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Supplementary Figure 3: Logistic regression with site-wise mutation preferences enables 

better fit to combinatorial variant effect datasets across proteins.

a-b, Site-wise linear regression (a) and logistic regression (b) fits to the total combinatorial 

variant effects for various proteins, with the total explained variance R2 indicated.
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Supplementary Figure 5: Antitoxin site-wise preferences are altered by mutations in a contacting resi-

due, and homologous structure comparison suggest differences in site-wise preferences between 

homologous toxin-antitoxin pairs.

a, Crystal structure (PDB ID: 5CEG) indicating the 10 different ParE3 toxin single substitution variants that the 3 

position combinatorial antitoxin ParD3 library was screened against. The toxin is shown in green, with the 

mutated positions spacefilled. The antitoxin is shown in yellow with purple, cyan and blue indicating the combi-

natorially mutated residues. Only one mutated position in the toxin, E87, contacts the antitoxin at position K63 

(cyan).

b-d,Antitoxin ParD3 site-wise preferences inferred by the nonlinear, independent model correlate almost 

perfectly unless a contacting residue is mutated. b, Pearson correlation coefficients, r, for inferred sitewise 

antitoxin preferences at each of the 3 mutated antitoxin positions in the background of 10 different toxin ParE3 

single substitution variants vs. the wild-type toxin ParE3. Scatterplot of antitoxin residue mutation preferences 

when screened against toxin with a non-contacting mutation (V5L) vs. wild-type toxin (c). Differences in antitox-

in position K63 mutation preferences in the background of a toxin variant that contains a substitution, E87M, at 

a contacting position (d).

e, Differences in local interface microenvironments of binding between ParD3/E3 from Mesorhizobium oppor-

tunistum (PDB ID: 5CEG) vs. homologous structure ParD/E (PDB ID: 3KXE) from Caulobacter vibrioides, 

suggesting that alignment-averaged amino acid preferences do not reflect the site-wise preference of each 

individual structural context well.
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Supplementary Figure 7: Unsupervised model scores correlate with measured combina-

torial variant effects.

The scores for various models (CoVES, ESM-IF, proteinMPNN, EvCouplings and BLOSUM45) 

are displayed versus the measured variant effects for the antitoxin ParD3 3 position library, 

antitoxin 10 position library, GFP, AAV and GRB2 datasets. The spearman correlation coeffi-

cients (r) are indicated.
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