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An example showing the importance of the conformation relaxation effect on u.,(R)
As pointed out in the main text, p,,(R) is essentially different from a simple ensemble-average value of
solvation free energy calculated using conformations generated under the coordinate R in solvent. This is
because pe,(R) should include the effect of conformation relaxation during gradual annihilation of either
the protein or all solvent molecules '. In fact, as recently reported for chignolin >*, a lack of the appropriate
conformation ensemble average provided a large discrepancy between the effective energy, namely, the sum
of the intramolecular energy and solvation free energy and experimental observation. If the ensemble
average was simply evaluated using conformations generated in solvent instead of performing free energy
perturbation (Egs. 4, 5, and 7 in the main text), a difference in the effective energy between the native and
unfolded conformations was obtained to be 38 kT at 298 K °. This value was several ten times larger than
an experimentally determined free energy difference *. In addition to the effect of conformation entropy on
E,.c(R), the conformation relaxation effect in ., (R) is important to reproduce the free energy difference

between the native and unfolded states.

Results

2D free energy profile.

Figures S1 show the free energy profiles of chignolin on a 2D plane of the distance R between the alpha
carbon atoms at the C-terminus and the N-terminus and the backbone dihedral angle ¢ of Gly7, F,(R,y)/
kgT. The native state is characterized by R~ 0.5 nm and ¥~ 0° ° and the misfolded state > is by R~ 0.6 nm
and 1~ — 150° °. The misfolded state is slightly more stable than the native state even at 298 K and 1 bar

(Fig. Sla). This observation is consistent with the previous all-atom MD simulation study °. As temperature



increases at 1 bar, unfolded conformations become stable over the wide distance and angle (Fig. S1b). In
contrast, as pressure increases at 298 K, some extended conformations at specific local dihedral angles
become stable (Fig. S1c). In addition, the native state becomes unstable with increasing pressure, while the
misfolded state is still stable at the high pressure. Similar temperature and pressure dependences have been
observed in a generalized-ensemble MD simulation °. The good agreement with the previous MD simulation
implies that the present method can provide reliable multidimensional free energy profiles.
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Figure S1. Two-dimensional free energy profiles of chignolin on a 2D plane of the end-to-end distance R and the
backbone dihedral angle 1 of Gly7. (a) 7= 298 K and P= 1 bar. (b) 7= 298 K and P= 8000 bar. (¢c) 7= 373 K and P=1

bar. The native state is characterized by R~ 0.5 nm and ¥~ 0° 3 and the misfolded state >® is by R~ 0.6 nm and Y~ —

150° 5.

Figures S2 show free energy profiles of chignolin on the 2D plane of the distance R and another
backbone dihedral angle, ¢ of Gly7. The native state corresponds to R~ 0.5 nm and ¢~ 100° °, while the
misfolded state >* cannot be identified in this 2D free energy profile. We again observe that the unfolded
conformations become stable over the wide distance R and angle ¢ by heating (Fig. S2b) while some

specific extended states at large values of R become stable by pressurization (Fig. S2c¢).
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Figure S2. Free energy profiles of chignolin on the 2D plane of the end-to-end distance R and the backbone dihedral
angle ¢ of Gly7. (a) 7=298 K and P=1 bar. (b) 7= 298 K and P= 8000 bar. (c) 7= 373 K and P= 1 bar.

£ (R).
In order to calculate the excess chemical potential of the GB model, uS2(R), we performed GB MD
simulations sequentially at &.= 80, 40, 20, 10, 5, 4.2, 3.5,2.9,2.4, 2.0, 1.7, 1.4, 1.2 and 1.0 for each R. The

Influence of multiple states for F,,.(R) and p$5

final conformation of the higher &, was used as the initial conformation of the lower &,.. It is possible that
there are multiple states for a given R value in vacuum and the conformational transitions between those
states hardly occur, thus the difference in the conformations obtained in vacuum could provide an influence
on uSB(R) and E,q.(R). We performed the other set of GB MD simulations to calculate uSB(R)
independently. As shown in Figure S3a, the two sets of simulations yield almost the same results. We also
show the corresponding intramolecular energy profiles in vacuum, EL®(R), in Fig. S3b. Again, we

confirm no significant difference between these results.
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Figure S3. (a) uSB(R) and (b) the energy part of F,qc(R), E*Te(R), calculated from two independent sets of
GB MD simulations.

Appendix A. Relationship between the solvation free energy and a partition function of a
protein in solvent.

A partition function of a protein in a solvent, Qp, is given by

Qp = A% [ dr® exp(—BEs [ [UFR (P)]. (A1)

Here, P is the number of atoms in the protein, A, is the thermal wave length, § = 1/kgT where kg is the
Boltzmann’s constant, Eg[{rF}] is the intramolecular energy of the protein, and ES[U,{) R(yP )] is the grand
canonical partition function of the solvent under an external field, U,{) R(¢P), which is caused by the

protein-solvent interactions. This equation can be recast as

Qp = 057 [ dr? exp(—BE [{r" Dexp(—Bas[USR (rP)]) (A2)
with

Q[UFR(P)] = —kgTnEGUFR (D). (A3)
The solvation free energy of the protein in a given conformation r” is given by

AGsor [{rP}] = Qs [UTR (rP)] — Qs [0]. (A4)

The partition function @, can be expressed by using AGgp, [{rF}],
Qp = 0% exp(—Qs[0]) [ dr” exp(—BEs [{r"IDexp{—p(Q[U* (7] — Qs[0])}
= Az_73p Es [0] fdrp exp(_ﬁEst [{rp}])exp(_ﬁAGsolv [{rp}])

= Qp [0]<exp(_ﬁAGsolv [{rp}]»rpa (AS)
where ( ). denotes an ensemble average with respect to the conformation of the protein in vacuum and
Qpl0] = A" [ drP exp(—BEs[{r"}Dexp{—B(Qs[0D}. (A6)

Equation A6 is a partition function for the pure solvent plus the protein in vacuum. The excess chemical
potential of the protein is defined by the free energy difference between the pure solvent plus the protein in
vacuum and the protein immersed in the solvent,

Uex = _kBTanp + kBTanp [0] = —kpTIn{exp(—=BAGso [{rp}]»rf’- (A7)



This equation can be also regarded as a one-step free energy perturbation method to determine the free
energy difference, where the vacuum phase is the initial state and the solution phase is the final state. In
general, the distribution of the protein conformation with lower intramolecular energy of the protein in
vacuum has no enough overlap with the conformation distribution for lower solvation free energy of the
protein in the solvent. We, thus, apply the free energy perturbation method given by Egs. 4 and 5 to the

calculation of the ensemble average of Eq. A7.

Appendix B. Free energy profile in a two-dimensional (2D) plane

We choose the distance between the alpha carbon atoms at the C-terminus side and at the N-terminus side for
chignolin, as the primary coordinate, R. The one-dimensional probability distribution P;(R) is defined as
F(R) = —kgTInP;(R). (B1)

We choose the backbone dihedral angle 1 of Gry7 as the secondary coordinate. The relation between the

1D and 2D distribution probabilities is given by

Pi(R) = [ dy P,(R, ), (B2)
and the 2D free energy is expressed as

F,(R,¢) = —kgTInP,(R, ). (B3)
We introduce a normalized distribution function as

P,(R,Y) = PR, Y)/ [ dy P, (R, ). (B4

Using Egs. (B3) and (B4), we obtain

Fy(R) = —kTln (P_Z(R, ) f dap P (R, ¢)>

= —kpTIn(f dp P,(R, 1)) — ks TInP, (R, ). (BS)
Substituting Eq. (B2) into Eq. (B5) and using Eq. (B1), we finally obtain
F,(R, ) = F(R) — kgTInP,(R, ). (B6)

Appendix C. Computational method of AGp;

In this study, we applied the reference-modified density functional theory (RMDEFT) = to calculate the
solvation free energy of chignolin in water for conformations generated by the MD simulations of the
generalized Born (GB)/surface area (SA) continuum solvent model ». We employed the effective-density
approximation (EDA) = to prepare the excess intrinsic free energy functional for the reference hard-sphere
(HS) system, Fgs[n]. The reliability of the RMDFT has been assessed by comparing with experiments =

The RMDFT hydration free energy is given by



AGRIT = ——Z [ art [rae o) = nol + [ arf [no (S 107 s (1 (910)) = o )]
- [ ar? [no 021005 s (n” (#91no)
+ [ arg Wool1e = 19 )mo (R HUL N s (nE” (:21m0))}

— Ny {st(no) + 1o frs(no) f drg WOO(|Y(1) - r(2)|)}]

(C1)
Here, fys(n) is the first derivative of fyg(n), which is the excess free energy of the HS system per particle.

A highly accurate expression for fygs(n), obtained from the Carnahan—Starling (CS) equation of state,«" is

available:
_ Affc _ 1n(-30)

fus(n) = 48 = 21020, (€2)
=Tnny (st)3/6, (C3)

where dys is the diameter of the reference HS fluid. no /1 (r(f|no) in Eq. (C1) is defined by the EDA
excess intrinsic free energy functional for the reference HS system:

FgElnol = [ ar{ no(r21{UF* ) fus (g (x9|no) ). (C4)
where ng / (r|no) is the effective density, which is assumed to be a functional of ng (r|{Uf%}).

no /1 (r|ng) is approximated by the first-order density functional Taylor series expansion:

n&” (rlng) = no+f drd Woo(Jr — r2|)[no (12| {UFF}) — no]. (C5)
The expansion coefficient Wy (r) also appears in Eq. (C1) and is related to the second-order direct

correlation function Cpyp HS(r) for the reference HS fluid via

Woo<k)=[—Zﬁf,;smo)+J(2ﬁf,;s<no))2—4noﬁf (no)CE, (k)]/ZnoﬁfI;uno) (C6)

where Wy (k) and CHS (k) are the Fourier transforms of Wy, () and CZHs (r), respectively, and fys(n)
is the second derivative of fyg(n). The density functional differentiation of F5%[ny] appearing in Eq. (C1)

is obtained from Eq. (C4) as follows:

ity = frs (n67 no)) + f dr? Woo(lr = 2o (£HUF s (5 elno))- - (€7

In this study, we calculated the site-site direct correlation functions {Caﬁ (r)} for bulk water and the
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site-density distribution functions of water around a solute molecule {na(r|{U,{) R })} using the
1D-RISM-KH and 3D-RISM-KH integral equations '*'°, respectively. Before we calculate AGryg from Eqg.
(C1) using the sets of {Caﬁ (1)} and {na(r|{U,{) R})} it is necessary to determine Woo(r) or CH5(r) by
solving the Ornstein-Zernike (OZ) integral equation,'® in which the following EDA equation combined with

16205 used as the closure:

the Percus’ relation
HYS (r) = n(r|UES)/no — (C8)
n(r|UfR) = noexp(—ﬁU’G (r)), (C9)
SFgstn] _ exns

sn(rl{UEF)) I{Up DN

= UpR (r) + fus (n ff(T|7lo)) = fus(mo)

= fdr1 W(|r - r D; [n(rl |U )st (n ff(rl |Tl)) - nofl;s(no)], (C10)
A5 (k) = CHS (k) + noCHS () HHS (k). (C11)

UiS(r) = Uiz () +

Here, UH2(r) by the Percus’ relation in Eq. (C8) is equal to the interaction between HS particles of the
reference system.

Appendix D. Calculation details of AG});

To calculate the site-density distribution functions na(r|{U,{) R}) in Eq. (Cl), we applied the
three-dimensional reference-interaction-site-model (3D-RISM) integral equation theory '*'°. We employed
the partially linearized HNC (PLHNC) equation '®, called the Kovalenko—Hirata (KH) equation ", as the
closure relations for both the 1D-RISM equation for bulk water and the 3D-RISM equation for solute—
solvent systems. As for the model water in these RISM calculations, we used the TIP3P model with an
additional LJ parameter for the hydrogen sites (dy = 0.4 A and &y = 0.046 Kcal/mol) *'**. The solute—
solvent cross parameters were deduced from the Lorentz—Berthelot mixing rules, d;; = (du + d; J) /2 and
gj = \/Teﬂ , commonly introduced as the solute—solvent combination rule in the RISM calculations. The
3D-RISM integral equations were solved in a cubic cell with a size of 80 A’ using a grid of 256’ points by
utilizing graphics processing unit (GPU) *. In the same manner as our previous work '*, we used 0.00125 A
and 32768 as the grid spacing and the number of grids, respectively, to solve the 1D-RISM equation for bulk
water and the EDA equation for the reference HS system. The number densities of water and the optimal HS
diameters used for the thermodynamic states at 298 K and 1 bar, at 373 K and 1 bar, at 298 K and 4000 bar,

and at 298 K and 8000 bar have been provided by our previous work .
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