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S| Methods

Coarse-Grained Self-Organized Polymer (SOP)-SC Model for Polypep-
tide Chains. In the SOP-SC representation the effective energy
function is taken to be

Ep({ri}) =

The finite extensible nonlinear elastic potential (FENE),
Vreng, Which describes the chain connectivity between back-
bones and side-chains, is given by
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The nonbonded interaction, VAT in Eq. S1, which accounts
for the stability of the folded structures, is taken to be
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If the distance between two noncovalently linked beads, r;(|i —
jl = 3) in the Protein Data Bank (PDB) structure is within a cutoff
distance R., a native contact is formed and correspondingly
A; = 1; if ry > R, A;j = 0. The strengths of nonbonded interac-
tlons €bb, €ssy €ps ATE assumed to be uniform. The Betancourt—
Thirumalai (BT) (1) statistical potential matrix with elements
€;j, is used to explicitly treat the dependence of side chain-side
chain interactions on the side-chain type.

We used repulsive interactions to account for excluded volume
effects between neighboring beads with strength e;. The ranges of
repulsion are oy, 0y, 0j, for backbone-backbone (bb), side
chain-side chain (ss), and backbone-sidechain (bs) interactions
respectively. The form of VNET is

VNEL = R + VREr + VR
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To prevent interchain crossing, we choose o, =a = 3.8 A (a is
average distance between neighboring C, atoms), o;; =
f(o; 4 6;)(0;, o; are the van der Waals radii of the side chains
and f = 0.5), o, =f(a +o;).
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The nonbonded nonnative interactions are given by
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Besides the knowledge-based BT statistical potential, the
SOP-SC energy function Ep({r;}) has seven parameters (see
Table S1 for the values) of which R, and k& merely account for
chain connectivity. In effect there are only five parameters. Ana-
lysis of PDB structures shows that R, = 8 A is a reasonable
choice, which has also been used in several previous studies.
We have shown previously by analyzing structures of folded pro-
teins in the PDB that there are large favorable bs and bb contacts
(2). The first and third terms account for these interactions, which
in turn ensures that packing effects are appropriately described in
the SOP-SC model. The van der Waals radii for the side chains
are in Table S2.

Langevin and Brownian Dynamics Simulations. We assume that the
folding dynamics is governed by the Langevin equation, which
includes a damping term with a friction coefficient { and a Gaus-
sian random force I'. The equation of motion for a generalized
coordinate r; is mi; = —(i; + F, +T" where m is the mass of a
bead, F. = —d(Ep({r;}) + AG({r;}.[C]))/or;, is the conforma-
tional force calculated using Eq. 3 in the main text, I is the ran-
dom force with a white noise spectrum. The autocorrelation
function for I'(¢) in the discretized form is (I(1)['(¢t + nh)) =
ZUZ—BT(SO‘,, (3) where &, is the Kronecker delta function and
n = 0,1,2.... The value of the time step, 4, depends on the friction
coefficient (.

We use a low friction coefficient ¢ = 0.05 m/z; to obtain
enhanced sampling (4), which allows us to accurately calculate
the equilibrium properties that do not depend on ¢. Rapid
convergence of thermodynamics is possible at a small { because
the polypeptide chain makes frequent transitions between all
accessible states (Fig. S14). In the underdamped limit, which
is inappropriate for describing the folding kinetics, we use the
Verlet leap-frog algorithm to integrate the equation of motion.
The velocity at time ¢+ /4/2 and the position at time ¢ + & of a
bead are given by,

h h
W+ R[2) =S = h/2) 4 5 B ) + T
[S6]
rt+h) =ri(t) +h vt +h)2). [S7]

To simulate the kinetics of folding we use { = 50 m/z;, which
approximately corresponds to the value in water and represents
the overdamped limit (3). At the high ¢ value, we use the Brow-
nian dynamics algorithm (5), which allows us to integrate equa-
tions of motion using

(Fe(t) +T(0)).

ri(t+h) =ri(t) +% [S8]
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The typical time step used to integrate Eq. S8 ranges from 0.01zy
to 0.1y depending on [C], the denaturant concentration. The
integration time step, &, in Egs. S6 and S7 is 0.0057; .

Time Scales. The natural unit of time for overdamped condition at
the simulation temperature 7' is

N Cna® Syt /me

AT~ kgT, &

[89]

To convert simulation time to real time, we chose ¢ =

1 kcal/mol, average mass m = 1.8 x 10722 g (3) a =4 A, which
makes 7, =2ps. For ({y=50m/7; we obtain 7y =
148 ps.

Folding and Unfolding Kinetics. The folding (unfolding) kinetics
is monitored using fraction of molecules, P,(¢), that remains
unfolded (folded) at time ¢,

t
P,(r)=1 —/ Py (s)ds. [S10]
0
The distribution of first passage times, P (s), is
| M
Pyy(s) = 1\725“ =), [S11]

where 7; is the first passage time for the ith trajectory, when the
protein reaches for the first time either the native basin of attrac-
tion (NBA) in the folding process or the unfolded basin of attrac-
tion (UBA) upon unfolding for the first time, and M is the total
number of trajectories. The folding time, 7;([C]), (or the unfold-
ing time, 7,,([C])) is associated with the mean first passage time

IMEPT = /) " Py ()dt = A " P, (t)dt. [S12]

For some concentrations P, (¢) can be fit using a single exponen-
tial and in some cases biexponential provides a better fit. We
extracted the folding times using P,(¢) fits and Eq. S12. The
folding rate is kf([C] (z¢([C]))~", and the unfolding rate

is k, ([C]) = (z([C])!

Dependence of Ink,,s on [C]. The rate constant for unfolding,
k,([C]), is found to increase with increasing [C] according to

Ink,([C]) = Ink;>° +m,[C]/RT, [S13]

where ki2° =k, ([C] = 0) is the rate constant for unfolding in
water ([C] = 0) and m,,, a constant, is the slope of the unfolding

arm in the chevron plot. From the linear dependence of
AGyy([C]) on [C] and Eq. S13 it follows that the rate constant

for folding k([C]) with k* = k;([C] = 0) must be (6)

Inky([C)) = Ink® —m[C]/RT, [S14]

because m = my +m,,, and Ky = k¢ ([C]) /k, ([C]), m; is the slope
of the folding arm in the chevron plot, K = e 26n/RT i the
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equilibrium constant of unfolding. The relaxation rate

kovs = k¢ ([C]) + k&, ([C]) is fit using (6)

[S15]

Inkyps = ln[kazOe—mf[C]/RT + kbl;lzoemu [C]/RT].

Because k,2C is small and hence hard to obtain directly using
simulations, we fit Inky,, using 3 parameters myg, m,, kquO.
Because of the extrapolation the error in our estimates for
k2O s likely to be large.

Structural Analysis. The structural overlap function
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between a conformation k£ and the native state
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is used to monitor the folding reaction; r;; is the distance between
interaction centers i and j, r" is the value in the native conforma-

tion, and O(x) is the Heavy51de function, § = 2 A. The number of
interacting pairs that are within § = 2 A in the kth conformation
is Ny, and N7, which is obtained by setting all the ®(x) in Eq. S17
to unity, is equal to 5,724 for src SH; in the folded state. In com-
puting y we include only residues that are separated by greater
than 2 along the sequence. The fraction, fxga ([C],T) of mole-
cules in the NBA is given by

Fann((C1T) = 5 2
k:

7
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where Z([C],T) is the partition function, R is the number of
independent simulations, n; is the number of conformations
from the kth simulation, y. is cutoff value for NBA (see Fig. S1),
8(xe —x(kt,[0])) =1 if y(k.t,[0]) £ ye. p=1/kgT, kg is Boltz-
mann’s constant, and 7 is the temperature. In Eq. S18, n,,
and f,, correspond to the number of conformations and free
energy in the mth simulation, respectively.

The ensemble of conformations with y < y. belong to the
NBA. To determine we calculated the distribution P(y), at the
melting temperature T,,([C]). At T,,([C] =0) the order para-
meter makes frequent transitions from low y (NBA) to high y
(UBA) (Fig. S14). From the observed bimodal distribution
P(y) (Fig. S1B) at T,,([C] = 0) we surmise that y. = 0.65. Con-
formations with y > y. corresponds to UBA. Although y. is in
principle [C]-dependent we find that in src-SH; domain y, is
nearly independent of [C].
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Fig. S1.
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Sampling of the order parameter . (A) Dependence of y as a function of time steps generated at low ¢ at the melting temperature with [C] = 0. (B)
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Fig. S2. Heterogeneity in the folding trajectories with [C] = 0. The left column shows y (defined in (Eq. 4) of the main text) for three trajectories. The top panel
shows that y remains in the UBA and reaches the NBA in the final stages. The trajectory in the middle panel is a state with y ~ 0.6 prior to transition to the folded
conformation. In the last panel y decreases nearly continuouly throughout the folding process. Projection of the fifty folding trajectories onto Ry and y, are

shown on the right. In all cases compaction and acquisition of structure coincide although there is dispersion in the range of R, sampled.
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Table S1. Parameters used in the SOP-SC model

Parameters Values
2A
20 kcal/(mol- A2)

R, 8 A

0.55 kcal/mol

0.4 kcal/mol
[ 0.3 kcal/mol
e 1 kcal/mol
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Table S2. Van der Waals radii for amino acids based

“ on measured partial molar volumes
Residue Radius (A)
Gly 2.25
Ala 2.52
Val 2.93
Leu 3.09
lle 3.09
Met 3.09
Phe 3.18
Pro 2.78
Ser 2.59
Thr 2.81
Asn 2.84
GIn 3.01
Tyr 3.23
Trp 3.39
Asp 2.79
Glu 2.96
Hse* 3.04
Hsd 3.04
Lys 3.18
Arg 3.28
Cys 2.74
*Hse—Neutral histidine, proton on NE2 atom. Hsd—
Neutral histidine, proton on ND1 atom.
Table S3. Values of my and by in the transfer energy (6g(k,[C])=my[C]+by) of
_ all residues and backbone (BB) for GdmCI
‘ Residue my (cal/mol/M) by (cal/mol)
= _! Gly 0.00 0.00
' : Ala -7.20 -2.28
Val -41.77 -23.41
Leu —75.99 -41.42
lle -68.10 -37.93
Met -85.86 -42.76
Phe -124.57 —-61.12
Pro -50.86 -27.76
Ser -18.75 -31.25
Thr -18.75 -31.25
Asn -102.03 -65.73
Gln -56.90 -57.07
Tyr -123.19 -78.71
Trp -196.25 -138.75
Asp -102.03 —65.73
Glu -56.90 -57.07
His -65.00 -85.00
Hsd —65.00 —85.00
Lys -67.95 0.00
Arg 42.34 0.00
BB -39.21 -31.86
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Table S4. Solvent accessibility of the backbone and side-chain
groups of residue k in the tripeptide Gly-k-Gly (o giy-k-ciy)

22
A, Gly-k-Glys A

k Backbone Side chain
Gly 84.9817 0.000
Ala 62.5336 108.259
Val 53.8055 147.128
Leu 50.2648 164.683
lle 50.2648 164.683
Met 50.2648 164.683
Phe 48.3400 174.605
Pro 56.8578 132.713
Ser 60.9227 114.940
Thr 56.2249 135.721
Asn 55.6039 138.647
Gln 52.0904 155.429
Tyr 47.3327 179.916
Trp 43.7780 198.715
Asp 56.6455 133.722
Glu 53.0339 150.786
Hse 51.3509 159.160
Hsd 51.3509 159.160
Lys 48.3400 174.605
Arg 46.1820 185.982
Cys 57.7220 128.640
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