CecmK2 complex and interactions between CcmK1 and CemK2. (a) Gel filtration chromatography and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the expression products of the ccmK2-ccmK1 operon. CemK1 and CemK2 were
fused with Hise-tags. The acquired chromatographic data were fitted to the log-normal peak equation, and the calculated peak parameters were reported
by Peakfit (Stingl & Luider, 2021). The acquired peak data (black solid line) and the generated peak model (red dashed line) fit well together. The peak
model is fitted by three log-normal peaks distinguished by different colored dashed lines. The peak positions correspond to the CcmK2 hexamer (green),
CcmK1-CemK2 heterohexamer (orange), and CcmK1 hexamer (blue). The purified protein was visualized by Coomassie blue-stained SDS-PAGE. The ratio
of CemK2 to CcmK1 proteins in different protein samples was calculated using grayscale integration and is shown below the SDS-PAGE gel. (b) Gel
filtration chromatography and SDS-PAGE analysis of the CcmS-CecmK1-CemK2 complex. (¢) Cartoon representation of the CemS-CemK1-CemK2 complex
and the interfaces between CcmK1 and CcmK2. The CemS, CemK1, and CcmK2 subunits are colored teal, orange, and yellow, respectively. The two hinge
domains are highlighted in red. The interface between the C-terminus of CcmK1 and CcmK2 is outlined by black boxes, and the detailed interactions are
shown in the insets. The interacting residues are shown as sticks.

are assumed to be associated with specific metabolites (Kerfeld ~ heterohexamers at a 1 : 2 stoichiometry, which potendially alters

et al., 2005; Rae et al, 2013; Sommer et al, 2017; Melnicki
et al., 2021). Previous structural studies and molecular dynamics
simulations suggested that the central pores of CcmKs can serve
as channels for metabolite entry and exit (Kerfeld ez 4l, 2005;
Tanaka et al, 2008; Faulkner er al, 2020; Raza et al, 2024).
In addition, CcmK3 and CcmK4 were found to form
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the permeability properties of metabolite channels in carboxy-
some shells (Sommer et al., 2019). In this study, we found that
the deletion of either cemK1 or cemK2 could barely form carboxy-
somes in Syn6803 (Fig. S8), suggesting that both CcmKI1 and
CcmK2 are indispensable for the proper assembly of carboxy-
Therefore, despite

somes in some [-cyanobacterial strains.
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Fig. 4 Changes in the growth phenotype and carboxysomes of Syn6803 wild-type (WT) and mutants. (a) Growth phenotypes of the WT and mutants
with different carbon sources. 4ccmK7: deletion of CemK1; AccmK2: deletion of CcmK2; AccmS: deletion of CemS; ccmK7A4C8: deletion of the eight
residues in the C-terminus of CcmK1. The cells were cultured to the logarithmic growth phase in BG-11 medium (pH 8.0) bubbled with 4% (v/v) CO; in
air. The cells were adjusted to OD53 = 0.1, 0.01, or 0.001. Afterward, 2.5 pl of each cell suspension was placed on solid agar plates and incubated at

40 pmol photons m~—2 s~" under 4% CO, in air (HC) or ambient air (LC). (b) The net photosynthetic rate (i.e. the rate of CO, uptake) of the WT and
mutants. The CO, concentration was controlled at 400 pmol mol~". Values represent the mean =+ SE of three independent measurements. (c) Maximal
rate of photosynthetic oxygen evolution. Photosynthetic oxygen evolution was measured using a Clark-type oxygen electrode. Values represent the

mean =+ SE of four independent measurements. (d) Transmission electron micrographs of ultrathin sections of the WT and mutated strains grown under
different conditions. HC: cultured under 4% CO, in air; LC: cultured under ambient air. Carboxysomes are indicated by white arrows and outlined by red
dashed lines. Bars, 500 nm (white line). The diameter (e) and number (f) of carboxysomes in the WT and mutant strains under HC (colored orange) and LC
(colored teal) conditions. Transmission electron micrographs of carboxysome-visible cells with a maximum cross-sectional diameter not lower than 1.5 um
were used to measure the number of carboxysomes and the maximum cross-sectional diameter of the largest carboxysomes. The number of carboxysomes
used was as follows: WT (LC): 324; AccmS (LC): 99; ccmK14C8 (LC): 95; WT (HC): 214; and AccmS (HC): 153. The number of cells used to count
carboxysomes was as follows: WT (LC): 145; AccmS (LC): 94; ccmK714C8 (LC): 69; WT (HC): 185; and 4ccmS (HC): 146. In the violin plot of (e), whiskers
represent the 10" and 90'" percentiles, and boxes represent the 25 and 75" percentiles. The horizontal line in the box represents the median. The outliers
are shown as individual points. In the histogram of (f), the error bars represent the mean + SD. Asterisks indicate significant differences between the
mutants and the WT (¢-test: **, P < 0.01; ***, P < 0.001; **** P < 0.0001).

sharing a sequence identity of over 90%, CcmK1 and CemK2
are not functionally redundant in carboxysomes. However, bio-
chemical and structural analyses revealed that CcmKl1 and
CcmK2 could form stable heterohexamers at a 2 : 1 stoichiome-
try (Fig. 3a,c). Structural analysis revealed that the CemK1 and
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CcmK2 homo/heterohexamers have distinct structural features at
the central pore. The CcmK1 hexamer features a highly hydro-
phobic central pore, which might not favor metabolite transloca-
tion. By contrast, the central pore of the CcmK2 hexamer is
substantially positively charged, which is complementary to

© 2025 The Author(s).
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negatively charged metabolites, including RuBP and 3-PGA. The
physical properties of the central pore of the CcmKI1-CemK2
heterohexamer are notably different from those of the CcmKl1
and CemK2 homohexamers (Fig. S7). Accordingly, the CemK1-
CemK2 heterohexamer increases the permeability toward various
metabolites. Moreover, in addition to the major shell proteins
CcmK1 and CemK2, the B-cyanobacterial genome also contains
varying numbers of additional CemK paralogs (CemK3-CemKG6)
in satellite loci (Sommer ez 4l., 2017), which increases the plasti-
city of carboxysome shells, enabling B-cyanobacteria to inhabit a
variety of dynamic habitats.

Phylogenetic analysis of 637 representative cyanobacterial species
revealed that both CemK1 and CemK2 exist in most species that
contain PB-carboxysomes (Fig. S9). CemK1 differs from CemK?2 in
the presence of an extended C-tail (Fig. S4), and a lower abundancy
of 50% in Syn6803 (Wang er al, 2022). Our structural analysis
revealed that the chaperone CemS could specifically recognize this
C-tail of CcmK1 (Fig. 2c¢,d), indicating that CemS is a CemK1-
specific chaperone. Indeed, phylogenetic analysis revealed that most
CcmK1-containing species also encode a CemS, indicating a strong
correlation in function and evolution between CemS and CemKl1
(Fig. S9). As demonstrated by our 7 vive genetic experiments, both
CcmK1 and CemK2, as well as the chaperone CemS, are necessary
for the assembly of regular carboxysomes (Fig. 4a,d). Notably, our
previous studies indicated that the intracellular abundance of
Syn6803 CemS is ¢. 1 : 20 to that of CemK1 (Chen ez af, 2023),
indicating that CemS is an efficient chaperone to protect the C-tail
of CemKI1. The presence of both homo- and heterohexamers of
CcmK2 and CcmK1 enhances the plasticity of the carboxysome
shell enabling fine-tuned pore permeability for the efficient translo-
cation of various metabolites.

Co-evolution of CcmK1 hinge domain and its chaperone
CcmS

Our results together with previous findings demonstrated that
the chaperone CecmS$S binds to the CcmKl1 hexamer or the
CcmK1-CemK2 heterohexamer via specifically recognizing the
C-tail of CemK1 (Chen et al, 2023; Cheng er al, 2024).
Sequence analysis showed that the C-tails of CemK1 homologs
are rich in arginine residues (such as Argl0Ol, Argll0, and
Arglll in $n6803 CcmKl; ArglOl, Argl08, Argll2,
and Argl13 in Ana7120 CcmK1), which participate in interact-
ing with CemS (Fig. S4). Phylogenetic analysis of the C-tails
showed that the CcmK1 homologs could be clearly divided into
two groups: one group including Sy#6803 has a shorter C-tail
and the other group represented by A747120 possesses a longer
C-tail (Fig. S10). In the $y#6803 group, a CcmS monomer inter-
acts with the shorter C-tail of CcmK1 hexamer; differently, in
the Ana7120 group, the longer C-tail of CcmK1 is protected by
two CemS dimers. The residues in CemS binding to CemK1 are
also exclusively conserved in their respective groups (Figs S1b,
S10). It suggested that CcmK1 and CemS in two distinct evolu-
tionary groups are co-evolved, respectively (Fig. S10).

The CcmS-CemK1 structure showed that CemS interacted
only with the hinge domain but not with the core of the CemK1

© 2025 The Author(s).
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hexamer. Given that each CcmK1 subunit could bind to one
CcmS molecule, we propose that one CcmKI1 hexamer could
maximally bind to six CcmS molecules, forming a ‘6 + 6’ com-
plex. Under physiological conditions, CemS and CecmK1 might
form different complexes at varying stoichiometries. Our CemS-
CemK1 structure at a 2 : 6 stoichiometry most likely represents
a relatively stable intermediate of the carboxysome shell. The
C-tail of CemK1 is usually unfolded in the absence of CemS
binding, as seen in our complex structures CemS-CemK1 and
CcemS-CemK1-CemK2 (Figs 2¢, 3c¢), as well as in the CemK1
structure (PDB: 3BN4) (Tanaka ez 4/, 2008). Upon CemS bind-
ing, the helix a3 and C-tail of CcmK1 become folded into a pro-
truded hinge domain (Figs 2c, 3c). Notably, sequence analysis
showed that the o3 in the hinge domain is a typical amphipathic
helix (Fig. S11a), which implied that it is prone to interact with
each other. Molecular docking by HDOCK showed that two
amphipathic o3 helices could form a coiled-coil structure in an
antiparallel manner (Yan ez al., 2020) (Fig. S11b). Therefore, the
a3 together with the C-tail of CcmK1 might function as a hinge
to crosslink adjacent CcmK1 hexamers and CemK1-CemK2 het-
erohexamers by forming coiled-coil structures during carboxy-
some biogenesis (Fig. S11c). A previous AFM also observed the
adjacent CcmK4  hexamers are  bridged (Garcia-Alles
et al., 2017), most likely via the extended C-tails.

Superposition of the CemS-CemK1 structure onto the struc-
ture of a synthetic intact B-carboxysome shell (PDB: 60WG)
(Sutter et al., 2019) revealed that CemS sits upon two adjacent
CemK1 hexamers without any clashes (Fig. S11d). Notably, the
a3 helices from two subunits of adjacent CcmK1 hexamers align
with each other and form a coiled-coil structure, which is consis-
tent with the molecular docking results (Fig. S11b). By contrast,
superposition of the CcmS-CemKI1 structure onto the CemK1
crystal structure, which adopts a flat sheet configuration in the
crystal lattice (PDB: 3BN4) (Tanaka et al, 2008), showed that
CcmS  partially overlaps with adjacent CcmK1 hexamers
(Fig. S11e). Based on these observations, we propose that CemS
facilitates the formation of curved shell patches during f-
carboxysome assembly, which might be mediated by the coiled-
coil structure of adjacent CemK1 hexamers at the outer surface of
the shell. Therefore, CcmS may function as a regulator that helps
to introduce curvature to the shell patches and thereby contribut-
ing to the proper shape and size of B-carboxysome.

A proposed model of CcmS-assisted assembly of
[-carboxysome shell

The B-carboxysomes generally adopt a ‘core-first’ assembly pat-
tern: the inner cargo interactions initiate the assembly process,
and the final morphology is jointly regulated by both the shell
and cargo components (Rotskoff & Geissler, 2018; Trettel
et al., 2024). Together with previous studies (Rotskoff & Geiss-
ler, 2018; Chen ez al., 2023; Trettel et al., 2024), we propose a
putative model for the assembly of B-carboxysomes assisted by
the chaperone CcmS (Fig. 5). Initially, the condensation of the
enzymes RuBisCOs and CAs by the scaffolding proteins CemM

and CcmN results in the formation of the inner core of
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Fig. 5 A proposed model for the assembly of the B-carboxysome shell assisted by the chaperone CcmS in Syn6803. The CcmS and shell proteins are shown
as the schemes. The hinge domains of CcmK1 are represented by red lines or sticks. Various shell hexamers, including the CcmK1 hexamers, the CemK2
hexamers, and CcmK1-CcmK2 heterohexamers, are the major building blocks of the shell. In the absence of CcmS, the hinge domain of CemK1 most likely
is flexible, denoted by red lines. The binding of CemS stabilizes the hinge domain of CcmK1 (denoted by sticks) that protrudes outward from the core
structure of CcmK1, forming a coiled-coil structure that promotes the accumulation of hexamers to form shell patches. Eventually, various shell patches
form the 20 shell facets, which are enclosed by the BMC-P proteins to form the intact shell.

carboxysomes (Wang et al, 2019; Sun et al, 2021; Zang
et al., 2021; Wang & Hayer-Hartl, 2023). Afterward, CcmK1,
CcmK2, and other shell proteins self-assemble to form the shell
patches that are subsequently recruited to the surface of the core,
completing the encapsulation into an intact carboxysome
(Cameron et al, 2013; Aussignargues et al, 2015; Trettel
et al., 2024). Assembly of the B-carboxysome shell is a compli-
cated and fine-tuning process that requires the coordinated
actions of various shell proteins and the chaperone CcmS. Dur-
ing PB-carboxysome biogenesis, CcmS$ stabilizes the hinge
domains of CcmKl1, which protrude outward and may form
coiled-coil structures between the adjacent CcmK homo/hetero-
hexamers. Formation of these coiled-coil structures between
CcmK1 hexamers at the outer surface of the shell might facilitate
the formation of curved shell patches. Therefore, we propose that
CemS may function as a regulator, not only stabilizing the adja-
cent hexamers, but also introducing local curvature of the shell
and thereby contributing to the proper shape and size for B-
carboxysome. Indeed, deletion of CcmS in Syn6803 results in the
of larger and structurally heterogeneous [-
carboxysomes (Fig. 4d,e). The CcmS-mediated assembly of -
carboxysome differs from the assembly mechanism of o-
carboxysome, where the scaffolding protein CsoS2 binds to the
inner shell surface and is proposed to regulate the size of o-
carboxysome (Li et al, 2024; Zhou er al, 2024). Upon the

formation
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accumulation of different BMC-H and BMC-T proteins into
patches surrounding the core, the intact carboxysome shell is
eventually enclosed by the pentameric BMC-P at the vertices,
accompanied by the turnover of CemS (Fig. 5). In addition to
forming homohexamers, the major shell proteins CemK1 and
CcmK2 can form heterohexamers, increasing the adaprability of
shell permeability. Given the shared interface between the
CcmK1 and CcmK2 subunits (Tanaka ez al., 2009; Garcia-Alles
et al., 2017, 2019; Sommer ez al, 2017), CcmK1-CcmK2 het-
erohexamers may exist in various stoichiometries to finely tune
pore permeability for efficient substrate translocation under phy-
siological conditions (Garcia-Alles et a/., 2019). Notably, the car-
boxysome assembly usually occurs under the oxidative
microenvironment (Chen et al, 2013), and interactions among
components including CemM-RuBisCO (Wang ez al, 2019)
and CcmM-CemN (Sun ez al., 2021) are usually subject to redox
regulations. In addition, the HCO3™ transporter SbtA is subject
to redox regulation through its partner SbtB, which contains a
redox-sensing structural motif capable of forming disulfide bonds
in response to the circadian rhythm (Selim ez 4/, 2023). These
findings highlight the redox regulation is commonly observed in
cyanobacterial CCM, which finely tunes its functionality and
helps cyanobacteria adapt to varying growth conditions and diur-
nal fluctuations. We therefore propose that CemS may also be
subject to redox regulation during B-carboxysome assembly and
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maturation, although the fine regulatory mechanism remains to
be elucidated.

Taken together, our findings elucidate the role of the chaper-
one CcmS in the regular assembly of B-carboxysomes, thus main-
taining CCM function and normal cell growth. We propose a
multistep fine regulatory process for B-carboxysome biogenesis,
which provides a new avenue for the synthetic design of efficient
carbon fixation machinery.
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