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SUMMARY

Carboxysomes are large self-assembled microcompartments that serve as the central machinery of a CO,-
concentrating mechanism (CCM). Biogenesis of carboxysome requires the fine organization of thousands of
individual proteins; however, the packaging pattern of internal RuBisCOs remains largely unknown. Here we
purified the intact B-carboxysomes from Synechococcus elongatus PCC 7942 and identified the protein com-
ponents by mass spectrometry. Cryo-electron tomography combined with subtomogram averaging revealed
the general organization pattern of internal RuBisCOs, in which the adjacent RuBisCOs are mainly arranged in
three distinct manners: head-to-head, head-to-side, and side-by-side. The RuBisCOs in the outermost layer
are regularly aligned along the shell, the majority of which directly interact with the shell. Moreover, statistical
analysis enabled us to propose an ideal packaging model of RuBisCOs in the B-carboxysome. These results
provide new insights into the biogenesis of B-carboxysomes and also advance our understanding of the effi-

cient carbon fixation functionality of carboxysomes.

INTRODUCTION

The photosynthetic organisms, such as plants and algae, can fix
CO, via the Calvin-Benson-Bassham (CBB) cycle, which annu-
ally drives ~120 billion tons of carbon assimilation into sugar.’
The enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO), which is the most abundant enzyme on Earth,? cata-
lyzes the fixation of CO, to ribulose-1,5-bisphosphate (RuBP),
producing two molecules of 3-phosphoglycerate (3-PGA). How-
ever, RuBisCO is of rather low efficiency in different photosyn-
thetic organisms, owing to its slow catalytic rate and poor capa-
bility to discriminate between the two competitive substrates,
CO, and O,. Notably, the cyanobacterial RuBisCOs have a
much lower affinity toward both CO, and O,, but a higher cata-
lytic rate, compared to those of plant RuBisCOs.®

Despite comprising only < 0.2% biomass of photosynthetic or-
ganisms, cyanobacteria contribute to > 35% of global biological
CO, fixation.” Over a long evolutionary history, cyanobacteria
have evolved a special CO,-concentrating mechanism (CCM)
to accumulate CO, molecules at the active sites of RuBisCO,
therefore providing a higher CO,/O, ratio for the carbon fixation.®
The CCM consists of various carbon uptake systems, and the
carbon-fixation machinery, termed carboxysome, a well-investi-

gated bacterial microcompartment (BMC).c® The extracellular
HCOj3™ is pumped into the cell via the carbon uptake systems
and subsequently diffuses into the carboxysome, where it is con-
verted into CO, catalyzed by the encapsulated carbonic anhy-
drase (CA).>'° Eventually, the high level CO, within the carbox-
ysome maximizes the carboxylation activity of encapsulated
RuBisCO, as well as reducing the photorespiration of
RuBisCO, therefore enhancing the CO; fixation efficiency.''?
The carboxysome is a large self-assembly of about 100-
400 nmin diameter,8 which contains an icosahedral-like protein-
aceous shell that encapsulates the cargo enzymes of RuBisCO
and CA. Based on the encapsulated RuBisCO, carboxysomes
are divided into two types, - and B-carboxysome.'® They share
a similar overall architecture and functionality but differ in the
type of RuBisCO and scaffolding proteins. The a-carboxysomes
that contain form IA RuBisCO globally dominate most aquatic
habitats,'* whereas the B-carboxysomes harboring form IB
RuBisCO are mainly found in freshwater cyanobacteria.'' Both
a- and B-carboxysomes possess a similar icosahedral shell,
which is composed of BMC hexamers and trimers forming the
shell facets, in addition to the pentamers that cap the shell
vertices.’®"” The BMC hexamers, which are characterized by
a central pore presumably required for the transport of polar
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molecules, constitute the predominant building blocks of the
shell.’®>"

Compared to the a-carboxysome that is encoded by genes
mainly in a single cso operon,? the genes encoding the compo-
nents of B-carboxysome are distributed in multiple operons and
show significant variations among species.’'" The intact p-car-
boxysome is composed of an icosahedral-like shell encapsu-
lating the inner cargo enzymes,® which are crosslinked by two
scaffolding proteins: the highly abundant CO,-concentrating
mechanism protein M (CcmM) in addition to the low-abundancy
CO,-concentrating mechanism protein N (CcmN).2*2° CcmM in
Synechococcus elongatus PCC 7942 is present in two forms: the
full-length CcmM58 and a truncated form CcmM35, possibly re-
sulting from internal ribosome entry sites within the ccmM tran-
script.”® CcmMS58 consists of an N-terminal y-carbonic anhy-
drase-like (yCAL) domain followed by three repetitive RuBisCO
small subunit-like (SSUL) modules, whereas CcmM35 has only
three SSUL modules. The yCAL domain forms a stable heterotri-
meric complex with CcmN,?” which bridges the shell via directly
binding to the shell proteins CcmK2, CcmO, and CemL.?>?” The
repetitive SSUL modules of CcmM58 and CcmM35 specifically
bind to RuBisCOs, which are eventually crosslinked to form a
liquid-like condensate.?®2°

The previous cryo-electron tomography (cryo-ET) studies of
a-carboxysomes revealed that RuBisCOs are organized in four
concentric layers in the marine a-cyanobacterium Cyanobium
sp. PCC 7001,°%2" whereas RuBisCOs adopt intertwining spirals
in a chemoautotrophic bacterium Halothiobacillus neapolita-
nus.*® Notably it was found that H. neapolitanus RuBisCOs poly-
merize within a-carboxysome via the small subunits of RuBisCO,
which can further pack into a lattice with a 6-fold pseudo-sym-
metry. Compared to «-carboxysome, the B-carboxysome shows
a much higher heterogeneity and dynamics, which involves the
ordered organization of thousands of individual proteins. Previ-
ous in vivo studies indicated that B-carboxysome likely adopts
an “inside-out” assembly pattern,?* in which the CcmM-cross-
linked RuBisCO condensates form the core, enabling the recruit-
ment of shell proteins for the formation of intact B-carboxy-
some.”®?? However, the internal organization pattern of
RuBisCOs in natural B-carboxysome remains largely unknown.

Using cryo-ET and subtomogram averaging (STA), here we
determined the structure and internal arrangement of
RuBisCOs within the intact B-carboxysome. The results revealed
that the ex vivo B-carboxysomes are intrinsically heterogeneous,
varying greatly in size and shape. We performed the cryo-ET
analysis of intact B-carboxysomes and revealed some regular
patterns of densely packed RuBisCOs. Together with previous
reports,”>>* we propose an ideal model for the fine packaging
of RuBisCOs within the B-carboxysome. These findings advance
our understanding on the self-assembly mechanism and func-
tionality of carboxysome.

RESULTS

Purification and biochemical analyses of
Synechococcus B-carboxysomes

The B-carboxysome of model cyanobacterium S. elongatus PCC
7942 (termed Synechococcus for short) is encoded by four op-
erons, which have 11 genes in total (Figure 1A). The genes
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ccmK2/K3/K4, ccmO, and ccmP encode the hexameric or
trimeric shell proteins that constitute the shell facets,>*3°
whereas ccmL encodes the pentameric shell proteins that fill
the shell vertices. The genes rbcL and rbcS encode the large
and small subunits of RuBisCO, respectively; whereas ccaA en-
codes the carbonic anhydrase. In addition, the genes ccmM and
ccmN encode the two scaffolding proteins that crosslink the
shell and interior enzymes. "

Using the Mg?*/Percoll precipitation method,*® we pooled all
the B-carboxysomes in the cell lysate, which differs from the
previously reported method that only separated a subset of
B-carboxysomes.”® The cryo-EM analysis showed that most
of purified B-carboxysomes are intact in morphology (Figure 1B).
The liquid chromatography mass spectrometry analysis of this
B-carboxysome sample also indicated that all protein compo-
nents are detectable (Table 1). In agreement with the previous
proteomic analysis of Synechococcus,”®>*® RuBisCO large
and small subunits RbcL and RbcS are the most abundant com-
ponents, followed by the hexameric shell protein CcmK2 and
the scaffolding protein CcmM, whereas CcmK3, CcmlL, and
CcmN are of much lower abundance. Furthermore, the gel elec-
trophoresis analysis also confirmed the individual components,
including CcmM58, RbcL, CcmM35, CcaA, CcmO, CcmL/
CcmK4/RbcS, and CcmK2 (Figure 1C).

Cryo-electron tomography analysis of intact
Synechococcus B-carboxysomes

To investigate the packaging pattern of major cargo enzyme
RuBisCO within B-carboxysome, the purified B-carboxysome
sample was subjected to cryo-ET analysis (Figure 2A). We
collected 88 tilt series and reconstructed the tomograms. It
was shown that Synechococcus B-carboxysomes are rather het-
erogeneous, differing in shape and size (Figure S1), as also
observed in the cells.*® Therefore, the deformation of B-carbox-
ysomes mainly resulted from the intrinsic heterogeneity in Syne-
chococcus elongatus PCC 7942 but not from the squeezing ef-
fect in the vitreous ice layer. Beyond the majority that
possesses a regular icosahedral-like shape, we also observed
several elongated carboxysomes as long as 300-400 nm in the
long axis and ~200 nm in the short axis (Figure S1). In fact, the
ex vivo B-carboxysomes vary greatly in size, ranging from 150
to 400 nm, showing a normal distribution pattern centered at
193 nm (Figure 2B). These results clearly showed the rather
high heterogeneity of B-carboxysomes, which differ from the
a-carboxysomes of much smaller size.*%"

We deconvoluted the tomograms using the software Warp>°
and found that the B-carboxysome shell is generally ~3 nm in
thickness (Figure 2C). However, we also observed some scat-
tered ~6 nm-thick patches in the shell (Figure 2C), highlighting
the heterogeneity of the shell. As shown previously, the recom-
binant B-carboxysome shell of Halothece sp. PCC 7418 pos-
sesses a single-layered structure of 3 nm in thickness,*°
whereas the recombinant BMC shell of Haliangium ochraceum
has some double-layered protrusions formed by BMC-T pseu-
dohexamers.*" Accordingly, we propose that the Synechococ-
cus B-carboxysome shell is mainly single-layered, with scat-
tered double-layered protrusions, most likely composed of
CcmP pseudohexamers® and/or CcmK3/K4 dodecamers®
on the shell.
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The interior of B-carboxysome is full of densely packed
RuBisCOs, which form regular radial lattices pointing to the
center of carboxysome (Figure 2A), in agreement with the
negative-staining electron microscopy results of Synechococ-
cus B-carboxysome.?®> We manually counted all RuBisCO par-
ticles from 61 intact B-carboxysomes and calculated the den-
sity of RuBisCOs in each B-carboxysome. The results showed
that the number of RuBisCO is proportionally correlated with
the volume of carboxysome (Figure 2D). In a B-carboxysome
of 193 nm in diameter or 2.2 x 10® nm® in volume, in total
~1200 RuBisCOs were observed. The average RuBisCO den-
sity in B-carboxysome is generally higher than 650 M and in
some cases up to 1,150 puM (Figure 2D, right panel). In
contrast, RuBisCO in H. neapolitanus «-carboxysome has a
highest concentration up to ~850 uM, and is capable of form-
ing fibers in the internal central region at a concentration
exceeding 650 pM.*? It also indicated that RuBisCOs in B-car-
boxysome are more densely packed than those in
a-carboxysome.

Overall arrangement of RuBisCO within the
B-carboxysome

Using the cryo-ET subtomogram averaging, we analyzed the
packaging pattern of RuBisCOs within the purified B-carboxy-
somes. However, the densely packed RuBisCOs posed a sig-
nificant challenge for accurate alignment of the RuBisCO parti-
cles. To overcome this obstacle, we manually picked the free
RuBisCO particles outside of the carboxysomes and obtained
a 3.9 A structure of RuBisCO (Figures 3 and S2). Using this
RuBisCO structure as a template, we picked all RuBisCO par-
ticles using template matching. After several rounds of 3D clas-
sifications using different symmetries, we eventually yielded
two maps at 4.4 and 5.9 A resolutions, respectively (Figures 3
and S2). The 3.9 A structure of RuBisCO could perfectly match

RuBisCO

]
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Figure 1. Purification and biochemical char-
acterization of B-carboxysomes from Syne-
chococcus elongatus PCC 7942

(A) Organization of the operons encoding the p-car-
boxysome components. The genes are labeled at the
bottom whereas the protein functions are marked on
the top.

(B) A representative cryo-EM image of B-carbox-
ysome samples. Scale bar: 100 nm.

(C) SDS-PAGE analysis of the purified B-carbox-
ysomes. Totally nine protein components of B-car-
boxysome could be identified on the right panel of the
gel, with the proteins labeled. The standard protein
marker is loaded on the left of the gel, with the mo-
lecular weight of each protein band labeled on
the left.
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the 4.4 A map, leaving no additional
discernible density (Figure 4A). In contrast,
fitting the 3.9 A RuBisCO structure to the
59 A map revealed an extra density
around the equator of RuBisCO, corre-
sponding to the binding site of SSUL mod-
ule of CcmM, which was previously identi-
fied by Wang et al.?® One SSUL module
could be roughly fitted into this extra density (Figure 4B), with
a local cross-correlation (CC) value of 0.41. Notably, the helix
a1 of SSUL perfectly matches the corresponding density,
yielding a much higher CC value of 0.65. Vice versa, super-
position of our RuBisCO-SSUL model to the previously re-
ported complex structure®® showed that the SSUL module
exactly occupies the same position on RbcL in a similar confor-
mation (Figure S3). It indicated that it is reliable to model the
SSUL module to this extra density, despite the low resolution
of the extra map. The low-quality map of SSUL modules may
be resulted from the high dynamics of SSUL modules binding
to RuBisCO, which is influenced by several factors. For
instance, only a portion of the four potential SSUL-binding sites
on a single RuBisCO molecule may be occupied by SSUL. In
addition, the SSUL module may undergo conformational
changes to adapt to the variable distance between adjacent
RuBisCO molecules.

Template matching and mapping back the positions and ori-
entations of RuBisCO to the original tomograms enabled us to
elucidate its overall packaging patterns in the B-carboxysome.
The internal RuBisCO is generally arranged in a lattice-like
pattern (Figure 2A). It was known that in Cyanobium sp. PCC
7001 a-carboxysome, RuBisCOs are aligned in a radial direction
with their 4-fold axes roughly pointing to the center of carboxy-
some.®° However, statistical analyses showed that RuBisCOs
in B-carboxysome showed various orientations, with their
4-fold axes pointing to different directions. It indicated that,
despite sharing a lattice-like pattern like a-carboxysome,
RuBisCOs in B-carboxysome show a drastic plasticity and diver-
gent arrangements (Video S1). Notably, in the outermost layers
of B-carboxysome, the densely packed RuBisCOs are aligned
along the shell facets and showed a regular arrangement pattern
(Video S1). To better understand the inter-RuBisCO arrange-
ment, we statistically analyzed the distance and intersection

Structure 32, 1-11, August 8, 2024 3




ysome, Structure (2024), https://doi.org/10.1016/j.str.2024.05.007

Please cite this article in press as: Kong et al., Cryo-electron tomography reveals the packaging pattern of RuBisCOs in Synechococcus B-carbox-

¢ CellPress

Structure

Table 1. Proteomic results of isolated B-carboxysomes from Synechococcus

Gene symbol Score Mol. weight [kDa] coverage Intensity iBAQ Normalized amount
RbcS 99.837 13.333 13.333 5,064,700,000 844,110,000 16,732
RbcL 323.31 52.447 52.447 14,816,000,000 644,160,000 12,769
CcmK2 92.441 10.904 10.904 1,758,700,000 293,120,000 5,810
CcmM 299.55 57.832 57.832 7,645,900,000 238,940,000 4,736
CcmK4 52.549 11.945 11.945 290,230,000 36,279,000 719
CcaA 56.772 30.185 30.185 267,120,000 29,680,000 588
CcmP 53.859 23.2 23.2 39,004,000 3,250,300 64
CcmO 46.296 29.43 29.43 14,088,000 828,680 16
CcmK3 51.023 10.794 10.794 2,331,300 777,090 15
RbcX 16.343 16.982 16.982 4,254,900 709,150 14
CemL 7.137 11.016 11.016 1,149,100 383,020 7.6
Raf1 21.526 40.159 40.159 4,869,700 270,540 5.4
CcmN 8.7355 16.327 16.327 302,700 50,449 1

angle of the central 4-fold axis in each pair of RuBisCOs. The re-
sults revealed three prominent configurations of two adjacent
RuBisCOs, which we termed head-to-head, head-to-side, and
side-by-side, accounting for ~10%, 17%, and 12% of the total
RuBisCO pairs, respectively (Figures 4C and 4D). The head-to-
head RuBisCO pairs are respectively located in two neighboring
layers, with their 4-fold axes roughly overlapped. By contrast, the
adjacent RuBisCOs in the same layer are generally aligned in a
head-to-side or side-by-side manner (Figure 4C). Notably, be-
sides these three regular configurations, we also observed
some randomly stacked RuBisCO pairs, which have varying tilt
angles between the 4-fold axis. Further analysis revealed that
the SSUL-bound RuBisCOs are ubiquitously distributed in the
B-carboxysome (Figure S4), further confirming that the CcmM
harboring repetitive SSUL modules functions as a molecular
thread to crosslink the adjacent RuBisCOs.® Indeed, we could
clearly observe the thread-like densities in the tomograms
among RuBisCO particles (Figure S5A), which most likely corre-
spond to the linker region between SSUL modules of CcmM.
Statistical analysis demonstrated that the length distribution of
the densities is about 2-8 nm, with a median of 3.9 nm
(Figures S5A and S5B). To further gain insights into the crosslink-
ing of RuBisCO mediated by SSUL modules, we modeled the
mode of SSUL modules binding to two adjacent RuBisCOs (Fig-
ure S6). The results showed that the two tandem SSUL modules
could effectively link the neighboring RuBisCO particles of vary-
ing orientations (Figure S6). Notably, given the 35-residue inter-
SSUL linker extends up to a maximum length of 11 nm, the two
tandem SSUL modules are limited to crosslink the closest bind-
ing sites between two adjacent RuBisCOs. Altogether, our re-
sults provided direct evidence that the scaffolding protein
CcmM harboring repetitive SSUL modules makes multivalent in-
teractions with RuBisCOs.

The RuBisCOs at the outermost layer of 3-carboxysome
are regularly aligned

In the outermost layer, the RuBisCOs are generally aligned in a
rather dense and regular manner, with their 4-fold axis almost
perpendicular to the shell (Figures 5A and 5B). To further inves-
tigate the interactions of RuBisCOs in the outermost layer with
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the shell, we extracted the shell and the outermost layer using
the Dynamo™® surface models for subtomogram analysis (Fig-
ure 3). The 3D classification yielded two different classes that ac-
count for about 30% and 18% of the total particles in the layer,
respectively, which enabled us to construct two maps at 8.0
and 8.4 A, respectively (Figures 3 and S2). By fitting the atomic
coordinates of 3.9 A RuBisCO structure into the two cryo-EM
maps, respectively, we observed an additional density at the
equator of RuBisCO that is not a part of RuBisCO itself. The
SSUL module could generally match this density (Figures 5C
and 5D), indicating that RuBisCOs in the two classes are mostly
stabilized by SSUL modules.

The slice views using the software IMOD® revealed that
RuBisCO inthe 8.0 A map is tightly associated with the shell (Fig-
ure 5E), whereas RuBisCO in the 8.4 A cryo-EM map does not
directly interact with the shell (Figure 5F). It suggested that
~30% RuBisCOs in the outermost layer are tightly attached to
the shell, probably forming direct interactions with the shell
(Figures 5A and 5E). In contrast, about 18% RuBisCOs in the
outermost layer are loosely attached to the shell without direct
interactions (Figures 5B and 5F). Notably, besides these two ma-
jor classes, we also observed that some RuBisCOs are
completely dissociated from the shell, but remaining linked to
the shell via a linear density (Figure S5C), with a median of
~4.6 nm (Figure S5D). This substantial space between
RuBisCO and shell is reminiscent of the previous reports that
CcmM and CcmM-CcmN directly bridge RuBisCO to the inner
surface of the shell.>”** We therefore propose that this thin den-
sity might accommodate the trimeric YCAL of CcmM or CcmM-
CcmN heterocomplex. Noticeably, given a much lower abun-
dance of CcmN compared to CcmM,”® the RuBisCOs are
bridged to the shell mainly by the CcmM trimer but not the
CcmM-CcmN heterocomplex.

An ideal model of the orderly packed RuBisCOs in
B-carboxysome

The purified B-carboxysomes exhibit an overall heterogeneous
morphology of various diameters (Figure S1), thus it is not
feasible to obtain the averaged map of B-carboxysome using
subtomogram averaging. Instead, we selected three
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Figure 2. Cryo-ET analysis of B-carboxysome
(A) A slice of the reconstructed tomogram of B-car-
boxysome. The red lines indicate the radial lattice
arrangement of RuBisCO. Scar bar: 100 nm.

(B) Histogram of the normal distributions of the di-
ameters of B-carboxysomes measured from cryo-
ET images. The average diameter of 193 nm is
labeled.

(C) Selected slices of the carboxysome shell. The
representative regions of 3 nm or 6 nm thick are
marked with red bars. The red cross indicates the
center of the image. All tomograms are deconvolved
using Warp and are displayed using IMOD.*” Scar
bar: 5 nm.

(D) Statistics of the total number and the density of
RuBisCOs in each carboxysome with different vol-
umes. The carboxysome with a diameter of 193 nm
and a volume of 2.2 x 10° nm? contains about 1,200
RuBisCOs.

225 245 265

Figure 6A, in a sliced single facet in the
outermost layer, we can see the regular
arrangement of RuBisCOs. Deduced
from these regular patches, we built an
ideal model of RuBisCOs assembled in
the icosahedral-like B-carboxysome. We
assumed that the B-carboxysome is an
ideal icosahedron, as indicated by the
projections at three different symmetric
axes (Figure 6B). In this ideal model, the
number of RuBisCOs in each facet is
generally arranged into an arithmetic pro-
gression (Figure 6B). Therefore, we

L. deduced the number of RuBisCO in

et each facet equals 3.7~ i, where n is the
. average number of RuBisCO on the
edge of an icosahedron. Given a total of

1 2 3 4 1 2
carboxysome volume (x10° nm?)

representative B-carboxysomes from the tomograms, with a
diameter of approximately 160, 200, and 250 nm, respectively.
Afterward, we segmented the B-carboxysomes from the tomo-
grams using EMAN2*® and reconstructed the cryo-EM maps
without applying symmetry. However, these unsymmetrized
maps appeared incomplete due to the low signal-to-noise ratio
of the tomograms and the missing wedge effect (Figure S7, left
panel). Alternatively, we applied 11 symmetric operations against
the unsymmetrized maps to generate corresponding icosahe-
dral maps (Figure S7, middle panel). Calculation of the FSC plots
between the unsymmetrized and icosahedral maps revealed that
all three pairs of maps had rather low resolutions (Figure S7, right
panel). It suggested that the -carboxysomes in our sample do
not exhibit a perfect icosahedral shape, but rather an icosahe-
dral-like structure.

Despite the overall heterogeneous morphology of 3-carbox-
ysomes, we observed some patches or subtomograms are
constituted by regularly aligned RuBisCOs. As shown in

carboxysome volume (x10°% nm?®)

12 vertices (each having one RuBisCO)
and 30 edges (each having n-2
RuBisCOs), the total number (N) of
RuBisCOs in the outermost layer should
follow the formula N = 10n?-20n+12. We selected seven reg-
ular carboxysomes with the edge lengths ranging from 101
to 131 nm, and each edge is capable of accommodating 7,
8, or 9 RuBisCOs. According to the formula, the theoretical
number of RuBisCOs in the outermost layer is 362, 492, and
642, respectively, which roughly matched the numbers of
our counted RuBisCOs (Table 2).

Further analysis of the 45 tomograms of carboxysome showed
that the arrangement of RuBisCO in the inner layers of B-carbox-
ysome also somewhat applies the formula. For instance, we
selected two carboxysomes of relatively regular shape, in which
the internal RuBisCOs are arranged in 9 and 7 layers, respec-
tively. We manually counted the number of RuBisCO molecules
that are distinguishable in the outer layers. The actual numbers of
RuBisCOs in the outer layers are comparable to the theoretically
calculated values (Table S1). In each layer, the RuBisCOs are ar-
ranged in an icosahedral-like pattern, similar to those in the
outermost layer. The number of RuBisCOs along the edge of
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Figure 3. A simplified flowchart for cryo-ET data processing of 3-carboxysome
Subtomogram analysis of free RuBisCOs, RuBisCOs within the B-carboxysome and RuBisCOs in the outermost layer of -carboxysome.

each layer gradually decreased from the outermost to the inner-
most layer (Figure 6C). The cross-sectional images of B-carbox-
ysome tomograms showed a similar pattern with the projections
from the ideal model, which provides evidence for the reliability
of the general packaging principle of RuBisCOs. It is worthy to
notice that this model is only applied to the icosahedral carbox-
ysomes but not the carboxysomes of irregular shape.

DISCUSSION

The cryo-ET analysis revealed distinct features of the assembly
pattern of Synechococcus B-carboxysome. First, the -carbox-
ysomes are rather heterogeneous, varying greatly in shape and
size. Besides the icosahedral-like shape, we also observed the
elongated B-carboxysomes, which have a maximum diameter
of 400 nm. Previous studies have shown that the elongated car-
boxysomes were commonly observed at the constriction site of
the midcell.>* Moreover, the shell generally has a single layer
with a thickness of ~3 nm, in addition to some scattered double
layers of ~6 nm in thickness, which may correspond to the shell
protein CcmP,*> CcmK3/K4,*? or the scaffold proteins attaching
to the interior of the shell.?”*** Second, we observed the direct in-
teractions between RuBisCOs in the outermost layer and the
carboxysome shell (Figures 5A and 5C). Third, the RuBisCOs in
the outer layers of B-carboxysome are generally arranged in a
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regular manner, which is mediated by the SSUL modules of
CcmM. Indeed, the cryo-ET analysis showed that the SSUL
modules run throughout the interior of B-carboxysome, which
effectively crosslink the neighboring RuBisCOs (Figures 4B and
S6). The tightly packed RuBisCOs in the outer layers are rela-
tively stable and usually remain accumulated together even
though the carboxysome shell is broken (Figure S1). These
tightly packed RuBisCOs could prevent the diffusion of the reac-
tants, which possibly allows RuBisCO-derived protons to drive
the conversion of HCO3™ to CO, via colocalized CA, enhancing
both condensate CO, and RuBisCO rate.“® By contrast, loosely
packed RuBisCOs are susceptible to be released from the car-
boxysome and further dissociate into free RuBisCOs once the
shell is broken (Figure S1).

Generally, the packaging pattern of RuBisCOs in B-carboxy-
some is much more complicated and shows a drastic plasticity,
which differs from the radial or spiral string pattern of RuBisCO in
a-carboxysomes.®”*? RuBisCOs in a-carboxysome form fiber
arrangement mediated by direct interactions of the small sub-
units CbbS.*° Despite possessing a much higher RuBisCO den-
sity (Figure 2D), the RuBisCOs in B-carboxysome did not display
fiber arrangements. Sequence analysis showed that these inter-
acting residues, including Asn23, Glu25, Glu77, Arg80, and
Ser81 are not conserved in either a- or B-carboxysomes (Fig-
ure S8). These findings suggest that RuBisCO molecules, either
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Figure 4. Structures and arrangement of

RuBisCOs in the -carboxysome

(A) Cryo-ET structure of RuBisCO at 4.4 A resolu-

tion. The map is shown in gray surface, whereas the

RuBisCO structure is shown in cartoon, with the

large and small subunits of RuBisCO colored cyan

and yellow, respectively.

(B) Cryo-ET structure of RuBisCO-SSUL at 5.9 A

resolution. The map is shown in gray surface with

the structure of RuBisCO-SSUL fitted in the map.

The structure of RuBisCO-SSUL is shown in

0.20 cartoon, with RbcL, RbcS, and SSUL colored cyan,

yellow, and red, respectively. The inset represents a

0.16 zoom-in view of the density corresponding to SSUL.

Contour level: 0.0036.

0.12 (C) The three prominent patterns of adjacent
RuBisCOs are shown. The RuBisCO is shown as
cyan surface with its 4-fold axis indicated by a black
line. The equator of each RuBisCO is indicated by a
pink plane.

(D) Distribution of three prominent patterns of

L & ® adjacent RuBisCOs from ~26,700 particles. The

o standard deviation was calculated based on the

o~ e@e" & distribution of the three patterns within these 73 tilt

series.

()
w)

Ratio of three classes

head-to-head

in a- or B-carboxysomes, exhibit diverse packaging patterns. actions, show various stacking patterns. In addition, the notable
Instead, the adjacent RuBisCO pairs, which are mainly cross- difference between the two types of carboxysomes lies in the
linked by the scaffolding proteins CcmM, but not via direct inter-  distinct crosslinkers that mediate the condensation of

Figure 5. Structures and arrangements of
RuBisCOs in the outermost layer of 3-carbox-
ysome

(A and B) Selected slices in the outermost layer
showing RuBisCOs that are (A) tightly or (B) loosely
attached to the shell. The red cross indicates the
center of the image. Dotted boxes indicate the
tightly or loosely attached RuBisCOs in the outer-
most layer. Scar bar: 10 nm.

(C and D) Cryo-ET structures of the (C) tightly or
(D) loosely attached RuBisCOs at 8.0 A (contour
level: 0.0099) and 8.4 A (contour level: 0.0083),
respectively. The maps are shown in surface with an
inset showing the density corresponding to the
SSUL module. The structure of RuBisCO-SSUL is
fitted into the map, with RbcL, RbcS, and SSUL
colored cyan, yellow and red, respectively.

(E and F) Orthogonal slices of the cryo-EM maps
using IMOD showing RuBisCOs that are (E) tightly or
(F) loosely attached to the shell. The black and white
contour levels are set to 40 and 162, respectively in
(E), and 54 and 175, respectively in (F).
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Figure 6. An ideal model of RuBisCOs assembled in the B-carboxysome

(A) The arrangement of RuBisCOs in a single facet in the outermost layer of B-carboxysome.

(B) Cryo-EM images of B-carboxysome observed from the 3-, 2- or 5-fold axis. The corresponding ideal model of RuBisCOs aligned in the outermost layer of
carboxysome is shown at the bottom. The RuBisCOs at the facets, edges, and vertices are shown as blue, red, and yellow balls, respectively.

(C) Hexagonal section of the carboxysome. A single facet of the carboxysome is highlighted with a red triangle.

RuBisCOs. Compared to an a-helix of CsoS2 binding to STARXMETHODS
RuBisCO in a-carboxysome,”” the SSUL modules possess a

much higher affinity toward RuBisCO in B-carboxysome.29 Due Detailed methods are provided in the online version of this paper and include

. the following:
to the densely packed pattern crosslinked by SSUL modules, © foflowing
the RuBisCOs encapsulated within the B-carboxysome should e KEY RESOURCES TABLE
not be diffusible, consistent with the previous fluorescence re- o RESOURCE AVAILABILITY
covery studies.*® o Lead contact

In summary, we performed the cryo-ET analysis of B-carbox- © Materials availability
o Data and code availability

ysome, which shed light on the packaging pattern of o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
RuBisCOs in B-carboxysomes. The results provide insights into e METHOD DETAILS
the self-assembly of B-carboxysome, especially the ordered o Growth of cyanobacteria
arrangement of internal RuBisCOs. Given the high heterogeneity Purification of B-carboxysomes
of B-carboxysomes, more effective and challenging techniques, SDS-PAGE analysis _
such as the high-resolution cellular cryo-ET, are needed to eluci- Liquid chromatography mass spectrometry analysis
X . . Cryo-ET sample preparation and data collection
date the fine assembly pattern of all protein components in

Tilt series acquisition
p-carboxysome. Image processing

O 0O O O 0 0

Table 2. The statistics of the number of RuBisCOs at the outermost layer of -carboxysomes with different sizes

Edge length of The number of RuBisCOs The theoretical number of Manually counted number
carboxysome on icosahedral edges RuBisCOs at the outermost of RuBisCOs at the

L (nm) n=|[(L-11)/13.2 + 0.5] layer 10n2-20n+12 outermost layer

101 7 362 367

101 7 362 319

116 8 492 396

111 8 492 375

131 9 642 512

125 9 642 545

127 9 642 529
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o Calculation of the volume and RuBisCO density of -carboxysome

o Statistical analysis of RuBisCO arrangements in p-carboxysome

o The ideal modeling of RuBisCO arrangements in -carboxysome
o QUANTIFICATION AND STATISTICAL ANALYSIS
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Synechococcus elongatus PCC 7942 This paper GenBank: CP000100.1
Deposited data

Atomic coordinates of free RuBisCO This paper 8WPZ

EM maps of free RuBisCO This paper EMD-37727

EM maps of encapsulated RuBisCO This paper EMD-37728

EM maps of RuBisCO-SSUL This paper EMD-37729

EM maps of RuBisCO loosely This paper EMD-37730

attached to the shell

EM maps of RuBisCO tightly This paper EMD-37731

attached to the shell

Software and algorithms

Warp Tegunov et al. 2019°° http://www.warpem.com/warp/; RRID: SCR_018071

Origin N/A https://www.originlab.com/Origin; RRID: SCR_014212

Dynamo Castafio-Diez et al. 2012*° http://www.dynamo-em.org; RRID: SCR_017541

Relion3.1 Bharat and Scheres, 2016*° http://www2.mrc-Imb.cam.ac.uk/relion; RRID: SCR_016274

IMOD Kremer et al. 1996°" https://bio3d.colorado.edu/imod/; RRID:SCR_003297

EMAN2 Chen et al. 2017%° https://blake.bcm.edu/emanwiki/
EMAN2/Programs/tomoseg; RRID: SCR_016867

ChimeraX Meng et al. 2023°° https://www.cgl.ucsf.edu/chimerax/; RRID: SCR_015872

PHENIX Adams et al. 2010°" https://www.phenix-online.org; RRID: SCR_014224

COOT Emsley and Cowtan, 2004°° https://www2.mrc-Imb.cam.ac.uk/

personal/pemsley/coot/: RRID: SCR_014222

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Cong-
Zhao Zhou (zcz@ustc.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All study data are included in the article and/or supplemental information. The coordinates of free RuBisCO have been deposited to
Protein Data Bank (PDB: 8WPZ). The EM maps of free RuBisCO (EMDB: EMD-37727), encapsulated RuBisCO (EMDB: EMD-37728),
RuBisCO-SSUL (EMDB: EMD-37729), RuBisCO loosely attached to the shell (EMDB: EMD-37730), RuBisCO tightly attached to the
shell (EMDB: EMD-37731) have been deposited in the Electron Microscopy Data Bank and are publicly available as of the date of
publication.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

For details about the bacterial strains and culture conditions, please refer to the Method details.
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METHOD DETAILS

Growth of cyanobacteria

The Synechococcus elongatus PCC 7942 cells were cultured in BG11 medium under atmospheric conditions. The cultures were
grown at 30°C in one-liter conical bottles with a rotation speed of 120 rpm and a light intensity of 1000 lux. The chlorophyll content
of the cells was determined using the method as described previously.®®

Purification of B-carboxysomes

Purification of B-carboxysome was performed using the method as described previously.*® The cells were pelleted by centrifugation
at 3500 g for 10 min at 20°C and resuspended in 50 to 100 mL of lysis buffer containing 0.6 M sucrose and 20 mM Tes-NaOH, pH 7.5
to remove excess BG11. The cells were repelleted and then resuspended to 20 mL of lysis buffer containing the egg lysozyme
(2 mg/mL) and treated for 2 hr at 35°C in darkness and with slow shaking. The treated cells were recentrifuged at 3500 g, washed
in lysozyme buffer, and repelleted. The cells were then resuspended with the buffer of 20 mM Tes-NaOH, pH 7.0, 5 mM EDTA,
50 ng/ml DNAse and protease inhibitor cocktail at a Chl concentration of 0.5 mg/mL. The cells were lyzed by ultrasonication at
25% power for 4 min. The crude extract was centrifuged at 12,000 g (4°C; R20A2 rotor) for 15 min to remove the cell debris.
Then 3 volumes of IXEM buffer (40 mM Epps-NaOH, pH 8.0, and 27 mM MgSQ,) containing 20% (v/v) Percoll (Cytiva) and
0.133% Triton X-100 detergent was added to the cell extract containing carboxysome. Then the mixture was incubated on ice for
10 min. Following the precipitation of carboxysomes by the Percoll beads in the presence of Mg?*, the carboxysomes were pooled
by centrifugation at 12,000 g (4°C; R20A2 rotor) for 15 min. Afterwards, the pellet was resuspended in 5 mL of 0.75xEM buffer con-
taining 1% Triton X-100 and then repelleted by centrifugation at 12,000 g for 10 min. The pellet was then washed twice in 1 to 2 mL of
0.75xEM buffer followed by centrifugation at 12,000 g for 5 min. Finally, the pellet containing carboxysomes was resuspended in
0.5 mL of 0.75xEM buffer.

SDS-PAGE analysis

The purified B-carboxysome samples were mixed with 5 xSDS loading buffer. In each well of a 4-20% gradient SDS-PAGE, 10 uL
mixture was loaded for gel electrophoresis at 180 V for ~1 hr. Each specific protein band was extracted from the gel and treated with
trypsin digestion, and analyzed by liquid chromatography/mass spectrometry (LC-MS/MS) (Thermofisher Q Exactive Plus). The pro-
tein components were identified by matching the theoretical fragmentation patterns.

Liquid chromatography mass spectrometry analysis

Proteins were digested using the filter-aided sample preparation (FASP) method.>* Briefly, the proteins were digested with
sequencing grade trypsin with the ratio of 1:50 (w:w) at 37°C overnight. The resultant tryptic peptides were desalted by StageTips."®
Peptides were analyzed by LTQ Orbitrap Elite mass spectrometer (ThermoFisher Scientific) coupled online to an Easy-nLC 1000
(Thermo Fisher Scientific) in the data-dependent mode. The data was analyzed using the software MaxQuant. The sequence data-
base of B-carboxysome was applied to searching the data. The maximum number of missed cleavages was set at two, iBAQ was
selected for protein quantification. The false discovery rate was set at 0.01 for peptide and protein identifications.

Cryo-ET sample preparation and data collection

Vitrobot Mark IV (Thermo Fisher Scientific) was used to prepare the frozen samples. The purified samples were mixed with 6 nm gold
particles prior to freezing. A Quantifoil R3.5/1 Cu 200 mesh grid was glow-discharged for 10 sec. Then 3.5 uL of the samples were
added to the grid and the excess liquid was blotted by the filter paper for 5 sec with a force of -7 at 8°C and a humidity of 100%. Then,
the grid was plunge-frozen in liquid ethane.

Tilt series acquisition

The grids were inserted into the grid cassette of an autoloader and loaded into a Titan Krios transmission electron microscope
(Thermo Fisher Scientific) which was equipped with a zero-loss energy filter with a slit width of 20 eV and a K2 Summit direct electron
detector (Gatan). Serial EM software®® was used to acquire the images. Tilt series were acquired at 105 kx magnification (pixel size
1.36 /°-\) with a dose-symmetric tilt scheme using the beam-shift method.®” The total dose was set to ~ 145 e/A? and the tilt range was
set at nominal values of -60° to +60° with an increment of 3°. The defocus range was set between -1 and -3 um. The statistics for tilt
series collection are listed in Table S2.

Image processing

Raw images of tilt series were sent into Warp®® for the motion correction and CTF estimation. Various types of low-quality images
were manually removed from the final tilt series dataset. These include samples obstructed by the stage, grid bar, or contaminants;
images exhibiting large motions and inaccurate CTF estimations; images containing apparent crystalline ice; or images displaying an
apparent discontinuity in the tilt series. After filtering out the low-quality images, 88 tilt series were generated and auto-aligned using
Dynamo. Then the alignment parameters were sent back into Warp. The defocus value was set at -2 um. During subsequent data
processing, the computer-fitted defocus value ranged from approximately -1.7 um to -2.3 um. The tomograms were reconstructed
at a binning level of eight and deconvolved for better visualization. To avoid potential model bias, we did not employ any previously
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reported or published structures in data processing, and only our data-driven maps were used as the reference template in all the
classification and refinement jobs.

First, a total of 29 k dispersed RuBisCO particles were manually picked in Dynamo. The sub-tomogram particles in box size of 36°
voxels were extracted from 8 x binned tomograms in Warp. The initial map was directly reconstructed from the input particle star file
using the relion_reconstruct command in Relion software with the following parameters: relion_reconstruct —i input.star —o out-
put.mrc —3d_rot —ctf. The resulting map that incorporated the 3D rotational information and the CTF parameters was used as the
initial reference for global 3D classification using C4 symmetry. The better 3D classes of higher resolution and similar structural fea-
tures to RuBisCO containing 19 k particles were selected for further analysis. Then, the sub-tomogram particles in box size of 48°
voxels were extracted from 4 x binned tomograms in Warp. A 3D classification using local alignment in D4 symmetry was performed
and 5.6 k particles were selected. After re-extracting from 2x binned tomograms with a box size of 80% voxels, a local refinement was
performed to report the resolution to be 5.6 A.Then 1x binned sub-tomogram particles with a box size of 160° voxels were extracted.
2.7 k good particles were selected after local 3D classification, and its resolution was estimated to be 3.9 A by applying D4 symmetry
based on the ““gold-standard” Fourier Shell Correlation (FSC) with 0.143 criterion after auto-refinement in Relion*® and M.”® The
RuBisCO model was built by fitting the structure of Synechococcus elongatus PCC 6301 RuBisCO (PDB: 1RSC) into the 3.9 A
map using ChimeraX.>° Then the structure was manually rebuilt in COOT®? and automatically refined by real space refinement in
PHENIX.>" The statistics of data processing, model building and refinement of free RuBisCO were listed in Table S3.

Second, a total of 83 k RuBisCO particles were picked using template matching method in Dynamo. The sub-tomogram particles in
box size of 48 voxels were extracted from 4x binned tomograms in Warp. The direct reconstruction map was used as the initial
single reference for local 3D classification using C1 symmetry, then the better classes containing 41 k particles were chosen. In
another round of 3D classification using D2 symmetry, using the best map (free RuBisCO) from a previous job as the single reference,
21 k RuBisCO particles and 8.7 k RuBisCO-SSUL particles were classified and selected respectively. After re-extracting from 2x
binned tomograms with a box size of 80° voxels, 7.6 k RuBisCO particles in D4 symmetry and 3.6 k RuBisCO-SSUL particles in
D2 symmetry were selected respectively using local 3D classification. Then 1x binned sub-tomogram particles with a box size of
160° voxels were extracted. The resolutions of RuBisCO and RuBisCO-SSUL maps were estimated to be 4.4 A (D4 symmetry)
and 5.9 A (D2 symmetry) respectively after auto-refinement in Relion and M. The local cross-correlations between SSUL module
and the maps were calculated by the real space refinement implemented in PHENIX.®" The maps and coordinate files were uploaded
in the program phenix.real_space_refine, yielding the output cross-correlation (CC) values.

Finally, the shell of carboxysomes were traced using surface model in Dynamo, and the coordinates and orientations of 53 k shell-
attached RuBisCO particles were generated using oversampling method. The sub-tomogram particles in box size of 64° voxels were
extracted from 8 binned tomograms in Warp. The direct reconstructed map was used as the initial reference for 3D classification
using C2 symmetry, then the better classes containing 18 k particles were chosen. Then, the sub-tomogram particles in box size of
64° voxels were extracted from 4 x binned tomograms in Warp for 3D classifications. After several rounds of local 3D classifications in
C4 symmetry from 2x binned tomograms with a box size of 96° voxels, two best classes possessing 2.3 k and 3.5 k particles yield the
cryo-EM maps of 8.4 and 8 A, respectively.

Calculation of the volume and RuBisCO density of 3-carboxysome

The Delaunay method”® was used to calculate the volume of a carboxysome. First, we selected hundreds of points at the shell and
assigned the precise coordinates in the tomogram of each carboxysome. Then we randomly divided the set of three-dimensional
points into numerous triangles, which could further separate the carboxysome into triangular cones formed by these triangles and
the reference points inside the carboxysome. The volume of a carboxysome was calculated by employing the sum of the volumes
of these triangular cones. The RuBisCO density in B-carboxysome is calculated by dividing the volume of a carboxysome by the total
number of RuBisCO.

Statistical analysis of RuBisCO arrangements in 3-carboxysome

The statistical analysis of RuBisCO arrangement was performed in a similar method as reported previously.*® The refined subtomo-
grams were mapped back to the tomograms according to their positions and orientations. Then relative orientations of their 4-fold
axes of each RuBisCO pair in a carboxysome were calculated. For each RuBisCO pair (A and B), the constraint parameters are as
follows: (i) The distance from the center point of RuBisCO A to the center plane of the orthogonal axis line of RuBisCO_B. (ii) The dis-
tance from the center point of RuBisCO_B to the center plane of the orthogonal axis line of RuBisCO_A. (iii) The angle between the
4-fold axis lines of RuBisCO_A and RuBisCO_B. Each pair of adjacent RuBisCO in carboxysome is divided into the following three
categories based on the following criteria: (1) head-to-head: distance>68 nm, angle<35 degrees; (2) head-to-side: distance>68 nm
and distance<28 nm, angle>65 degrees; (3) side-to-side: distance<28 nm, angle<35 degrees.

The ideal modeling of RuBisCO arrangements in -carboxysome
In terms of morphological analysis, we compared the distinctive projections of an icosahedron along its three symmetric axis and the
corresponding projections of actual carboxysomes (Figure 6B). These projections exhibit three primary shapes: a regular hexagon, a
symmetrical hexagon formed by combining two isosceles trapezoids, and a regular decagon.

First, we conducted statistical analysis using the regularly shaped hexagonal slice images. Assuming an edge length of / nm for the
skeleton of an icosahedron, in the case of a regular hexagonal slice, the actual interpretation is a cross-sectional image that is parallel
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to the triangular faces at the top and passes through the center of the carboxysome. The actual shape of this cross-section is a
dodecagon, which comprises two internal angles measuring 135.521° and 164.479°, respectively. However, due to the limited res-
olution, the angle of 164.479° is approximated as 180°. Consequently, the dodecagon is recognized as a regular hexagon, with a side
length of ~0.875I.

In the tomogram, the side length of the shell is closely associated with the number of RuBisCO, with a minimal distance about 0.2 x
2r nm between adjacent RuBisCOs (r is the radius of RuBisCO). Consequently, the outermost layer of the icosahedron contains

n= {(2+0/T2)r +O.5J RuBisCO along each edge. Moreover, on each layer of the icosahedron, there are 10n?-20n+12 RuBisCOs.

We manually counted the number of RuBisCO in the outermost layer of the carboxysome and compared them to the theoretical num-
ber of RuBisCO calculated by the formula.

We selected 45 carboxysomes with relatively regular shapes and analyzed each side corresponding to the triangular region of hex-
agonal structures. Notably, the number of internal layers corresponds to the number of RuBisCO present in the outermost layer, with
a gradual decrease in the number of RuBisCO from the outermost to the innermost layer. RuBisCOs in the inner layers were generally
arranged in the same way as the outermost layer.

QUANTIFICATION AND STATISTICAL ANALYSIS
Softwares required for quantification and statistical analyses include Warp, Origin, Dynamo, Relion3.1, IMOD, EMAN2, ChimeraX,

PHENIX and COOT. Cryo-ET data collection statistics were summarized in Table S2. The statistics of data processing, model build-
ing and refinement for the free RuBisCO structure are listed in Table S3.
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