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ABSTRACT 17 

Cyanobacterial CO2 concentrating mechanisms (CCMs) sequester a globally significant 18 

proportion of carbon into the biosphere. Proteinaceous microcompartments, called carboxysomes, 19 

play a critical role in CCM function, housing two enzymes to enhance CO2 fixation: carbonic 20 

anhydrase (CA) and Rubisco. Despite its importance, our current understanding of the 21 

carboxysomal CAs found in ɑ-cyanobacteria, CsoSCA, remains limited, particularly regarding the 22 

regulation of its activity. Here, we present the first structural and biochemical study of CsoSCA 23 

from the cyanobacterium Cyanobium PCC7001. Our results show that the Cyanobium CsoSCA is 24 

allosterically activated by the Rubisco substrate ribulose-1,5-bisphosphate (RuBP), and forms a 25 

hexameric trimer of dimers. Comprehensive phylogenetic and mutational analyses are consistent 26 

with this regulation appearing exclusively in cyanobacterial ɑ-carboxysome CAs. These findings 27 

clarify the biologically relevant oligomeric state of α-carboxysomal CAs and advance our 28 

understanding of the regulation of photosynthesis in this globally dominant lineage. 29 
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One-Sentence Summary: The carboxysomal carbonic anhydrase, CsoSCA, is allosterically 30 

activated by the Rubisco substrate RuBP, revealing a novel mechanism controlling key enzyme 31 

activity in cyanobacterial α-carboxysomes. 32 

  33 
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INTRODUCTION 34 

A myriad of CO2 concentrating mechanisms (CCMs) have independently evolved to promote the 35 

rapid and efficient reduction of atmospheric CO2 into organic compounds. CCMs work to increase 36 

the local concentration of CO2 near ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), 37 

the primary carboxylase of the Calvin–Benson–Bassham (CBB) cycle, thereby increasing its 38 

substrate turnover and competitively inhibiting off-target oxygenation reactions1–4. These systems 39 

are an essential component of the global carbon cycle, catalysing about half of global 40 

photosynthesis2,5. The bacterial CCM, found in all cyanobacteria and some autotrophic bacteria, 41 

consists of two key elements: first, energy-coupled inorganic carbon (Ci; primarily HCO3- and 42 

CO2) transporters actively establish a concentrated pool of HCO3- within a cytosol lacking free 43 

carbonic anhydrases (CAs); this HCO3- then diffuses into proteinaceous microcompartments called 44 

carboxysomes that house CA and Rubisco2,3. Here, the CA converts HCO3- to CO2 to elevate 45 

luminal CO2, promoting Rubisco-catalysed CO2 reduction6. Bacterial CCMs have arisen in two 46 

distinct lineages: β-carboxysomes are found exclusively in β-cyanobacteria, containing Form1B 47 

Rubisco with component genes encoded by the ccm operon and satellite loci7, whereas α-48 

carboxysomes are found in photoautotrophic α-cyanobacteria and several bacterial 49 

chemoautotrophs, and are distinguished by the presence of FormIA Rubisco and the clustering of 50 

carboxysome-associated genes into a discrete cso carboxysome operon8.  51 

α-Cyanobacteria are a globally dominant photoautotrophic lineage across marine and freshwater 52 

systems, encompassing two of the most abundant photosynthetic taxa on Earth (Synechococcus 53 

and Prochlorococcus)5,9. Although their global mass is a fraction of that of plant systems, they are 54 

estimated to contribute around 25% of global primary production, i.e. carbon fixation5,8. 55 

Regulation of carbon fixation is essential for effective energy production. Indeed, the CCM is a 56 

striking example of how cells may induce changes in physiological state in response to 57 

environmental conditions. This adaptive capacity is a critical feature of these processes, involving 58 

regulation at the transcriptional and protein level, allowing the bacterial CCM to competitively 59 

support life in a range of ecological contexts10,11. For example, the CCM-related Ci transporter is 60 

regulated by gene expression and allosteric effectors12–14. Likewise, Rubisco content is 61 

transcriptionally regulated and its activity modulated by activases15–19. Finally, the carboxysome 62 

composition and morphology itself is responsive to environmental cues20–24. However, little is 63 
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known of how, or whether, carbonic anhydrase, the other enzymatic component of the 64 

carboxysome, is regulated25. 65 

The fundamental role of CAs in photosynthesis is well established6. This versatile protein 66 

superfamily catalyses the reversible hydration of CO2 [CO2 + H2O ⇌ HCO3- + H+], comprising 67 

eight reportedly evolutionarily distinct classes (α, β, γ, δ, θ, η, ζ and ι), distributed across the tree 68 

of life in a kingdom-nonspecific manner26. In many cases, the enzyme directly supplies Rubisco 69 

with CO2, promoting its efficient reduction by ensuring reaction rate optimization through a 70 

constant, high concentration of the enzyme-substrate complex6,27. Controlling Rubisco activity 71 

through buffering a bicarbonate pool in this way optimizes carbon fixation, coordinating CO2 72 

assimilation rates with the generation of NADPH/ATP produced in light reactions27. 73 

Correspondingly, microbial and biochemical studies have established an absolute requirement for 74 

CA activity within the carboxysome28,29. The α-carboxysome contains a highly divergent β-CA 75 

known as CsoSCA, characterisation of which has occurred exclusively through the isoform from 76 

the chemoautotroph H. neapolitanus30,31. Indeed, structural and compositional studies have 77 

revealed sequence variation between cyanobacterial and proteobacterial carboxysome 78 

components, and distinct carboxysome organisation between these taxa32–37. Given the differences 79 

in underlying metabolism between these photo- and chemoautotrophs, this has restricted our 80 

understanding of the CA-Rubisco feedback in ɑ-cyanobacterial carboxysomes. 81 

Here, we present a detailed biochemical, structural, and evolutionary analysis of a CsoSCA from 82 

a photoautotrophic cyanobacterium, Cyanobium PCC7001 (Cyanobium), revealing previously 83 

unknown aspects of this isoform’s activity and molecular structure that form the basis for 84 

carboxysome regulation and organisation.  We found that, unlike the CA from the 85 

chemoautotrophic bacterium H. neapolitanus (HnCsoSCA), the Cyanobium isoform (CyCsoSCA) 86 

is regulated by the Rubisco substrate, ribulose-1,5-bisphosphate (RuBP) for activity, which 87 

constitutes a feedback loop in the metabolic pathway to optimize the use of carbon. Detailed 88 

evolutionary analysis extends this, revealing the sequence motifs for this regulation are not found 89 

in chemoautotrophic bacteria, and expanding our understanding of ɑ-cyanobacterial 90 

photosynthesis and CCM diversification more broadly. 91 

 92 

RESULTS 93 
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Cyanobium CsoSCA requires RuBP for activity 94 

Despite homology to the constitutively active HnCsoSCA30, in our hands CyCsoSCA did not show 95 

detectable HCO3- dehydration/CO2 hydration activity under standard assay conditions20. This 96 

surprising result indicated a potential additional requirement for CyCsoSCA function. Given the 97 

previous observation of Cyanobium carboxysome function in vitro20, and the established reliance 98 

on CA activity6,28,38, we assessed CyCsoSCA function under Rubisco assay conditions, where 99 

RuBP and Mg2+ are the key additional components. The addition of RuBP resulted in the   100 

concentration-dependent activation of CyCsoSCA, with a KM for RuBP of 18 µM, in a similar 101 

range as the Cyanobium Rubisco KM for RuBP (36 µM)38. Comparatively, HnCsoSCA activity 102 

was unaffected by RuBP. Above 100µM RuBP CyCsoSCA activity rates match those recorded for 103 

HnCsoSCA (Fig. 1A). Notably, the CyCsoSCA RuBP response curve is best described by a 104 

sigmoidal Hill function (R2 = 0.99), typically indicative of an allosteric activation mechanism. 105 

Cyanobium CsoSCA Structure reveals RuBP binding site and novel oligomeric state 106 

To understand the structural basis for RuBP activation, CsoSCA was co-crystallised with RuBP. 107 

Diffracting crystals were obtained almost exclusively in saturating levels of RuBP with the final 108 

CsoSCA crystal structure solved through molecular replacement to a resolution of 2.3 Å (Table 109 

S1). The resulting structure showed a homohexameric trimer of dimers consistently arranged in 110 

the asymmetric unit with P212121 symmetry (Fig. 1B). Size-Exclusion Chromatography (SEC) 111 

corroborates both CyCsoSCA and HnCsoSCA are primarily hexameric in solution (Fig. S10), 112 

contrasting with previous observations30. While the CyCsoSCA dimer interface is highly 113 

reminiscent of HnCsoSCA30, additional contacts at the N-terminal domain (NTD) of each 114 

monomer mediate further quaternary assembly, forming two apices of the final hexamer (Fig. 1B). 115 

A metal ion is evident at each apex, coordinated by a His3(H2O)3 octahedral coordination sphere, 116 

comprising His155 donated by a distinct monomer (Fig. 1B). This residue sits within a helical 117 

bundle in the NTD denoted here as the ‘hook motif’. The electron density and coordination 118 

geometry are consistent with a zinc ion. Density corresponding to a HCO3- ion was observed at 119 

one of the trimer apices. While the pH of crystallisation conditions favours bicarbonate, this 120 

species was not present at saturating levels in the crystallisation conditions, which could explain 121 

its absence at the opposing apex.  122 
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Density consistent with RuBP was observed in all monomers within a positively charged pocket 123 

near the dimer interface that extends into the protein core (Fig. 1C, S2 and S8; Table S2 and S3). 124 

While variations in omit map density at these positions were observed, given the consistency of 125 

this density across each chain, the dependence on RuBP for crystallization, and the observation 126 

RuBP was an allosteric activator of CA (Fig. 1), we were confident in the modelling of RuBP at 127 

this site. Two sulfate ions, likely from the crystallisation solvent, could be modelled with high 128 

confidence at the entrance of this site in all monomers. While slight variations in RuBP ligand 129 

conformation are evident in each chain, contacts at Arg266, Lys469 and Arg560 are consistently 130 

observed (Fig. S2 and S3). Most notably, RuBP curls around Lys469, mediating multiple H-bonds 131 

with the ligand. To confirm that this region is responsible for RuBP binding, we mutated Lys469 132 

to an Asp, the amino acid at the corresponding position in the constitutively active HnCsoSCA 133 

isoform. This results in a biphasic activity profile with detectable CA activity evident in the 134 

absence of RuBP and a minor increase in activity upon addition of the ligand (Fig. 1D). This 135 

directly implicates K469 in the RuBP-mediated activation mechanism and further supports this 136 

region as the RuBP binding pocket. 137 

RuBP regulation of Cyanobium CsoSCA is allosteric 138 

Given the sigmoidal CyCsoSCA activation curve and RuBP binding site distinct from the active 139 

site (Fig.1), we hypothesised RuBP acts as an allosteric activator. The β-CA family is the only CA 140 

family known to exhibit allostery to date40. Alignments between CyCsoSCA and a structure of a 141 

previously characterised Type II β-CA bound to the allosteric bicarbonate ion40 show RuBP 142 

engages distinct residues and sits further from the active site, indicating a distinct regulatory 143 

mechanism (Fig. S4). The RuBP site overlays with the region of the CsoSCA C-terminal domain 144 

(CTD) that has lost the second symmetric catalytic zinc site seen in canonical β-CAs, likely 145 

following gene duplication and divergence of the catalytic domain30. A structural analysis of the 146 

Cy- and HnCsoSCAs was conducted to identify potential allosteric networks within the 147 

cyanobacterial variant. CyCsoSCA monomers align well with the canonical HnCsoSCA (37.2% 148 

sequence identity, Cα RMSD of 1.5 Å, Fig. 2A) and the three domains (NTD, Catalytic domain 149 

and CTD)30 are evident (Fig. 2A). The Cys2His(H2O) tetrahedral coordination of the catalytic zinc 150 

ion typical of β-CAs is maintained and the overarching active site is highly homologous between 151 

each CsoSCA isoform. The Asp-Arg dyad between active site residues Asp246 and Arg248 152 

precludes the inactive Cys2HisAsp coordination sphere across all CyCsoSCA monomers, 153 
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reinforcing the classification of CsoSCA as Type I30. This type of β-CA has not previously been 154 

associated with allostery. Manual inspection of H-bonds within the protein identified a network 155 

linking the catalytic Asp246 backbone and the Arg266 sidechain that in turn binds RuBP, mediated 156 

by a water molecule and Leu249 backbone groups (Fig. 2B). In the corresponding region in the 157 

constitutively active HnCsoSCA, Lys179 (Ala250 in CyCsoSCA) occupies this space, 158 

coordinating a more extensive interaction network reinforced by multiple water molecules. 159 

Notably, Arg196 (Arg266 in CyCsoSCA) binds Asp409 (Lys469 in CyCsoSCA) identified above 160 

as a key determinant in RuBP-dependent activity (Fig. 2C).  161 

Molecular dynamic simulations of the CyCsoSCA structure (300 ns replicates) were conducted in 162 

the presence (holoprotein) and absence (apoprotein) of RuBP to assess for conformational 163 

changes upon ligand binding to evaluate the allosteric effect of RuBP. Analyses of replicate 164 

simulations are consistent with CyCsoSCA accessing different conformational landscapes when 165 

RuBP is present or absent. A principal component analysis of the trajectories highlights differences 166 

between conformations sampled in apo- and holoprotein states, with holoprotein replicates 167 

converging on a distinct cluster as the simulations equilibrate (Fig. 2D, S6). On average, residues 168 

in the apoprotein trajectories across the structure had root mean square fluctuations (RMSF), 169 

indicating they are more mobile (Fig. 2E). While it is difficult to ascribe a molecular mechanism 170 

with confidence, these results support a model in which RuBP stabilises CyCsoSCA by 171 

establishing an internal H-bond network, promoting access to the active conformation. 172 

Sequence patterns indicate allosteric CsoSCA is limited to cyanobacteria 173 

We sought to investigate the prevalence of RuBP allostery within the broader CsoSCA protein 174 

family by mapping the sequence diversity of the family to CyCsoSCA functional variation. To 175 

examine CsoSCA divergence, a maximum likelihood phylogeny was inferred from a curated 176 

sequence database of the CsoSCA PFAM (PF08936) (Fig. 3A, S7). Cyanobacteria form a clear, 177 

tight cluster distinct from other bacterial species, supported by a high bootstrap value, as seen in 178 

related studies33,41,42. We hypothesised RuBP regulation may be specific to photoautotrophs, 179 

evolving as the cso operon adapted to these organisms’ light-dependent metabolic requirements 180 

relative to ancestral chemoautotrophic ɑ-carboxysomes42.  181 

To test this, concurrent approaches based on rational design and directed evolution were used to 182 

discern key residues involved in RuBP regulation. The conservation of these positions was then 183 
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assessed across the CsoSCA protein family (Fig. 3). Candidate residues for targeted mutagenesis 184 

were chosen through successive steps of analysing the sequence and structure of CyCsoSCA and 185 

HnCsoSCA to locate residues with distinct biophysical properties near the RuBP pocket. Final 186 

mutations were made at sites that differed between the two characterised isoforms and had varying 187 

levels of conserved difference between cyanobacterial taxa and other bacterial CsoSCA isoforms 188 

more broadly (K469D, H472Q, I466D, H436N). Manual sequence inspection revealed a loop 189 

region in HnCsoSCA (position in HnCsoSCA) that contained an insertion conserved across 190 

cyanobacterial species (position in CyCsoSCA) but absent or non-conserved in other proteins. 191 

Mutants were created in the CyCsoSCA background with either a deletion of this loop (Loop 192 

deletion) or with the corresponding HnCsoSCA loop sequence substituted at this site (Loop 193 

insertion). Alongside this approach, CyCsoSCA was also randomly mutagenized, facilitating a 194 

broader exploration of the sequence space involved in this activation mechanism.  195 

Mutants were screened using an in-house CA knock-out E. coli strain43 for variants with CA 196 

activity independent of RuBP. Activity assays of these mutants revealed that, in addition to 197 

K469D, a H472Q mutation (targeted approach) and T477A (random approach) also resulted in a 198 

biphasic activity profile with CA function independent of RuBP (Fig. 3D). Other mutations 199 

resulted in either reduced or undetectable CA activity, making their effects on RuBP dependence 200 

specifically, difficult to infer. Sequence-based analyses show residues with apparent involvement 201 

in RuBP-dependence are well conserved in cyanobacteria, but absent or non-conserved in other 202 

taxa (Fig. 3C). The conservation of sites underpinning RuBP-dependence is consistent with this 203 

regulation existing primarily, if not exclusively, in photoautotrophic CsoSCA variants.  204 

The unique N-terminal oligomerisation domain is exclusive to carboxysomal CAs  205 

Further bioinformatic analysis of the CsoSCA protein family revealed an orphan cluster within 206 

this β-CA clade (Fig. 4). Manual inspection of the gene neighbourhoods of these sequences 207 

demonstrates they are not associated with the cso operon, appearing instead within other metabolic 208 

gene clusters, often associated with NADH or [Fe-Ni] hydrogenases or permeases (Fig. S12). 209 

Structural modelling of ‘non-cso’ sequences and subsequent structure-based searches using 210 

Foldseek44 and DALI45 shows these ‘non-cso’ sequences align preferentially to the published 211 

HnCsoSCA structure with high confidence relative to other β-CAs (Table S4). These sequences 212 

appear to have lost the typical β-CA two-fold symmetry, containing only one predicted Zinc 213 
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binding site per pseudo dimer, a defining feature of canonical CsoSCA sequences (Fig. 4). 214 

However, all ‘non-cso’ sequences are notably shorter than carboxysome associated variants. This 215 

is underlined by a consistent insertion in cso-associated sequences within the NTD which encodes 216 

a hook-like bundle of α-helices dubbed the ‘hook’ motif (Fig. 4) shown here to facilitate structural 217 

Zinc binding and oligomerization (Fig. 3). This is consistent with NTD presence, and thus hexamer 218 

formation being a more recent adaptation unique to carboxysome-encapsulated variants of this 219 

family. 220 

Carboxysome functional modelling indicates an adaptive advantage for RuBP regulated 221 

CsoSCA 222 

The results presented above support the hypothesis CsoSCA RuBP-dependence is a fixed trait 223 

unique to cyanobacterial α-carboxysome systems. To determine whether this feature emerged as 224 

an adaptive or neutral change in CsoSCA variants, we aimed to discern a functional benefit for 225 

RuBP regulation within the cyanobacterial system. An in vivo assessment of CsoSCA regulation 226 

is currently intractable, with no effective genetic transformation techniques reported to date. 227 

Instead, we modified our carboxysome steady state diffusion model38, incorporating kinetic data 228 

presented in Figure 1A to compare the activity of a Cyanobium carboxysome with and without an 229 

RuBP-dependent CA (Fig. 5A). While second to physiological data, this approach permitted 230 

insights into the effects this regulation may have on core enzyme activity and metabolite flux of 231 

the Cyanobium α-carboxysome. No substantial changes in Rubisco carboxylation or oxygenation 232 

rates were observed between the standard model and one incorporating an RuBP-dependent CA 233 

(Fig. 5B, S9). However, we noted that the modelling of the unmodified Cyanobium carboxysome 234 

here had a slightly alkaline carboxysome pH compared with the observation of an acidic 235 

carboxysome in our previous modelling38. This is due to the use of Cyanobium Rubisco kinetics, 236 

the concentration of HCO3- tested here (20 mM), and a modification of the Rubisco active site 237 

concentrations compared with previous modelling (a reduction from 10 mM to 5.7 mM to fit recent 238 

estimates32). However, applying RuBP-dependence on CA activity in the model provides a shift 239 

to a more acidic condition that can support Rubisco carboxylation38 and potentially ensures 240 

Rubisco is maintained within its optimum pH range for activity46. This implicates a regulated CA 241 

in maintaining an acidic carboxysome lumen under low RuBP conditions in the Cyanobium 242 

system, likely experienced as light levels fluctuate throughout the diurnal cycle20, thereby 243 

contributing to efficient CCM function47.  244 
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DISCUSSION  245 

The ɑ-carboxysomal CCM enables efficient Ci fixation across a diverse range of microorganisms, 246 

comprising a major component of the global biosphere5,48. Given the essential nature of CAs in 247 

this system6, characterising the CsoSCA variant present in photosynthetic organisms, and 248 

understanding its evolutionary trajectory provides important insights into the emergence and 249 

function of bacterial CCMs. Data presented here are consistent with RuBP allosterically activating 250 

CyCsoSCA and the likely confinement of this property to α-cyanobacteria. A hexameric ‘trimer 251 

of dimers’ quaternary state is also described, coordinated by NTD contacts with structural zinc 252 

ions that appear only in carboxysome-associated members of the CsoSCA protein family.  253 

A distinct paradigm for carbonic anhydrase allosteric regulation 254 

To our knowledge, this is the first case of allosteric activation reported for a carbonic anhydrase.  255 

The β-CA family is the only CA family known to exhibit allostery, with HCO3- acting as both a 256 

substrate and inhibitor in Type II members. In that case, HCO3- binding disrupts the ‘gate-keeper’ 257 

Asp-Arg dyad, leading to Asp-Zn bond that displaces the catalytic H2O, leading to inhibition40,49–258 
51. In addition to activating the enzyme, the RuBP binding pocket presented here appears distinct 259 

from these previously characterised sites, engaging different residues and sitting further from 260 

relative active sites (Fig. S4). Indeed, the RuBP site sits near the defunct active site of the CTD 261 

within the CsoSCA pseudo-dimer, previously identified as a highly divergent catalytic domain that 262 

has lost key zinc-binding sites and catalytic loops30. The duplication and divergence of domains, 263 

particularly at protein termini, are a common motif in protein evolution52. While seemingly acting 264 

as a regulatory domain in the cyanobacterial CsoSCA, it is unclear whether the CTD takes on 265 

alternative, more cryptic regulatory roles in RuBP-independent CsoSCA isoforms, or indeed in the 266 

smaller uncharacterised ‘non-cso’ isoforms.  267 

We propose an allosteric activation mechanism in which RuBP binding establishes an internal H-268 

bond network near the core of CyCsoSCA that has a broadly stabilising effect on the protein, this 269 

in turn promotes access to the active conformation. RuBP binding engages Arg266 in H-bonding, 270 

establishing a H-bonding network that links to active site loops (Fig. 3). The equivalent network 271 

in HnCsoSCA is more extensive involving more residues, specifically negatively charged residues 272 

that are absent in the CyCsoSCA isoform. Specifically, in HnCsoSCA, the Arg266 equivalent 273 

(Arg196) is stabilised by analogous interactions with Asp409 (Lys469 in CyCsoSCA), thereby 274 
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negating the ligand-binding requirement for activation. This proposed mechanism is also 275 

consistent with the observed biphasic activity profile of mutants many of which introduce a 276 

relatively negative charge to this site, most notably K469D (Fig. 3). However, it remains difficult 277 

to rationalise the relatively large increase in RuBP-independent activity observed in the 278 

CyCsoSCAT477A mutant. While Thr residues are typically known to stabilise β-sheets, given this 279 

site is buried it may be that this exchange reduces secondary structure strain and enhances protein 280 

core packing while with more minimal disruption to the overarching protein fold that other 281 

mutants53. Consequently, T477A would result in increased apoprotein stability and a WT-like 282 

RuBP pocket, leading to high levels of ligand-independent activity and a notable increase with 283 

RuBP. Although the involvement of the Asp-Arg dyad destabilised by HCO3- does seem 284 

reasonable in the context of CyCsoSCA given it’s established role as an allosteric switch40,49, we 285 

could not establish this as the clear mechanism for allosteric signal propagation.  286 

An adaptive advantage for an RuBP-regulated CA in photoautotrophs 287 

The conservation of residues central to RuBP-dependent activity corresponds with a clear 288 

divergence of the cyanobacterial clade in the CsoSCA phylogeny (Fig. 3). This suggests allosteric 289 

RuBP activation is either a neutral or adaptive change uniquely fixed in ɑ-cyanobacteria relative 290 

to other ɑ-carboxysomal taxa. RuBP allostery appears infrequently in the literature, primarily 291 

characterised in Rubisco adjacent proteins such as the AAA+ red-type activase Cbbx54. In these 292 

cases, it is proposed to synchronise the activity of such proteins with Rubisco, hinting at an intricate 293 

regulatory cycle to ensure efficient Rubisco function. Indeed, modelling and experimental data 294 

have established a similar functional link between CA and Rubisco, demonstrating Rubisco 295 

function in carboxysomes is intrinsically dependent upon CA activity6,28,38. This type of post-296 

translational regulation would enable more rapid responses to transient metabolic signals, directly 297 

synchronising Calvin cycle fluxes with Rubisco-mediated carbon fixation.  298 

We propose RuBP-dependent allostery may be linked to large fluctuation in cellular RuBP 299 

observed in photosynthetic ɑ-cyanobacteria, but absent in proteobacterial systems such as H. 300 

neapolitanus that are likely under more constant environmental substrate supply20,55. Using a 301 

carboxysome reaction-diffusion model, we previously identified that carboxysomes may require 302 

molecular mechanisms that modulate internal pH as RuBP concentrations vary, to the detriment 303 

of Rubisco function38. Modification of this model to allow for allosteric activation of CA in 304 
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Cyanobium-like carboxysomes indicates such regulation ameliorates this effect, resulting in a 305 

modulation of carboxysome pH without any change in Rubisco carboxylation (Fig. 5, S9). Thus, 306 

the emergence of RuBP regulation in these systems may have been prompted by a requirement for 307 

more fine-tuned control over carboxysomal H+ concentrations in photoautotrophic systems that 308 

are subject to more drastic cellular RuBP fluctuations across the diurnal cycle. That the protein 309 

can be switched from a constitutive to autoinhibitory isoform in one residue change highlights the 310 

evolutionary pliability of this protein, suggesting the evolution of allostery from a constitutively 311 

active isoform may have arisen from a relatively small sequence level change in ancestral 312 

photoautotrophic hosts in the presence of new fitness pressures. This raises the question as to why 313 

β-carboxysomes, present exclusively in photosynthetic cyanobacteria, does not appear to have the 314 

same requirement?56,57 Our modelling has previously identified that the larger size of β-315 

carboxysomes, and thereby surface area:volume ratio, relative to ɑ-carboxysomes leads to 316 

diffusional differences between these structures38. In this way, β-carboxysomes may not be as 317 

vulnerable to the internal species fluctuations that underpin the proposed advantage of an RuBP-318 

regulated CA. Given this, we conclude the emergence of an RuBP-dependent CA comprises a key 319 

molecular step in the adaptation of the ɑ-carboxysome within cyanobacterial lineages.  320 

The ɑ-carboxysomal CA is hexameric in solution 321 

The oligomeric state of enzyme cargo is an important detail of bacterial microcompartment 322 

systems, providing insights into cargo organisation and interaction networks within the shell. Here, 323 

we show that both CyCsoSCA and HnCsoSCA are both hexameric in solution, not dimeric as 324 

previously described30, and that this quaternary structure is mediated by the previously 325 

unannotated NTD (Fig. 1). This hexamer likely eluded detection in the reported HnCsoSCA 326 

structure due to an inadvertent mutation causing an artificial second zinc site within the NTD of 327 

each monomer that would likely inhibit the structural zinc interactions observed here30 (Fig. S11). 328 

Given this mutant still exhibited high levels of CA activity, it is unlikely the two additional zinc 329 

sites detailed here are catalytically relevant, instead acting primarily to stabilise the quaternary 330 

structure. Moreover, the analysis of the CsoSCA protein family presented here suggests the NTD, 331 

and thus the ability to form this quaternary structure, is specific to carboxysome-associated 332 

CsoSCAs (Fig. 4). CsoSCA is now known to interact with Form IA Rubisco through interactions 333 

between the CsoSCA N-terminal disordered tail in a manner reminiscent of the ɑ-carboxysome 334 

structural protein CsoS233,57. Though the conservation of this binding motif is limited, often each 335 
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N-terminal disordered tail appears to be limited to a single motif. Comparatively, CsoS2 contains 336 

multiple Rubisco binding motifs, enhancing the multivalency and thus strength of the interaction. 337 

Considering this, a hexameric assembly would enhance the local concentration of Rubisco 338 

interaction motifs and thus multivalency of the system to promote CsoSCA-Rubisco binding. In 339 

this way, the emergence of the NTD may constitute a molecular marker for the early association 340 

of an ancestral CsoSCA-Rubisco complex, hypothesised as a likely carboxysome evolutionary 341 

precursor38,58. 342 

CONCLUSION 343 

As we begin to resolve the evolutionary trajectories of bacterial CCMs, a detailed understanding 344 

of structural variation of core system components and how this relates to function will be essential 345 

for resolving plausible evolutionary routes. We have identified a distinct divergence between α-346 

cyanobacteria and other α-carboxysome taxa, presenting a paradigm for CO2 fixation in 347 

photoautotrophic α-cyanobacteria that hinges on the regulation of CsoSCA by RuBP. These results 348 

highlight the intrinsic role of CAs in photosynthesis, comprising an evolutionarily pliable enzyme 349 

at the bottleneck of key reactions in the carbon metabolism of many diverse organisms. This aspect 350 

of carboxysome function and evolution must be considered in future biotechnological applications 351 

that seek to adapt such systems, particularly efforts to transplant the bacterial CCM into 352 

photoautotrophic crop species. 353 

  354 
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549 
Figure 1. RuBP allosterically regulates CyCsoSCA. A CyCsoSCA and HnCsoSCA activity as a 550 

function of RuBP concentration, measured using Membrane Inlet Mass Spectrometry (MIMS). 551 

Measurements reported are an average of three technical replicates, error bars represent standard 552 

error. Curves fitted using GraphPad Prism. B The homohexameric CyCsoSCA structure solved to 553 

2.3Å (PBD: 8THM). The ‘trimer of dimers’ arrangement is shown with dimers coloured pink, 554 

green or blue, monomers indicated as different shades, chains annotated. The black square denotes 555 

the apical structural zinc atoms with further detail shown in the right insert.  Waters in the 556 

octahedral coordination sphere are shown as red crosses. Zinc ions are shown as grey spheres, an 557 

opportune bicarbonate ion is shown in ball and stick representation. Below: 2mFo-dFc density at 558 

key interacting residues is shown (1s). Polder omit map (green) is shown at a contour level of 5.0 559 

σ to highlight bicarbonate ion density at the A/D/F apex. C The C/D dimer is shown with a box 560 

and insert highlighting the RuBP binding pocket of Chain D (light pink monomer). Right panel: 561 

The RuBP binding site is shown with Polder omit map density39 of the ligand overlayed at a 562 

contour level of 7.0 σ. Sulfate ions and RuBP shown in ball and stick representation. Polar 563 

interactions are shown as dotted lines, those corresponding to interactions with RuBP directly are 564 
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coloured yellow, other secondary/SO4 interactions shown in grey.  D The relative rate of 565 

CyCsoSCA, the K469D mutant of CyCsoSCA, and HnCsoSCA are shown over time as a 566 

proportion of the maximum recorded reaction rate for each respective wild type enzyme. Time 567 

points at which protein and 100µM RuBP were added to the MIMS cuvette are indicated. Curve 568 

is the mean of three technical replicates with shaded area around the curve representative of 569 

standard deviation from the mean (not visible due to scale). 570 
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 572 

  573 
Figure 2. Active site differences from HnCsoSCA are key to allosteric activation of CyCsoSCA. 574 

A Structural alignment of CyCsoSCA and HnCsoSCA monomer (CA RMSD 1.5 Å). The 575 

CyCsoSCA variant is coloured by domain (white: N-terminal domain (NTD), green: Catalytic 576 

domain (Catalytic) and dark grey: C-terminal domain (CTD)). HnCsoSCA (PDB 2FGY) is shown 577 

in orange. A box denotes the active site and RuBP binding site region. B A close view of the 578 

CyCsoSCA active site is shown with key residues in stick representation, coloured as in A. 579 

Corresponding HnCsoSCA residues (orange) are overlaid. All ligands (CO2, RuBP, SO4) are 580 

shown in ball and stick representation. Catalytically relevant water molecules are shown as crosses 581 

(black waters are those in the HnCsoSCA structure, red indicates those in CyCsoSCA). Dashed 582 

lines indicate polar bonds (grey indicating those between HnCsoSCA molecules, yellow for 583 

CyCsoSCA interactions). Residue names are annotated according to the CyCsoSCA structure. C 584 

The proposed allosteric network in CyCsoSCA (top, green) and the corresponding region in 585 

HnCsoSCA aligned. Key residues for each structure are annotated in orange (HnCsoSCA) or green 586 

(CyCsoSCA). D Principal component analysis (PCA) comparing cartesian coordinates of the 587 

CyCsoSCA backbone in each MD simulation. Replicate simulations of CyCsoSCA with and 588 
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without RuBP are shown in green (Holoprotein) and grey (Apoprotein), respectively. E The 589 

average difference in root mean square fluctuation (RMSF) values of holoprotein and apoprotein 590 

simulations (Δ RMSF), where a negative value indicates a greater RMSF (and thus more mobile 591 

residue) in the holoprotein. Values are mapped onto the CyCsoSCA monomer. 592 
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 594 
Figure 3 CsoSCA sequence analysis and mutagenesis. A Unrooted maximum likelihood 595 

phylogeny of 518 CsoSCA sequences produced by IQ-Tree with 18 canonical β-CAs as an 596 

outgroup (annotated as ‘β-CA’). The cluster containing members associated with the cso operon 597 

is shown in detail. Tips are coloured by taxonomy according to the legend. Tree scale refers to the 598 

number of substitutions per site. See supplementary information for complete tree annotation and 599 

documentation. B Sites targeted for mutagenesis shown as purple spheres on the CyCsoSCA dimer. 600 

C Sequence logos based on cyanobacterial cso associated CsoSCA sequences (‘Cyano’) or other 601 

bacterial cso associated CsoSCA sequences (‘Other’) of key sites targeted for mutation. Residues 602 

coloured by chemistry, logo generated through WebLogo3. Mutations are as represented above 603 

the logo D Activity assays of targeted mutants relative to the maximum rate recorded for wild type 604 

CyCsoSCA. HnCsoSCA activity is also shown for comparison as a proportion of its maximum 605 

recorded rate. HCO3- dehydration activity was recorded using MIMS after the addition of CsoSCA 606 

variants (+Protein) and upon addition of 100 µM RuBP (+RuBP). Three technical replicates were 607 

recorded for each variant, standard deviation is indicated by shading (error on some samples not 608 

visible due to scale). 609 
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 611 
Figure 4. The N-terminal domain is unique to carboxysome operon-associated CsoSCA 612 

homologues. A Maximum likelihood tree of the CsoSCA PFAM (PF008936) and canonical β-CA 613 

with nodes coloured by predicted mass as per the legend. B Structural alignment of Cɑ backbones 614 

of CyCsoSCA (NTD grey, Catalytic domain green, CTD black) to an AF2 generated model of a 615 

candidate ‘non-cso’ sequence (UniProt ID: A0A080M7C6, purple) with close-up view of key 616 

active site residues. The insertion exclusive to cso-associated sequences that encodes the NTD 617 

‘hook’ motif is annotated. C Sequence logo of alignments of either CsoSCA members associated 618 

with cso operons (cso) or non-cso sequences. The cso insertion encoding the NTD hook motif is 619 

annotated. Key catalytic residues are indicated with arrows, zinc binding residues with asterisks. 620 
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 622 
Figure 5 Results of a reaction-diffusion model38 adapted to emulate Cyanobium α-carboxysome 623 

function with and RuBP d-dependent (Modified CA, green dots) or a constituently active 624 

(Unmodified CA, black dots) CA. A In the modified model, carboxysomal CA activity was altered 625 

based on data shown in Figure 1A to be dependent on carboxyosmal RuBP concentrations (Ext 626 

RuBP (mM)). ‘CA flux’ is indicative of CA activity, confirming RuBP dependence in the modified 627 

model. B Rubisco carboxylation turnover rates (Rubisco [kcatc (s-1)]) as a function of modelled 628 

cellular RuBP concentrations (Ext RuBP (mM)) in the modified and unmodified systems. C 629 

Modelled carboxysomal pH is plotted as a function of the modelled cellular RuBP content (Ext 630 

RuBP (mM)) indicates a decrease in carboxysomal pH when CA function is allosterically 631 

controlled by RuBP, with potential to aid Rubisco function as described previously38. 632 
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