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Abstract

Carboxysome is an icosahedral self-assembled microcompartment that seques-
ters RuBisCO and carbonic anhydrases within a selectively permeable protein
shell. The scaffolding proteins, CcmM, and CcmN were proposed to act as
adaptors that crosslink the enzymatic core to shell facets. However, the details
of interaction pattern remain unknown. Here we obtained a stable hetero-
trimeric complex of CcmM y-carbonic anhydrase domain (termed CcmMNT)
and CcmN, with a 1:2 stoichiometry, which interacts with the shell proteins
CcmO and Ceml in vitro. The 2.9 A crystal structure of this heterotrimer rev-
ealed an asymmetric bundle composed of one CcmM"N" and two CcmN sub-
units, all of which adopt a triangular left-handed f-helical barrel structure.
The central CcmN subunit packs against CecmM™" and another CcmN subunit
via a wall-to-edge or wall-to-wall pattern, respectively. Together with previous
findings, we propose CcmM"N"-CcmN functions as an adaptor to facilitate the
recruitment of shell proteins and the assembly of intact -carboxysome.
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Despite most components of carboxysome have been
intensively studied from the structural point of view,'* %

Cyanobacteria and many other carbon-assimilating bac-
teria have developed a CO,-concentrating mechanism
(CCM), which significantly enhances the efficiency of
CO,-fixation by sequestered enzymes of RuBisCO." The
CCM is composed of a couple of carbon-uptake systems>
and carboxysome, a large protein machinery that encap-
sulates RuBisCO>* and carbonic anhydrases (CA)® in a
selectively permeable protein shell.>” As a well investi-
gated bacterial microcompartment (BMC), carboxysome
self-assembles into a large icosahedral organelle of 100-
400 nm in diameter from thousands of proteins.*™*!

Y.-L.J. thanks the Youth Innovation Promotion Association of Chinese
Academy of Sciences for their support.

it remains unknown on how the mature carboxysome
assembles via sequential condensation and regular stac-
king of these components.

Based on the form of RuBisCO encapsulated,
carboxysomes have been classified into two types: a and p.
The a-carboxysomes possess Form-1A RuBisCO, whereas
B-carboxysomes sequester plant-like Form-1B RuBisCO.*?
Both types of carboxysome share a similar structural organi-
zation, which contains an inner core of dense enzymatic
cargo of RuBisCO and CA, encapsulated by the icosahedral
shell composed of hexameric and pentameric proteins.'®
However, distinct mechanisms were proposed for their
assembly: the a-carboxysome co-assembles the shells con-
comitantly with the aggregation of cargo enzymes,'**
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whereas the p-carboxysome assembles in an inside-out
manner initiating with the condensation of the inner
core."** Beyond the shell and cargo proteins, scaffolding
proteins serve as adaptors that crosslink various compo-
nents. In a-carboxysome, the scaffolding protein CsoS2,
which is intrinsically disordered, functions as a multivalent
interaction hub that condenses and recruits RuBisCO to the
nascent carboxysome shell facets, ultimately enabling the
intact carboxysome formation.”° In p-carboxysome, two
conserved scaffolding proteins, CcmM, and CcmN were
proposed to act in concert to bridge the shell and cargo pro-
teins.>**** The coding genes of CcmM and CcmN are
located adjacently within the core ccm operon (Figure 1a);
however, quantitative analysis of p-carboxysome proteins in
cell lysates revealed a substantial quantity of CcmM, and
non-detectable CcmN,***** indicating that CcmM is of
much higher cellular abundance compared to CcmN.

The cyanobacteria encode a full-length CcmM con-
taining an N-terminal y-carbonic anhydrase-like domain
(termed CcmM™") followed by three to five RuBisCO
small subunit-like (SSUL) modules, in addition to a trun-
cated version that consists of only the SSUL modules via
alternative translation initiation.>>*®*” In Synechococcus
elongatus PCC7942, the 58-kDa full-length CcmM was
termed CcmMS58, whereas the 35-kDa truncated version
was termed CcmM35 (Figure 1b). It was found that the
SSUL modules of CcmM bind close to the equatorial
region of native L8S8 RuBisCO between two RbcL
dimers, inducing the formation of RuBisCO condensates
in p-carboxysome biogenesis.*® Yeast two-hybrid analysis
and pull-down experiments indicated that CemM™"
interacts with CcmN to facilitate the association of
inner cargo with the outer shell.33* In addition,
CcmM was also found to interact with the shell
proteins, including CcmK1/K2/K4/L.>*° CcmMNT from
Thermosynechococcus elongatus BP-1, which represents
the only known structure of y-CA domain, adopts a left-

(a)

ccmN ccmO

handed B-helix fold, with the y-CA activity under the reg-
ulation of redox state via an essential disulfide bond."”

As shown in Figure 1b, CcmN has two regions of dis-
tinct function: an N-terminal domain harboring six bacte-
rial hexapeptide repeats (Pfam00132) and a C-terminal
encapsulation peptide (EP) of an amphipathic a-helix.***°
Deficiency of the full-length CcmN or only the C-terminal
EP in S. elongatus PCC7942 resulted in defect of carbo-
xysome formation, suggesting an important role of CcmN,
especially the C-terminal EP, in carboxysome assem-
bly.*>** Sequence analysis revealed that CcmN shows a
24% sequence identity with CemM"", indicating they most
likely share a similar fold. It was proposed that N-terminal
domain of CcmN binds to CemMYT, whereas the EP
anchors to CcmK2, probably as well as other shell
proteins.*****" In addition, the counterparts of CcmN
C-terminal EP have also been found in the encapsulated
proteins of other BMCs, indicating its universal role in
BMC assembly.*****3 However, it remains unknown how
CcmM and CcmN interact with each other, and further
mediate the -carboxysome assembly.

Here we obtained a stable complex of the hetero-
trimeric CemMN"-CemN from S. elongatus PCC7942 and
solved its crystal structure at 2.9 A resolution. Biochemi-
cal assays and structural analysis demonstrated that the
CemMNT-CemN complex serves as an adaptor that brid-
ges the inner core enzymes and the shell proteins of
[-carboxysome.

2 | RESULTS

2.1 | Crystal structure of CcmM"" in
complex with CcomN

Overexpression of S. elongatus PCC7942 full-length CcmN
in Escherichia coli yielded aggregates, even with an

rbclL rbcS

T N

ccmlL
(b)
CcmMNT SSuUL1 SSUL2 SSUL3
196 225 309 330 425 458 539
143
CemN | N-terminal domain EP
1 124 161
FIGURE 1 A scheme of CcmM and CemN in S. elongatus PCC7942. (a) Genomic organization of carboxysome in S. elongatus PCC7942.

The ccemM and ccmN genes are located in the same operon. (b) Domain organizations of CcmM and CemN proteins
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SUMO-tag fused at the N-terminus; however co-expression
the SUMO-CcmN with CcmM™' that covers residues
Met1-Ser209 of CcmM (Table S1) eventually enabled us to
purify a stable homogeneous complex of SUMO-CcmN
with CcemM™" (Figure S1). This complex has a molecular
weight of ~84 kDa, as estimated by size-exclusion chroma-
tography coupled with multi-angle static light scattering
(SEC-MALS) (Figure S2A), which is comparable to the the-
oretical mass of a heterotrimeric complex composed of one
CemMNT and two SUMO-CemN subunits.

To further figure out the interactions between
CemMNT and CemN, we solved the 2.9 A crystal structure
of CcmMNT-CemN complex in space group P2;2,2; by
molecular replacement (Figure 2a). Of note, only
residues Met1-Pro118 of CcmN could be traced in the
structure, leaving the N-terminal SUMO-tag and the C-
terminal EP segment invisible in the electron density
map. In the refined structure, each asymmetric unit con-
tains two CcmM™NT molecules and four CcmN molecules,
with a 1:2 stoichiometry. The CcemM™" subunit adopts a

(a)
oL
©
N
(b)
\_/"
B1-B2 loop )
== CcmM209
== CcmM193
mm ComMNT
FIGURE 2

core structure of seven-turn left-handed f-helical barrel of
~37 A in height, with helix A capped on one opening and
helix oB sticking to one wall of the p-barrel (Figure 2a).
The overall structure of CcmM™" subunit (covering resi-
dues from Alal6 to Pro184) closely resembles the structure
of the inactive-form CcmM193 (residues 1-193 of CcmM,
PDB: 3KWD) from T. elongatus BP-1,"” with a root-mean-
square deviation (RMSD) of 0.585 A over 145 Co atoms
(Figure 2b). In contrast, the corresponding segments,
including the N-terminal 1, p1-p2 loop and C-terminal
helix «C which were proven to be necessary for the y-CA
activity in the active-form T. elongatus CcmM?209 (resi-
dues 1-209 of CcmM, PDB: 3KWC), are disordered in our
recombinant CcmMNT of 209 residues (Figure 2b). More-
over, the disulfide-bonded residues Cys194 in oB and
Cys200 in aC, which are critical for y-CA activity
of T. elongatus CcmM209, are absent in CemM™®
(Figure S3A). In fact, it was previously reported that
CemMNT is a degenerated CA, despite it possesses the
central catalytic residues His73, His100, and His105.4

central CcmN

The complex structure of CcmM™'-CemN. (a) Cartoon representation of the overall structure of CemM™'-CemN, shown in

the top and side views. The CemM™" subunit is colored in orange, whereas the two CcmN subunits are shown as blue and cyan,
respectively. The traced residues at the most N- and C-termini are marked. (b) Superposition of CcmM™" (orange) against T. elongatus BP-1
CcmM209 (3KWC; green) and CemM193 (3KWD; magenta). The additional segments of 1, f1-p2 loop and helix aC from CcmM209 are
labeled. (c) Superposition of two CcmN subunits in the heterotrimeric complex of CcmM” '-CemN. The central CemN (blue) has an
extension of a 10-residue N-terminal segment, compared to the lateral CcmN (cyan). (d) Superposition of the central CcmN (blue) onto

CemMNT (orange)
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The two CcmN subunits also adopt a left-handed
B-helical barrel structure similar to CemMNT, but with a
~26-A high core structure of only five turns. Each turn of
the p-helix consists of three short f-strands, forming an
equilateral triangle of 20 A in side length from the top
view. The triangular CcmN f-barrel has three flat
exposed walls (termed walls A-C, respectively), in which
walls A and C are generally hydrophobic, and wall B is
hydrophilic. Notably, beyond the core p-helix structure,
the central CcmN subunit possesses an additional
10-residue N-terminal segment that folds against the core
structure and stretches across one edge of the p-barrel
(Figure 2c), compared to the lateral CcmN subunit. In
addition, the overall structure of CcmN is similar to that
of CemMNT, with an RMSD of 0.735 A over 83 Co atoms
of the B-helical barrel (Figure 2d). However, CcmM""
has two more turns of f-helix, two extra a-helices at the
C-terminus, in addition to a 14-residue insertion of two
protruded p-strands (p10 and p11) and connecting loops,
compared to CcmN.

2.2 | The interactions between CcmM™T
and CcmN

In the CemMNT-CemN complex, the central CcmN sub-
unit interacts with both CcmM™" and the lateral CcmN
subunit via two different interfaces. The wall C of central
CcmN subunit packs against the wall A of lateral CcmN
subunit, forming an interface of ~1,000 A2, mainly medi-
ated by hydrophobic interactions, in addition to a hydro-
gen bond Arg59-Gly68 (Figure 3a). In contrast, one edge
of the triangular CcmM™" p-barrel interacts with the wall
A of central CcmN subunit (Figure 3b), yielding an inter-
face area of ~1,000 A2, In addition to extensive hydropho-
bic interactions, several polar interactions, including the
hydrogen bonds Argll9-Gly74 and Argll19-Thr94, also
contribute to stabilizing the interface. Notably, the N-
terminal residue Glu7 of central CcmN subunit forms a
hydrogen bond with His73 of CemMN' to further
strengthen the interface. Sequence analysis showed that
most residues at the interface from both CcmN and
CcmM are relatively conserved (Figure S3), indicating a
similar interaction pattern among the homologs.

The individual CcmMN" forms a stable trimer in solu-
tion, as confirmed by the SEC-MALS analysis
(Figure S2B). Based on the structure of T. elongatus
CcmM209 (PDB: 3KWC)'” which shares a 67% sequence
identity, we built a model of S. elongatus PCC7942
CemMN" trimer, with one edge and the C-terminal oB
helix of one subunit packing along one wall of the sym-
metric subunit. Notably, compared to the simulated
CemM™T trimer with an interface of ~800 A2, the central

CcmN subunit binds to the same face of CemM"" with a
larger interface area of ~1,000 A% Thus we speculated
that CcmMN" subunits can bind to either CcmM™" or
CcmN subunits in a similar wall-to-edge manner, to form
either CcmM"' homotrimers or CcmMN'-CcmN
heterotrimers. Moreover, the abundant hydrophobic resi-
dues exposed on the walls A and C of CcmN enable two
CcmN subunits to pack against each other in a wall-to-
wall manner (Figure 3c). The surface-exposed hydropho-
bic walls of CcmN also explain why the individual CcmN
is prone to forming large aggregates.

2.3 | The CcmM""-CcmN complex
functions as an adaptor inside of
p-carboxysome shell via interacting with
CcmO and CcmL

Previous findings suggested that CcmN interacts with the
hexameric shell protein CcmK2, and other shell proteins,
mediating the association of cargo proteins with the
shell.>****! Moreover, CcmM was found to interact with
several shell proteins probably via CcmM™'.33%%9 To
further identify the binding partners of CcmM™"-CcmN
complex, we used E. coli to systematically co-express the
His-tagged CcmM™'-CcmN complex with the FLAG-
tagged shell proteins, including the hexametric CcmK2,
CcmK3, and CcmK4, the trimeric CcmP and CcmO, in
addition to the vertex protein of pentameric CcmL
(Table S1). Afterwards, we checked whether these shell
proteins could interact with the CemM™~"-CemN complex
by nickel-NTA affinity purification. The results showed
that a large amount of CcmO and CemL proteins could
be pulled down, whereas only very little amount of
CcmK2 was detected by denaturing gel electrophoresis
(SDS-PAGE) (Figure 4a). In contrast, the other shell pro-
teins were not detectable at all (Figure 4a).

To further test whether the C-terminal EP of CcmN
contributes to the interaction with CcmO or CcmL, we
constructed a truncated version of His-tagged CcmN lac-
king the C-terminal 18-residue EP (termed CcmNAEP),
and co-purified the CcmM"N"-CcmNAEP complex with
FLAG-tagged CcmO or CcmL by nickel-NTA affinity
purification. The results showed that deletion of EP in
CcmN significantly decreased the yield of CcmO or CemL
(Figure 4b,c), suggesting that CcmN EP is required for
the interactions of CcmM"'-CcmN with CemL or CemO,
in agreement with previous reports.*****! Beyond the N-
terminal y-CA domain of CcmM interacting with CcmN,
the C-terminal SSUL modules of CcmM accumulate
RuBisCO for the inner core assembly.*® Thus the CcmM-
CcmN complex functions as a central adaptor that links
the shell and inner core of carboxysome.
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FIGURE 3 Interfaces (a) central lateral (b) central

between CemM™NT and CemN. CcmN CemN CcmN

The interfaces of the central

CcmN with (a) the lateral CcmN _QH 57

or (b) CemMNT in the complex. G1 09 N

Overall structures of CcmN and
CemM™NT are shown as cartoon, P30
whereas the interacting residues
are shown as sticks. The polar
interactions are indicated by
dashed lines. (c) Comparison of
the heterotrimeric CemMN"-
CcmN complex with the model
of trimeric CcmM™" (orange,
semi-transparent). The CcmM"N"
subunit in the CemM™"-CcmN G68 é 59
complex was aligned against Q86
subunit A of CemM™T trimer.

The residues of CcmM™NT

interacting with both CcmM™" (c)
and CcmN are shown as green

sticks

24 | The CcmMY"-CcmN complex is
sensitive to redox in vitro

One CcmN subunit contains two conserved cysteine
residues, Cys49 and Cys88 (~10 A from each other),
which are located at wall C of the p-helical barrel
(Figure 5a). Structural analysis revealed that two lat-
eral CcmN subunits in an asymmetric unit of six sub-
units pack against each other via wall C (Figure 5a).
Moreover, we unexpectedly found that Cys49 and
Cys88 of one lateral CcmN have a distance of 4.1 and
5.3 A, respectively, with their counterpart residues
from the symmetric subunit. Thus upon oxidation, it is

possible to form disulfide bonds of Cys49-Cys49’ and
Cys88-Cys88’ (residues from the symmetric subunit are
labeled with a prime) between two neighboring lateral
CcmN subunits (Figure 5a). To test this hypothesis, we
performed the gel electrophoresis analysis of CcmN in
solution upon addition of either the oxidizing agent
Cu®" or the reducing agent p-mercaptoethanol. The
denaturing gel electrophoresis and Western blot analy-
sis clearly showed that, the presence of 1 mM Cu®" can
trigger the dimerization or oligomerization of CcmN
molecules, which could be reversed upon the addition
of p-mercaptoethanol, indicating the formation of
intermolecular disulfide bonds (Figure 5b).
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FIGURE 4 The CcmM"'-CcmN complex interacts with the shell proteins CcmO and CemL. (a) SDS-PAGE analysis of various shell
proteins (CcmK2, CemK3, CcmK4, CemL, CemP, CemO) pulled down by the His-tagged SUMO-CemN-CemM™NT complex. A large amount
of CcmO and CcmlL proteins could be recovered as shown by SDS-PAGE. In contrast, only very little amount of CcmK2 proteins was
observed in the SDS-PAGE. The other proteins were not detectable at all. SDS-PAGE (the upper panel) and Western blot (the lower panel)
analysis of (b) FLAG-CcmO and (c) FLAG-CcmL pulled down by His-tagged SUMO-CcmN-CemM™NT or the CemN EP truncated version
(CcmNAEP). The samples of cell lysates (L) and elutes (e) from nickel-NTA column were applied to the SDS-PAGE analysis. Due to the
overlapped bands in the SDS-PAGE, the His-SUMO-CcmN and FLAG-CcmO were further confirmed by Western blot using anti-His and
anti-FLAG antibodies, respectively

(b)

wild-type C49A C88A C49A&C88A
CuC ¥ + ¥ + ¥+ + + +
B-ME + - + - + - + - kD

lateral 9’
CcmN’ X 3

FIGURE 5 The CcmN proteins are sensitive to redox. (a) Two lateral CcmN molecules (cyan) in an asymmetric unit face against each
other. As shown in the inset, the residues Cys49 and Cys88 of one lateral CcmN subunit have a distance of 4.1 and 5.3 A, respectively, with
their counterparts of the adjacent lateral CcmN subunit. The cysteine residues are shown as sticks with the electron densities shown as black
mesh. (b) Western blot analysis of the disulfide bond formation of wild-type CcmN or mutants (C49A, C88A and C49A&C88A) by anti-His-
tag antibody. The protein samples were incubated with 1 mM Cu®" or 0.5 mM f-mercaptoethanol (3-ME), which were analyzed by SDS-
PAGE and Western blot. The bands corresponding to CcmN monomer and dimer are marked on the left, whereas the standard protein
markers are shown on the right
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Compared to the wild-type CcmN, single mutation of
either Cys49 or Cys88 to alanine drastically decreased the
CcmN dimer/oligomer in the presence of Cu®"
(Figure 5b). Moreover, double mutations of both Cys49
and Cys88 to alanine totally abolished the disulfide bond
mediated crosslinking. The results suggested that both
Cys49 and Cys88 participate in the formation of inter-
molecular disulfide bonds, which might be involved in
the regulation of carboxysome function. In fact, the inner
core of p-carboxysome is found to be relatively
oxidized,* and it has been shown that redox control is a
general paradigm in carboxysome function. For example,
oxidation of the conserved Cys172 inhibits the catalytic
activity and stimulates the degradation of RuBisCO.*® In
contrast, the CA activity of CcaA of S. elongatus PCC7942
could be inhibited upon the addition of dithiothreitol.” In
addition, formation of a disulfide bond between the two
C-terminal o-helices is required for T. elongatus BP-1
CemM™T to be properly structured and fully functional.'”
Moreover, disulfide bond formation in the SSUL module
of CcmM is required for maintaining the flexibility of
RuBisCO condensate network and carboxysome func-
tion.*® Altogether, in agreement with previous results, we
propose that scaffolding proteins CcmM and CcmN, as
well as the cargo proteins RuBisCO and CcaA, in the
carboxysome are under redox control.

3 | DISCUSSION

Previous studies have investigated the interactions
among p-carboxysome proteins.*°*** In S. elongatus
PCC7942, the intact carboxysome is self-assembled by
thousands of proteins from 11 different types. The most
abundant proteins CcmK2 and RuBisCO constitute the
major components of the shell and inner core, respec-
tively. In addition, the scaffolding protein CcmM is also
of high abundance, which bridges the shell and inner
core. Quantification of p-carboxysome protein stoichiom-
etry by real-time single-molecule fluorescence micros-
copy indicated that the amount of CcmN is ~10% to
CcmM.*” Thus we speculated that all CcmN molecules,
due to the relatively low abundance, are very likely rec-
ruited by the N-terminal y-CA domain of a minor portion
of CcmMS58, forming the CcmM-CemN heterotrimers.
Despite sharing a similar overall structure, CcmN subunit
differs a lot from that of CcmM™" in property of edge and
wall, besides height, of the p-helical barrel, thus making
it possible to form an asymmetric heterotrimer. Given the
conserved interface between CcmMNT and CemN, this
asymmetric CcmM-CcemN heterotrimer might represent
a minimum functional unit, which acts as a

B o WILEY-L

heteromorphic adaptor to mediate interactions in a
mortise-and-tenon pattern within carboxysome.

Our biochemical assays showed that C-terminal EP
helix of CcmN contributes a great deal to the interactions
with CcmO and CemL (Figure 4b,c). Notably, a previous
study indicated that CcmM mediates the interaction with
the shell protein CcmK1, potentially via the helix oA of
CcmM.'” Structural analysis showed that the C-terminus
of CcmN in our structure stops at the same face with aA
of CemM™7, further indicating EP of CcmN and oA of
CemMNT are localized at the proximity to the shell pro-
teins. A shorter f-helical barrel of CcmN, compared to
that of CemM"", gives an ideal space to accommodate
the EP helix above the opening of p-helical barrel, in a
pose similar to aA of CcmM. Notably, the C-terminal
SSUL modules of CcmM stretch out to crosslink
RuBisCO holoenzymes at the inner core of carboxysome.

The present heterotrimeric CcemM™"-CcmN structure
and pull-down assays, combined with the previous find-
ings, enabled us to propose an updated model of
B-carboxysome assembly. First, RuBisCO is folded and
assembled into the mature form RbcLgRbcSg assisted by a
series of molecular chaperones, such as GroEL/ES, RbcX
and Rafl.*! Afterwards, CcmM35 consisting of only
SSUL modules mediates the condensation of RuBisCO,
which initiates assembly of the inner core.*® RuBisCO
condensates expand gradually until being terminated by
the full-length CcmMS58 at the outermost layer of the
inner core.>® Notably, CcmMS58 most likely exists in two
forms, the homotrimer and the heterotrimeric complex
with CcmN. The heterotrimeric CcmM-CcmN complexes
function as adaptors that further interact with the shell
proteins CcmO and CcmlL, which are crucial for carbo-
xysome formation, as deletion of ccmO gene resulted in
severe high-CO,-requiring phenotype (HCR) with aber-
rant carboxysomes, while the absence of ccmL led to
elongated carboxysomes and the HCR phenotype.>*> In
addition, CcmO could recruit the major shell protein
CcmK2 and probably the vertex protein CcmL,**" which
might also interact with CcmK2.>* Thus binding of CcmO
via the CcemM-CcmN complex might initiate the recruit-
ment of other shell proteins on the inner core, and ulti-
mately facilitate the assembly of an intact f-carboxysome.

In contrast, the majority of full-length CcmM58 pro-
teins form homotrimers, which can also interact with the
shell proteins, such as CcmK2, CcmK4, and CemlL,*3%%
probably via the N-terminal y-CA domain.*® Notably, the
CcmM58 homotrimers could also interact with CcaA
hexamers via the N-terminal y-CA domain, in which oA
and the aA-oaB loop might contribute to the interac-
tions.?! However, it remains elusive on how CcmM hom-
otrimer interacts with CcaA and shell proteins. More
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investigations are needed to elucidate the fine mecha-

nism of the intact f-carboxysome assembly in
cyanobacteria.
4 | MATERIALS AND METHODS

4.1 | Cloning, plasmids, and strains

The genes encoding CcmM, CcmN, CcmK2, CcmK3,
CcmK4, CcmL, CemO, and CcmP were amplified by PCR
from S. elongatus PCC7942 genomic DNA. CcmN was
cloned into the 2ST vector, a modified vector with a
~14.2-kDa N-terminal His-SUMO tag, while other genes
were cloned into the pETDuet (Novagen) expression vec-
tor using homologous recombination methods. A list of
cyanobacterial strains, plasmids and protein sequences
used in this study is provided in Table S1.

4.2 | Protein expression and purification
All proteins were expressed in E. coli strain BL21 (DE3)
(Novagen) in LB medium (10 g of NaCl, 10 g of tryptone,
and 5 g yeast extract per liter) containing corresponding
antibiotics (30 pg/ml kanamycin, 100 pg/ml ampicillin,
or 100 pg/ml spectinomycin) at 37°C. When the optical
density at 600 nm (ODggyy) reached 0.8-1.0, protein
expression was induced with the addition of 0.2 mM iso-
propy pB-D-1-thiogalactopyranoside (IPTG), followed by
shaking overnight at 16°C.

The cells encoding the CcmN proteins were harvested
by centrifugation (4,000 g, 4°C, 15min), and were
resuspended in buffer A of 20 mM Tris-HCI pH 7.5,
200 mM NaCl. Then the cells were lysed by 30 min of
sonication. After centrifugation at 12,000 rpm for 30 min,
the supernatant containing the target protein was loaded
onto a nickel-NTA column (GE Healthcare) equilibrated
with buffer A. And the protein was eluted using buffer A
with 0.5 M imidazole and further loaded onto a Superdex
200 column (GE Healthcare) that was pre-equilibrated
with buffer A. Target protein fractions were pooled and
concentrated using spin columns. The protein concentra-
tion was determined using a NanoDrop (Thermo Fisher
Scientific), and the purity was assessed by SDS-PAGE.
The target proteins were flash-frozen in liquid nitrogen
and stored at —80°C for further use. The proteins of
CcmN mutants and CemMN'-CemN  complex  were
expressed and purified in the way similar to that of wild-
type CcmN.

The E. coli cells expressing the complexes of
CemMN'-CemN and shell proteins were lysed and the
supernatant containing the target protein was loaded

onto a nickel-NTA column equilibrated with buffer B of
20 mM Tris-HCI pH 7.5, 100 mM NacCl. The target pro-
tein was eluted with buffer B containing 0.5 M imidazole,
then was dialyzed using buffer B to remove the imidaz-
ole. Finally the complex was assessed by SDS-PAGE.

4.3 | Crystallization and structure
determination

Crystals of CcmMN"-CcmN were grown at 16°C by sitting
drop vapor diffusion with 1 pl of 15 mg/ml protein solu-
tion and 1 pl of reservoir solution. The crystals were
grown in 0.1 M N-(2-acetamido) iminodiacetic acid,
pH 6.6, 15% polyethylene glycol 8,000. X-ray diffraction
data were collected at 100 K in a liquid nitrogen stream
using beamline 19 U with a DECTRIS PILATUS3 6 M
detector at the Shanghai Synchrotron Radiation Facility
(SSRF). The diffraction data were integrated and scaled
using XDS.>® The crystal structure of CemM"N'-CcemN
was determined by molecular replacement using search
models of T. elongatus BP-1 CcmM209 structure (PDB:
3KWC)'" and CcmN model predicted by SWISS-
MODEL™* (http://swissmodel.expasy.org). The structure
was refined using the maximum likelihood method
implemented in REFMACS5> as part of the CCP4i>® pro-
gram suite and rebuilt iteratively using the program
Coot.”” The final model showed well geometry and was
evaluated using MolProbity®®  (http://molprobity.
biochem.duke.edu). All interface areas were calculated
by PDBsum,” All structure figures were prepared with
PyMOL (https://pymol.org/2/). A list of the parameters of
data collection, processing, structure determination and
refinement is provided in Table S2.

4.4 | Size exclusion chromatography
with multi-angle light scattering

Analytical SEC was performed using an AKTA Pure sys-
tem (GE Healthcare) with a Superdex 200 10/300 GL col-
umn (GE Healthcare). The system was coupled on-line to
an eight-angle MALS detector (DAWN HELEOS II,
Wyatt Technology) and a differential refractometer
(Optilab T-rEX, Wyatt Technology). The molecular mass
of CemM™T trimer or CemM™"-CemN complex in solu-
tion was determined using ASTRA 7.0.1 software.

4.5 | Redox assays of CcmN

The CcmN proteins or mutants were incubated in buffer
A with 1 mM CuCl, on ice for 30 min. Each sample was
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equally divided into two parts, with or without 0.5 mM
f-mercaptoethanol. Samples were boiled for 10 min, then
applied to SDS-PAGE analysis to detect the formation of
disulfide bonds.

4.6 | Western blotting

The protein bands in SDS-PAGE were transferred to
PVDF membranes activated by methanol. Experiments
were performed at 250 mA for 2 hr at 4°C in the transfer
buffer (25 mM Tris-HCl, 192 mM glycine, 20% [v:v] etha-
nol). The blots were blocked with 5% skimmed milk over-
night at 4°C. The primary mouse anti-His or anti-FLAG
antiserum (Proteintech) were diluted 1:2,500, while the
second rabbit anti-mouse IgG (Proteintech) was diluted
1:5,000 in the TBST buffer (100 mM Tris—-HCI pH 7.5,
150 mM NaCl, 0.1% Tween). Between every step, the
PVDF membranes were washed five times with TBST
buffer. Finally, the blots were developed using Amer-

sham ECL Western blotting detection reagents
(GE healthcare) and imaged using ImageQuant
LAS 4000.
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