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a b s t r a c t

2,2,2-Trifluoroethanol (TFE) is a well-known protein a-helix stabilizer; nevertheless, after much investi-
gation, no consensus has been reached on TFE’s stabilizing mechanism. TFE alters the structure of water
and affects its dielectric properties, but also competes with it for hydrogen bonds with the backbone and
side chains of proteins. Thus, indirect and direct mechanisms of TFE activity have been proposed. The
direct mode is especially appealing: TFE establishes hydrogen bonds with the carbonyls of the peptides’
backbones, eliminating water, apparently protecting the intra-helix hydrogen bond. Because these inter-
actions occur simultaneously with other changes in the solution structure, it is difficult to disentangle the
contribution of direct vs. indirect processes to the TFE stabilizing effect. Here, we perform extensive
enhanced sampling simulations of the (AAQAA)3 peptide in mixtures of water and TFE at various concen-
trations. Minimum-distance distribution functions (MDDFs) and the Kirkwood-Buff (KB) theory of solu-
tions are used to understand the molecular and thermodynamic basis of the TFE mechanism of a-helix
stabilization. The simulations confirm the stabilizing role of TFE on the helical content of the peptide
and that the helical structures are preferentially solvated by TFE. TFE effectively interacts with the protein
backbone, excluding water, in agreement with the direct-interaction model. Yet, simulations allow
alchemical experiments to be performed, and thus we modified the intermolecular backbone-TFE inter-
actions to prevent the putatively stabilizing hydrogen-bond. Surprisingly, the peptide’s helical content
increased, showing that these direct contacts have a denaturing effective contribution. At the same time,
the preferential interaction parameters remain basically constant in the absence of the TFE-backbone
hydrogen bonds. Therefore, the model of TFE helix stabilization based on the protection of backbone
hydrogen bonds by hydrogen-bonding the backbone’s carbonyl is not supported by evidence. We show
that TFE non-specific interactions with the helical conformations are stronger than with the coil states,
excluding water.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

The fluorinated alcohol 2,2,2-Trifluoroethanol (TFE) is a well-
known stabilizer of the a-helical structures of peptides and pro-
teins. The mechanisms for this stabilization are thoroughly investi-
gated [1,2]. TFE effects on protein structures can be rationalized in
terms of many physical phenomena, because as a cosolvent it per-
turbs the structure of water [2–4], lowers dramatically the dielec-
tric constant of the solution [5], forms clusters [6,7], promotes
preferential hydrophobic solvation [8,9], and, additionally, is able
to form hydrogen bonds with the protein, with the backbone in
particular [1,2]. Because of this plethora of effects on the solution
structure and interactions, the stabilizing role of TFE on helices is
difficult to rationalize. For instance, various experimental studies
demonstrate that TFE interacts directly with the protein structure
excluding water molecules [5,10,11], interactions that are con-
firmed by molecular dynamics (MD) simulations [3,11]. According
to these findings, TFE also lowers the frequency of persistent
protein-water hydrogen bonds, particularly with the backbone
atoms.

TFE is able to form a hydrogen bond with the backbone carbonyl
atom, as shown in Fig. 1 [1,2]. This interaction apparently does not
interfere with the helix’s intramolecular hydrogen bond and pre-
vents water from doing so [1,2]. From this observation, a struc-
turally appealing direct-interaction mechanism for helix
stabilization can be proposed. However, equilibrium hydrogen iso-
tope partitioning measurements, indicated that intra-helical
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Fig. 1. Hydrogen bonding models of A) water and B) TFE with the helix backbone. Water molecules act as both H-bond donors and acceptors, causing the peptide’s
intramolecular H-bonds to be disrupted. On the other hand, TFE is a strong H-bond donor but a poor acceptor [5]. As a result, it was proposed that the acidic hydrogen of TFE
can interact with the oxygen of the backbone while protecting the peptide’s intramolecular H-bonds (N-H� � �O) that stabilize the helix [1,2]. Figure adapted from reference [1].
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hydrogen-bonds are not strengthened by the presence of TFE [12],
suggesting that the stabilization occurs by reinforcing the structure
of the solution, which increases the energetic cost of the solvation
of the unfolded peptide surface. Thus, the mechanism of TFE helix
stabilization was rationalized also in terms of the preferential
interaction of the helical structures or by the indirect perturbation
of the water structure [3,11,13,14]. It is of course possible that both
direct and indirect mechanisms cooperate to stabilize the helices.
Probing the contribution of each mechanism to the overall stabi-
lization effect is difficult, particularly with experimental
approaches.

In this work, we conduct extensive enhanced-sampling molec-
ular dynamics simulations of the conformational equilibrium of
the Ace-AAQAAAAQAAAAQAA-NH2 (AAQAA3) peptide in water
and in various concentrations of TFE. This peptide displays a model
helical structure in water, and is used in experimental and compu-
tational investigations of the role of cosolvents on helix stability
[15–21]. By analyzing the solution structure and thermodynamics
using Minimum-Distance Distribution Functions and the
Kirkwood-Buff theory of solvation, we are able to describe the
accumulation of TFE on the surface of the peptide and its effect
on the hydrogen bond network of the solution. We confirm the cur-
rent structural and thermodynamic pictures of TFE’s interactions
with the peptide matrix. However, in what follows, we modify
the TFE-backbone interaction potential to impair the formation of
hydrogen bonds, and show that this leads, perhaps unexpectedly,
to the potentialization of the TFE helix stabilizing effect. This
implies that despite the direct backbone-TFE interactions, the heli-
cal structure is maintained via mechanisms linked to the structure
of the solution and/or to the exclusion of water from the protein
neighborhood by non-specific preferential solvation.
2. Methods

2.1. Molecular dynamics simulations

Various algorithms have been used to improve the sampling in
molecular dynamics, such as replica-exchange molecular dynamics
(REMD) [22–24], metadynamics [25], and simulated annealing
2

[25,26]. The method Temperature Replica Exchange Method
(TREM) in particular has garnered recognition for being conceptu-
ally sound and practical, particularly for being trivially paralleliz-
able [27–29]. Regrettably, the number of replicas required to
obtain a representative sample increases linearly with the square
root of the total number of degrees of freedom in the system
[30]. To address this issue, a variant of this technology called
Replica Exchange with Solute Tempering (REST1) was developed
[31,32]. REST1 effectively heats only the solute while leaving the
solvent unchanged. REST1 is more efficient than TREM when
applied to tiny solutes such as the alanine dipeptide; but, when
applied to large systems, REST1 can be even less efficient than
TREM [31,32].

To compensate for REST10s inefficient sampling, the method
Replica Exchange with Solute Tempering-2 (REST2) was developed
[30]. REST2 was found to sample the conformation space more effi-
ciently than REST1 [30]. The modified scaling of the Hamiltonian is
employed in the REST2 algorithm to alter the parameters of the
force fields, allowing the entire system to be heated [33,34]. In this
work, we employed the REST2 method [30] to study the effect of
TFE in the conformational stability of the AAQAA3. By using this
accelerated sampling strategy and modern computer facilities,
we are able to probe a converged equilibrium ensemble of the fold-
ing reaction and to compute the solvent structure and thermody-
namics in detail. Some of our results corroborate previous
qualitative simulation studies of TFE mechanisms of helix protec-
tion [3], within a rigorous thermodynamic framework.

All simulations were performed in the software GROMACS
(v2019.4) [35] patched with PLUMED (v2.5.5) [36] at the tempera-
ture of 300 K. In REST2, all replicas are run at the same tempera-
ture, but the potential energy for each replica m is scaled
according to Eq. (1):

EREST
m Xð Þ ¼ bm

b0
Epp Xð Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bm

b0
Eps Xð Þ

s
þ Ess Xð Þ ð1Þ

where Epp is the peptide intramolecular energy, Eps is the
peptide-solvent interaction energy and Ess is solvent–solvent inter-
action energy; X represents the configuration of the whole system;
bm = 1/kBTm and T0 is the temperature of interest. Here, 10 replicas



Table 1
Compositions of the molecular systems simulated with different concentrations of
2,2,2-Trifluorethanol (TFE).

Systems Number of water
molecules

Number of TFE
molecules

AAQAA3 � 0 % v/v 5805 0
AAQAA3 � 20 % v/v 4703 289
AAQAA3 � 40 % v/v 3584 578
AAQAA3 � 50 % v/v 3003 723
AAQAA3 � 60 % v/v 2417 868
AAQAA3 � 80 % v/v 1214 1158
AAQAA3 � 100 % v/v 0 1448
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were adopted for each system, and Epp and Eps were scaled by a bm/
b0 and

p
(bm/b0), respectively, with bm/b0 varying from 1 to 0.5245.

Each system was initially minimized by 1000 steepest descent
steps, followed by two 1 ns simulations of equilibration at NVT
and NPT ensembles. Following the equilibration steps, each replica
was simulated on the NPT ensemble for 500 ns (totalling 5 ls for
each system, considering the replicas), with exchange attempts
every 400 MD steps. The range of perturbations was set such that
an acceptance ratio above 30 % was obtained. Structures were
saved every 500 ps. Simulations were performed at a constant
pressure of 1 bar using the Parrinello-Rahman [37] algorithm with
a relaxation time of 2 ps and isothermal compressibility of
4.5 � 10�5 bar�1. A stochastic velocity-rescaling thermostat was
used to control the temperature with a 0.1 ps period [38]. Periodic
boundary conditions were applied, and a cutoff of 1.2 nm was used
for short-range interactions. Long-range electrostatic interactions
were calculated by Particle-Mesh Ewald (PME) [39] summation
method with a fourth-order interpolation and a grid spacing of
0.16 nm. All bonds involving hydrogen atoms were constrained
with the LINCS algorithm [40]. To integrate the equations of
motion, the leap-frog algorithm was used with a time step of
2 fs. For analyses, only the replica 0 was used.

An initial configuration of AAQAA3 was built with the Visual
Molecular Dynamics (VMD) package [41]. Then, AAQAA3 was sol-
vated in cubic boxes of 56 Å with Packmol [42,43], containing dif-
ferent concentrations of the water and TFE according to Table 1. All
systems were simulated with the TIP4P/2005 water model [44],
and the amber03w force field [45] for the peptide. Cosolvent mole-
cules (TFE) were simulated with a model previously developed to
reproduce thermodynamic properties of pure TFE and water-TFE
mixtures [46]. The same set of parameters was used and validated
in previous works to understand the effect of TFE on helix stability
[9]. The simulations slightly underestimated the helical content of
the peptide in water (see Fig. 2), as judged by the results of Sha-
lango et al. [20], and this is a known limitation of the force-field
for proteins in the presence of the current water model [47]. Nev-
ertheless, the compatibility of the force fields of water and cosol-
vent was preferred [9].

Finally, we performed similar simulations of the peptide in TFE
solutions, in which the intermolecular hydrogen bonds between
the hydroxyl oxygen of TFE and the oxygen of the backbone were
inhibited by increasing the Van-der-Waals exclusion radius associ-
ated with these atom pairs only. Specifically, rij was multiplicated
by a scaling factorc of 1.5within the Lorentz-Berthelot combination
rule (rij = c((ri +rj)/2), whereri is the hydroxyl oxygen parameter
of TFE (atom type oh) and rj is the parameter of the peptide’s car-
bonyl oxygenatom(atomtypeO). These atomswere chosenbecause
r is zero for the hydrogen atom of TFE in the force-field.

From the simulations with the modified potential, we explore
the role of TFE-backbone hydrogen bonds in the stability of the
helix with similar protocols as the ones described above. In total,
13 systems were simulated, summing up 65 ls of simulations.
The convergence of the simulations was accessed by computing
standard errors of the estimates and the auto-correlation functions
of the average peptide helical content in all simulations (Supple-
mentary Material - Section 2). The helical content was uncorrelated
after �50 ns in the simulations, and the averages computed from
blocks do not deviate from the estimates from full sampling enough
to invalidate the stabilizing effect of TFE. Since the REST2 simula-
tions were performed for 500 ns, we believe that the results are rea-
sonably well converged for the purposes of the current analyses.

2.2. Calculation of peptide ellipticity

The secondary structure assignment for each peptide residue in
the simulations was performed with the DSSP software (version
3

3.0.0) [48]. Theoretical Circular Dichroism (CD) spectra of the
AAQAA3 peptide in water were calculated with SESCA [49] and
compared with experimental results obtained from Ref. [20]. The-
oretical spectra were calculated with recommended basis sets for
three algorithms (DSSP [48], DISICL [50], and HbSS [49]), which
evaluate the contribution of the backbone (DSSP-T, DISICL-dT,
and HBSS-3 basis set) and side chains (DSSP-1SC3, DISICL-dTSC3,
and HBSS-3SC1 bases set) in predicting the CD spectra. After eval-
uating the agreement between theoretical and experimental spec-
tra of the peptide in water, we adopted the HBSS-3SC1 basis set for
all calculations.

2.3. Minimum-distance distribution functions and solvation
thermodynamics

In this section we provide an overview of the formalism and
computational methods to obtain distribution functions,
Kirkwood-Buff integrals, and preferential interaction parameters,

which were computed with the ComplexMixtures.jl package [51].
More detailed accounts of the theory are provided in previous pub-
lications [52–54]. In this work, we study tertiary solutions contain-
ing a peptide (species p), water (species w), and the TFE cosolute
(species c). The peptide will be considered at infinite dilution and
the molar concentrations of water and cosolvent are, respectively,
qw and qc . The cosolvent distribution around the peptide in the
solution can be described in terms of the average number density
of cosolvents nc rð Þ relative to the density of an ideal-gas distribu-
tion, n�

c rð Þ,

gpc rð Þ ¼ nc rð Þ
n�
c rð Þ ð2Þ

where r is the distance between the peptide and the cosolvent.
Here, we use the minimum distance between any atom of the pep-
tide and any atom of the solvent, which defines the minimum-
distance distribution function (MDDF). The use of MDDFs is impor-
tant in the present study as they adapt to the shape of the solute
and the solvent, and can then be used to to provide a molecular
picture of the solvation of the helical and coil conformations of
the peptide. Also, MDDFs can be used to compute Kirkwood-Buff
integrals and preferential interaction parameters [55,56], connect-
ing the microscopic view of solvation with thermodynamic
parameters.

The Kirkwood-buff integrals can be calculated using nc rð Þ and
n�
c rð Þ,

Gpc ¼ 1
qc

Z 1

0
nc rð Þ � n�

c rð Þ� �
S rð Þdr ð3Þ

where S rð Þ is the surface defined by the minimum-distance r to
any atom of the solute. Due to the minimum-distance count, S rð Þ is
dependent on the solute’s shape. By the integration of Eq. (2), we
obtain, for a finite sub-volume of the system,

https://github.com/m3g/ComplexMixtures.jl


Fig. 2. Structural properties of the AAQAA3 peptide in water (blue) and aqueous solutions of TFE, computed from the simulations: A) Circular dichroism (CD) spectra. TFE
increases the helical content of the peptide, as shown by the increased band at �190 nm and by the characteristic double-dip at 200–230 nm. B) Average per-residue a-helix
prevalence. C) Probability density of the peptide helical content (supplementary Figure S5 displays the data for all concentrations). D) Average ellipticity of the peptide in each
solution. Error bars in the figures indicate the standard deviations of the mean of the quantities computed. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Gpc Rð Þ ¼ 1
qc

Npc Rð Þ � N�
pc Rð Þ

h i
ð4Þ

Where Npc Rð Þ and N�
pc Rð Þ are, respectively, the number of

minimum-distances between the protein and the solvent smaller
than R, and the number of equivalent distances within R in a sys-
tem with ideal-gas distribution (i e. in the absence of solute–sol-
vent interactions) [52–54].

The protein domain is the region of the solution around the pro-
tein where protein-solvent interactions cannot be considered negli-
gible. The Kirkwood-Buff integrals represented by the Eqs. (3) and
(4) are the excess volume occupied by the cosolvent in the protein
domain, relative to the volume that the cosolvent would occupy if
there were no solute–solvent interactions [57–59]. Favorable
protein-solvent interactionswill be indicatedbypositiveKB integrals
value. On the other hand, if the protein-solvent interactions are unfa-
vorable, the solvent’s concentration in the protein domain will be
smaller in comparison to bulk, resulting in a negative KB integral.

The preferential solvation parameter is a thermodynamic quan-
tity that can be experimentally measured by techniques like equi-
librium dialysis and vapor pressure osmometry [60,61]. It provides
a quantification of the interaction of cosolvent with biomolecules,
and it can be defined as.

C ¼ @lp

@lc

� �
mp ;T;P

¼ @mc

@mp

� �
lc ;T;P

ð5Þ

where l is the chemical potential andm is the concentration. Its
meaning is the change of the protein chemical potential of a solute
in response to the variation of the concentration of a cosolvent in
the solution [62,63].
4

The preferential solvation parameter can be computed from the
difference of KB integrals of the solvent components and gives the
information of which component is preferentially bound to the
solute [57,64,65]. In the context of this work, where we are work-
ing with ternary solutions and the solute (the protein) is consid-
ered infinitely diluted, the cosolvent TFE preferential binding to
the protein, relative to water is.
Cpc Rð Þ � qc Gpc Rð Þ � Gpw Rð Þ� � ð6Þ
and consists of the number of cosolvent molecules in excess or

deficit in the protein domain, considering the cosolvent molecular
volume in the bulk solution. The binding of water relative to the
cosolvent can be provided by the preferential hydration parameter.
Cpw Rð Þ � qw Gpw Rð Þ � Gpc Rð Þ� � ð7Þ
A positive value for Cpc Rð Þ and a negative value for Cpw Rð Þ mean

that the cosolvent accumulates in the protein domain - the protein
is effectively dehydrated.

The MDDFs were calculated using a discretized version of Eq (2)
in which the density was computed from the average number of
minimum-distances at each 0.1 Å bin. The KB integrals and prefer-
ential interaction parameters for the cosolvent were computed
according to Eqs. (4) and (6), and the preferential hydration param-
eter according to Eq (7). We used R = 15 Å, which is larger than typ-
ically used for computing KB integrals in protein-solvent systems
[66]. With that cutoff, we obtained reasonably well converged inte-
grals in most simulations, and preferential solvation parameters
were clear.
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3. Results and discussion

3.1. TFE stabilizes AAQAA3 helical structure

In Fig. 2 we provide an overview of the structural properties of
the AAQAA3 as obtained from the enhanced sampling molecular
dynamics simulations. Fig. 2A displays the computed circular-
dichroism (CD) spectra of the peptide in water (blue) and aqueous
TFE solutions. It is evident that the a-helix content of the peptide is
always higher in the presence of TFE than in pure water. In the
spectrum of the peptide in the water, there is a positive band at
184 nm and a negative band at 202 nm, in agreement with the
experimental observation [20]. The second negative band around
220 nm, characteristic of a-helices, is not well defined, but as the
concentration of TFE increases in the solution, it is possible to
observe the build up of the dip in 221 nm.

As shown in Fig. 2B, the per-residue a-helix content of the pep-
tide in TFE is considerably higher than in pure water, even in the
lowest concentrations of the cosolvent. The helical propensity of
the residues of the center of the peptide is the greater. In pure
TFE the central residues retain their helical behavior, but residues
closer to the terminal groups lose their ellipticity. It is important to
remark that in all simulations fluctuations occurred such that the
peptide visited conformations with high and low helical contents
(Fig. 2C and Supplementary Figure S5). Yet, the population of the
coiled state in water is maximal, and it is minimal in the 60 %
vol/vol TFE solution.

The maximum ellipticity of the peptide is observed at 60 %-TFE,
as shown in Fig. 2D. This is in agreement with the fact that the heli-
cal content of alanine-rich peptides [67–69], and also of peptides
and proteins of distinct sequences [70–73], are maximal in aque-
ous solutions of TFE, and not in the pure cosolvent. The rationale
for the presence of this maximum in helical stability as a function
of concentration is not well understood [74], particularly for being
dependent on the amino acid sequence [5,68]. Some authors sug-
gest that the decrease in ellipticity with increasing concentration
of TFE is related to the disruption of hydrophobic components of
the interactions that maintain secondary and tertiary structures
[75,76]. Alternatively, as the concentration of TFE increases, the
solution becomes more homogeneous, reducing the formation of
clusters of the cosolvent, which may be associated with the stabi-
lization of a-helices by the excluded volume effect [7,75].

In summary, in this section we show that the simulations are
qualitatively consistent with the experimental stabilization of the
helix of the AAQAA3 peptide by TFE, both by promoting the helix
stability at lower TFE concentrations, and for having a concentra-
tion of maximum ellipticity induction.
3.2. Direct interactions and preferential solvation by TFE

In this section, we will analyze the solvation structure of the
peptide in solutions of water and TFE. The minimum-distance dis-
tribution functions (MDDFs) [53] for water and TFE relative to the
peptide are shown in Fig. 3A and 3B, respectively, and depict some
similarities: both MDDFs exhibit two well-defined peaks. These
peaks follow similar trends as the solutions become more concen-
trated. The first peaks (at �1.8 Å) indicate the presence of specific
interactions (hydrogen bonds) with the peptide, while the second
peaks (at �2.6 Å) are characteristic of the second solvation shell
and non-specific interactions. With the increase in TFE concentra-
tion, the first peaks of the MDDFs increase, while the second peaks
generally decrease. The increase in the first peak is probably asso-
ciated with the increased hydrophobicity of the solution, which
favors direct hydrophilic interactions with the protein. Since the
local density augmentation is inversely associated with the poten-
5

tial of mean force, the stability of the hydrogen bonds between
water and TFE with the protein is increased when TFE is added
to the solution. It is important to note that the increase in the first
peak of the water gpw does not mean that the number of hydrogen
bonds between the water molecules and the peptide increase, TFE
actually substitutes peptide-water hydrogen bonds (data shown in
Supplementary Table S1). Yet, the water concentration is very dif-
ferent in the systems containing TFE (Table 2). For example, the
concentration in pure water (55.1 mol L�1) is around 4.8 times
higher than the concentration of water in the solution with 80 %
TFE (11.6 mol L�1, Table 2). Therefore, for the number of hydrogen
bonds to be the same in both systems, the peak at �1.8 Å in the
80 % TFE solution should have an integral 4.8 times larger. In fact,
as the solution becomes more concentrated, TFE molecules are
found at shorter distances and compete with the water molecules
by hydrogen bonds with the peptide. In parallel, the number of
hydrogen bonds between TFE and peptide increases progressively
with the addition of TFE to the solution (Table S1).

Despite this stabilization of the water molecules at hydrogen-
bonding distances, TFE excludes the water molecules from the
second solvation shell and larger distances (from �2.0 Å to up
to �6.5 Å), as shown in Fig. 3A. Non-specific interactions between
TFE and the peptide are more pronounced than specific interac-
tions, particularly at smaller TFE concentrations.

Fig. 3C and 3D show the Kirkwood-Buff integrals (KBIs) of water
and TFE, respectively. The KBIs determine whether there is excess
or exclusion of each solvent component around the solute. In all
cases at short distances, r < 1.5 Å, the KBIs display very negative
values. This sharp drop reflects the excluded volume of the peptide
and the solvent molecules, which can be compensated for by favor-
able solute–solvent interactions that lead to accumulation in fur-
ther regions of the solution. The KBI drop of TFE is greater than
that of water, because TFE is a bulkier molecule [77].

Only a part of the exclusion volume is compensated by accumu-
lation of water molecules. The KB integrals for water increase
after �1.5 Å, as shown in Fig. 3C, but are negative at long distances
(the qualitative KB trend is consistent, despite their actual conver-
gence not being completely satisfactory in all simulations per-
formed). In Fig. 3D it can be seen that TFE molecules accumulate
more effectively on the protein domain than the water molecules
and, although the final KB integrals are also negative, they are
greater than those of water. For example, in the solution with
20 % of TFE, the TFE KB integrals converge to nearly zero, although
this relative density augmentation decreases as the solution
becomes more concentrated.

The preferential solvation of the peptide can be quantified by
the preferential solvation parameter, Cpc, calculated from KBIs of
the water and the cosolvent (Eq. (6)). The Cpc values found here
are expressed in Table 2.Cpc is positive for all concentrations. Thus,
TFE preferentially solvates the protein, consistently with previous
reports [8,9]. This result is interesting because it shows that the
accumulation of the cosolvent on the protein surface does not
always favor denaturation, as typically observed in, for example,
urea or guanidine hydrochloride solutions [78]. On the contrary,
we note that TFE preferentially interacts with the peptide and sta-
bilizes the folded helix.

The MDDFs can be decomposed into their atomic contributions
and on the contributions of each residue type, providing a detailed
molecular interpretation of solute–solvent interactions [51,53].
The decomposition of MDDFs, in essence, reveals the frequency
with which each atom (or group of atoms) is closest to any solute
atom at each distance, with the sum of all contribution curves
equaling the total MDDF. Here, we illustrate the peptide interac-
tions with the solvent using the gpc of the solution at 60 % TFE,
but the observed results are qualitatively representative of all con-
centrations. As shown in Fig. 4A, the specific interactions (H-



Fig. 3. Minimum-distance distribution functions (MDDFs) A) of water and B) of TFE as a function of the cosolvent concentration. Kirkwood-Buff (KB) integrals for water and
TFE are shown in C) and D), respectively.

Table 2
TFE solutions effective concentrations, Kirkwood-Buff integrals for TFE (Gpc) and water (Gpw) relative to the (AAQAA)3 peptide, and preferential parameter solvation (Cpc).

Systems Water concentrations (mol L�1) TFE concentrations (mol L�1) Gpc (L � mol�1) Gpw (L � mol�1) Cpc

AAQAA3 � 20 % 45.268 2.757 �0.0862 �1.075 2.727
AAQAA3 � 20 %* 45.381 2.726 1.100 �1.321 6.601
AAQAA3 � 40 % 34.504 5.505 �0.162 �1.280 6.154
AAQAA3 � 40 %* 34.571 5.501 0.00874 �1.462 8.088
AAQAA3 � 50 % 28.933 6.901 �0.366 �1.384 7.023
AAQAA3 � 50 %* 28.880 6.912 �0.562 �1.220 4.549
AAQAA3 � 60 % 23.212 8.294 �0.617 �1.186 4.716
AAQAA3 � 60 %* 23.158 8.311 �0.874 �0.944 0.578
AAQAA3 � 80 % 11.617 11.057 �0.822 �1.060 2.630
AAQAA3 � 80 %* 11.491 11.091 �1.113 0.141 �13.911

* Simulations with modified potentials.
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bonds) between the cosolvent and the peptide are completely
determined by the contribution of hydroxyl hydrogen (dark gray
- HTFE). The HTFE can interact with both the polar residues of the
side chain (glutamine residues) (Fig. 4B) and the amide oxygen
of the backbone (Fig. 4C). There is no specific interaction between
the TFE molecules and the amide nitrogen (Fig. 4C). On the other
hand, the non-specific interactions involve predominantly the
trifluoro-methyl groups and aliphatic hydrogens of TFE molecules
with the nonpolar side chains of the peptide (Fig. 4A and 4B).

The specific interactions between TFE and peptide agree with
the direct mechanism proposed by [2] (see Fig. 1) to explain the
stabilizing effect of TFE on helices. According to the direct mecha-
nism, TFE molecules interact with the oxygen of the main chain via
H-bonds. This interaction, however, can happen without the dis-
ruption of the peptide’s intramolecular H-bonds (Obackbone and
HNbackbone) that would destabilize the helix [2]. At the same time,
the trifluoro-methyl group putatively prevents the approach and
interaction of water molecules to the amide nitrogen of the main
chain. In the next section, we will evaluate the effect of these
peptide-TFE H-bonds, and show that they, unexpectedly, favor
the unfolded peptide conformations.
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3.3. Disrupting the TFE-backbone interaction stabilizes the a-helix

The results presented so far evidently show the helix-stabilizing
role of TFE (Fig. 2A and 2B). The interaction modes of the TFE with
the peptide, as determined by the characterization of the solvent
structure with the MDDFs, support the notion that both direct
and indirect mechanisms could be involved in helix stabilization.

In order to probe the role of the direct TFE-backbone interac-
tions in the stabilization of the helix, we have increased the radii
associated specifically with the interaction between the polar
hydrogen of TFE and the carbonyl oxygens of the peptide back-
bone. No other interaction was modified. By doing so, we avoid
the formation of the H-bonds between these groups, and suppress
the possible role of this interaction in the local exclusion of water
molecules from the backbone. We expected to demonstrate that
water would become a stronger binder to the backbone, competing
with the intramolecular hydrogen bonds of the peptide, and thus
the helix would be destabilized.

Surprisingly, after modifying the interaction potential to avoid
direct interactions between TFE and the backbone, we observe that
the a-helix content of the peptide increases significantly. The cir-



Fig. 4. Minimum-distance distribution function of TFE relative to AAQAA3, and group contributions, in the 60 % vol/vol solution. A) TFE group contribution. B) Peptide
sidechain contributions. C) Backbone atom contributions. The only contribution of the backbone atoms to the MDDF of TFE is due to the oxygen atom, which forms H-bonds
with the TFE hydroxyl hydrogen.
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cular dichroism spectra and the per-residue a-helix content of sim-
ulations with modified potentials are shown in Fig. 5A and 5B, for
the solution of 80 % vol/vol of TFE in water. The stabilization of the
helix was observed in all concentrations, following the disruption
of the TFE-backbone hydrogen bond (Figures S3 and S4). It is clear,
then, that the direct interactions of TFE with the backbone stabilize
unfolded peptide conformations, rather than support the helices.
3.4. Preferential solvation in the absence of the TFE-backbone
hydrogen bond

We characterized the solvation structures from the MDDFs to
better understand the factors that contribute to the peptide’s sta-
bilization and increase in a-helix content in simulations with mod-
ified potentials. Once again, we see two distinct peaks in both the
water and TFE distribution functions (Fig. 6A and 6B). However, the
Fig. 5. Structural properties of the AAQAA3 peptide in water (blue) and in 80 % of TFE, com
Circular dichroism (CD) spectra. B) Average per-reside a-helix prevalence. (For interpreta
version of this article.)
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relative densities of water and TFE molecules in the first and sec-
ond solvation shells change. At short distances (�1.8 Å), the rela-
tive density of water molecules increases progressively with
increasing TFE concentration, as observed with the original poten-
tial. On the other hand, the peak associated to TFE molecules
remains nearly constant, in sharp contrast with the distributions
observed in Fig. 3B for the original interactions. This observation
indicates that, with the standard potential, the increase in TFE con-
centration displaces water molecules from the peptide backbone.
This effect is suppressed, and the remaining specific interactions
(with the side chain of glutamine residues), occur proportionally
to the concentration of TFE.

Because TFE molecules no longer compete with the water for
specific interactions with the backbone, the density of water mole-
cules in this region is higher than in the simulations with the stan-
dard potentials (Fig. 3A and 6A). Thus, the water affinity to the
puted from the default (orange) simulation and with modified potencial (green): A)
tion of the references to colour in this figure legend, the reader is referred to the web



Fig. 6. Minimum-distance distribution functions (MDDFs) A) of water and B) of TFE as a function of the cosolvent concentration for the simulations with modified potentials.
Kirkwood-Buff (KB) integrals for water and TFE are shown in C) and D), respectively.
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backbone increases, as expected, yet with the unexpected associ-
ated result of stabilizing the helix.

Fig. 6C and 6D show the KBIs for water and TFE, respectively,
obtained on the modified-potential simulations. The curves’ gen-
eral trend is similar to that of the simulations with the standard
potential (Fig. 3C and 3D), but the affinities of the solvent mole-
cules (water and TFE) for the peptide differ. In particular, the KBIs
of water and TFE are closer to each other, implying that the prefer-
ential solvation by TFE was reduced for most systems, as shown in
Table 2. Again, this is expected, as one of the specific interactions of
the TFE with the peptide was removed. Nevertheless, for all except
the 80 % solution, the preferential solvation parameters are posi-
tive and still implies that TFE solvates preferentially the peptide.
We note, however, that the peptide structure ensembles are not
the same in the simulations with the standard and modified poten-
tials, since the in the later the helical content of the peptide is
Fig. 7. Minimum-distance distribution functions between the peptide and A) of water
denatured ensemble forms more hydrogen bonds with water, and displays less non-speci
legend, the reader is referred to the web version of this article.)
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greater in all simulations, and the peptides display smaller average
surface areas (Table S3).

In summary, the simulations with the modified potential led to
an increased peptide helical content, in contradiction with the
potential stabilizing effect of the TFE-backbone interaction. The
peptide remains preferentially solvated by TFE at all but the most
concentrated TFE aqueous solution, in the absence of the H-bond
with the backbone. Therefore, the non-specific, mostly nonpolar
interactions TFE with the peptide are responsible for the preferen-
tial solvation and, we conclude (see section 3.5), for the protection
of the helical structure. In this sense, our results support those of
Roccatano et al. [3], which found that these nonpolar interactions
have a role in stabilizing helices. TFE has weak interactions with
apolar residues and does not significantly disrupt intra-peptide
hydrophobic contacts. In parallel, it has also been reported that
the presence of TFE in solution causes a decrease in the local
and B) TFE in 20 % of TFE for helical (red) and non-helical (black) ensembles. The
fic interactions with TFE. (For interpretation of the references to colour in this figure
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dielectric constant, which promotes helix formation by strengthen-
ing intra-peptide H-bonds, and such effects cannot be disconsid-
ered [15].
3.5. TFE interactions with helical and non-helical ensembles

In the previous sections, we discussed that non-specific interac-
tions with the peptide are responsible for the protective effect of
the helices. Here, we cluster the structures of the simulations with
the standard potentials into helical and non-helical sets and char-
acterize the solvent structures in each ensemble. Details of the
clustering strategy can be found in the Supporting Information
(Table S4). Note, from Fig. 2C, that the systems without any helical
content represent about �60 % of the sampling, while the cluster of
structures with ellipticity comprise the other �40 % and has about
an average of about 40 % of residues in helical conformation. Thus,
a significant amount of unstructured peptide is still present in the
‘‘helical” ensemble.

Fig. 7A and 7B show the MDDFs of water and of TFE for the heli-
cal and non-helical ensembles in the system with 20 % of TFE (the
MDDFs for the other systems are shown in Figures S6 (water) and
S7 (TFE) and nearly follow the same trend). Fig. 7A shows that the
unfolded states, without helical structure, form slightly stronger
specific bonds to water than the ensemble of structures with some
helical content, supporting the role of water specific interactions in
the destabilization of the helices. This can be observed by the
increase in the density of water molecules in the first peak of the
distribution (�1.8 Å). Non-specific interactions (second peak)
remain roughly constant. Fig. 7B, on the other hand, shows the
opposite effect for TFE: the first peak remains constant, but the dis-
tribution of TFE molecules decreases in the second peak, indicating
that the unfolded states interact less favorably with TFE. As a result
of the decrease in the strength of non-specific interactions between
peptides and TFE in the non-helical ensemble, water molecules
accumulate at short distances. Furthermore, non-specific interac-
tions between TFE and the peptide are stronger in the helical
ensemble, corroborating their importance in helix stabilization.
4. Conclusions

We investigated the effects of 2,2,2-Trifluorethanol (TFE) on the
conformational equilibrium of the peptide AAQAA3 using enhanced
sampling molecular dynamics simulations with the REST2 replica-
exchange method to obtain an exhaustive sampling of the folding
equilibrium. The ellipticity of the peptide is always greater in the
presence of TFE, as shown by computed circular dichroism (CD)
spectra and by the direct calculation of the a-helix content. All
these findings are consistent with the observed stabilizing effects
of TFE [1,8,9,12].

MDDFs demonstrated that TFE interacts with the oxygen of the
peptide’s backbone via H-bonds and exhibits non-specific interac-
tions with its side chains via the trifluoro-methyl group and alipha-
tic hydrogens. It competes with the water molecules for specific
interactions with the peptide. The peptide is preferentially sol-
vated by TFE at all concentrations. Helical conformations display
stronger non-specific interactions with TFE than coil states.

The H-bonds between TFE and the peptide carbonyl backbone is
suggestive of a mechanism by which TFE would restrict the access
of water molecules to the backbone, preventing it from competing
with the intra-helical hydrogen bonds. However, by impairing the
interaction potential between the carbonyl oxygen of the backbone
and the polar hydrogen of TFE, we investigated the role of this
interaction in the stability of the helices. Unexpectedly, the a-
helix content increased significantly, implying that the interaction
of TFE with the backbone stabilizes the peptide’s unfolded state.
9

Even in the absence of this strong polar interaction, the presence
of TFE dehydrates the peptide. Therefore, the stabilizing role of
TFE on the helix is most likely associated with the ‘‘coating” of
the helical conformation, which excludes water molecules from
the second solvation shell of the backbone and from the first solva-
tion shell of the peptide side chains. Indirect mechanisms associ-
ated to the perturbations on the solution structure cannot be
ruled out.
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