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Abstract

An upgraded GAFF2 force field has been used to simulate two fluorinated alcohols, TFE
and HFIP, in aqueous solutions at several concentrations. The same force field has also been
employed to simulate a 26-residue amphiphilic peptide in several cosolvent/water mixtures
to verify and clarify its efficacy in stabilizing the secondary structure. The calculated
thermodynamic and structural properties are in agreement with experimental findings. The
force field allows a correct description of the secondary structure and affords an accurate
characterization of the spatial organization of cosolvent molecules around the peptide.

Keywords: biosolvents; force field; molecular dynamics simulations; TFE; HFIP; secondary
structure; peptide; GAFF2

1. Introduction

2,2,2-Trifluoroethanol (TFE) and 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) are two
fluorinated alcohols used as cosolvents for structural stabilization of secondary structure-
forming peptides. In particular, NMR and CD studies show that their presence increases
the population of a-helix and -sheet content [1-3]. The factors influencing the efficacy of
structure-inducing cosolvents are their concentration in aqueous solution and the amino
acid sequence of the peptide. Computational and experimental techniques have investi-
gated the mechanism of peptide stabilization by fluorinated solvents [2-5]. As stated in the
review [2], there is as yet no single mechanism that accounts for all of the effects TFE and
related cosolvents have on polypeptide conformation. In an early MD study of Mellitin
in 30% (vol/vol) TFE/water mixtures, Roccatano et al. proposed a helix stabilization
mechanism whereby a layer of cosolvent molecules is formed around the peptide, which
reduces the accessibility of water molecules and, consequently, increases the stability of
the intermolecular hydrogen bonds between carbonyl and amide NH groups, as well as
the secondary structure. In addition, the cosolvent molecules’ layer causes a lowering of
the dielectric constant. The formation of clusters of cosolvent molecules has also been
described in water as the concentration of the organic cosolvent increases [3].

Liquids 2026, 6, 6

https://doi.org/10.3390/1liquids6010006


https://crossmark.crossref.org/dialog?doi=10.3390/liquids6010006&domain=pdf&date_stamp=2026-01-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/liquids
https://www.mdpi.com
https://orcid.org/0009-0007-2960-3971
https://orcid.org/0000-0003-0240-161X
https://orcid.org/0000-0003-4329-8225
https://orcid.org/0000-0002-2947-7107
https://orcid.org/0000-0003-2667-3847
https://orcid.org/0000-0002-3151-718X
https://doi.org/10.3390/liquids6010006

Liquids 2026, 6, 6

20f11

To study the structural and dynamic properties of peptides in biomimetic media and
cosolvent molecules in water at the molecular level, molecular dynamics (MD) simulations
can be used [4,6,7]. To accurately reproduce experimental findings, MD simulations need
an accurate force field (FF) [8-11], which is characterized by a set of functional forms with a
minimal set of adjustable parameters. In the present study, we make use of the refined FF re-
cently proposed by some of us for TFE, HFIP, and 1,1,1,3,3,3-hexafluoropropan-2-one (HFA)
fluorinated alcohols [12]. The upgraded FF is based on General AMBER Force Field 2 [13]
with parameterization of atomic charges using ab initio calculations on stable conformers
previously identified using single-point energy evaluations on selected dihedral angles. To
verify the accuracy of the FF in describing the structural and thermodynamic properties
of cosolvent/water solutions, MD simulations with the upgraded FF were performed
on TFE and HFIP water solutions with a concentration from 0 to 100% of TFE and HFIP.
Furthermore, to study the secondary structure stabilization effect, MD simulations were
performed on cosolvent/water solutions with a peptide. The peptide used was Mellitin
(MLT), which is a 26-residue amphiphilic peptide (GIGAVLKVLTTGLPALISWIKRKRQQ)
and is the principal component of the venom of Apis mellifera. In pure water, at pH 4, MLT is
unfolded [14], while it assumes a helical conformation when it is bound to the membrane as
well as in alcohol solutions. [15] MLT consists of two a-helical regions, and these portions
are connected by the residues Thr-11 and Gly-12.

This paper is organized as follows. In Section 2, we describe MD simulations in some
detail. In Section 3, we present the results obtained using the upgraded FF and a critical
assessment of them. Conclusive remarks and perspectives are discussed in Section 4.

2. Methods
Molecular Dynamics Simulations

To study the properties of cosolvent/water solutions, we used concentrations of 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% (v/v) of TFE and HFIP. In addition, we also
considered a pure solution of TFE and HFIP (molecular structure in Figure 1).

(b) (c)

Figure 1. Molecular structure of TFA (a), HFIP (b), and water (c).

To obtain the different concentrations of cosolvent/water solutions, we used the num-
ber of cosolvent and water molecules reported in Table 1. The total number of molecules for
all the simulated systems was 6000. The starting coordinates were generated using GROMACS
standard tools [16] and inserting a specified number of molecules in random positions.
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Table 1. Summary of the composition of simulated systems; N. water and N. cosolvent indicate the
number of water and cosolvent molecules, respectively.

% (0l) TFE Mixture HFIP Mixture
N. Water N. Cosolvent N. Water N. Cosolvent
10 5838 162 5886 114
20 5646 354 5754 246
30 5418 582 5592 408
40 5142 858 5382 618
50 4800 1200 5124 876
60 4362 1638 4770 1230
70 3786 2214 4284 1716
80 3000 3000 3558 2442
90 1842 4158 2358 3642
100 0 6000 0 6000

For the simulation of MLT in cosolvent/water mixtures, we considered 10:90, 20:80,
30:70, 40:60, and 50:50 (v/v) cosolvent/water solutions, maintaining the same number of
TFE, HFIP, and H,O molecules reported in Table 1. MLT (pdb identification code 2MLT)
was parametrized using AMBER99SB-ILDN FF [17]; the two cosolvents with the upgraded
FF [12]; and the water molecules with the 3-site TIP3P model [18,19]. For all systems,
simulations were performed with a cubic box with periodic boundary conditions using
GROMACS 2025.1 [16]. First, the steepest descent energy minimization was applied. The
systems were then heated to 298.15 K for 1 ns while keeping the temperature constant using
a V-rescale [20] with a coupling time constant of 1 ps. The resulting configuration was
used as a starting point for an NPT simulation (using the C-rescale exponential relaxation
pressure coupling) with a period of pressure fluctuations at the equilibrium setting of 2.0 ps
until the systems were allowed to converge to uniform density (2 ns, time-step 1 fs). The
production run in the NPT ensemble was carried out for 100 ns with 6t = 2.0 fs, imposing
rigid constraints only on the X-H bonds (with X being any heavy atom) by means of the
LINCS algorithm [21]. In addition to the calculation of the static dielectric constant, we
also performed an NVT ensemble simulation (2 ns, time-step 1 fs) starting from the last
configuration of the previous NPT simulation. For all simulations, electrostatic interactions
were evaluated using the particle-mesh Ewald (PME) [22] method with a grid spacing of
1.2 A, a real-space cutoff of 1.2 nm, and a spline interpolation of order 4. Van der Waals
interactions were calculated using a cut-off of 1.0 nm. Long-range dispersion corrections
for Lennard-Jones interactions were used for energy and pressure [16,23]. The procedure
just described was performed considering the two cosolvents and several cosolvent/water
solutions; therefore, we conducted an extensive study using 3.1 ps atomic-detail molecular
dynamics simulations.

Static dielectric constant (¢), excess enthalpy (AH,,;,), density (p), Root Mean Square
Deviation (RMSD), and intermolecular radial distribution functions (RDFs) were deter-
mined using GROMACS standard tools [16]. In particular for € calculation, the total dipole
plus fluctuations was used for the estimation according to Equation (1):

e=1+—————(<M*>—-<M>?*M=) u 1)
i

where y; is the molecular dipole moment.

The secondary structure of MLT and its evolution were analyzed using the Define
Secondary Structure of Proteins (DSSP) algorithm [24]. To describe the interaction of the
peptide with the cosolvent, the Local Cosolvent Concentration (LCC) was evaluated from
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the number of solvent and cosolvent molecules present in a shell of 6 A around the peptide
residues according to Equation (2) [25].

Viane(r)
Vine(r) + Vo™ o (1)

LCC(r) = )

where V, and VH0 represent the average excluded volumes of the cosolvent and water
molecules, respectively. The corresponding values are 0.10 for HFIP, 0.07 for TFE, and
0.019 (L/mol) for water.

3. Results
3.1. Cosolvent/Water Solutions

In Figure 2 and in Table S1 of the Supporting Information (SI), we report the calculated
thermodynamic properties for the cosolvent/water solutions.

For both cosolvents, the density increases and the static dielectric constant decreases
with the concentration. The values of density and € at 10% (v/v) concentration of TFE
and HFIP highlight the distinct chemical and structural properties of the two cosolvents:
TFE has a higher dipole moment and HFIP a higher molecular mass. The values at 50%
and 100% (v/v) are in agreement with those reported in our previous paper [12]. The
experimental values of density at 50% (v/v) are 1170 kg/ m? and 1250 kg/ m?3 [3,26-29] for
TFE and HFIP, respectively, in agreement with the computed ones. An excellent agreement
is found also for density values for TFE and HFIP pure solutions, for which experimental
values are 1383 kg/m3 and 1607 kg/m?, respectively.

The excess enthalpy has a different trend for the two cosolvents, as shown in Figure 2c.
For TFE, the calculated value increases up to a concentration of 80% (v/v) before decreasing.
In contrast, for HFIP, the calculated AH,,;, decreases with increasing concentration. The
AH,,;, is positive for TFE, whereas, for HFIP, we observe small positive values at lower
concentrations and negative values at higher concentrations. This indicates that water
and HFIP mix exothermically except at highly water-rich concentrations and water and
TFE mix endothermically across all concentrations. The agreement between our findings
and experimental data [30] is reasonable only for cosolvent-rich concentrations, but the
computed AH,,;, allows us to appreciate the type of chemical process when water and
cosolvents are mixed at different concentrations in agreement with experiments.

The agreement between the computed and experimental static dielectric constant is
worse than that of densities. Analyzing all the computed values reported in Figure 2a and
in Table S1 of the SI, € is overestimated for both cosolvents and for lower concentrations
(10% and 20% (v/v)) and is underestimated for concentrations higher than 50%. The best
agreement is obtained at 30%, 40%, and 50% (v/v) concentrations and especially for TFE.
However, the difference between computed and experimental € values was also found
in previous studies. It was ascribed to insufficient sampling and/or to the absence of
an explicit polarization term in the FF [6,7]. To obtain comparable values of € using MD
simulation is not easy, as was also pointed out in a paper by Caleman et al. [31], in which
the dielectric constant was defined as “the hardest nut to crack” [32]. Furthermore, we also
have to take into account the water model employed, which can affect the results. However,
several efforts are being made to improve the determination of thermodynamic properties
as an FF reparametrization employing € as a target property [33,34].

In Figure 3, we report the RDFs between the center Of mass (COM) of TFE-TFE,
TFE-water, HFIP-HFIP, and HFIP-water. In all the analyses, there is a dependence on
the concentration of the cosolvents. The average number of TFE molecules at 7.2 A (first
minimum of the RDF) from a reference TFE molecule ranges from 1.6 to 12.3 for 10% (v/v)
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to 100% (v/v) TFE/water solutions. A similar trend was also found for HFIP mixtures
with an average number of HFIP at 8.4 A, ranging from 3.5 to 13.2 for 10% (v/v) to 100%
(v/v) HFIP /water solutions. As expected, an opposite trend was found for the average
number of water molecules at 5.6 A from a reference TFE molecule and at 6.7 A from a
reference HFIP molecule, with values ranging from 18.2 to 2.4 for TFE and from 25.8 to
4.2 for HFIP for 10% (v/v) to 90% (v/v) cosolvent/water solutions (all values are reported
in Table S2 of the SI). To appreciate the corresponding organization of molecules in the
solutions, Figures S1 and S2 of the SI show the final snapshot of MD simulations for three
concentrations of cosolvent/water (10%, 50%, and 90% v/v) solutions. The formation of
cosolvent clusters increases with the number of molecules and, for HFIP, is also observed
at a lower concentration, confirming the different average number of molecules found at

the first RDF minimum for the two cosolvents in 10% (v/v) solutions.
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Figure 2. Calculated and experimental thermodynamic properties of cosolvent/water solutions of
TFE and HFIP. In panel (a), the calculated and experimental dielectric constants are displayed. Panel
(b) shows the computed densities (kg/m?), while panel (c) displays the calculated and experimental
excess enthalpies (k] /mol). The experimental dielectric constant values are derived from Ref. [3];
experimental density is extracted from Refs. [35,36]; and experimental AH,,;, is extracted from
Ref. [30]. Calculated properties for TFE and HFIP are depicted by the orange squares and green dots,
respectively, and the experimental data for TFE and HFIP are shown by the magenta squares and
blue dots, respectively. Solid lines are a guide to the eye for computed data.

In Figure 4, we present the RDFs between the hydrogen atom of the hydroxyl group
of the cosolvents and the oxygen atom of the water (refer to Figure 1 for the molecular
structure). Additionally, we show the intermolecular g(r) between Hyater and Owater- The
(g(1r)) functions are selected in accordance with previous work by some of us [12], in which
we observed that the (g(r)) functions involving fluorine atoms exhibit only broad and
small peaks. In all the RDFs, there is a noticeable dependence on the concentration of
the cosolvents. Notably, the g(r) Hpydroxyl® - - Owater calculated for HFIP /water solutions
is higher than the corresponding RDF for TFE /water solutions, which is consistent with
AH,,;, data, indicating an exothermic process when HFIP is added to water. The g(r)
Huwater® - - Owater is comparable for the two cosolvents, showing the same average number
of oxygen atoms at the first minimum, 2.5 A. The values are 0.9, 0.8, 0.8, 0.8, 0.7, 0.7, 0.6, 0.4,
and 0.2 for cosolvent/water concentrations from 10% to 90% (v/v). The values decrease in
line with the number of cosolvent molecules.
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Figure 3. Radial distribution function between the center of mass of (a) TFE-TFE; (b) TFE-water;
(c) HFIP-HFIP, and (d) HFIP-water for all the cosolvent/water concentrations.

- — L% 4.0 — L%
12 — 0% — 0%
_ — % —
— 4% 3.5 — 4%
10- — ul% — %
o 3.0 [
- — s — s
8- B 2.5 B
- - r| ELES - ELES
T e || T2.0
L5
Lo e
0.5
| i ' 0.0 B
6 ] 10 12 13 16 14 16
r ()
(a)
- — L% 4.0 ]
12 | — 0% — 0%
_ — % — %
|| — 4% e — AN
10- — ul% — a0
| s 3.0 [y
- A — s — s
8- | B 2.5 B
= - EL T u
=1 H2.0
L5
Lo
0.5
\ . e e 0.0
] 10 12 13 16 14 16
r{a)
()

Figure 4. (a,c) are the radial distribution functions between the hydrogen atom of the hydroxyl
group of the cosolvent and the oxygen atom of the water molecules. (a) refers to TFE and (c) to HFIP.
(b,d) are the intermolecular radial distribution functions between the hydrogen and the oxygen atoms
of water molecules. (b) refers to TFE solutions and (d) to HFIP solutions.
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3.2. Melittin in Cosolvent/Water Solutions

To study the secondary structure stabilization effect of TFE and HFIP, we performed
MD simulations of MLT peptide in five different cosolvent/water solutions (10%, 20%, 30%,
40%, and 50%) and in pure water, although some studies [3,37] suggest that a concentration
of around 30% is optimal for inducing secondary structure stabilization in peptides and
proteins. In Figure 5, we report the MLT backbone RMSD calculated at all concentrations
for the two cosolvents. As expected, in water, the RMSD reaches the highest values during
the 100 ns of the simulation. In TFE, the lower value is found when the MLT is dissolved
in the 30% (v/v) cosolvent/water solution; in HFIP, the lower value is found when the
concentration is 20%. Interestingly, for higher concentrations, such as 40% or 50% (v/v)
cosolvent/water solutions, the RMSD is higher, although always lower than 0.7 A. As
Supplementary Materials, we provide an animated video showing how a region of the
MLT unfolds in HFIP /water solutions at a concentration of 40% (v/v). To study in more
detail the evolution of the MLT secondary structure, in Figure 6 we report the DSSP of
MLT in water, 30% (v/v) TFE /water, and 30% (v/v) HFIP /water solutions (the results for
the other concentrations are reported in Figures S3 to 510 of the SI). The DSSP calculation
for MLT in aqueous solutions confirms the unstable structure already found in the RMSD
analysis. The structure remains unstable throughout the simulation; a hint of an a-helix is
observed in the region between Pro-14 and Trp-19, but it is not stable. For TFE and HFIP
(30% (v/v)), a well-defined flexible region from Thr-11 to Leu-13 connects two a-helical
regions. The two alpha-helices are stable during the 100 ns MD simulations. For the
cosolvent concentrations lower than 30%, in HFIP we observe a similar pattern to the 30%
(v/v) concentration, while in TFE the two a-helical regions involve a smaller number of
amino acids, particularly in the first segment (from Gly-1 to Thr-10) where the first residues
are disordered. In the concentration higher than 30%, in both cosolvents, the first segment
exhibits disorder, and the flexible region connecting the two a-helical regions involves a
larger number of aminoacids.

To verify the formation of a layer of cosolvent molecules around MLT, we calculated
the LCC around the C, atom of each residue of the peptide at 6 A (Figure 7). For TFE, we
found a marked change with the cosolvent concentration. For the 10% (v/v) concentration,
the first and the last residues, as well as the connecting residues (Thr-11 and Gly-12), show
lower values of LCC reaching the value of 50%. For the other concentrations, the values of
LCC grow, retaining values of 50% and 60% for the first and last residues. The net decrease
around the flexible region (Thr-11 and Ile-20) is evident for all the concentrations. For HFIP,
we have a similar trend for all the concentrations: smaller values of LCC for the first two
and the last three residues and a value around 90% for the residues from 5 to 21. Also in
this case, we have a decrease around the flexible region (Thr-11 and Ile-20). The difference
between the two solvents can be ascribed to the difference in the dipole moment and to
the presence of two -CF3 groups in HFIP. To illustrate the LCC results, Figure S11 in the
Supplementary Information (SI) presents the final snapshot of the MLT MD simulations for
two concentrations of cosolvent/water (10% and 50% v/v) solutions. The two cosolvents
are arranged differently around MLT, with water molecules positioned closer to the first
and last residues.
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4. Conclusions

In this study, we have shown the results obtained by performing molecular dynamics
simulations using an upgraded GAFF2 force field to simulate TFE and HFIP water solutions
at several concentrations. The same force field has also been used to simulate Mellitin
in several cosolvent/water mixtures to verify its efficacy in stabilizing the secondary
structure. The thermodynamic properties of cosolvent/water solutions are in agreement
with experimental findings, although the calculation of the static dielectric constant requires
in-depth analysis. The new force field allows a correct description of the secondary structure
of MLT in a range of concentrations from 10% to 50% v/v of cosolvent, showing that
maximum helical stabilization is reached for a biosolvent concentration of 30% v/v, in full
agreement with experimental evidence. The different analyses performed on molecular
dynamics simulations afford an accurate characterization the structure of the peptide
and the spatial organization of the cosolvent around the MLT, showing that TFE/HFIP
molecules cluster near the central peptide backbone and side chains, displacing bulk water.
In particular, for a biosolvent concentration in the range 30-40% v/v, we showed that the
TFE/HFIP “coating” of MLT increases in the inner residues, leaving the C- and N-termini
more exposed to water. Our results provide a thorough and convincing explanation of the
stabilization effect of the helical structure in MLT promoted by the mixing of biosolvents
in water.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/doi/s1. Table S1: Calculated and experimental thermodynamic properties.
Table S2: Average number of cosolvent and water molecules calculated at the first minimum of g(r).
Figures S1 and S2: snapshot of the final frame from the MD simulation for three concentrations of TFE
and HFIP water solutions. Figures 53-510: evolution of secondary structure from DSSP algorithm of
MLT in TFE/water and HFIP/water solutions. Figure S11: snapshots of the final frame from the MLT
MD simulations for two cosolvent/water concentrations (10% and 50%). Video hfip_40.mpg: MLT in
HFIP /water solutions at a concentration of 40% (v/v).
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