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Carboxysomes are a family of bacterial microcompartments (BMCs) present in all cyanobacteria and
some proteobacteria, which encapsulate the primary CO:-fixing enzyme, Rubisco, within a virus-like
polyhedral protein shell. Carboxysomes provide significantly elevated levels of CO; around Rubisco to
maximize carboxylation and reduce wasteful photorespiration, thus functioning as the central CO:-
fixation organelle of bacterial CO:-concentration mechanisms. Their intriguing architectural features
allow carboxysomes to make a vast contribution to carbon assimilation on a global scale. In this review,
we discuss recent research progress that provides new insights into the mechanisms of how
carboxysomes are assembled and functionally maintained in bacteria and recent advances in synthetic
biology to repurpose the metabolic module in diverse applications.
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All life in the biosphere is based on carbon. It plays pivotal roles in regulating the atmospheric temperature,
sustaining our food supply, and providing a major source of energy for our global economy. Much evidence
has indicated that the imbalanced global carbon cycle caused by human activities has a drastic impact on the
climate and ecosystems.

Autotrophs make significant contributions to the carbon cycle by fixing CO, to produce biomass. To
date, six natural pathways for converting atmospheric CO; to organic matter have been identified in autotrophs
(Box 1) [1], among which the Calvin-Benson-Bassham (CBB) cycle is the dominant CO»-fixation pathway,
accounting for ~95% of the carbon fixed on Earth [2]. The CBB cycle, employed by plants, algae,
cyanobacteria, and proteobacteria, utilizes the CO,-fixing enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco). Despite the biological significance and abundance on a global scale [3],
Rubisco is surprisingly an inefficient enzyme, and the catalytical reactions of Rubisco are essentially the
limiting steps in photosynthetic CO- fixation. This is because of its slow catalytic rate and poor capability in
discriminating between the competing substrates, CO, and O» (Box 1). The fixation of O, in photoautotrophs
leads to a process termed photorespiration, which wastes energy and decreases sugar synthesis. To overcome
the inherent limitations of Rubisco, many organisms, including cyanobacteria, algae, and C4 plants, have
evolved COs-concentrating mechanisms (CCM) for elevating the CO, level near Rubisco in cells to maximize
carboxylation and competitively inhibit oxygenation [4].

Bacterial CO;-concentrating mechanisms

The cyanobacterial CCM system is typically composed of three bicarbonate transporters (BicA, SbtA, BCT1)
in the plasma membrane, two CO,-uptake complexes (NDH-I3, NDH-14) in thylakoid membranes, as well as
the CO,-fixing organelles distributed in the cytoplasm, known as the carboxysomes (Fig. 1) [5]. The
bicarbonate transporters pump external HCO;™ into the cell and CO»-uptake complexes convert intracellular
CO; to HCOs3™ that is less membrane permeable than CO», collectively generating an accumulated HCO3™ pool
in the cytosol and reducing carbon loss from the cell. Carboxysomes are a group of bacterial
microcompartments (BMCs) and function as nanoscale “factories” that sequester Rubisco from the cytoplasm
where oxygen is massively produced via the light reactions of photosynthesis [6]. The accumulated HCO;™ in
the cytoplasm then enters the carboxysome and is converted back to CO, by carboxysomal carbonic anhydrase
(CA) in close proximity to Rubisco. The resulting high levels of CO, within the carboxysome maximizes
Rubisco carboxylation and reduces photorespiration, therefore increasing overall CO; fixation (Fig. 1) [7]. The
produced three-carbon sugar 3-phosphoglyceric acid (3-PGA) diffuses outward into the cytoplasm and is
utilized in the regeneration of ribulose-1,5-bisphosphate (RuBP) and synthesis of biomolecules. The full
establishment of a functional CCM system with the physiological coordination of carboxysomes, bicarbonate
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transporters, and CO-uptake complexes enables bacterial cells to adapt to diverse CO,-limited aquatic habitats,
such as freshwater, marine, and alkaline lakes [8].

Box 1. Natural CO; fixation pathways and Rubisco

To date, six CO; fixation pathways employed in nature have been discovered, including the Calvin-Benson-
Bassham cycle (CBB cycle), the reductive tricarboxylic acid (TCA) cycle, the 3-hydroxypropionate cycle,
the reductive acetyl-CoA pathway (Wood-Ljungdahl pathway), the 3-hydroxypropionate-4-
hydroxybutyrate cycle, and the dicarboxylate/4-hydroxybutyrate cycle. The dominant CO,-fixation
pathway is the CBB cycle, which utilizes the CO»-fixing enzyme, ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco). Almost all carbon in the food we consume is derived from Rubisco’s
activity.

Rubisco can be classified into three evolutionary lineages, form I, II, and III [112]. The most
abundant is form I Rubisco, a hetero-hexadecameric complex consisting of eight large and eight small
subunits (LgSs), denoted as CbbLsSs in a-carboxysomes or RbcLsSs in f-carboxysomes. The functional
Rubisco forms a cylinder-like shape, with a diameter of ~110 A and a height of 100 A (Fig. 2). The core
of Rubisco consists of a tetramer of antiparallel dimers of the large subunit (Lg), capped by 4 small subunits
at the top and 4 at the bottom [49]. Each RbcL dimer contains two catalytic sites. RbcS does not play a
direct role in catalysis, but it may be necessary to stabilize the active sites of Rubisco and regulate Rubisco
activities [113]. Recently, a new clade of form I Rubisco has been identified, which forms an octamer as a
functional unit in the absence of RbeS [114].
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Figure I. Catalytic reactions of Rubisco: carboxylation and oxygenation. Regardless of its essential role in carbon
fixation, Rubisco is a slow enzyme and its active site has a poor capacity of distinguishing its competing substrates:
COz and Oz, which are similar in size and electrostatic potential. Binding with CO2 promotes the carboxylase activity
of Rubisco to convert ribulose-1,5-bisphosphate (RuBP) and CO; into two molecules of the three-carbon sugar 3-
phosphoglyceric acid (3-PGA) in the CBB cycle. Binding of Oz to Rubisco drives the oxygenase activity of Rubisco,
which produces 3-PGA and 2-phosphoglycolate (2-PG). Photorespiration converts 2-PG to 3-PGA, in which the rate
of 3-PGA production is reduced and more energy is consumed compared with RuBP carboxylation. Thus, this process
has been assumed to be a “wasteful” process.

Recent studies have advanced our understanding of the structures and functional mechanisms of the
CCM components metabolically coupled with carboxysomes. Structural analysis of BicA revealed that this
low-affinity HCO;™ transporter comprises an N-terminal transmembrane (TM) domain (BicA™), containing
14 TM helices that form the “7+7” fold inverted-topology repeats with a putative HCO; /Na —binding pocket,
and a C-terminal Sulphate Transporter and Anti-Sigma factor antagonist (STAS) domain (BicAS™%) composed
of 5 B-strands and 5 a-helices [9]. The functional BicA forms a dimeric structure, mediated by dimerization of
BicAS™S domains [9]. The high-affinity HCOs transporter, SbtA, forms interactions with its regulatory
protein SbtB [10]. Recent cryo-electron microscopy (cryo-EM) structures of the SbtA—SbtB complex showed
that SbtA forms a functional trimer with HCO; /Na" binding sites; binding of the SbtB T-loop to the core and
scaffold domains of SbtA induces the allosteric inhibition of SbtA [11]. Both BicA and SbtA undergo HCO;™
transport via an “elevator mechanism”, which involves the movement of the transport domain containing the
substrate-binding sites to slide up and down the scaffold domain between an inward-facing state and an

2



outward-facing state [9,11]. The cyanobacterial CO,-converting complex NDH-I; consists of a CO»-uptake
CupA/S module on the cytoplasmic side and functions as a primarily directional CA in CO, conversion [12].
A putative CO; channel spanning the TM subunit NdhF3 to the Zn**-binding site of CupA was proposed to
allow CO; transport from the luminal side across the thylakoid membrane to the CupA CO»-hydration site.
Moreover, new inorganic carbon uptake systems, namely DabA1/DabA2/DabB1/DabB2, have been identified
in diverse prokaryotes including carbon-fixing chemolithoautotrophs and achaea, but appear to be absent from
cyanobacteria [13-15].
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Fig. 1. Schematic models of effective cyanobacterial CO:-concentrating mechanisms and the carbon fixation
pathway in the carboxysome. (A) The cyanobacterial CCM consists of three bicarbonate transporters BicA, SbtA, and
BCT1 in the plasma membrane, the COz2-uptake complex NDH-1MS in thylakoid membranes, and carboxysomes in the
cytoplasm. NDH-1MS contains an inducible form (NDH-I5) and a constitutive form (NDH-14). The bicarbonate ion is
accumulated within the cell by active bicarbonate transporters and NDH-1MS. Carboxysomes encapsulate the primary
CO»-fixing enzyme Rubisco and carbonic anhydrase (CA) within a semi-permeable icosahedral protein shell. The
accumulated bicarbonate passes across the protein shell and is converted to COz by CA to foster Rubisco CO: fixation, a
key reaction in the Calvin-Benson-Bassham (CBB) cycle. (B) The carboxysome shell serves as a physical barrier for
controlling the flux of specific metabolites in and out of the carboxysome. The shell permits the passage of cytosolic
HCOs™ and ribulose-1,5-bisphosphate (RuBP) into the carboxysome. The shell may also function as a barrier to O2 and
COg, precluding O: influx and leakage of CO: from the carboxysomal lumen to the cytoplasm. CA in the carboxysome
dehydrates HCOs™ to CO2 and provides high levels of CO2 near Rubisco, maximizing the carboxylation of RuBP, a process
that adds COz to generate 3-phosphoglycerate (3-PGA). 3-PGA is then transported across the shell and is metabolized via
the CBB cycle.

Carboxysomes — the CO.-fixing bacterial microcompartments

Organelle formation and compartmentalization provide the structural basis for the physiological optimization
and regulation of metabolic functions and efficiency in cells [16-18]. Over the past decade, numerous studies
have characterized the specific organelles widespread in the bacterial kingdom, BMCs, which play important
roles in CO; fixation, pathogenesis, and microbial ecology [6,19-22]. BMCs are membrane-free organelles
composed purely of proteins and form a polyhedral structure with a diameter ranging from tens to hundreds of
nanometers. The BMC consists of a virus-like shell, which is constructed by hundreds of shell proteins in the
forms of hexamers (BMC-H), trimers (BMC-T), and pentamers (BMC-P) (Box 2, see recent reviews [23,24]),
and an encapsulated enzymatic core that catalyzes a series of metabolic reactions (Fig. 2A, 2B). According to
the distinct enzymes encapsulated and their functions, BMCs can be categorized into anabolic BMCs
(carboxysomes) and catabolic BMCs (metabolosomes) (Box 2) [25,26].

Carboxysomes are anabolic BMCs responsible for CO; fixation in all identified cyanobacteria, many
chemoautotrophs, and some purple photoautotrophs. Carboxysomes can be categorized into a-carboxysomes
and B-carboxysomes, differing in the phylogenetic subclasses of Rubisco enclosed (Box 1) and their protein
composition [27]. The a-carboxysomes possess form IA Rubisco and are found in some anoxygenic
phototrophs and a wide range of a-cyanobacteria, including marine a-cyanobacteria that dominate oceanic
ecosystems. The B-carboxysomes encapsulate plant-like form IB Rubisco and exist in a variety of [-
cyanobacteria that live in diverse habitats with fluctuating environmental conditions, including freshwater 3-



cyanobacteria, such as the model organisms Synechococcus elongatus PCC 7942 (Synechococcus 7942) and
Synechocystis sp. PCC 6803 as well as some filamentous and bloom-forming genera.
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Fig. 2. The structure, composition, and modularity of the carboxysome. (A) A schematic model of the carboxysome
structure, based on a confined icosahedral symmetry. (B) Protein components and structures of the carboxysomes. The
carboxysome shell is composed of hexamers (BMC-H), trimers (BMC-T), and pentamers (BMC-P). The BMC-H proteins
form hexagonal disks and tile the major area of the shell facets. The BMC-P proteins cap the vertices of fully assembled
shells to confine the polyhedral geometry of the carboxysome. The BMC-T proteins form trimeric pseudo-hexamers,
appearing as hexamers, which make up a smaller fraction of the shells. The interior enzymes within the carboxysome are
Rubisco and CA. (C) The genomic organizations of gene loci expressing carboxysome proteins, ancillary factors, and
CCM-related components, including cargo enzymes (green and teal), structural shell proteins (yellow, brown, red, purple),
ancillary proteins (blue, peach), bicarbonate transporters and CO:-uptake complexes (grey). The genetic loci of
Halothiobacillus neapolitanus and Synechococcus 7942 are selected as representative loci of a- and B-carboxysomes,
respectively.

Box 2. Diverse BMC families

BMCs can be categorized into anabolic and catabolic BMCs, based on their encapsulated enzymes and
metabolic functions. The first-discovered BMCs are the carboxysomes, which are anabolic BMCs
responsible for CO, fixation. Catabolic BMCs, also called metabolosomes, degrade diverse carbon
substrates in heterotrophs. To date, experimentally characterized metabolosomes include propanediol
utilization (PDU), ethanolamine utilization (EUT), glycyl radical enzyme-associated microcompartments
(GRM), choline utilization (GRM?2), fucose and rhamnose utilization (GRMS5 and PVM), and 1-amino-2-
propanol utilization (RMM) metabolosomes.

The BMC shell is built by hundreds of homologous shell proteins that belong to three main protein
paralogs in the forms of hexamers (BMC-H), trimers (BMC-T), and pentamers (BMC-P). The BMC-H
protein polypeptides assemble to form hexagonal disks and tile the majority of shell facets. The BMC-T
proteins contain two tandem BMC-H domains and form trimeric pseudo-hexamers, appearing as hexamers,
which make up a smaller fraction of the shells. The BMC-P proteins cap the vertices of the shell to maintain
the polyhedral geometry of the whole BMC architecture [115,116]. In the last 15 years, large numbers of
BMC proteins have been structurally and functionally characterized. An online MCPdb database has been
recently developed to collect and view the structures of various BMC proteins [117]. Despite the
architectural similarity, there is no bioinformatic or structural evidence in support of any evolutionary
relationship between BMC shells and virus capsids [118].

The current models of BMC structures are largely based on a confined icosahedral symmetry,
which is corroborated by the structures of recombinant mini-shells that are 20-40 nm in diameter [72,119].
However, increasing evidence has indicated the structural variability and plasticity of native BMCs
[25,34,35,43], suggesting the adaptive nature of BMC structures and functions to cope with specific
environmental niches.




Why the two subgroups of carboxysomes exist in different bacterial organisms that live in ecologically
distinctive niches is still not fully understood (for details see reviews [27-29]). Increasing evidence has
delineated the independent evolution of a-carboxysomes and f-carboxysomes [30]. Analysis of the BMC
phylogeny, organizational composition, and assembly pathways have proposed that the a-carboxysomes of a-
cyanobacteria and chemoautotrophs share a common ancestry and were likely originated from proteobacteria
through horizontal gene transfer [31]. It has been hypothesized that the a-carboxysomes were evolved by
invasion of another form of BMC possessing specific recruitment mechanisms, which triggered encapsulation
of Rubisco and CA into the heterologous BMC shell [27]. This hypothesis was supported by the fact that some
bacterial species contain both the Rubisco genes and BMC operons. In contrast, based on phylogenetic analysis
of the sequences of BMC-P shell proteins, B-carboxysomes appear to have more closed evolutionary
relationships to metabolosomes than to a-carboxysomes [29]. Despite the evolutionary divergence, the
extraordinary genetic and structural features of carboxysomes lay the foundation for their functions in carbon
assimilation and regulation [32], providing prokaryotes with a competitive growth advantage in natural
habitats with varying temperatures, external pH, photo fluxes, inorganic carbon and water availability [6,27].

Gene organization and protein composition

The genetic composition and organization of carboxysomes vary among bacterial species (Fig. 2C). Typically,
the a-carboxysomes are composed of 8-11 polypeptides. The genes encoding a-carboxysome proteins are
mainly clustered in a single cso operon, including chbL/S encoding Rubisco large/small subunits, csoSCA that
encodes CA, as well as shell and shell-associated proteins (cs0S2A4/B, csoS4A4/B, csoS1A4/B/C/D/E). The cbbQ
and c¢bbO genes that encode Rubisco activases (Rca) are close to the cso operon. In contrast, the genes that
encode B-carboxysome proteins are clustered in several genomic locations. For example, the ccm operon of
Synechococcus 7942 involves rbcL/S encoding Rubisco large/small subunits and ccmK2/L/M/N/O encoding
shell proteins. It is worth noting that association of rbcLS and ccmO with the ccmKLMN locus occurs in only
60% of cyanobacteria [33]. Other carboxysome-related genes located outside the ccm operon include ccad
(encoding CA), ccmK3/K4 (encoding minor shell proteins), as well as rbcX and raf1 that encode Rubisco
chaperones. These carboxysome-related operons are nested within conserved gene clusters, termed superloci,
which typically encode CCM-related components, such as bicarbonate transporters and other proteins ancillary
to carboxysome assembly and function (Fig. 2C). The dispersal of carboxysome genes in the genome
presumably provides a means for independent regulation and increasing the plasticity of their expression in
response to environmental changes.

The stoichiometric composition is key for the proper assembly and structures of BMCs in both native
and recombinant forms [34]. Recently, the protein stoichiometry of native p-carboxysomes from
Synechococcus 7942 has been examined using single-molecule fluorescence microscopy [35]. Rubisco is a
highly abundant component of the f-carboxysome, with ~850 copies per B-carboxysome in cells grown under
moderate light, forming a densely packed Rubisco core within the polyhedral organelle [36]. CcmM, a linker
protein that binds Rubisco to shell proteins via interacting with the recruitment protein CcmN [37,38], has
~700 copies per B-carboxysome. The shell hexamers CcmK2/K3/K4 have ~1100 copies in total [39,40].
CcmK3, CcmK4, CemL, CemN, CcaA, and RbcX are minor components in the B-carboxysome [35]. Given
the notion that BMCs possess a typical icosahedral shape, there should be 12 BMC-P proteins confining the
vertices of a fully assembled shell. However, it has been revealed that the copy numbers of CcmL per -
carboxysome vary depending on environmental conditions [35]. The vertices without pentamer capping have
also been seen in engineered BMC shells [41,42]. This dynamic vertex organization of P-carboxysomes
provides a possible structural mechanism for regulating shell permeability. The gene encoding the BMC-T
protein CcmP is distant from the ccmKLMN locus. The abundance of CcmP has not been determined by single-
molecule fluorescence imaging and mass spectrometry [35,36]. How CcmP proteins are organized in the -
carboxysome structure and whether it has similar dynamic behavior as its BMC-T structural ortholog in other
BMC:s [43] to serve as the potential modulators of shell permeability are unclear.

Current knowledge of the protein stoichiometric composition of a-carboxysomes, prevalent in oceanic
cyanobacteria and autotrophic proteobacteria, is based on protein electrophoresis profiles, the size and
geometry of a-carboxysomes, and low-resolution cryo-electron microscopy [44-47]. The a-carboxysomes in
the chemoautotroph Halothiobacillus (H.) neapolitanus encapsulate up to 270 copies of Rubisco composed of
CbbL and CbbS. Other major components of a-carboxysomes involve the CsoS1 shell protein paralogs and
the linker protein CsoS2. The H. neapolitanus a-carboxysome contains 585 CsoS1 paralogs and 329 CsoS2
proteins; the a-carboxysome from the marine a-cyanobacterium Prochlorococcus marinus MED4 comprises
538 CsoS1 paralogs and 163 CsoS2 proteins [45,47]. The BMC-T protein CsoS1D, the structural ortholog of
CcmP in B-carboxysomes, appears as a minor shell component (12 copies) in the a-carboxysome, with similar
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content as the BMC-P proteins CsoS4. The precise stoichiometry of individual a-carboxysome components
remains to be further evaluated, for example by exploiting quantitative mass spectrometry.

Rubisco — the key CO»-fixation enzyme within the carboxysome

Rubisco assembly. The assembly of the major cargo Rubisco (Box 1) is fundamental for the construction of
the overall carboxysome architecture [48]. Rubisco assembly represents a paradigm of chaperone-assisted
processes. Folding of newly-synthesized RbcL requires chaperonin proteins GroEL and GroES [49], and the
following assembly of folded RbcL monomers into oligomers is triggered by binding with the chaperones,
Rubisco assembly factor 1 (Rafl) and RbcX. In Synechococcus 7942, Rafl mediates the formation of the RbcL.
dimer and RbcL dimer-dimer interactions, thus critical for the assembly of Rubisco holoenzymes [48]. The
Arafl mutant showed a reduction in Rubisco content and impaired formation of canonical carboxysomes.
Consequently, a few small carboxysome-like structures with disordered Rubisco packing and many Rubisco-
containing assemblies in the absence of shell proteins were observed, indicating the involvement of Rafl in
Rubisco assembly and carboxysome biogenesis [48]. In contrast, carboxysomes in the RbcX-deficient
Synechococcus 7942 strain exhibited an increased size and reduced copy numbers per cell [50]. Collectively,
these results suggested that Rafl may function in an antagonistic way with RbcX in Rubisco assembly in
Synechococcus 7942.

Rubisco activation. While Rubisco catalyzes the carboxylation or oxygenation of RuBP, early binding of
RuBP at the active sites could result in inactive Rubisco. The Rubisco activase (Rca) has evolved to remove
inhibitors from Rubisco active sites to restore its activity, a process that is driven by ATP hydrolysis. The
genes encoding the Rca, such as CbbX [51] and CbbQO, are present in a-carboxysome superloci. CbbQ and
CbbO form a hetero-oligomeric complex that docks on the C-terminus of the Rubisco large subunit CbbL [52].
In the formed complex, CbbQ functions as a motor and exists as a hexameric ring with the AAA+ ATPase
domains; CbbO acts as an adapter to bridge CbbQ and inactive Rubisco through interactions with its von
Willebrand factor A domain [52-54]. It has been shown that both CbbQ and CbbO are incorporated within the
native and engineered a-carboxysomes as the structural components [53,55]. Their function in activation of
Rubisco and the strong association of CbbQ with the a-carboxysome shell [53] lead to the assumption that
CbbQ and CbbO associate with the inner surface of the a-carboxysome shell and the cargo Rubisco. How
CbbQO conduct their roles and dynamically interact with Rubisco within the a-carboxysome remains unclear.
For the form IB Rubisco from many B-cyanobacteria, the Rca-like protein was revealed to have dual functions
[56]. It is positioned on the Rubisco catalytic site for metabolic repair and pulls the N-terminal tail of RbcL
into the central pore of the hexameric Rca-like protein. The specific interactions with Rubisco may lead to
recruitment of the Rca-like protein to the B-carboxysome structure. It was further suggested that the -
cyanobacterial Rca-like protein, with a C-terminal small-subunit-like (SSUL) domain, might be incorporated
in B-carboxysomes and mediate Rubisco condensation, following a similar way as CcmM does. However, it
does not function as a canonical Rca to activate Rubisco [57].

Rubisco nucleation. Rubisco enzymes are densely packed to form the core of the carboxysome, mediated by
specific linker proteins that bear structurally disordered domains. It is now apparent that Rubisco nucleation is
essential in mediating carboxysome assembly and structure. For the B-carboxysomes, nucleation of Rubisco is
driven by CcmM that binds with another linker protein, CcmN [38,58-61]. CcmM comprises an N-terminal
CA domain and 3-5 Rubisco SSUL domains, connected by flexible linkers. The SSUL modules link the
Rubisco holoenzyme through multivalent interactions with the interface between two RbcL dimers, without
replacing RbcS [60,61]. The SSUL-mediated Rubisco packaging results in formation of a Rubisco condensate
via liquid-liquid phase separation [61]. For the a-carboxysomes, the intrinsically disordered protein CsoS2
functions as the linker protein to bind Rubisco and shell proteins [62,63]. The N-terminal motif of CsoS2 forms
multivalent interactions with Rubisco, over the similar regions where CcmM binds, inducing phase separation
eventually into a liquid-like Rubisco condensate [64].

Carbonic anhydrase for bicarbonate conversion

The bicarbonate transporters and CO,-uptake complexes ensure accumulation of high levels of HCOs™ within
the cyanobacterial cytoplasm, which drives HCO;™ diffusion into the carboxysome. Hence, minimal CA
activity in the cytoplasm and encapsulation of CA near Rubisco within the carboxysome are required.
Expressing exogenous CA in the cytoplasm impedes CCM function and results in cyanobacterial cell growth
only under high CO; [65]. Within the carboxysome, CA catalyzes the conversion of HCO;™ to CO,, resulting
in accumulation of CO; around Rubisco to enhance carboxylation (Fig. 3). The a-carboxysomes contain a
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dimeric f-CA, namely CsoSCA (Fig. 2) [66]. However, CsoSCA differs from canonical B-CA, because it lacks
significant sequence similarity to B-CA and a pair of active sites that a typical f-CA has. Each CsoSCA consists
of an N-terminal domain presumably responsible for protein-protein interactions, a catalytic domain, and a C-
terminal domain. CsoSCA likely associates with the inner surface of the shell, and it can be incorporated into
empty a-carboxysome shells but is not required for shell formation [62]. In B-carboxysomes, the role of B-CA
is fulfilled by two proteins, CcaA and CcmM. CcaA possesses a hexameric (trimer-of-dimers) organization
and is likely encased within the f-carboxysomes through interactions with CcmM [67]. The cyanobacterial
cells without CcaA required high CO; levels to grow, demonstrating the role of B-CA in CO, fixation [68].
Interestingly, the ccad gene is only present in two-thirds of reported -cyanobacterial genomes. In a subset of
species that lack ccaAd, the CA function could be replaced by CcmM, whose N-terminal domain serves as an
active y-CA [69]. Therefore, CcmM has dual functions in mediating f-carboxysome formation and performing
the CA activity.

(B) Concave Convex

external internal

Fig. 3. Selective permeability of carboxysome shell proteins. (A) The central pores of shell proteins are proposed to
mediate the permeability of metabolites to pass inward and outward across the shell. The pores possess positive
electrostatic surface potentials (blue), enabling transport of negatively charged HCOs™ rather than uncharged molecules
CO2 and Oz. The negatively charged surface area of shell proteins is shown in red. (B) A cross-section representation
illustrates the transport of Rubisco substrates and products through the pore of a carboxysome shell protein.

Shell organization and permeability

The substrates, products, and enzymatic cofactors involved in the encapsulated catalytic pathways should pass
inward and outward across the BMC shell. Both a-carboxysomes and B-carboxysomes possess a single-layer
protein shell, as evident by electron microscopic observations [36,70,71]. The single-layer shell organization
is further supported by recent studies on recombinant BMC shells and shell protein assemblies [43,72-74]. The
carboxysome shell was speculated to function as a semi-permeable barrier to mediate transport of Rubisco’s
substrates and products, reduce CO, leakage into the cytosol and exclude the competing substrate O, (Fig. 1)
[75]. This feature allows the generation of a specific microenvironment within the carboxysome to favor
Rubisco carboxylation and alleviate oxygenation. Impairing shell formation could render cells incapable of
CO; fixation in ambient air and cell growth requires high CO; levels. The CO»-enriched environment within
the carboxysome has been utilized in the repurposed nanoreactor based on the a-carboxysome shell to promote
the catalytic activities of oxygen-sensitive hydrogenases for hydrogen production [62].

How the shell structure governs its selective permeability remains obscure. All shell proteins bear a
central pore with distinctive electrostatic properties on the concave and convex sides. Structural analysis of
the recombinant shell assemblies revealed that shell proteins display the same orientation in shell facets, with
their concave side facing outward [72,73]. Since shell proteins are closely packed in the shell facets, the central
pores of shell proteins are presumed to provide portals for metabolite transport in and out of BMCs (Fig. 3)
[76-79]. Recent computational simulations have suggested that the positively charged pores of shell hexamers
(CcmK2 and CemK4 in B-carboxysomes, CsoS1A in a-carboxysomes) allow diffusion of negatively charged
HCOs™ rather than uncharged CO, and O, [76,80]. Mutation on the key pore residues could affect
carboxysomal CO» fixation and cell growth [76]. However, the pores of these major shell proteins are relatively
small for the passage of large metabolites RuBP and 3-PGA. A conformational change of the pore occurs when
binding with 3-PGA [76]. An alternative channel for large negatively charged metabolites to pass across the
shell could be the pores of the BMC-T proteins, which are larger than those of the BMC-H and BMC-P proteins
[81,82]. The stacked conformations of the pB-carboxysomal CcmP and the a-carboxysomal CsoS1D were
proposed to enable molecular transport following an “airlock” mechanism [24,81,83].



Despite a polyhedral organization composed of shell facets and vertices, the carboxysome shell
possesses a marked degree of structural flexibility, which may provide a means for modulating shell
permeability [25,78]. It was reported that CcmK3 and CemK4 could form hetero-hexamers in a pH-dependent
manner, likely leading to the opening and closure of the -carboxysome shell [84,85]. Likewise, dynamic
protein assembly and “capping” of shell proteins, as observed in the recombinant shell facets and mini-shells,
represent other possible mechanisms for tuning shell permeability [42,73,74,84]. The carboxysome shell has
also been suggested to be permeable to protons and reducing agents, to allow similar pH conditions in the
carboxysome and the cytoplasm [86] and generation of an oxidizing internal environment [87]. Protons and
the redox environment within the carboxysomes appear essential for Rubisco condensation, dehydration of
HCOs, CA activity and carboxysome function [69,88].

Carboxysome biogenesis and positioning

Carboxysome biogenesis, structure, and function are actively regulated by the metabolism of their native hosts.
The biogenesis pathways of a- and B-carboxysomes likely differ (Fig. 4). Recent studies documented that de
novo assembly of B-carboxysomes exploits the “inside-out” model [87,89]. Rubisco enzymes first condense,
mediated by CcmM, to form a liquid-like Rubisco core [60,61]. The recruitment protein CcmN interacts with
CcmM by its N-terminus and shell proteins through its C-terminal peptide [38], inducing encapsulation of
shell proteins surrounding the Rubisco matrix and eventually formation of an intact -carboxysome. For the
a-carboxysomes, it has been shown that Rubisco condensation is driven by CsoS2, which forms multivalent
interactions with Rubisco on its N-terminus and binds shell proteins on its C-terminus [62-64]. Electron
microscopy has visualized “partial” carboxysome structures, with varying amounts of Rubisco proteins
surrounded incompletely by shell proteins [70,90] and native-like empty shells reconstructed in Escherichia
coli (E. coli) [62], implying that Rubisco core assembly and shell encapsulation in a-carboxysome biogenesis
may exploit a simultaneous and/or independent manner [6].

(A) a-carboxysome
L% Shell formation
{Concomitant == Core nucleation &

assembly Xﬁ% Shell recruit

CsoS2
Iinker\\ m/ Rubisco Rubisco
condensate
aggregation
Rubisco / m, g

CcmM

Core-first
assembly [ T5:8 ‘“
300 GE@- \
88 — ' GEES- >—— % ),
QREBE S

Core nucleation Shell recruitment

(B) B-carboxysome

Fig. 4. Assembly pathways of carboxysomes. Rubisco binds specific linker proteins that are intrinsically disordered to
facilitate carboxysome cargo assembly and formation of liquid-like Rubisco condensates, through a process termed liquid-
liquid phase separation. The assembly of a- and B-carboxysomes is proposed to utilize different pathways. (A) o-
carboxysomes undertake “concomitant” assembly, in which the shell assembles concurrently with aggregation of Rubisco.
(B) B-carboxysomes employ “core-first” (or inside-out) assembly, in which Rubisco nucleation results in the formation
of a densely packed enzyme core, followed by shell recruitment and encapsulation, to generate a complete carboxysome
structure.

Spatial positioning of carboxysomes in cells is crucial for cell metabolism and growth in specific
environments. B-carboxysomes exhibit a linear arrangement and even distribution in cyanobacterial cells,
which is key for retaining carboxysome function and inheritance during cell division [91]. The specific
subcellular localization of carboxysomes is determined by McdA and McdB proteins that are functionally
similar to bacterial DNA partitioning systems [92-94]. When lacking McdAB, the carboxysome structures are
prone to aggregate at the cell poles, where carboxysome biogenesis and degradation take place [89,95]. The
McdAB systems exist among [-cyanobacteria that possess p-carboxysomes [96]. Recently, a McdAB-like
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system has been identified in chemoautotrophic cells to position a-carboxysomes [97]. Whether similar o-
carboxysome-positioning mechanisms exist in a-cyanobacteria remains unknown. In addition, varying light
conditions during cell growth, including light intensity and light-dark cycles, has been illustrated to modulate
the biosynthesis, structure, and distribution of carboxysomes [35,98-100].

Repurposing carboxysomes for improving carbon fixation and new functions

The intrinsic self-assembly and modular characteristics of carboxysomes and their significance in enhancing
CO; fixation make them a promising engineering objective. To date, great efforts have been made to engineer
a- and B-carboxysome structures in various heterologous organisms. The a-carboxysome-like structures have
been reconstituted in E. coli and a Gram-positive bacterium by expressing the cso operon from H. neapolitanus
[101-103]. Moreover, expressing the multiple operons encoding B-carboxysome proteins has resulted in
formation of B-carboxysome-like structures in E. coli, with detectable Rubisco activity [104].

Other strategies have been exploited in parallel, including producing functional carboxysome structures
with reduced compositions, to unravel BMC assembly principles and inform strategies for repurposing BMCs
in synthetic biology [72]. To simplify the B-carboxysome composition, a single peptide CcmC was synthesized
to replace endogenous CcmM, CcmN, and CcaA in Synechococcus 7942, leading to formation of B-
carboxysome-like structures [105]. By expressing four shell proteins (ccmK1, ccmK2, ccmL, ccmO) from the
cyanobacterium Halothece sp. PCC 7418, B-carboxysome mini-shells with a diameter of 20-25 nm have been
reconstituted in E. coli [106,107]. Expressing six a-carboxysome shell proteins and CsoS2 in E. coli has led
to the production of native-like a-carboxysome shells, which were further utilized as a nanoreactor to enhance
the Ho-production capacities of encapsulated oxygen-sensitive hydrogenases, taking advantage of the O»-
limited internal environment created by the carboxysome shell [62].

The role of carboxysomes in enhancing carbon fixation and the feasibility of engineering carboxysome
structures in heterologous hosts have inspired increasing efforts to introduce carboxysomes into crop plants
for improving photosynthesis and crop yields [4,108,109]. A milestone work was expressing cyanobacterial
form IB Rubisco along with the short-form CcmM to replace endogenous Rubisco in the chloroplasts of the
model crop tobacco [110]. Recent work has made a step forward to produce a-carboxysome-like structures in
tobacco chloroplasts, by expressing form IA Rubisco together with a shell protein CsoS1A and the linker
protein CsoS2 from Cyanobium marinum PCC 7001 [111].

Progress has also been made recently for installing functional CCM pathways in E. coli. Expression of
the genes encoding bacterial CCM components, including the inorganic carbon transporters DabAB and a-
carboxysome proteins, allowed the establishment of a functional CCM network in an E. coli mutant that
requires Rubisco activity for growth [103]. The introduced CCM enables the engineered E. coli strain to grow
mixotrophically at ambient CO; levels. All these studies pave the way for reprogramming the metabolism of
industrially important organisms for enhanced carbon assimilation.

Concluding remarks

Systematic studies on carboxysome biosynthesis, structure, and function offer mechanistic insights into the
building principles and evolutionary diversity of bacterial organelles for CO; fixation and microbial ecology.
Advanced knowledge about the self-assembly and modularity of carboxysomes and the development of
synthetic biology techniques provide a framework for sustainably engineering these carbon fixation factories
or pathways in other organisms, and will foster further biotechnological advances in new contexts, e.g. crop
food production, bioenergy production, and development of new carrier nanomaterials for the delivery of
compounds and drug molecules. Future efforts are expected to decipher the molecular mechanisms and
diversity of carboxysome assembly and functional regulation, and to develop synthetic biology approaches to
promote design and reprogramming of carboxysome-based “factories” for specific applications (Outstanding
questions).

Outstanding questions
e What are the stoichiometric composition and variations of carboxysome proteins in the physiological
context?
e  What are the molecular mechanisms and regulation of shell permeability?
e  What are the encapsulation mechanisms of cargo enzymes?
e What governs the diversity of structures and biogenesis pathways of carboxysomes and metabolosomes
in an evolutionary context?



e What is the physiological coordination of carboxysomes with ancillary proteins and other CCM
components to fulfil metabolic activities and regulation?

e  What are the key factors that should be considered and manipulated in the design and sustainable
engineering of functional CO»-fixing modules based on the carboxysome structures?

Glossary

Bacterial microcompartments: proteinaceous megadalton-complexes that encapsulate metabolic pathways
within the subcellular “micro-factories” using a virus-like protein shell to enhance enzymatic functions.

Carboxysome: a type of bacterial microcompartment that sequesters Rubisco and carbonic anhydrase (CA) to
increase the rate of carbon fixation.

Metabolosomes: the bacterial microcompartments that encase pathway enzymes for the catabolism of various
metabolites, including choline, ethanolamine, and 1,2-propanediol.

Carboxylation: a chemical process that is catalyzed by Rubisco to fix CO, to the five-carbon compound
ribulose-1,5-bisphosphate (RuBP) and the splitting of the resulting six-carbon compound into two
molecules of the three-carbon compound 3-phosphoglycerate (3-PGA).

Oxygenation: a chemical process in which Rubisco adds O, to RuBP to produce 3-PGA and 2-
phosphoglycolate (2-PG). The latter is subsequently recycled along the following metabolic pathway
known as photorespiration.

Organelles: the specialized structures that compartmentalize specific enzymes, pathways, and functions within
a cell to improve and regulate metabolic performance.

Photorespiration: a process including the oxygenation of RuBP by Rubisco and release of CO; from organic
compounds. It is assumed to be a wasteful process, as it causes a net loss of CO, and consumes energy
(ATP and NADPH) produced in photosynthesis. However, photorespiration plays a protective role in
regulating photosynthesis and is especially vital under stress conditions.

Chemoautotrophs: organisms that derive energy from the oxidation of inorganic compounds.

Anoxygenic phototrophs: organisms that can grow using energy from solar light and perform photosynthesis
without evolving oxygen.
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