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Protein Model and Simulation Methods

Hamiltonian for the Self Organized Polymer-Side Chain (SOP-SC) model: The
coarse-grained model for the protein Ubiquitin (Ub) is identical to the model used in our
earlier work where we studied the temperature effects on Ub folding.! The protein is coarse-
grained using the native-centric Self Organized Polymer - Side Chain model (SOP-SC).2?
In this model each residue is represented using two beads, one for the backbone atoms and
the other for the side chain (SC). In the absence of denaturants, [C] = 0, the coarse-grained

force-field of a protein conformation given by the co-ordinates {r} is:
Eca({r},0) = Ep + Exp + Exg + AE. (S1)
The bond between covalently linked beads is modeled using FENE potential, Eg, given by
Np
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where Np(=151) is the total number of bonds between the beads in the coarse grained model
of Ub.

The non-bonded native interactions, EX 5, in Equation S1 is,
w
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where N¥(=177), N} (=486), and N3 (=204) are the numbers of backbone-backbone, backbone-

(S3)

sidechain, sidechain-sidechain native interactions, respectively, kg is the Boltzmann constant,
r; is the distance between the i'" pair of residues, and 7., ; is the corresponding distance in the

crystal structure. For Ub the numbers are mentioned in the parentheses. The Betancourt-
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Thirumalai statistical potential? is used for interaction strength between a pair of side chain

beads 7, €°.

The non-native interactions, EYY, in Equation S1 is taken to be

NyN o; 6 Nglr)Lg O'bb 6 Ngig O'I?S 6
EJ]\\/[g = Z €l (7) + Z € (7”_> + Z € ( TZ ) (54)
¢ i=1 ¢ i=1 ¢

=1

where Nyy(=10159 in Ub) is the total number of non-native interactions, N}/ (=74 in Ub)
is the number of pairs of backbone beads separated by 2 bonds in the SOP-SC model,
and folg(:15() in Ub) is the number of pairs of backbone and side chain beads separated
by 2 bonds in the SOP-SC model. " is the diameter of the backbone beads, and (=
flo® + 02¢]/2.0) is the sum of the radii of the backbone and the side chain in the i"* pair
of angular interactions scaled by a factor f = 0.8. The radii for side chains of amino acids
are given in Table S2 in Ref.? The values of the interaction parameters used in the energy
function are given in Table S1.

At neutral pH we expect electrostatic interactions to be important in Ub as it has 23

charged residues (Figure 1A). The electrostatic effects in Equation S1, E¥ are modeled using

the screened Coulomb potential,

Ne—1  Ne
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where N, is the number of charged residues, ¢; and g; are the charges on the side chains of
the i’ and j residues respectively, & is the inverse Debye length, and r;; is the distance
between the beads located at the centers of mass of side chains ¢ and j. The electrostatic
interaction between two bonded residues is ignored. The value of g;, measured in unit of
electron charge, is +1 for positively charged residue and is -1 for negatively charged residues.
The dielectric constant € is 10¢, (€, is vacuum permitivity). In implicit solvent simulations

of proteins a range of dielectric constants with values from 2-20 are typically used.® We used
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a value of 10¢, (€, is vacuum permitivity), which gave a reasonable radius of gyration of the
protein in the unfolded state. We calculated x assuming a monovalent salt of 10 millimolar
is present in the solution. The parameter A\ in Eq. S1 is intended to account for pH effects.

At neutral pH A\ = 1.0. In acidic pH, £ is not as relevant and hence we set A = 0.

Simulations: In order to sample the conformations of the polypeptide chain efficiently
we used low friction Langevin dynamics simulations® to calculate the thermodynamic proper-
ties. The equation of motion used in the Langevin dynamics simulations is mﬁ =—C ﬁ —|—ﬁc—|—
f, where m is the mass of the protein beads, ( is the friction coefficient, 7; is the position of

the bead 1, ﬁc = 8%%, [ is the random force with a white noise spectrum. In the discretized

2kpT
C’ZB 00.n, Where

form the autocorrelation function of the random force is (I'(¢) ['(t 4+ nh)) =
n = 0,1,... and dy, is the Kronecker delta function. The Langevin equation is integrated
using the velocity Verlet algorithm.%” We used ¢ = 0.05 m/7;, and h = 0.005 77, where 17,
is the unit of time to compute the thermodynamic properties.

To provide a realistic description of the folding kinetics we performed Brownian dynam-
ics simulations and the equations of motion are integrated using the Ermak-McCammon
algorithm,® 7;(t + h) = 7;(t) + %P_’; +T. Here T is a random force with a Gaussian distri-

bution with mean zero and variance (I'(h)?) = Qk’ZTh. The friction coefficient ( = 50 m /7y

approximately corresponds to the value in water and h = 0.005 7. In the simulations, the

characteristic unit of length a = 1 A, energy € = 1 kcal /mol, and mass m = 1.8 x 10722 ¢

(typical mass of the bead). The unit of time in Langevin dynamics simulations is 7 (=

\/W) = 0.51 ps. In Brownian dynamics, simulation time is mapped into real time, 75
Cua® _ (CuTr/m)e

using Ty & J = ST A 43 ps.
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Table S1: Parameters for the SOP-Side Chain model

’ Parameters \ Protein ‘

R, 2.0 A

k 20 kcal /mol /A2
R, 8 A
€bl 0.5 kcal /moll?
ebs 0.5 kcal /moll?
€ 1.0 keal /mol®
ot 3.8 A

€ 10.0

[o] Values are chosen such that
the protein melting temperature
in simulations is approximately
in agreement with the experi-

ments. 910
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Figure S1: The C, contact map of Ub shows interactions between various secondary struc-
tural elements in the folded state.
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Figure S2: (A) The structural overlap function, y, as a function of time for Ub at low pH
at T,,, = 353 K. Ub undergoes multiple transitions between the UBA and NBA basins. (B)
The probability distribution of x, P(x) at T;,. The arrow is the value of y = 0.67 separating
the UBA and NBA basins. (C) x as a function of time for Ub at neutral pH at T, ~ 355 K.
(D) The probability distribution of x, P(x) at T,, and neutral pH. The arrow at y = 0.68
separates the UBA and NBA.
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Figure S3: (A) Radius of gyration, R,, as a function of denaturant concentration. Equi-
librium (R,) from coarse-grained simulations at low pH as a function of [Urea| is in solid
squares. Data in empty squares (low pH, 7' = 332 K, [Urea]) is (R,) during the burst
phase of Ub folding. (B) Structural overlap function, x, plotted as a function of [C]. The
empty squares in the plot represent the same conditions described in panel-(A). (C) Pair
distance distribution function, P(R), plotted as a function of distance, R, for the Ub native
structure, and during the burst phase of Ub folding. (D) Probability distribution of x, P(x).
The symbols represent the same conditions described in panel-(C). Inset shows P(x) for the
folded structure at neutral pH, 7' = 335 K and [C] = 0 M conditions.
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Figure S4: Fraction of native contacts in various secondary structural elements (5135, 8305,
and L1Ls), fss and R, as a function of time in folding trajectories at neutral pH, T' =
300 K and [Urea]=1.0 M. The plots in four panels are for trajectories labeled KIN1, KIN2,
KIN3 and KIN4 in Figure 9A. The green, blue and magenta colors correspond to secondary

structures Ly Ly, 8185, and (305, respectively. Radius of gyration, R, as a function of time
is shown in black.
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Figure S5: Fraction of native contacts in various secondary structural elements (5135, 8305,
and LyL,), fss and R, as a function of time in folding trajectories at neutral pH, T =
300 K and [GdmC1]=1.0 M. The plots in the three panels are for trajectories labeled KIN1,
KIN2, and KIN3 in Figure 9B. The green, blue and magenta colors correspond to secondary
structures LiLs, (135, and 33035, respectively. Radius of gyration, R, as a function of time
is shown in black.
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Figure S6: Fraction of native contacts in various secondary structural elements (5135, 8305,
and L1 L), fss and R, as a function of time in folding trajectories at neutral pH, 7' = 335 K
and [Urea]=1.0 M. The plots in four panels are for trajectories labeled KIN1 and KIN2 in
Figure 9C. The green, blue and magenta colors correspond to secondary structures L; Lo,
B108s, and B30, respectively. Radius of gyration, R, as a function of time is shown in black.
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Figure S7: Ub folding kinetics at low pH. Energy per residue, £/N, is plotted as a function
of time at conditions (A) [Urea|=1.0 M, T = 300 K & 332 K. (B) [GdmCl]=1.0 M,
T = 300 K & 332 K. Kinetic intermediates 11, I3 and 14 are identified in the folding
pathways. Representative structures of 11, I3 and 14 are shown in Figure 9.
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Figure S8: Fraction of native contacts in various secondary structural elements (5135, 8305,
and L1Ls), fss and R, as a function of time at low pH folding trajectories. (A) Trajectory
KINT at 7' = 300 K; [Urea] = 1.0 M (B) Trajectory KIN2 at 7" = 300 K; [Urea] = 1.0 M
and (C) Trajectory KIN3 at 7' = 332 K; [Urea] = 1.0 M The plots in three panels are for
trajectories labeled KIN1, KIN2, and KIN3 in Figure S7TA. The green, blue and magenta
colors correspond to secondary structures L;Ls, $10s, and P305, respectively. Radius of
gyration, R, as a function of time is shown in black.
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Figure S9: Fraction of native contacts in various secondary structural elements (3135, (5305,
and LiLs), fss and R, as a function of time at low pH folding trajectories. (A) Trajectory
KIN1 at "= 300 K; [GdmCI] = 1.0 M (B) Trajectory KIN2 at T'= 300 K; [GdmCI] = 1.0
M and (C) Trajectory KIN3 at 7' = 332 K; [GdmCl] = 1.0 M The plots in three panels are
for trajectories labeled KIN1, KIN2, and KIN3 in Figure S7B. The green, blue and magenta
colors correspond to secondary structures LiLo, (3105, and (305, respectively. Radius of
gyration, R, as a function of time is shown in black.

S16



