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Structure and assembly of the 
α-carboxysome in the marine 
cyanobacterium Prochlorococcus

Rui-Qian Zhou1,2,3, Yong-Liang Jiang    2,3 , Haofu Li1, Pu Hou2, 
Wen-Wen Kong    2, Jia-Xin Deng2, Yuxing Chen    2, Cong-Zhao Zhou    2  & 
Qinglu Zeng    1 

Carboxysomes are bacterial microcompartments that encapsulate the 
enzymes RuBisCO and carbonic anhydrase in a proteinaceous shell to 
enhance the efficiency of photosynthetic carbon fixation. The self-assembly 
principles of the intact carboxysome remain elusive. Here we purified 
α-carboxysomes from Prochlorococcus and examined their intact structures 
using single-particle cryo-electron microscopy to solve the basic principles 
of their shell construction and internal RuBisCO organization. The 4.2 Å 
icosahedral-like shell structure reveals 24 CsoS1 hexamers on each facet and 
one CsoS4A pentamer at each vertex. RuBisCOs are organized into three 
concentric layers within the shell, consisting of 72, 32 and up to 4 RuBisCOs 
at the outer, middle and inner layers, respectively. We uniquely show how 
full-length and shorter forms of the scaffolding protein CsoS2 bind to the 
inner surface of the shell via repetitive motifs in the middle and C-terminal 
regions. Combined with previous reports, we propose a concomitant 
‘outside-in’ assembly principle o f α -carboxysomes: the inner surface of the 
self-assembled shell is reinforced by the middle and C-terminal motifs of 
the scaffolding protein, while the free N-terminal motifs cluster to recruit 
RuBisCO in concentric, three-layered spherical arrangements. These new 
insights into the coordinated assembly of α-carboxysomes may guide the 
rational design and repurposing of carboxysome structures for improving 
plant photosynthetic efficiency.

In photosynthetic organisms such as plants, algae and cyanobacteria, 
inorganic carbon is incorporated into biomass through photosynthetic 
carbon assimilation via the Calvin–Benson–Bassham (CBB) cycle1. As the 
often rate-limiting enzyme in the CBB cycle, ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO) is the most abundant protein 
on Earth2, accounting for a total mass of ~0.7 × 1015 g and is respon-
sible for ~90% of atmospheric CO2 fixation into biomass annually3.  

Despite its biological importance and global abundance, RuBisCO  
is known to be an enzyme of low efficiency, owing to its slow cata-
lytic rate and poor capability to discriminate between the competing  
substrates, CO2 and O2 (ref. 4).

Cyanobacteria and many chemoautotrophs have evolved a 
CO2-concentrating mechanism (CCM) to enhance the carbon fixa-
tion efficiency of RuBisCO5–8. A core component of their CCMs is 
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Empowered by advances in the block-based reconstruction of 
single-particle cryo-EM analysis42, we determined the ~86-nm-diameter 
intact α-carboxysome icosahedral-like structure, which revealed the 
architecture and assembly pattern of the shell as well as the internal 
three-layered organization of RuBisCO. Furthermore, we observed the 
multivalent interactions between the middle and C-terminal regions 
of the scaffolding protein CsoS2 and the shell capsomers in the native 
α-carboxysome. Our findings provide understanding of the structure 
and assembly of native α-carboxysomes by resolving how the CsoS2 
scaffolding protein serves as a central hub to crosslink shell capsomers 
and recruit RuBisCOs.

Results
Prochlorococcus harbours the simplest carboxysomal operon
The components of α-carboxysome are mainly encoded by the cso 
operon among proteobacteria and cyanobacteria6. Phylogenetic analy-
sis revealed that all cso operons comprise conserved gene sets that 
encode the essential components of the α-carboxysome: the large and 
small RuBisCO subunits CbbL and CbbS, respectively, the carbonic 
anhydrase CsoSCA, the scaffolding protein CsoS2, and the hexameric 
(CsoS1) and pentameric shell proteins CsoS4A/B (Fig. 1a,b). Notably, 
the genetic organization of cso operons varies greatly, with the total 
number of genes ranging from 10 to 25 (Fig. 1b).

Prochlorococcus is the most abundant photosynthetic picoplank-
ton in the oceans, contributing to ~50% of marine carbon fixation43,44. 
The cso operon of Prochlorococcus strain MED4 consists of ten genes29, 
representing the minimum number of genes in the cso operon (Fig. 1b). 
It contains four genes (csoS1, csoS1D, csoS4A and csoS4B) encoding the 
shell proteins, three genes encoding the cargo enzymes RuBisCO (cbbL 
and cbbS) and carbonic anhydrase (csoSCA), one gene encoding the 
scaffolding protein CsoS2, and two additional genes pmm0548 (ham1) 
and pmm0556 (acRAF). The protein CsoS1 contains a single Pfam00936 
domain that assembles into BMC shell hexamer (BMC-H), which con-
stitutes the majority of the α-carboxysome shell29. The CsoS1D pro-
tein, which contains a tandem repeat of two Pfam00936 domains29, 
forms trimers (BMC-T) or pseudohexamers and presumably enables 
the passage of large molecules into and/or out of the carboxysome45. 
CsoS4A and CsoS4B, which share a sequence identity of 41%, have one 
Pfam03319 domain and form the BMC shell pentamers (BMC-P) that 
cap the 12 vertices of the shell46. The pmm0548 gene encodes a putative 
histone acetyltransferase (HAM1) of the MYST family and is inserted 
between csoS1 and csoS1D. Adjoining csoS4B is the pmm0556 gene that 
encodes a conserved pterin dehydratase-like protein that functions as 
a RuBisCO assembly factor47. Overall, Prochlorococcus MED4 has the 
simplest α-carboxysome encoding the cso operon, thus making it an 
ideal model for investigating the structure and assembly principles of 
this CO2-fixing BMC.

Overall architecture of Prochlorococcus α-carboxysome
The α-carboxysomes were purified from Prochlorococcus MED4 and 
analysed by electron microscopy, SDS–polyacrylamide gel electro-
phoresis (SDS–PAGE) and mass spectrometry. Electron microscopy 
showed that the purified α-carboxysomes were mostly intact and had 
a canonical polyhedral shape, with an average diameter of ~90 nm 
(Fig. 2a). SDS–PAGE analysis of the purified α-carboxysome samples 
revealed four major protein bands (Fig. 2b), which were individually 
subjected to mass spectrometry analysis. Three of the four protein 
bands, including CbbL, CsoS1D and CsoS1/CbbS, were identified as the 
major components of the α-carboxysome (Fig. 2b). However, no protein 
information could be obtained for the remaining band. In addition to 
these major α-carboxysome components, liquid chromatography mass 
spectrometry analysis of the α-carboxysome samples detected other 
components, including CsoS2, CsoS4A, CsoS4B and CsoSCA (Sup-
plementary Table 1). The ratio of the normalized protein abundance 
of each α-carboxysome component to that of CsoS4B ranged from 

carboxysome, a well-investigated bacterial microcompartment 
(BMC) of ~100 to 400 nm diameter9,10. Carboxysomes comprise an 
icosahedral-like proteinaceous shell that encapsulates the cargo 
enzymes RuBisCO and carbonic anhydrase that maintains the inter-
conversion equilibrium between bicarbonate (HCO3

−) and CO2  
(refs. 6,11). The shell is proposed to be selectively permeable to anions 
such as HCO3

−, but prevents the passage of nonpolar compounds such 
as CO2 (refs. 12–14) and potentially O2 (refs. 13,14). The extracellular 
HCO3

− is first transported into the cytosol via several membrane-bound 
HCO3

− transporters8,15,16. Afterwards, the enriched intracellular HCO3
− 

diffuses through the semipermeable shell into the carboxysome where 
HCO3

− is converted to CO2 via co-localized carbonic anhydrase. A math-
ematical model shows that RuBisCO-derived protons within carbox-
ysomes help drive the conversion of HCO3

− to CO2, enhancing both CO2 
condensation and the RuBisCO carboxylation rate17.

Carboxysomes are present in two distinct evolutionary lineages, 
designated as α-carboxysomes that globally dominate most aquatic 
habitats18, and β-carboxysomes that are distributed mainly in fresh-
water/estuarine cyanobacteria11,19. They are similar in morphology 
and function, but differ in their RuBisCO compatibility and in the scaf-
folding proteins that mediate the crosslinking of various carboxysome 
components11. In both α- and β-carboxysomes, both RuBisCO and 
carbonic anhydrase are densely packed inside an icosahedral-like shell 
comprising hexameric and pentameric shell proteins. While the scaf-
folding proteins CcmM and CcmN are present in β-carboxysomes20–22, 
only the scaffolding protein CsoS2 is found in α-carboxysomes23,24. In 
β-carboxysomes, RuBisCO is packed into paracrystalline arrays25,26 with 
CcmM and CcmN, forming a heterotrimer22 that acts as an adaptor to 
crosslink RuBisCO and other cargo enzymes with shell proteins to form 
liquid-like condensates27 that trigger shell encapsulation into an intact 
β-carboxysome28. In contrast, the assembly of smaller α-carboxysomes 
is less well understood11, with their components encoded by a cluster 
of genes within a cso operon29. The ~900-residue scaffolding protein 
CsoS2 contains no recognizable domains and is predicted to be an 
intrinsically disordered protein. Recently, it was reported that the 
N-terminal repetitive motifs of CsoS2 bind to internal RuBisCO and 
mediate α-carboxysome formation24, whereas its repetitive motifs 
in the middle and C-terminal regions bind to the shell30,31. In addition, 
the cryo-electron microscopy (cryo-EM) structure of the recombinant 
α-carboxysome mini-shell from Halothiobacillus neapolitanus revealed 
that the C terminus of CsoS2 acts as a molecular thread that binds to 
the shell via conserved I/VTG motifs32. Moreover, cryo-EM studies of 
naturally purified α-carboxysomes from the marine α-cyanobacterium 
Cyanobium sp. PCC 7001 revealed that RuBisCO is organized in four 
concentric layers33,34, whereas RuBisCO in the chemoautotrophic bac-
terium H. neapolitanus forms intertwining spirals that further pack 
into a lattice33,35.

Carboxysome biogenesis requires the concerted action and 
ordered organization of thousands of individual proteins28. Although 
the structures of most protein components of the carboxysome 
are available, little is known about the structure and assembly pat-
tern of intact carboxysomes, mainly due to the high structural het-
erogeneity and diversity of carboxysomes. In addition, although the 
structure and function of RuBisCO have been extensively studied for 
many years, the detailed chaperone-assisted assembly process of 
cyanobacterial RuBisCO has only recently been elucidated36,37. So far, 
the high-resolution structural information available is limited to the 
recombinant shell structures of H. neapolitanus α-carboxysome32,38, 
Halothece sp. PCC 7418 β-carboxysome39 and Haliangium ochraceum 
BMC40 produced in Escherichia coli, which revealed the general prin-
ciples of shell assembly. However, the process of natural carboxysome 
assembly, particularly the fine interaction pattern between the shell 
and scaffolding proteins, remains largely unknown.

Here we successfully isolated and purified intact α-carboxysomes 
from the marine cyanobacterium Prochlorococcus MED4 (ref. 41). 
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700:1 to 4:1, consistent with previous analysis of the H. neapolitanus 
α-carboxysome48. Notably, several other proteins, including MinD 
(which is involved in cell division site positioning49) and HAM1 (which 
has a putative histone acetyltransferase domain), were also identified 
in the purified α-carboxysome samples (Supplementary Table 1), sug-
gesting that these proteins might interact with α-carboxysome or play 
a role in the assembly and function of α-carboxysome.

Owing to the relatively small size and rigidity of Prochlorococcus 
α-carboxysomes, we were able to conduct a single-particle cryo-EM 
study to investigate their structure and assembly. We collected ~23,400 
cryo-EM images and manually picked ~32,000 intact α-carboxysome 
particles for further analysis. Subsequent two-dimensional (2D) clas-
sification revealed an obvious pattern of overall architecture for the 
shell and cargo enzymes (Supplementary Fig. 1). However, the 3D clas-
sification and refinement attempts with different symmetries failed to 
converge to interpretable maps, indicating the structural flexibility of 
intact α-carboxysomes. Applying icosahedral symmetry to the best 
class of 3,634 intact α-carboxysome particles yielded a cryo-EM map at 
7.5 Å resolution (Supplementary Fig. 2a,b), which was further improved 
to 6.2 Å with the shell mask (Supplementary Fig. 2a). It suggested that 
the native α-carboxysome shell generally adopts an icosahedral-like 
architecture, whereas the arrangement of internal enzymes displays 
plasticity at some level, consistent with previous reports33–35.

To further push the resolution of the shell, we applied the 
block-based reconstruction method and segmented the intact 
α-carboxysome into 12 shell vertices42. After several rounds of 3D 
classification and refinement using C5 symmetry, we finally obtained a 
4.2 Å map for the shell vertex (Supplementary Fig. 2a,c), which allowed 
us to build an atomic model of the shell vertex. Notably, this struc-
ture was determined from the average of relatively homogeneous 
blocks of the α-carboxysome shell, which may not fully represent the 
authentic assembly pattern of all protein components in the intact 

α-carboxysome shell. Moreover, we also conducted masked 3D clas-
sification and refinement of the internal density with icosahedral 
symmetry, yielding an overall 15.0 Å cryo-EM map of the internal layers 
of α-carboxysomes (Supplementary Fig. 2a,d). In the cryo-EM map, we 
discerned three concentric layers of cargo proteins, which we named 
the outer, middle and inner layers (Fig. 2c). The icosahedral-like shell 
is ~860 Å in diameter and has a thickness of ~40 Å. The three layers 
of the internal core consist of tightly and regularly packed RuBisCO. 
These encapsulated spheres have diameters of ~720, 480 and 240 Å, 
respectively (Fig. 2c). Overall, the Prochlorococcus α-carboxysome has 
a well-organized four-layered architecture, which differs from previ-
ously reported architectures of α-carboxysomes in terms of size and 
internal RuBisCO organization33,35.

Fine structure of the icosahedral-like shell
The Prochlorococcus α-carboxysome shell generally adopts an icosahe-
dral shape of ~860 Å diameter and ~40 Å thickness (Fig. 3a). It has a tri-
angulation number T of 49, with an asymmetric unit composed of eight 
BMC-H hexamers (48 CsoS1 subunits in total) and one BMC-P pentamer 
subunit (CsoS4A/4B) (Fig. 3b). The 20 shell facets of an α-carboxysome 
are formed by 480 BMC-H hexamers, totalling 2,880 CsoS1 subunits, 
and 12 vertices comprising BMC-P pentamers consisting of 60 CsoS4A 
and/or CsoS4B proteins (Fig. 3a). The 48:1 BMC-H:BMC-P stoichiometry 
matches the mass spectrometry results of the purified Prochlorococcus 
α-carboxysomes (Supplementary Table 1) and previous analyses of H. 
neapolitanus α-carboxysomes48. Compared with CsoS4B, CsoS4A has 
an N-terminal extension of ten residues that form a β-strand, which was 
clearly observed in our cryo-EM map (Extended Data Fig. 1). Therefore, 
the 12 vertices in the shell map are composed primarily of CsoS4A, 
with some vertices occupied by CsoS4B, which was detectable at low 
abundance by mass spectrometry (Supplementary Table 1). Previous 
studies of recombinant BMC have shown that BMC-T proteins form 
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organizations of the 19 cso operons that were used to build the phylogenetic 
tree in a. The colour scheme for different genes is presented on the right. Arrows 
indicate the direction of the genes. The cso operon from Prochlorococcus MED4 is 
highlighted by a red box, with each gene labelled on the bottom.
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double-layered dimers of trimers that protrude from the shell sur-
face40,50. However, in our shell structure we could not locate the BMC-T 
protein CsoS1D, presumably due to its low abundance (4 for every 700 
CsoS1) (Supplementary Table 1).

Structural analysis of the native α-carboxysome shell showed that 
the BMC-P pentamers were arranged as a truncated pyramid, with the 
bottom facing outward and the concave sides of the BMC-H hexamer 
facets facing outward (Fig. 3a). In the shell structure, there are three 
distinct interfaces: two different hexamer–hexamer interactions and 
one hexamer–pentamer interaction (Fig. 3c,d). The hexamers along 
the longitudinal line connecting the pentamers between two verti-
ces of the shell are in a side-by-side planar orientation, whereas the 
neighbouring hexamers surrounding the latitudinal line are tilted by 
36° to 10°, with the tilt angle decreasing gradually from the pentamer 
vertex towards the periphery (Extended Data Fig. 2). Compared with 
the synthetic BMC shell of Haliangium ochraceum40, our shell structure 
reveals greater variability in the tilt angles between hexamers along 

the latitudinal lines, implying that size variations in the BMC shell are 
achieved by adjusting these tilt angles.

For the two hexamer–hexamer interfaces, the K25AA motif of one 
subunit and the A78RPH motif of the symmetric subunit of the same 
hexamer interact with the counterparts of the neighbouring hexamer, 
which contributes the majority of the interface area (Fig. 3c). The Lys25 
residues of the KAA motif are arranged in an antiparallel manner, pro-
viding interactions with Lys25 and Arg79 of the neighbouring hexamer 
via hydrogen bonds. For the hexamer–pentamer interface, the K25AA 
and A78RPH motifs of the hexamer also play a central role in forming an 
interface with the pentamer (Fig. 3d). In each subunit of the pentamer, 
the residues in the protruding loops on the lateral side participate in 
interactions with the surrounding hexamers via nonpolar interactions 
and several hydrogen bonds (Fig. 3d). Overall, the hexamer–hexamer 
and hexamer–pentamer interfaces are well complementary in shape 
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(Fig. 3b), which facilitates the formation of a regular shell. Consider-
ing the high sequence and structural conservation among all BMC-H 
and BMC-P proteins (Extended Data Fig. 3a,b), these interaction pat-
terns and assembly principles are probably universal among BMCs, as 
observed in the shell structure of the H. ochraceum BMC40.

CsoS2 binds multivalently to the inner surface of the shell
The scaffolding protein CsoS2 from Prochlorococcus MED4 possesses 
765 residues comprising an N-terminal, middle and C-terminal region 
(Fig. 4a)23,24. The N-terminal region contains four repetitive motifs  
(N1–N4) that comprise an α-helix that interacts with RuBisCO to facili-
tate its encapsulation in carboxysomes24. The middle region has six 
repeats (M1–M6) of ~50 residues in length that contain three conserved 
V/L/ITG motifs separated by eight residues, each sharing a sequence 
identity of between 32% and 45% (Fig. 4b). Compared with the highly 
conserved M repeats among CsoS2 homologues, the C-terminal region 
is variable and has three repeats with <25% sequence identity, but it 
also contains V/L/ITG motifs (Fig. 4c).

Previous studies have shown that the middle and C-terminal 
regions of CsoS2 bind to shell proteins23,30,31. The recently reported 
cryo-EM structure of the H. neapolitanus α-carboxysome mini-shell 
revealed that the C terminus of CsoS2 specifically binds to the tricap-
somer interface of the shell via conserved I/VTG motifs32. However, 
it remains unclear how the full-length CsoS2, especially the middle 
region harbouring six repeats, anchors to the native carboxysome 

shell. In the cryo-EM map of the shell vertex, we observed additional 
densities of ~4.5 Å resolution that ran along the inner surface of the 
shell (Fig. 4d and Supplementary Fig. 2c). By fitting the predicted 
middle and C-terminal region structures of CsoS2, we constructed a 
model of the middle and C-terminal regions of CsoS2 binding to the 
shell inner surface. In the final model, CsoS2 shows a long and a short 
form, but both forms share a similar overall conformation (Fig. 4d). 
The long form of CsoS2 covers the complete middle and C-terminal 
regions harbouring residues from Ile234 in the middle region to the 
most C-terminal Gly765, whereas the short form contains only M2–M6 
and C1 with residues from Arg300 to Lys655 (Fig. 4d). Residues in some 
of the linkers spacing the M and/or C repeats had weaker densities and 
were not built in the final CsoS2 structures. Around each five-fold axis 
at the pentamer vertex, five long and five short forms of CsoS2 are 
arranged in an alternating manner, with a total of ten CsoS2 subunits 
binding to the inner surface of the shell (Fig. 4e). Each CsoS2 subunit 
binds to multiple BMC-H hexamers, five long forms extending to the 
vertex and five short forms terminating at the second ring of hexam-
ers around the vertex (Fig. 4e). Notably, the middle and C-terminal 
regions of CsoS2 are absent from the central three-fold axis in each 
of the facets (Extended Data Fig. 4a). At the two-fold axis of the shell, 
two short CsoS2 subunits are aligned in an antiparallel manner, form-
ing an extended binding surface to the shell (Extended Data Fig. 4b). 
Overall, the inner surface of the intact shell is regularly covered with 
120 CsoS2 subunits (Extended Data Fig. 5a,b).
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The long and short forms of CsoS2 are arranged in an alternative manner 
around the five-fold axis at the pentamer vertex, which is indicated by a black 
regular pentagon.
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Each M repeat adopts an α + β fold consisting of one or two 
α-helices and a two-stranded antiparallel β-sheet (Fig. 4d). The repeats 
M1–M6 share a similar overall structure, with a root-mean-square 
deviation of 1.3–2.6 Å (Extended Data Fig. 6). Two cysteines are con-
served in all M repeats, except for M3 (Fig. 4b), and each cysteine pair 
forms a disulfide bond that further stabilizes the local conformation 
(Extended Data Fig. 6). Each M repeat binds to three neighbouring 
BMC-H hexamers at the pseudo-three-fold axis of the shell (Fig. 5a). 
The three conserved V/L/ITG motifs of each M repeat interact with the 
C-terminal β-strand (β4) centred at residue His75 of BMC-H, forming 
a hydrogen-bond network (Fig. 5b and Extended Data Fig. 7a–c). The 
six subunits of each BMC-H hexamer interact with at least two CsoS2 
subunits (Extended Data Fig. 8). Therefore, each M repeat functions as 
a rivet to further reinforce the assembly of three neighbouring hexam-
ers at the pseudo-three-fold axis. Overall, each long and short CsoS2 
subunit runs along the inner surface of the shell, crosslinking ten and 
nine BMC-H hexamers, respectively (Fig. 4e).

In contrast to the middle region of CsoS2, the C-terminal region 
does not possess any notable secondary structure (Fig. 4d), and it 
exhibits greater diversity in interacting with the shell. Similar to M 
repeats, both C1 and C2 bind to three adjacent BMC-H hexamers at 
the pseudo-three-fold axis via three conserved V/L/ITG motifs via a 
hydrogen-bond network (Fig. 5c). The C3 of long-form CsoS2 stretches 
across the central pore of the adjacent BMC-H hexamer towards the 
vertex and forms a kink at the interface between two hexamers and a 
pentamer (Fig. 5a). Notably, in addition to binding to the CsoS1 hexamer 
via an ITG motif, the most C-terminal region of CsoS2 interacts with the 
loop connecting β1 and β2 of the CsoS4A pentamer (Extended Data 
Fig. 9). Compared to the structure of the α-carboxysome mini-shell 
from H. neapolitanus32, the C-terminal region of Prochlorococcus CsoS2 
adopts a similar pattern of binding to the shell through conserved 
V/L/ITG motifs, suggesting the general binding mode of the scaffold-
ing proteins, which act as molecular threads that crosslink multiple  
shell capsomers.

RuBisCOs form three concentric layers within α-carboxysome
The focused refinements of the internal spheres obtained an overall 
15.0 Å cryo-EM map, which enabled us to assign the overall pattern of 
RuBisCO arrangements within Prochlorococcus α-carboxysomes. We 
clearly assigned a three-layered structure within the α-carboxysome 
shell (Fig. 6a). The diameters of the three layers are 720, 480 and 240 Å, 
respectively (Figs. 2c and 6a). By manually placing individual RuBisCO 
enzymes at the corresponding density in the outer and middle layers, 
we constructed a model of the internal organization of RuBisCO within 
the α-carboxysome (Fig. 6b). A total of 72 and 32 RuBisCOs could be 
clearly modelled in the outer and middle layers, respectively (Fig. 6b). 
However, modelling RuBisCO with high certainty at the inner layer is 
difficult due to the low-quality cryo-EM map. Given that the diameter of 
the inner sphere is ~240 Å and the size of RuBisCO is 110 Å, the inner layer 
could theoretically accommodate only up to four RuBisCOs. The RuBis-
COs in the outer and middle layers are arranged concentrically, with the 
fourfold axis of each RuBisCO roughly pointing to the centre of the car-
boxysome. The overall organization and number of RuBisCOs in each of 
the three layers of Prochlorococcus α-carboxysomes are consistent with 
those in the inner three layers of Cyanobium α-carboxysomes, which 
have four concentric layers of RuBisCO and a diameter of ~120 nm34. 
Previous studies have shown that CsoS2 N-terminal region24 and the 
N-terminal domain of CsoSCA51 bind to RuBisCO at an overlapped bind-
ing site on CbbL, but with different binding modes. However, due to 
high heterogeneity, we cannot model the CsoS2 N-terminal region 
or the low-abundance CsoSCA in the present low-resolution maps of 
α-carboxysomes.

Our model identified two distinct interfaces between RuBisCOs 
(Extended Data Fig. 10a). The first interface is formed by contacts 
between RuBisCOs within the same layer and involves interactions 

on the lateral side of RuBisCO (Extended Data Fig. 10b). The second 
interface is established by the interaction between RuBisCOs across 
concentric layers in a top-to-bottom configuration (Extended Data 
Fig. 10c).

Discussion
Unravelling the assembly mechanisms of carboxysomes is critical to 
understanding the biogenesis and functions of bacterial metabolic 
organelles. Owing to the compositional heterogeneity and structural 
plasticity of α-carboxysomes, there remains great challenges in solving 
their high-resolution structures. We present a single-particle cryo-EM 
analysis of the most structurally simple α-carboxysome purified from 
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Prochlorococcus MED4. Using block-based reconstruction and localized 
refinement, we obtained a 4.2-Å-resolution map of the shell vertex, 
as well as the overall organization of its internal RuBisCO. While our 
block-based reconstruction obtained the structure of the shell vertex, 
this structure represents only the relatively homogeneous compo-
nents within the intact carboxysome shell, the bona fide structure 
of which could be more dynamic. In addition, low-abundance and/or 
heterogeneous components, such as CsoS1D, CsoS4B and CsoSCA, 
were averaged during the block-based calculations, making their roles 
in α-carboxysome biogenesis unclear.

Assembly and maturation of α-carboxysomes require the coor-
dinated action of numerous protein components, wherein the multi-
valent scaffolding protein CsoS2 acts as a central hub in orchestrating 
multiple assembly reactions through its three distinct regions. Each 
region of CsoS2 has several repeats that form multivalent interactions 
with the shell and encapsulated RuBisCO23,24,52. Our 4.2 Å structure of 
the shell vertex elucidated the fine interaction pattern of CsoS2 middle 
and C-terminal regions binding to the shell, representing a snapshot of 
the binding mode in native carboxysomes. The middle and C-terminal 
regions of CsoS2, which harbour conserved V/L/ITG motifs, specifically 
bind to the joint of three adjacent BMC-H hexamers of the shell (Fig. 5a). 
Notably, the middle regions spans along the flat shell facets, whereas 
the C-terminal region clusters at the shell vertices that exhibit greater 
local curvature (Extended Data Fig. 5a,b). Consistent with a previous 
study30, the number of M repeats probably determines the size of 
the α-carboxysome, and the C-terminal region is required for shell 
encapsulation and carboxysome formation. Given the high conserva-
tion of BMC-H proteins (Extended Data Figs. 3a and 7) and the shared 
consensus motifs of CsoS2 among α-carboxysomes23, our model of 
the scaffolding protein CsoS2 binding to the inner surface of the shell 
could be a paradigm applicable to all α-carboxysomes. The distinctive 
multivalent interactions of CsoS2–shell and CsoS2–RuBisCO are vital 

for governing the architectures of shell assembly and concomitant 
encapsulation of RuBisCO.

In the Prochlorococcus carboxysome, RuBisCOs are neatly organ-
ized into three concentric layers (Fig. 6a,b). The outer layer has 72 
RuBisCOs: 1 at each of the 12 vertices and 3 on each of the 20 facets. The 
middle layer has 32 RuBisCOs, 1 at each vertex and 1 on each facet. In 
a recent cryo-EM study of Cyanobium α-carboxysomes, four internal 
layers were proposed to contain 192, 72, 32 and 4 RuBisCOs34. For the 
outer layer of the Cyanobium α-carboxysome, the 192 RuBisCOs are 
distributed as 1 at each of the 12 vertices and 9 on each of the 20 facets. 
Therefore, we deduced a general formula to predict the total number 
(N) of RuBisCO molecules in each concentric layer of α-carboxysomes: 
N = 12 + 20 ×3n − 2 (n ≥ 2), where n represents the layer number counted 
from the innermost layer outwards.

Our results revealed that CsoS1, RuBisCO and CsoS2 are present 
at a molecular stoichiometry of 480:108:120, with the long and short 
forms of CsoS2 containing 25 and 18 motifs, respectively. Thus, in 
total there are 2,580 binding motifs from the 120 CsoS2 subunits 
that occupy 2,520 BMC-H subunits, excluding 360 BMC-H subunits 
at the three-fold axes of the shell (Extended Data Fig. 5a,b). In addi-
tion, each CsoS2 N-terminal region has 4 binding motifs for RuBisCO, 
resulting in a total of 480 binding motifs for 120 CsoS2 subunits. 
Ideally, these motifs could accommodate 60 RuBisCOs, assuming 
that each RuBisCO has 8 CsoS2-binding sites. Therefore, we pro-
pose that RuBisCOs in the outer layer are mainly crosslinked by the 
N-terminal regions of CsoS2, whereas the majority of the binding 
sites on RuBisCO in the middle and inner layers are most probably 
vacant. In addition, as recently reported, RuBisCO functions as an 
interaction hub to recruit CsoSCA to the carboxysome by specifically 
binding to the N-terminal peptide of CsoSCA51. Given that only a dozen 
CsoSCA dimers are present in an α-carboxysome (Supplementary 
Table 1), it is likely that a minor portion of the binding sites on RuBisCO 
could be occupied by CsoSCA dimers, which might be scattered in 
the space between RuBisCOs in the middle and inner layers of the 
α-carboxysome. However, further high-resolution structures are 
needed to elucidate the fine interaction patterns among RuBisCO, 
CsoS2 and CsoSCA in α-carboxysomes.

Previous studies have proposed distinct mechanisms for the 
assembly of α- and β-carboxysomes. The α-carboxysomes were pro-
posed to co-assemble the shells concomitantly with the aggregation 
of cargo enzymes6,53, whereas the β-carboxysomes were proposed to 
assemble in an ‘inside-out’ manner, initiating with the condensation of 
the inner core28. Together with previous findings24,33–35,51, our structure 
enables us to update a concomitant ‘outside-in’ model for the assembly 
of α-carboxysomes (Fig. 7). In this model, dozens of BMC-H hexamers 
gather together to form the nascent shell patch. Multiple copies of 
the scaffolding protein CsoS2 reinforce the shell structure via bind-
ing of the middle and C-terminal regions to the inner surface of the 
nascent shell patch. Consequently, the N-terminal regions of CsoS2 
are clustered together and further recruit RuBisCO, which forms con-
densates in the vicinity of the shell. Along with the coalescence of more 
shell patches and cargo condensates, an icosahedral-like structure of 
α-carboxysome is eventually formed upon the closure of 12 vertices 
with BMC-P pentamers.

In summary, carboxysomes are self-assembled proteinaceous 
organelles found in nature that encapsulate photosynthetic enzymes 
to enhance carbon fixation. This work advances our understanding 
of how the concomitant assembly of shell and cargo enzymes is coor-
dinated in the α-carboxysome. Our results established the precise 
stoichiometry and fine interaction patterns among essential com-
ponents of α-carboxysomes, especially the multivalent interactions 
between the scaffolding protein and the shell. These findings elu-
cidate the fine mechanism of α-carboxysome assembly and archi-
tecture, tuned by scaffolding proteins, and will guide the design 
and engineering of carboxysome-based nanobioreactors in diverse 
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Fig. 6 | Internal organization of RuBisCO within the Prochlorococcus 
α-carboxysome. a, Cryo-EM maps of the three internal layers. The diameters of 
the layers are indicated at the bottom. b, Models illustrating the arrangement 
of RuBisCO in the outer and middle layers. In total, 72 and 32 copies of RuBisCO 
were fitted at the corresponding densities at the outer and middle layers, 
respectively.

http://www.nature.com/natureplants


Nature Plants

Article https://doi.org/10.1038/s41477-024-01660-9

biotechnological approaches, such as improving photosynthesis54 
and other biocatalysis55.

Methods
Phylogenetic and conservation analysis
The consecutive Prochlorococcus MED4 genes pmm0550, pmm0551, 
pmm0552 and pmm0553 were blasted using KEGG synteny for con-
served gene order. The cso operons from 76 organisms were aligned 
against Prochlorococcus MED4 CsoSCA, with matrix settings of 
BLOSUM 80 and an E-value of 0.05. A phylogenetic tree was gen-
erated using the CsoSCA protein, which is uniquely found in che-
moautotrophic proteobacteria and α-cyanobacteria that harbour 
α-carboxysomes. Therefore, we used the CsoSCA protein sequence 
to perform sequence alignments and construct a phylogenetic tree. 
The output tree was drawn by advanced NGphylogeny with 1,000 
bootstraps, and the cso gene clusters were plotted using ChiPlot. 
The CsoS1 and CsoS2 sequences from the 19 cso operons used for 
building the phylogenetic tree were aligned at the amino acid level 
with CLUSTALW. The entropy-based conservation maps for CsoS2 
binding to CsoS1 hexamers were generated by the AL2CO programme 
implemented in ChimeraX56. The sequence logo of alignments for 
the β4 of CsoS1 and the V/L/ITG motifs of CsoS2 were analysed using 
Weblogo 2.8.2.

Prochlorococcus MED4 growth and α-carboxysome 
purification
The α-carboxysomes were isolated from Prochlorococcus MED4 
cells, which were grown in Pro99 medium57 supplemented with 5 mM 
NaHCO3 and 6 mM HEPES (pH 7.5) at 23 °C and 30 μmol photon m−2 s−1. 
Pro99 medium was prepared with natural sea water supplemented 
with 800 μM NH4Cl, 50 μM Na2HPO4 and trace metals (0.008 μM 
ZnSO4·7H2O, 0.005 μM CoCl2·6H2O, 0.090 μM MnCl2·4H2O, 0.003 μM 
Na2MoO4·2H2O, 0.010 μM Na2SeO3 and 0.010 μM NiCl2·6H2O). Cell 
numbers were measured using flow cytometry (BD Accuri C6 Plus). 
The methods used to purify α-carboxysomes from Prochlorococcus 
MED4 cells were adapted from a previous study29. In brief, the cells 
in a 12 l culture were collected by centrifugation at 10,000g, resus-
pended in 40 ml BEMB-SW buffer (10 mM bicine, 1 mM EDTA, 10 mM 
MgCl2·6H2O, and dissolved in natural sea water, pH 8.5, supplemented 
with 0.6 mM PMSF and 20 mM NaHCO3). The collected cells were rup-
tured using a bead beater (mini-beadbeater-16, bioSpec) with glass 
beads (acid-washed, Sigma Aldrich, 0.1 mm diameter) at the oscillation 
frequency of 3,450 rpm for 12 min. The supernatant was collected by 
centrifugation at 3,500g for 2 min at 4 °C and rotated at a speed of 16g 
at 4 °C with 80 μl of DNaseI (10 mg ml−1, Sigma Aldrich) for 30 min. The 
proteinaceous supernatant was collected by centrifugation at 20,000g 
at 4 °C for 20 min, and 1% Triton X-100 was added and stirred for 30 min 
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Fig. 7 | An updated concomitant model for α-carboxysome assembly. The 
BMC-H hexamers, BMC-P pentamers and RuBisCO are shown as blue hexagons, 
yellow pentagons and brown/green spheres, respectively. The M and C repeats 
of the long and short forms of CsoS2 are sequentially numbered and shown as 
red and green triangles, respectively. Dozens of BMC-H hexamers self-assemble 
into the nascent shell patches. The middle and C-terminal regions (MRs and 

CRs, respectively) of the scaffolding protein CsoS2 bind to the interface of three 
adjacent BMC-H hexamers to reinforce the structure of the shell. The N-terminal 
regions (NRs) of CsoS2 are clustered together to recruit RuBisCO to the vicinity 
of the shell. Accompanied by the accumulation of more shell patches and cargo 
enzymes, intact α-carboxysomes are eventually formed upon the closure of 12 
vertices with BMC-P pentamers.
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at 4 °C to clean lipids. Crude α-carboxysomes were pelleted at 48,000 g  
for 30 min at 4 °C, resuspended in 1 ml of BEME-SW buffer and further 
purified by sucrose density gradient centrifugation (5, 10, 20, 40 and 
60%) using a swing-rotor SW41Ti at a speed of 91,000g for 1 h. A yellow-
ish opaque band between 40 and 60% was pipetted up, diluted in 15 ml 
of BEMB-SW buffer and pelleted by ultracentrifugation at 125,000g 
for 1 h at 4 °C. The concentrated α-carboxysomes were resuspended 
in 100 μl of BEMB-SW buffer and homogenized with 25 μl of l-lysine/
NaHCO3 (1 M) by rotation for 1 h at 4 °C. The final purified Prochlorococ-
cus MED4 α-carboxysome samples in the supernatant were collected 
by centrifugation at 12,000g for 10 min at 4 °C.

SDS–PAGE analysis
Purified Prochlorococcus MED4 α-carboxysomes were mixed with 
3x SDS sample buffer and heated at 95 °C for 10 min. In each well of a 
12% SDS–PAGE gel, a 10 μl mixture was loaded for gel electrophoresis 
at 120 V for ~2 h. SDS–PAGE gels were stained with Coomassie blue 
and images were acquired using a Gel Dock system (Bio-Rad). Each 
protein band was excised from the gel with a scalpel and subjected to 
in-gel digestion with 20 ng μl−1 MS sequencing-grade trypsin (Sigma) in 
50 mM NH4HCO3. Prepared samples were processed by the Hong Kong 
University of Science and Technology, Bioscience Research Facility 
(HKUST BioCRF) with a MALDI TOF/TOF mass spectrometer incorpo-
rating mass fingerprinting (PMF) and MS/MS peptide fragmentation. 
Proteins were identified by matching the theoretical fragmentation 
patterns in the MASCOT database with those in Uniprot. The hits with 
Mascot peptide scores greater than 16 were recorded.

Liquid chromatography mass spectrometry analysis
Freshly purified Prochlorococcus MED4 α-carboxysomes were subse-
quently sent to HKUST BioCRF for proteomic analysis using an Orbit-
rap Eclipse Tribrid mass spectrometer (Thermo Fisher). The samples 
were subjected to in-solution tryptic digestion, which was performed 
at 83 °C using a PreOmics iST Sample Preparation Kit 96× on an auto-
mated PreON machine. Proteome Discoverer software was used for 
database searching by HKUST BioCRF. The Score sequest HT displays 
the fitness of the detected proteins from purified α-carboxysomes to 
the theoretical spectral setting for the Orbitrap Eclipse mass spectrom-
eter. Proteins with a score >2 were considered to indicate a ‘good fit’. 
Abundance was calculated using the average of the three most intense 
peptides. The relative abundance of each protein from the isolated 
α-carboxysomes was normalized to that of the least abundant protein 
CsoS4B. Detailed information on the identified proteins is listed in 
Supplementary Table 1.

Cryo-EM sample preparation and data collection
A continuous carbon-film Cu 300-mesh grid (Quantifoil R2/1) was 
glow-discharged using PELCO easiGlow and subsequently coated 
with 0.1 mg ml−1 polylysine for 5 min. Purified α-carboxysome samples 
(3.5 μl each) were loaded on the grid and incubated for 1 min, and the 
process was repeated twice. The grids were blotted for 4 s with a blot 
force of 0 and a wait time of 60 s, and then plunged into liquid ethane 
using a Vitrobot IV system (Thermo Fisher). The cryo-EM datasets of 
α-carboxysomes were collected using a 300 kV Titan Krios electron 
microscope equipped with a Gatan K3 direct electron detector (Thermo 
Fisher) at the Biological Cryo-EM Centre of HKUST. Automated data 
acquisition was performed with EPU software (Thermo Fisher) at a 
magnification of 81,000, yielding a pixel size of 1.06 Å. A total of 23,400 
movies (40 frames, each 0.11 s, total dose 50 e− Å−2) were collected, with 
defocus values ranging from −1.0 to −2.0 μm. Approximately half of the 
images have no carboxysome particles.

Cryo-EM data processing
All cryo-EM data processing steps were performed in Relion (3.1)58. 
All movies were corrected for beam-induced drift by aligning and 

averaging the individual frames using MOTIONCORR59. The contrast 
transfer function (CTF) parameters for drift-corrected micrographs 
were estimated using CTFFIND4 (ref. 60). In total, ~33,828 intact 
α-carboxysome particles, all of which displayed an icosahedral-like 
shape, were manually picked from 23,400 micrographs. The particles 
were extracted with a box size of 576 pixels and binned two-fold, yield-
ing a pixel size of 2.12 Å. After several rounds of 2D classification, 32,044 
good particles were selected for further 3D classification. Initial 3D 
classification and refinement without symmetry could only obtain a 
blurred and discontinuous cryo-EM map of only ~36 Å resolution. This 
cryo-EM map has no distinguishable features, indicating the apparent 
heterogeneity of the intact α-carboxysomes, which possess varying 
diameters ranging from 82 to 92 nm. Several rounds of 3D classification 
with icosahedral symmetry yielded the best class of 3,634 particles, 
yielding a reconstruction of the intact α-carboxysome at an overall 
7.5 Å resolution. Applying the shell mask and icosahedral symmetry 
further improved the resolution of the intact shell to 6.2 Å.

To further improve the resolution of the shell, we applied the 
block-based reconstruction method as reported previously42, in which 
the intact carboxysome is segmented into small blocks centred at the 12 
shell vertices. In brief, we calculated the x/y/z positions of the 12 vertices 
relative to the centre of the cryo-EM map of intact α-carboxysomes 
in ChimeraX. Afterwards, we extracted the 12 vertices from a class of 
11,424 particles at a box size of 686 pixels with the expansion of the 
icosahedral symmetry using the Relion command ‘relion_star_handler’. 
The resulting 136,547 particles corresponding to the 12 vertices were 
subjected to several rounds of 3D classification by imposing different 
symmetries. Most of the classes yielded blurred maps of rather low 
resolution, which cannot be applied to build atomic models. The results 
also indicate that even if the intact carboxysome shell is segmented 
into small blocks, there is still some heterogeneity in these blocks. 
Nevertheless, via extensive trials of 3D classification, a cryo-EM map of 
the best class harbouring 28,093 particles showed clear and discernible 
features at the shell vertex, which were applied to 3D refinement by 
imposing C5 symmetry, yielding a 4.2-Å-resolution map for the shell 
vertex as estimated on the basis of the gold-standard Fourier shell cor-
relation (FSC) with the 0.143 criterion61. This map was calculated from 
the average of relatively homogeneous blocks of the α-carboxysome 
shell, which might not fully represent the authentic assembly pattern 
of all protein components in the intact α-carboxysome shell.

For the internal spheres of α-carboxysomes, we also applied the 
methods of block-based reconstruction and focused classification, but 
failed to improve the resolution, indicating the heterogeneity of the 
arrangements of internal cargo enzymes. Instead, we applied masked 
classification and refinement for the internal spheres with different 
symmetries. Finally a reconstruction of the 15.0-Å-resolution map of the 
internal spheres was obtained by imposing the icosahedral symmetry. 
All local resolution maps were generated using Relion 3.1. The cryo-EM 
parameters, data collection and refinement statistics are summarized 
in Supplementary Table 2.

Model building and refinement
All atomic models for the CsoS1 hexamer, the CsoS4A and CsoS4B 
pentamers, the scaffolding protein CsoS2, and large and small subu-
nits of RuBisCO were generated using AlphaFold2 (ref. 62) and are 
listed in Supplementary Fig. 3, with the confidence scores (pLDDTs) 
labelled. To construct the shell model, CsoS1 hexamers and CsoS4A 
pentamers were automatically fitted in an asymmetric unit of the shell 
using ChimeraX. Afterwards, the cryo-EM map of an asymmetric unit 
was extracted in ChimeraX on the basis of the fitted initial model. The 
model of an asymmetric unit was then manually refined in Coot63 and 
subjected to real-space refinement in Phenix64.

Although the AlphaFold prediction of the full-length disordered 
CsoS2 protein showed an overall pLDDT confidence score of 65 (Sup-
plementary Fig. 3), the models of the core structures of each M and 
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C repeat, especially the α-helices and β-sheets, have better confi-
dence scores. Therefore, the predicted models of each individual M 
and C repeat could be clearly fitted to the additional densities of the 
full-length CsoS2 on the inner surface of the shell. After several rounds 
of manual adjustment in Coot with the assistance of the conserved V/L/
ITG motifs binding to His75 of BMC-H, as identified recently30–32, we 
eventually assigned the residues from each M and C repeat of CsoS2. 
The eight-residue linkers that separated the M and C repeats were 
manually built into the cryo-EM density at a relatively poor resolu-
tion but with a reasonable main-chain length. Residues in some of the  
linkers that had weaker densities were not included in the final CsoS2 
models. All side chains were manually adjusted to avoid steric clashes 
with neighbouring residues. The short-form CsoS2 model was built 
by docking the model of full-length CsoS2, except for the M1, C2 and 
C3 regions, into the corresponding map. Finally, we successfully built 
an atomic model of CsoS2 in two forms. The initial model was subse-
quently applied to real-space refinement in Phenix64. The geometries 
of all final models were evaluated using Molprobity65. Details of the  
model geometry statistics are listed in Supplementary Table 2.  
The model of the intact α-carboxysome shell was reconstructed in 
ChimeraX by combining 60 copies of an asymmetric unit and imposing 
icosahedral symmetry.

For the internal density, copies of the predicted RuBisCO structure 
were placed in the corresponding maps of the different layers and fit-
ted automatically in ChimeraX. We manually adjusted the position of 
RuBisCO if major clashes were observed between adjacent RuBisCO 
molecules.

All structural figures were generated in PyMoL (www.pymol.org/
pymol), Chimera66 or ChimeraX.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All cryo-EM maps have been deposited at the Electron Microscopy Data 
Bank (EMDB). The accession codes are as follows: shell vertex with C5 
symmetry, EMD-37902; intact shell with icosahedral symmetry, EMD-
38544; internal RuBisCOs with icosahedral symmetry, EMD-38543; and 
intact α-carboxysome with icosahedral symmetry, EMD-37903. The 
model of the shell vertex has been deposited to the Protein Data Bank 
under the accession code 8WXB. Mass spectroscopy data are deposited  
on Figshare at https://doi.org/10.6084/m9.figshare.25239463.v2  
(ref. 67). The consecutive genes were blasted and retrieved from the 
KEGG database (https://www.kegg.jp/kegg/). Source data are provided 
with this paper.
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Extended Data Fig. 1 | Fitting of the CsoS4A pentamer to the Cryo-EM map at the shell vertex. The structure of CsoS4A pentamer is shown as a yellow cartoon with 
the N-terminal ten residues (labeled N-ter) colored red.
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Extended Data Fig. 2 | Overview of the distinct interfaces among hexamers and pentamers. The structures of the hexamers (blue) and pentamers (yellow) are 
shown as cartoons, with a pictogram showing their location on the shell. The tilt angles of the hexamer-hexamer or hexamer-pentamer interfaces are labeled.
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Extended Data Fig. 3 | Multiple sequence alignment of the α-carboxysome 
(a) BMC-H and (b) BMC-P proteins. The BMC-H and BMC-P sequences of twelve 
organisms that harbor α-carboxysomes were retrieved from the UniProt protein 
database. The KAA and ARPH motifs from BMC-H proteins and the interface 

residues from BMC-P proteins are labeled with blue and brown solid circles, 
respectively. The conserved His75 of BMC-H that binds to the V/L/ITG motif of 
CsoS2 is marked with a red triangle.
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Extended Data Fig. 4 | Local arrangement of CsoS2 subunits on the inner 
surface of the shell viewed from the (a) threefold and (b) twofold axes of 
the α-carboxysome shell. The structures of the shell patches are shown as 
semitransparent cartoons, with each asymmetric unit colored differently.  

The structures of the long and short forms of CsoS2 are colored red and green, 
respectively. The three- and twofold axes of the α-carboxysome shell are 
indicated by black solid triangles and ovals, respectively. The positions that are 
vacant for CsoS2 binding are marked with four black circles in a.
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Extended Data Fig. 5 | A global view of the arrangement of CsoS2 subunits 
on the inner surface of the intact icosahedral-like shell viewed from the (a) 
threefold and (b) fivefold axes of the shell. The structure of the icosahedral-like 
shell is shown as a semitransparent cartoon, with BMC-H hexamers and BMC-P 

pentamers colored blue and yellow, respectively. The structures of the long 
and short forms of CsoS2 are colored red and green, respectively. The twofold, 
threefold and fivefold axes of the α-carboxysome shell are indicated by black 
solid ovals, triangles and pentagons, respectively.
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Extended Data Fig. 6 | Structural comparison of the six M repeats of CsoS2. The six M repeats are shown as cartoons and are colored differently, as shown on the 
right. A pair of cysteine residues in each of the M repeats is shown as sticks.
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Extended Data Fig. 7 | Surface representation of the CsoS1-CsoS2 interface. 
a, Overall view of the conservation profile of the interface between the shell 
protein CsoS1 and the scaffolding protein CsoS2. The structures of CsoS1 and 
CsoS2 are shown in cartoon and surface, respectively. Coloring is by calculated 
amino acid conservation entropy (red, 100% conservation). b, Zoomed in view 

of the interface between β4 of the shell protein CsoS1 and the V/L/ITG motif of 
the scaffolding protein CsoS2. c, The sequence alignments were depicted using 
Weblogo. The sequence logo shows the conservation of the residues at the 
interface between CsoS1 and CsoS2.
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Extended Data Fig. 8 | Cartoon representation of CsoS2 subunits binding to an asymmetric unit of the icosahedral-like shell. The CsoS1 hexamers, the CsoS4A 
pentamer, and the CsoS2 subunits are shown as cartoons and are colored blue, yellow, and red/green, respectively. The individual M and C repeats of CsoS2 are 
numbered sequentially.

http://www.nature.com/natureplants


Nature Plants

Article https://doi.org/10.1038/s41477-024-01660-9

Extended Data Fig. 9 | The interaction of the C-terminus of CsoS2 binding to the CsoS4A pentamer. The C3 region of CsoS2 and CsoS4A are shown as cartoons and 
are colored red and yellow, respectively. The detailed interaction networks are shown in the inset, with the interface residues shown as sticks.
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Extended Data Fig. 10 | Internal arrangement of RuBisCO within the outer 
and middle layers of a-carboxysomes. a, Slab section of the overall density in 
the outer and middle layers of the α-carboxysome. Three RuBisCOs were fitted to 
the cryo-EM density and are labeled 1, 2, and 3. Two RuBisCOs from the outer layer 

are colored blue, whereas the third one from the middle layer is colored pink. 
b, c, Cartoon representations of two adjacent RuBisCOs forming lateral (b) or 
longitudinal (c) interfaces, shown as cartoons through the transparent surface.
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