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Extended Data Fig. 7 | Histograms of fitness effects of mutations to each 
amino acid individually. a) A histogram of fitness effects of all mutations to 
the specified amino acid (i.e. the plot for proline is the histogram of the fitness 
effects of mutations to proline at each position where there isn’t a proline 

naturally). Plots are coloured by the biophysical properties of the amino acids. 
b) A heatmap of all fitness values. Fitness is the normalized enrichment value 
for selections carried out at 5% CO2 with 20 μM IPTG. c) A heatmap of all 

�
Vmax 

values. d) A heatmap of log �K( )C  values. �KC has units of μM CO2.



Extended Data Fig. 8 | “Recent” evolution of a tertiary contact and 
phylogenetic comparisons. a) Conservation vs. Tolerance among bacterial 
Form II rubiscos. As in Fig. 2c, mutational tolerance is the average fitness effect 
of all mutations at a given position. Here conservation is determined from an 
MSA of all Form II bacterial rubiscos (see methods). P-value is determined from 
the Spearman correlation and is thus a two-sided test. Positions 215 and 257  
form a tertiary contact in R. rubrum and other Form II rubiscos and are thus 
more conserved than among all rubiscos. b) Alignment of 9RUB and 8RUC,  

R. rubrum (green) and spinach (orange) rubisco respectively. c) Rotated view 
and zoom of M215 and H257 from R. rubrum. The loop containing them in  
R. rubrum is truncated in spinach. d) Pairwise identities between rubisco 
sequences across Forms. Representative rubisco sequences from5 were 
compared for pairwise identity. Form I sequences were picked to have a 
maximum sequence identity between one another of 85% in order to sample 
sequences more evenly (out of fear of oversampling plant sequences). Form  
II and III sequences were chosen randomly.



Article

Extended Data Fig. 9 | Specificity and KM,RuBP measurements for A102Y and 
V266T. a) Specificity values measured by Membrane Inlet Mass Spectrometry 
(N = 3 for each mutant measured in this study). Comparisons to literature values 
are displayed when available. Literature data for WT is from39. Error bars represent 
the SEM of all measurements compiled in that published analysis. Literature 
data for H44N and D117V is from24. Error is taken from Extended Data Table 2 in 
that publication. P-values reflect a Welch’s two-sided t-test in comparison to WT, 
with a permutation test to determine P-values. Red numbers indicate P > 0.05. 
b) KM,RuBP values fit from spectrophotometric assays of rubisco carboxylation 
along an 8 point RuBP titration. Each point in the titration was measured in 
technical triplicate. Error bars indicate the square root of the diagonals of the 
covariance matrix during fitting. All three triplicate measurements were used 
to perform the fit.



Extended Data Table 1 | Assay mix composition
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Extended Data Table 2 | Enzyme kinetic parameters










