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ABSTRACT: Proteins that do not fold into their functional native
state have been linked to diseases. In this study, the influence of
the main and side chains of individual amino acids on the folding
of the tryptophan cage (Trp-cage), a designed 20-residue
miniprotein, was analyzed. For this purpose, we calculated the
solvation free energy (SFE) contributions of individual atoms by
using the 3D-reference interaction site model with the atomic
decomposition method. The mechanism by which the Trp-cage is
stabilized during the folding process was examined by calculating
the total energy, which is the sum of the conformational energy - P ——
and SFE. The folding process of the Trp-cage resulted in a stable Trp-cage e Alad T A G0 Pro1z Serté 1 Prote Serzo
native state, with a total energy that was 62.4 kcal/mol lower than

that of the unfolded state. The solvation entropy, which is considered to be responsible for the hydrophobic effect, contributed 31.3
kcal/mol to structural stabilization. In other words, the contribution of the solvation entropy accounted for approximately half of the
total contribution to Trp-cage folding. The hydrophobic core centered on Trp6 contributed 15.6 kcal/mol to the total energy,
whereas the solvation entropy contribution was 6.3 kcal/mol. The salt bridge formed by the hydrophilic side chains of Asp9 and
Argl6 contributed 10.9 and 5.0 kcal/mol, respectively. This indicates that not only the hydrophobic core but also the salt bridge of
the hydrophilic side chains gain solvation entropy and contribute to stabilizing the native structure of the Trp-cage.
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B INTRODUCTION thereof folds in ~1 ys at room temperature.”® The Trp-cage is
therefore highly appropriate for studying the folding processes

Understanding protein folding is of fundamental importance in 190405
of peptides, both experimentally *“""” and theoreti-

molecular biology. The advent of neural-network-based

ot 1 cally,”**°™* and in combination.””*® The Trp-cage has also
structure prediction programs such as AlphaFold2" and Y _ p-cage Nas 410
RoseTTAFold” enables native structures to be predicted with been used as a test system for various new methods.
high accuracy using amino acid sequences. This is expected to Many studies have shown that the Trp-cage can also exist in
greatly accelerate research on protein structures. However, the the form of metastable non-native states, which makes it useful
ability to predict the native structure does not mean that the for studying complex folding processes.14’42’43’°0’53_59
protein folding mechanism is fully understood. For example, Figure 1 shows the native structure of the Trp-cage variant
protein folding and misfolding are associated with several (DAYAQWLADGGPSSGRPPPS), with a focus on certain side
diseases. The fact that knowledge of the native structure is chains. The Leu, Trp, and Pro residues are hydrophobic,
insufficient to identify and treat these diseases has motivated whereas Tyr and Arg are hydrophilic. The Trp-cage consists of
many theorists and experimentalists to study the protein- a short a-helix from residues 2 to 8, a 3;,-helix from residues
folding problem. We are particularly interested in the 11 to 14, and a C-terminal polyproline II helix packed against
interaction between pr oteir§57 and the surrounding water, the central tryptophan side chain. The side chain of Trp6 is in
which we study numerically. contact with the side chain of Tyr3,10’12’20’38’60 Leu?,
The 20-residue tryptophan-cage (Trp-cage) miniprotein, Prol2,0* Arg16,58 Prol8, and Prol19,''“®" but not in

designed by Neidigh et al. and consisting of a Trp residue
confined by a hydrophobic core, is a useful compact model -
protein that is often used to study protein-folding and Rec_e“'ed: August 7, 2023
stability. Understanding the contribution of the hydrophobic Revised: ~ September 19, 2023
core to the overall stability of the Trp-cage is of significant Accepted: October 27, 2023
interest in protein-folding studies and has implications in Published: November 9, 2023
protein engineering.” > This protein is known to fold

spontaneously and cooperatively in ~4 ys,'’ whereas a variant
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Figure 1. Backbone structures with selected side chains. In the native
structure, the side chain of Trp6 is in contact with the side chains of
Tyr3, Leu7, Prol2, Argl6, Prol8, and Prol19. The side chain of Prol7
is exposed to the solvent without contact with the side chain of Trp6.

contact with the side chain of Prol7. These side chains form
the hydrophobic core of the Trp-cage, which plays a crucial
role in maintaining its structural stability.” **** The rotamer of
the Trp6 side chain is the rate-limiting factor that governs the
folding rate.”">®® In addition to the hydrophobic core, the
formation of a salt bridge between Asp9 and Argl6é also
contributes to the structural stability of the Trp-
cage.' 0712 H1027,53,57,61,64768 The jnteraction responsible for
the formation of the hydrophobic core is driven by the
solvation entropy, which indicates a many-body interaction
with the surrounding solvent. During the folding process, the
side chains that form the salt bridge are dehydrated. Hence, the
interactions with the surrounding solvent should be considered
during the protein-folding process.®”

The three-dimensional reference interaction site model (3D-
RISM) theory is useful for investigating the interaction of a
protein with its surrounding solvents. By combining this theory
with the atomic decomposition method developed by Chang
and Ham,”*~"* we calculated the solvation free energy (SFE)
and solvation entropy at individual amino acid residues.
Previously, we investigated the protein-folding mechanism of
chignolin, a 10-amino acid miniprotein, by studying the
influence of the main and side chains on the stability of
protein. The native and misfolded states were found to have
similar total energies but with a different composition, with
side-chain interactions and hydrogen bonding playing crucial
roles. Thus, we predicted that the mutation of Thr8 to a
neutral amino acid could stabilize the misfolded structure over
the native structure.” We calculated the stability of various
structures in which the eighth residue was mutated and found
that the T8P mutant stabilizes in the misfolded structure. In
addition, NMR analysis of the T8P mutant supported these
results.’

In this paper, we present a comprehensive analysis of the
SFE and the solvation entropy contributions of amino acids in
the hydrophobic core and salt bridge of the Trp cage using the
atomic decomposition method. Our study aimed to elucidate
the specific amino acids and their side chains that contribute
significantly to the stability of the Trp-cage. By quantifying the
solvation free energy and solvation entropy of each residue, we
identified the key residues involved in stabilizing interactions
and gained insights into the driving forces behind the structural

stability of the Trp-cage.

B METHOD

We introduce total energy G, which is the sum of the
conformational energy E and SFE Ap:

G=E+ Apu (1)

As shown in previous studies, the conformational energy and
the SFE are in competition with each other.”™>”* The Ay term
consists of two components: the solvation energy, E;, and the
solvation entropy, AS:

Ap =E, — TAS (2)

where T denotes the temperature. Hereafter, — TAS with an

energy dimension is termed the solvation entropy term.

Evaluating the total energy <provides a useful measure of
. . 3275573

protein structural stability. These components can be

decomposed into the contributions of individual amino acids i,

as follows:

EziEi

and

3)

n
Ap = Z Ap,
i (4)
where 7 represents the number of amino acids in the protein.

These individual contributions are further divided into
contributions from the main and side chains,

E=EM+E’ (s)
and
A= A+ Ap} (©)

where M and S represent the main chain and side chains,
respectively. The solvation energy and entropy terms are
similarly divisible.

The conformational energy of a protein is determined by its
structure and is influenced by various energy terms, including
van der Waals, electrostatic, bond stretching, angle bending,
and torsional energies. The van der Waals, electrostatic, and
bond stretching energy terms are two-body potentials that are
evenly divided among interacting atoms. However, the division
of the energy terms for the angle bending and torsional
potentials is not well-defined. Nevertheless, their effects are
relatively small, because they exhibit low standard deviation.
Therefore, for three- or four-body potentials, the energy term
is considered to be equally distributed among the interacting
atoms. Molecular mechanics and molecular dynamics pro-
grams are commonly used to calculate the energy terms.

The SFE represents the change in chemical energy when a
solute molecule is transferred from one position in the gas
phase to another in the solvent. Several methods can be
employed to calculate the SFE, including the 3D-RISM
theory.”*”>

In this study, we considered the SFE of not only the whole
protein but also of individual atoms using the atomic
decomposition method.”””* This method calculates the SFE
by considering the solute—solvent interaction and the solvent
distribution function around the solute. The interaction
potential acting on solvent site y at position r is denoted by
u},(r). The distribution function of the solvent site, ¥, around
the solute is expressed by g,(r)(=h,(r) + 1), where h,(r) is the
total correlation function. The SFE is given by the Kirkwood
charging formula:”®
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1 ou,(r; A)
Au = Z@fo dﬂ/‘drya—igy(r; 1)
v

where p, denotes the average number density of solvent site 7.
The coupling parameter, 4, was used to gradually modify the
interaction potential from A = 0 (no interaction) to 1 (full

)

interaction). u(r;A) varies with 4, and the distribution function
under u(r;1) is denoted by g(r;1). Ay represents the SFE of
the whole solute, and we aimed to decompose it into the
contributions from the individual atoms. u,(r;4) is expressed as
a sum of the potentials between the atomic site of the solute, a,
and the solvent site, ¥, as follows:

N

w (15 1) = Y. g (It = 115 2)
a=1 (8)

where r, is the position of the atomic site @ and N is the
number of atomic sites in the solute. Thus, the following basic
expressions are obtained from eqs 7 and 8:

N
Ap= 3, By,
a=1 (9)
and
ou, (Ir —rl;
Ay, = f f W( - )g (r; 4)

(10)

Notably, u,,(r;A) has been decomposed into the potentials
between atom «@ in the protein and solvent, while g(r;4)
remains the distribution function with respect to the whole
protein. The solute—solvent interaction potential, ua},(r), can
be expressed as a combination of Lennard—Jones (LJ) and
electrostatic potentials. The SFE contribution, A, can be
calculated by using the charging formula with two coupling
parameters, A; and A,. Thus, the solute—solvent interaction
potential becomes

e (15 Ayy Ay) = ud(r; Ay) + uy(r5 Ay) .
Here,
ﬁmmﬂ%ﬁﬁlﬁﬁr
r r (12)
and
1,9,42

1
(iyec(r’ 2) -

(13)

where €,, and o, are the LJ parameters and g, and g, are
atomic charges. Thus, the integration path for A, and 4, is as
follows. First, the L] interaction is performed from 0 to 1 with
A, = 0, after which the electrostatic interaction is switched on
by integrating 4, from 0 to 1 while keeping A, = 1. Finally, Ay,
is expressed as

1

Ou,,(Ir — r{ll,l,l =0
A%_ZPI/M/ 2 vh=0)

Xg(;/%,/lz=0)

Ou,, (Ir — rli—ll)
/d/l /d 4 - 2

X gy(r; L=1, /12)}

(14)

After calculating Ay, once, it becomes possible to reproduce
the contributions of amino acid residues or main/side chains.
A similar expression was derived for the solvation entropy,”’
but we used the temperature derivative of the SFE at constant
solvent density:

AS = (dA,u]
ar ), (15)

To calculate Ap,, we need h,(r;j4,,4,), which is obtained
using the 3D-RISM theory. For a solute—solvent system at
infinite dilution, the 3D-RISM equation can be written as
follows:

hy(ri Ay Ay) = Z Cy’(rE Ay Ay) * [

7

wy(r) + p by, ()]

(16)

where h,(r;41,4,) and ¢ (r;A1,4,) are, respectively, the 3D total
and direct correlation functions of the solvent site, ¥, around
the solute under A, and 1,, where the asterisk (%) denotes a

convolution integral in real space, w, (r) is the site—site

1y
intramolecular correlation function of the solvent, and hwy(r)
is the site—site total correlation function of the pure solvent.
h,,,(r) was precalculated using the 1D-RISM theory for a pure
solvent. The 3D-RISM equation was complemented by the
Kovalenko—Hirata (KH) closure equation, as follows:

ep(z) — 1 (7, < 0)
h(r; 4y, 4) =
(, 2 0)

- Cy(”i Ay /12)

4

X, = —Pu,(x; 4y, 4,) + hy(ri Ay 42)
(17)

where f = 1/(kgT) is the reciprocal of the thermodynamic
temperature, where ky is the Boltzmann constant and T is the
temperature. Finally, the 3D distribution function, gy(r;/ll,/lz),
is defined from h,(r;4,,4,) as follows:

gy(l‘; /11, 12) = hy(l'; j’l) /12) + 1 (18)

We calculated g,(rj4,,4,) at every integration step of eq 14.
The atomic decomposition method is a powerful method
that can calculate the contribution of every single atom in a
protein; however, it is computationally expensive. In the
present study, a total of 63 calculations were performed for the
integration of A, and 4, in eq 14. Thus, we used the reference-
modified density functional theory (RMDFT) functional,”’ ="
which requires only one 3D-RISM calculation to calculate the
SFE of the whole protein. We introduced a hard-sphere (HS)
reference system to the DFT for polyatomic molecular liquids

https://doi.org/10.1021/acsomega.3c05809
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from which we derived the functional of a solute molecule in
water. The RMDEFT functional is expressed as follows:

1
AMRMDFT=_E Zﬂy /drh},(r)
v
L % >3, / dr / dr'CE (I — )i (x)
r 7
1 ’ 1 ex /|
+ i z},: ;p},p}, /dr/drCW,(lr —r')

X h,()h,(x)

SF%[p. ]
+ AFS[ ] - /dr ol () + 1)
o 8(poho(r) "0
HS
e }
(19)
where
ox Coolr) = Cgé(’) (a=p=0)
Cai(r) = _ .
Cop(r) (otherwise)
C(z/}(r) = Ca/}(r) + Cél/\id(r)
-1
- 5 B Sln(kL( })
C(z/}(k) = L/ - (S(x/ip + (1 - dlﬁ)pill
kL
p ap (20)

Here, C,4(r) is the site—site direct correlation function of the

pure solvent, C;l;f(r) is the intramolecular direct correlation
function,gOL(lﬂ is the length of the bond between the a and
sites, O denotes the oxygen site of the water solvent, Coo(r)

corresponds to the site—site direct correlation function of the
reference HS fluid, F**[p,] is the excess intrinsic free energy
functional for the HS fluid, ﬂglos is the excess chemical potential
of the reference HS fluid, 6,4 is the Kronecker delta, and p is
the number density of the water solvent. Therefore, we require
the theory for HS fluids, e.g., the effective density
approximation (EDA) theory.®’ Using this functional, the
SFE can be obtained simply by performing a 3D-RISM
calculation under 4,=4, = 1.

B COMPUTATIONAL DETAILS

In this study, we used the K8A mutant of the thermostable
Trp-cage variant TC10b.%® Details of the MD simulation of the
Trp-cage on the Anton supercomputer can be found in the
Supporting Information of ref. 82. As the CHARMM22* force
field®**** was used for the MD simulation, we used the same
force field in this study. Structures were extracted from the MD
trajectory for our calculations and used in intervals of 20 ns,
which correspond to every 100 samples. The total number of
sampled structures was 10440. We used GROMACS™ for
calculating the conformational energy. The SFE of the proteins
was calculated using the 3D-RISM theory’*” with the
RMDEFT functional’”’~"? and with the atomic decomposition
method.””’>”® We used the TIP3P water model with
additional parameters (6 = 0.4 A and ¢ = 0.046 kcal
mol™).***” The number density of water was 0.033329

for the thermodynamic states at room temperature (298.15K).
We employed the EDA theory to calculate CS3(r). The
optimal HS diameter for the water oxygen was 2.88 for the
RMDEFT functional. We chose this diameter so that the
solvation free energies of methane, butane, and isopropane
match the experimental values in the agueous solvent (the
TIP3 model with additional parameters).”””® The 3D-RISM/
KH equations were solved on a grid of 256* points in a cubic
cell of 128 A’ The atomic decomposition calculations were
performed using 0.05 as the increment width of 4, and used
the following numbers as 4, ticks: 0.001, 0.005, 0.01, and then
from 0.025 to 1.0 in increments of 0.025. The temperature
derivative for the solvation entropy calculation was obtained
during the first-order difference with AT = 2 K. We performed
the SFE calculation using the 3D-RISM theory with the
original code for multi-GPU processing.**™"°

B RESULTS AND DISCUSSION

First, we describe the computation of the native and unfolded
states. The values of the total energy (upper) and the end-to-
end distance between the C, atoms of the N- and C-termini
(lower) of the Trp-cage are shown in Figure 2 as a function of
C,-RMSD with respect to the structure with the lowest total
energy. The most stable structure has a total energy of —205.5
kcal/mol, and the C,-RMSD value is 0 A. Assuming an
allowable energy fluctuation of 0.5 kcal/mol per residue, and
the fact that the Trp-cage is a 20-residue protein, the overall
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Figure 2. Upper panel: Total energy as a function of C,-RMSD with
respect to the most stable structure in the simulation. The arrow
indicates the most stable structure. Lower panel: End-to-end distance
as a function of the C,-RMSD with respect to the most stable
structure in the simulation. The structure above (and to the right) the
dashed line was defined as the unfolded state.
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energy value was estimated to be 10 kcal/mol. We then defined
a native state as 29 strctures within 10.0 kcal/mol of the total
energy value (i.e, —20S.5 kcal/mol). Even if this threshold was
changed, it would not result in a qualitative difference in the
following discussion. The C,-RMSD values of these structures
were separated and clustered around 1.0 and 1.6 A. This
separation is discussed later. In contrast, the unfolded state was
selected as 29 structures with large C,-RMSD values and end-
to-end distances. The structures on the upper right side of the
dashed line in the bottom panel of Figure 2 correspond to the
unfolded state.

Figure 3 shows the backbone structures of the Trp-cage with
the side chains of Aspl, Asp9, and Argl6. Figure 3a shows the

(@) ¢ Aspt (b)

- |
b
> x5

\\/\j‘&% Asp9 KJ ’

Figure 3. Backbone structures with selected side chains: (a) most
stable structure and (b) structure with the lowest total energy near the
C,-RMSD value of 1.6 A. The orange residues are Aspl and Asp6,
and the cyan residue is Argl6.

most stable structure, and Figure 3b shows the structure with
the lowest total energy near the C,-RMSD value of 1.6 in
Figure 2. Although the structure in Figure 3b is similar to the
most stable structure in Figure 3a, the N-terminus is closer to
the C-terminus. The side chain of Aspl forms a hydrogen
bond with the side chain of Argl6. Hereafter, these two
structures are referred to as the nativel and native2 structures,
respectively. The side chain of Argl6 forms a hydrogen bond
with the side chain of Asp9 in the stable structure of the Trp-
cage.27’29"”7’63”65’68’91’92 In Figure 3b, the side chain of Argl6
forms hydrogen bonds with the side chains of both Aspl and
Asp9. The Trp-cage repeatedly forms and breaks hydrogen
bonds between Aspl and Argl6, moving back and forth
between these two structures. The period of this oscillation
was ~60 ns, whereas the hydrophobic core of these structures
was retained for a few ys in the MD simulation at 290 K.>> The
structural change occurring between these two structures was
rapid, making it difficult to distinguish between them. In
subsequent calculations, these two structures were processed in
their native state.

We then calculated the value of the solvation entropy term,
—TAS, as a function of the C,-RMSD, as shown in Figure 4.
The difference in the solvation entropy, AS is known to be
attributable to the effect of the excluded volume. The
structures in the region with C,-RMSD values above 10 have
a higher value of the solvation entropy term, —TAS, because
the Trp-cage has extended structures, which have a larger
excluded volume for water. In the region with C,-RMSD
values between 4 and 8, the solvation entropy term forms a
large domain with a range of values approximating 25 kcal/
mol. This is due to the presence of various metastable
structures that are more compact than the extended structures.
The solvation entropy term clearly has a lower value in regions

100 7

920 |

80 |

-TAS [kcal/mol]

60 L L L L L L L
0 2 4 6 8 10 12 14

RMSD [A]

Figure 4. Solvation entropy term as a function of the C,-RMSD with
respect to the most stable structure in the simulation.

with C,-RMSD values below 2 A. The more compact the
structure of the Trp-cage, the lower the solvation entropy term,
that is, the smaller the excluded volume of water. During the
conformational change from nativel to native2, the side chains
of Aspl and Argl6 were dehydrated and formed hydrogen
bonds. The solvation entropy, S, increases when the Aspl side
chain forms a hydrogen bond with the Argl6 side chain. The
formation of hydrogen bonds by these hydrophilic side chains
results in an energy gain from the solvation entropy due to
dehydration. The average total energy difference from the
native state to the unfolded state was 62.4 kcal/mol, where the
positive value indicates that the native state was stable. The
difference in the average solvation entropy term was 31.3 kcal/
mol, which is half the difference in the average total energy.
The solvation entropy contributes significantly to the Trp-cage
folding. A comparison of the nativel and native 2 regions
reveals that the native2 region has lower values of the solvation
entropy term, whereas the nativel region has lower total
energy values. The results indicate that for the structures with
similar excluded volumes, we need to incorporate other energy
terms to investigate the stabilization in details.”

The total energy stability of each residue and its main and
side chains are shown in Figure 5. The extent to which the
main chain or side chain contributes depends on the residue.
All of the residues, with the exception of Glyl1, stabilized the
native structure. Glyl1 forms a short 3,y-helix with Pro12 and

BT Maneside ==
=5 101 ’\é%ig — 4
g ,
§ 8 |
S |
"L L 1l H.HH HHIHHIHJHH

Asp1 Tyr3 GIn5 Leu7 Asp9 Gly11 Ser13 Gly15 Pro17 Pro19
Ala2 Ala4 Trp6 Ala8 Gly10 Pro12 Ser14 Arg16 Pro18 Ser20

Figure 5. Differences in the average total energy of each residue of the
unfolded state from that in the native state. Gray, white, and black
indicate the sum of the main and side chains, main chain, and side
chain, respectively.
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Ser13, and the total energy difference between these helices is
positive. However, the 3 ,-helix makes only a small
contribution to the structural stability of the Trp-cage, whereas
the a-helix, consisting of Ala2—Ala8, contributes significantly.
In particular, the contribution of the side chain of Trp6 to the
structural stability is 6.8 kcal/mol. The contribution of the
hydrophobic core formed by Tyr3, Leu7, Prol2, Prol8, and
Prol9 around Trp6 was 15.6 kcal/mol. The side chain of Trp6
also formed a hydrogen bond with the main chain of Arglé,
and the contribution of the main chain of Argl6 was 1.5 kcal/
mol. The largest contribution to the overall stability of the Trp-
cage, 8.4 kcal/mol, was observed for the side chain of Arglé.
The contribution of the side chain of Asp9, which forms a salt
bridge with Argl6, was 2.5 kcal/mol. The contribution of the
salt bridge was 10.9 kcal/mol, the second only to that of the
hydrophobic core.

The total energy, conformational energy, and SFE differ-
ences in the (a) main and (b) side chains are shown in Figure
6. Both the main and side chains gain conformational energy at
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Figure 6. Differences in the average total energy (gray), average
conformational energy (white), and average SFE (black) in (a) main
and (b) side chains of each residue of the unfolded state from that of
the native state.

the cost of the SFE during the folding process. This indicated
that both the main and side chains were dehydrated to form
hydrogen bonds within the protein. However, to increase their
energy, the side chains competed more aggressively than the
main chains, because the main chains were less exposed to the
surrounding solvent than the side chains. Gly, which does not
have a side chain, competed in a slightly larger range of energy
than the other amino acids. The magnitude of the competition
for energy by the side chains varies depending on whether the
side chain is hydrophilic or hydrophobic. Hydrophilic side
chains gain a greater amount of conformational energy and
lose a larger amount of SFE. Therefore, the total energy

difference of the hydrophilic side chain was not significantly
different from that of the hydrophobic side chains. The
hydrophilic side chains, Asp9 and Argl6, lose more SFE
because of dehydration but also gain more conformational
energy by forming hydrogen bonds within the protein. The
hydrophobic residue Trp6 exhibited a smaller conformational
energy gain and SFE loss than Asp9 and Argl6. However, the
total energy gain was larger for Argl6, Trp6, and Asp9, in that
order, depending on the amino acid sequence and native
structure.

Figure 7 shows the differences in the average solvation
entropy term for each amino acid. The contributions of the
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Figure 7. Differences in the average solvation entropy of each residue
of the unfolded state from those of the native state. Gray, white, and
black indicate the sum of the main and side chains, main chain, and
side chain, respectively.

solvation entropy term of the main and side chains in the
entire Trp-cage are 17.4 and 13.9 kcal/mol, respectively. The
contribution of the main chain to the solvation entropy is 3.5
kcal/mol larger than that of the side chains. In particular,
Glyl0 and Glyll, which do not have side chains, have
relatively high values of 1.8 and 2.1 kcal/mol, respectively. The
contribution of Glyll was slightly higher because it is buried
inside the protein, possibly due to the absence of side chains,
which contribute to the compact structure of the Trp-cage.
The sum of contributions of these two residues is 3.9 kcal/mol,
which is almost equal to the difference between the
contributions of the main and side chains. In other words,
excluding the contribution of the main chains of the Gly
residues, the solvation entropy contributions of the main and
side chains are almost equal.

The contributions of secondary structures, hydrophobic
core, and salt bridge were also taken into account. The
contribution of the 3;,-helix from Glyl1 to Serl4 is 4.5 kcal/
mol and that of the a-helix is 14.3 kcal/mol. Notably, the latter
contribution includes those of the side chains of Tyr3, Trp6,
and Leu7 (5.1 kcal/mol in total), which form the hydrophobic
core. The formations of secondary structures such as a-helix
and 3y-helix contributed significantly to the increase in the
solvation entropy term. The contribution of the hydrophobic
core is 6.3 kcal/mol, which corresponds to 20% of the total
solvation entropy term. However, the contributions of Prol2,
Prol8, and Prol9, amounting to 0.4, 0.0, and 0.8 kcal/mol,
respectively, were not significant. As Barua et al. pointed out,
Pro/Trp interactions are not essential for the formation of a
hydrophobic core.”® Halabis et al. conducted NMR experi-
ments to show that the Trp6-Argl6 interaction remains, but
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the Trp6-Prol2 interaction disappears at 313 K.>° The
formation of the salt bridge between the Asp9 and Argl6
side chains increases the solvation entropy term by 5.0 kcal/
mol. Although these hydrophilic side chains are exposed to the
solvent, the formation of salt bridges increases the solvation
entropy. This indicates that the solvation entropy, which is the
source of hydrophobic interactions, plays a major role in Trp-
cage protein folding.

Bl CONCLUSION

Using the atomic decomposition method, we investigated the
contribution of the main and side chains of individual amino
acids to folding of the Trp-cage. In particular, we focused on
the hydrophobic core centered on the side chain of Trp6 and
the salt bridge formed by the side chains of Asp9 and Argl6.
The contributions of the hydrophobic core to the total energy
and solvation entropy were 15.6 and 6.3 kcal/mol, respectively,
and the corresponding contributions by the salt bridge were
10.9 and 5.0 kcal/mol, respectively. The sum of these total
energy contributions corresponds to 42% of the total energy
gain of the Trp-cage. More specifically, the gain attributable to
the solvation entropy was equivalent to 36%. Particularly
interesting is that not only the hydrophobic core but also the
salt bridge formation of the hydrophilic side chains contributes
to the energy gain of the Trp-cage due to the solvation
entropy. This insight highlights the pivotal role of solvation
entropy and the indirect influence of aqueous solvents on the
structural stability of a protein.

The analysis of the energy gain of the main and side chains
of the amino acids of proteins using the atomic decomposition
method deepens our understanding of the principles of protein
stability and folding dynamics. This methodology emerges as a
potent tool in investigations related to protein stabilization,
destabilization, and conformational ramifications brought
about by amino acid mutations. Such detailed analyses are
indispensable for the rational design of proteins, enabling
enhanced functionalities and, more broadly, a deeper
comprehension of protein mutations and their effects on
stability. The implications of our study extend beyond mere
understanding, potentially paving the way for pioneering
endeavors in de novo protein design, conceiving folding
architectures previously uncharted in natural systems.
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