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ABSTRACT

Site-directed Thermodynamic Analysis Method: Its Application

for Protein Folding Studies and Assessment of Solvation Models

Myung Keun Cho
Department of Chemistry
The Graduate School

Seoul National University

Folding of a protein depends heavily on its aqueous environment. How
solvation affects protein folding has been widely studied, but the extent to which
folding stability is controlled by the solvation is unclear at the individual amino acid
level. In this dissertation, we report the results of protein folding studies that employ
the site-directed thermodynamic analysis method to assess the folding free energy
components for each backbone and side chain of proteins. Thermodynamic results
from tens of ps-length molecular dynamics simulations of the folding phenomenon
of each of the representative B-sheet and o-helical proteins, human Pin WW domain
protein and the villin headpiece subdomain are reported, respectively. We provide a
quantitative measure of folding stability contributions from each of the critical sites
of two model proteins, without introducing physical modifications to the system as
in site-directed mutagenesis methods. Moreover, the resulting folding free energy of
Pin WW was —4.9 kcal/mol, within the error bound of experimental reporting of —3.4
kcal/mol. By incorporating the decomposition method of solvation free energy and
%]
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gas-phase potential energy into single amino acid resolution, we determine the
energetic consequence of basic molecular interactions such as hydrogen bonding and
hydrophobic interaction that govern protein stability.

The application of the site-directed thermodynamic method is then
extended to compare the influence of explicit and implicit solvation models on
thermodynamic stability of the two model proteins. Thermodynamic analysis is often
carried out by sampling a large number of atomistic conformations using molecular
dynamics simulations that use either an explicit or implicit water model. However,
it remains unclear to what extent thermodynamic results from different solvation
models are reliable at the molecular level. Here, we quantify the influence of both
solvation models on folding stability at single backbone and side chain resolution.
Using simulation trajectories resultant from TIP3P solvent and the generalized
Born/surface area solvent models, we assess the residue-specific folding free energy
components of the two proteins described above. We find that the thermodynamic
discrepancy from the generalized Born solvent mostly originates from positive side
chains, followed by under-stabilized hydrophobic ones. In contrast, the backbone
residue contributions in both proteins were comparable. Our study lays out the
foundation for a detailed thermodynamic assessment of solvent models in the context

of protein simulation.

Keyword: Molecular dynamics simulation, free energy decomposition, beta-sheet,
generalized born solvent model, solvation free energy, 3D-RISM, intraprotein
potential energy.

Student Number: 2016-20364
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Chapter 1. Introduction

Thermodynamic stability of biomolecules is governed by the driving forces
of their folding such that the traces of these forces are rooted within the energetic
components.'? The stability of a native protein is described by the change in Gibbs
free energy AG upon folding.*** While the separation of this thermodynamic variable
typically involves enthalpy and entropy, one can also decompose it into “favorable”
and “unfavorable” terms, AG = Af — TAScnt.” Here, the favorable forces are
captured by the change in the solvent-averaged effective energy (Af = AE, + AGioly
< 0),* consisting of the intra-protein energy (AE,) and solvation (AGson)
components, which are counteracted by unfavorable forces from the configurational
entropy change (AScont < 0).'° The inequalities Af' < 0 and AScont < 0 are expected to
hold generally in protein folding since the folding must be an energetically downhill
process (i.e., Af < 0) to resolve Levinthal’s paradox’ and since protein structures in
the unfolded state are more disordered than those in the folded state (hence, AScont <
0). A representative contributor to Af'is the net effect of forming a hydrogen-bond
(H-bond), comprising the gain in the intra-protein potential energy (AE, < 0) and the
dehydration penalty (AGsly > 0); van der Waals contacts (AE, < 0); and the solvent-
induced interaction (AGsww < 0). It is therefore essential to investigate
thermodynamic stability using Af for elucidating the strength and nature of
stabilizing interactions underlying protein folding.

The position of amino acid in the primary sequence is a well-known
determinant of thermodynamic stability of protein folding, let alone the identity of
the amino acid residue. Site-directed mutagenesis methods have now become
standard tools to investigate impacts of individual amino acid residues on protein
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stability. The amide-to-ester or amide-to-olefin mutagenesis has been typically
employed to understand the role of site-specific backbones, and the alanine
mutagenesis to analyze the effect of side-chains.'""'* However, these mutation-based
methods inevitably introduce physical modifications to systems, which may induce
unexpected effects and complicate the interpretation of the energetic
consequences.'>'> For example, physical modifications caused by mutations may
propagate intricate structural perturbations to various extents in mutants, which make
a systematic comparison between critical amino acid residues difficult. Moreover,
distinct conformational ensembles could be constructed depending both on the
number of mutants and experimental methods, which undermines the reliability of a
quantitative comparison of thermodynamic properties for every residue. In particular,
the unfolded-state ensembles of the same mutants have been reported to differ by
~50% structurally between the chemical and the thermal denaturation methods.'®
Recently, a computational method has been developed that partitions
thermodynamic functions of biomolecules into contributions from constituent
atoms.'”'® This allows us to investigate the thermodynamic stability at the individual
residue level without introducing any physical perturbations to the system. In
Chapter 2, we apply this method to the folding of the human Pin WW domain and
villin headpiece subdomain (HP-36) proteins. The WW domain is the shortest (~33
residue long) naturally occurring f-sheet protein identified to date, and the HP-36 is
a 36-residue helical protein.'”* They have served as exceptional models for protein

1131921224 and theoretically® > due to its brevity

folding studies both experimentally
and the folding time of ~100 ps. We performed all-atom molecular dynamics (MD)

simulations of the WW domain and the HP-36 with an explicit-water treatment on

both the folded- and unfolded-states. Then, the intra-protein energy and the solvation
. -
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energy were analyzed to acquire the site-resolved effective energy change upon
folding for every backbone and side-chain. The solvation free energy is obtained by
solving the integral-equation theory using 3-dimensional reference interaction site
models (3D-RISM).** By combining structural and thermodynamic analyses, we
investigate how the site-specific stability is determined from underlying main-chain
and side-chain interactions in a protein. Thereby, we would like to provide insights
into fundamental structural elements that stabilize the native structures of the f-sheet
and the a~helix proteins.

In Chapter 3, our comparison study of influence of solvation models on site-
resolved folding stability is introduced. Implicit solvent model is a practical
alternative to explicit water in atomistic protein simulation. Recognized as a prime
implicit solvent model for protein simulation, the generalized Born/surface area
(GBSA) solvent speeds up the protein simulation by up to 100-fold compared to
explicit solvents and facilitates exploration of the conformational ensemble.*>** By
resolving total Gsory into polar and nonpolar terms, one facilitates the computation of
the polar term using the GB approach that provides an analytical approximation of
the Poisson-Boltzmann equation. The nonpolar term is estimated by the SA
dependent approach. Despite its wide use, it remains unclear how accurately the
GBSA solvent model reproduces thermodynamic results of protein folding. In
particular, it is important to understand to what extent GBSA solvent artifacts
influence the protein conformational sampling and to quantify its underlying
consequences on the folding stability of a given protein. This is because obtaining
reliable results of protein stability requires the proper representations of both folded

and unfolded state conformations.'®*



Reproducing the structural characteristics and protein folding landscape from a
nascent peptide chain has been a standard practice in evaluating the reliability of
implicit solvent simulation. Recent efforts into assessing several GBSA solvent
models showed that key attributes of native proteins such as the root-mean-square
difference (RMSD)*, a-helix***!, and S-sheet populations**** are reproduced with
sufficient accuracy. In contrast, a systematic bias in non-native characters such as
salt-bridge has been reported in using GBSA solvents due to overstabilized

414445 and nonpolar interactions.**® Such dichotomy between native

electrostatic
and non-native characters in using implicit solvent models can be well-captured by
the protein stability, as defined in ref. 49 by Lazaridis and Karplus, whose
thermodynamic function takes small and large values for the folded and unfolded
states, respectively. This thermodynamic function, called the solvent-mediated
effective energy f, is obtained from a sum of the gas-phase potential energy E. and
the solvation free energy Gionv. A reliable descriptor of protein stability, the effective
energy f primarily responds to the native structural character of protein and not to
nonnative ones.’

Evaluating the influence of GBSA solvent artifacts on the folding stability is
important in thermodynamic assessment of the solvent model. It is then useful to
determine the folding stability at the single amino acid resolution to quantify how
sensitive each residue is to the solvent model. To this end, Chong and Ham
spearheaded the development of a computational method, called the site-directed
thermodynamic analysis method, that provides an exact decomposition of a
thermodynamic function into contributions from constituent amino acid residues.'”*°

The application of this method in partitioning solvation free energy G and

effective energy f allowed a systematic comparison among individual residues
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quantitatively, elucidating the key role of certain residues in dictating the protein

1851 and stability’2. This site-specific effective energy f can be separated

solubility
into either corresponding residues>, or corresponding main and side chains.>* From
the determination of site-specific folding stability contributions, the structural
origins of the site-specific stability from critical residues can be identified. For
example, the folding stability contributions from the entire backbones and side
chains of WW domain was found to be comparable to each other.>*

Here, we propose a study that assesses the structural and thermodynamic
differences between explicit and implicit solvent simulation results of two model
proteins. We adopted widely used explicit and implicit solvation models, TIP3P and
GBSA-OBC(II), respectively.”>*® The proteins of interest are representative S-sheet
and a-helix proteins, WW domain and HP-36, respectively. These short proteins
have often been the subject of protein folding simulations in both explicit

23545763 and implicit solvent*®**%*%7 Then, we identify the critical residues

solvent
that lead to the differences in solvation models using a recently modified site-
directed thermodynamic analysis method that resolves the solvation free energy Giolyv
and the gas-phase potential energy E. into contributions from the main and side
chains.* This allows us to evaluate residue-level folding stability Af = f(folded) —
(unfolded) in protein conformations from each of explicit and implicit solvent
simulations. To the best of our knowledge, thermodynamic comparison between
explicit and implicit solvent simulations at the individual residue level has not been

carried out. Thus, we would like to understand the scope of limitations in employing

the GBSA simulation to capture the folding stability behavior.



Chapter 2. Site-Specific Backbone and Side-Chain

Contributions to Thermodynamic Stabilizing Forces

It has been challenging to determine how hydrogen bonds and hydrophobic
contacts contribute to protein stability at single amino acid resolution. Here, site-
specific thermodynamic stability was quantified at the molecular level to extend our
understanding of the stabilizing forces in protein folding. A decomposition of the
thermodynamic properties into contributions from main- and side-chain groups
enabled us to identify the key residues in the secondary structure and hydrophobic
core formation, without introducing physical modifications to the system as in site-
directed mutagenesis methods. By relating the structural and thermodynamic
changes upon folding for each residue, we find that the simultaneous formation of
the backbone hydrogen bonds and side-chain contacts cooperatively stabilize the

WW domain protein, as shown in Figure 2.1

4
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Figure 2.1. Pin WW structure and sequence. The structural cartoon of Pin WW is
colored with respect to the corresponding amino acid residue sequence. The
secondary structure propensity of the residue is indicated in the cartoon figure below
the structure figure. The yellow arrows represent [B-strands, curved segments
represent the loops, and the rest are the terminal regions.



2.1. Methods
2.1.1. Folded-State Simulations.

The initial structure of Pin WW (PDB ID: 2F21)," determined from X-ray
crystallography, was taken and modified as the sequence in Figure 2.1. The
protonation states were designated as appropriate for the physiological pH. The
AMBER20 package ® was used to perform MD simulations with the ff99SB-ILDN
protein force field” and TIP3P water model.”> The system consisted of a protein
solvated in 5957 water molecules and two chloride ions in a cubic periodic box. The
steepest descent and the conjugate gradient minimization algorithms were each
applied for 500 steps under 500 kcal/(mol A?), followed by another round of
minimization of 1000 steps and 1500 steps without harmonic constraints,
respectively. 20 ps of NVT ensemble equilibration was performed to raise the
temperature gradually from 7= 1 K to 300 K. NPT ensemble equilibration was then
carried out for 200 ps at 7=300 K and P = 1 bar with a 2 fs time step. 1 ps production
MD was performed at 7 = 300K and P = 1 bar. The procedure was repeated to
produce six independent trajectories in total with a different initial velocity. The
temperature was controlled by Berendsen thermostat with the coupling constant of
1.0 ps and the pressure by Berendsen barostat with the coupling constant of 2.0 ps.”
The PME method was invoked in treating long-range electrostatic interactions, and
the remaining nonbonded interactions were cut off at 10 A. The hydrogen atoms
were treated with the SHAKE algorithm.”

2.1.2. Unfolded-State Simulations.

The unfolded-state simulations were conducted using the configuration
from NPT equilibration process in the folded-state. The system was first heated to

600 K under NV'T ensemble. The simulated annealing simulation was performed with
% P I:
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a gradual decrease of temperature by 50 K for every 1 ns NV'T ensemble simulation
to reach the final temperature 7 = 300 K.”* After an NPT ensemble equilibration
simulation for 5 ns at 7=300 K and P =1 bar, a 2 pus production run was conducted.
Eight separate trajectories were obtained with random initial velocities. Structural
analysis and thermodynamic calculations were performed using the last 1 ps
trajectories.

2.1.3. Structural Analysis.

From each of the folded- and unfolded-state trajectories of 1 ps length,
20,000 protein conformations were extracted with a 50 ps time interval. Structural
analyses of trajectories were carried out using CPPTRAJ.”® Using the DSSP
algorithm,” the anti-parallel f-strands region was defined by residues ‘WEKRM'?,
'VYYFN?, %SQ?. The residues that form hydrophobic cluster 1 (HC1) are L2, P3,
W6, Y18, and P31; that of hydrophobic cluster 2 (HC2) are R9, Y17 and F19." The
k-means clustering algorithm was used to find the representative protein structure
for each trajectory. The geometrical criteria for a hydrogen bond (H-bond) formation
were set to a separation by at most 3.5 A between a hydrogen acceptor (e.g. C=0
group) and a donor (e.g. N—H group) and at least 135° angle cutoft. The H-bonds
were characterized into those formed between main-chains, between side-chains,
and between a main-chain and a side-chain. The number of H-bonds was then
separated into per amino acid residue according to participating donor and acceptor
groups. To evaluate the extent of hydrophobic association of the protein for each
residue, the side-chain contact analyses were also carried out. The side-chain
contacts were defined with a distance cutoff of 5.4 A between a side-chain group and
the corresponding site at least three residues apart.” Both Ca. for the main-chain and
the farthest side-chain carbon atom from the peptide for the side-chain were selected

8 A =2 rH



as the specific sites of interest.

2.1.4. Thermodynamic Analysis.
The Gibbs free energy of folding, AG = Af — ATScont (AX = Xiolded — Xunfolded), Was

computed using the simulated protein structures in the folded and unfolded states
based on the computational method developed in ref. 76. We first computed the
solvent-averaged effective energy f(r,) = Eu(ru) + Gson(#u) for each simulated protein
structure r,. The molecular mechanics force field was used for the computation of
E(r.), whereas the three-dimensional reference interaction site model (3D-RISM)

theory””7®

was employed for obtaining Gs(r.). The change Af in the effective
energy upon folding can be computed as the difference of average f{(r.) values for
the folded and unfolded states. We then constructed the probability distribution W(f)
of f{r,) values sampled in each of the folded and unfolded states. If the distribution
W(f) is well approximated by Gaussian, which will be verified below, the
configurational entropy is given by T'Seons = (1/2ksT)Sf? interms of the variance

W 79,80

2.1.5. Site-directed Thermodynamic Analysis

An exact partitioning of the solvation free energy Gisorv into contributions
from constituent atoms (labeled by @), Gsoly = X Gsolv,a» Was derived in ref. 17
based on the Kirkwood charging formula. By an appropriate grouping of those
atomic contributions, one obtains the backbone, side-chain and individual residue
contributions to Giy. In the present work, the backbone group is defined as -C-O-
NH-C,-, and the rest are treated as the side-chain group. A corresponding partitioning
of the intra-protein potential energy E, into groups (labeled by i and j) can be

obtained as follows:



2
a
intra inter 1nter 1nter,a
Eul - E + (Ebond ij nonbond l]) + Py an i)
2 3 “ang

Jj#i j#i a=1

N 3
g inter,a
4 dlh,ij
j#i a=1

eq. 1

Here, E/" denotes the potential energy within the i-th group, and E{Rter . and

bond,ij

E;;‘;Efgond,i ; refer to the bonded and nonbonded interactions between i-th and j-th

: . inter, inter,
groups, respectively. The angle and dihedral angles terms, E,p .7 and Egyy /%, are

treated such that the associated energies are divided according the number of atoms
«a that belong to the i-th group. These partitioning methods allow us to obtain the
site-specific £y, Gso, and f = Ey + Gsolv.

2.1.6. Error Analysis

The standard error (SE) of the mean for the folded state was obtained based
on average values of six independent folded-state trajectories: the standard deviation
(SD) of the average values was first computed, followed by the division by square

root of the number of trajectories (7usj)

SD

SE =
\ Mtraj

eq. 2

The standard error for the unfolded was estimated from the eight independent
trajectory average values. After obtaining the standard errors for both the folded- and
unfolded-states, the standard error of the difference, AX = Xwoided — Xunfolded, WS

evaluated as follows:®!

SE(AX) = /SE(Xto1ded)? + SE(Xunfolded)? eq.3
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2.2. Results and Discussions

2.2.1. Structural Differences between the Folded and Unfolded States
of WW Domain

We investigated how thermodynamic energy of a protein shapes its structure,
focusing on the WW domain, one of the shortest S-sheet proteins. We carried out
both folded- and unfolded-state MD simulations of the Pin WW domain under
physiological conditions (7 = 300 K and P = 1 bar). The folded-state simulations
were initiated from an X-ray structure, whereas the unfolded-state simulations were
preceded by heat-denaturation. We characterized various native structural features,
including RMSD, secondary structure content, and hydrophobic cluster contact
properties, summarized in Table 2.1. The protein conformations in the folded-state
remain stable over the simulation timescales with the average Co. RMSD of 0.9 A to
the native structure, whereas those in the unfolded-state fluctuate heavily with the
value of 7.2 A. The secondary structure contents show that the folded-state retained
significant f-sheet conformations, while coil/turn conformations are dominant in the
unfolded-state (see Figure 2.2 for per-residue analyses of the secondary structures).
The native structure of Pin WW domain is packed with two hydrophobic clusters
(HC1 and HC2) that protrude from either side normal to the S-sheet surface (Figure
2.3). Most of the HC1 and HC2 contacts are retained in the folded-state simulations,
while they are lost in the unfolded-state simulations (Table 2.1) The native contacts
fraction, Q, serves as a validation criterion of the unbiased MD simulation that
discriminates the folded- and the unfolded-states from misfolded structures, as
displayed in Table S2.1. The average Or and O, cutoff values were chosen to be 0.92
and 0.20 for WW domain, respectively. This corresponded to the defined criterion

for other folding studies as well.**** In addition, the average Orand Q, cutoff values
:l -I
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for HP-36 were reported to be 0.75 and 0.18, which are less conservative for the
folded state than the previous study with 0.89 and 0.20, respectively. Thus, there are

distinctive differences in protein conformations if we focus on the native contacts.
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Figure 2.2. Structural characteristics of Pin WW per amino acid residue averaged
from the folded and unfolded states MD simulations at 300 K. (A) Root-mean-
squared-fluctuation per amino acid residue number is shown. (B) B-sheet contents

per amino acid residue as obtained from DSSP analysis is indicated.
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Folded-state
FOLD1-6

Unfolded-state
UNFOLD1 UNFOLD2 UNFOLD3 UNFOLD4

Figure 2.3. The MD simulation snapshot for the folded and the unfolded trajectories.
Representative folded-state conformations selected using a k-means clustering
method are from the trajectories FOLD1 and FOLD6. Representative unfolded-state
conformations are from the trajectories UNFOLD1-UNFOLDS.
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Table 2.1. Native structural characteristics in the folded and unfolded states of Pin

wWw
Secondary Structure Contents (%) * Heavy atom contacts (%) ¢
CoRMSD ¢ p-1 £-2 £-3 HC1 HC2
X-ray Structure
PDB ID: 2F21 0 100 100 100 100 100
folded-state trajectories ¢
FOLD1 0.90 £ 0.20 99.7+2.5 999+ 1.6 99.9+2.6 83.3+6.9 86.5+10.6
FOLD2 0.90 £ 0.20 99.7+2.6 999+ 1.7 99.9+2.6 83.0+7.0 86.3+£10.2
FOLD3 0.89 £0.20 99.7+2.4 999+ 1.6 99.9+2.6 83.0+£7.0 87.6+8.5
FOLD4 0.90 +0.20 99.8+£2.2 99.9+1.3 99.8+3.3 83.2+72 87.3+£10.8
FOLDS 0.91+0.22 99.7+2.6 99.9+1.8 99.9+2.7 83.3+7.1 86.5+13.9
FOLD6 0.91+0.20 99.8+2.4 999+ 1.4 99.9+2.4 83.0+7.2 86.3+7.7
Average © 0.90 £ 0.01 99.7+0.1 99.9+0.1 99.9+0.1 83.1+0.1 86.8+0.2
unfolded-state trajectories ¢
UNFOLD!1 7.98 £0.07 0.0£1.0 0.0£0.0 0.0£0.0 42425 0.0+0.0
UNFOLD2 6.74+0.19 0.0£0.3 343+ 14.0 0.0£1.6 1.9+1.1 0.0+0.0
UNFOLD3 6.97 +0.56 13.2+17.8 2424176 0.1+£24 09+3.5 0.0+0.0
UNFOLD4 6.40 £ 1.35 7.6+£11.2 120+ 16.7 2.4+10.8 16.0 + 14.0 6.7+11.1
UNFOLDS 5.85+0.46 14.0+£9.7 09+43 1.0£6.8 373+79 03+3.3
UNFOLD6 7.74+0.79 0.7+5.0 0.6£3.4 7.0+£17.3 5.6+6.0 42.9+21.3
UNFOLD7 8.03 +0.59 03+£25 03+£25 0.0+£0.4 45+3.6 20.6 £22.2
UNFOLDS 7.88 +0.43 56.5+26.0 0.0£0.6 0.0£1.1 55+£23 1.3+3.8
Average ¢ 7.20 £0.27 11.5+6.3 7.8+4.0 1.3£0.8 9.5+£4.0 9.0+5.1

“Root-mean-square deviations (A) for C,atoms; * Average population (%) of the S-strand formations in -1 (W6-
M10), -2 (V16-N20) and S-3 (S26-Q27);  Average population (%) of side-chain heavy atom contacts in
hydrophobic cluster 1 (HC 1; L2, P3, W6, Y18, and P31) and hydrophobic cluster 2 (HC 2; R9, Y17, and F19); ¢
Average + standard deviation; ¢ Average + standard error.

However, taking into account non-native contacts as well raises a different
view. Table 2.2 compares the number of H-bonds and side-chain contacts in the
folded- and unfolded-state simulations (see Table S2.2 for the per-residue analyses).
The average number of H-bonds is 22.2 for the folded state, which is only slightly
larger than the one (20.1) for the unfolded state. Similarly, the average number of
side-chain contacts does not differ significantly between the folded- (46.0) and
unfolded-state (36.6). In Figure S2.1, the backbone H-bonds formation in f-sheet
regions of the folded state is contrasted with their nearly uniform distribution
throughout the backbones in the unfolded state. One of the main issues we address
in the following is why the folded state is more stabilized than the unfolded state,

even though the number of intra-protein contacts is comparable.
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Table 2.2: Non-native structural characteristics in the folded and unfolded states
of Pin WW

Number of H-bonds “ Number of side-chain contacts®
Total MC-MC MC-SC SC-SC Total MC-SC SC-SC
folded-state trajectories ©
FOLDI1 223+£25 10.7+1.1 52+1.5 63+1.7 46.2+3.0 229+18 232+18
FOLD2 224+24  108+1.1 52+1.5 64+1.6 459+3.0 228+1.8 23.1+19
FOLD3 223+24 10.7+1.1 52+1.5 64+1.6 46.0+2.9 229+1.8 23.1+1.8
FOLD4 222+24  10.7+1.1 51+14 64+1.6 46.3+3.0 229+18 234+19
FOLD5 22.1+£25 10.7+1.1 5.1£1.5 62+1.7 46.1£3.0 23.0+£1.8 232+19
FOLD6 220+24 10.7+1.1 5.1£1.5 62+1.6 455+3.0 22.8+1.8 227+19

Average ¢ 222401 10.7£0.1 51£0.1 63£0.1 46.0 £ 0.7 229+0.1 23.1£0.1
unfolded-state trajectories
UNFOLD!1 24.1+£3.1 8.8+1.5 114£19 40+£1.6 379+£27 21.6+1.7 16.3+1.7
UNFOLD2 21.6+27 104+£17 81£19 32+£1.8 440£33 24.7+2.0 19.3+2.1
UNFOLD3 17.8+32 79+1.7 6.8+£2.0 33£1.8 38.1+39 19.1+£2.1 19.0£2.7
UNFOLD4 19.1£37 7.0+19 79£25 43+1.6 345+42 18.1+£2.6 16.4+2.5
UNFOLDS 18327 71+18 4.8+22 64+17 348+39 16.7+2.5 18.1+2.1
UNFOLD6 178+34 64+1.7 82+1.9 32£19  36.1£6.1 18.8+3.2 174+3.5
UNFOLD7 21.9+£3.2 8.0+1.6 82+2.6 58+£22 355+45 18.9+2.8 16.6 2.4
UNFOLDS 200+3.6 8.0+3.1 63+3.1 5.8+2.1 31.6£5.5 17.0+£3.0 14.6+£2.9
Average ¢ 20.1£08 7.9+04 7.7+0.6 45404  36.6+0.7 19.4+0.8 17.2+0.5
¢ The number of intra-protein H-bonds in total, between main-chains (MC—-MC), between a main-chain and a side-
chain (MC—SC) and between side-chains (SC—SC); * The number intra-protein heavy-atom contacts involving
side-chains in total, main-chain—side-chain contacts (MC—SC) and side-chain-side-chain contacts (SC—SC); ¢
Average + standard deviation; ¢ Average + standard error.

2.2.2. Folding Free Energy of Pin WW,.
We computed the folding free energy AG = Af — TAScont of the WW domain

based on the solvent-averaged effective energy f(r.) = Eu(ry) + Gsonv(ru) evaluated for
each protein conformation r, sampled in the folded- and unfolded-state simulations
(see Methods). The change in effective energy upon folding provides the
thermodynamic driving force of folding (Af < 0), and is the key descriptor of
thermodynamic stability. We computed the average f{r.) values for all the individual
trajectories (Tables 2.3 and S2.3), from which we obtain Af=-29.2 + 2.0 kcal/mol
(average + standard error). For the estimation of configurational entropy, we
constructed the probability distribution W(f) of the sampled f{r.) values (Figure 2.4).
We find that W(f) for both the folded and unfolded states is well-described by the
Gaussian distribution as can be verified by the small skewness and excess kurtosis
(Table S2.4) which approach zero when the distribution assumes a perfect Gaussian.

As derived in ref. 76 (see also the Methods), the configurational entropy can be

% = 13
15 MHE-1HS
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estimated from the variance of the sampled f{r,) values when W(f) is Gaussian (the
convergence of the configurational entropy estimation from our simulations is
demonstrated in Figure S2.2, and the fact that the tail of W(f) is also well captured
by the Gaussian statistics is shown in Figure S2.3). From the estimated 7AScont
values for all the individual trajectories (Tables 2.3 and S2.3), we obtain —TAScont =
24.3 £ 5.2 kcal/mol. The resulting folding free energy is AG = —4.9 kcal/mol with a

standard error of 4.9 kcal/mol.
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Figure 2.4. The distribution of the effective free energy. (A) Probability distribution
function W(f) of the effective energy fas a function of its deviation from the mean f
for the six independent trajectories of the folded-state (FOLDI1-FOLD6). (B)
Corresponding result for the eight independent unfolded-state trajectories

(UNFOLDI1-8).

This value is in accord with the experimental values of —3.4 kcal/mol from
the temperature-jump experiment on the identical sequence'® and —2.2 kcal/mol from
urea-denaturation on hYAP WW domain.® The large standard error of AG mainly
stems from the configurational entropy term, —TASc.nt. Specifically, we note that the

magnitude of the standard error from —7'Scons of the unfolded protein is only 1.7% of
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the average value, but the error is significantly enlarged by the large cancellation

between the folded- and unfolded-state contributions.

Table 2.2. Tabulated data of folding free energy

State 1 ~TSecont” G = f~TSeont ¢

folded-state trajectories

FOLDI1 -303.2 -278.5 -581.7

FOLD2 -302.7 -274.1 -576.8

FOLD3 -303.3 -273.8 =577.1

FOLD4 -303.2 -277.8 -581.0

FOLD5 -302.9 -276.2 =579.1

FOLD6 -301.7 -282.0 -583.7

Average!  -302.8+02 277.1%1.1 -579.9+1.0
unfolded-state trajectories
UNFOLDI —283.3 —282.8 -566.1
UNFOLD2 -275.5 -289.3 -564.8
UNFOLD3 -274.0 -296.0 -570.0
UNFOLD4 —265.6 -323.9 -589.5
UNFOLDS5 -272.3 -289.8 -562.1
UNFOLD6 -264.9 -296.2 -561.1
UNFOLD7 -276.3 -316.0 -592.3
UNFOLDS -278.0 -316.6 -594.6
Average! 273720 -301.3%5.1 =575.0+£4.8
A —TAScont AG = Af —TAScont

Difference’  —29.2+2.0 243+£5.2 —49+4.9

“Effective energy [kcal/mol]; ” Configurational entropy multiplied by —T
[kcal/mol]; ¢ Gibbs free energy [kcal/mol]; ¢ Average + standard error.

Here, some comments might be appropriate concerning our estimate of the
configurational entropy (7Scont). As is apparent from Table 2.3, we first computed
TSconf for individual trajectories, which were then averaged in obtaining the folding
free energy. The convergence of 7Sconr of individual trajectories was also confirmed
(Figures S2.2 and S2.3). On the other hand, another plausible approach would be to
combine all the independent trajectories together (separately for the folded- and
unfolded-states) and estimate 7:Scont for such an ensemble of protein configurations.

If individual trajectories were long enough to fully explore the configuration space, _
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both approaches would yield the same value of TSconr. However, we found that this
is not the case with our short unfolded-state simulations of 2 us length. In this sense,
our estimate of —TAScon may still be unreliable. We would like to examine this issue
using much longer simulations® in our future study. We notice that this convergence
issue of T'Scont does not affect our subsequent argument that is primarily concerned

with the effective energy (f).

2.2.3. Site-specific Stabilizing Forces

To provide a detailed thermodynamic characterization of free energy
contributions from the individual constituents of protein, we resolve the descriptor
of folding stability Afinto individual residue contributions (Figure 2.5A) and further
into the respective backbone and side-chain terms (Figure 2.5C and D;
corresponding results for AE, and AGsoy are shown in Figure S2.4, and numerical
values with standard errors are provided in Tables S2.5 and S2.6). The site-resolved
contributions to Af from each backbone and side-chain residue exhibit a wide range
of values, which underscores the position-dependence in thermodynamic stability of
the polypeptide. We find that the majority of S-sheet regions contribute favorably to
folding, whereas the turn and terminal regions are mostly destabilizing (Figure 2.5A
and C). Furthermore, the significance of the side-chain hydrophobic core formation
in thermal stability is apparent from large favorable contributions arising from HC1

(colored dark cyan) and HC2 (dark pink) regions (Figure 2.5D).
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Figure 2.5. Thermodynamic and structural analyses for each backbone and side-
chain of the WW domain. (A) The folding effective energy contributions Af = f
(folded) — f (unfolded) for every constituent residue. (B) The number of H-bond
between main-chains upon folding, indicated by red diamond symbol, corresponding
to the scale on the left y-axis and the number of side-chain—side-chain contacts upon
folding, indicated by blue square symbol, corresponding to the scale on the right y-
axis are shown. (C, D) The site-directed thermodynamic analysis results of Af are
obtained for each backbone (C) and for each side-chain (D). The residues that
comprise hydrophobic cluster 1 and hydrophobic cluster 2 are indicated by dark cyan
and dark pink, respectively. The yellow strips demarcate the three S-strand regions.

The total backbone and side-chain contributions to Af are found to be —13.6
and —15.7 kcal/mol, respectively. Thus, the backbone and side-chain contributions
to the thermal stability of Pin WW domain are comparable (larger contribution from
side-chains). To further connect how these contributions originate from underlying
interactions, we show in Figure 2.5B the changes in backbone H-bonds (red

diamonds) and side-chain contacts (blue squares) upon folding. It is seen that both
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the backbone H-bonds and side-chain contacts are simultaneously formed upon
folding, in particular, in the central -2 sheet region. As we stated above, the total
number of H-bonds and side-chain contacts are comparable between the folded and
unfolded states. On the other hand, there is a significant thermodynamic difference
(reflected in a large negative Af) between these two states. This indicates that,
whereas H-bonds and side-chain contacts are formed independently in the unfolded
state, their simultaneous formation cooperatively stabilizes the folded structure. This
notion of an enhanced stability gained from the interplay between H-bonds and side-
chain contacts is in accord with the experimental observations that a secondary
structure is in general not stable by itself' and that H-bond strength is amplified when
sequestered in more hydrophobic environment.?!5-*7

Such cooperative nature of the stabilizing forces also accounts for the
irrelevance of non-native contacts. For example, if one carefully examines Figure S4,
residues such as R30 are found to exhibit large positive AE, values, indicating that
certain intra-protein contacts are stabilizing the unfolded-state. Indeed, in our
simulations, the side chain of R30 forms a salt-bridge with the carboxyl group of the
C-terminus (G33), and its fraction is higher in the unfolded-state than in the folded-
state. This explains why AE, of R30 is positive, i.e., the intra-protein energy E, of
R30 is lower in the unfolded-state than in the folded-state. Similarly, we confirmed
that other residues that exhibit positive AE, values in Figure S2.4, such as K1, K8,
and E29, all have higher salt-bridge contents in the unfolded state. However, the
formation of these salt-bridges occurs independently, i.e., does not involve the

simultaneous formation of nearby contacts, and such positive changes in AE, are

simply compensated by negative changes in AGioly (i.€., the dehydration penalty is
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larger in the unfolded state), resulting in small net variations in Af = AEy + AGsoly
(Table S2.6). Therefore, those residues involved in the formation of independent,
non-native contacts do not significantly contribute to the folding stability.

The site-resolved results shown in Figure 2.5 also enable us to identify
critical residues to the thermal stability. For example, the top five residues that
contribute most to Af of amino acid residue (Figure 2.5A) are W6, R9, Y18, F19 and
N20. This is in good agreement with the key residues (W6, Y18, F19, and N20)
whose mutation to alanine was reported to render the protein to unfold.'? The site-
resolved backbone (Figure 2.5C) and side-chain contributions (Figure 2.5D) allow
us to carry out more detailed comparison with the stability changes (AAG) from
mutagenesis studies. We find that lists of both the backbone and side-chain Af in
increasing order of the stabilizing residues are in fair agreement with the
corresponding lists of reported AAG from the amide-to-ester'' (backbone) and
alanine mutagenesis'? (side-chain) studies, respectively (Tables S2.5 and S2.6,
respectively). Indeed, Spearman’s correlation coefficients, which measure the
strength and direction of association between two ranked quantities, were computed
to be 0.73 and 0.76 for backbones and side-chains, respectively, indicating that our
computational and experimental results are strongly correlated. In this regard, it is
worthwhile to emphasize that our results were obtained solely from the analysis of
the wild type protein, i.e., without introducing any mutations as in mutagenesis
studies, and this is the major advantage of our site-specific analysis method.

We further explain what the effective energy f entails in the context of
protein folding of HP-36. Using the site-directed thermodynamic analysis method
mentioned previously, we resolve Af into individual backbone and side chain

contributions to identify the stabilizing residues in HP-36 as shown in Figure 2.6. _
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The significance of the approach is established in that a large favorable increase in
folding stability, indicated by negative Af, arising from the H-bonding backbones
and hydrophobic cluster side chains cooperatively are well-captured, while the
overall contributions from the charged ones are destabilizing (Af™> 0). This finding
agrees well with the experimental study that also found the H-bonding backbones

and hydrophobic cluster of HP-35 to be stabilizing significantly.®
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Figure 2.6. Thermodynamic and structural analyses for each backbone and side-
chain of the HP-36. The folding effective energy contributions Af = f (folded) — f
(unfolded) are resolved for every constituent (A) amino acid residue, (B) backbone,
and (D) side chain using the site-directed thermodynamic analysis of HP-36. The
amino acid residue sequence is provided at the top of each plot, for which positively
charged, negatively charged, neutral, and hydrophobic cluster residues are colored
as red, blue, black, and cyan, respectively. The purple strips demarcate three a-helix
regions. (C) The differences in the number of backbone H-bond formation upon
folding and the number of side chain contacts upon folding are represented by a filled
square connected to solid lines and an empty circle connected to dashed lines,
respectively.
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We would like to extend comments on the convergence of configurational
entropy calculation for the unfolded-state trajectories. Figure S2.3B does not exhibit
a constant increase in configurational entropy, signifying its well converged result
in each trajectory. However, a comparable magnitude of standard error in the
unfolded-state configurational entropy to the overall folding free energy poses a
concern that makes our thermodynamic calculation less significant. The reason for a
sizeable standard error stems from a statistical deviation in some of unfolded-state
trajectories, UNFOLD1 (maximum) and UNFOLD4 (minimum), that contribute to
the average value with an equal weight. For statistical purposes, adding more
unfolded-state trajectory results that explore wider phase space can reduce the effect
of such deviating portions on the average value and the standard error. While the
convergence of configurational entropy is still an important issue, its thorough
discussion is beyond the scope of this study and can be addressed in future studies.

Simple native-centric models have been suggested for estimating @ values

891 in these models, @ values are

of individual amino acid residues in a protein:
approximated in terms of the fraction of native contacts at the folded, unfolded, and
transition states. The estimated @ values generally correlate well with the
experimental values and can be used for identifying residues critical to protein
folding. Whereas the estimation of ® values can be efficiently done with Go-type

192 quch an estimation is difficult with physics-based potentials

model simulations,
since it requires an ensemble of transition-state protein configurations, which is
difficult to obtain: the transition-state ensemble in the previous applications was

typically generated by the use of the special-purpose supercomputer.®** On the other

hand, our thermodynamic decomposition method works solely with the unfolded-
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and folded-state simulations of microsecond timescales, which can nowadays be
done routinely by normal computers equipped with GPU (graphical processing unit)

cards.” This is another advantage of our site-specific analysis method.
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Chapter 3. Comparing the Influence of Explicit and
Implicit Solvation Models on Site-Specific

Thermodynamic Stability of Two Model Proteins

This work is a comparative study of thermodynamic stability between
explicit and implicit solvent simulations of representative alpha- and beta-sheet
proteins. The site-directed thermodynamic analysis method is then used to
decompose the folding stability into contributions from individual backbones and
side chains of protein. From a systematic comparison among residues, the key
structural origins of thermodynamic discrepancy from GBSA solvent are identified.
Using the trajectories containing the TIP3P and the generalized Born/Surface Area
solvent models from molecular dynamics simulation, we assess the residue-specific

folding free energy components of WW domain and HP-36, as shown in Figure 3.1.

IMPLICIT SOLVENT

FOLDING STABILITY

WW domain

EXPLICIT SOLVENT

Figure 3.1. Thermodynamic comparison of HP-36 and WW domain proteins in
explicit and implicit solvents, regarding folding stability contributions from
backbones and side chains.
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3.1 Methods

3.1.1. GBSA Solvent MD Simulation of Folded and Unfolded States
The structures of WW domain (PDB ID: 2F21) and HP-36 (PDB ID: 1VII) were

taken from the RCSB Protein Data Bank,'*** and truncated such that the first five
residues and the ones trailing G39 were removed. The protonation states of residues
were assigned based on the physiological pH, and HIS21 was Ne. The AMBER
ff14SB” as protein force field and the GBSA model*® of Onufriev, Bashford, and
Case (GB®5€II), also denoted as igb5 in AMBER, as the implicit solvent model were
used with the Debye-screening parameter of 1 nm™. A fully extended peptide was
prepared for the unfolded state simulation, for which the following procedures were
identical as the folded state. The OpenMM software package’, accelerated by
CUDA-enabled graphics processing units (GPUs), was used to perform the implicit
solvent MD simulation of 1 ps-long production run. The system was minimized
using an energy tolerance level of 10kJ/mol. The last 900 ns with 1 ns time interval
was subjected to structural and thermodynamic analyses. The Langevin integrator is
used with the collision frequency of 2 picosecond'. Four independent folded state
simulations in equilibrium were carried out for each WW domain and HP-36.

A fully extended peptide was prepared for the unfolded-state simulation with
parameters identical to those of the folded state, as shown in Figure 3.2. A 1 us NVT
production run was performed with the same Langevin integrator. Eight independent
trajectories were obtained for the WW domain protein, and six for the HP-36. For
each trajectory of both folded and unfolded states, the last 900 ns with a 1 ns time

interval were subjected to structural and thermodynamic analyses.
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Figure 3.2. Comparative schematic of the protein—solvent systems in explicit and
implicit solvents. The illustration juxtaposes the protein systems solvated in explicit
water molecules, represented by licorice structures, and those in implicit solvents,
shown in blue stick representations. The thermodynamic stability difference between
the folded and unfolded protein states is denoted by the effective energy upon folding
Af. A comparative analysis between explicit (ex.) and implicit (im.) solvent results is
illustrated by the difference in folding effective energy AAf.
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Unfolded

3.1.2. Explicit Water MD Simulation of Folded and Unfolded States
The Amber program packages, accelerated by CUDA-enabled GPUs, were used

to perform explicit solvent all atom MD simulations.”” The previously reported
simulation trajectories of the WW domain® and the HP-36"® were taken, for which
the simulation setup is briefly described here. The Amber ff99SB-ILDN protein
force field”® and the TIP3P water model® were used to perform the WW domain
simulation. Six independent folded-state production runs of 1 us-long each were
performed at 7= 300 K and P =1 bar. For each of the eight independent unfolded-
state simulations, the simulated annealing approach was implemented on the folded
protein initiated with heating at 7= 600 K, which was followed by a gradual decrease

in the temperature. At 7 = 300 K, 2 ps-long NPT production runs were then
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performed, for which only the last 1 ps was subjected to structural and
thermodynamic analyses. For the HP-36 simulation, the ff99SB force field® and the
TIP3P model® were used. Three independent folded-state trajectories were obtained
with a procedure identical to that of the WW domain, while nine independent
unfolded-state trajectories out of ten reported trajectories (corresponding to

UNFOLD 1,2, and 4-10) from the HP-36 simulations as described in Chapter 2

were taken, each of which had a 5 ps-long NPT production run.

3.1.3. Structural Analyses

From each of the 1-us long folded and unfolded state trajectories produced by
the GBSA implicit (im.) solvent, the last 900 ns were subjected to analysis, for which
900 protein conformations were extracted using a 1 ns time interval. Likewise, each
of the last 1-ps TIP3P explicit (ex.) water simulations was used to extract 20,000
conformations of the WW domain with a 50 ps interval and 4,000 conformations of
the HP-36 with a 250 ps interval, which were subjected to structural and
thermodynamic analyses. The CPPTRAJ software’ was used for the root-mean-
square deviation (RMSD), secondary structure, and hydrogen bond analyses. The
DSSP algori‘chm74 was used to characterize the secondary structures, for which both
a- and 3io-helical residues were designated as helical contents. The native contacts
fraction Q was computed with the equation provided in ref. 99. The three S-strand
regions of the WW domain were defined as "WEKRM'?,"VYYFN?’, and 26SQ?".
The co~helix regions of the HP-36 were defined as ‘DEDFKS&,'"RSAF!, and
BLWKQQNLKKE??, The WW domain side chains that form hydrophobic cluster 1

(HC1) are L2, P3, W6, Y18, and P31, whereas those of hydrophobic cluster 2 (HC2)
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are R9, Y17, and F19. Those of the HP-36 side chains for the hydrophobic cluster
are L2, F7, V10, F11, F18, K25, Q26 and L29. The RMSD-based k-means clustering
method was used to determine representative structures. Hydrogen bond (H-bond)
formation was assumed to have occurred when the heavy atom distance between the
H-bond donor and acceptor was less than 3.5 A, and the donor-hydrogen-acceptor
was greater than 135°. The H-bonds were classified into three types: those formed
between main chains (MC-MC), between side chains (SC—SC), and between a main
chain and a side chain (MC—SC). The number of side chain contacts was counted to
evaluate the strength of the hydrophobic interaction with 5.4 A cutoff between a side
chain group and the site of interest at least three residues apart. The side chain
contacts were categorized as those formed between side chains (SC-SC) and
between a main and a side chain (MC—SC). The numbers of H-bonds and side chain
contacts were then separated per main chain and per side chain. The overall and per-
residue salt-bridge (SB) contents were also computed. We also used the ColabFold
program'® that predicts the experimental protein structures from the amino acid
sequence using the AlphaFold algorithm to include another set of structures for a
comparison purpose.

3.1.4. Site-Specific Thermodynamic Analyses

For each simulated protein conformation r,, the intraprotein potential energy E.
was calculated using the physics-based molecular mechanics force field, and the
decomposition of E, into the backbone and side chain contributions was further
carried out using the site-directed thermodynamic analysis method in Chapter 2 and
ref. 54. To obtain the protein solvation free energy G, we applied the three-
dimensional reference interaction site model theory for computing the protein-

solvent distribution function.”®!°! Then, an atomic decomposition method of Ggolv,
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based on the Kirkwood charging formula, was utilized to obtain the site-specific
contributions from each of the main and side chains to Gsv.!” These two quantities
simplified into the site-specific effective energy f(ru) = Eu(7u) + Gson(7u). The site-
specific thermodynamic analysis was performed for the implicit solvent simulation
trajectories and the previously reported simulation trajectories of the WW domain®*
and HP-36"¢ in standard TIP3P water. From these trajectories, 20,000 conformations
of the WW domain and 4,000 conformations of the HP-36 were subjected to the

atomic decomposition of Gsov and thermodynamic analysis.

3.2 Results and Discussions

We conducted 1 ps implicit solvent MD simulations for each folded and
unfolded trajectory of the 33-residue WW domain and the 36-residue HP-36. For the
initial structures of the folded state simulation, the X-ray structure of WW domain
and the solution NMR structure of HP-36 were used, whereas fully extended amino
acid chains were used for the unfolded state simulation. The TIP3P solvent
simulation trajectories of WW domain® and HP-36"® were taken from previous
studies and Chapter 2.

To compare conformational sampling between the distinct simulation
trajectories for the two different solvent models, we constructed the two-dimensional
probability distribution plots of a-carbon RMSD and the native contacts fraction Q
using trajectories with either explicit or implicit water in Figure 3.3. As the GBSA
simulation is designed to facilitate conformational sampling in general, the
distribution profiles from the implicit solvent display greater conformational
fluctuations in both the folded and unfolded states. While the major clusters in the

folded state are similar between the solvent models, a noticeable variation in the
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unfolded protein conformations emerges because the most sampled regions differ.
Interestingly, the larger fluctuation does not affect the trajectory-averaged values, as
indicated by comparable native contacts fraction Q and Ca RMSD values between
the solvent models as shown in Tables S3.1 and S3.2. To understand the origin of
this similarity in native structural contents, we characterized the formation of
secondary structures and native hydrophobic clusters from the side chains. These
native structural features were then compared with the non-native ones. The results
illustrate that GBSA simulations reproduce the native structures relatively well,
while the non-native features show differences between these solvent models. Still,
the native salt-bridge, as characterized by the ion-pair distance distribution, exhibited

differences in the explicit and implicit solvents in the unfolded state.

WW domain HP-36
A Explicit solvation  Implicit solvation B Explicit solvation  Implicit solvation
L 1.0 T 1.0 — — 2.5¢-03
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Figure 3.3. Probability distribution plots of the WW domain and HP-36 in both
explicit and implicit solvent models. Two-dimensional probability distribution plots
of native contacts fraction Q and Ca RMSD from the explicit and implicit solvent
simulations of the folded state for (A) WW domain and (B) HP-36 are shown. The
representative protein conformations, selected using the k-clustering algorithm,
correspond to the most sampled regions (black dashed rectangles). The same
distribution plots of the unfolded-state for (C) WW domain and (D) HP-36 are also
shown. The color bars that indicate the probability scale are displayed at the
rightmost side.
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For the thermodynamic comparison of solvent models, we obtained the overall
folding contributions to Af from each trajectory of the folded and unfolded states. By
taking the difference of the folding effective energy between the explicit and implicit
solvents, AAf'= Af (ex.) — Af (im.), the solvent preference of protein folding can be
estimated. As shown in Table 3.1, we observed that the explicit solvent stabilizes the
folding of the WW domain more where AAf'=—8.9 = 3.3 kcal/mol. In contrast, HP-
36 folding is more stable in the GBSA simulation where AAf=+12.6 £ 2.9 kcal/mol.
To identify the key residues that contribute to the thermodynamic discrepancy
between the two solvation models, we resolved the folding effective energy
difference AAf into the contributions of each main and side chain of the protein.
Thermodynamic analyses of AAE, and AAGs. indicated whether the AAf

contribution arises from a discrepancy in either energetic or solvent interactions.

Table 3.1. Tabulated Data of Thermodynamic Values for WW domain and HP-36

WW domain HP-36

AEu AG‘solv Af AEu AGsolv Af

Ex? 49+17.0 -341+163 -292+20 -142+227 -7.6+215 -21.8+2.1
Im* 339+£17.8 —54.1+£17.1 -203+26 158+209  -50.2+204 -344+£1.9

AAE, AAGqory AAf AAE, AAGior AAf
AY  —290+246 200+23.6 -89+33 —30.0+308 42.6+29.7 126429

“ Average + standard error

3.2.1 Secondary Structure Preference

To assess the difference in secondary structure preference between the TIP3P
and GBSA models, we analyzed the S-strand propensity of the WW domain and the
number of hydrogen bonds between main chains (MC-MC). Both solvation models
exhibit highly comparable fS-strand contents, where the secondary structure content
differences in the -1 strand between the two models are 1.2 +0.2 % and 7.1 £ 6.6 %

in the folded and unfolded states, respectively (Table S3.2). The similarity in the
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secondary structure preference between solvation models is further highlighted by
comparing the number of H-bonds between backbones (Figure 3.4, Tables S3.3, and
S3.4). The number of H-bonds remains at approximately 10 bonds in the folded state

for both solvation models and seven to eight in the unfolded state.
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Figure 3.4. Native and (B) non-native structural contents in the folded and unfolded
states of the representative S-sheet (WW domain) and a-helix (HP-36) proteins from
explicit and implicit solvent simulations. (A Populations of native structure features,
including f-strand, helix, and hydrophobic cluster (HC) contents, are shown with a
dashed grey line to split the WW domain and HP-36 panels. The explicit (Ex.) and
implicit (Im.) solvent simulation results are indicated by filled and sparsely stripped
boxes, respectively. (B) The non-native features correspond to the number of H-
bonds between main chains (MC—MC), the number of side chain contacts (SC-SC),
and the salt-bridge (SB) contents. The salt-bridge content is presented as a
percentage. The salt-bridge content alone is in the unit of percentage. The standard
error bars are placed at the top of each bar.

The o-helical content comparison in the HP-36 also revealed that the
implicit solvent simulation mildly overpopulates the secondary structure consistently
in both the folded and unfolded states such that the difference in the largest helix a-
3 are found to be 4.2 £ 3.5 % and 10 = 11.1 %, respectively (See Table S3.2). In

contrast, the H-bonds between backbones in the GBSA simulation were
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underestimated by approximately one bond in each of the folded and unfolded states,
as listed in Tables S3.3 and S3.5. It can be observed that fewer H-bonds between
main chains are replaced by higher H-bonds between a main chain and a side chain
(MC-SC). Understanding how the marginal helical bias in the HP-36 and
comparable f-strand content in the WW domain translate to thermodynamic
differences is important.

The overall backbone stability of the WW domain was found to be solvent-
independent because the overall folding effective energy of backbones between the
two different solvation models was highly comparable with the total difference of
AAf vackbone = +1.1 £ 1.8 kcal/mol, according to Figure 3.5 and Table S3.6. A closer
examination of the individual residues revealed that the folding of f-strand
backbones is slightly more stabilized in the TIP3P solvent (AAf backbone < 0), which is
counteracted by relatively destabilized turns and termini backbones (AAfbvackbone > 0),
resulting in a small net AAfpackbone. This thermodynamic similarity in explicit and
implicit solvent simulations from the WW domain backbones resonates with
comparable S-strand propensities. In contrast, most of the HP-36 backbone residues
were found to be more stabilized in the GBSA simulation where AAfpackbone = +6.4 £
2.6 kcal/mol (Table S3.8). A considerable amount of thermodynamic deviation from
HP-36 backbones can be attributed to slightly larger a~helical propensity and larger
backbone H-bond propensity in N-terminal and loop regions. While the total AAf
backbone SUEests a thermodynamic discrepancy, the per-residue analysis indicates that
no single backbone residue contributes to significant thermodynamic differences,
where AAfvackbone < 1.0 kcal/mol in all but one backbone residue. This result suggests
that the backbone folding stability behaviors of both the WW domain and HP-36 are

represented with reasonable accuracy by the GBSA solvent. ,
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Figure 3.5. Thermodynamic and structural differences in solvation models upon
folding of the WW domain. Between explicit (ex.) and implicit (im.) solvation
models, the folding effective energy differences AAf= Af(ex.) — Af(im.) are resolved
for (A) total, (B) backbone, and (D) side chain contributions of every constituent
residue using the site-directed thermodynamic analysis. The amino acid residue
sequence is provided at the top of each plot, for which positively charged, negatively
charged, neutral, hydrophobic cluster 1, and hydrophobic cluster 2 residues are
colored red, blue, black, cyan, and brown, respectively. The yellow strips demarcate
three fS-strand regions. (C) The differences in the number of backbone—backbone
(BB-BB) H-bond formation (filled square) and side chain (SC—SC) contacts (empty

circle) upon folding.
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3.2.2 Hydrophobic Cluster Preference

The strength of hydrophobic interaction is often measured by the number of
pairwise contacts between side chain atoms. To determine the sensitivity of
hydrophobic interactions in the explicit and implicit water simulations, we compared
the native heavy atom contacts within each of the two segregated hydrophobic
clusters (HCs) in the WW domain and a single hydrophobic cluster in HP-36. In the
folded WW domain, a sizable discrepancy in the formation of two native
hydrophobic clusters was observed between the two solvent simulations. Notably,
folded hydrophobic cluster 1 (HC1) was largely preferred in the TIP3P solvent, with
its population maintained at 83.1 + 0.1 % compared to 55.9 = 1.3 % in the GBSA
solvent (Figure 3.4A and Table S3.2). In Figure 3.5C and Table S3.4, the number
of side chain contacts per residue (SC cont.) is presented to estimate the contribution
of van der Waals interaction on a residue-by-residue basis. Here, we found that four
(L2, P3, Y18, and P31) out of five residues exhibit a lower tendency to form
hydrophobic cluster 1 in the GBSA solvent (AASC cont. > 0).

The structural difference in the WW domain hydrophobic clusters between
TIP3P and GBSA water translates to thermodynamic deviation in the two solvent
models. All the side chains comprising HC1 and HC2 are shown to be under-
stabilized in the GBSA solvent simulation, as evident from the uniformly negative
AAfiide chain vValues. The largest contribution to AAfside chain @mong uncharged side
chains arises from Y18 of HC1 at —2.1 kcal/mol alone (Table S3.7). Here, a
limitation of the GBSA solvent simulation is highlighted in that the key residues
critical to folding are under-stabilized, as exemplified in Y18. To investigate the
under-stabilization of the HCs in the GBSA solvent simulation, we examined both

the folding intraprotein potential energy difference AAE, = AE, (ex.) — AE, (im.) and
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the folding solvation free energy difference AAGsory = AGiony (€X.) — AGsoly (im.). Y18
formed fewer side chain contacts (AASC cont. > 0) in the GBSA solvent. This under-
representation can be attributed to weaker van der Waals contacts, which are
indicated by more positive AE,(im.) than AE,(ex.) of TIP3P water simulation,
resulting in the net negative change in folding intraprotein potential energy (AAE, <
0), as depicted in Figure S3.1. Specifically, a residue—residue interaction of Y18 in
the folded state is less favorable in the GBSA solvent.

We investigated further how the key residues that contribute to folding stability
are represented with respect to water-mediated interactions in the GBSA solvent
simulation. It has been shown that these key residues are the ones that simultaneously
form the secondary structure H-bonds and the side chain hydrophobic cluster.’* This
is because the dehydration penalty is alleviated when those contacts cooperatively
stabilize. Other residues that only form either H-bonds or side chain contacts gain a
large negative intraprotein potential energy, only to find it cancelled by equally large
positive solvation free energy (Af'= AE,+ AGsoy ~ 0).* Thus, it is also important to
rely on the role of solvation free energy Giov in interpreting the thermodynamic
discrepancy in folding stability, particularly for the key hydrophobic residues. As
shown in Figure S3.1D, the positive values in AAGsov in most HC1 side chains (P3,
W6, Y18, and P31) indicate that the GBSA solvent assumes a higher affinity of water
upon folding, which is reflected by less positive values of AGgo1(im.). This result can
be understood as follows: the surface area approximation of key residues to folding
stability underestimates the favorable van der Waals contacts (less negative AE,(im.))
and weakens the strength of hydrophobic interactions (less positive AGson(im.)). In
consequence, the hydrophobic cluster residues in the GBSA solvent suffer from

reduced folding stability (AAf'<0), which can be attributed to the solvation effect or
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the difficulty in capturing dehydration penalty appropriately.

In the HP-36 simulations, it was noticed that the native structural contents
in the folded HP-36 were comparable at 37.9 + 1.6 % and 38.5 £ 1.2 % in the TIP3P
and GBSA solvents, respectively (Figure 3.4A). This suggests that the surface area
estimation of nonpolar contributions in MD simulations closely emulates the
influence of the explicit treatment of water on the hydrophobic interaction in the HP-
36. This protein structural similarity between the explicit and implicit solvent
simulations translates into comparable thermodynamic contributions from the side
chains that form the hydrophobic cluster, as the subtotal AAfidc chain Value of the entire
eight HC side chains was merely +1.5 £ 1.0 kcal/mol (Table S3.9). However, the
key residue for folding stability, F18, is again shown to be under-stabilized in the
GBSA simulation, indicating that the thermodynamic discrepancy behind key neutral
residues in GBSA is due to a dehydration penalty or a solvent effect (Figure 3.6 and
S3.2).

However, the absolute quantities of the heavy atom contacts in the folded state
are found to be low at 38 % and 39% in the TIP3P and GBSA solvents. To understand
the limited preservation of hydrophobic contacts, we obtained the HP-36 structure
prediction using the AlphaFold program.'® With the structure prediction reporting

53 %, it seems that some of the native hydrophobic contacts are overly represented.

38 A 22 TH



>

2

s

Af(ex.) — Af(im.) [kcal/mol]

6+

MLSDEDFKAVFGMTRSAFANL PLWKQQNLKKEKGLF

[
[ |
]

+
* HC

HP-36
Full residue |

10 15 20 25 30 35
Residue Number

AH-bond(ex.) — AH-bond(im.) O

MLSDEDFKAVFGMTRSAFANL PLWKQQNLKKEKGLF
T T T T T T T

—=— AABB H-bond |
-o- AASC contact

10 15 20 25 30 35
Residue Number

ASC cont.(ex.) — ASC cont.(im.)

w

Af(ex.) — Af(im.) [kcal/mol]

O

Af(ex.) — Af(im.) [kcal/mol]

MLSDEDFKAVFGMTRSAFANL PLWKQQNLKKEKGLF
T T T T T T T

6 —
-
4 .
2 [ 4
0 = T
2+ J
Ar HP-36
ol Backbone only |
0 5 10 15 20 25 30 35

Residue Number

MLSDEDFKAVFGMTRSAFANLPLWKQQNLKKEKGLF
T T T T T T T

Ar HP-36
5 Side-chain only
0 5 10 15 20 25 30 35

Residue Number

Figure 3.6. Thermodynamic and structural differences in solvation models upon
folding of the HP-36. Between explicit (ex.) and implicit (im.) solvation models, the
folding effective energy differences AAf = Af (ex.) — Af (im.) are resolved for (A)
total, (B) backbone, and (D) side chain contributions of every constituent residue
using the site-directed thermodynamic analysis. The amino acid residue sequence is
provided at the top of each plot, for which positively charged, negatively charged,
neutral, and hydrophobic cluster residues are colored red, blue, black, and cyan,
respectively. The purple strips demarcate three a-helix regions. (C) The differences
in the number of backbone—backbone (BB-BB) H-bond formation (filled square)
and side chain (SC-SC) contacts (empty circle) upon folding.
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3.2.3 Salt Bridge Preference
The crystal structure of the WW domain contains a salt-bridge, R9-E7, for

which the structural properties were characterized by the ion-pair distance
distribution to compare the electrostatic strength shaped by the explicit and implicit
solvation models, as shown in Figure 3.7. The main structural difference stems from
the formation of a salt-bridge in the unfolded state in the GBSA solvent. Specifically,
the salt-bridge populations of R9 in the unfolded state were found to be 51 £ 10 %
in the TIP3P solvent and 95 + 2 % in the GBSA solvent, while those of the folded
R9 in both solvents were 97 = 0.3 % (See Figure S3.3). Furthermore, the overall
non-native salt-bridge contents nearly doubled in the GBSA solvent in all cases,
indicating biased electrostatic interactions (Figure 3.4B). It is important to recognize
that there are two consequences of the excess formation of salt-bridges. In the folded
state, the formation of an extra non-native salt-bridge can interrupt the formation of
stabilizing native hydrophobic interactions. Moreover, excess salt-bridge formation
in the unfolded state mitigates the stability gain arising from protein folding, as

observed in R9-E7.

Folded-state Unfolded-state
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Figure 3.7. Ion-pair distance distribution of a native salt-bridge, Arg9—-Glu7, of the
WW domain for the explicit (black) and implicit (red) solvent simulations obtained
from compiled simulation trajectories of both the folded and unfolded states. The
salt-bridge cutoff distance at 3.5 A is indicated (blue dashed line).
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The thermodynamic consequence of stronger electrostatic interactions in
the GBSA solvent was clearly recognizable because the large contribution to
negative AAf arises from the positive side chains of the WW domain, suggesting that
the folding stability of these residues was underestimated in the GBSA solvent. In
particular, the R9 and R15 side chains exhibited the most significant contributions
to the latter of the two consequences of more salt-bridges described above, where
the AAf contribution from R9 side chain amounts to —3.6 £ 0.5 kcal/mol. Indeed,
sizable contributions to AAf from the two positive residues originate from a large
negative value of AAE,, indicating a more favorable intraprotein contact formation
upon folding in the TIP3P solvent. In contrast, the remaining positively charged
residues, including K1, K8, and R30, contributed to relatively insignificant AAf. This
behavior of positive residues can be understood by a change in salt-bridge formation
upon folding, that is, ASB (ex.) — ASB (im.). For example, both R9 and R15 that
contribute significantly to AAf achieve AASB > 0, as opposed to the rest of the
positive residues with AASB < 0. This tendency is also captured by observing AAE,
contributions from K1, K8, and R30 that gain more SB upon folding in the GBSA
solvent simulation (AAE, > 0). The resulting low values in this AAf can be attributed
to a large mismatch in AAE, and AAGso, Which are inversely directed, as shown in
Figure S3.1.

For HP-36, over-stabilization of the salt-bridge was again observed because the
GBSA simulation roughly generated an extra salt-bridge in each of the folded and
unfolded states compared to the TIP3P simulation. However, the positive side chains
contribute to a small amount of AAfbecause their overall contributions mostly cancel
each other. The reduced influence of the positively charged side chains on AAf can

be attributed to the lack of native salt-bridges in HP-36. The side chains of K31 and

¥ 3
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K33 acquired more salt-bridge contents upon folding in the TIP3P solvent (AASB >
0), again resulting in a large favorable change in AAE.. However, their limited
contributions to AAf'were found to be less than —1 kcal/mol each, indicating a minor
role of non-native salt-bridges in folding stability. This minor contributions from
non-native salt-bridges were again observed in the negative side chains. Both D4 and
D6 that were over-stabilized in the GBSA solvent (AAf > 0) exhibited contrasting
behavior in salt-bridge formation, where D4 acquired fewer salt-bridge upon folding
in the TIP3P solvent (AASB > 0), as opposed to D6. The overall side chain
contributions to AAf were found to be +6.0 + 2.6 kcal/mol, which can be partially
attributed to the salt-bridge over-stabilization in the GBSA solvent. As the per-
residue analysis revealed that all side chains do not exceed AAf by 2.0 kcal/mol
except for a single side chain, it can be argued that the folding behavior of the HP-
36 protein using the GBSA solvent simulation is generally in agreement with that of
TIP3P solvent simulation except for those over-stabilized negative residues (AAf >
0).

To compare the folding effective energy values Af obtained from each of the
explicit and implicit solvent simulations, we calculated the Pearson correlation
coefficients R for the backbone and side chain Af'values. As shown in Figure 3.8, a
linear relationship was evident between Af values obtained from TIP3P and GBSA
solvent simulations in both the backbones and side chains of WW domain and HP-
36. The Pearson coefficients R of the WW domain were found to be 0.59 for
backbones and 0.60 for side chains and those of HP-36 were 0.70 and 0.72. A strong
correlation arising from the HP-36 thermodynamic results suggests that the folding
stability of HP-36 on a residue-by-residue basis is mostly captured by the GBSA

solvent simulation. However, the WW domain results suggest that proteins with
%
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native salt-bridges should be addressed carefully when using the GBSA solvent
simulation. In this regard, it can be argued that the determination of residue-specific
AAf using the site-directed thermodynamic analysis enabled us to quantify the

influence of GBSA solvent artifacts in each protein.
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Figure 3.8. Correlation plots between the folding effective energy from explicit (ex.)
and implicit (im.) solvent simulations, separated by backbones and side chains of (A,
B) WW domain, (C, D) HP-36, and (E, F) ubiquitin. Solid lines are based on the
linear fits to the respective data points, along with the corresponding Pearson

correlation coefficient R.



3.2.4. Generalization to Other Proteins

Here, we would like to discuss the extent to which our findings of the folding
stability behavior can be applied to other proteins and acknowledge whether our
results are dependent on the choice of protein. We performed the same site-directed

> a 76-residue protein

thermodynamic analysis on the folding of ubiquitin,"
composed of two helices and five S-sheets (See Figures S3.4, and S3.5). It was found
that the Pearson coefficients of ubiquitin were 0.76 and 0.65 for the backbone and
side chain Af'values, respectively (See Figure 3.8E and 3.8F). The difference Af{ex.)
— Af(im.) for the backbone was 6.8 £ 6.9 kcal/mol and that of the side chain was —
0.3 £ 6.2 kcal/mol. Despite the notable difference in backbone AAf, the high
correlation observed in the Pearson coefficient suggests that the folding stability
behavior of most residues is accounted for well in the GBSA simulation. As shown
in Figure S3.4, most helical main chains within 123 to E34 and L56 to Y59 exhibited
positive AAE,, counteracted by negative AAGioly, which is the same thermodynamic
behavior observed in the helical regions of the HP-36 protein.

More prominent discrepancies arose from charged side chains and bulky
hydrophobic residues. These positive side chains, as they are under-stabilized in the
GBSA solvent, tend to form fewer side chain contacts (AASC Contacts > 1), as
evident in K8, K29, and R54 in Figure 3.9. In addition, K11, K27, and R42 form
more side chain contacts, resulting in positive AAf values. In contrast, the
thermodynamics of negative side chains is less responsive to the structural
differences, as observed in E24, E34, and D52. T9 and Y59 have been identified as
the major contributors to the observed discrepancy among neutral amino acid

residues, with the former leading to over-stabilized contacts and the latter to under-

stabilized contacts in the implicit solvent. We highlight that over-stabilized H-bonds
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accompanied by over-stabilized side chain contacts in T9 cooperatively lead to the
most significant thermodynamic discrepancy on a residue-by-residue basis, and vice
versa. This cooperative nature of folding stability is not fully accounted for in the
GBSA solvent and lead to under-stabilization, resulting in discrepancies in the
folding thermodynamics analysis of protein folding.

By performing both explicit and implicit solvent simulations, we assessed how
accurately implicit solvent simulations reproduce the structural and thermodynamic
characteristics at the individual residue level. We found that some of the native
structure features such as the RMSD and secondary structure propensities in both
representative a-helix and f-sheet proteins are reproduced with sufficient accuracy,
which agrees well with the previous GBSA simulation study of WW domain that
obtained an RMSD value as low as 0.5.* In contrast, the non-native characteristics
such as the salt-bridge show sizable discrepancies between the two solvent models
for most residues of both the WW domain and HP-36. This over-stabilization of salt
bridges in implicit solvent models has been previously documented.'®!** Meanwhile,
an underestimation of the folding stability contributions from native hydrophobic
clusters in the GBSA model is found to be protein-dependent, where the hydrophobic
clusters are underestimated only in the WW domain, unlike in HP-36. Our result in
ref. 105 of over-stabilized a-helix and under-stabilized f-sheet proteins is consistent
with the previous folding study that reported the GBSA solvent’s tendency to favor

the folding of a-helix over f-sheet proteins.*!
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Chapter 4. Conclusion

Discovering a structure-thermodynamics relationship of macromolecules
like protein carries a significant implication in the protein studies. In the present
work, we applied the site-specific thermodynamic analysis method to provide a
quantitative comparison of critical sites in the WW domain folding. Inspired by the
previous studies that resolved the extent of stability in terms of constituent amino
acid residues, we took the decomposition scheme a step further to break down the
solvent-averaged effective energy into respective main- and side-chain contributions.
The key advantage of this method is that the same set of conformational ensembles
is used to characterize all the sites without the introduction of physical modifications
of chemical groups. Therefore, the stability contribution from each group is
quantified concurrently in the presence of unperturbed interactions, such that the
numerical comparison between the stabilizing sites is more consistent. This method
enabled us to identify specific residues whose backbone and side-chain interactions
are critical to folding stability, which are in agreement with the previous mutagenesis
studies. Moreover, our analysis elucidates how the backbone hydrogen bonds and
the side-chain packing of the hydrophobic clusters cooperatively determine the
folding stability. We were able to analyze whether protein-protein or protein-water
interaction dominated the folding stability of the folding from a determination of
folding free energy. Successful determination of folding free energy was
accomplished by the explicit treatment of the solvation model in protein simulations
and the adaptation of a validated solvation model. This study analyzed the
thermodynamic origin with a decomposition into the residue-level of the WW
domain such that the research laid a foundation to a further understanding of the

intrinsic molecular factors and protein engineering.

48 M &1l &l



A comparative study of the influence of two popular solvation models on
protein structure and thermodynamics was conducted. We utilized a recently
developed site-specific thermodynamic analysis method to identify the critical sites
that lead to the folding stability discrepancy of TIP3P and GBSA water models by
decomposing the free energy component at a single amino acid resolution. A key
advantage of this method is that stability contributions can be decomposed into main
and side chains without the introduction of perturbation, allowing a systematic
comparison among amino acid residues to be made more consistent. A detailed
analysis of the structure-thermodynamics relationship revealed that the structural
origin of the under-stabilized WW domain in the GBSA solvent simulation is mainly
due to the presence of native salt-bridges, followed by hydrophobic clusters, instead
of f-sheet backbones. In contrast, the folding stability tendency of HP-36 is
relatively accurately represented by the GBSA solvent simulation, owing to the lack
of the native salt-bridge, supported by a strong correlation according to the Pearson
correlation analysis. The reason for thermodynamic discrepancies in key neutral
residues critical to folding is an underestimation of solvent effect or the dehydration
penalty in the GBSA solvent simulation. This study investigated the structural and
thermodynamic influence of solvation models on the folding of representative a-
helix and S-hairpin proteins, which lays the foundation for developing more accurate

methods for protein folding simulations.
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Figure S2.1: The number of hydrogen bonds (H-bonds) per residue. Three
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Table S2.1: Native contacts fraction in the folded and unfolded states of

WW domain and HP-36

Native Contacts Fraction O

WW domain HP36

X-ray/NMR 1 1

folded-state trajectories
FOLDI1 0.962 0.765
FOLD2 0.959 0.697
FOLD3 0.960 0.771
FOLD4 0.958 N/A
FOLDS 0.955 N/A
FOLD6 0.955 N/A
Average* 0.958 +0.001 0.745 +0.019
unfolded-state trajectories
UNFOLDI1 0.086 0.220
UNFOLD2 0.080 0.171
UNFOLD3 0.200 0.195
UNFOLD4 0.197 0.166
UNFOLDS5 0.190 0.255
UNFOLD6 0.092 0.073
UNFOLD7 0.167 0.176
UNFOLDS8 0.079 0.184
UNFOLD9 N/A 0.215
Average* 0.137+£0.019 0.184 £0.016

“ Average + standard error
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Table S2.2: Per-residue structural data of Pin WW upon folding

ANumber of H-bonds ¢ ANumber of SC contacts ?
Res. MC-MC MC-SC SC-SC MC-SC SC-SC
Number

K1 0.0 0.1 0.0 0.0 -0.1
L2 -0.1 0.0 0.0 -0.1 1.0
P3 0.0 -0.1 0.0 -0.5 0.3
P4 -0.1 -0.1 0.0 -0.6 -0.6
G5 0.3 -0.2 0.0 04 0.0
W6 -0.1 -0.2 0.2 0.4 1.1
E7 0.7 -0.1 0.8 0.5 04
K8 -0.1 -0.2 -0.1 0.4 0.6
R9 0.7 -0.2 0.4 0.0 0.1
MI10 -0.2 -0.4 0.0 -0.2 -0.5
S11 0.5 -0.3 0.2 0.0 0.6
Al2 -0.2 -0.1 0.0 -0.5 -0.5
D13 -0.3 0.1 0.6 -0.6 -0.4
Gl4 0.1 -0.2 0.0 -0.4 0.0
R15 0.3 0.2 0.4 0.5 0.2
V16 -0.4 -0.3 0.0 0.1 -0.2
Y17 0.7 -0.3 -0.1 -0.1 0.0
Y18 0.9 -0.2 0.0 0.8 1.4
F19 0.7 -0.3 0.0 1.2 0.4
N20 0.4 0.0 0.2 0.2 0.3
H21 0.0 -0.1 0.1 -0.4 0.1
122 -0.2 0.2 0.0 -0.2 -0.3
T23 -0.1 0.1 -0.1 -0.4 -0.4
N24 -0.4 -0.1 -0.1 0.2 -0.4
A25 0.2 0.2 0.0 0.4 0.2
S26 -0.4 -0.2 -0.1 0.7 0.4
Q27 0.7 -0.2 -0.1 0.1 0.4
W28 -0.3 -0.1 0.0 04 0.9
E29 -0.2 0.9 -0.3 0.0 -0.6
R30 -0.2 0.0 -0.1 0.1 0.1
P31 0.0 0.0 0.0 1.0 1.8
S32 -0.1 -0.1 -0.1 0.1 -0.2
G33 0.0 -0.1 -0.1 0.1 0.0
Total ¢ 28+04 -2.6+0.6 1.8+04 34+£0.9 59+0.5

¢ The number of intra-protein H-bonds upon folding between main-chains
(MC-MC), between a main-chain and a side-chain (MC—SC) and between
side-chains (SC—SC); ? The number intra-protein heavy-atom contacts
involving side-chains upon folding, main-chain—side-chain contacts (MC—
SC) and side-chain-side-chain contacts (SC—SC); ¢ Residue total + standard
error.
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Table S2.3: Tabulated thermodynamic quantities summary table obtained
for both folded and unfolded state trajectories

State E.“ Gsol” fe —~TSeont? G:f_eTSCOHf
FOLDI1 3977 94.5 303.2 2785 5817
FOLD2 4003 97.6 3027 2741 5768
FOLD3 399.3 96.0 3033 2738 5771
FOLD4 -3940 90.8 303.2 2778 5810
FOLDS -389.5 86.6 302.9 2762 -579.1
FOLD6 3923 90.6 301.7 2820 5837

Average’ _391§ 65 T 97+15 _3%38 * _27121 £ 71?(')9 *
UNFOLDI ~ —455.9 172.7 2833 2828  -566.1
UNFOLD2 ~ —445.9 170.4 2755 2893 -564.8
UNFOLD3  -307.8 33.8 274.0 2960  -570.0
UNFOLD4  —401.1 135.5 265.6 3239 5895
UNFOLD5 4148 142.5 2723 2898 -562.1
UNFOLD6  -357.9 93.0 264.9 2962 -561.1
UNFOLD7  —445.0 168.7 2763 3160 5923
UNFOLDS  -375.1 97.1 278.0 3166 -594.6

Average/  004= 1267+ 2737 3013: 5750+

16.9 16.2 2.0 5.1 4.8
Difference’ 4.9+ 17.0 ‘31‘2"1; 292420 243+52 -49+49

¢ Intra-protein potential energy [kcal/mol]; ® Solvation free energy [kcal/mol]; ¢ Effective
energy [kcal/mol]; ¢ Configurational entropy multiplied by —7 [kcal/mol]; ¢ Gibbs free
energy [kcal/mol];/ Average + standard error.
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Table S2.4: Statistical analyses of the distribution function of effective

energy
State skewness excess kurtosis
FOLDI1 0.067 0.009
FOLD2 0.088 0.031
FOLD3 0.081 0.011
FOLD4 0.041 —-0.029
FOLDS5 0.084 —0.038
FOLD6 0.072 0.011
UNFOLDI1 0.080 0.018
UNFOLD2 0.063 0.009
UNFOLD3 0.077 0.003
UNFOLDA4 0.107 0.031
UNFOLDS 0.059 0.013
UNFOLDG6 0.039 —-0.031
UNFOLD7 0.047 —-0.050
UNFOLDS 0.086 0.017




Table S2.5: Tabulated effective free energy by individual amino acid residue

of Pin WW separated by the backbone atoms

Nllflflst;er AE,“ AGon Af Backbone only®  Aforder AAGY
1 17.32+£0.99 -17.05£0.95 0.27 +£0.07 - N/A
2 -2.10+0.16 2.39+0.12 0.29 + 0.05 16 18
3 -1.62+0.09 1.62 +0.09 -0.01 £0.04 - N/A
4 1.51+£0.28 -1.54+0.27 -0.02+0.04 - N/A
5 -0.74+0.31 0.73+£0.25 0.00+0.08 - N/A
6 -1.10+£0.23 0.91+0.19 —0.19+0.08 12 9
7 —4.95+0.23 470+0.22 —-0.25+0.05 11 7
8 -0.93+£0.21 0.38 £ 0.21 —-0.56 +0.03 9 13
9 -6.12+0.23 416+0.20 -1.96+0.13 3 3
10 -1.12+0.35 0.37+0.31 -0.75+0.14 8 17
11 -0.25+0.31 -0.29 +0.30 -0.54+£0.04 10 11
12 2.74+0.32 -2.62+0.28 0.13+0.08 - N/A
13 2.57+0.35 -2.74+£0.37 -0.17 £ 0.05 - N/A
14 0.72+0.21 —0.68+£0.16 0.04 £0.08 - N/A
15 -1.87+£0.19 0.88+0.20 -0.99 +£0.07 - N/A
16 0.91 +0.33 -0.01 £0.30 0.89 £ 0.07 18 15
17 -7.31+0.29 5.75+0.19 -1.56+0.14 5 5%
18 —-6.34+0.18 3.88+0.16 -2.46 +0.07 2 8
19 —7.83+£0.23 5.32+0.21 -2.52+0.06 1 2
20 —4.15+0.38 3.13+0.31 -1.02+£0.10 6 1
21 3.47+0.27 -3.31+0.21 0.16 £ 0.09 15 10
22 4.02+£0.29 -4.18+0.24 -0.16 £0.06 - N/A
23 3.52+0.47 -3.87+0.38 -0.34 £0.09 - N/A
24 1.58+£0.17 -2.50+£0.20 -0.92+0.11 7 5%
25 -2.18+0.28 231+0.28 0.14 +0.04 14 14
26 2.74 +£0.59 -2.28+0.51 0.46 + 0.09 17 12
27 —4.09+0.44 2.50+0.44 -1.59+£0.16 4 4
28 -1.83+£0.38 1.81 +0.36 -0.02+0.14 13 16
29 -525+041 4.62+0.39 -0.63 +£0.07 - N/A
30 -1.51+0.28 1.83+0.28 0.32+0.04 - N/A
31 -8.60+£0.25 8.53+0.26 -0.07 £ 0.03 - N/A
32 -227+0.22 246 +0.21 0.19+0.02 - N/A
33 —13.44+1.60 13.73 £1.62 0.28 + 0.03 - N/A

Total ¢ —44.49 + 13.5 3093 +13.5 -13.6+14

¢ Intra-protein potential energy contribution from each backbone upon
folding [kcal/mol]; ? Solvation free energy change upon folding [kcal/mol];

¢ Effective energy change upon folding [kcal/mol]; ¢ From ref. 11; ¢ Average
+ standard error; * Identical values.
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Table S2.6: Tabulated effective free energy by individual amino acid

residue of Pin WW separated by the side-chain atoms.

Res. Y b Af Side- Af
Num. AL AGsaly chain Only ¢ order AAG*
K1 1238+ 1.17 —12.22+1.12 0.17 £0.06 21 28
L2 0.56+0.16 -1.82+0.12 -1.26=+0.07 9 7
P3 —0.77+0.25 0.14+£0.19 -0.63+0.07 12 10
P4 1.22+029 -0.71+0.24 0.51+0.10 23 25
G5 —-0.01+0.09 -0.14+0.10 —0.15+0.05 17 12
W6 —4.42 +0.38 1.82+0.17 -2.59+0.21 3 1*
E7 -11.68 £0.80 11.23+0.79 —0.46+0.05 14 20
K8 2401 £1.02 -24.74+097 -0.72+0.07 11 23
R9 —8.04 £1.32 6.00+1.18 -2.04+0.16 5 8
M10 2.03+034 -2.06+020 -0.02+0.16 19 14
S11 -2.10+0.14 0.59+0.08 -1.51+0.12 7 16
Al2 0.30+0.15 0.09 £0.11 0.38 £ 0.08 - N/A
D13 —6.50 £ 1.80 7.15+1.84 0.64 +0.07 - N/A
Gl14 -0.51+0.10 0.46+0.09 —-0.04=+0.03 18 11
R15 -7.48 +1.18 5.72+1.06 -1.76 £0.19 6 17
Vieé 390+0.23 -3.26+0.23 0.64 £0.10 24 26
Y17 -1.19+0.38 032+0.25 -0.87+0.15 10 6
Y18 —-6.72 +£0.28 299+0.24 -3.74+0.05 1 1*
F19 —4.50+0.25 1.82+0.17 -2.68+0.10 2 5
N20 —6.25 £0.52 417+£0.35 -2.08+0.17 4 1*
H21 —-0.26 +£0.21 1.51+0.14 1.25+0.14 27 22
122 —-2.46+0.23 2.51+0.13 0.05+0.12 20 21
T23 -2.73£0.19 231+£0.16 —0.42+0.05 15 9
N24 4.60+0.32 -2.80+0.21 1.80+0.14 28 18
A25 -0.35+0.10 0.21+£0.08 —0.15+0.06 - N/A
S26 2.05+033 -2.17+026 -0.11+0.07 - N/A
Q27 1.63+£0.59 -220+042 -0.57+0.18 13 15
W28 1.35+044 -0.35+0.32 0.99+0.15 25 24
E29 1259 £1.61 —-1281+£1.65 -0.23+0.05 16 13
R30 42.15+1.06 —40.93+0.95 1.22+0.17 26 19
P31 098+023 -249+025 -1.50+0.07 8 1*
S32 3.05+0.15 -2.79+0.12 0.22+0.04 22 27
G33 2.60+024 -2.66+0.25 —0.06+0.01 - N/A
Total ¢ 49.40+9.64 —65.11 £8.91 —15.7+1.6

“ Intra-protein potential energy contribution from each side-chain upon

folding [kcal/mol]; ® Solvation free energy change upon folding [kcal/mol];
¢ Effective energy change upon folding [kcal/mol]; ¢ From ref. 12; ¢ Average

+ standard error; * Remain unfolded upon alanine mutation.
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Figure S3.1: Thermodynamic analyses for each main and side chain of the
WW domain. The main and side chain contributions to (A, B) the folding
intra-protein potential energy difference AEu(ex.) — AEy(im.), (C, D) the

folding solvation free energy difference AGsoiv(ex.) — AGsorv(im.).
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Figure S3.4. Thermodynamic analyses for each main chain residues of
ubiquitin. The main and side chain contributions to the folding intra-protein
potential energy difference AEu(ex.) — AEy(im.), the folding solvation free
energy difference AGsonv(ex.) — AGsonv(im.), and the folding effective energy

Af(ex.) — Af(im.).
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Table S3.1: Native contacts fraction in the folded and unfolded states of
WW domain and HP-36

Native Contacts Fraction Q

WW domain HP36
X-ray/NMR 1 1
AlphaFold 0.965 0.868
Explicit Implicit Explicit Implicit
folded-state trajectories

FOLDI1 0.962 0.896 0.765 0.796

FOLD2 0.959 0914 0.697 0.761

FOLD3 0.960 0.886 0.771 0.791

FOLD4 0.958 0.900 N/A 0.777

FOLD5 0.955 N/A N/A N/A

FOLD6 0.955 N/A N/A N/A

Average* 0.958 +0.001 0.899 £ 0.005 0.745+0.019 0.781 £+ 0.007
unfolded-state trajectories
UNFOLDI1 0.086 0.219 0.220 0.211
UNFOLD2 0.080 0.093 0.171 0.333
UNFOLD3 0.200 0.116 0.195 0.181
UNFOLD4 0.197 0.150 0.166 0.121
UNFOLDS5 0.190 0.095 0.255 0318
UNFOLD6 0.092 0.032 0.073 0.189
UNFOLD7 0.167 0.059 0.176 N/A
UNFOLDS 0.079 0.107 0.184 N/A
UNFOLD9 N/A N/A 0.215 N/A
Average* 0.137+0.019 0.107+0.019 0.184+0.016 0.225+0.031

¢ Average + standard error
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Table S3.2: Native structural characteristics in the folded and unfolded
states of WW domain and HP-36

Secondary Structure Contents (%) *

Heavy atom contacts (%) ¢

Cy RMSD ¢ B-1 52 -3 HC 1 HC?2
X-ray Structure
PDB ID: 2F21 0 100 100 100 100 100
WW AlphaFold 0.59 100 100 100 86.8 88.2
. Ex. Folded? 0.90 +0.01 99.7+0.1 99.9+0.1 99.9+0.1 83.1+0.1 86.8£0.2
domain Im. Folded? 1.30 £ 0.01 98.5+0.2 99.3+0.1 97.6 0.6 559+1.3 742+0.5
Ex. Unfolded 7.20+0.27 115+6.3 7.8+4.0 13+0.8 9.5+4,0 9.0+5.1
Im. Unfolded? 7.46 +0.41 44+2.1 59+38 0.0+0.0 58+1.9 22413
Co RMSD ¢ helix-1 helix-2 helix-3 HC
NMR Structure
PDB ID: 1VII 0 100 100 100 100
AlphaFold 1.20 100 100 100 53.0
HP-36 Ex. Folded? 247+0.12 78.5+2.7 98.8+0.1 93.2+3.5 379+ 1.6
Im. Folded? 2.03+0.04 89.4+ 1.1 98.1+0.2 97.4+0.4 385+1.2
Ex. Unfolded 7.11+0.21 424154 89+26 218+6.4 29+1.0
Im. Unfolded 6.76 +0.32 38.8+11.1 27.6+11.5 31.7+9.1 44+1.7

4 Root-mean-square deviations (A) for Cq atoms; ? Average population (%) of the S-strand
formations in f-1 (W6-M10), -2 (V16-N20) and S-3 (S26-Q27); © Average population (%)
of side-chain heavy atom contacts in hydrophobic cluster 1 (HC 1; L2, P3, W6, Y18, and
P31) and hydrophobic cluster 2 (HC 2; R9, Y17, and F19); ¢ Average + standard error. For
the HP-36,  Average population (%) of the a-helix formation in helix-1 (D4-F8), helix-2
(R15-F18), and helix-3 (L23-E32); ¢ hydrophobic cluster residues (HC; L2, F§, V10, F11,

F18, and L29)
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Table S3.3: Non-native structural characteristics in the folded and unfolded
states of Pin WW and HP-36

Number of side-chain Salt-bridge
Number of H-bonds ¢
contacts® contents (%)
MC-MC MC-SC SC-SC MC-SC SC-SC
X-ray Structure
11 8 2 27 25 6.1
PDB ID: 2F21
WW AlphaFold 11 2 4 26 22 4.2
Ex. Folded 10.7+0.1 5.1+0.1 6.3+0.1 229+0.1 23.1+0.1 13.3+£0.1
domain  p, popgeq 100400  63+01  7.5+£0.1 20400  208+02 19.1+0.1
Ex. Unfolded 79+04 7.7+0.6 45+04 19.4+0.8 172 +0.5 10.8+£0.4
Im. Unfolded 6.7+0.5 10.1 £0.7 9.0+0.9 20.1+0.7 18.1+09 186 £0.3
NMR Structure
12 1 0 20 21 0
PDB ID: 1VII
HP- AlphaFold 19.4 5.2 0.8 20.8 299 55
Ex. Folded 179+ 04 3.5+0.1 2.1+0.1 18.0+£0.1 23.6+0.6 6.3+03
36 Im. Folded? 164 +£0.1 55+0.2 4.1+0.1 18.2+0.2 24.7+0.1 145+0.2
Ex. Unfolded 10.4+ 0.6 6.7+04 34+0.5 19.5+0.8 19.2+£0.5 11.2+0.3
Im. Unfolded 94+04 7.9+0.5 6.5+0.6 20.1+0.9 21.6+04 17.7+£04

“The number of intra-protein H-bonds between main-chains (MC—MC), between a main-
chain and a side-chain (MC—SC) and between side-chains (SC—SC); ® The number intra-
protein heavy-atom contacts involving side-chains in main-chain—side-chain contacts (MC—
SC) and side-chain-side-chain contacts (SC—SC); ¢ Average + standard error.
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Table S3.4: Per-residue structural analysis data of Pin WW upon folding

AANumber of H-bonds ¢ AANumber of SC contacts ?
Res. MC-MC MC-SC, SC-SC MC-SC SC-SC
Number SC-MC
K1 0.0 0.0 0.0 0.0 0.0
L2 -0.1 0.0 0.0 0.2 03
P3 0.0 0.0 0.0 0.3 0.1
P4 -0.1 -0.1 0.0 0.3 0.3
G5 0.0 0.0 0.0 -0.1 0.0
W6 -0.2 0.1 0.0 0.2 0.3
E7 0.1 0.6 0.9 02 0.2
K8 -0.1 0.0 0.0 0.0 0.1
R9 -0.2 0.1 1.0 0.3 03
M10 0.0 0.0 0.0 0.1 0.1
S11 0.1 0.3 -0.1 0.1 0.0
Al2 -0.1 0.1 0.0 0.1 0.0
D13 -0.2 -0.2 0.2 0.2 0.1
Gl4 0.1 0.0 0.0 02 0.0
R15 0.1 0.5 04 0.3 0.7
V16 -0.2 0.0 0.0 0.0 0.4
Y17 0.0 0.0 -0.1 0.2 0.4
Y18 0.2 -0.1 0.0 04 04
F19 0.1 -0.1 0.0 0.2 0.1
N20 -0.2 -0.2 0.0 0.1 0.0
H21 0.0 -0.1 0.1 0.0 0.1
122 0.1 0.1 0.0 0.1 0.2
T23 0.1 0.0 0.0 0.1 0.0
N24 -0.2 -0.2 0.1 0.1 0.1
A25 0.3 0.0 0.0 04 04
S26 -0.1 0.2 0.0 0.2 0.2
Q27 0.0 -0.3 -0.1 0.1 0.0
W28 -0.1 0.1 0.0 0.1 0.5
E29 0.0 0.1 05 02 0.2
R30 -0.1 0.2 0.2 02 0.8
P31 0.0 0.1 0.0 0.6 0.6
S32 0.0 0.0 0.0 04 0.1
G33 0.0 0.3 03 0.8 0.0
Total ¢ -0.5 1.2 33 3.1 32

“ The number of intra-protein H-bonds upon folding between main-chains (MC-MC),
between a main-chain and a side-chain (MC—SC/SC-MC) and between side-chains (SC—
SC); ® The number intra-protein heavy-atom contacts involving side-chains upon folding,
main-chain—side-chain contacts (MC—SC) and side-chain-side-chain contacts (SC—SC)
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Table S3.5: Per-residue structural analysis data of HP-36 upon folding

AANumber of H-bonds ¢ AANumber of SC contacts ”
Res. MC-MC MC-SC, SC-SC MC-SC SC-SC
Number SC-MC

Ml 0.1 0.0 0.0 -0.1 0.2

L2 0.0 0.2 0.0 -0.5 -1.1

S3 0.3 0.0 0.1 0.0 0.1
D4 0.1 0.2 0.6 0.4 0.8

ES5 0.0 0.0 0.1 0.3 0.3
D6 0.2 -0.4 0.0 -0.1 0.0

F7 0.2 0.0 0.0 -0.1 0.0
K8 0.1 0.0 0.1 0.3 0.2
A9 0.0 -0.1 0.0 0.2 0.3
V10 0.1 0.1 0.0 0.0 -0.1
F11 0.0 -0.1 0.0 0.3 0.0
G12 0.1 0.1 0.0 0.4 0.0
M13 0.0 0.1 0.0 0.2 0.3
T14 0.1 0.0 0.3 0.2 0.1
R15 0.1 0.0 0.1 0.1 0.2
S16 0.1 0.2 0.3 0.1 0.2
Al7 0.1 0.1 0.0 0.1 0.1
F18 0.2 0.2 0.0 0.3 0.1
A19 0.1 0.0 0.0 0.4 0.5
N20 0.1 -0.1 0.1 0.0 -0.1
L21 0.1 0.2 0.0 0.0 0.2
P22 0.2 0.1 0.0 0.2 0.1
L23 0.4 0.1 0.0 0.6 0.4
w24 0.2 0.2 0.0 0.0 0.1
K25 0.1 0.0 0.0 0.3 0.2
Q26 0.0 0.0 0.0 -0.1 0.3
Q27 0.0 0.1 0.1 -0.1 0.1
N28 0.0 —0.6 0.1 0.2 0.3
L29 0.1 0.1 0.0 -0.3 0.4
K30 0.2 0.2 0.1 0.4 0.3
K31 0.4 0.0 0.1 0.2 0.4
E32 0.1 0.0 0.2 0.4 0.3
K33 0.1 0.0 0.1 0.5 0.0
G34 0.1 0.0 0.0 0.2 0.0
L35 0.3 -0.1 0.0 -0.1 0.4
F36 0.2 0.1 0.0 0.0 0.0
Total 0.5 —0.7 1.1 0.3 1.4

“ The number of intra-protein H-bonds upon folding between main-chains (MC—MC),
between a main-chain and a side-chain (MC-SC/SC-MC) and between side-chains (SC—SC);
b The number intra-protein heavy-atom contacts involving side-chains upon folding, main-
chain—side-chain contacts (MC—SC) and side-chain-side-chain contacts (SC—SC)_I
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Table S3.6: Tabulated effective free energy by individual amino acid
residue of WW domain separated by the backbone atoms

Res. Number AAE,“° AAGsony ® AAfBackbone only ¢
1 18.4 -17.8 0.6
2 2.1 2.3 0.2
3 0.3 -0.2 0.2
4 2.5 -2.8 -0.3
5 0.9 —0.3 0.6
6 —0.3 0.5 0.2
7 —-1.1 0.9 -0.2
8 0.1 0.0 0.1
9 -1.6 0.2 -1.3
10 -1.3 0.6 —-0.7
11 -0.3 0.9 0.6
12 —-1.1 1.5 0.4
13 0.1 1.0 0.9
14 -0.3 0.9 0.5
15 0.3 -0.5 -0.2
16 1.9 -1.7 0.3
17 -0.9 —-0.1 -1.0
18 —-0.7 0.0 -0.7
19 -0.7 0.1 —0.6
20 0.7 -0.7 —-0.1
21 0.6 -0.2 0.4
22 -1.5 0.7 -0.8
23 1.0 -1.1 —-0.1
24 1.9 -1.1 0.9
25 -1.6 1.2 -0.4
26 3.5 -3.5 0.1
27 1.7 -2.9 -1.2
28 1.1 -0.4 0.7
29 -0.4 —0.3 —-0.7
30 -0.4 1.3 0.9
31 -5.4 53 —-0.1
32 0.3 0.0 0.3
33 —4.1 5.9 1.7

Total 11.4 -10.3 1.1

“ Intra-protein potential energy contribution from each backbone upon folding
[kcal/mol]; * Solvation free energy change upon folding [kcal/mol]; © Effective
energy change upon folding [kcal/mol]
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Table S3.7: Tabulated effective free energy by individual amino acid
residue of Pin WW separated by the side-chain atoms.

Res.

Number AAE,“ AAGiony® AAf Side-chain Only ¢
K1 10.9 ~10.5 0.4
L2 0.5 —-1.7 12
P3 -1.8 1.1 0.7
G5 -0.6 0.5 0.1
W6 2.7 23 03
E7 -25.1 25.5 0.5
K8 11.8 ~12.0 02
R9 -15.9 12.3 36

M10 -0.7 0.3 04
S11 0.8 0.3 0.5
Al2 0.4 0.1 01
G14 -0.3 0.4 0.1
R15 -14.9 12.2 27
V16 1.3 0.1 13
Y17 0.5 —0.6 0.1
Y18 4.0 1.9 5
F19 -1.7 0.6 1.1
N20 0.1 0.8 0.9
H21 0.1 0.5 0.6
T23 4.0 31 0.9
N24 -0.2 0.7 0.5
A25 -1.2 0.9 0.2
S26 25 2.1 0.4
w28 2.8 2.4 04
E29 0.8 0.3 1.0
R30 8.7 -10.3 1.7
P31 -1.5 0.7 0.8
S$32 0.5 02 0.3
G33 0.0 0.1 01
Total ¢ -40.3 30.0 ~103

“ Intra-protein potential energy contribution from each side-chain upon folding
[kcal/mol]; * Solvation free energy change upon folding [kcal/mol]; ¢ Effective
energy change upon folding [kcal/mol]
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Table S3.8: Tabulated effective free energy by individual amino acid
residue of HP-36 separated by the backbone atoms

Res. Number AAE,“° AAGsony ® AAfBackbone only ¢
1 2.2 -1.5 0.7
2 3.1 2.2 0.9
3 —0.2 1.0 0.8
4 3.2 3.8 0.7
5 —0.8 1.1 0.3
6 1.4 -1.2 0.2
7 1.0 —0.6 04
8 0.4 0.2 0.7
9 0.2 —0.3 —0.1
10 -1.2 1.5 0.3
11 —0.4 0.9 0.6
12 2.8 2.5 —0.3
13 —0.6 0.2 —0.4
14 0.5 —0.1 0.4
15 —0.2 0.6 0.4
16 -1.0 0.8 —0.2
17 —0.5 0.5 0.0
18 —0.6 0.3 —0.3
19 —1.1 1.8 0.6
20 -1.3 0.9 —0.4
21 1.7 —0.9 0.8
22 3.8 3.8 0.1
23 1.2 -1.2 0.0
24 1.8 -1.2 0.6
25 2.8 -1.9 0.9
26 —0.6 0.9 0.2
27 0.5 0.5 1.0
28 0.6 —0.1 0.5
29 0.9 —1.1 —0.2
30 0.2 —0.5 —0.4
31 0.2 —0.5 —0.3
32 1.5 2.0 —0.5
33 2.7 2.5 0.2
34 2.6 2.6 0.0
35 —0.4 —0.9 -13
36 15.9 -16.5 —0.5

Total ¢ 30.4 —24.0 6.4

“ Intra-protein potential energy contribution from each backbone upon folding
[kcal/mol]; * Solvation free energy change upon folding [kcal/mol]; © Effective
energy change upon folding [kcal/mol]
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Table S3.9: Tabulated effective free energy by individual amino acid
residue of HP-36 separated by the side-chain atoms.

Res.

Number AAE,“ AAGiony® AAf Side-chain Only ¢
MI 0.3 0.2 0.2
L2 35 2.2 1.3
S3 34 -2.9 0.6
D4 —21.8 24.1 3
E5 —6.3 6.8 0.4
D6 1.0 0.5 L5
F7 0.8 0.2 0.6
K8 17.8 -17.1 0.7
A9 0.8 0.1 0.7

V10 -0.5 0.6 0.1
G12 0.6 —0.4 0.2
M13 0.2 0.5 —04
T14 3.0 -1.6 1.4
R15 1.8 2.1 03
S16 -3.6 1.9 17
Al7 02 01 Py
F18 15 1.0 05
Al9 —0.8 0.3 05
N20 -1.1 0.7 0.4
L21 -2.1 1.9 02
P22 -3.1 35 0.5
L23 2.3 2.1 0.2
W24 3.1 3.5 0.4
K25 -5.0 5.6 0.6
Q26 0.3 0.2 0.5
Q27 2.4 2.2 02
N28 2.9 -1.6 13
K30 ~11.1 10.0 11
K31 ~183 18.1 02
E32 9.5 -8.9 0.6
K33 -17.6 16.6 1.0
G34 -1.3 1.4 0.0
L35 0.3 1.0 0.6
F36 1.1 0.8 -0.3
Total ¢ —62.0 68.1 6.0

“ Intra-protein potential energy contribution from each side-chain upon folding
[kcal/mol]; * Solvation free energy change upon folding [kcal/mol]; ¢ Effective
energy change upon folding [kcal/mol]
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