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Fig. S1. The stability of a protein is determined by the thermodynamic and kinetic stabilities, AG¢ and AGy, respectively. We only consider the thermodynamic stability.
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Fig. S2. Priors presented by Equation 2. Here ;14 = —1.5, the most likely value for —a. Other hyperparameter values are presented in Table S1.

Table S1. Values for the hyperparameters used in the priorsof a, b, ¢, d, og
and o s presented in Equations 2 and 6, respectively.

a b d oE os

o

ag =2 ap =13 ac=2 pg=-—-a aoag =25 as = 50
Ba =15 pBp=2 pB.=5 o04=0.15 g =0.02 Bg =0.007
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The partial derivatives of the marginal likelihood with respect to the parameters ¢ are obtained from Equation (9) as follows:

d 1 10Ky 41 10K,
—logp(y|X,¢) =—yTK ' —2K 'y - —tr (K
D, (vIX, ¢) 2 ® 9p; ¢ 2 ® 9o,

:%tr ((aaT _ K(;l) a;g{j)) ,

where ¢ = K ¢_1y, K 4 is determined as

M 00
Ky = Z wm K™ 4 diag orln,
m=1 O’ElNE +0'51NS +tor

and the partial derivatives of K4 with respect to the optimised parameters are

oK. 0
a—d’ —diag 2051N,
o
e 2(0glng +0slng +tor)
oK, . 0
Dom =diag ONg
R 2(0‘E1NE+0'51NS+tU'T)
oK, . 0
e =diag Ong
2 (UE]-NE -+ US]-NS + t) or
oK
Owm
0K
e =wm K™ log K,
Ovm

Correlation p and root-mean-square error rmse for the predictions are determined as

SN (i — §) (u(xi) — i)

p:
VN i - 902 S (i) — )2
1 X
— C(x,))2
rmse = N, ;(yz H( 2)) s

(81

(52)

(83)

(54)

(S5)

(S6)

(87)

(S8)

where ¥ is the mean of the experimentally measured values, p(x;) is prediction mean, f is the average of all prediction means, and N is the number of

predictions.
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Fig. S3. Mutation-level predictions for all 15 proteins presented in Table 1. The predictions are coloured by the number of simultaneous mutations.
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Fig. S4. Position-level predictions for all 15 proteins. When the effects of a mutant are predicted multiple times, they are connected by a line.
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Table S2. (Continues on the next page)Comparison of different methods on the 15 protein dataset with respect to p and rmse. Off-the-shelf

implementations of Rosetta, mCSM and PoPMuSiC are used directly without cross-validation.

Point mutations

Correlation p
Multiple mutations

All mutations

Point mutations

rmse

Multiple mutations

All mutations

cross-validation level

cross-validation level

cross-validation level

cross-validation level

cross-validation level

cross-validation level

Protein  Method mut. pos. prot. mut. pos. prot. mut. pos. prot. mut. pos. prot. mut. pos. prot. mut. pos. prot.
mGPfusion 0.87 0.80 0.75 0.96 0.83 0.64 0.90 0.76 0.68 0.82 1.02 1.12 0.57 1.53 2.14 0.76 130 1.43
mGPfusion, only B62 | 0.86 0.77 0.75 0.96 0.87 0.64 0.90 0.82 0.69 0.84 1.08 1.12 059 1.16 2.11 079 1.13 1.42

2LZM mGP 0.86 0.59 - 097 0.85 - 090 0.72 - 0.82 134 - 048 1.24 - 075 1.29 -
mGP, only B62 0.75 037 - 094 077 - 0.82 0.61 - 1.12 193 - 0.78 1.44 - 1.05 1.70 -
Rosetta scaled 0.74 0.73 - 0.68 0.66 - 0.70 0.65 - 1.05 1.06 - 1.65 1.84 - 1.23 151 -
Rosetta 0.75 0.68 0.71 1.13 1.93 1.37
mCSM 0.57 - - 1.27 - -
PoPMuSiC 0.71 - - 1.11 - -
mGPfusion 0.77 0.64 0.62 0.86 0.70 0.39 0.77 0.55 0.57 1.21 1.37 1.69 1.28 249 2.17 1.22 1.67 1.75
mGPfusion, only B62 | 0.74 0.61 0.62 0.84 0.79 0.40 0.74 0.60 0.57 1.27 145 1.69 1.24 2.03 2.14 1.27 1.60 1.75

IBNI mGP 0.81 0.65 - 0.86 0.82 - 0.80 0.63 - 1.08 140 - 1.32 200 - .11 155 -
mGP, only B62 0.61 048 - 0.87 0.85 - 0.63 0.41 - 1.61 232 - 1.15 1.67 - 1.57 220 -
Rosetta scaled 0.59 058 - 0.17 029 - 0.53 0.45 - 1.58 1.58 - 251 290 - 1.70 1.94 -
Rosetta 0.62 0.18 0.56 1.70 233 1.77
mCSM 0.60 - - 1.62 - -
PoPMuSiC 0.66 - - 1.53 - -
mGPfusion 0.67 0.50 0.49 093 0.83 0.75 0.76 0.69 0.60 1.71 1.94 225 1.15 1.62 2.06 1.59 1.82 2.20
mGPfusion, only B62 | 0.65 0.53 0.50 091 0.82 0.73 0.75 0.69 0.58 1.75 1.94 225 1.35 1.82 243 1.66 1.89 2.30

VOB mGP 079 0.12 - 096 0.70 - 0.85 050 - 1.41 241 - 070 197 - 1.27 224 -
mGP, only B62 079 029 - 097 0.75 - 0.85 0.55 - 1.50 2.89 - 0.63 230 - 1.33 266 -
Rosetta scaled 047 046 - 0.71 0.68 - 057 059 - 1.99 2.00 - 1.90 1.96 - 1.97 199 -
Rosetta 0.49 0.73 0.59 2.26 2.06 221
mCSM 0.53 - - 224 - -
PoPMuSiC 0.51 - - 2.29 - -
mGPfusion 0.75 0.59 0.58 1.00 0.11 -1.00 0.77 0.57 0.52 0.83 0.99 1.06 0.56 2.40 3.75 0.83 1.07 1.16
mGPfusion, only B62 | 0.73 0.56 0.59 1.00 0.05 -1.00 0.76 0.56 0.53 0.86 1.03 1.06 1.10 2.41 3.51 0.87 1.10 1.14

1LZ1 mGP 075 039 - 1.00 0.56 - 0.78 047 - 081 1.15 - 0.13 1.65 - 080 1.17 -
mGP, only B62 071 -031 - 1.00 042 - 0.74 0.21 - 091 143 - 027 236 - 090 1.47 -
Rosetta scaled 0.57 0.55 - -1.00 -1.00 - 0.53 046 - 099 1.01 - 323 325 - 1.07 115 -
Rosetta 0.59 -1.00 0.55 1.04 3.41 1.12
mCSM 0.67 - - 0.97 - -
PoPMuSiC 0.64 - - 0.95 - -
mGPfusion 0.73 0.72 0.64 095 0.87 0.85 0.82 0.81 0.71 0.85 0.90 1.07 0.55 0.80 1.21 0.80 0.86 1.10
mGPfusion, only B62 | 0.69 0.67 0.63 092 0.86 0.86 0.79 0.79 0.72 091 097 1.07 0.71 1.01 1.12 0.87 0.99 1.08
mGP 0.65 0.61 - 092 079 - 0.76 072 - 095 1.02 - 0.66 1.01 - 090 1.02 -

R mGP, only B62 051 074 - 092 0.71 - 0.68 0.63 - 1.16 139 - 0.71 1.40 - 1.08 139 -
Rosetta scaled 0.60 0.60 - 0.61 0.61 - 0.63 0.63 - 1.00 1.00 - 1.27 127 - 1.06 1.11 -
Rosetta 0.63 0.62 0.65 1.09 1.30 1.13
mCSM 0.74 - - 0.86 - -
PoPMuSiC 0.75 - - 0.85 - -
mGPfusion 0.68 0.47 0.69 090 0.35 0.32 0.85 0.43 0.50 1.26 1.54 1.64 0.53 2.09 2.74 0.88 2.00 2.38
mGPfusion, only B62 | 0.82 0.59 0.71 0.76 0.60 0.62 0.81 0.53 0.70 0.87 1.22 1.06 0.69 095 0.88 0.83 1.13 1.02

1PGA mGP 0.62 0.61 - 093 -024 - 0.84 -0.14 - 1.40 1.58 - 045 3.01 - 094 281 -
mGP, only B62 0.57 -046 - 092 -0.08 - 0.81 0.06 - 1.53 1.73 - 047 207 - 1.02 2.01 -
Rosetta scaled 0.69 059 - 0.09 0.07 - 024 0.11 - 1.21 142 - 281 3.09 - 233 287 -
Rosetta 0.69 0.03 0.28 1.70 351 295
mCSM -0.10 - - 1.94 - -
PoPMuSiC 0.28 - - 1.89 - -
mGPfusion 0.79 0.58 0.71 0.78 0.60 0.61 0.79 0.53 0.70 091 1.21 1.05 0.67 1.01 091 0.86 1.14 1.02
mGPfusion, only B62 [ 0.82 0.59 0.71 0.76  0.60 0.62 0.81 0.53 0.70 0.87 1.22 1.59 0.69 095 1.18 0.83 1.13 1.51

RN mGP 0.77 0.12 - 075 042 - 0.77 022 - 093 145 - 074 121 - 089 136 -
mGP, only B62 0.83 0.09 - 0.77 042 - 0.82 0.23 - 082 145 - 0.68 1.20 - 080 136 -
Rosetta scaled 0.66 0.64 - 048 050 - 062 057 - 1.09 1.13 - 1.20 1.08 - .12 .11 -
Rosetta 0.70 0.47 0.65 1.07 1.25 1.11
mCSM 0.71 - - 1.04 - -
PoPMuSiC 0.71 - - 1.16 - -
mGPfusion 0.85 0.23 033 092 0.73 048 092 0.75 0.38 0.64 1.04 1.10 091 1.66 2.58 0.75 1.45 1.80
mGPfusion, only B62 | 0.86 0.22 0.34 091 0.69 0.59 091 0.72 0.54 0.65 1.04 1.10 096 1.87 2.13 0.78 1.60 1.57

1CSP mGP 0.88 -0.06 - 0.94 0.75 - 094 077 - 0.54 1.07 - 076 1.51 - 0.63 136 -
mGP, only B62 0.87 -037 - 0.92 0.71 - 092 072 - 0.60 1.12 - 086 1.59 - 071 143 -
Rosetta scaled 023 020 - 0.68 0.69 - 059 0.64 - 1.04 1.06 - 2,19 229 - 1.58 1.92 -
Rosetta 0.33 0.68 0.60 1.11 1.92 1.47
mCSM 0.42 - - 1.02 - -
PoPMuSiC 0.48 - - 0.99 - -
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Table S2. (Continued) Comparison of different methods on the 15 protein dataset with respect to p and rmse. Off-the-shelf implementations of Rosetta,
mCSM and PoPMusSiC are used directly without cross-validation.

Correlation p rmse
Point mutations Multiple mutations All mutations Point mutations Multiple mutations All mutations
cross-validation level | cross-validation level | cross-validation level || cross-validation level | cross-validation level | cross-validation level
Protein  Method mut. pos. prot. mut. pos. prot. mut. pos. prot. mut. pos. prot. mut. pos. prot. mut. pos. prot.
mGPfusion 0.41 0.43 048 -0.28 -0.25 -0.63 0.08 -0.09 0.09 0.74 0.72 1.65 1.64 1.48 2.70 1.09 1.21 2.02
mGPfusion, only B62 [ 0.50 0.48 0.48 -0.25 -0.25 -0.66 0.14 -0.07 0.14 0.70 0.71 1.65 1.62 147 243 1.06 120 1.92
IBVC mGP -0.05 -0.12 - -0.10 -0.21 - -0.13 -0.23 - 099 1.00 - 1.30 1.35 - 1.09 1.21 -
mGP, only B62 -0.05 0.06 - -0.11 -021 - -0.14 -020 - 099 099 - 1.29 133 - 1.09 1.20 -
Rosetta scaled 042 040 - -0.63 -0.57 - 0.09 -0.09 - 0.75 076 - 1.65 145 - 1.10 120 -
Rosetta 0.47 -0.65 0.14 1.67 2.45 1.94
mCSM 0.47 - - 1.00 - -
PoPMuSiC 0.60 - - 0.85 - -
mGPfusion 0.61 0.27 0.34 0.95 0.57 0.66 0.65 0.34 0.35 1.47 1.65 3.46 0.69 1.02 235 1.35 1.45 3.26
mGPfusion, only B62 | 0.59 0.30 0.34 096 0.64 0.64 0.64 040 0.35 1.48 1.64 3.50 0.57 093 2.17 1.35 143 3.27
ALYZ mGP 0.65 -0.05 - 096 0.46 - 0.68 0.18 - 138 1.78 - 036 1.15 - 124 159 -
mGP, only B62 062 027 - 097 047 - 0.64 0.21 - 148 1.84 - 031 1.16 - 1.33 1.63 -
Rosetta scaled 029 0.28 - 0.70 0.68 - 033 034 - 226 222 - 122 1.29 - 209 1.94 -
Rosetta 0.33 0.71 0.35 3.61 2.05 3.35
mCSM 0.55 - - 1.43 - -
PoPMuSiC 0.59 - - 1.45 - -
mGPfusion 0.92 0.81 0.70 0.78 0.74 0.75 0.86 0.71 0.68 1.25 1.73 244 222 224 1.71 1.40 1.85 2.36
mGPfusion, only B62 | 0.89 0.79 0.70 0.73 0.73 0.67 0.86 0.75 0.69 1.48 1.85 2.44 1.82 1.81 1.90 1.53 1.84 2.38
mGP 092 0.69 - 0.78 030 - 0.76 0.18 - 1.26 2.62 - 344 339 - 1.69 281 -
IRTB mGP, only B62 091 0.58 - 048 0.58 - 085 0.16 - 1.67 337 - 212 211 - 1.73 3.14 -
Rosetta scaled 0.65 0.61 - 073 073 - 0.67 0.65 - 1.99 2.08 - 1.63 1.62 - 1.95 1.99 -
Rosetta 0.69 0.73 0.70 2.45 2.01 2.40
mCSM 0.68 - - 2.33 - -
PoPMuSiC 0.72 - - 222 - -
mGPfusion 0.64 049 053 - - - 0.64 049 0.3 0.47 0.53 1.00 - - - 0.47 0.53 1.00
mGPfusion, only B62 | 0.59 0.51 0.53 - - - 0.59 0.51 0.53 0.50 0.54 1.00 - - - 0.50 0.54 1.00
[PIN* mGP 0.61 040 - - - - 0.61 040 - 049 058 - - - 049 058 -
mGP, only B62 023 025 - - - - 023 025 - 0.70 0.76 - - - - 0.70 0.76 -
Rosetta scaled 050 049 - - - - 0.50 049 - 0.54 054 - - - - 0.54 054 -
Rosetta 0.53 - 0.53 0.99 0.99
mCSM 0.72 - 0.72 0.59 - 0.59
PoPMuSiC 0.60 - 0.60 0.70 - 0.70
mGPfusion 0.83 0.62 0.67 0.97 0.38 -0.19 0.84 0.55 0.65 0.85 1.17 1.18 0.19 091 1.28 0.81 1.13 1.19
mGPfusion, only B62 [ 0.81 0.58 0.67 096 042 -0.01 0.81 0.51 0.66 092 124 1.18 0.35 0.77 0.99 0.88 1.17 1.17
mGP 0.74 0.04 - 099 0.62 - 0.75 0.04 - 1.06 1.75 - 0.12 058 - 1.01 161 -
IRNI mGP, only B62 0.77 027 - 099 0.50 - 0.78 0.10 - 1.00 1.78 - 0.13 082 - 095 1.66 -
Rosetta scaled 0.63 057 - 021 0.18 - 0.61 054 - 1.12 1.18 - 098 1.01 - 1.10 1.15 -
Rosetta 0.67 0.20 0.65 1.20 1.24 1.20
mCSM 0.76 - - 0.97 - -
PoPMuSiC 0.62 - - 1.14 - -
mGPfusion 0.69 0.51 0.61 0.42 0.66 0.96 0.52 0.52 0.73 141 1.70 1.56 5.67 595 420 2.65 475 2.23
mGPfusion, only B62 | 0.69 0.52 0.61 022 0.30 0.93 0.40 0.33 0.55 1.42 1.68 1.56 6.21 6.14 543 2.85 490 2.64
IRGG mGP 0.71 -0.61 - 0.19 0.08 - 035 -0.05 - 1.38 224 - 6.81 6.88 - 3.05 553 -
mGP, only B62 072 -0.53 - 0.08 0.07 - 030 -0.00 - 1.53 2.01 - 6.89 6.77 - 3.14 541 -
Rosetta scaled 0.58 043 - 0.78 0.86 - 042 051 - 157 176 - 7.08 7.24 - 323 574 -
Rosetta 0.60 0.77 0.39 1.58 6.90 3.16
mCSM 0.77 - - 1.36 - -
PoPMuSiC 0.65 - - 1.54 - -
mGPfusion 0.68 0.67 0.51 -0.39 -0.02 -0.06 0.85 -0.13 0.12 1.27 1.28 1.83 2.17 7.66 7.69 1.40 3.64 3.11
mGPfusion, only B62 [ 0.64 0.65 0.51 -0.53 0.33 0.21 0.81 0.05 0.12 1.32 1.32 1.82 2.86 7.07 7.70 1.57 3.40 3.11
IBPI mGP 056 0.57 - -0.29 052 - 083 084 - 143 143 - 1.72 419 - 1.47 228 -
mGP, only B62 043 0.58 - -0.55 046 - 0.76  0.70 - 1.68 1.73 - 2.52 658 - 1.80 334 -
Rosetta scaled 052 052 - 023 -0.00 - 0.08 -0.08 - 1.52 1.52 - 743 743 - 2.88 3.62 -
Rosetta 0.51 -0.00 0.13 1.80 7.68 3.09
mCSM 0.71 - - 1.26 - -
PoPMuSiC 0.72 - - 1.31 - -
mGPfusion 0.81 0.70 0.56 0.88 0.61 0.49 0.83 0.64 0.52 1.07 126 1.61 1.33 245 253 1.13 1.87 1.84
mGPfusion, only B62 | 0.79 0.69 0.56 0.86 0.64 0.50 0.82 0.66 0.52 1.11 1.30 1.62 1.43 240 250 1.18 1.85 1.84
total mGP 0.81 0.51 - 086 0.52 - 083 050 - 1.04 1.54 - 1.44 265 - 1.14 2,09 -
mGP, only B62 076  0.34 - 086 0.55 - 080 049 - 126 195 - 145 256 - 130 223 -
Rosetta scaled 0.65 0.63 - 051 039 - 0.60 048 - 1.35 1.38 - 249 299 - 1.66 222 -
Rosetta 0.55 0.40 0.49 1.63 2.74 1.92
mCSM 0.61 - - 1.40 - -
PoPMuSiC 0.64 - - 1.37 - -

* dataset for 1PIN contained no multiple mutations.
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Table S3. Comparison of different methods on the 15 protein dataset with respect to p and rmse after removing 10% of predictions with largest errors. Mutation,
position, and protein are referred to as mut., pos., and prot., respectively. Off-the-shelf implementations of Rosetta, mCSM and PoPMuSiC are used directly
without cross-validation.

Results after 10 % Correlation p rmse
outlier removal ? Point mutations Multiple mutations All mutations Point mutations Multiple mutations All mutations
cross-validation level | cross-validation level | cross-validation level || cross-validation level | cross-validation level | cross-validation level
Method mut. pos. prot. mut. pos. prot. mut. pos. prot. mut. pos. prot. mut. pos. prot. mut. pos. prot.
mGPfusion 0.87 0.77 0.75 0.97 0.84 0.63 0.92 0.81 0.71 0.69 0.85 0.93 0.62 1.55 1.90 0.67 1.15 1.13
mGPfusion, only B62 | 0.86 0.73 0.75 0.96 0.84 0.65 091 0.80 0.72 0.69 0.85 0.93 0.64 143 1.85 0.67 1.10 1.12
mGP 0.89 057 - 098 0.76 - 093 074 - 0.65 1.01 - 049 1.66 - 062 1.23 -
mGP, only B62 0.86 027 - 097 076 - 091 0.66 - 0.73 130 - 054 148 - 0.69 137 -
Rosetta scaled 0.80 0.78 - 073 071 - 0.78 0.75 - 0.84 087 - 1.67 199 - .00 1.31 -
Off-the-shelf implementations with no cross-validation
Rosetta 0.75 0.67 0.73 0.94 1.85 1.11
mCSM 0.71 - - 0.89 - -
PoPMuSiC 0.73 - - 0.86 - -
rmse: AAG predictions of single mutations, 3A4AG predictions of multiple mutations
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Fig. S5. rmse with different amount of predictions, when predictions are sorted by the error. Position level cross-validation was used for mGPfusion, mGP and Rosetta scaled.
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Fig. S8. Learning curves.
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Fig. S9. Transformations for all 15 proteins presented in Table 1. The red circles mark the simulated A AG-values y° with respect to the experimental measured A AG-values y . Thin

black lines show possible transformations for ys , whereas the thick black line shows the selected transformation from ys to Qs .



