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Abstract 19 
Autotrophy is the basis for complex life on Earth. Central to this process is rubisco - the enzyme 20 
that catalyzes almost all carbon fixation on the planet. Yet, with only a small fraction of rubisco 21 
diversity kinetically characterized so far, the underlying biological factors driving the evolution of 22 
fast rubiscos in nature remain unclear. We conducted a high-throughput kinetic characterization 23 
of over 100 bacterial form I rubiscos, the most ubiquitous group of rubisco sequences in nature, 24 
to uncover the determinants of rubisco's carboxylation velocity. We show that the presence of a 25 
carboxysome CO2 concentrating mechanism correlates with faster rubiscos with a median 5-fold 26 
higher rate. In contrast to prior studies, we find that rubiscos originating from α-cyanobacteria 27 
exhibit the highest carboxylation rates among form I enzymes (≈10 s-1 median versus <7 s-1 in 28 
other groups). Our study systematically reveals biological and environmental properties 29 
associated with kinetic variation across rubiscos from nature. 30 
 31 
 32 
Introduction 33 
Biological carbon fixation is the gateway for food production and energy storage in the living world. 34 
Over 99% of global carbon fixation is catalyzed by rubisco (1), probably the most abundant 35 
enzyme in the biosphere (2). Rubisco is mainly divided into four distinct forms (I, II, II/III, and III) 36 
and can be found in all domains of life, from plants to algae through autotrophic bacteria and 37 
archaea (3). Within this diversity, form I is by far the most abundant of the four forms: it is used 38 
by all plants and cyanobacteria and is responsible for almost all CO2 fixation in nature (4). 39 
 40 
Paradoxically, while being the most abundant, rubisco is probably the slowest (i.e. low maximum 41 
carboxylation rate - kcat,C) central metabolic enzyme (5, 6). A systematic sampling of rubisco’s 42 
genetic diversity can help grasp the boundaries of its carboxylation rate. 43 
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Our group has recently developed an approach to systematically explore the carboxylation rate 44 
of natural rubiscos. We use computational methods to select representative rubiscos from the 45 
tremendous sequence diversity space. Gene synthesis is then used to generate expression 46 
constructs encoding many rubiscos for purification and kinetic characterization. In previous work 47 
we showed the feasibility of this approach by exploring form II and II/III rubisco variants (6). We 48 
found an uncharacterized rubisco that has a kcat,C higher than all previously-known rubiscos - 49 
demonstrating the potential of this approach to stretch the kinetic boundaries of this pivotal 50 
enzyme. 51 
 52 
In this work, we expand our search to form I rubiscos, which represent ≈97% of known sequences 53 
(6). Moreover, their immense ecological and sequence diversity (7–9), limited kinetic data, and 54 
higher carboxylation rates in comparison to plant rubiscos (5), make bacterial form I variants 55 
particularly interesting. By conducting a first-of-its-kind large-scale study of uncharacterized 56 
bacterial form I rubiscos, and leveraging available meta-data on their sequences, we find 57 
correlations between contextual factors (phototrophy, carboxysome association) and fast 58 
carboxylating rubiscos.  59 
 60 
Results 61 
Large scale survey of bacterial form I rubisco 62 
To map the natural diversity of rubisco sequences, we performed an exhaustive search for rubisco 63 
homologs across the major genomic and metagenomic public databases. A total of 4300 unique 64 
sequences were identified as bacterial form I rubiscos (see Materials and Methods for more 65 
details). 66 
 67 
By clustering systematically and at progressively higher sequence identity thresholds across 68 
different rubisco subgroups (as detailed in the Materials and Methods and Supplementary Fig. 1), 69 
we selected 144 rubisco variants that represent the full spectrum of bacterial form I rubisco 70 
sequence diversity. In comparison, prior work using active site quantification, a method that allows 71 
for precise measurements of turnover rates while considering the enzyme's activation state, has 72 
so far characterized only 11 bacterial form I rubiscos (Fig. 1A). 73 
 74 
In contrast to form II, II/III and III rubiscos which are composed of a ≈50 kDa large (L) subunit 75 
organized as a homodimer, form I rubiscos comprise an additional ≈15 kDa small subunit (S) in 76 
an L8S8 stoichiometry. Due to this complex oligomeric structure, recombinant expression of form 77 
I rubiscos is challenging (10). To improve correct folding in Escherichia coli, we coexpressed 78 
rubiscos with the chaperone GroEL-GroES, which is known to help reconstitution of bacterial form 79 
I rubiscos (11–13). In the case of variants originating from β-cyanobacteria, we coexpressed rbcL 80 
and rbcS together with their cognate chaperone rbcX whenever that gene was present in the 81 
operon. In addition, because only about a third of these variants were soluble initially, we screened 82 
different homologs of the rubisco accumulation factor 1 (Raf1), a chaperone that mediates the 83 
assembly of β-cyanobacterial rubiscos (14–17). We identified one homolog, from the bacteria 84 
Euhalothece natronophila, whose co-expression nearly doubled the number of solubly-expressed 85 
β-cyanobacterial rubiscos (Supplementary Fig. 2A). We found that the average rate of β-86 
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cyanobacterial rubiscos was not changed by adding these newly soluble rubiscos (Supplementary 87 
Fig. 2B).  88 
 89 
The carboxylation rates of each expressed rubisco were determined using a modified version of 90 
the spectroscopic coupled assay reported at Davidi et al. (6). Here we directly assayed the crude 91 
cell lysates without purifying the enzyme in order to best preserve the quaternary structure of form 92 
I rubiscos. The method allows determining the specific carboxylation rate even without purification 93 
thanks to the use of the rubisco inhibitor CABP (see Methods and Supplementary Note 1). Since 94 
the assay uses high CO2 levels (4%), which is above the KM for most rubisco variants (18), 95 
measured rates are predicted to approach the kcat,C values. In Supplementary Fig. 3 we compare 96 
the rates of five rubisco variants with previously published values to the measurement in our lab, 97 
showing a similar ranking of carboxylation rates in spite of the different temperatures and assay 98 
methods. 99 
 100 
Out of 144 rubisco variants tested, 112 were successfully expressed and soluble. Of which, 98 101 
exhibited significant catalytic activity (which we define as >0.5 reactions per active site per 102 
second). The median rate among active form I rubiscos was 5.4 s-1, similar to the median kcat,C of 103 
plant rubisco literature values (4.7 s-1 when corrected to 30°C by assuming a Q10 value of 2.2 104 
(19)). The fastest rate measured in this study was 14 s-1 (Fig. 1B). 105 
 106 
Altogether, our measurements achieve a nearly tenfold increase in the number of bacterial form 107 
I rubiscos with measured carboxylation rates. As described below, our results allow for the 108 
discovery of features associated with fast form I bacterial rubiscos. 109 
 110 

 111 
Fig. 1. Systematic exploration of the diversity of bacterial form I rubisco. A) Number of bacterial form 112 
I rubisco variants with a carboxylation rate reported across the literature and in this study. B) Histogram of 113 
the carboxylation rates measured in this study and across the literature.  114 
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Form I rubiscos from phototrophic bacteria are faster carboxylases than those from 115 
chemoautotrophs 116 
Form I rubisco-expressing bacteria are autotrophs: they can convert oxidized inorganic carbon 117 
(CO2) into the reduced organic compounds forming their biomass through the Calvin cycle. To 118 
fuel the energy-intensive reactions involved in this cycle, autotrophs can draw upon two different 119 
energy sources: light (photo-autotrophy) or chemical reactions (chemo-autotrophy). Through a 120 
literature survey (see Materials and Methods and Supplementary Data 2), we collected available 121 
information on the bacteria expressing the studied rubiscos and classified them into phototrophs 122 
and chemotrophs. We tested whether one of these trophic modes was linked to higher 123 
carboxylation rates. To refrain from selection biases, we aimed to uniformly sample rubiscos from 124 
both classes as detailed in the Materials and Methods. We find that rubiscos originating from 125 
phototrophs have a carboxylation rate of 6.5 s-1 [4.4-7.9 s-1] (median and interquartile range), 126 
about three times faster than rubiscos derived from chemoautotrophs (2.0 s-1 [1.3-3.9 s-1]) (Fig. 127 
2A, Mann-Whitney U test, p < 0.01). The same pattern was observed when taking together all 128 
rates measured in this study, without care of uniformly covering both groups (Supplementary Fig. 129 
4).  130 
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 131 
Fig. 2. Large-scale analysis of the biological parameters associated with fast carboxylating 132 
rubiscos. Box and cumulative distribution plots of rubisco carboxylation rates from different clusters: 133 
chemo- and phototrophic bacterial rubiscos (A), carboxysome-associated rubiscos and their counterparts 134 
(B), α- and β- cyanobacterial, and carboxysome-associated proteobacterial rubiscos (C). To ensure 135 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted October 29, 2023. ; https://doi.org/10.1101/2023.07.27.550689doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.27.550689
http://creativecommons.org/licenses/by/4.0/


 

6 

unbiased study of every group, we selected 20 and 9 class-representative chemo- and phototroph-136 
associated rubiscos, 9 and 9 class-representative carboxysome-associated and non-associated rubiscos, 137 
and 15, 19 and 20 class-representative α- and β- cyanobacterial, and carboxysome-associated 138 
proteobacterial rubiscos respectively (see Materials and Methods). Mann-Whitney U test (A and B) or 139 
Kruskal-Wallis followed by Dunn multiple comparison tests (C) were applied. **p < 0.01, ***p < 0.001. 140 
Legend abbreviations are as follows: α-cyano, α-cyanobacterial rubisco; β-cyano, β-cyanobacterial rubisco; 141 
CCM-proteo, carboxysome-associated proteobacterial rubisco. 142 
 143 
Carboxysome-associated form I rubiscos are significantly faster  144 
A biological parameter that could have influenced rubisco evolution is the presence of a 145 
carboxysome-based CO2 concentrating mechanism (CCM). This cellular mechanism combines 146 
the active transport of inorganic carbon into the cell and the colocalization of carbonic anhydrase 147 
and rubisco inside subcellular proteinaceous microcompartments called carboxysomes, locally 148 
increasing CO2 concentration around rubisco (20). High CO2 levels inhibit oxygenation by 149 
competitive inhibition, which can permit the use of less CO2-affine but faster rubisco variants, 150 
following the observation of a kinetic tradeoff between these two parameters (21, 22). 151 
 152 
To compare carboxysomal and non-carboxysomal form I rubiscos, we uniformly sampled rubiscos 153 
from each class and compared their measured carboxylation kinetics (see Materials and 154 
Methods). We found that with a median catalytic rate of 7.4 s-1 [5.2-8.3 s-1], carboxysome-155 
associated rubiscos are more than 5 times faster than their non-carboxysomal counterparts (1.3 156 
s-1 [1.1-2.1 s-1]) (Fig. 2B, Mann–Whitney U test, p < 0.01). We found consistent results when taking 157 
together all rates measured in this study, i.e. ignoring uniform coverage (Supplementary Fig. 4). 158 
An exemplary case within our dataset is the gammaproteobacteria Hydrogenovibrio kuenenii, 159 
which expresses two form I rubiscos. The carboxysomal rubisco has a rate of 8.3 s-1, which is 160 
twice as fast as its non-carboxysomal counterpart (4.2 s-1, Supplementary Data 1), thus 161 
exemplifying the impact of carboxysome association on rubisco carboxylation.  162 
 163 
Alpha-cyanobacteria express the fastest form I rubiscos across the tree of life 164 
Carboxysomes are known to be expressed by all cyanobacteria and some chemotrophic 165 
proteobacteria (our current analysis also showed bioinformatically that it can be found in 166 
phototrophic proteobacteria such as the purple sulfur bacteria Thiorhodococcus drewsii). 167 
Cyanobacteria can be divided into two sub-clades, α- and β-cyanobacteria (23, 24). It has been 168 
posited that α- and β-cyanobacteria rubiscos had identical catalytic rates (25) or that β-169 
cyanobacteria rubiscos are faster (22, 26), as they included the fastest form I rubisco 170 
characterized to date (from Synechococcus elongatus PCC 6301) (18). However, such 171 
statements were made based on scarce measurements, especially among α-cyanobacterial 172 
enzymes where only two kcat,C values are currently available (27, 28). We now reevaluate this 173 
hypothesis using a wider and systematic kinetic sampling of these different rubisco subforms. We 174 
have class representative subsets of 15, 19 and 23 variants uniformly covering α-, β-175 
cyanobacteria, and proteobacteria carboxysome-associated rubiscos diversity from our dataset 176 
(see Materials and Methods). 177 
 178 
We find that, in contrast to previous statements, α-cyanobacterial rubiscos show the highest 179 
carboxylation rates (9.8 s-1 [8.6-10.5 s-1]) among all bacterial form I rubiscos, ≈50% higher than 180 
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β-cyanobacterial rubiscos and their proteobacterial counterparts (6.3 s-1 [5.6-7.5 s-1] and 6.6 s-1 181 
[4.7-7.5 s-1] respectively, Fig. 2C, Kruskal-Wallis test followed by Dunn multiple comparison test, 182 
p < 0.001). We observed the same result when taking together all rates measured in this study, 183 
regardless of achieving uniform coverage across groups (Supplementary Fig. 4). Future work can 184 
validate this result with direct assays and tests on the impact of other CO2 concentrations, different 185 
temperatures etc.  186 
 187 
We further analyzed the correlation between rubisco carboxylation rate and various biological and 188 
environmental parameters such as bacterial environmental source, rubisco subtype, bacterial 189 
halotolerance, pH, oxygen-sensitivity, or optimal growth temperature. As presented in 190 
Supplementary Fig. 5-10, these showed much weaker or no correlations. For example, while pH 191 
is known to be crucial for carboxysome-efficiency (29, 30), the optimal growth pH of a bacteria 192 
does not show any correlation with its rubisco carboxylation rate (Supplementary Fig. 8), likely as 193 
it does not directly affect the tightly controlled intracellular pH. Additionally, the slightly lower 194 
carboxylation rate of rubiscos originating from thermophiles (Supplementary Fig. 10) aligns with 195 
expectations, considering that these rubiscos naturally work at higher temperatures than in our in 196 
vitro assay (30°C). Investigating these specific rubiscos under varying temperatures in 197 
subsequent studies could further explore this effect. 198 
 199 
To evaluate possible dependencies among the features showing correlations, we performed a 200 
joint analysis to see the contribution of each feature while accounting for the other features. In 201 
order to achieve this, we trained a random forest regressor model using our dataset to predict 202 
rubisco’s carboxylation rate based on the main factors explored in this work (see Materials and 203 
Methods and Supplementary Fig. 11). The derived Shapley additive explanations (SHAP) values 204 
(31, 32) quantify the influence of each feature on the predicted rate (Fig. 3). Among all the features 205 
considered in this study, carboxysome-association is by far the most important one for 206 
determining the carboxylation rate of form I rubisco. This is followed by belonging to alpha-207 
cyanobacteria. The influence of phototrophy, while present, is only marginal when correcting for 208 
the presence or absence of a carboxysome.  209 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted October 29, 2023. ; https://doi.org/10.1101/2023.07.27.550689doi: bioRxiv preprint 

https://paperpile.com/c/n56Ti9/DSho+mjap
https://paperpile.com/c/n56Ti9/04eH+hizK
https://doi.org/10.1101/2023.07.27.550689
http://creativecommons.org/licenses/by/4.0/


 

8 

 210 
Fig. 3. The presence of a carboxysome is the primary factor influencing form I rubisco carboxylation 211 
rate. Feature importance was determined using absolute SHAP (Shapley additive explanations) values 212 
from a random forest regressor model. The model assessed the rubisco carboxylation rate based on 213 
bacterial trophic mode, carboxysome-association, and belonging to specific carboxysome-expressing 214 
bacterial group: alpha-cyanobacteria, beta-cyanobacteria, or carboxysome-associated proteobacteria 215 
(CCM-proteobacteria). Error bars are the standard deviations across 100 different train-test splits. 216 
 217 
Discussion 218 
Rubisco is among the enzymes that have helped shape Earth’s biosphere and geosphere the 219 
most. Its kinetic parameters result from billions of years of evolution, following (and causing) 220 
changes in the atmosphere and climate. We present here a systematic large-scale survey of ≈140 221 
rubisco variants covering the genetic diversity of bacterial form I rubiscos.  222 
 223 
We note that the present study is limited by the risk of underestimating some rates if, for instance, 224 
enzymes are partially denatured in the expression conditions used. Yet, a denatured enzyme 225 
probably could not interact with RuBP or CABP, and more generally, we have no reason to 226 
presume a priori a systematic bias affecting some of the studied groups over the others. 227 
 228 
We find that carboxysome-associated rubiscos are, on average, more than 5 times faster than 229 
counterparts which are not associated with a carboxysome. Moreover, among the main 230 
parameters examined in this study, it exhibits the strongest association with the occurrence of 231 
fast carboxylating rubiscos. Carboxysomes likely evolved during the Proterozoic eon - in the 232 
context of the rise of oxygen and the decrease of carbon dioxide in our atmosphere (20) - to 233 
maintain carboxylase activity in this changing atmosphere. One evolutionary strategy is the 234 
emergence of carbon-concentrating mechanisms (CCMs), including carboxysomes, that locally 235 
concentrate CO2 around rubisco and therefore maintain local gas concentrations favorable to 236 
carboxylation. Another strategy consists of the evolution of rubisco towards stronger affinity for 237 
CO2. It has long been postulated that rubisco is a constrained enzyme, limited by catalytic 238 
tradeoffs, notably between its carboxylation rate and affinity for CO2 (illustrated by the positive 239 
correlation between kcat,C and KM,CO2) (21, 22). Rubiscos that evolved in the context of a CCM 240 
might have faced less selective pressure towards stronger CO2 affinity and have been postulated 241 
to present higher carboxylation rates as observed in C4 versus C3 plants (33). Our findings with 242 
carboxysomal rubiscos support this conjecture using the most comprehensive kinetic sampling to 243 
date.  244 
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Eventually, among cyanobacteria, α-cyanobacterial rubiscos were found to be 50% faster than 245 
their β-cyanobacterial counterparts. One possible difference between α- and β-cyanobacteria 246 
could be their cell size. α-cyanobacteria are known to encompass many members of the so-called 247 
picocyanobacteria, the smallest cyanobacteria on Earth (25, 34). We collected from the literature 248 
the size dimensions of cyanobacteria, when available. With a median cell volume of 0.5 µm3 (0.3-249 
1.0 µm3), α-cyanobacteria are more than 25 times smaller in volume than their β counterparts 250 
(13.5 µm3 [3.9-25 µm3]) (Supplementary Fig. 12, Mann–Whitney U test, p < 0.0001). Smaller cells 251 
offer higher surface-to-volume ratio and increased exchange with the medium (35), which could 252 
support a higher supply of nutrients, and contribute to the evolution of faster rubiscos in these 253 
specific cyanobacteria (see Supplementary Note 2 for more details). We also note that α-254 
carboxysomes are smaller than β-carboxysomes, and that their rubiscos are less densely packed 255 
than in β-carboxysomes (36). The concentration of CO2 molecules at rubisco active site may 256 
therefore be even higher in α-cyanobacteria.  257 
 258 
This study provides a systematic exploration of bacterial form I rubisco maximal rates and its 259 
relationship with various contextual factors that could have shaped the evolution of this most 260 
abundant enzyme on Earth. It will hopefully help our ability to select and engineer it for human 261 
needs. 262 
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 271 
Materials and Methods 272 
Rubisco sequence collection 273 
Rubisco large subunit sequences were collected from (i) the NCBI's nr database (37) downloaded 274 
in December 2020 and searched following the method described in Davidi et al. (6); (ii) in-house 275 
assemblies of the 244 samples from the Tara Oceans expedition (38); (iii) assemblies and rubisco 276 
sequences published by (39–43). Sequences outside the length range of 300-700 amino acids 277 
were removed. The remaining sequences were then clustered at an 80% sequence identity 278 
threshold using USEARCH algorithm (44). Cluster representatives were aligned using MAFFT 279 
(v7.475, default parameters) (45), and columns with more than 95% gaps were removed using 280 
trimAl (v1.4.rev15, -gt 0.05) (46). A phylogenetic tree was constructed using FastTree (v2.1.10, 281 
default parameters) (47). To identify the different rubisco forms, we relied on annotated 282 
sequences from NCBI, Tabita et al. (48), and Banda et al. (43). This process resulted in a total of 283 
72,395 sequences, including 56,161 form I rubiscos, and most notably for this study, 4,302 non-284 
eukaryotic form I rubiscos. The latter were further re-clustered at 90% identity using USEARCH 285 
algorithm (custom python script; see below), and a phylogenetic tree was constructed using 286 
RAxML (49). 287 
 288 
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Rubisco variants selection for characterization 289 
Form I rubiscos are divided into 5 separate groups (8, 42, 50–52) (see Supplementary Fig. 6A): 290 
forms IA and IB (forming the “green” type, found in cyanobacteria and some proteobacteria); 291 
forms ICD and IE (the “red” type, found in proteobacteria); and the recently discovered form I 292 
“Anaero” (found in bacteria related to anaerobic, thermophilic Chloroflexaeota and Firmicutes) 293 
(53). To comprehensively sample the sequence space of form I rubisco diversity, an iterative 294 
clustering approach of the large subunit gene was employed using USEARCH algorithm. The 295 
resulting representative sequences from each cluster were selected for characterization. 296 
Thresholds were chosen in line with the number of variants we could afford to synthesize and 297 
measure in the span of this study. Initially, 32 rubiscos were chosen to cover the entire diversity 298 
of form I rubisco at a threshold of 75% identity. Subsequently, further clustering was performed 299 
on smaller groups of rubiscos of particular interest, with increasing threshold percentages. 300 
Throughout the study, this successively included 38 rubiscos representing the diversity of form IA 301 
and B rubisco at 85% identity, 13 rubiscos representing the diversity of cyanobacterial rubisco at 302 
88% identity, 31 rubiscos representing the diversity of IB rubisco at 91% identity, 20 rubiscos 303 
representing the diversity of cyanobacterial IA rubisco at 97.5% identity, and 23 rubiscos 304 
representing the diversity of proteobacteria carboxysome-associated rubisco at 90% identity (See 305 
Supplementary Fig. 1). These representative sequences could sometimes overlap, resulting in a 306 
total of 129 different rubisco sequences tested in this study. Additionally, 15 rubiscos were 307 
arbitrarily selected for setting-up the experimental pipeline. In total, 144 different rubisco variants 308 
were selected for characterization in this study. 309 
 310 
Gene synthesis 311 
For each chosen rubisco variant, the complete rubisco operon, encompassing rubisco large and 312 
small subunit genes, as well as the chaperone rbcX gene for IB rubiscos, was retrieved. The 313 
operons were then codon-optimized for expression in E. coli (Twist Codon Optimization tool) and 314 
synthesized by Twist Bioscience. Following synthesis, these operons were cloned into a pET-315 
29b(+) overexpression vector (NdeI_XhoI insertion sites). Validation of gene synthesis and 316 
cloning was conducted through next-generation sequencing as part of the Twist bioscience 317 
service. 318 
 319 
High-throughput rubisco expression 320 
Chemocompetent BL21(DE3) cells, previously transformed with a pESL plasmid coding for the 321 
chaperone GroEL-GroES (12), were transformed with the rubisco library and incubated at 37°C, 322 
250 rpm in 8 ml of LB media supplemented with 30 μg/ml chloramphenicol and 50 μg/ml 323 
kanamycin. Growth was performed in 24-deep-well plates. When cells reached an OD600 of 0.6, 324 
GroEL-GroES expression was induced by adding arabinose (0.2% final) and incubating at 23°C 325 
for 45 min. Rubisco expression was then induced by adding 0.2 mM IPTG (isopropyl β-d-326 
thiogalactoside) and incubating at 23°C for 21 h. For protein extraction, cells were harvested by 327 
centrifugation (15 min; 4,000 g; 4°C) and pellets were lysed with BugBuster® ready mix (Millipore) 328 
for 25 min at room temperature; 70 µl BugBuster master mix (EMD Millipore) was added to each 329 
sample. Crude extracts were then centrifuged for 30 min at 4,000 g, 4°C to remove the insoluble 330 
fraction. For quality control, all samples were run on an SDS–PAGE gel (Supplementary Fig. 13). 331 
 332 
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Raf1-IB rubisco co-expression 333 
For IB rubiscos (originating from β-cyanobacteria), a pilot study was performed to find an 334 
homologue of the chaperone Rubisco accumulation factor 1 (Raf1), that could help solubly-335 
express these rubisco variants. 3 different Raf1 were first tested with their cognate rubisco, from 336 
3 β-cyanobacteria (namely, Trichormus variabilis, Pseudanabaena sp. PCC 6802, and 337 
Euhalothece natronophila). Codon-optimized raf1 genes were synthesized and cloned by Twist 338 
Bioscience in polycistron with their cognate rubisco genes into pET-29b(+) vectors. Proteins were 339 
expressed and tested in vitro, as described above, and Raf1 from Euhalothece natronophila was 340 
chosen, based on ability to solubilize its cognate rubisco. The gene was therefore cloned into a 341 
pESL plasmid, in the same operon as GroEL-ES genes, and transformed into chemocompetent 342 
BL21(DE3) cells. IB rubiscos were then transformed and expressed in these cells as described 343 
previously. 344 
 345 
High-throughput determination of rubisco carboxylation rates 346 
To determine rubisco carboxylation rates, we performed kinetic assays directly from the soluble 347 
fraction of prepared lysates since purifying both large and small rubisco subunits together was 348 
not feasible in a high-throughput manner. Soluble fractions were incubated with 4% CO2 and 0.4% 349 
O2 for rubisco activation (15 min; 4°C; plate shaker at 250 rpm). Following activation, rubisco 350 
carboxylase activities were tested as described in Davidi et al. (6). Briefly, 10 μl of the activated 351 
rubisco sample was added to six aliquots of 80 μl of assay mix (a detailed list of all assay 352 
components and their sources is provided in Supplementary Table 1) containing different 353 
concentrations of CABP (0, 0, 10, 20, 30, and 90 nM). The mix was incubated for 15 minutes at 354 
30°C in a plate reader (Infinite® 200 PRO; TECAN) connected to a gas control module (TECAN 355 
pro200) ensuring atmospheric conditions of 4% CO2 and 0.4% O2. Rubisco carboxylation activity 356 
was initiated by adding 10 μl RuBP to each sample (final concentration of 1 mM and a total volume 357 
of 100 μl). The carboxylation rate was determined through a coupled reaction (54, 55). In brief, 3-358 
phosphoglycerate, the product of ribulose 1,5-bisphosphate carboxylation, was phosphorylated 359 
and subsequently reduced into glyceraldehyde 3-phosphate, involving NADH oxidation. The latter 360 
could be monitored through 340 nm absorbance for 15 minutes at 2-second intervals. To convert 361 
from NADH to rubisco reactions per second, we assumed a stoichiometric ratio of 2:1 between 362 
NADH and carboxylation reactions. The active-site concentration was determined by fitting a 363 
linear regression model (custom python script; see below) to the measured reaction rates as a 364 
function of the CABP inhibitor concentrations (See Supplementary Note 1 and Supplementary 365 
Fig. 14 for more details). Due to the use of soluble fractions of total cell lysates, the initial 366 
concentration of rubisco could not be determined beforehand, which often led to saturation of the 367 
first assay with rubisco. To overcome this issue, we adjusted the concentration of lysates by 368 
dilution, to obtain a rubisco concentration that enabled measurable inhibition by CABP, allowing 369 
for an accurate quantification of the active-site concentration. We finally obtained the rate per 370 
active site by dividing the activity with no CABP by the concentration of active sites. As was done 371 
in Davidi et al. (6), and since not all variants were tested on the same day, the form-II rubisco 372 
from R. rubrum, commonly used as a standard in rubisco kinetic assays, was consistently 373 
included as an internal reference in every measurement. 374 
 375 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted October 29, 2023. ; https://doi.org/10.1101/2023.07.27.550689doi: bioRxiv preprint 

https://paperpile.com/c/n56Ti9/3hfA
https://paperpile.com/c/n56Ti9/7Mlm+CPwB
https://paperpile.com/c/n56Ti9/3hfA
https://doi.org/10.1101/2023.07.27.550689
http://creativecommons.org/licenses/by/4.0/


 

12 

Bacterial, ecological and rubisco data collection  376 
Data were collected on the bacteria expressing rubiscos studied in this work. A literature survey 377 
was performed to gather as much available information on each bacteria. Additionally, sample 378 
data associated with these bacteria were collected on NCBI (BioSample database). Furthermore, 379 
the identification of carboxysome and non-carboxysome-associated rubiscos was carried out by 380 
systematically examining the presence of carboxysome genes following the small subunit gene 381 
of rubisco, rbcS. All collected information and references are presented in Supplementary Data 382 
2. 383 
 384 
Rubisco variants selection for comparative analysis 385 
For comparing rubisco carboxylation rates between groups without sampling bias, we aimed to 386 
select representative sets of variants uniformly covering the different groups studied. For the 387 
comparison of rubiscos originating from phototrophic versus chemotrophic organisms, we 388 
selected a set of 32 rubiscos, covering the entire diversity of form I rubiscos at a 75% similarity 389 
threshold, enriched with a set of 36 rubiscos, covering the entire diversity of form IA and B 390 
rubiscos at an 85% similarity threshold. Among these 68 variants, phototrophic rubiscos were 391 
distinguished from chemotrophic ones based on their co-occurrence with photosystem genes in 392 
the respective genome. This resulted in 53 chemotropic and 15 phototrophic rubiscos, of which 393 
20 and 9 respectively were soluble and active in vitro. 394 
For the comparison of carboxysome and non-carboxysome-associated rubiscos, we selected a 395 
set of 14 rubiscos covering the entire diversity of carboxysome-associated rubiscos at an 85% 396 
similarity threshold, and of 30 rubiscos covering the entire diversity of non-carboxysome-397 
associated rubiscos at a 75% similarity threshold. 9 and 9 of them were soluble and active in vitro. 398 
For the comparison of α- and β-cyanobacterial, and carboxysome-associated proteobacterial 399 
rubiscos, we selected 19 rubiscos covering the entire diversity of α-cyanobacteria rubiscos at a 400 
97.5% similarity threshold, 29 rubiscos covering the entire diversity of β-cyanobacteria rubiscos 401 
at a 91% similarity threshold, and 23 rubiscos covering the entire diversity of carboxysome-402 
associated proteobacterial rubiscos at a 90% similarity threshold. 15, 19 and 20 of them 403 
respectively were soluble and active in vitro. 404 
 405 
Random forest regressor model and feature importance analysis 406 
A random forest regressor model was used to predict rubisco’s carboxylation rate as a function 407 
of the main features showing correlation in the study: the trophic mode of the bacteria (photo or 408 
chemotrophy), the association of the rubisco with a carboxysome, and, among those harboring a 409 
carboxysome, those belonging to proteobacteria, α- or β-cyanobacteria. One hundred individual 410 
decision trees were trained with a maximum depth of 3 and a fixed random seed of 42. In each 411 
tree generation, the dataset was randomly split into training (75% of the data) and testing (25%) 412 
sets. For every generated tree, Shapley additive explanations (SHAP) values were computed for 413 
each estimator. SHAP values represent the average contribution of each feature to the difference 414 
between the model's prediction and the expected prediction. The SHAP values of each parameter 415 
were eventually averaged and plotted for feature importance comparison. 416 
 417 
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Data and Code Availability 418 
All the data supporting the findings of this study as well as the codes used for generating our list 419 
of rubiscos and for analyzing the results is open source and can be found in the following link: 420 
https://gitlab.com/milo-lab-public/rubisco-F1. 421 
 422 
 423 
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