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A quantitative understanding of the complex relationship between microscopic structure and the thermodynamics
driving peptide and protein folding is a major goal of biophysical chemistry. Here, we present a methodology
comprising the use of an extended quasi-Gaussian entropy theory parametrized using molecular dynamics
simulation that provides a complete description of the thermodynamics of peptide conformational states. The
strategy is applied to analyze the conformational thermodynamics of MR121-GSGSW, a peptide well
characterized in experimental studies. The results demonstrate that the extended state of the peptide possesses
the lowest partial molar entropy. The origin of this entropy decrease is found to be in the increase of the
density and orientational order of the hydration water molecules around the peptide, induced by the “unfolding”.
While such a reduction of the configurational entropy is usually associated with the hydrophobic effect, it is
here found to be mainly due to the interaction of the solute charges with the solvent, that is, electrostriction.

1. Introduction

The conformational thermodynamics of folding/unfolding
processes of peptides and proteins has been greatly studied.' ™
For the folded state to be stable in equilibrium, the increase of
the configurational volume of a polypeptide upon unfolding
needs to be compensated for by the remaining terms, which
may be (i) increased solute potential energy, (ii) increased
solvent potential and solute—solvent interaction energies, and
(iii) decreased solvent entropy due to solvent rearragement
around the solute. Terms (i)—(iii) are often combined to form
the energy landscapes depicted in protein folding funnels.>® A
quantitative understanding of the relative contributions of these
terms to unfolding is still elusive, and in particular, the question
remains as to whether unfolding is avoided mainly by an
increase of the energy or a decrease of the entropy of the
complete solute—solvent system at fixed pressure.

Protein folding may be largely driven by the hydrophobic
effect, causing an initial collapse of the extended chain.”$ An
indication of this is the positive change of heat capacity typically
observed for protein unfolding.® Exposure of hydrophobic
solutes may cause a decrease of entropy!? due to the necessary
creation of a cavity in the solvent*> and water depletion for
hydrophobic clusters of sufficient size.!! Hydrophobic solvation
may also increase solvent potential energy as water—water
hydrogen bonds may be disrupted due to contacts of water with
the hydrophobic surface.!? For large enough solutes, the effect
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of hydrophobic solvation on the solute chemical potential is
approximately proportional to the solvent-accessible hydropho-
bic surface area,®!%!3 and this has driven the incorporation of
corresponding terms into widely used computational implicit
solvent models.

Solvation of ions can also induce order in the hydration water
structure, in particular, by increasing the solvent density and
the number of orientationally ordered solvent molecules close
to the solute, thus reducing the entropy, an effect termed
electrostriction.! Ion solvation typically decreases the solute—solvent
interaction energy, but if this effect can be compensated for by
energetic favorable ion pairing in the folded state, a lower
entropy in the unfolded state due to electrostriction could, in
principle, drive the chain collapse. Indeed, in some cases of
peptide unfolding, negative heat capacities have been found,!*!3
and in other studies, the magnitude of the peptide partial molar
entropy decrease upon charge solvation has been estimated to
be similar to that of hydrophobic solvation for protein unfold-
ing.!'9 However, relatively little attention has been directed to
ion desolvation in peptide/protein unfolding studies, and its
effect on entropy is not considered explicitly in widely used
computational implicit solvent models.

In the present paper, we show a case of a mixed hydrophobic/
hydrophilic peptide whose extended state is destabilized by
entropy decrease that is, to a significant amount, due to charge
solvation. The peptide is a small glycine—serine repeat modified
with the oxazine derivative MR121 (a fluorescent dye) and
tryptophan residue (a specific quencher) at the terminal ends,
MR121-GSGSW (see Figure 1). In proteins, the glycine—serine
motif is frequently found in hairpins and loops, and hence,
glycine—serine-based peptides are commonly used as model
systems for studying end-to-end contact formation in unstruc-
tured polypeptide chains.'® Experimentally, the intrachain
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Figure 1. Visualization of the trajectory in the three-dimensional principal subspace. Each dot corresponds to one structure of the simulation
projected onto the principal subspace. The colors indicate the assignment to the seven conformational states. (a) View on the x—y plane of the
principal subspace. (b) View on the x—z plane of the principal subspace. (i)—(vii) Representative structures for the 7 conformational states, shown
with an overlay of line representations of 100 structures in the same state that are randomly drawn from the trajectory. The dye MR121 is indicated
in red, and the fluorescent tryptophan side chain is in blue. The frame colors correspond to the colors of the points in the principal subspace

projection.

contact formation is studied by monitoring selective fluorescence
quenching of the MR121 fluorophore by the Trp. End-to-end
contact formation and dissociation result in “off” and “on”
switching of the fluorescence signal, respectively, providing
information on the peptide conformational thermodynamics and
kinetics.!”

Recent advances in computational power allow the thermo-
dynamics of reversibly folding peptides to be computed using
explicit solvent and thus to produce testable predictions.'8720
However, a theory that, from a set of simulations, computes
the complete experimentally relevant thermodynamics for each
conformational state of a system has been, as yet, elusive. Here,
addressing this need, we present an extension of the quasi-
Gaussian entropy (QGE) theory. The theory provides a quantita-
tive model for the full partial molecular thermodynamics, that
is, changes in partial molecular energy, entropy, heat capacity,
and volume, for all conformational states depending on tem-
perature. The partial molecular thermodynamics provides the
change of thermodynamic properties upon insertion of a single
molecule at constant pressure, analogously to the partial molar
thermodynamics. The QGE theory presented earlier?!=2* is
basically an extension of the fluctuation theory.? In QGE theory,
the fundamental expressions of statistical mechanics are refor-
mulated in terms of the distribution function of the fluctuations
of a macroscopic property, such as the potential energy of the
system. By modeling the distribution of this property, an
analytical solution for the thermodynamics of the system can
be obtained. It has been shown that this theory reproduces
experimental fluid—liquid state thermodynamics with high
accuracy for a variety of physical—chemical systems over very
large temperature and density ranges.?*~3° However, attempts
to describe the statistical mechanics of conformational equilibria
based on simulation data have been hitherto limited to simple
molecules in the (ideal) gas phase.’!

The extended QGE theory is applied here to derive the
thermodynamics associated with molecular dynamics (MD)
simulations of the peptide at several temperatures between 293

and 600 K. The different conformational states of the peptide
are defined by the long-lived states at the experimental tem-
perature of 293 K.!7 The probability of open conformations
quantitatively agrees with the experimentally measured prob-
ability of fluorescent conformations. Using estimations of the
mean potential energies and free-energy changes of the con-
formational states from MD simulation, an analytical QGE
model is constructed that describes the complete thermodynam-
ics of the conformational states over a large temperature range.
In particular, we analyze the temperature dependence of partial
molecular Gibbs and Helmholtz free energies, internal energy,
and entropy and relate these properties to the structures of the
corresponding conformations. Furthermore, by analyzing the
QGE model parameters, the physical relationships between
molecular structures, partial molecular volumes, and energetics
are revealed. In this way, an extended state is found that
possesses the lowest partial molecular energy and entropy of
all states. An analysis of the solvent structure and density shows
that this behavior is due to a decrease of the solvent volume
per molecule and to an increase of the number of orientationally
ordered solvating water molecules. A major part of these effects
is, in turn, shown to be induced by the solvation of charges
upon extension, that is, electrostriction.

2. Theory

In the QGE theory, the thermodynamic quantities of the
system are expressed in terms of an excess with respect to a
theoretical thermodynamic reference condition (QGE reference
condition). Such a reference state is identical to the actual system
conditions for chemical composition, number of molecules,
volume, and temperature, but its Hamiltonian does not include
any intra- and intermolecular potential energy, that is, molecules
do not interact, and only the kinetic energy, the reference
(quantum) vibrational energy and the reference electronic
ground-state energy are considered. Therefore, for such a virtual
ideal gas state, the semiclassical degrees of freedom of each
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molecule move freely, and the (quantum) vibrational modes
within the molecule, classically equivalent to holonomic con-
straints and typically associated with bond length and angle
coordinates, ensure the topological stability of the molecules.
The thermodynamics of this reference condition can be typically
obtained by simple statistical mechanical calculations, while the
excess thermodynamics can be expressed by the distribution of
the system’s potential energy fluctuations. Hence, for a given
model distribution considered, a corresponding analytical model
for the excess thermodynamics is obtained. It has been shown
that the QGE Gamma state (i.e., the QGE solution based on
modeling the potential energy fluctuations by a Gamma
distribution) provides an accurate quantitative description of the
excess thermodynamics of liquid systems made of rigid or
semirigid molecules.?673032734 Here, the solute is considered
to be infinitely diluted, and therefore, the complete solution
thermodynamics can be obtained considering only a single solute
embedded in a large number of solvent molecules,?? that is, the
simulation box termed “whole system” here.

In order to treat the thermodynamics of a flexible molecule
like a peptide solvated by water molecules (rigid solvent
molecules), we considered that it is always possible to partition
the peptide intramolecular configurational space such that each
configurational subspace (conformational state) is equivalent to
a semirigid molecular species that is hence covered by the QGE
Gamma state solution. Therefore, the overall thermodynamics
of the solute—solvent system can be described by a set of
Gamma states.

To express the solute conformational state thermodynamics
in the QGE framework, the chemical potential of the solute’s
ith conformational state, u;, is related to the corresponding excess
chemical potential, ;333 (the chemical potential shift between
the actual and QGE reference conditions)

P,
Alui = Aﬂi' + Alui,refztui _/’erAi _Ar = _kBTln [_)l (1)

r
The A always refers to the change of a property in a given
conformation with respect to its value in the reference confor-
mational state r, for example, Ay’ = ' — u'. A; and A, are
the Helmholtz free energies of the whole solute—solvent system
with the solute in the ith and reference conformations, respec-
tively, the subscript ref indicates properties in the QGE reference
condition, and P is the equilibrium probability of a given
conformational state. The reference chemical potential change
in eq 1 is readily obtained from the definition of the QGE
reference condition,??3% assuming no significant variation of the
solute quantum vibrational partition function for the different

conformational states

f Vdet Il;ldxin
Aty = —kTIn =—=—
[ Vdet Mdx,,
\/det A;Ii Q,
= kTl —— — &, T'ln &' @)
det M, r
with
— [Vdet ax,,
Vdet M, =——" Q= [dx,

i i ovin
j; dx;,

and likewise for state r. Here, xj, are the solute (classical)
internal coordinates, the subscript of the integral sign indicates
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that integration is taken only over the intramolecular configu-
rational subspace associated with the corresponding conforma-
tional state and M is the (classical) solute mass tensor. Note
that in the present case where only the bond length stretching
vibrational modes are considered in the peptide (quantum)
vibrational partition function, the assumption that vibrational
energies are independent of the conformational states is an
excellent approximation. In fact, for the high-frequency stretch-
ing modes, the atomic environment modifications induced by
the conformational transitions, which are unaccompanied by
covalent rearrangement, typically provide frequency variations
within a few cm™!, negligible in our calculations.

The excess chemical potential in eq 1 is provided by the
Gamma state solution of the QGE theory??

€.
Au; = Auy; — Acyy [ T,ATD) + pr(DAv; — kgTln = (3)
€,

Substituting eqs 2 and 3 into eq 1 provides along an isochore
Au;= Auy | = Acyy [ TAT) +p' (DAv, — kgTn vy, (4)
with Aug; = u/(To) — u/'(To), Acvo' = cvi'(To) — cv.i' (To),

Avi=v; — v, and y; = Q,»e_,-\/(det A;Ii) /Qré_r\/(detll;lr) . Here, u'
is the excess partial molecular internal energy, c'y the excess
isochore partial molecular heat capacity, and v the partial
molecular volume, which is temperature independent along an
isochore for a Gamma state. The €is the confinement fraction
providing a pure entropic partial molecular term that is typically
associated with the hard-body-excluded volume; p' = p — prer
is the excess pressure, and 7y is the reference temperature

1 T T(1 = 0y)
AN =+ +——1
D=3, 1,00 T =00+ Ty,

where Jg is a dimensionless constant. Note that within solute
infinite dilution conditions, p' and A, being intensive properties,
are fully determined by the solvent, that is, they are identical
to the corresponding pure solvent Gamma state functions.>3

Using general thermodynamic relations for excess partial
molecular properties,®> we may relate the partial molecular
Helmholtz free energy a and the chemical potential with the
corresponding excess properties via

/’t’ =d +p’U=ﬂ _Auref:a_aref—i_py_prefuref

Wlth Aref = Uref — PrefUrefs Pref = pskBT, and PrefUref = kBT, thiS
provides
a =a—a+ pkgTv—kgT

ref

where ps is the solvent molecular density. In the QGE reference
condition, the partial molecular internal energy is independent
of the system volume, that is, u' = u — us, where, within our
approximations, urr is a constant identical for all of the
conformational states. Using the general expressions of the
Gamma state excess thermodynamic properties,>> we obtain
along an isochore for the partial molecular properties

Aa(T) = Auy; — Acyy ; TAT) — kT Iny; — pkgTAv;
®)

TyAcyy; T—T,
T |T(1— 0y +T,0,

As(T)= +AD| +

kg Iny;+ pkgAv; (6)
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Au(T) = Au,(T) = Auy; + (7

Acy (T) = Acy; = Ac VO,i’(

B(ﬂAﬂi))

Auy (T) ( B )= U= U ©)
with § = (kgT)~!, U; and U, being the internal energies of the
whole system with the solute in the ith and reference conforma-
tions, respectively, s the partial molecular entropy, and use
having been made of Ad; rf = Au; rer. Note that the entropy
change (eq 6) is expressed by three terms. The first one,
proportional to Acyy,, reflects the changes of the potential
energy fluctuations due to the conformational change, the second
one (kg In y;) provides the effect of the different accessible
configurational volumes for the rototranslationally fixed solute,
and the third one (pskAv;) is due to the change of the available
three-dimensional volume resulting from different solute partial
molecular volumes.

The properties Auo,', Acw,’', Avi, and In 7y, are regarded as
parameters and can be estimated if simulation data are available
for at least four different thermodynamic conditions (e.g.,
temperatures). The detailed fitting procedure described in
previous papers3>33 is performed in two stages. First, Aug', Acw',
and Av may be obtained by fitting the mean potential energy
of the whole simulation box with the corresponding Gamma
state expression, for each solute conformation. Second, by fitting
the chemical potential change as obtained by MD simulations
via Au; = A; — Ay = —kgT In(Pi/P;) with eq 4, y may be
evaluated for each conformation.

The previous equations readily provide the solute thermo-
dynamics considering all of its conformational states (Supporting
Information). Of particular interest here is to distinguish between
the species with ends not in contact, which is experimentally
characterized as “unfolded” (U), and the species with ends in
contact, or “folded” (F). The previous equations may then be
formulated for each subset to provide the thermodynamics of
the end-to-end contact formation process. In particular, the
probability of the unfolded condition, Py, and the unfolding free
energy, Auy, are given by

S exp(—fu)
P =9 00000 (10)
TS - pu)
J
P z exp(—fAw,)
U 1o
Auy=—kgTIn =—kzTIn
I=Py > exp(—BAu)
Finy,
(11

It is worthwhile noting that this QGE model, describing the
peptide thermodynamics along an isochore, might be also used
to reconstruct the peptide thermodynamics along an isobar by
using QGE models for different solution isochores.

3. Methods Section

A detailed description of the simulation methods is provided
in the Supporting Information. A set of MD simulations of the
MR121-GSGSW peptide in water over a wide temperature range
(293—600 K) was performed using the GROMOS96 force field
in explicit solvent using periodic boundary conditions. The
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C-terminal end of the peptide was modeled as COO~ to
reproduce a pH of about 7 as in the experimental conditions.!’
Simulation lengths at the different temperatures were the
following: 1040 ns at 293 K, 250 ns at 350 K, 300 ns at 400 K,
200 ns at 450 K, 150 ns at 500 K, and 140 ns at 600 K.

A principal component analysis was applied to the 293 K
simulation data, and the three first principal components were
selected to define the essential conformational subspace used
for the visualization in Figure 1 and to partition the state space
into conformational states (see below).

In the version of QGE used here, it is assumed that the
potential energy fluctuations of the system within a given
conformation are well described by a Gamma distribution. This
assumption is valid if the conformational state is “simple” in
the sense that it consists of a single free-energy basin. Confor-
mational states with internal energy barriers may exhibit a more
complicated potential energy distribution that may be better
modeled by multiple Gamma states. For this reason, the system
states (i.e., conformations) were defined in a way partitioning
the principal subspace at the free-energy barriers, thus minimiz-
ing state-internal energy barriers. This was done here using the
improved Perron cluster cluster analysis (PCCA),%% thus
providing seven long-lived conformational states which were
used to parametrize a QGE model with seven Gamma states.
In practice, it is likely that many different ways of partitioning
provide a valid multi-Gamma-state behavior. Note that the
essential subspace dimension used to define the conformational
states, that is, the full dimension configurational ensembles
whose projections in the essential subspace belong to the
conformational regions considered, should guarantee that each
conformation (free-energy basin) corresponds to a rigid or
semirigid solute condition if a Gamma state basis set is to be
used. When an insufficient number of essential subspace
dimensions is considered (in the present case, 1 or 2),
significantly different structures may be projected on top of each
other, possibly leading to an unsuitable definition of states.
Ideally, for a multi-Gamma-state QGE model, many confor-
mational states defined in a high-dimensional subspace should
be used so as to ensure that within each state, the energy
fluctuations can be very precisely described by Gamma distribu-
tions, that is, rigid or semirigid solute condition. The more states
used, however, the less statistics for each state that is available
to parametrize the model. The seven conformational states
defined within the three-dimensional essential subspace used
here are then a compromise between accuracy and statistics,
that is, the simplest accurate multi-Gamma-state model for the
peptide studied, providing a good resolution for the relevant
conformational transitions. A comparison of the quality of the
QGE model resulting from varying the number of states and
simulation lengths is provided in the Supporting Information.

After the clustering, each structure along the trajectory is
assigned to one conformational state. In Figure 1, the projection
of the T = 293 K trajectory on the principal subspace is colored
according to the assignment to each of the seven conformations.
Representative structures are also given. Five conformations
mainly contain structures in which the MR121 dye and the Trp
are stacked (i, iii, iv, vi, vii). In the two remaining conforma-
tions, (ii, v), the end groups are not stacked; v is still relatively
compact due to contacts within the peptide and between the
peptide and the end groups, while ii is a completely extended
or “unfolded” conformation.

Using the above definition of the seven conformational states,
a QGE model was built as described in the theory section. State
vi was chosen as the reference state, and thus, all QGE
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Figure 2. Predictions of the QGE model in the 150—700 K temperature
range. The coloring scheme is the same as that in Figure 1. Panel e
shows the unfolding free energy, that is, change of the free energy of
the open species (states ii, v) with respect to the free energy of the
closed species (states i, iii, iv, vi, vii). The vertical bars indicate the
standard deviation of the properties resulting from the uncertainties of
the MD input data used to obtain the QGE model. For visual clarity,
standard deviations are only shown for states ii and v, characterized
by the largest noises.

parameters and all properties computed from the QGE model
are given in terms of differences with respect to this state. The
use of a different conformation as the arbitrary reference state
would only shift the conformational properties without changing
their relative values. To validate the reliability of the QGE
model, the uncertainties of the QGE parameters and model
predictions resulting from finite sampling of the MD simulations
were estimated as described in the Supporting Information.

4. Results

In order to assess the accuracy of the QGE model, Au and
Auy as provided by the QGE model are compared with the
corresponding values directly obtained by the simulations at
different temperatures as indicated by eqs 1 and 9. The QGE
model predictions and the simulation data differ by no more
than 1—2 standard errors of the simulation data (see Figure 3),
showing that the model is consistent (note that in all of the
figures and tables, the partial molecular properties are expressed
for 1 mol of solute, thus being equivalent to partial molar
properties). It must be pointed out that Auy was not directly
used to parametrize the model,?® and hence, the accurate
reproduction of this property shows that the model is consistent
with the data and thus predictive. As a second test, the QGE
model is used to calculate the relative fluorescence quantum
yield, which corresponds to the equilibrium fraction of fluo-
rescent conformations if the fluorescent emission can be
considered to be much faster than conformational changes.
Assuming, as usual, that radiative relaxation only occurs when
the dye and Trp are far apart (in our model conformations, ii
and v), this quantum yield is given by eq 10. At 293 K, the
QGE model predicts a relative quantum yield value of 13%,
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Figure 3. Validation of the QGE model by comparing the predictions
of the model (solid lines) with the MD simulations (bullets with error
bars). (a) The free-energy changes of the full system with respect to
the blue reference state, AA, as obtained by MD simulations compared
to the corresponding QGE prediction, Au. (b) The mean potential energy
changes with respect to the blue reference state, AU, as obtained by
MD simulations compared to the corresponding QGE prediction, Auy.
The coloring scheme is the same as that in Figure 1, and the error bars
correspond to one standard error of the simulation data.

reproducing exactly the experimental value (personal com-
munication, M. Sauer, University of Bielefeld, Germany).
Figure 2 shows the temperature dependence of the QGE
predictions for the partial molecular Gibbs (Ax) and Helmholtz
(Aa) free energies, the internal energy (Au), and the entropy
(As) for each of the seven conformational states (note that these
are changes with respect to the reference conformational state
vi). The comparison of these curves with the corresponding
model parameters (Table 1) and with the main structural features
of the corresponding states (Figure 1) is instructive.
Conformations i and vi are almost mirror images with respect
to the relative positions of the MR121 dye and the Trp side
chain. In both conformations, the dye and Trp point in the same
direction, but the stacking order of these end groups is inverted.
Conformation i can thus be transformed into vi (and vice versa)
by moving the Trp to the other side of the dye. Indeed, the
QGE parameters and thermodynamic properties of these two
conformations are similar (see Table 1 and Figure 2). State i
has a slightly lower Aug', resulting in a slightly lower partial
molecular energy (Au;i(T); see Figure 2). At the same time, its
partial molecular accessible configurational volume (expressed
via In y) is slightly lower, resulting in a decreased partial
molecular entropy Asi(T). The partial molecular Helmholtz,
Aa(T), and Gibbs, Au(T), free energies indicate that vi is
thermodynamically more stable as a result of its higher entropy
overcompensating the unfavorable energy. Similarly to the pair
i and vi, conformations iii and vii are also nearly mirror images
with an inverse stacking order. Here, however, in both confor-
mations, the dye and Trp point in opposite directions. Again,
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TABLE 1: QGE Parameters for Each of the Seven Conformational States®

state Aug' in kJ/mol Acyy' in kJ/ (mol/K) Av in L/mol Iny

i —2.23 &+;5.22 —0.0046 &+; 0.019 —0.0088 &=+; 0.013 —2.17 &+; 3.88

ii —26.10 &=+; 7.48 —0.075 &=+; 0.024 —0.090 &=+; 0.018 —20.1 &=+; 5.11

iii —9.23 &+; 4.08 —0.021 &+; 0.015 —0.026 &=+;0.010 —6.07 &=+; 3.08

iv —15.29 &+;2.54 —0.034 &+;0.010 —0.043 &=+; 0.006 —8.62 &=+; 1.94

v —16.66 &+;2.94 —0.020 &=+; 0.11 —0.047 &=+; 0.007 —8.07 &=+;2.25

vi 0 0 0 0

vii —6.27 &=+; 3.04 —0.033 &+; 0.012 —0.021 &=+; 0.007 —4.95 &+;2.35

“The errors indicated correspond to a standard deviation of the parameters resulting from the uncertainties in the input MD data used to

obtain the QGE model.

the QGE parameters and thermodynamics of these two confor-
mations are rather similar, with state iii being the one with lower
Aug'/lower energy (Auz(T) < Auyii(T)) and lower accessible
configurational volume In y/lower entropy. The partial molecular
Gibbs and Helmholtz free energies are again entropically
dominated, leading to vii being thermodynamically more stable
than iii.

When grouping together the states with no end-to-end contact,
ii and v, to define the “open” set, the thermodynamics of opening
is obtained as a function of temperature from eq 11. In Figure
2e, the opening free energy (Auy) is shown and exhibits an
inverted U-shape typically observed in proteins.®38 The figure
indicates that the closed states are predominant over almost the
whole temperature range considered. They are most stable in
the range of 300—500 K, although the magnitude of Auy being
about 2kgT indicates that the open states are still accessible.
Only for very low temperatures (below 155 K) are the open
states stabilized over the closed ones. This trend may be
compared to “cold denaturation”, which may occur in proteins
at temperatures close to the liquid—solid transition.~4!

The extended open state ii is especially interesting. This state
has the lowest partial molecular internal energy and entropy
for T > 150 K. This cannot be explained in terms of solute
contributions (intrapeptide interactions and chain flexibility),
which have the opposite effect. A direct computation of the
solute internal mean potential energy for each conformation from
MD simulations shows that this energy term increases upon
extension by more than 100 kJ/mol. Furthermore, the volume
of the solute conformational region corresponding to state ii is
similar to the volumes of the other conformational regions (see
Figure 1), indicating that the state ii negative entropy change is
not due to a reduction of the solute internal configurational
volume. Moreover, state ii has a strongly negative partial
molecular volume change, Avs;, which is manifested as opposing
trends of the Gibbs and Helmholtz free energies with temper-
ature (see Figure 2). The collapsed open state v exhibits similar
thermodynamic behavior, having the second-lowest partial
molecular energy, entropy, and volume. This correlation of
partial molecular energy, entropy, and volume can be understood
further in terms of the QGE parameters Av, Auy', In 7, and
Acyy', which are highly positively correlated (Figure 4).
Decrease of the partial molecular volume (negative Av) is
associated with an improvement of the energetic interactions
(negative Auy'). The changes in partial molecular volume are
also correlated with the changes in partial molecular heat
capacity (Acyo') and accessible configurational space (In ),
which both determine the partial molecular entropy as given in
eq 6. Here, the change of accessible configurational space is
the dominant component, for example, for the extended open
state ii at 293 K; the contribution of this term is five times larger
than that of the remaining terms.

The negative values of Awu; and Awy indicate a volume
reduction of the complete solute—solvent system at constant
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Figure 4. Correlations among the QGE parameters for the seven
conformations. The error bars indicate the standard deviation of the
parameters resulting from the uncertainties in the MD input data used
to obtain the QGE model.

0.025 T T T 5
L e As oA
ok X Au lVI =0
b X. 1
o .. ol
-~ -0.025 x vii —4.5
V! 8 12
T, 005 A 4108
E [ Y iv 1 g
2 -0.075 v X 4-153
< L I
< 01k 420
-0.125% —4-25
'.ll q
y - = -30

L L
-0.1 -0.05 0
Change in solvent volume (/mol)

Figure 5. Correlations between changes in solvent volume, partial
molecular energy, and entropy at 7= 293 K.

pressure upon extension. To determine whether this is due to
solute or solvent volume changes, the mean solute and solvent
volume changes were computed for each structure of the
molecular dynamics simulation at 7 = 293 K. To avoid
conclusions based on artifacts produced by the volume com-
putation algorithm, two approaches were compared, (i) a
Richards-type volume (see Supporting Information for details
on the algorithm) which partitions three-dimensional space
according to van der Waals radii of the atoms and (ii) the
solvent-excluded volume using a probe sphere of 0.14 nm.*?
Table 2 reports the mean volume changes with respect to state
vi, showing that the solvent volume changes are the dominant
component of Av. While the solute volume increases upon
extension, this is overcompensated by the strong reduction of
solvent volume, independent of the volume computation algo-
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Figure 6. (A) [dos 6,[] with 0, being the angle between the vectors
(i) from closest solute atom to the solvent O and (ii) from solvent O to
the midpoint of solvent H’s. (B) (3 cos? 6, — 1[] with 0, being the
angle between the vectors (i) from closest solute atom to the solvent O
and (ii) the normal of the solvent plane. (C) Number of solvent
molecules per shell thickness at a given distance from solute. (D)
Cumulative number of solvent molecules after a given distance from
the solute.

TABLE 2: Changes of Solute Partial Molecular Volume and
Mean Solute and Solvent Volume of the Seven
Conformations As Obtained by the 293 K MD Simulation
(all volumes measured in L/mol)

solvent-excluded

Richards volume volume

state Av AVsolute Avsolven[ AVsnlule AVsnlvem
i —0.0088  —0.0081 —0.0007 0.0028 —0.0116
ii —0.090 0.0385 —0.1285 0.0272  —0.1172
iii —0.026 0.0045 —0.0305 0.0032  —0.0292
iv —0.043 0.0055  —0.0485 0.0014  —0.0444
v —0.047 0.0199  —0.0669 0.0034  —0.0536
vi 0 0 0 0 0
vii —0.021 0 —0.021 —0.0008  —0.0218

rithm. Therefore, both the partial molecular energy and entropy
are highly correlated with the changes in solvent volume (Figure
5). In the extended open state ii, the solvent volume is reduced
by 0.13 L/mol per solute molecule, corresponding to the
volume of about seven bulk water molecules. Thus, the
entropy reduction in the open states ii and v can be first
explained by a reduction of the accessible configurational
volume due to the reduction of solvent volume.

Second, the accessible configurational volume may also be
reduced by restricting the orientational degrees of freedom of
the solvation waters. The water molecules in the first solvation
shells exhibit clear orientational preferences with respect to the
bulk in all conformational states (see Figure 6A and B). Here,
the per-water distribution of orientation angles near positively
charged, negatively charged, and hydrophobic surface patches
was not found to change significantly between different solute
conformations. This is demonstrated by the water orientation
correlation functions shown in Figure 6A and B, which are
almost identical in different conformations. However, the
absolute number of water molecules in the first solvation shells
is larger in the extended open state (see Figure 6C and D). This
is due to both the increase of solvent density and the sheer
increase of spatial extent in the extended state (64 water
molecules within 0.35 nm from the solute in state ii versus
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50—54 water molecules in the other states). Thus, state ii has a
larger number of oriented water molecules, providing an
additional entropy reduction.

What is the structural origin of the configurational volume
reduction accompanied by entropy decrease? Such an effect may
occur when exposing hydrophobic surfaces'>* and when
solvating charges (electrostriction).!32#445 Both the hydrophobic
effect and electrostriction can reduce the configurational volume
by inducing order in the solvent structure.-!! The present peptide
has both hydrophobic (the Trp side chain and parts of the
MR121) and hydrophilic (the COO™ terminus, the peptide
backbone, and parts of the positively charged MR121) groups,
each covering about 50% of the solvent-accessible surface. Both
hydrophobic and hydrophilic surfaces increase by 10—20% upon
extension.

Interestingly, both the hydrophobic effect and electrostriction
contribute to the collapse and closure process in the present
peptide (see Figure 7). In fact, the peptide collapse from the
extended open state ii to the collapsed open state v is
characterized by decreasing solvent density and number of
oriented solvent molecules, both contributing to the increase of
the peptide partial molecular entropy, as a result of a drastic
reduction of the peptide mean dipole moment (from 76 to 43
Debye). The slight reduction of the mean hydrophobic surface
area upon the ii — v transition clearly implies no significant
hydrophobic effect in the conformational change. Thus, the ii
— v transition is mainly a “polar” collapse, driven by electros-
triction. The closure of state v into the collapsed closed states
further increases the peptide partial molecular entropy, as a
consequence of the reduced hydrophobic surface area (the
peptide mean dipole remains constant). Therefore, direct collapse
and closure ii — {i,iii,iv,vi,vii} is thus driven by a combination
of the hydrophobic effect and electrostriction.

5. Conclusions

In the present work, the QGE theory is extended to provide
an analytical model for the conformational thermodynamics of
complex solvated molecules. This theory is applied to quanti-
tatively describe the complete equilibrium statistical mechanics
of the conformational states of the fluorescent peptide MR121-
GSGSW in solution. The QGE model was parametrized by using
MD simulations at several temperatures along the typical
liquid—water isochore.

If a suitable definition of conformational states is used, that
is, each state corresponds to a single free-energy basin in the
conformational space considered, equivalent to a rigid or
semirigid solute condition, a single Gamma state QGE model
describes accurately the partial molecular thermodynamics of
each conformational state over a large temperature range. The
model shown here used seven conformational states and was
shown to be reliable as it is both consistent with the MD
simulations and also precisely predicts the experimentally
measured fluorescence relative quantum yield. This model
provides a comprehensive picture of the coupling between
structures and thermodynamics in the conformations accessible
to the peptide.

For the system studied here, the extended or “unfolded” state
is characterized by the lowest partial molecular energy and
entropy. This, at first sight, counterintuitive result cannot be
explained in terms of solute intramolecular energy and flex-
ibility, which are larger in the extended state. Rather, peptide
collapse and closure is driven by solvent effects. The low
energies and entropies for the extended and open states are due
to solvent volume reduction and an increase of the number of
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Figure 7. Hydrophobic effect versus electrostriction in the collapse and closure of the peptide. The polar collapse ii — v, driven by electrostriction,
is determined by the peptide large reduction of dipole moment. The closure v — closed states is driven by the hydrophobic effect. The direct
folding ii — closed states involves a mixture of polar and hydrophobic collapse. The standard deviations of the SASA are below 0.13, and the

standard errors are below 107* for all states.

oriented solvent molecules around the solute. It is found that
the entropy reduction is driven not only by the hydrophobic
effect but also by a significant, and perhaps dominating, ordering
and density increase in the first solvation shell upon exposure
of charges, that is, electrostriction. Thus, the compaction of the
extended open conformation ii into the open conformation v is
not a hydrophobic but rather is a “polar” collapse. The present
results thus illustrate the essential role of the solvent in
determining peptide conformational thermodynamics. While the
results confirm the usefulness of explicit solvent models in
peptide MD simulations, they also indicate that a way of
improving implicit solvent models might be to explicitly
incorporate terms that consider the entropy change upon charge
solvation.

To the knowledge of the authors, this is the first time that
the thermodynamic relevance of electrostriction has been
explicitly shown for a complex mixed hydrophobic/hydrophilic
system. A negative heat capacity change upon extension is also
observed, which is indeed regarded as a signature for polar
solvation’ and was also found for the unfolding of other
polypeptide systems.'*!3 This contrasts with the typical results
for protein unfolding, where a positive heat capacity change is
observed® and where the hydrophobic effect is regarded as the
dominant contribution to the initial collapse. Most peptides and
proteins possess a more homogeneous charge distribution than
the present system, and one may thus assume that the effect of
electrostriction is reduced in such systems. Nevertheless, given
the present results and the fact that proteins do have many polar

and charged groups, electrostriction may turn out to be an
underrated contribution to protein folding thermodynamics.
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