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Supplementary Notes  
 
Supplementary Note 1. Comparison of predictions of the proposed model with 
those using a simpler conservation-only model 
 
To investigate the importance of incorporating interactions between mutations at different residues, 
we compared the predictions of the proposed method with those obtained using a simpler model 
based only on amino acid conservation (or single mutant probabilities), which ignores such 
interactions. The most meaningful comparison is with respect to a conservation-based maximum 
entropy model parametrized only by the “fields” ℎ"(𝑎). These are given by 
 

ℎ"(𝑎) = 	 ln
1 − 𝑓"(𝑎)
𝑓"(𝑎)

			, 

 
where 𝑓"(𝑎) is the frequency of observing mutant 𝑎 at residue 𝑖. Our tests showed that, for the most 
direct biological validation of the model (i.e., comparison of model fitness predictions with in vitro 
infectivity measurements1,2,11,3–10), such a conservation-only model provided a much lower 
correlation with experimental fitness values (�̅� = −0.64) (Supplementary Fig. 6; compare with the 
corresponding results for our model in Fig. 2a).  
 
As we show below, further tests revealed that incorporating residue interactions into our model is 
not only important in making fitness predictions, but also provides interesting differences in the 
main results of the proposed work; namely, for the classification of antibodies based on relative 
escape times (Fig. 4a and Supplementary Fig. 4).  
 
First, we computed the analogous result to Fig. 4a (relative escape times associated with the 
binding residues of HmAbs defined based on global alanine scanning9), using the conservation-
only model. These results are shown in Supplementary Fig. 11, where they are contrasted against 
the predictions of our proposed model. A notable observation is that the predictions of the two 
models are quite distinct for domain D HmAb HC84-20. Specifically, while the conservation-only 
model predicted the minimum escape time of HC84-20 to be similar to the other domain D HmAbs 
(Supplementary Fig. 11, bottom panel), our model identified it as comparatively escape-resistant 
(Supplementary Fig. 11, top panel). This distinction in our model prediction suggests that the 
mutations at the non-conserved binding residues of HC84-20 still bear high escape time due to the 
additional constraints imposed by their interaction with other protein residues (that are taken into 
account exclusively in our model). Note that HmAb HC84-20 is different from the other domain D 
HmAbs (HC84-24 and HC84-26) as residue 442—a common binding residue of these HmAbs—is 
not a binding residue9 of HC84-20 at RB ≤ 20%. Mutations at the residue 442 are known to be 
associated with escape from domain D HmAbs12 and our model correctly associated it with 
relatively lower escape time (< 100 generations). This is evident from our model predictions at RB 
≤ 40% (Supplementary Fig. 4) where residue 442 is a binding residue of all domain D HmAbs 
(including HC84-20), and at RB ≤ 20% (Supplementary Fig. 11, top panel) where it is a binding 
residue only of HmAbs HC84-24 and HC84-26. Thus, the absence of residue 442 from the binding 
residues of HmAb HC84-20 at RB ≤ 20% suggests that this domain D HmAb may be relatively 
escape-resistant compared with other HmAbs, which is also in line with predictions of a recent 
report13.  
 
Second, we compared predictions of the two models for relative escape times associated with the 
binding residues of HmAbs defined based on selective alanine scanning (Supplementary Table 4). 
Contrary to the conservation-only model’s prediction, our model predicted the minimum escape 
time of HmAbs AR3A-AR3C (Supplementary Fig. 12) to be comparatively higher than other 
HmAbs, suggesting the potential difficulty for the virus in escaping these antibodies. This is 
consistent with the reported potency of these antibodies in preventing as well as clearing chronic 
HCV infection in humanized mice14.   
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Supplementary Figures 
 
 

 
 
Supplementary Figure 1 | Comparison of the protein length, mean residue entropy, and 
number of parameters required to estimate fitness landscape for different HCV proteins.  
Of all HCV proteins, E2 has the highest mean residue entropy, as well as the highest number of 
parameters. Mean residue entropy 𝐻 can be calculated by using the relation 𝐻 =
	6
7
∑ ∑ 𝑓"(𝑎) ln 𝑓"(𝑎)96

:;6
7
";6 , where 𝑓"(𝑎) is the frequency of observing an amino acid mutant 𝑎 at 

residue 𝑖 and 𝐿 is the number of residues in the protein. The number of parameters was calculated 
by considering all the amino acid mutants observed at each residue. 
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Supplementary Figure 2 | Fitness vs predicted energy for individual experiments compiled 
from the literature.  
Both energy and infectivity are normalized with the reference strain used in the experiment. A 
relatively strong negative Spearman correlation is observed for all experiments. The reference 
associated with each set of experimental fitness values is shown above each subplot. 
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Supplementary Figure 3 | Classifier design based on the available information of 
experimentally/clinically observed escape mutations from E2-specific HmAbs. 
a Receiver operating characteristic curve for identifying observed escape mutations (listed in 
Supplementary Table 2) using the inferred escape time scores. An area under the receiver operative 
characteristic curve (AUC) of 0.93 is avhieved. b Determination of the optimal escape time cut-off 
based on the F1 score and Matthews correlation coefficient (MCC). Note that in this binary 
classification, all residues at which escape mutation is not experimentally/clinically observed are 
considered difficult to escape. 

 
 

 
 
Supplementary Figure 4 | Analysis of relative escape times associated with mutating the 
binding residues (defined using RB ≤ 𝟒𝟎%) of known HmAbs. 
Minimum escape time 𝑡AB"C (top panel) and number of escape pathways 𝑛AE (bottom panel) 
associated with mutating the binding residues of 16 HmAbs, determined using global alanine 
scanning9. The binding residues of the HmAbs are defined as the mutations that resulted in 
reduction of binding with respect to the wild-type to ≤ 40%. HmAbs are colored according to the 
antigenic domains using the scheme in Fig. 3b. The background of the HmAbs predicted to be 
relatively escape-resistant is shaded.  
 
 

a b
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Supplementary Figure 5 | Analysis of relative escape times associated with mutating the 
binding residues (determined using selective alanine scanning mutagenesis) of known 
HmAbs. 
Minimum escape time 𝑡AB"C (top panel) and number of escape pathways 𝑛AE (bottom panel) 
associated with mutating the binding residues of HmAbs, where binding residues were determined 
using selective alanine scanning (Supplementary Table 4). All HmAbs predicted to be relatively 
escape-resistant are grouped together (in no specific order) on the left (shaded) and the remaining 
ones are grouped together on the right. 
 

 
Supplementary Figure 6 | Experimental fitness vs energy for the conservation-only model. 
Experimental fitness vs normalized energy (similar to Fig. 2a) for a maximum entropy model based 
only on single mutant probabilities (see Supplementary Note 1). The correlation �̅� is the weighted 
Spearman correlation (see Methods).  
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Supplementary Figure 7 | The fraction (per sequence) of gaps and ambiguous amino acids 
in the processed E2 sequence data.  
In this box plot, the bold horizontal line indicates the median, the edges of the box represent the 
first and third quartiles, whiskers extend to span a 1.5 inter-quartile range from the edges (both 
box edges and whiskers are not visible due to the distribution being too skewed around the 
median), and the spheres represent the outliers (values beyond the range of whiskers). 
 
 
 

 
 

Supplementary Figure 8 | Robustness of the (a) single and (b) double mutation probabilities 
to the number of sequences in the MSA.  
Each box plot shows the normalized root-mean-square-error (NRMSE) of the probabilities 
observed in the subsampled (sampling with replacement) MSA for 500 runs, where B is the total 
number of sequences (after data preprocessing). It can be observed that the median of the NRMSE 
of the probabilities calculated using the subsampled MSA converged to within 0.05, even when 
only half of the total sequences were used to construct the subsampled MSA. In each box plot, the 
bold horizontal line indicates the median, the edges of the box represent the first and third quartiles, 
and whiskers extend to span a 1.5 inter-quartile range from the edges. 
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Supplementary Figure 9 | Robustness of escape time scores to the evolutionary model 
parameter values.  
Comparison of predicted escape time scores for (a–b) different values of the parameter modeling the 
variation in viral fitness as function of predicted energy, 𝛽; for (c–d) different values of the parameter 
modeling the immune pressure, 𝑏; for (e) a different value of the effective population size, 𝑁A; and for 
(f) different sets of T/F sequences employed. For (e), simulations with 𝑁A = 20,000	were restricted to 
only 10 T/F sequences due to the very high computational complexity at this scale. For (f), escape time 
for each residue was computed by running simulations for 50 randomly sampled T/F sequences from 
the inferred model (equilibrium sampling via MCMC simulation). The main parameter differences in 
each subplot are shown in bold. The results are presented for the sets of residues involved in antigenic 
domains (Fig. 3b) or in forming the binding residues of HmAbs (Fig. 4a). 
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Supplementary Figure 10 | Robustness of escape time scores to different sets of T/F 
sequences used in the evolutionary simulations.  
The y-axis represents the escape times averaged over three randomly-selected mutually distinct 
sets of 25 T/F sequences, with red error bars denoting one standard deviation. The result is 
presented for the sets of residues involved in antigenic domains (Fig. 3b) or in forming the binding 
residues of HmAbs (Fig. 4a). 
 

 
Supplementary Figure 11 | Comparison of predictions of the proposed model and the 
conservation-only model for the relative escape times associated with the binding residues 
of known HmAbs defined based on global alanine scanning.  
Results using the proposed model (top panel) and the conservation-only model (bottom panel). 
The binding residues of the HmAbs are defined as the mutations that resulted in reduction of 
binding (RB) with respect to the wild-type to RB ≤ 20%. HmAbs are colored according to the 
antigenic domains using the scheme in Fig. 3b. The background of the HmAbs predicted by our 
proposed model to be relatively escape-resistant is shaded grey (top panel). 
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Supplementary Figure 12 | Comparison of predictions of the proposed model and the 
conservation-only model for the relative escape times associated with the binding residues 
of known HmAbs defined based on selective alanine scanning.  
Results using the proposed model (top panel) and the conservation-only model (bottom panel). 
The binding residues were determined using selective alanine scanning mutagenesis 
(Supplementary Table 4). The background of the HmAbs predicted by our proposed model to be 
relatively escape-resistant is shaded grey (top panel). 
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Supplementary Tables 
 
Supplementary Table 1. List of single mutations in H77 and H77 carrying N417S mutant 
background sequences that our model predicts to improve fitness. 
 
Background  
sequence Mutation Decrease in energy  

(improvement in fitness) 

H77 

L399F -0.3031 
T404A -0.6243 
T404S -0.4776 
E431D -1.1979 
Q444H -4.3557 
Q444R -2.7261 
Q444V -3.8673 
Q444Y -3.0013 
L480P -0.079 
A531E -0.298 
L580R -0.9659 

H77 + N417S mutation 

L399F -0.3375 
V400A -0.0818 
T404A -0.3332 
T404S -0.4024 
E431D -1.4746 
Q444H -4.552 
Q444R -3.0376 
Q444V -4.0852 
Q444Y -3.1672 
A531E -0.3078 
L580R -1.2882 
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Supplementary Table 2. List of known escape mutations from E2-specific HmAbs.  
 
Escape residues HmAbs Reference 
431 CBH-2 15 
431, 435, 444, 446, 466, 482, 501, 
528, 531, 538, 580, 610, 636, 713 

CBH-8C, CBH-2, CBH-5, HC-2, and HC-
11 

6 

391,394, 401, 415, 417, 434, 444, 
608 

HCV1 16 

416, 422, 424, 431, 433, 438, 442, 
446, 453, 456, 461, 475, 482, 520, 
524, 531, 533, 557, 558, 560 

CBH-2, CBH-5, HC84-22, HC84-26, 
AR3A, AR3B, AR3C, AR3D  

12 

408 HC33-4 17 

384, 386, 388, 390, 391, 393, 394, 
395, 396, 397, 398, 399, 400, 401, 
402, 403, 404, 405, 407, 410 

HmAbs targeting HVR1  18 

 
 
 
 
 
 
Supplementary Table 3. E2-restricted T lymphocyte epitopes available in the HIV 
Molecular Immunology Database19. 
 
Epitope HLA Allele Clinical outcome association 
401–411 A2 N/A 
459–507 B53 N/A 
489–496 B51 Spontaneous clearance 
530–539 B60 N/A 
541–550 B57 Spontaneous clearance 
569–578 B50 N/A 
610–618 cw7 N/A 
613–622 A2 N/A 
621–628 A11 N/A 
630–639 A3 Spontaneous clearance 
632–640 A3 Spontaneous clearance 
654–662 B60 N/A 
686–694 A2 N/A 
712–726 A24 N/A 
723–734 A2 N/A 

 
 
  



 13 

 
Supplementary Table 4. Binding residues of E2-specific HmAbs determined using 
selective alanine scanning mutagenesis. 
 
Binding residues HmAbs Reference 
424, 523, 525, 530, 535, 538, 540 AR3A 20 
412, 416, 418, 423, 424, 523, 525, 
530, 535, 540 

AR3B 20 

424, 488, 523, 525, 530, 535, 538, 
540 

AR3C 20 

412, 424, 523, 530, 535 AR3D 20 
412–423  HCV1 16 
413, 418, 420 HC33-32 21 
525, 530, 535 HC-1 22 
485, 494, 497, 502, 503, 504, 505, 
507, 508, 509, 523, 525, 530, 533, 
535, 538, 540, 614, 617, 618, 619, 
621, 624 

CBH-5 23,24 

523, 526, 527, 529, 530, 535 1:7 25 
523, 526, 527, 529, 530, 535 A8 25 
416, 420, 529, 530, 535 e137 26 
441, 442 HC84-1 7 
441–443  HC84-21 7 
420, 428, 437, 441–443, 616  HC84-22 7 
420, 428, 437, 441–443, 616  HC84-23 7 
441, 442, 616 HC84-25 7 
441–443, 446, 616 HC84-27 7 
408, 413, 418, 420 HC33-8 21 
408, 413, 418, 420 HC33-29 21 
431, 437, 439, 530, 535, 523  CBH-2 6,15 
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Description of Additional Supplementary Files 
 
 
File Name: Supplementary Data 1 
Description: The mean escape time predicted for each residue in E2. 
 
File Name: Supplementary Data 2 
Description: Accession numbers of E2 sequences used for inferring the model. 
 
File Name: Supplementary Data 3 
Description: The experimental fitness (infectivity) measurements for E2 compiled from the 
literature. 
 


