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Model of 1,1,1,3,3,3-Hexafluoro-propan-2-ol for Molecular Dynamics Simulations
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An all-atom model of 1,1,1,3,3,3-hexafluoro-propan-2-ol (HFIP) for use in molecular dynamics simulation
studies is proposed. The model was parametrized by fitting to the experimental density, pressure, and enthalpy
of vaporization of the pure liquid at 298 K. The model was then tested by comparison against other experimental
thermodynamic and kinetic properties of the pure liquid. Mixtures with SPC water were also investigated.
Overall, reasonable agreement with the available experimental data for the neat liquid and for mixtures with
SPC water was found. A tendency for HFIP to cluster in SPC water was observed in qualitative agreement
with experimental observations. The effect of HFIP on the secondary structure of peptides was also studied.
Two simulations of the peptide Melittin, in pure water and in 30% v/v HFIP, demonstrate the helix stabilizing
effect of HFIP.

1. Introduction glected. The model was shown to reproduce the experimental

Fluorinated alcohols such as 1,1,1,3,3,3-hexafluoro-propan- nvdration free energy of HFIP, but other properties such as
2-0l (HFIP) and 2,2,2- trifluoroethanol (TFE) are commonly cluster formation in water were not analyzed. The functional
used to study the ’cénformational states of small peptides andform used to describe the intermolecular interactions in this
proteins. These alcohols have the capability to increase theM0de! is quite different to ones commonly used in force fields
content of secondary structure-helix) in proteins and pep- designed for the simulation of biomolecular systems which limits
tides! The stabilizing effects of these alcohols change according 1€ dtr?nSf?raHbF'll'g’ of ,thgl mc;del. To .ourNITBOV\/.IedQI;e,. no oth((ajr
to the size and nature of the alcohol itseRecent studiés models of HFIP suitable tor use in MD simulations an
demonstrate a stronger secondary structure stabilizing effect ofSPeCifically optimized to reproduce the physicochemical proper-
HFIP in comparison with TFE. One reason for this effect is ties of the neat liquid as well as mixtures with water have been
related to the low polarity of the solvehiThe low polarity of publlshed. ) ]
HFIP allows the formation of micro clusters in aqueous solution N this paper, we propose a simple model of HFIP for use in
that could play an important, but as yet not clearly understood, MD simulations based on the GROMOS96orce field. The
role in the stabilization of the secondary structure of protehfs. ~ model was parametrized to reproduce the density, pressure and
The evidence for microheterogeneity in HFIP water mixtures the vaporization enthalpy of the pure liquid. The physicochem-
comes primarily from NMR and FTIR studié€8n addition, ical properties of the optimized model were then compared with
small-angle X-ray scattering (SAXS) studies indicate that cluster @ range of other experimental data including the compressibility,
formation is a function of the concentration of the HEIP and the thermal expansion coefficients, and the dielectric constant.

that the microheterogeneity reaches a maximum value at a The thermodynamic and structural properties of mixtur«_—zs with
concentration of 30% HFIP by volunfeln fact, a direct ~ SPC' water were also calculated and compared with the
correlation between the magnitude of the conformational €XPerimental values. A simulation of ashelix forming peptide
transition induced by HFIP and the extent of cluster formation (Melittin'?) in a 30% v/iv HFIP/SPC water mixture was also
in water solution is observed, with the maximum helix stabiliz- Performed to analyze the effect of the solvent on the structure
ing effect also occurring at a HFIP concentration of 30%%/v. ©f @ peptide. Melittin, a 26 a.a. amphiphilic peptide from honey
To better understand how HFIP stabilizes proteins and peptides,°€€ venom, is largely unstructured in water but adopts an
detailed simulation studies using atomic models are necessary®-nelical structure upon addition of HFIP. The circular dichro-
Few such studies of HFIP have, however, been performed. AiSm ellipticity at 222 nm reaches a maximum at around 10%
model of HFIP has been proposed by Kenichi et ahd used viv for a mixture of I.—|FIP/wate_r,. Wlth a plateau betwgen 10
to investigate the hydration of this solvent. This model was and 40% The simulation of Melittin in the HFIP/water mixture
parametrized by fitting to quantum-mechanical (QM) derived has allowed us to qualitatively verify the helix promoting effect

interatomic potentials. Internal degrees of freedom were ne- ©f our HFIP model and to analyze the distribution of HFIP
around the solute.
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mﬁﬁ%ggf&”ﬁ-ﬂgi y 2.1. HFIP Force Field ParametersAll ab initio calculations
E Universitz of Grfnir?éen_ were performed using the Gaussian 98 packddegeometry
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TABLE 1: Optimized ab Initio Geometries of the ap and TABLE 2: Summary of Charges Derived from
syn Forms of HFIP in Vacuum? Quantum-Mechanical Calculations of the Two HFIP
i a
HFIP (syn) HFIP (ap) Conformers in Vacuum
r(C—CoP 0.152 0.152 atom type HFIP (syn) HFIP (ap) differences
r(C—Fy) 0.135 0.136 C 0.848 0.806 0.042
r(C—Fy) 0.135 0.135 F —0.252 —0.249 —0.003
r(C—Fs) 0.136 0.135 F —0.264 —0.249 —0.015
r(Ce—Ho) 0.109 0.109 F —0.285 —0.265 —0.020
r(C.—0) 0.142 0.141 Ce —0.079 -0.169 0.090
r(O—H)® 0.096 0.096 Hc 0.163 0.208 —0.045
O(Cc—C—Fy)° 112.9 110.8 C 0.762 0.802 —0.040
0(Cc—C—F,) 111.0 111.3 F —0.249 —0.248 —0.001
0(Cc—C—F) 110.4 112.3 F —0.262 —0.264 0.002
6(F,—C—F) 107.6 107.2 F —0.229 —0.248 0.019
O(F1—C—F3) 107.1 107.4 O —0.567 —0.534 —0.033
6(F,—C—Fy) 107.2 107.2 H 0.414 0.412 0.002
6(C—C.—0) 109.4 109.2 dipole 1.583 0.634
gggc__céc_gg ﬂiz iéég a2 The units of the charge and the dipole are electrons and debye,
6(C.—O—H) 109.0 108.2 respectively.
¢ (F;—C—C.—H.)°¢ 176.5 -175.1
#(F2—C—C.—Ho) 55.4 65.5 partial charges for use in MD force field®.In Table 2, the
P(Fs—C—Ce—Hy) -63.2 -55.1 charges obtained from the MP2 calculations on the two
¢§E1:g:gc:8 ggg _gg'g conformers are reported. The largest deviations between the two
g(Fz_C_CE_C) 176.1 176.1 conformers occur on the central carbon with the deviations
#(Fi—C—C.—0) -63.0 615 within the asymmetric ap form in fact greater than those between
¢(F,—C—C.—0) 175.4 179.0 the ap and syn forms. The LJ parameters for the non fluorine
¢(Fs—C—C.—0) 56.7 58.3 atoms have been taken from the GROMOS96 force field and
$(C—Ce—O—H) -69.1 69.2 the initial estimates for the charges from the MP2 calculations
$(Hc—Ce—O—H) 57.0 -176.7

on the optimized ap form. This choice is a consequence of the
aC. is the central carbon, Hs the hydrogen bound to the central  fact that the ap form is the dominate fraction in the gas pRase.
carbon, and C is the carbons of the trifluoromethyl groups. The The differences in the partial charges between the two conform-
geometrical parameters of the se_condg Gfoup age not reported due ers are, as noted above, relatively small.
to the symmetry of the molecul@Distances in nm¢ Angles in degree. The use of dihedral potential functions to fit the potential
energy surface obtained from ab initio calculations prevented
the simultaneous reproduction of both thermodynamic and
dynamical liquid properties. The stabilization of the syn form
using additional dihedral potentials reduced drastically the
mobility of the molecules. For this reason, our model has no

performed using the 6-3#1-G** basis set. The dihedral angle
H—C—0—H (¢) defines two different conformers. The synclinal
(syn) conformer has a value ¢f= +60°. In this conformation,

a weak internal hydrogen bonding betwes F atom and the
hydroxyl hydrogen is present. The antiperiplanar (ap) conformer

has thep angle in a staggered position with= 18C. In Table torsional potential functions on all of the dihedrals. Therefore,
1, the structural parameters optimized for the two conformers the model does not reproduce the difference in energy between

obtained from the ab initio calculations are reported. Bond the @p and syn conformer obtained from in-vacuum ab initio
lengths and angles are very similar between the two conformersc@lculations. The model was optimized to reproduce the liquid
and were used to define the reference bond lengths and angle®roPerties of HFIP, in particular the density at atmospheric
for the HFIP model. The values are consistent with those usedPressure and the enthalpy of vaporization at 298 K.

for the previous parametrization of TRE. The LJ interaction parameters between two atoms were

The single-point energies and charge densities were calculated-@/culated as the geometric mean of the LJ parameters of the
for the optimized structures including electronic correlations at corresponding atom types; that 8y, = 4/Cy ,C5 , with a. =
the MP2 level, with the 6-3Ht+G** basis set. This large basis 12 or 6 and index 1 or 2 referring to the different atom species.
set was necessary to accurately reproduce the energy differenc&tarting from this set of nonbonded parameters, systematic
between the conformet8.The energy difference between the changes of the partial charges of all atoms and LJ parameters
two conformers is 3.5 kJ mol with the ap conformer being  of the F atoms were made. Details of the simulations are reported
lower in energy. Another ab initio study using density functional in the next session.

theory at the B3LYP/6-3tG* level gave a slightly larger Initially the LJ parameters for the fluorine atom were taken
difference of 5 kJ mal.” The calculated data are in excellent from our previous parametrization of TFE. Using those param-
agreement with the experimental value of441 kJ mol?, eters, however, it was not possible to reproduce the experimental

measured in the gas phase by Hollenstein éf &tudies of enthalpy of vaporization and the density unless the standard
liguid HFIP and HFIP in CGl however, indicate an energy GROMOS96 parameters for non fluorine atoms were modified.
difference between the two conformers of only 0.4 kJ Thél To maintain the consistency of the force field, a new fluorine
Spectroscopic data are consistent with the existence of a looseatom type was therefore defined for the HFIP model. In Table
internal H-+F hydrogen bond in liquid HFIP giving as the 3, the optimized parameters for HFIP are reported.
most populated conformer the ap form. Ab initio calculations  2.2. MD Simulations. Different simulations of pure HFIP
on HFIP dimers and trimef$iave shown that the most stable and mixtures with SPC water were performed. The neat liquid
structures are those with a hydrogen bond between two HFIPwas simulated at three different temperatures under NpT and
molecules in ap form. NVT conditions using a periodic simulation box containing 400
The partial atomic charges were obtained using the CHELPG molecules. A system containing 648 HFIP molecules was also
proceduré? This procedure has been shown to give reasonable simulated using a reaction-field correction to the long-range
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TABLE 3: Force Field Parameters for the HFIP Model TABLE 6: Thermodynamic Properties of HFIP/Water

Mixtures at 298 Ka

Csi,i/ Clzhi/
atom type (kJ moFtnmf) x 10° (kJ moirtnmtd x 10 gle Xupp SIM.tim& Npymp Ny VIV ¢ pf Aanai'Xce AHZ®
F 1.177862 1.168000 —0.200 0.000 2 0 1074 0 0.99 1.0 0.00 0.00
C 2.340624 3.374569 0.600 0.020 2 30 1435 10 1.11 1.1 0#0.16 —0.20
Ce 2.340624 3.374569 —0.070 0.082 2 100 1117 34 1.18 1.0 0s80.16 —0.38
H 0 0 0.495 0.133 2 150 979 47 125 09 0#40.19 —041
Hc 0.084640 0.015129 0.170 0.222 2 200 700 62 1.32 0.6 049.21 —0.50
O 2.261954 1.505529 —0.595 0.359 2 250 445 76 140 0.7 049.27 —0.52
- 0.409 2 300 432 80 1.43 0.9 049.25 —0.60
bond distance (nm) 0.552 2 300 243 87 1.47 1.0-0.49+0.37 —0.48
C_F 0136 0.662 2 350 178 92 1.51 0.7-1.05:0.38 —0.46
C—C 0.153 0795 2 350 90 96 1.55 1.2-0.90:0.43 —0.40
C-0 0.136 0.897 2 350 40 98 157 1.0-0.29:0.47 —0.28
C—H, 0.109 1.000 2 400 0 100 1.60 1.0 0.00 0.00
O-H 0.100 2The standard deviation for the calculated density and pressure
values are 0.01 kg ni and 300 bar, respectively. The errors for the
bond angle 0o (degrees) Ko (kJ mol™ rad™?) calculated mixing enthalpies are reported directly in the talabs® (kg
C—-C.—0O 111.0 460.2 m~3) x 1072 9bar.¢kJ mol™.
C—C.—Hc 109.5 460.2 )
C—-C.—C 111.0 460.2 TABLE 7: Experimental (exp) and Calculated (calc)
F—C—F 107.6 460.2 Dielectric Constants of HFIP/Water Mixtures at 293 K2
E__CO__CQ iéég gggé XHFIP viv €exp €calc Drrip? Dspd
C . .
O—C—H, 109.5 397.5 0.000 0 801 635 4402
0.020 10 71.3 60.5 320.2 3.4+ 0.2
TABLE 4: Summary of the Simulations of the Pure HFIP?2 0.082 34 56.9 41.1 220.2 2.5+0.2
™ - ime N diti 3 N AR 0.133 47 51.0 325 1303 2.1+ 0.2
sim. tim hep condiions o p vap 0.409 80 303 230 0£0.2 0.9+ 0.2
293 2 400 NpT 162 1.0 42.10 0.662 92 24.0 15.0 0203 0.2+ 0.2
29%r 5 648 NpT 161 1.0 41.50 1.0 100 17.8 8.5 0.06: 0.01
298 2 400 NPT 1.60 10 41.68 aDiffusion coefficients are calculated at 298 K. The number of
298 2 400 NVT 1.60 25 41.68 . . .
molecules in the boxes used for the calculations are the corresponding
313 2 400 NpT 156 1.0 37.90 t th lar fracti th in Tabkd6-5 e 5.1
313 > 400 NVT 156 50 37.90 ones at the same molar fractions as those in Ta ScemP st
exp
293 NpT 162 10 4276 liquid, a coupling constant ofp = 8 ps was required. This
298 NpT 160 10 4158 reflects the fact the model underestimates the compressibility
313 NpT 156 10 3898 of pure HFIP. Simulations of the mixtures were performed using

aThe subscript RF denotes the simulation performed using the the experimental compressibility of pure water (4510°°

reaction field. The standard deviations of computed values are 0.01 kgbar1), and as a consequence, a coupling constans ef 1 ps
m~3, 300 bar, and 0.4 kJ mdl, for the density, pressure, and ¢quld be used®
?’Ejp‘:;'g?}'on enthalpy, respectiveK. ©ns. (kg m™) x 10°2. *bar. The LINCS algorithr® was used to constrain all bond lengths

' in HFIP. For the water molecules, the SETTLE algorithm was
TABLE 5: Calculated (calc) and Experimental (exp) used? A twin-range cutoff for the calculation of the nonbonded
Thermodynamic and Kinetic Properties of Pure HFIP at 298 interactions was applied. All interactions within a short range
K2 cutoff of 0.8 nm were updated every step, whereas all interac-
pr° o (dery a (fluc)® € 7 tions (Coulomb and Lennard-Jones) within a long range cutoff
0.8 1.47 0.55 85 258 of 1.4 nm were updated only every 5 steps together with the
2.03 1.59 1.59 17.8 1.58 pair list. The cutoff values are in accord with those standardly

aFor the dielectric constant the temperature is 293 K. For the thermal used_ln the GRQMOSQ6 force field A dielectric .permI'F'[IVIty .
expansion coefficient the value obtain from eq 4 (der) and from eq 5 of & B 1 a}nd atime st_ep of 2 fs were used. In simulations with
(flu) are reported® (bar?) x 10% ¢ (K2 x 10% 9(kg m s2) x 1C%. reaction-field correction, the value aofgr was set to the
experimental dielectric permittivity of the simulated system (see

electrostatic interactions in order to determine the dielectric Table 7).
properties of the model. The parameters used for the simulations Before starting the simulations, the systems were first
are reported in Table 4. In the case of the mixtures, 10 different minimized for 100 steps using the steepest descent algorithm
NpT simulations at 298 K were performed. Furthermore, seven to eliminate unfavorable contacts. Initial velocities were assigned
of these mixture simulations (see Table 7) were performed at from a Maxwellian distribution corresponding to the selected
293 K, with reaction-field correction, to calculate the dielectric temperature. For the relaxation and equilibration of the systems,
properties and compare them with the available experimental simulations of 100 ps long were conducted. After equilibration,
data. In Table 6, the composition of each of the mixed systems simulation runs of 2 ns long were performed for the analysis.
simulated is reported. In all simulations, the temperature was Thermodynamic properties were obtained either from the
maintained close to the reference value by weak coupling to ansecond moment of the central distribution of an appropriate
external temperature bathwith a coupling constant of 0.01  thermodynamic variabtor from two simulations of the system
ps. In the constant pressure simulations, the pressure wasat two thermodynamic states using numerical derivatives. When
maintained by weak coupling to an external pressure bath of estimating thermodynamic quantities from the second moment
Po = 1 bar?® Using the experimental value of the compressibility of the distribution, two potential problems have to be considered.
of HFIP (2.03 x 10 “bar1)2! in the simulation of the neat One is the reliability of the method used to generate the

calc
exp
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simulated ensemble. In particular, the weak coupling method 15 10
used to maintain the temperature and pressure in the simulations
does not exactly reproduce a canonical ensefilée second 10 |
is that the second moments can be slow to converge. Long s
simulation times are required to obtain reliable results. The 5
dielectric constant for the liquid was estimated from the
fluctuation of the total dipolar moment. Therefore, to obtain
convergence, longer simulations were performed for this
calculation. The errors associated with the average properties
were calculated using the block averaging method described
previously?*

2.3. MD Simulations of the Melittin Helix in the HFIP/ 051
SPC Mixture. The starting conformation for the simulations
of the Melittin peptide was taken from the 0.2 nm resolution 0
crystal structure (pdb-entry: 2MLFf. The peptide was proto-
nated such that N-terminal N and C-terminal COOgroups 2|
were in accord with the experimental conditions. The peptide
was centered in a cubic box of 5 nm in edge and solvated with 1}
either pure SPC water molecules or a mixture of SPC water
and HFIP molecules. The protonation state of the peptide at
pH 3 gives a total charge ef5. A number of CI counterions 0
were therefore added to each system to reduce the overall charge r(nm)
on the system. This was achieved by replacing water moleculesrigure 1. Radial distribution functions (RDF) between specific pairs
at the most positive potential. The results discussed in the textof atoms derived from molecular dynamics (MD) simulations of pure
correspond to 5 ns simulations performed using 3 counterions. 1,1,1,3,3,3-hexafluoro-propan-2-ol(HFIP) at 298 K: (aji, dotted
Shorter simulations incorporating 5 counterions yielded, how- lines and G-H, solid lines; (b) =H, solid line and F-H_, dotted line;
ever, essentially identical results. All solvent molecules with gglﬁ;;(%’essclﬁ ggﬁ' ;gr\glassonr;cri:galtrl]ngéir:]egr:;hnen?{gnl]r:%%reatcl%réiwar.nber
any atom within 0.15 nm of the peptide were removed. The
final systems contained either 3780 SPC water molecules or gihedral angle in the simulation of liquid HFIP, a free energy
2150 SPC water and 157 HFIP molecules (corresponding to difference ofAG = 1.7 kJ mot! was obtained.
approximately 30% v/v). After equilibration, the box lengths  The intermolecular radial pair distribution functions (RDES),
were approximately 4.8 and 4.6, respectively. The GROMOS96 denoted bygy(r) and calculated from the simulation at 298 K,
force field'® was used to describe the peptide. All bond lengths  for different pairs of atoms, are shown in Figure 1. In the same

75

g(r)

in the peptide were constrained using the LINE&gorithm. figure, the running integration number (RIN)
GROMOS96 specifically optimize cross LJ interaction pa-
rameters between non-fluorine HFIP and peptide atoms, which N, = 47p, fR gx))(r)rz dr (1)
0

have been used during the simulations. For the fluorine atom
LJ interactions, GROMOS96 combination rules were used to

generate a new set of cross pair interaction parameters with thereported The RIN give the average number of atgizsntained

peptide atom types. in a sphere of radiuR centered on ators.

The simulations were performed at 298 K under NpT  |n Figure 1a, they(r) functions between the pairs-@ and
conditions USIng the procedure described above for the HFIP/ O_HC are reported (Only intermolecular contributions are
water mixture simulations. The system was first minimized using shown). Thegox(r) function shows a sharp peak at a distance
a steepest descent algorithm, followed by 150 ps of MD with of 0.16 nm and a RIN of 1.0 denoting the presence of a hydrogen
position restraints on the peptide to allow the relaxation of the pond interaction. The second peak at 0.33 nm (RiN2)
solvent molecules. This was followed by another 50 ps of originates from the hydroxyl hydrogen of the acceptor mol-
equilibration without pOSition restraints. Simulations of 5 ns ecules. In Figure 2, a Snapshot of one frame of the trajectory
were then performed for analysis. shows the spatial arrangement of the HFIP molecules. Hydrogen

Cluster analysis was performed using the Jarf#atrick’ bonding interactions, indicated in Figure 2 by broken lines, were
method: a structure is added to a cluster when this structuregeometrically defined. A hydrogen bond was considered to exist
and a structure in the cluster have each other as neighbors andf the distance between-GH was less than 0.25 nm and the
they have at lead® neighbors in common. The neighbors of a corresponding angle ©H---O was greater than 60 The
structure are theM closest structures or all of the structures average number of hydrogen bonds per HFIP molecule was two
within a cutoff, based on the root means squared deviation (considering the oxygen as both a donor and an acceptor). From
(RMSD) between backbone atoms. In our cRseas 3,M was the figure, it is evident that the Glgroups show a tendency to
10, and the RMSD cutoff was 0.1 nm. All simulations and cluster.
trajectory analysis were performed using the GROMACS2.0  There is some experimental evidehdadicating a weak

where pg is the number density of the atoms of ki is

software package in double precisin. intramolecular interaction between the fluorine and the hydroxyl
hydrogen of HFIP in both the vapor and the liquid. That this is
3. Physico-Chemical Properties of Pure HFIP mimicked in the simulations is evident in Figure 1b where the

OrH(r) shows a peak at 0.30 nm with a RIN equal to 0.3. The
3.1. Structural Properties. In pure HFIP and in CG| the Orud(r) function (Figure 1b), where Hs the hydrogen of the
energy difference between the ap and syn conformers is in thecentral carbon, shows a similar peak at 0.27 nm with a RIN of
order of 0.4 kJ molL.1”.” From the distribution of the HCOH  0.4. The values of these distances are very close to those
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The isothermal compressibilitgr was estimated from the
finite difference relationship
n p—
01,

|
_ _1(0V\ _1/0p\ _(oInp| _
pr= V(é\F:)T p(aP)T (6P )T” P,— P/; (3)

wherep; and p, andP; and P, are, respectively, the densities
and the pressures obtained from two simulations at the same
temperature but different pressures. The difference in pressure
was obtained by reducing the box volume by 0.5%. The value
calculated at 298 K was 0.8 10~“ bar ! which is a factor 2
less than the experimental value of 2.04104 bar 1.2

The thermal expansion coefficient was evaluated using the

following numerical derivative:

predicted for stable dimers in a vacuum obtained from quantum- In(p—z)

mechanical calculations. o= 1 (6_\/) ~_ Py
V\oT/p T,—-T

Finally, the long-range structure of the liquid is indicated by 2
the geccdunction (Figure 1c). The oscillating behavior of the ) ) )
geecdunction is evidence of long-range structural order produced and also gstlmated fro_m the fluctuations in the volume of the
by the hydrogen bond interactions and the clustering of the System using the relatiéh
hydrophobic CEk groups. The first peak at 0.43 nm has a RIN AHAVO
equal to 2, as expected from the analysis ofgbg(r) function. o=——""
In the second shell (0.580.87 nm), the number of coordinating VKT
molecules is approximately 13.

3.2. Thermodynamic Properties Different thermodynamic
properties of pure HFIP have been calculated. The thermody-
namic properties used to optimize the HFIP model were the
density?® the pressure, and the enthalpy of vaporization at 298
K. The other properties calculated were used as controls in order _

. : of 1.59 x 1073K~13! The value ofa calculated from the
h |. In Table 4 h : ) :
to verify the model. In Table 4, a comparison between the fluctuation formula was 0.55< 103 K~1. Most likely this

calculated and the experimental values for the density, pressure,diff rence is in part due to the temperature and pr. r lin
and enthalpy of vaporization is reported. The density at 1 atm erenceis in part due to the tlemperature and pressure coupiing

and 298 K is within 0.1% of the experimental value. The schemes used. The tig'ht cqupling constants used may have
enthalpy of vaporization is identical to within 4 significant su_ppressed the flugtuatlons |n_the system. Longer S|mu_lat|ons
figures under NVT or NpT conditions. The enthalpy of might also be required to obtain convergence when using the

. : : fluctuation formula.
vaporization deviates slightly at 293 and 313 K from the . . e -
experimental values. 3.3. Dynamical Properties.Tracer Diffusion Coefficients.

Th . " he simulati giti The tracer diffusion coefficientd)) were calculated using the
. € pressure IS very ;en5|t|ve tot € simu ation con oNs, Einstein relatiod® from the slope of the center of mass mean
in particular to changes in the cutoff radius. A reduction of the

| # radius f Its | h square displacement (msd) of HFIP molecules. The msd was
ong-range cutoff radius from 1.4 to 1.2 nm results in a ¢ ange cjiculated for each HFIP molecule in the simulation box.

in the average pressure of 100 bar. Other properties remainy ,iple starting points (each every 50 ps) were used to evaluate
practically unchanged. This effect has been also shown with the msd curve. The use of well separated starting points

4,30 i ) L.
other solvents* <A strong box size dependence was observed. j,0ves the statistics of the curve and reduces the effects of

In systems containing less than 230 molecules, the pressurey,o|ations on the computed value®f* The resulting average

(NVT), the density (NpT), and the total dipole were strongly o4 o\yrve was used to estimate the slope by linear regression.

dependent on the number of molecules because of long rangq, e regression, the first 5 ps of the msd curve, which contains
ordering induced by the PBC. the collisional part of the diffusion curve, was neglected. The
The heat of vaporization was estimated as calculated value oD at 298 K was 0.06x 10 5cn? sL.
Unfortunately, to our knowledge, no experimental data are
AHyap = [Uinted9) = UintedD] + [Uinga(9) — Uinga()] + RT available for a direct comparison.
2 Static Relatie Permittvity. The static relative permittivity,
€r, of pure HFIP was calculated from the fluctuation of the total
whereUiye(0) is the total potential energy for the interatomic ~dipole momentb?[of the system using the following equation:
nonbonded interactions ardl4 is the intramolecular energy 2
(angles, torsions, and intramolecular nonbonded interactions). )
Uine( @) Was assumed to be zero, wherbdags(g) was calculated (. — )(ZGRFJr 1) _ M- MO )
by averaging over a number of independent simulations of r 2epet €, 3egVks T
isolated molecules. The error in the enthalpy is 0.24% at 298
K. In Table 5, other thermodynamic and kinetic properties wheree, is the relative permittivity used in the reaction field
calculated, together with the corresponding experimental values,treatment,V is the volume of the boxks is the Boltzmann
are reported. constant, andT is the absolute temperature. Because the

Figure 2. Example of a cluster of HFIP molecules present in the
simulations of the pure liquid. Dotted lines indicate hydrogen bonds.

4)

1P

(5)

whereH is the “instantaneous enthalpy” of vaporization and

is the volume. For the calculation of this value, simulations at

two different temperatures at 298 and 313 K were performed.
The value calculated using eq 4 between 298 and 313 K was

1.47 x 103 K~ This is very close to the experimental value
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Figure 3. Cumulative average of the fluctuation in the total dipole ‘ ’
moment as a function of time obtained from a simulation of liquid 0.0 ‘ ‘ 0
HFIP at 293 K performed with reaction field corrections. 5l c 4
fluctuation theM?Citerm converges very slowly, long simula- Eg 1l 3
tions (up to 5 ns) using a box of 648 HFIP molecules and a i 2
reaction field correction to the long-range interactions were ® 0 1
performed at 293 K. In Figure 3, the cumulative average of the ‘
fluctuation in the total dipole moment of the system versus time 00,0 0.5 10 150
is reported. The resulting dielectric constant of 8.5 is lower than r(nm)

the experimental valdg17.8). We note, however, that similar  gigyre 4. RDF pair distribution functions (solid lines) derived from a
differences have been found for other comparable sol@nts. MD simulation of a 34% v/v mixture of HFIP in SPC water at 298 K:
The effect of different values oérr On ¢, was tested by (@) Qy—H, (b) O—H, and (c) H,—0O. The dotted lines show the
performing simulations with different values efr in a range corresponding RIN curves.

of 8—28. No significant effect on the final result was observed.

Itis possible that 5 ns is insufficient to obtain converged results, maximum of thegown(r) at a distance of 0.16 nm with a RIN
but it is unlikely that this could account for the observed Of 1.5 denotes a strong hydrogen bonding interaction between
discrepancy. More likely, the difference between the calculated the two species. Thgoww(r) has a first peak at 0.18 nm with a
and experimental values is due the lack of atomic polarizability RIN of 0.2 and a second well-defined peak at 0.32 with a RIN

in the model. of 2. Thegon(r) function shows a sharp peak at 0.16 nm with
Shear ViscosityThe shear viscosity was calculated at 298 K a RIN of 0.5. Comparing the number of hydrogen bonds
using the method described by Berend%ett.In this method, between the water and the HFIP molecules, it seems that

the viscosity of the liquid is estimated from nonequilibrium hydrogen bonding interactions are mainly formed with water.
simulations in which an external shear-stress acceleration field In Figure 5, a snapshot of a box of the HFIP/SPC water mixture,

of the form corresponding to a 34% v/v HFIP solution is shown.
27z The picture clearly shows the microheterogeneity of the
a,=A cos( I ) (7) solution and cluster formation. The microheterogeneity between
z the two species can be explained by the tendency of the CF
with a4 being the acceleration in thg direction, A the groups to cluster, minimizing their contact with water, and by
acceleration amplitude; the z coordinate of the particlé; the the formation of a network of hydrogen bonds between the HFIP

length of the box in the direction, is applied to the system. molecules. X-ray scattering measureménts HFIP/water
The external acceleration field induces a velocity gradient of mixtures, having a volume concentration of HFIP varying
the same shape. Under these conditions, for a classical (New-between 25 and 35%, suggest there is a strong tendency for the

tonian) fluid, the dynamic viscosityyf is simply given by alcohol to cluster with a maximum at around the 30% in volume.
A [1,)2 To investigate the microheterogenity in the HFIP/water mixtures,
n= _O(EZ) (8) the gcecedr) for the different HFIP/water mixtures were calcu-
v

lated and compared to that of the pure liquid. In Figure 6, the
whereo is the density of the system and vis is the resulting RDFs are reported. The sharp first peak at 0.43 nm, observed
velocity amplitude. A careful choice of the parameiaas well in the pure liquid, progressively diminishes with increasing water
as of the box edge in thedirection (see ref 35) was made in  concentration. This effect is a consequence of the water
order to induce a perturbation to the system that can be molecules interfering the formation of HFIP dimers. The
discernible from thermal velocities but still small enough to structure observed in the pure liquid in the range 6:6®@ nm
prevent the appearance of order in the fluid. A rectangular box remains present, although the two peaks broaden and become
of 4.9 x 4.9 x 9.8 nm and a value foA of 0.02 nm ps? was less well defined (Figure 1c). The relative positions of the two
used. The values af were calculated as described in refs 34 peaks remain unchanged at 0.53 and 0.70 nm, respectively. The
and 35. The value of obtained from the simulations was 2.58 value of the RIN at 0.9 nm increases going from the lowest to
x 1073 Kg m s2 at 298 K. The corresponding experimental the highest HFIP concentration, with values of 5.2, 6, 9.5, and

value®® is 1.58 x 1073 Kg m s2, at the same temperature. 17 for the 10%, 34%, 42%, and 62% mixtures, respectively.
) ) ) ) These values may be compared with that of the pure liquid
4. Physicochemical Properties of Water-HFIP Mixtures which has a RIN at 0.9 nm also of 17. The fact that the RIN

4.1. Structural Properties. In Figure 4, thegy(r) functions value does not scale linearly with the percentage HFIP is further
for the pairs H,—0, Q,—H, and O-H are reported. The sharp  evidence of cluster formation.
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Figure 5. Snapshot after 2 ns from a simulation of a 34% v/v HFIP/water mixture. The HFIP molecules are presented in a tube representation,

whereas the water is shown in a wire representation.
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Figure 6. Pair distribution functions between, @oms derived from
simulations of HFIP/water mixtures: 10% (solid line), 34% (eot
dashed), 42% (dashed), and 62% (dotted) in v/v in HFIP. The running
integration numbers are plotted with the same symbol as the corre-
sponding RDF function.

4.2. Thermodynamic and Dynamical PropertiesHydration
Free Energy.The hydration free energy was estimated using
the thermodynamic integration meth&dn this approach, the
Hamiltonian {) of the system is made a function of a coupling
parametei which whent = 0 the system corresponds to state
A and wheni = 1 the system correspond to state B. In this
way, the change in free energy can be calculated by

AFga= [TRMdi= [ [%Dd,{

where the angular bracket8I denote averaging over an
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Figure 7. Main chain RMSD of the Melittin from the water (thick
gray) and 30% HFIP/water (solid) simulations.

5000

equilibrium ensemble generated witl{1). The integral in eq

9 was evaluated by obtaining ensemble averages over 23 discrete
A points and determining the integral numerically. At edch
point, 50 ps of equilibration and 150 ps of sampling was
performed. Numerical instabilities that can occur during the
disappearance of atoms were avoided by using a soft-core
interaction functiof®3° as described by Daura et “Al.The
hydration free energyXGnya) was calculated by deleting a HFIP
molecule in a box of 819 SPC water molecules. In this case,
the calculation was performed by switching off the nonbonded
interactions between the HFIP molecule and the water mol-
ecules. The simulations were performed at constant pressure
and at 298 K. A value of-1743 kJ mol! was obtained from
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N-ter effect may also indicate a slight underestimation of the
& intermolecular F-H,, interaction which is believed to play an
important function in the stabilization of the liquid mixturés.
The dielectric constant as a function of composition was
calculated as described previously for the pure liquid. The
calculations were performed at 293 K for comparison with the
available experimental data measured at this temperature. The
results are shown in Table 7 together with values obtained
experimentally? It is evident that for all mixtures the dielectric
while showing the expected trend is systematically underesti-
mated. This further suggests atomic polarizability could play a
major role in this discrepancy.

@) (b) © Tracer Diffusion Coefficientin Table 7, tracer diffusion
Figure 8. Tertiary structure of the main chain of Melittin: (a) crystal  coefficients for HFIP/SPC water mixtures are reported. Unfor-
structure, (b) the structure after 5 ns from the HEIleater Simul_ation, tunate|y' to our know|edge, no experimenta| data are available
and (c) the_ structure after 5 ns from the simulation in water. Th_e _p_|ctures for comparison. However, it is to note that thevalues increase
‘;Vrir%:gg'gidt#es'Egbggggﬂfi':gesZ%nggﬁgoﬁrucmre definitions at low HFIP concentrations. A similar tendgncy was also

observed for other alcohdfs and a correlation with the

the calculations which is in very good agreement with the dimensions of the molecule was proposed as explandtion.

Cter

experimental valué of —15.8 kJ mot?, 4.3. Melittin Simulation in HFIP/SPC Mixture. In Figure
Mixing Enthalpy and Dielectric Constarthe molar enthalpy 7, the main-chain root-mean-square deviation (RMSD) of the
of mixing is defined as peptide in pure water and in HFIP/water mixture with respect
the crystallographic structure is shown. The peptide never
AH i = Uik — XappYuee — (1 — Xypp)Uspe T PAV,, deviates more than 0.25 nm from the starting structure during
(10) 5 ns of simulation in the HFIP/water mixture, returning to within
0.1 nm of the starting structure at the end of the simulation. In
where Upx is the potential energy of the mixture ahélrp contrast, the RMSD of the peptide in water rises rapidly to 0.3
andxyrip is the molar fraction of HFIP andspcis the potential nm and shows large oscillations throughout the simulation.
energy of pure HFIP and pure water, respectivélyrp = Similar results for Melittin in water have also been obtained in
579.75 kJ mot! andUspc= —42.3 kJ mot?! have been used recent work by Lin et at/ Cluster analysis based on the
in the calculations. ThpAVy contribution toAHmix, whereVy backbone RMSD was used to analyze the conformations

is the volume change upon mixing apdthe pressure of the  sampled. The HFIP/water simulation showed a single large
solution, was found to be negligible. In Table 6, the experi- cluster incorporating 76% of the trajectory with an average
mentat? and calculated values of mixing enthalpies at the deviation from the crystallographic structure of 0.14 nm. In the
different concentrations of HFIP are reported. The mixing case of water simulation, 23 clusters were obtained with the
enthalpy is calculated from a difference of two large numbers three largest incorporating 20, 19, and 16% of the trajectory
and is thus very sensitive to the details of the simulation. Despite with average deviations from the starting structure of 0.23, 0.45,
the careful regulation of the temperature of the system and theand 0.42 nm, respectively. The difference in conformational
use of a time step of 1 fs, the model failed to reproduce the flexibility of Melittin in water as opposed to the HFIP/water
experimental mixing enthalpies at low molar fractions of HFIP. mixture is illustrated in Figure 8. Figure 8 shows for comparison
The precise reason for this is unclear. Similar trends have beenthe starting crystallographic structure, the structure after 5 ns
observed with other solvents and may be related to the use offrom the simulation in 30% v/v HFIP, and the structure after 5
combination rules to derive HF{PSPC interaction$3-° The ns from the simulation in water. The structure in HFIP is

9.
"3

s

¢ Xk
“W‘}. L

QD
Q&

W

Figure 9. Snapshot of the last frame from the simulation of Melittin in HFIP/water. Only solvent molecules within 0.8 nm of any atom of Melittin
are shown. HFIP molecules are represented by a sphere centered anatioenC
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essentially identical to the crystallographic structure with slight D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

fraying at the ends. The structure in water shows fraying at the
ends and also in the middle. The extent of fraying at the ends

and in the middle varies during the simulation.

Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;

Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

Figure 9 shows a snapshot of the distribution of the HFIP M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.3; Gaussian,

molecules (represented by spheres centered. atod1s) around
the Melittin molecule. In the simulation, the HFIP molecules

cluster around the peptide forming a coat and reducing its

mobility.

5. Conclusions

In this paper, a new model of HFIP for molecular dynamics

simulations has been presented. The model was parametrize

at 298 K to be compatible with the GROMOS96 force field.

Overall, the thermodynamic and kinetic properties of the neat

Inc.: Pittsburgh, PA, 1998.
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B 200Q 104, 1234712354.
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liquid calculated based on the model show reasonable to goodChem. Phys1984 81, 3684-3690.

agreement with the available experimental data. The shear

(21) Mehta, S. K.; Sharma, A. K.; Parkash, R.; Chadha, S. Chem.

viscosity of the model at 298 K is higher than the corresponding So¢ Faraday Trans:1998 49, 2565-2569.

experimental value which could be a consequence of the strong

network of hydrogen bonds formed in the pure liquid. The

dielectric constant is underestimated, possibly a consequenceyg,
of insufficient sampling and/or the absence of explicit polariza-

tion within the force field. The thermodynamic properties of
the HFIP-water solutions were also investigated. The free

energy of hydration shows a good agreement with the experi-

(22) Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E1.M.
Comput. Chem1997, 18, 1463-1472.
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mental value. The HFIP model is completely soluble with SPC Biol. Chem.198Q 255 2578-2582.

water at all molar fractions. There is, nevertheless, evidence of
microheterogeneity consistent with the results of SAXS experi- 1034

ments® Simulations of the peptide Melittin in water and in 30%
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a-helical conformation in agreement with experimémlork

is in progress to investigate the nature of this phenomena further.
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