Supplemental Information - AWSEM-MD: Protein
Structure Prediction Using Coarse-grained Physical
Potentials and Bioinformatically Based Local

Structure Biasing

Aram Davtyan,” Nicholas P. Schafer,* Weihua Zheng,! Cecilia Clementi,* Peter G.
Wolynes,**1 and Garegin A. Papoian®"
Department of Chemistry and Biochemistry and Institute for Physical Science and Technology,
University of Maryland, College Park, MD 20742, Department of Chemistry, Rice University,

Houston, TX 77251, and Center for Theoretical Biological Physics, University of California in
San Diego, La Jolla, CA 92093

E-mail: pwolynes@rice.edu; gpapoian@umd.edu

*To whom correspondence should be addressed
TUniversity of Maryland

¥Rice University

fucsp

S1



Introduction

Below we present the details of a coarse-grained model for protein simulations dubbed the As-
sociative memory, Water mediated, Structure and Energy Model (AWSEM). This model has been
continually developed over approximately two decades and successfully applied to many problems
in protein physics. =33

In this text and in our calculations in general we use kcal/mol for units of energy, Angstroms

for length and radians for angles.

Description of the coarse-grained protein chain

According to AWSEM, the position and orientation of each amino acid residue is dictated by the
positions of its Cy, Cg and O atoms (with the exception of glycine, which lacks a Cg atom). The

positions of the other atoms in the backbone are calculated assuming an ideal geometry (Eq. (1)).

ry, = 0.48318rc,  +0.70328rc, —0.18643r0,
re; = 0.44365rc, +0.23520rc, | +0.32115x0, (1)
ry, =0.84100rc,  +0.89296rc, —0.73389r0, ,

The third line in Eq. (1) gives the position of the hydrogen atom that is attached to the backbone
nitrogen. Side chains and solvent are not explicitly present in the model; instead, the effects of side

chains and solvent are aliased onto various interactions described in the next section.

The AWSEM Hamiltonian

The solvent averaged free energy function of the protein chain is given in Eq. (2).

Vtolal = Vbackbone + Veontaer + Vburial +Vup +Vam + Vbpss (2)
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The backbone term, Vj,crpone, 1S responsible for restricting the chain to “protein-like" conforma-

tions. It consists of several parts, which are shown in Eq. (3).

Viackbone = Veon + Venain + Vx + Viama + Vexci (3)

Figure S1: The connectivity of the chain is maintained by a combination of harmonic potentials.
The distances contstrained by V,,, are shown as dashed lines and the distances constrained by
V.nhain are shown as double headed arrows.

The connectivity of the protein chain is maintained by V,,,, which is a sum of harmonic po-
tentials. Its explicit form is given in Eq. (4), and a schematic of several amino acids is shown in
Figure S1.

Veon = Acon Zivzl [(rCOﬂiOi - rg‘aioi)z + (rCOtiCﬁl. - rOCoc,-Cﬁ.)Q] @)
N—1 0 2 0 2
+ )Lcon Zi;] [(rC(XiC(Xi+] - rC(X,'C(X,'+1) + (rOiCOt,‘_;,_] - rO,‘COC,'+1) ]
The values of A.,, and the equilibrium distances are given in Table S1. In Eq. (4) and elsewhere,
unless otherwise noted, i and j are residue indices and N is the total number of residues in the
chain.

The correct bond angles around the Cy atom are also achieved using harmonic potentials, as

shown in Eq. (5). The values of the parameters in Eq. (5) are given in Table S1.

N N—1 N—1
0 2 0 2 0 2
Vchain = Mchain Z(rNiCﬁi - er-Cﬁi) + Z (rCl{CBl. - rCl{Cﬁi) + Z (rNiCl( - rNiCl{) (5)
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Table S1: Protein backbone potential parameters

Parameter Value Unites
)Lcon 10.0 kCal/A2 mol
)Lchain 5.0 kCI:ll/A2 mol
Ay 20.0 kcal/A® mol
Arama 2.0 kcal/mol
Aexcl 20.0 kcal/A% mol
rg‘a,-Coc,-H 3.80 ‘Z“

L' Co,c0; 243 A

LCo,Cay. 282 A

- 154 A

NG, 246 A

rgfcﬁi 270 A

e 246 A

X0 0.83 A3

The chirality term, Vy, given in Eq. (6), ensures the correct orientation of the Cg atom relative
to the plane formed by the C’, Cy, and N atoms. A value of yy = —0.83A3, corresponding to an L-
amino acid, is used for all residues except Glycine, which is excluded from this potential because

it lacks a Cg atom. The values of the parameters in Eq. (6) are given in Table S1.

N-1
V=2 Y (ti—x0)°
i=

xXi= (rqc%' X rCO‘iNi ) 'rCO‘iCﬁi

(6)

To reproduce the experimental distribution of backbone dihedral angles, we use a Ramachan-
dran potential, V,4nq, shown in Eq. (7). The resulting potential is plotted in Figure S2. The value
of Ayamaq used is given in Table S1. All other parameters are given in Table S2, where ¢y and

are given in radians and W, 0, @y and @y, are unitless weights.

W) —1)2
mea — rama Z ZW e (O¢ cos(¢;— ¢0]) ) “'wu{j(cos(‘l/l V/OJ) 1)%) (7)
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The first, last and glycine residues are not included in this potential. ¢; is the dihedral angle between
the C/_,, N, Cq, and C; atoms, and v is the dihedral angle between the N;, Cq,, C; and N;| atoms.

The first three columns of Table S2 represent the set of the parameters for the general case of

Table S2: Ramachandran potential parameters

| General Case | Alpha Helix | Beta Sheet || Proline
W || 13149 132016 1.0264 2.0 20| 217 215
o | 15398 49.0521 49.0954 4190 | 15398 | 10552 109.09
(ON 0.15 0.25 0.65 1.0 1.0 1.0 1.0
o -1.74 -1.265 1.041 -0.895 -2.25 || -1.153 -0.95
Wy 0.65 0.45 0.25 1.0 1.0 0.15 0.15
Vo 2.138 -0.318 0.78 -0.82 2.16 24  -0.218

non-proline residues. These three columns correspond to right handed helix, left handed helix and
B regions of the Ramachandran plot (see Figure S2). Parameters from the next two columns can
be used to bias the secondary structure towards right handed alpha helix or beta sheet based on a
secondary structure prediction server (e.g., JPRED3*). The final two columns of Table S2 refer to
proline residues, which are known to have different allowed regions for the dihedral angles. The
index j in Eq. (6) in this case is not a residue index; instead, it runs over each column of parameters
that is appropriate for residue i.

Vexer 18 the excluded volume interaction that provides a repulsion between atoms at short dis-
tances, preventing them from overlapping. It has the form given in Eq. (8) where 1. = 3.5A for
sequence separation less then 5 and 4.5A otherwise, whereas 19 = 3.5A for any sequence separa-
tion. The subscript C refers to both Cy, and Cp atoms. In Eq. (8), i and j are atom indices, which

run over all pairs of C or O atoms that are not directly connected by V,,. ®(x) is the Heaviside
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Figure S2: Ramachandran potential, V,,,,. Secondary structure biasing is achieved by adding ad-
ditional wells to the Ramachandran potential. The colors in (a), (b), (c) and (d) are not normalized
to the same scale.

step function. The form of V,,; for single pair of oxygens is plotted in Figure 3(a).

Vexcl = )“excl Z®(rci,cj - rec;c) (rCi,Cj - rgc)z

ij

+lexcl ZG)(rOi’Oj - rgc) (r0i70j - rex)
1

®)

0,2

When describing Ve opzacr, 1t 18 useful to define two C B -C B distance ranges (replaced by Cy atom
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Figure S3: (a) Plot of excluded volume potential vs. distance between two oxygens. (b) Plot of ®
function defined in Eq. (9) for direct contact well vs. distance between two residues. (c) Plot of
burial potential function for y = 2 vs. local density value. (d) Plot of desolvation barrier between
two alanines vs. distance between them.

in the case of glycine), hereafter identified by the superscripts / and /1. The first distance range, the

“direct contact well", goes from r/ . =4.5A to A 6.5A. The second distance range, the “water

min
or protein mediated well", goes from rl, = 6.5A to rl = 9.5A. If the Cp atoms of two residues

and r,ﬁﬁax, then the function @* given in Eq. (9),

i and j are separated by a distance between ' ij

min
will be equal to 1; otherwise, it will be 0. It switches smoothly from 1 to O near the extremes of

the distance ranges (see Figure 3(b)).

0% — (1 tanh [ (ry— 2,1 (1 tanh [ (1 — 1)) ©)
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By summing G)ﬁ.';. over j, you can obtain the number of residues in the p-well of residue i. The

N
local density, p;, of residue i is defined as p; = Z ®l1- j» which is equal to the number of residues in
j=1
its “direct contact well".
Veontact 18 @ contact interaction term between residues far apart in sequence.6 It consists of

Vidireer a0d Viyarer. Vaireer 18 @ pairwise additive potential with the form given in Eq. (10)

N
Viirect = —Adirect Y., Yij(ai,a;)®); (10)
j—i>9

where r;; is the Cg-Cp distance between residues i and j, and y(a;,a;) is a residue type specific
constant. The y parameters were optimized to maximize the ratio of the folding temperature to the
glass transition temperature of the model, %.6 In Eq. (10) and elsewhere, a; refers to the residue

type of residue i.
Viwater 18 @ many-body interaction term that switches between water-mediated and protein-

mediated interaction weights depending on the local density around the interacting residues. The

explicit form is given in Eq. (11)

N
i t rot . prot
Vivater = —Awater Z G)ij (Gly}/a j/,-v;“’(a,-,aj) + Gilj f (a,-,aj)> (11)
j=i>9

prot

where Gl-v;“’ and o ; are the switching functions defined in Eq. (12).

o = (1 —tanh[ng (pi— po)]) (1 —tanh [ns (pj — po)]) 12)
1

prot

Gl.l}mt and Givjv.“’ switch smoothly from O to 1 and 1 to O, respectively, as either of the local densities,
pi or pj, exceeds a threshold py = 2.6. A plot of GIYJV-“’ is given in Figure S4.
The burial term, V4, given in Eq. (13), is a many body interaction which is based on a

particular residue type’s propensity to be in a low (1 =1, pn]u.n =0.0,p} . =3.0), medium (u =2,
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Figure S4: Plot of Gl?;“t in Eq. (12); adapted with permission from.®

p,%”-n =3.0, p2,, = 6.0), or high (u = 3, p,fu.n = 6.0, pJ. = 9.0) density environment.® These

propensities are given by the Yp,,iq(ai, pi) coefficients in Table S4.

1 N 3
Vburial = _Ekburial Z Z Yburial(aiupi) (tanh [77 (pl - pnﬁm)} + tanh [77 (pn'l:ax - pl)]) (13)
i=1 =1

The hydrogen bonding potential, Vgp, given in Eq. (14), is a sum of three terms.
Vg = Vg + Vp—ap + Vielical (14)

The first two terms of Eq. (14) are 8 hydrogen bonding terms. The Vp potential has the form given
in Egs. (15) to (18) where rgN is the distance from the carbonyl oxygen of residue i to the nitrogen

of residue j, and rgH is the distance from carbonyl oxygen of residue i to the backbone amide
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Table S3: Potential parameters

Parameter Value Unites \Parameter Value Unites
Vdirect .
Adirect 1.0 kcal/mol | n 50 A7l
Vwater ,
Awater 1.0 kcal/mol | 7 50 Al
Po 2.6 No 7.0
Vhelical

Ahelical 1.5 kcal/mol | pg 3.0

YVoror 2.0 (roN) 298 A
YVvar -1.0 (ro%) 206 A
n 70 A1 OoN 0.68 A
No 7.0 oo 076 A
Vs

(roN) 298 A n! 1.0 A-!
(rot) 206 A n'! 05 Al
GoN 0.68 A rHB 120 A
O0oH 0.76 A

Vp_ap i
YAPH 1.0 kcal/mol | 1 70 Al
Yap 0.4 kcal/mol | rg 8.0 A
Yp 0.4 kcal/mol

Vburial

Aburial 1.0 kcal/mol | n 4.0

Vam

QLAM 1.0 kcal/mol

Vpss .
ADsB 10.0 kcal/mol | 0. 6.0 A
KDSB 100 Al o 70 A

hydrogen of residue j. <r0N > and <r0H > are the corresponding equilibrium bond lengths, and oyo

and oy are their variances.

B

vy =

—[A1(|lj—1])6:j + A2(ai,aj,|j—i])6;,;6;i+ As(ai,a;,|j — i|)9i.,j‘9j,i+2]"i1"]1'1

S10
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Table S4: Burial potential, V., coefficients Y. (a;, pi)

Ai(lj—1])

Aa(aisaj,|j—if)

As(aisaj,|j—il)

a; Pi
0.0-3.0 3.0-6.0 6.0-9.0
Ala 0.84 0.88 0.57
Arg 0.94 0.83 0.13
Asn 0.96 0.79 0.25
Asp 0.98 0.75 0.20
Cys 0.67 0.94 0.66
Gln 0.96 0.79 0.24
Glu 0.97 0.78 0.16
Gly 0.94 0.81 0.34
His 0.92 0.85 0.13
Ile 0.78 0.92 0.55
Leu 0.78 0.94 0.46
Lys 0.98 0.75 0.00
Met 0.82 0.92 0.46
Phe 0.81 0.94 0.33
Pro 0.97 0.76 0.25
Ser 0.94 0.79 0.38
Thr 0.92 0.82 0.40
Trp 0.85 0.91 0.34
Tyr 0.83 0.92 0.34
Val 0.77 0.93 0.55
[ (FSN _ <,,0N> 2 (VSH _ <r0H>)2]
0;j =exp|— 5 — 5
2030 2050

vi“=%<1+tanh[n (z 2,i+2 rHB)])

= M(lj—1])
= A(lj—il)

—0.250(|j —i|)[InPNnuB(aiv1,aj—1) + InPnug(ai-1,aj+1))

—0.5a1(|j —i|)InPup(ai,a;)

—0i3(|j — i]) [InPami(a;) + InPami(a;)]

= M(lj—i) -
—05(]j = iDInPpar(aivr) + 0u(|j = i) InPpar(a,)

S11
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The first term in the Eq. (15) describes simple pairwise additive hydrogen bonding interactions.
The second term gives additional cooperative stabilization to anti-parallel 3 conformations and the
third term gives additional cooperative stabilization to parallel B conformations. All of the A; co-
efficients depend on the sequence separation of residues i and j, and the coefficients A, and A3 are
also amino acid type (a; and a;) dependent. The constants (r®V), (r%%), 6y0, O (see Table S3)
and probabilities, P, for amino acids to be hydrogen bonded (HB) or not hydrogen bonded (NHB)
were extracted from a database of well-resolved protein structures.?® The parameters A and o of
Eq. (18) were optimized to maximize the Ty /T, ratio.® Their values for different sequence separa-
tion classes are given in Table S5. For |j —i| < 18, A3 = 0 because parallel hydrogen bonds rarely
form between residues which are less than 18 amino acids apart. The v; and v; terms ensure that 3
hydrogen bonding does not occur between residues that are in the middle of a five residue segment
that is shorter than rf8 = 12.0A, as B hydrogen bonding networks tend not to form between chain

segments that are not at least somewhat extended.

Table S5: Hydrogen bonding potential A and o coefficients, in kcal /mol

sequence separation \ M Ao A3 o o 03 oy Ols
4<|j—il<18 1.37 389 0.0 130 132 122 00 0.0
18<|j—i| <45 1.36 3.50 347 130 132 122 033 1.01
|j—i| > 45 1.17 352 3.62 130 1.32 122 0.33 1.01

Vg will stabilize an already formed 8 hydrogen bonding network, but small deviations from an
ideal B-sheet geometry will be significantly higher in energy. However, during secondary struc-
ture formation it is necessary to search through many possible conformations. The “liquid-crystal
potential”, Vp_ap, enables a protein chain to adopt approximate parallel or antiparallel 3-sheet
conformations before the hydrogen bonds are fully formed. The strength of this potential is chosen

so that structures can easily fall apart and reassemble. The general form of this potential is given
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in Eq. (19).

N—13min(i+16,N)
Vp_ap = —YaPH Z Z Vi,jVita,j—4

i=1  j=it13
N-17 N N—13 N—4 (19)
—Yap Z Z Vi jVita,j—4 — VP Z Z Vi,jVit4, j+4
i=1 j=it17 i=1 j=i+9

Vp_ap favors contacts between residues i and j if residues i +4 and j+ 4 (parallel, P) or i +4 and
J — 4 (antiparallel, AP) are already in contact. Formation of f-hairpins (APH) is separate from the
general antiparallel case to allow for the possibility of assigning it a different weight. Two residues
are considered to be in contact with each other if the distance between their C,, atoms is less than
ro. Thus, v; ; is defined as the smooth switching function v; ; = 4 (1+ tanh (0 (ro—reaca;)])
where ) = 7.0A" and ry = 8.0A. Yap and yp usually take the value of 0.4 kcal/mol. Only in the
case when secondary structure prediction information is available and both residues i and j are

predicted to be in a B-strand do we use a value of y4p = ¥p = 0.6 kcal/mol instead.

The Vjeiicar term, given in Eq. (20), is responsible for the formation of alpha helices.3?
Vielical = _Ahellcal Z al + f(az+4)) (’}’prot Glp,rj4 + Ywat Glmﬁf4>
(l)Nl ON\\2 OH OH\ 2 (20)
exp ( “+47<2r >) o ( Tiivd— < >)
205y 20'0H

In Eq. (20), f(a;) (see Table S6) is the probability of finding residue i in a helix. All residue types
have positive values between 0 and 1 except for proline, as it lacks a backbone amide hydrogen
and therefore can only be a hydrogen bond acceptor, but never a donor. To reflect this we use
f(airq) = —3.0if the i + 4 residue is a proline. Gl.’;mt and o} are the same as in Eq. (12). Ypror i
the strength of the interaction when both residues are buried. When residues are exposed to water,
they are allowed to form hydrogen bonds with surrounding water molecules and forming hydrogen
bonds with each other is not as favorable. Thus ¥, is negative, as shown in Table S3.

Vau 1s the associative memory potential. When combined with known protein structures and
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Table S6: f(a;) values

ai | ALA ARG ASN ASP CYS GLN GLU GLY HIS ILE
f(a;)) | 077 0.68 0.07 0.15 0.23 033 027 00 0.06 0.23
a; LEU LYS MET PHE PRO SER THR TRP TYR VAL
flaj) | 0.62 065 050 041 04/30 035 0.11 045 0.17 0.14

an algorithm for aligning a target sequence to those structures, it can be used to limit the local
(secondary structure) conformational search. Each portion of a known structure which is aligned
to a particular set of residues in the target sequence is known as a “memory". In this paper, we have
used a “fragment memory" approach wherein the memories are short (9 residues or less) and the
fragments are chosen using BLAST.?® The maximum sequence separation of interacting residues
is determined either by the length of the memory or a maximum cutoff, whichever is shorter. The
form of the Vap potential is given in Eq. (21) where i and j go over all Cy and Cg atoms up to
a maximum sequence separation, which in this case includes the entire fragment. In Eq. (21), i
and j are not residue indices, but atom indices. ®, is the weight of the memory, Yy (a;,a;) is a
residue type dependent interaction strength, and r;’j’ is the distance between the i and j atoms in the
memory structure. In the simplest case, as was used in this paper, both ®,, and Yap(a;,a;) are 1.0
for all memories and all residue types. A4y is an overall scaling factor for the associative memory
term, which can be used to adjust the weight of the term relative to others in the Hamiltonian, and

o1y = |I —J|*1 is a sequence separation dependent width.

(rij—r1h)?
Vam = —am ) On Y Yijexp | ————"— 2D
m ij 20y;

Vpsa 1s a desolvation barrier potential. When pairs of residues are separated by a distance that
is less than the width of a water, but they are not in direct contact, there is an energetic barrier that

comes from the formation of a vacuum.3” The form of the potential is given in Eq. (22) where r; j
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is the Cg — Cy distance, except when a glycine is involved, in which case the Cy coordinates for

the glycine are used.

N
1
Vbss = Apss Y, §<tanh [KDSB(”ij_”rzgaB(abaj))] +

J—i>9
tanh [Kpsp (1o (ai,a;) = rij)]) (22)
roin (@i,a;) = T+ Tipe(ai) + rnige(aj)
Toax @i @) = T+ Fsnige (@) + ronige (@)

Typical values for the parameters in Eq. (22) are given in Table S3. A sample plot of Vpgp
interaction potential between two alanines is shown in Figure 3(d). As indicated, the minimum
and maximum distances at which the desolvation barrier is activated, r258 and rP5B, are residue

> Tmin

type dependent. The details of ry,; ¢, are given in Table S7.

Table S7: ry,;f;(a;) values, in A

a; ALA ARG ASN ASP CYS GLN GLU GLY HIS ILE
risi(@) | 000 204 057 057 036 111 117 —152 087 0.67
a; LEU LYS MET PHE PRO SER THR TRP TYR VAL
(@) | 079 147 103 100 —0.10 026 037 121 1.15 039

Simulation protocol

We performed all molecular dynamics simulations using the Nose-Hoover thermostat as imple-
mented in the open source simulation package LAMMPS. We recently extended LAMMPS by
implementing all of the AWSEM potentials described in this supplement and adding a special
atom style (called peptide), which is suitable for heteropolymeric systems such as proteins. All of
our extensions to LAMMPS, as well as all analysis tools used for the current study, are available

under the GNU General Public License at http://code.google.com/p/awsemmdy/.
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We started all structure prediction simulations from an extended conformation at a temperature
well above the folding temperature. The simulations ran for 4 x 10° steps under non-periodic
boundary conditions to a temperature well below the folding temperature. We used a timestep of 3
femtoseconds and saved the coordinates of the system every 1000 steps. For each saved snapshot,

we calculated Q and RMSD values relative to an experimentally determined structure.
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Table S8: Direct contact potential, V..., and Water potential, V,,.,, coefficients ydi’(ai, aj),
,},prot (ah aj), ,ywat (ai’ Clj)

a; a; },dir ,yprot yvvat a; a; },dir ,},pr()t ,ywat
ALA | ALA | 0.72 | 0.09 | 0.02 || ALA | ARG | -0.27 | 0.04 | -0.00
ALA | ASN | -0.26 | 0.01 | -0.00 || ALA | ASP | -0.40 | 0.00 | -0.07
ALA | CYS | 0.62 | 027 | 0.29 || ALA | GLN | -0.24 | -0.02 | -0.12
ALA | GLU | -0.35 | 0.02 | -0.09 || ALA | GLY | -0.11 | 0.05 | -0.04
ALA | HIS | -0.13 | 0.03 | -0.16 || ALA | ILE 1.00 | 0.12 | 0.21
ALA | LEU | 1.00 | 0.10 | 0.26 || ALA | LYS | -0.45 | 0.02 | 0.08
ALA | MET | 051 | 0.16 | 0.06 || ALA | PHE | 0.57 | 0.31 | 0.31
ALA | PRO | -0.53 | -0.00 | -0.00 || ALA | SER | -0.21 | -0.00 | 0.04
ALA | THR | 0.08 | 0.05 | 0.03 || ALA | TRP | 040 | 0.09 | -0.08
ALA | TYR | 0.11 | 0.19 | 0.14 || ALA | VAL | 092 | 033 | 0.25
ARG | ARG | -0.64 | -0.05 | 0.62 || ARG | ASN | -0.28 | -0.05 | 0.64
ARG | ASP | 041 | 0.02 | 1.00 || ARG | CYS | -040 | 043 | 046
ARG | GLN | -0.21 | -0.04 | 043 || ARG | GLU | -0.03 | -0.03 | 0.97
ARG | GLY | -0.33 | -0.01 | 0.32 || ARG | HIS | -0.53 | -0.06 | 0.32
ARG | ILE | -0.14 | -0.04 | 0.07 || ARG | LEU | -0.25 | -0.07 | -0.04
ARG | LYS | -0.96 | -0.08 | 047 || ARG | MET | -0.02 | -0.16 | 0.14
ARG | PHE | -0.18 | -0.13 | -0.11 || ARG | PRO | -0.82 | 0.01 | 0.43
ARG | SER | -033 | 0.01 | 0.32 || ARG | THR | -0.23 | -0.01 | 0.35
ARG | TRP | -0.30 | -0.20 | -0.05 || ARG | TYR | 0.14 | 0.15 | -0.47
ARG | VAL | -0.17 | 0.01 | 0.11 || ASN | ASN | 0.16 | -0.03 | 0.58
ASN | ASP | 0.02 | -0.01 | 0.28 || ASN | CYS | -0.09 | 0.16 | 0.17
ASN | GLN | -0.19 | -0.02 | 0.39 || ASN | GLU | -0.56 | -0.03 | 0.27
ASN | GLY | -0.14 | 0.01 | 0.10 || ASN | HIS | -0.07 | 0.00 | 0.13
ASN | ILE | -0.72 | -0.22 | 0.24 || ASN | LEU | -0.58 | -0.13 | 0.19
ASN | LYS | -045 | -0.05 | 0.44 || ASN | MET | -0.60 | -0.10 | -0.10
ASN | PHE | -0.52 | -0.11 | 0.10 || ASN | PRO | -0.69 | -0.01 | 0.57
ASN | SER | -0.02 | 0.00 | 0.31 || ASN | THR | -0.31 | -0.02 | 0.30
ASN | TRP | -0.37 | 0.08 | -0.30 || ASN | TYR | -0.27 | 0.14 | -0.45
ASN | VAL | -0.59 | -0.11 | -0.00 || ASP | ASP | -0.57 | 0.00 | 0.23
ASP | CYS | -037 | -0.24 | 0.52 || ASP | GLN | -0.39 | -0.03 | 0.31
ASP | GLU | -0.85 | -0.04 | 0.20 || ASP | GLY | -0.30 | -0.02 | 0.25
ASP | HIS | -0.08 | 0.01 | 0.61 || ASP | ILE | -0.72 | -0.18 | 0.27
ASP | LEU | -0.78 | -0.20 | 0.24 || ASP | LYS 0.11 | -0.03 | 0.84
ASP | MET | -0.58 | -0.18 | -0.02 || ASP | PHE | -0.76 | -0.19 | 0.00
ASP | PRO | -0.82 | -0.02 | 0.48 || ASP | SER | -0.03 | -0.00 | 0.09
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Table S8 — continue

a; aj plir | yprot | qpwat a; aj lir | qprot | qpwat
ASP | THR | -0.22 | -0.01 | 0.18 || ASP | TRP | -0.74 | -0.13 | -0.14
ASP | TYR | -0.78 | 0.05 | -0.43 || ASP | VAL | -0.74 | -0.15 | 0.18
CYS [ CYS | 098 | 039 | 0.64 || CYS | GLN | -043 | 0.16 | 0.66
CYS | GLU | -0.36 | 0.15 | -0.15 || CYS | GLY | 043 | 0.39 | -0.08
CYS | HIS 0.69 | 0.03 |-0.04 || CYS | ILE 0.70 | 033 | 091
CYS | LEU | 098 | 031 | 0.25 | CYS | LYS | -0.58 | -0.01 | 0.30
CYS | MET | 030 | 0.73 | -0.52 || CYS | PHE | 0.85 | 0.88 | 0.77
CYS | PRO | 0.09 | 039 | 0.02 || CYS | SER 047 | 052 | 0.15
CYS | THR | -0.18 | 0.34 | -0.11 || CYS | TRP 0.10 | 0.58 | 1.00
CYS [ TYR | 087 | 052 | 042 || CYS | VAL | 095 | 0.62 | 0.00
GLN | GLN | -0.29 | 0.03 | 0.32 || GLN | GLU | -0.49 | -0.04 | 0.59
GLN | GLY | -0.37 | 0.01 | O0.11 || GLN | HIS | -0.72 | 0.04 | 0.57
GLN | ILE | -0.43 | -0.09 | 0.11 || GLN | LEU | -0.29 | -0.13 | 0.02
GLN | LYS | -0.49 | -0.07 | 0.44 || GLN | MET | -0.33 | -0.13 | -0.07
GLN | PHE | -0.35 | 0.04 | -0.08 || GLN | PRO | -0.60 | 0.01 | 0.46
GLN | SER | -0.34 | -0.02 | 0.33 || GLN | THR | -0.03 | -0.03 | 0.37
GLN | TRP | -0.56 | -0.06 | -0.27 || GLN | TYR | -0.21 | -0.10 | -0.69
GLN | VAL | -0.28 | 0.09 | -0.02 || GLU | GLU | -0.86 | -0.04 | 0.38
GLU | GLY | -0.55 | -0.01 | 0.09 || GLU | HIS | -0.50 | -0.05 | 0.40
GLU | ILE | -049 |-0.11 | 0.22 || GLU | LEU | -0.56 | -0.26 | 0.13
GLU | LYS 0.13 | -0.03 | 1.00 || GLU | MET | -0.77 | -0.23 | 0.22
GLU | PHE | -0.75 | -0.16 | -0.07 || GLU | PRO | -0.78 | -0.02 | 0.48
GLU | SER | -0.31 | -0.01 | 0.18 || GLU | THR | 0.05 | -0.01 | 0.14
GLU | TRP | -0.46 | 0.00 | -0.29 || GLU | TYR | -0.32 | -0.04 | -0.47
GLU | VAL | -038 | -0.12 | 0.14 || GLY | GLY | 0.37 | 0.09 | -0.08
GLY | HIS | -0.42 | -0.03 | 0.29 || GLY | ILE 0.04 | -0.05 | 0.17
GLY | LEU | -0.22 | -0.05 | 0.17 || GLY | LYS | -0.48 | -0.03 | 0.27
GLY | MET | 0.13 | 0.21 | 0.05 || GLY | PHE | -0.05 | -0.08 | 0.32
GLY | PRO | -042 | 0.06 | 0.37 || GLY | SER 0.02 | 0.03| 0.14
GLY | THR | -0.14 | 0.02 | 0.18 || GLY | TRP 0.04 | -0.03 | 0.13
GLY | TYR | 0.15| 0.08 | 0.00 || GLY | VAL | -0.11 | 0.05 | 0.20
HIS | HIS |-0.16 | 0.11 | 0.76 || HIS |ILE | -0.30 | -0.00 | 0.37
HIS | LEU | 0.08 | -0.00 | -0.00 || HIS | LYS | -0.55 | -0.10 | 0.63
HIS | MET | 0.20 | 0.09 | -0.12 || HIS | PHE | 0.37 | 0.39 | -0.11
HIS | PRO | -0.60 | 0.03 | 053 || HIS | SER | -0.03 | 0.05| 0.13
HIS | THR | -0.09 | 0.02 | 041 || HIS | TRP | -0.01 | 0.48 | -0.29
HIS | TYR | 026 | 035 |-0.28 || HIS | VAL | 0.16 | 0.03 | 0.03
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Table S8 — continue

a; aj plir | yprot | qpwat a; aj lir | qprot | qpwat
ILE | ILE 098 | 1.00 | 1.00 || ILE | LEU | 098 | 1.00 | 0.38
ILE | LYS |-0.71]-0.09 | 020 || ILE | MET | 0.74 | 0.72 | 0.74
ILE | PHE | 088 | 093 | 035 | ILE | PRO | -043 | -0.19 | 0.27
ILE SER | -043 | 0.02 | 031 || ILE | THR |-0.02 | 0.11 | 0.24
ILE | TRP 082 034 | 037 || ILE | TYR | 090 | 0.23 | 0.37
ILE | VAL | 098 | 0.69 | 0.77 | LEU | LEU | 098 | 1.00 | 0.37
LEU | LYS | -0.66 | -0.07 | 0.07 || LEU | MET | 0.85 | 0.74 | 0.27
LEU | PHE | 0.79 | 0.70 | 0.25 || LEU | PRO | -0.54 | -0.15 | 0.11
LEU | SER | -0.34 | -0.13 | 0.29 || LEU | THR | 0.01 | 0.13 | 0.26
LEU | TRP 098 | 038 | 0.76 || LEU | TYR | 0.69 | 0.35| 0.32
LEU | VAL | 098 | 0.64 | 043 || LYS | LYS | -0.97 | -0.06 | 0.42
LYS | MET | -0.70 | -0.14 | 0.06 || LYS | PHE | -0.66 | -0.17 | -0.26
LYS | PRO | -1.00 | -0.03 | 0.55 || LYS | SER | -0.62 | -0.03 | 0.33
LYS | THR | -0.55 | -0.03 | 047 || LYS | TRP | -0.40 | -0.21 | -0.62
LYS | TYR | -0.18 | -0.29 | -0.58 || LYS | VAL | -0.62 | -0.13 | 0.03
MET | MET | 052 | 0.32 | -1.00 || MET | PHE | 0.69 | 0.72 | 0.30
MET | PRO | -0.50 | 0.01 | 0.13 || MET | SER | -0.33 | 0.07 | -0.03
MET | THR | -0.09 | 0.06 | 0.22 || MET | TRP 0.12 | 0.50 | -0.85
MET | TYR | 064 | 0.27 | -0.14 || MET | VAL | 0.63 | 0.40 | 0.62
PHE | PHE | 098 | 1.00 | 0.52 || PHE | PRO | -0.22 | -0.21 | 0.26
PHE | SER | -0.27 | 0.01 | 0.13 || PHE | THR | -0.16 | 0.12 | 0.16
PHE | TRP 0.67 | 0.66 | 054 || PHE | TYR | 0.62 | 0.27 | -0.11
PHE | VAL | 0.78 | 0.83 | 0.20 || PRO | PRO | -0.51 | -0.01 | 0.33
PRO | SER | -0.56 | -0.00 | 0.52 || PRO | THR | -0.47 | -0.01 | 0.07
PRO | TRP 0.01 | 047 | -0.56 || PRO | TYR | 0.06 | -0.07 | -0.34
PRO | VAL | -0.33 | -0.10 | 0.21 || SER | SER | -0.10 | 0.02 | 0.23
SER | THR | -0.10 | -0.01 | 0.19 || SER | TRP | -032 | 0.11 | 0.05
SER | TYR | -0.30 | -0.03 | -0.09 || SER | VAL | -0.25 | -0.00 | 0.10
THR | THR | 0.16 | -0.01 | 0.37 || THR | TRP | -0.44 | 0.13 | -0.13
THR | TYR | -0.22 | -0.06 | -0.37 || THR | VAL | 0.18 | -0.10 | 0.19
TRP | TRP 0.07 | 043 |-1.00 || TRP | TYR | 0.21 | 0.15 | -0.95
TRP | VAL | 052 | 044 | 1.00 || TYR | TYR | 0.55 | 0.21 | -0.45
TYR | VAL | 0.62 | 059 | 0.38 || VAL | VAL | 098 | 0.73 | 0.87
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