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Abstract The alcohol-based cosolvent 2,2,2-trifluoroetha-
nol (TFE) has been used widely in protein science and
engineering. Many experimental and computational studies
of its impact on protein structure have been carried out, but
consensus on the mechanism has not been reached. In the
past decade, several molecular mechanical models have
been proposed to model the structure and dynamics of
TFE. However, further calibration is still necessary. In par-
ticular, its compatibility with protein force fields has not
been well examined. The general AMBER force field
(GAFF) has proved quite successful in modeling small
organic molecules, and is compatible with contemporary
AMBER force field. In this work, we assessed the accuracy
of GAFF for the TFE molecule as a bulk solvent. Several
properties, such as density, dipole moment, radial distribu-
tion function, etc., were calculated and compared with ex-
perimental data. The results show that GAFF plays fairly
well in the description of bulk TFE, although there is still
room for improvement.
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Introduction

The alcohol-based cosolvent 2,2 2-trifluoroethanol (TFE)
has been used widely in the study of protein and peptide
structures. At high concentration, TFE tends to denature
tertiary hydrophobic interactions in protein and stabilize
secondary structures, especially o-helix, in peptides [1-5],
while at low concentration it may enhance the stability of
protein by an appreciable decrease in the cold denaturation
temperature and a modest increase of the hot denaturation
temperature [6, 7]. Possible mechanisms by which TFE
affects the structure and dynamics of peptides and proteins
have been proposed [8]. TFE is a better proton or hydrogen
bond donor but a poorer acceptor compared to water, and it is
likely to bind preferentially to the main chain carbonyl
oxygen group, which leads to enhanced intra-polypeptide
hydrogen binding of the amide group. TFE also has a lower
dielectric constant as compared to water (27 vs 79) at ambi-
ent conditions, which may strengthen long-range electronic
interactions. The hydrophobic nature of the CF5; group may
disrupt (3-sheet structure but preferentially stabilize helical
structures. Some experimental studies [9—11] have been car-
ried out to seek rational explanations for TFE behavior. Hong
et al. [12] investigated the alcohol-induced transition about
Melittin—a bee venom peptide—and {3-lactoglobulin—a
predominantly (3-sheet protein. The role of several factors
was examined, including relative dielectric constant,
strength of hydrogen bond and clustering of TEF molecules.
Hong et al. [12] found that it was the clustering of TFE
molecules rather than the relative dielectric constant or the
strength of hydrogen bond that explained the marked effect
of TFE. Chagolla et al. [13] explored the conformations of
designed peptide Betanova in 42 % trifluoroethanol/water
(v/v). They found that although TFE could influence stability
in other (3-sheet and {3-hairpin systems, it failed to influence
the relative amounts of conformations of Betanova present in
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TFE/water. Therefore a sophisticated and comprehensive
understanding of the mechanism remains elusive.

Many experimental and theoretical studies have been car-
ried out to study the properties of TFE as bulk solvent [14—18].
Compared with experiments, computer simulations can pro-
vide structural and dynamic information with high spatiotem-
poral resolution, which is difficult to obtain by experimental
means. Popular force fields such as AMBER [19, 20],
CHARMM [21], OPLS [22], and GROMOS [23] have been
shown to be quite successful in the study of biological mole-
cules. With recent progress in the development of the general
amber force field (GAFF) [24, 25] and the CHARMM general
force field (CGenFF) [26], these force fields have been ex-
tended to general organic molecules for the study of protein/
ligand binding systems. Meanwhile, a variety of TFE models
have been proposed [27-29]. With these models, some en-
couraging results have been obtained for proteins and peptides
solvated in TFE or TFE/water cosolvent [30, 31]. Berendsen
etal. [32] used molecular dynamics (MD) simulations to study
the helix stability of the C-terminal part of myoglobin in water
with 30 % (v/v) TFE. The GROMOS force field was used to
study the parameters of atoms in the TFE molecular except for
fluorine the parameters of which were taken from the literature
[33, 34]. Their result supported the notion that TFE acts as a
structure-forming solvent. Roccatano et al. [35] used their own
TFE model [28] to study the stability of three peptides with
different secondary structure composition, including Melittin,
Betanova and 3-hairpin 41-56 from the B1 domain of protein
G. They found TFE promoted stability rather than inducing
denaturation because it coated the peptide, which promoted
the formation of local hydrogen bonds and interacted weakly
with nonpolar residues, which indicated that TFE did not
severely disrupt hydrophobic interactions within these pepti-
des. Yagisawa et al. [36] used multicanonical molecular dy-
namics (McMD) to study the 24-residue peptide humanin in
TFE/water co-solvent. McMD can sample comprehensive
conformations and provide reliable thermodynamic informa-
tion over a wide temperature range. The results indicated that
the helix content and free-energy landscape depended on the
solution conditions, and helix induction was a consequence of
the preferential solvation. In order to generate a more compat-
ible model with AMBER force field for TFE, in this work we
assessed the performance of GAFF in modeling the structural
and thermodynamic properties such as density, enthalpy of
vaporization, etc., of TFE liquid. The results show that, while
there is still room for improvement, GAFF plays fairly well in
the description of TFE as bulk solvent.

Methods

The initial structure of TFE was built by GaussView, and
then optimized at HF/6-31 G** level using Gaussian 09
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[37]. Atomic charges of TFE were fitted according to the
dual-step restrained electrostatic potential (RESP) [38—40]
method implemented in the AmberTools package [41]. The
electrostatic potential on grids around the TFE molecule
were calculated at HF/6-31 G* level. The charge scheme
quite followed the proposed procedure of GAFF [24, 25]
and it was compatible with the AMBER99SB force field
[20]. Other parameters, such as bond, angle, dihedral and
van der Waals, were taken directly from GAFF. The ante-
chamber module was used to build the parameter set for
TFE. The bonded and nonbonded parameters of TFE are
listed in Tables 1 and 2, respectively. We then generated a
TFE box of 77.2 x 68.6 x 68.4 A containing 1,715 TFE
using the LEaP program in AmberTools 1.5. The whole
system was optimized by 4,000 steps of the steepest descent
and then by conjugate gradient until convergence was
reached. With the volume of the box fixed, this system
was heated to 300 K in 100 ps. A 20-ns equilibrium MD
simulation under NPT ensemble was carried out to study its
physical properties. All bonds involving hydrogen atoms
were constrained using the SHAKE [42] algorithm. The
integral time step was set to 2 fs. We also tried 1 fs as the
integral time step but this made only marginal differences to
the calculated physical properties. Therefore all the analysis
below is based on the trajectory with a 2-fs time step. The
van der Waals interaction was truncated at 10 A and the
periodic electrostatic interaction was calculated by the par-
ticle mesh Ewald (PME) [43] algorithm with 10 A cutoff in
real space. The temperature was regulated by employing
Langevin dynamics with a collision frequency of 4.0 ps™"
and the pressure was regulated using Berendsen’s barostat
[44]. Simulations were carried out in AMBER 11 [41].

Results

The radial distribution function (RDF) g(r), which is also
often referred to as a pair correlation function or pair distri-
bution function, gives the probability of finding a particle in
a certain distance » from another particle. RDF provides
useful information about the liquid structure, and is related
to the potential of mean force, which describes the reversible
work for a process in which two tagged particles are moved
through the system from infinite separation to a relative
separation » and many thermodynamic properties can be
obtained from g(r) [45].

The first and second peaks stand for the first and second
coordination shell, respectively. The radial distribution func-
tion for the carbon atom in the tail group CF3 [g..(7)] is
shown in Fig. la. There are several apparent peaks, which
indicate the long range of correlation. The locations of peaks
and minimums are in agreement with the Roccatano’s work
[28]. The oxygen—oxygen [g,,(r)] and oxygen—hydroxyl
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Table 1 Bonded parameters for

2,2 2-trifluoroethanol (TFE) Bond RK* (kcal mol ' A™%) REQ" (A)

CF-F 363.8 1.3440

CF-CH 303.1 1.5350

CH-HC 335.9 1.0930

CH-OH 314.1 1.4260

OH-HO 369.6 0.9740

Angle TK® (kcal mol ' rad?) TEQ! (degree)
Force constant for the bonds of F-CF-F 71.260 107.160
each type F-CF-CH 66.220 109.410
PEquilibrium bond length for the CF-CH-HC 46.360 110.070
bonds of each type CF-CH-OH 67.720 109.430
“Force constant for the angles of HC-CH-OH 50.970 109.880
cach type HC-CH-HC 39.180 109.550
0?2331‘1*’;‘;? angle for the angles oy oy Ho 47.090 108.160
*AMBER parameters used fo Dihedral IDIVF® PK' (kcal mol ™) PHASES (degree) PNe
define the torsional potential en- F-CF-CH-HC 1 0.19 0.0 1
ergy function CF-CH-OH-HO 1 0.16 0.0 1
Force constant for the dihedrals CF-CH-OH-HO 1 0.25 0.0 1
of each type F-CF-CH-OH 9 1.40 0.0 3
#Periodicity of the dihedral of a HC-CH-OH-HO 3 0.50 0.0 3
given type

hydrogen [g,,(r)] radial distribution functions in this TFE
solvent are shown in Fig. 1b and c respectively, from which
the cumulative coordination numbers in the first and second
coordination shells are also calculated by

) =amp [ e (1)

where p is the number density of TFE molecules. The
location of the first peak in g,o(r) is 2.8 A, which is the
distance between the hydroxyl groups in two directly
hydrogen-bonded TFE molecules. The second peak in g,.(7)
covers a wide range from 3.8 A to 5.9 A, and corresponds to
the distance between the hydroxyl groups in two TFE mol-
ecules hydrogen-bonded to a same TFE molecule, and to
neighboring TFE molecules without a hydrogen bond be-
tween them. The coordination number of the first shell is 2,
and that of the second shell is 4. Long-distance correlation

beyond the second coordination shell is very weak, which
can be seen from the barely existing third peak. The strong
hydrogen-bonding in the first coordination shell can also be
confirmed by the location of the first peak (1.8 A) in the
oxygen—hydroxyl hydrogen radial distribution function
Zon(r). The second peak in g.u(7) covers a relatively large
range from 2.8 A to 4.0 A, and it corresponds to the distance
between the dangling hydroxyl hydrogen and the hydrogen
bond donor in a pair of hydrogen-bonded hydroxyl groups,
and the distance between the two hydroxyl groups
hydrogen-bonded to a same TFE molecule. The coordina-
tion numbers of the first and second coordination shells for
gon(r) are 1 and 2, respectively.

The calculated physical properties, such as density, en-
thalpy of vaporization, dipole, and heat capacity etc., are
shown in Table 3. The experimental measurements are also
listed for comparison. These quantities are very important,

Table 2 Nonbonded parameters

for TFE Atom name Atom type Charge R* EDEP”
(e) A) (kcal mol™")
F f —0.204018 1.7500 0.0610
CF c3 0.605398 1.9080 0.1094
CH c3 0.070207 1.9080 0.1094
HC hl 0.061817 1.3870 0.0157
OH oh —0.626284 1.7210 0.2104
“van der Waals radius of the atoms HO ho 0.439100 0.0000 0.0000

The 6-12 potential well depth
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Fig. 1 Radial distribution functions and integrated coordination
numbers of a C—C, b O-O and ¢ O-H

and are always investigated when assessing a force field
[46]. The average bulk density (p) is computed from

NrreMrrg
D=y @

in which Mrgg is the molecular weight, Ntgg is the number
of TFE molecules in the system with average volume (V),
and N, is the Avogadro constant. The volume underwent
minor fluctuation during the simulation as shown in Fig. 2.
The average volume per TFE was 123.2 A®, and the calcu-
lated density was 1.348 g/cm’®, which was comparable with
the experimental value (1.383 g/cm?) [47].

Enthalpy of vaporization, also known as the heat of
vaporization, is the enthalpy change that occurs during the
transition of one mole of substance from the liquid phase to
the gas phase, where both of the phases are under equilib-
rium pressure. The standard way to calculate this quantity is
through formula

AHvap = Hgas - Hliquid = Egas - Eliquid + P( Vgas - Vliquid)

(3)

However, it is practical to employ the ideal gas approx-
imation that the intermolecular interaction energy in gas
phase is zero and the molar volume in liquid phase is
negligible as compared to that in gas phase. For ideal gas,
PV sasapproximately equals the product of the gas constant R
and the temperature 7. Therefore

AHvap ~ Ugas - Eliquid + RT (4)

Ugas and Ejiquig can be obtained from the simulations of an
isolated TFE and bulk TFE, respectively (see Fig. 3). The
calculated enthalpy of vaporization was 44.68 kJ/mol.
Comparing to the experimental value (43.97 kJ/mol) [48],
the relative error was only 1.6 %.

The only pressure regulation algorithm available in AM-
BER is the Berendsen’s barostat, which is a weak coupling
method. It mimics the global energy exchange between the
simulated system and an external heat bath in Langevin
equation, while local coupling by random noise is eliminat-
ed. The fact that this does not reproduce a canonical ensem-
ble [49] and the slow convergence of the second moment
[28] made it difficult to calculate values related to the

Table 3 Physical quantities from experiments and molecular dynamics (MD) simulations

p AH n D e C, K7 @,

gcm’ kJ mol ™’ Debye 10°m?s! Jmol ' K™ 107 bar ! 107°K!
Experimental 1.383° 43.97° 2.46° 0.60° 26.67° 177.8" 1.0635¢8 1.255°
This work 1.348 44.68 2.54 0.28 16.69 269.1 0.8863 1.225

2 Rochester [47]
® Mainar [48]

¢ Mainar [55]

9 Harris [53]

¢ Mukherjee [57]
fMiyana [51]

£ Patil [50]
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Fig. 2 Time evolution of the volume of the simulated 2,2,2-trifluor-
oethanol (TFE) box

fluctuation of pressure such as heat capacity, isothermal
compressibility and thermal expansion coefficient. On the
contrary, the mean value was not sensitive to the method
used to mimic an ensemble, and it convergences very rap-
idly. We can use numerical method to obtain these values
from different thermodynamic states [28].

The isothermal compressibility #t is defined as

P 1 [ov - In(py/py)
r=——|— |~ (22810
V \ op P,—Py ),

where p; and p, were the densities obtained from different
simulations using the same temperature but different pres-
sure conditions. The pressure values of P; and P, were
chosen to be 1 bar and 101 bar, respectively. The value
obtained was 8.863x 10 bar ', which is about 17 % lower
than the experimental value (1.0635x10* bar ') [50].

The thermal expansion coefficient c, is defined as
ap = i (a_V) ~ <ln(p2/pl)) (6)

y-\or/, T, —T
Where p; and p, are the densities obtained from different
simulations using the same pressure but different tempera-
ture conditions. Starting from the last frame of the 4 ns
simulation at 300 K, we ran another two 20 ns simulations
at 290 K and 310 K, respectively; the last 6 ns trajectories
were used to calculate p; and p,. We obtained 1.225x 10>
K for ay,, which deviated by only 2.4 % from the exper-
imental value (1.225x10 K" ") [48].

The heat capacity at constant pressure (Cp) was calculated by

H, — H

h—-T/)p
The calculated Cp was 269.1 J mol ! K™!, which was
much larger than the experimentally measured value

(177.8 I mol™" K™") [51]. Further calibration of this force field
according to the heat capacity is required.

(7)

Fig. 3 Time evolutions of T
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Fig. 4 Time evolution of the fluctuation of the dipole moment of the
simulated TFE box

The diffusion coefficient D was obtained from the Einstein
equation [52] as

o (- r©)?)

T—00 6t

, (8)

where r(7) is the center of mass (COM) of a TFE molecule at
time 7. The value obtained was 0.28x10~° m? sfl, which is
lower than the experimental value (0.6x107° m* s ') [53]. A
lower diffusion coefficient means higher friction coefficient,
which reflects collision frequency. VDW interaction is short-
range force compared with long-range electrostatic interac-
tions. In the MD simulation of the TFE molecule, the collision
frequency is determined mainly by long-range forces; there-
fore, atomic charges need further refinement. However, it has
been found that the computed diffusion constant shows sig-
nificant system-size dependence with the correction scales as
N3, where N is the number of TFE molecules [54]. Therefore
convergence of the diffusion constant requires a large simula-
tion box, which is not applicable to routine simulations.

The magnitude of the dipole moment is an important
property that directly determines the strength of TFE-TFE
and TFE—protein interactions, and indirectly modulates in-
ternal protein interactions. This property can affect the
structure of protein by determining the dominant factor
between entropy and enthalpy. We calculated the dipole
moment of every single TFE molecule in all the frames.
The average dipole moment was 2.55 Debye, which was
very close to the experimental value (2.46 Debye) [55].

The static relative permittivity is related to the fluctuation
of the total dipole moment of the system through [56]

(& — 1)<28RF+1) ) 9)

2£RF — & - 380 VkBT

in which M is the total dipole moment of the TFE box. The
convergence rate of this quantity is very slow, so we
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collected the last 6 ns simulation data to study its temporal
variation. In Fig. 4, the cumulative average of the total
dipole moment fluctuation of the system is reported as a
function of time. The final value of static relative permittiv-
ity was 16.69, which is smaller than the experimental value
(26.67) [57], but close to the value calculated by Fioroni
[28]. This low static relative permittivity may lead to over-
strengthened electrostatic interaction, and this may partly
explain the small diffusion constant obtained above.

Conclusions

2,2,2-Trifluoroethanol is used widely in protein science, and
has been shown to destabilize tertiary hydrophobic interac-
tions while stabilizing secondary structure. Due to this special
feature, it has attracted many experimental and theoretical
investigations aimed at revealing the mechanism of its impact
on protein structure. The reliability of computer simulation
relies on the quality of the force field parameters. The AM-
BER force field has gained much popularity in the computa-
tional biology community. With the development of the
general AMBER force field (GAFF), it is now convenient to
simulate the interaction between proteins and organic mole-
cules. In this work, we built a TFE box and parameterized the
potential utilizing GAFF. MD simulations were carried out to
study the structural and thermodynamic properties, such as
radial distribution functions, densities, heat of vaporization
and dipole, etc. By comparing with experimental measure-
ments, we find the GAFF operates fairly well to delineate the
interactions of TFE, especially density, heat of vaporization,
dipole and the thermal expansion coefficient. However, other
quantities, such as diffusion constant, heat capacity, static
relative permittivity and isothermal compressibility, deviate
greatly from the true values. Therefore further calibration of
the force field is necessary. Possible directions for such re-
finement are the special treatment for halogen bonds [58, 59]
and the implementation of a polarization effect due to the large
electron negativity of fluorine atoms.
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