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23 Abstract

24  Carboxysomes are a paradigm of self-assemblin@ipasteous organelles found in nature, offering
25 compartmentalisation of enzymes and pathways tareecarbon fixatiarin a-carboxysomes, the
26  disordered linker protein CsoS2 plays an essemi@lin carboxysome assembly and Rubisco

27  encapsulation. Its mechanism of action, howeverpidully understood. Here we synthetically

28 engineered-carboxysome shells using minimal shell componantsdetermined cryoEM

29  structures of these to decipher the principle eflssssembly and encapsulation. The structures
30 reveal that the intrinsically disordered CsoS2 ataus is well-structured and acts as a universal
31 “molecular thread” stitching through multiple shetbtein interfaces. We further uncovered in

32 Cso0S2 aremarkable highly conserved repetitiveideyaction motif, [IV]TG, which is critical to

33 the shell assembly and architecture. Our studyigesva general mechanism for the Csg82ern

34 carboxysome shell assembly and cargo encapsukidrfurther advances synthetic engineering of
35 carboxysomes for diverse biotechnological applireti

36

37 Introduction

38 Organelles confine specific biochemical pathwayhiwwithe cell to enhance metabolic efficiency,
39 alleviate metabolic crosstalk, and facilitate sptetinporal regulation of sequestered pathways

40  Apart from eukaryotes, in the pastcadesadvances in bioinformatics, biochemistry, imagiad

41  cell physiology have demonstrated that bacteri& lsdso evolved subcellular organelles, including
42  bacterial microcompartments (BMCs) which is complosetirely of proteins, to compartmentalize
43 metabolisnf.

44

45  Carboxysomes are anabolic BMCs for autotrophi¢ @@tion found in all cyanobacteria and

46  manyproteobacterid’. The carboxysome is composed of a polyhedral helencapsulates the
47  key CQ-fixation enzyme, ribulose-1,5-bisphosphate carlasg/oxygenase (Rubisco), and

48  carbonic anhydrase (CA), which dehydrates HGOCGQO;, the substrate for Rubisco carboxylation


https://doi.org/10.1101/2023.06.24.546370
http://creativecommons.org/licenses/by-nc-nd/4.0/

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.24.546370; this version posted June 24, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

®&17 The carboxysome shell acts as a selectively pasladarrier, allowing the influx of HGO

and ribulose 1,5-bisphosphate (RuBP) while presiymaicluding Q influx and CQ leakage®?*
The intriguing structural features of carboxysomesfundamental for maximizing GO
assimilation and reducing the unproductive Rub®ogyenation, thereby allowing carboxysomes

to make substantial contributions to the globaboarfixation and primary production

Thea-carboxysomahell comprises predominantly CsoS1 hexamers onat the shell facets and
Cso0S4 pentamers that occupy the vertices of thdpdtal shell, both hexamers and pentamers
containing multiple paralogous protefii€> An intrinsically disordered protein CsoS2 in high
abundancé® serves as a linker protein to bind both Rubisabthe shell through its N-terminal
(Cs0S2-N) and C-terminal domains (CsoS2-C), respgt 2% It is presumed that-
carboxysome biogenesis adopts the ‘Partial shistl fir ‘Concomitant shell-core’ assembly

pathway< %! and CsoS2 is essential focarboxysoméiogenesis and assembly of intaet

|32

carboxysomeshell®. However, how CsoS2 interacts with the shell amvegns shell assembly

remains enigmatic.

Synthetic BMC shells provide a means for investigathe assembly mechanisms and pairwise
interactions that drive shell formatiéfi*® They also hold promises for generating new caging
nanomaterials in new contexts, such as enzyme suledion, molecule scaffolding and delivery
3949 Here, we synthetically engineeredtarboxysomeshells using minimal shell components
derived from achemoautotropialothiobacillus (H.) neapolitanus, a model system in the
fundamental studies and synthetic engineeltri§*>***® and determined high-resolution cryoEM
structures of the shells of variable constituestgprisingly, the structures show that the
intrinsically disordered CsoS2-C makes well-definadtivalent contacts with shell proteins,

functioning as a “molecular thread” to stitch tles@mbly interfaces and mediate shell assembly.

Moreover, we uncovered a remarkable key repeatioiif oritical to the assembly and architecture
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75  of the shellThese findingprovide unprecedented insight into the CsoS2-mediassembly

76  principles ofa-carboxysome shell.

77

78 Results and Discussion

79  Assembly and structur es of recombinant a-car boxysome shells

80 Expressing all shell components encoded by geneioso operon(Fig. 1a, coloured red, purple,
81 and blue)esults in formation of native-like-carboxysomeshells®. To investigate the molecular
82  principles ofu-carboxysomeshell formation and the role of CsoSZiwzarboxysomeshell

83 assembly, we took a reductionist approach and degdityvo shell constructs using minimal shell
84  components, CsoS1A (a CsoS1 paralog) and CsoS@Ad&4 paralog) for mini-shell 1, and

85 Cso0S1A and CsoS4A with additional CsoS2 (encodethdyaturaHalothiobacillus csoS2 gene
86 that contain a ribosomal frameshifting regféi® for mini-shell 2 Fig. 1b, fig. S1j Expression of
87  either construct ifescherichia coli (E. coli) produces assembled shell architectures (figs.aBéa
88  S2c), while expressing of mini-shell 3 (CsoS1A @mbS2 without CsoS4A) does not yield any
89 assembly (figs. Sla and S1b). These results iredtbat CsoS1A and CsoS4A together are

90 sufficient to form shell assemblies. However, dyitalght scattering (DLS) reveals that, while
91  mini-shell 1 produces shells of ~23 nm in diamata@ni-shell 2 generates predominately larger
92  shells of ~35 nm in diameter, in addition to thelkhof ~23 nm in diameter (fig. S2b). CryoEM
93 analysis further establishes an icosahedral aathit for the shell assemblies and reveals that
94  mini-shell 1 assemblies contain mainly small shet&l nm,T = 3; see definition of T number is
95 described in Methods), whereas mini-shell 2 praglaontain mostly large shells (~35 niis 9)
96 (Fig. 1C, figs. S3a-b). A medium sized shell (~23, = 4) is present in both constructs in low
97 abundance. It is intriguing that the larfe 9 shells are only present in CsoS2-containing-mi
98 shell 2.

99
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100  We determined the structures of th@se 9, T = 4, andT = 3 shell assemblies at 1.86 A, 3.54 A and
101  2.79 A resolution, respectively (Fig. 1d, Table fd., S3c-f). The twadl = 4 shell structures from
102  both mini-shell constructs (Fig. 1c) appear largégntical, except that tifil-a2 loop of CsoS1A
103  from mini-shell 1 is disordered (fig. S4a). All tekell proteins possess the same concave-out
104  orientation, consistent with other shell assemBfié&®’ Intriguingly, onlyT = 9 shells generated
105  from mini-shell 2 contain extra densities not agted for by CsoS1A and CsoS4A at the inner
106  surface of the shell, which are absent m 4 andT = 3 shells. The high-quality map of tiie= 9

107  shell (1.86 A resolution) allows for accurate mdidglof CsoS2-C that tightly associates with shell
108 proteins, resulting in an atomic model of the 9 shell comprising 80 CsoS1A hexamers, 12

109 Cso0S4A pentamers and 60 CsoS2-C (Fig. 1d).

110

111 Structural plasticity of shell proteins and protein-protein interactions

112  Three different sized shells wiih= 3, T = 4 andT = 9 icosahedral symmetries are built of

113  essentially the same hexameric CsoS1A and penta@soS4A (Fig. 1d), which are highly

114  conserved acrosscyanobacteria and many proteobacteria (fig. SHa.RMSDs of the basic

115 assembly units (a.k.a. capsomeres), CsoS1A hexamdeCsoS4A pentamer, in three icosahedral
116  symmetries range 0.180-0.231 A and 0.240-0.251afciitated from the pairwise comparison of
117  Ca), respectively. Superimposing the cryoEM strucgwethese capsomeres with their X-ray

118  crystal structures (PDB: 2EWH, PDB: 2RCF) revealstle deviations of curvature within hexamer
119 (the crystal structure closely resembles the leastedT = 9), and largely identical pentamer (fig.
120  S5b), with the overall RMSD range of 0.321-0.59d r204-0.417, respectively.

121

122 There are four inter-capsomere assembly interfmcesarboxysomehells (Fig. 2a, interface 1-4).
123 Of those, interfaces 3 and 4 are unique toltked shell, whereas interfaces 1 and 2 are pré@sent
124  all three shells as previously reportédThe angles between capsomeres in interfaces 2 gad/

125  slightly among three shells, from 30° to 35° anél t8043°, respectively (Fig. 2b-c), leading to
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126  small curvature changes in the shell assembly, ttieisize differences. In contrast, the angles
127  between two hexamers in interfaces 3 and 4 aregedhin a planar fashion, markedly different
128 from those in interfaces 1 and 2 (Fig. 2d), and dlfferent from those measured in other BMC
129  mini-shells®. Despite a large deviation of the tilt angle (fr6fnto 43°), the main interactions at
130 the interface between adjacent hexamers, whiclediated by the hydrogen bond network

131 involving Lys29, Ala30, and Arg83, remain largebynserved (Fig. 2e). Collectively, the results
132 suggest that the plasticity of inter-capsomerefates contributes to the curvature and thus, the
133 structural polymorphism of carboxysome shells.

134

135 Cso0S2isamolecular thread linking multiple capsomer es

136  Cso0S2 protein is presentdncyanobacteriag-proteobacterig}-proteobacteria, ang

137  proteobacteria (fig. S6). It functions as the lingeotein connecting cargo enzymes to the shell and
138 s a vital component in-carboxysome assemty?°*? Genetic deletion afsoS2 resulted in loss
139  of carboxysomes in the. neapolitanus cells and high C@requiring phenotype¥, and

140  recombinant intact shells could not be formed mahsence of Cso$2 CsoSZis a large

141 polypeptide (~900 residues) composed of three nsgi@ N-terminal region (CsoS2-N), a middle
142  region (Cs0S2-M), and a C-terminal region (CsoS23’€4*(Fig. 3a). Repetitive short linear

143  motifs have been identified in CsoS2, which varmimbers among species; for example Hhe
144  neapolitanus CsoS2 contains 4 N-repeats, 6 M-repeats, andep€ats (Fig. 3a, fig. Sic).

145  Structure prediction by AlphaFold2 revealed thad&Xrepresents a largely disordered protein,
146  especially in the C-terminal region (fig. S7b), sistent with previous analys&s’. Recent studies
147  have shown that the CsoS2 N-terminal domain bintls Rubisco, playing roles in mediating

148  Rubisco encapsulatidh®® whereas the C-terminus of CsoS2 binds with tledl aind could serve
149  as an encapsulation anchor for cargo recruitffefitHowever, how CsoS2 anchors to the shell
150 and whether it plays a role in governing shell agsdg have remained enigmatic.

151
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The mini-shell 2 vector comprises the nattgeS2 geneHalothiobacillus, which contains a
ribosomal frameshifting region thereby resultinghie production of two CsoS2 isoforms, the full-
length CsoS2B and the C-terminus-truncated CsoS2Aimmunoblot analysis revealed that both
Cs0S2A and CsoS2B isoforms were expressed ik.tbai mini-shell construct (fig. S2b), and the
ratio of CsoS2A and CsoS2B is compared to thatdonrthe nativer-carboxysome from
Halothiobacillus *. By contrast, only CsoS2B was incorporated intisiolated mini-shells,

confirming the importance of the CsoS2 C-termimuattaching to the shell.

The cryoEM structure of th€ = 9 shell at 1.86 A resolution enables the fitstracterization of
Cs0S2 and its interactions with the shell at ataheitails (Fig. 3b, fig. S7a, S7b). It is clearlyllwe
resolved for the most of C-terminus in the cryoEMm{fig. S7c), allowing unambiguous
assignment of amino acid residues of three fragsnefif€soS2-C: F1, Arg712-Arg731; F2,
Leu773-Gly823; F3, Glu829-Gly869 (Fig. 3b, fig. $7the rest of the CsoS2 regions were not
resolved. The cryoEM structure revealed that theF21F3 fragments adopt completely different
conformations from the AlphaFold2-predicted struesu(fig. S7d). They form extensive hydrogen
bonds and salt bridges with both CsoS1A and Csa@4iree distinct binding sites (Fig. 3c-e),
with the surface contact area of 7672 #333.0 &, and 1851.7 A respectively. Such extensive,

multivalent interactions strongly anchor CsoSzhi $hell inner surface (Fig. 3b).

Interestingly, all three CsoS2-C fragments, F13plind specifically to the tri-capsomere
interfaces (Fig. 3b). While Cso0S2-F1 and F2 intevath three CsoS1A hexamers (Fig. 3b-d),
Cs0S2-F3 acts on the interface between one Cso8dat@amer and two CsoS1A hexamers, with the
extreme C-terminus buried inside the cavity forrbgdhe interface (Fig. 3e). It is explicit that the
Cs0S2 C-terminus is completely encapsulated inbielshell (Figs. 3b-e, fig. S7a), rather than
being exposed to the exterior as previously prapdséhe three CsoS2-C F1-F3 fragments

associate tightly with shell proteins simultanegwsid essentially “stitches” the capsomeres
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together at the inner surface of the 9 shell. Therefore, CsoS2-C functions as a wiqu
“molecular thread” reinforcing the connections betw capsomeres thus potentially stabilizing the

assembled-carboxysome shell.

At the first glance, the three CsoS2 binding sggisear random (Fig. 3b-e). However, a close
inspection of the interfaces uncovers a commomant®n motif among these interactions:
alignment of all the CsoS1A-CsoS2 interfaces idiestia repetitive lle(Val)-Thr-Gly ([IV]TG)

motif 2"*®that interacts with thg-strand of highly conserved CsoS1A through His7® lydrogen
bonds in the main chain (Fig. 3f, fig. S8). Moré&iguingly, the [IV]TG motif repeats itself about
every 8 residues in all three CsoS2-C fragmengs §8b). Sequence alignment further reveals that
the repeating [IV]TG motif is highly conserved hetCsoS2-family proteins (Fig. 3g, red asterisks),
suggesting that the “molecular threading” of Cs@S-likely a widespread feature mediating
carboxysome shell assembly. In nativearboxysomes, if CsoS2 must bind to the shell W&h
located to pentamer-hexamer interface, then themuam CsoS2 occupancy would be 60 (12
pentamers). However, our recent study revealedhleatativex-carboxysome from

Halothiobacillus contains 863 hexamers and 192 CsoS2B as theefudkh Cs0S2®, which

indicates that CsoS2B does not have to restriall fpentamer-hexamer interfaces. The local
structures of CsoS2 on the authentic carboxysomkabuld be more dynamic. Our structure
therefore represents one of the local snapshapitatating the binding modes in native

environments.

CsoS2-C dictates a-car boxysome shell assembly and ar chitecture

Since all the three Cso0S2-C F1-F3 fragments formamis with the shell proteins and contain
multiple [IV]TG motifs (Fig. 3, fig. S8b-d), we fther investigated the importance of individual
Cso0S2-C fragments and [IV]TG motifs To= 9 shell formation. To this end, we designed four

mini-shell constructs, mini-shell 4-6, with var@atis in the CsoS2-C (Fig. S1a-b). Mini-shell 4-6
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contain CsoS2-C fragment F1-F3 (S2-C1), F2-F3 (8padd F3 only (S2-C3), respectively (Fig.
4a, fig. Sla-b). In addition, &' Mini-shell construct was generated where all CS6$®/]TG

motifs were replaced by AAA (S2-Cm) in the backgrdwf mini-shell 4 (Fig. 4a). We measured
ratio of assembled shell proteins to unassemblelti gtoteins by comparing the abundance of shell
proteins in the soluble and the assembled fornterdatingly, in the absence of CsoS2, mini-shell
composed of CsoS4A and CsoS1A (mini-shell 1) askegmhore efficiently than the mini-shell
containing CsoS2-F3 fragment (mini-shell 6), batikr to the [IV]TG motif mutant (Cm). One
plausible explanation is that the CsoS2-F3 mayferte shell assembly. It is also possible that
Cs0S4A-CsoS1A and S2-Cm assemble efficiently iifferént shell morphologies, such &s 4

andT = 3 shells observed in mini-shell 1.

To systematically dissect the effects of CsoS2a@rfrents on the morphology of shells, we further
carried out cryoEM structural characterizationhege four mini-shell variants containing S2-C1,
C2, C3 and Cm. While CsoS2 (mini-shell 2) promatssembly of larg& = 9 shell (Fig. 1c), the
mini-shell containing S2-C1 fragment, interestindéads to formation of shell with various sizes
and symmetriest =9, T=7,T=7Q=6,T=4,T=4Q=6, andl = 3 (Fig. 4c-d, fig. S10, Table
S2). Cso0S2-C fragments were unambiguously idedtifiaall the larger shells albeit with a
relatively lower occupancy (fig. S11) compared with full-length CsoS2 construct (fig. S10a-d),
but not in thel = 4 andT = 3 shells. In contrast, the S2-C2 construct pcediexclusiveiyl = 4

shells (Fig. 4d), with little residual densitiesrasponding to the CsoS2 [IV]TG motifs (fig. S10e-
f). The S2-C3 construct produced oilly 4 andT = 3 shells, both having a subpopulation missing
pentamers (Fig. 4c-d). Notably, mutation of [IV]T&sults in formation of only = 4 andT = 3

shells (Fig. 4d), with the population ratio simitarthe mini-shell 1 construct lacking CsoS2. These
results illustrate the essential role of CsoS2-€ [@#|TG maotif in controllinga-carboxysome shell

assembly and overall architecture.
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Carboxysomes are a paradigm of self-assemblingipasteous organelles found in nature, offering
compartmentalisation of enzymes and pathways taresghcarbon fixation. Given their
significance in the global carbon cycle, carboxyssrare gaining increasing attention from
fundamental studies and synthetic engineering, thighntent of generating metabolic factories for
sustainably turbocharging carbon fixation and prim@oduction. We devised a minimal system
encompassing shell proteins and the linker Cso$2d¢gpher the molecular principles of shell
assembly and encapsulation. The distinctive muéntanteractions between CsoS2 C-terminus
and shell proteins and between CsoS2 N-terminufabisco are vital for governing the
architectures of shell assemblies and encapsulefiRubisco, respectively (Fig. 4e), while the
actual role of CsoS2 middle region remains to derd@ned.Since the middle region also contains
repetitive [IV]TG motif, it is likely that the midd region may also contribute to its interactiothwi
shell components. CsoS2 may prefer to bind to theseed capsomer interfaces but would retain a
certain affinity to flat interfaces, which is thase in the native carboxysomes facats/anced
knowledge of carboxysome assembly will offer nesateies for design and engineering of
carboxysome shell-based nanobioreactors and nesg @agliverse biotechnological applications,
such as enhancement of biocatalysis, food and gpeogluction, molecule delivery, and

therapeutics.

10
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Data and material availability

The cryo-EM density maps and corresponding atonudets have been deposited in the EMDB
and PDB, respectively. The accession codes aegl last follows: (1) CsoS4A and CsoS1A (mini-
shell-1 construct): EMD-15798 and PDB 8B0Y 1or 4 shell, EMD-15792 for = 3 shell; (2)
Full-length CsoS2 with CsoS4A and CsoS1A (mini-sRalonstruct): EMD-15801 and PDB 8B12
for T = 9 shell, EMD-15799 and PDB 8B11 fbr= 4 shell; (3) Truncated CsoS2 with F1-F3
fragments (mini-shell-4 construct): EMD-1572R< 9), EMD-15720T7 = 7), EMD-15595T7 =7,
Q=6), EMD-15723T = 4,Q = 6 class 1), EMD-15724 (= 4,Q = 6 class 2), EMD-15719 (= 4);
(4) Truncated CosS2 with F2-F3 fragments (miniishelonstruct): EMD-15611 fof = 4 shell; (5)
Truncated CosS2 with F3 fragment (mini-shell-6 ¢ang): EMD-15758 T = 4 with pentamer),
EMD-15759 T = 4 without pentamer), EMD-15760 € 4 with pentamer) and EMD-15761 € 4

without pentamer); (6) CsoS2-C with [IV]TG mutaB¥D-15834 T = 4) and EMD-15762T(= 3).
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Materials and Methods

Generation of constructs

Primers (Table S3) and the mutaotoS2 sequence were ordered from Integrated DNA
Technologies. The pHNCBS1D plasmid (Addgene, UK3 wsed as the template for amplification
of native cso2, csoHAA, and csoS1A genes from théHalothiobacillus neapolitanus genome and
cloned into Ncol/Xhol and EcoRI linearized pBAD Kibson assembly (New England Biolabs,
UK) *°to produce the synthetic mini-shell operons usettim study (Fig. 1b; fig. S1). Expression
constructs were sequence verified by Eurofins Gérmrind transformed intB. coli TOP10 for

plasmid storage and expression.

I solation of a-car boxysome mini-shells

E. coli TOP10 cells containing the desired mini-shell cargtwere cultured in Lysogeny Broth
(LB) supplemented with ampicillin (100 pgriLat 371 to an OD at 600 nm (Qf) between 0.6
and 0.8. Mini-shell expression was then induceth wimM arabinose (Melford) at 22 for 20 hr.
Cells were harvested at 5,00@ %or 10 min and pellets resuspended in TEMB buff€& mM Tris-

HCI pH = 8, 1 mM EDTA, 10 mM MgG] 20 mM NaHCQ) supplemented with 10% (v/v)
CelLytic™ B cell Lysis Reagent (Sigma-Aldrich) and 0.1% Past Inhibitor Cocktail (Sigma-

Aldrich). Cell lysis was performed by sonication & 8-75 MK2 sonicator, 6 cycles of 30 s
ON/OFF) and cell debris removed by centrifugatior2d000 xg, 30 min, 40J. The supernatant
was subsequently loaded on top of 5 mL 30% (w/Wrase and mini-shells pelleted by
ultracentrifugation at 250,000g 16 hr, 4LJ. By using a soft brush, the pelleted mini-shelerev
either resuspended in 1 mL TEMB for further isaati or in TEMB to the same volume as the

supernatant to assess assembly ratio of the matissh

For further purification of the mini-shells, resespled pellets were centrifuged at 211Qf)  min,
4 1. The supernatant was loaded onto a 10 mL stepseigradient consisting of 10%, 20%, 30%,

13
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40% and 50% (w/v) sucrose and centrifuged at 70x0§)aL6 hr, 407. Fractions were collected and
analysed by SDS-PAGE. The fractions enriched withi-shells were pooled and applied onto a
HiTrap Q FF anion exchange chromatography columyti& Life Sciences) equilibrated with
buffer A (TEMB plus 50 mM NacCl). Mini-shells werduéed with a 0-40% linear gradient of buffer
B (TEMB plus 1 M NaCl) and were found to be typigadluted at 30-35% buffer B. Purified

samples were stored at 4for further analysis.

SDS-PAGE and immunaoblot analysis

Protein samples mixed with SDS-PAGE loading buffeare heated at 99/ for 10 min and
electrophoresed on 15 % SDS-PAGE gels. Gels waigest with Coomassie Brilliant Blue for
SDS-PAGE analysis. For immunoblot analysis, gettebphoresis was performed at 100 V 30 min,
then 150 V 40 min, and blotted onto polyvinylidefhgride membrane (Cytiva Life Sciences).
Proteins were probed with the primary antibody-@#0S1A/B/C (Agrisera, Cat No. AS14 2760,
dilution 1: 5,000),anti-CsoS2-N (1:10,000 dilution; synthesized by &aipt, NJ, USA with the
RGTRAVPPKPQSQG peptide), and anti-rabbit IgG seeopdntibody (Agrisera, Cat No. AS09
602, dilution 1:10,000). Protein signals were amedl using a Bio-Rad chemiluminescence kit

(Bio-Rad, UK) and images were captured using Image®@LAS 4000 (GE Healthcare, USA).

Dynamic Light Scattering (DL S) analysis

To measure the size distribution of isolated mivets and obtain an average size of their diameters
1 mL mini-shell fractions (5-10 mg i) were analyzed by DLS using a ZetaSizer Nano ZS
instrument (Malvern Panalytical Ltd, UK). All DLSaasurements were performed in triplicate and

Fig. S2B was plotted with GraphPad Prism 9 (Graph&atware, San Diego, California, USA).

Negative-staining transmission electr on microscopy

14
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5 pL of isolated mini-shells were mounted on carlgoils (Carbon Films on 300 Mesh Grids
Copper, Agar Scientific, UK) for 40 s, stained aveshed with 6QuL of 2% uranyl acetate (Sigma-
Aldrich), and excess stain wicked away with filpaper. Grids were left to air dry for at least imi
Images were recorded by the FEI Tecnai G2 Spit BiVIN transmission electron microscope
equipped with a Gatan Rio 16 camera. Images wexealzed and analyzed by Fiji softwate

Graphs were created using GraphPad Prism 9 (Grdp8Bfiware, San Diego, California USA,

www.graphpad.com).

CryoEM data collection

The cryoEM sample grids were prepared using Vittobbe grids (Quantifol R 2/1 on 300
copper mesh) were glow-discharged using a plase@nel (Harrick Plasma) with the plasma level
set to High position for 45 seconds using ambienBauL of mini-shell samples were applied to
the grids and blotted with filter paper for &snds before plunge freagiwith liquid nitrogen-
cooled ethane. The temperature was set to 20d humidity at 100% during plunge freezing. The
micrographs were taken using Thermo ScientificTKaios G3 microscope equipped with a Gatan
K3 direct electron camera and BioQuantum energgrfislit width 20 eV) or Falcon 4 with
Selectris X energy filter (slit width 10 eV). Ddtabf data collection parameters are listed in &abl

S1 and S2.

CryoEM data processing

The data processing was performed using RELIONLjv3 and cryoSPARC (v3Y. The
micrograph movies were gain normalized and motmmexted with MotionCor2 (v1.4.0¥.
Contrast transfer function (CTF) was estimatedg€itfFind4 (v4.1.14). In the first two dataset
(Table S1), three different sized shells{(9, T = 4 andT = 3) were observed on the raw

micrographs and processed independently. The triatign number (T) is the number of quasi-

15
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similar subunits per icosahedral asymmetric unihwbssible value of T, and Q is an elongation

number to describe the prolate/oblate icosahedra.

For theT = 9 particles, a subset of particles was pickedually in RELION to generate initial 2D
class averages for auto-picking. Two rounds of B3sification were performed, resulting a final
dataset with 143,769 particles. 2D classificati@hrbt reveal ordered densities within the shefi. A
ab initio model was generated with |11 symmetry in RELION.&Mo refine was carried out with
the initial model reconstructed with 11 symmetryRELION, which resulted in a density map with
a mixed handedness. The resulted refined partigtset was 3D classified into 10 classes,
skipping alignment, which revealed two major classéth opposite handedness. These two classes
of particles were refined separately with per-pdatCTF refinement and polishing. To combine the
two classes, particles with opposite handedness imeerted by changing the refined Euler angle
in RELION star file (phi and tilt). The two half ppa were reconstructed using relion_reconstruct,
with CTF and Eward sphere correction. The final bovad density maps were masked, and B-
factor sharpened (-47.66, automatically determimeBELION) with relion_postprocess, which
resulted in a final map at 1.86 A resolution (&R and Table S1). Symmetry expansion and
focused classification was carried out, which ditl reveal alternative CsoS2 conformations

binding to the shell proteins.

The small shellsT{= 4 andT = 3) were processed in a similar wayite 9 shell, except in particle
picking step. A small number of small shell padgivere manually picked in EMANZ2.3 to train
neural network, which was subsequently used to @igknst the whole dataset. The coordinates of
particles (EMAN2 box files) were imported into Relifor further processing in the same way as
large shell. Similarly, a small portion of partislerere found in opposite handedness after 3d

refinement and classification, which was then atig@ by updating the Euler angles in the Relion

16
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394  star file as above. The final map after per-patTF refinement and polishing is at 2.5 A

395  resolution.

396

397 The rest of datasets (S2-C1/4A-1A, S2-C2/4A-1ACR24A-1A and S2-Cm/4A-1A) were

398  processed in cryoSPARC (v3) Particles were picked by a combination of blatkisig and

399 template-based picking to ensure all the mini-shafl the micrographs are picked; the duplicated
400 particles were removed after 2D classification. 52rC1/4A-1A dataset, several new symmetries
401 were identified, in addition to thHE= 9, T = 4 andT = 3 shells. Initial 2D classification revealed
402  particles with diameter smaller th@r= 9 shell but larger thah = 4 shell. These particles were
403  divided into 4 different classe$ € 7, T=7Q=6,T=4Q=6,T=4Q = 6 class 2) after several
404  rounds of 2D and 3D classification with C1 symmekyrther 3D refinement with icosahedral
405 symmetryT=7),D3T=TQ=6)and D5T=4Q =6 andT =4Q =6 class 2) symmetry were
406 performed to obtain the final density map, respetti The other three datasets were processed
407  similarly with icosahedral symmetry applied durBig classification and refinement. Data

408 collection and classification results are summalrireTable S2.

409

410 Modd building and refinement

411 Initial models were obtained from crystal structuoé hexamer (PDB 2EWH) and pentamer (PDB
412  2RCF). For thél = 9 shell, the CsoS2 was traced manually intal#resity map in Coot (v0.8.9.2).
413 At 1.86 A resolution, the side chains of CsoS2mamnambiguously placed (fig. S7c). One

414  asymmetric unit of the icosahedral shell with addil surrounding subunits were further refined
415  in Phenix.refine®. Water molecules were placed into density manu@lhe final icosahedral

416 models were reconstructed in Chimera with symmeatrgmand with 11 symmetry. Details of

417 model geometry statistics are listed in Supplenmgritable S1. Model alignment and comparison
418  were performed in Chimera (v1.1%) Figures were rendered in Chimera (v1.P5ChimeraX

419  (v1.5)*" and Pymol (PyMOL Molecular Graphics System, Varstd Schrédinger, LLC).

17
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420

421  Bioinformatics and structural prediction

422  Protein sequences assigned CsoS2, CsoS1A, and £s@8d blasted against tiNCBI database
423 of non-redundant protein sequencé&dotal of 395 sequences for CsoS2, 990 sequdnces

424  CsoS1A, and 970 sequences for CsoS4A were seleotkdligned usinglustal Omega®. The

425  resulting multiple sequence alignment files weredusedetermine conservation, visualised with
426  WebLogo 3. Phylogenetic tree was built using IQ-TREE welveet and visualized using iTOL
427  6.4.3%. The structures of the CsoS2 N-terminus (1-260)diridegion (261-604), and C-terminus
428  (605-869) were predicted by AlphaFoltf2accessed via ColabFdit

429
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Figure 1 | Design and overall cryoEM structure of a-carboxysome mini-shells. (a)
Schematics of a-carboxysome cso operon. (b) Schematics of two mini-shell constructs used
to assemble shells. (c) Distribution of shell forms assembled with mini-shell construct 1
(gray, total 177,237 mini-shells) and mini-shell construct 2 (black, total 137,690 mini-shells).
(d) CryoEM structures of three different shell forms with icosahedral symmetry of T=9, T =
4 and T = 3, at the resolution of 1.86 A, 2.67 A, and 2.79 A, respectively. The diameter of
shells are indicated. Shell components are coloured in purple (CsoS4A pentamer),
blue/green (quasi-equivalent CsoS1A hexamer) and red (CsoS2) which is only present in
the T =9 shell.
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Figure 2 | Structurally conserved shell proteins with plastic assembly interfaces. (a) The
overall organization T = 9 shell, with assembly interfaces 1 to 4 between capsomeres labelled.
Interfaces 3 and 4 are unique to T = 9. (b-c) Overlay of interface 1 (b) and interface 2 (c) from
T =9 (blue), T =4 (green) and T = 3 (orange) shells, viewed from top (left) and side (right). (d)
Overlay of interfaces 2 (orange), 3 (blue) and 4 (green) from T = 9 shell only, aligned to the
shared hexamer. There is a ~40 ° difference in curvature. (e) Details of interacting residues in
the dimer interfaces 2, 3 and 4 in the T = 9 shell (dashed box in d). The hydrogen bond
network is labelled with red dashed line.
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Figure 3 | CsoS2 binds to the shell through multivalent interactions with shell proteins and
highly conserved interfaces via novel [IV]TG repeats. (a) The domain arrangement of CsoS2.
The N-terminal, Middle and C-terminal domains are colored in pink, green and red, respectively.
Three dashed boxes indicate the structured fragments resolved in T = 9 shell. (b) CryoEM
densities of F1-F3 with atomic models. (c) CsoS2 interactions with shell components, viewed
from inside. Three structured fragments in the C-terminal domain, F1, F2 and F3, are identified
and labelled. (d-f) Interaction interfaces between CsoS2 F1(d), F2 (e) and F3 (f) fragments with
shell components, CsoS1A (blue/green) and CsoS4A (purple). (g) Alignment of CsoS2-CsoS1A
interacting motifs, showing the CsoS2 [IV]TG motif (green) in contact with CsoS1A His79. (h)
Consensus sequences of CsoS2 C-terminal F1, F2 and F3 fragments from 100 Cso0S2
sequences, plotted with Weblog. Asterisks indicate the conserved repeating [IV]TG motif
present in each fragment.
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Figure 4 | CsoS2 C-terminal fragments interacts with shell proteins. (a) Schematic of four CsoS2
constructs. (b) Quantification of shell assembly from different CsoS2 constructs. The ratios of
assembled shell and free shell proteins are quantified from western blot experiments (n = 3, see
also fig. S9). 4A-1A denotes the CsoS4A-CsoS1A mini-shell. (c) Gallery of different shells
formed in these constructs with hexamer in blue and pentamer in magenta. (d) Distribution of
different shells in the four CsoS2 constructs as calculated from cryo-EM analysis; the number of
particles for each shell is indicated in the Supplementary Table 1 and 2. (e) A schematic model of
Cso0S2 interacting with shell proteins and Rubisco using the C-terminal domain and N-terminal
domain, respectively. Enlarged view shows the interactions of each fragment in CsoS2 C-
terminal domain , F1, F2 and F3, with shell capsomers in the assembly.
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