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A Flexible All-Atom Model of Dimethyl Sulfoxide for Molecular Dynamics Simulations
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An all-atom, flexible dimethyl sulfoxide model has been created for molecular dynamics simulations. The
new model was tested against experiment for an array of thermodynamic, structural, and dynamic properties.
Interactions with water were compared with previous simulations and experimental studies, and the unusual
changes exhibited by dimethyl sulfoxide/water mixtures, such as the enhanced structure of the solution, were
reproduced by the new model. Particular attention was given to the design of the electrostatic component of
the force field and to providing compatibility with the CHARMM parameter sets for biomolecules.

Introduction mixtures!#17:18 and its interaction with a phospholipid bi-

Theoretical methods for the investigation of biological layer!?°Simulations published to date have utilized a rigid,
molecules have become commonplace in biochemistry andunited-atom model where each methyl group is represented by
biophysics! These approaches provide detailed atomic models @ single atomic center and all bond lengths and angles are fixed
of biological systems, from which structuréunction relation- at their equilibrium values. Another feature common to most
ships can be elucidated. Methods based on empirical force fields,0f these models is the use of the same charge distribution,
such as molecular dynamics (MD) simulations, allow for namely that obtained by Rao and Singh from a Hartfeeck
calculations on relatively large systems, e.g., complete biomol- 6-31G* ab initio quantum mechanical calculatién.
ecules or assemblies of biomolecules in their aqueous environ- Recent advances in computer hardware now allow a flexible,
ment. For example, molecular dynamics computer simulation all-atom DMSO molecule to be simulated with reasonable
techniques have proven to be particularly valuable for studying computational expense. Thus, we have undertaken the develop-
the structure and dynamics of lipid bilayer membrah@sey ment of intramolecular energy parameters for this molecule.
have found use in providing information that is complementary Because a goal of this work was to develop a DMSO model
to laboratory experiments and useful in the interpretation of yseful for lipid bilayer simulations, and a previous simulation
diffraction® and NMR* data by providing a detailed picture of  of this system identified substantial changes in the membrane
the membrane with extremely high spatial and temporal electrostatic potential upon replacing water with DMZQye
resolution. also worked to determine a set of atomic charges that reproduced

The interaction of dimethyl sulfoxide (DMSO) with lipid 3 variety of electrostatic force field dependent properties. Finally,
bilayer membranes and other biological macromolecules is aour model was designed to be consistent with the Chemistry at
subject of interest due both to fundamental biophysical questionSHARvard Molecular Mechanics (CHARMMjJ 23 all-atom pa-
of solvent-solute interactions, and due to its considerable rameter se# To this end, parameters for the DMSO methyl
practical importance. For example, aqueous DMSO has beengroup were taken directly from the CHARMM27 lipid param-
found to induce cell fusidhand to increase membrane perme-  gters and the DMSO-water potential was taken into account
ability,® and to serve as an important cryoprotectaand explicitly by studying the DMSO-TIP3P water model interaction
radioprotectant.|t is not surprising that aqueous mixtures of energy. By following the parameter development philosophy
DMSO have significant effects on biomolecules, given that 561 which the CHARMM biomolecular force field is bas@d,

mixtures of DMSO and water exhibit highly nonideal physical the pMso model should be suitable for simulations of proteins,
properties upon mixing, such as decreased density, longerycieic acids. and lipids.

rotational reorientation relaxation times, lower diffusion coef-
ficients, and negative changes in molar enthalpy and volume.
For example, an interesting and useful cryoprotective property
is the freezing point of-62 °C for a 1:3 DMSO:HO mixture.
Hypotheses proposed to explain the nonideality of mixing
typically involve the hydrogen bonding structure of water and
the DMSO oxyger¥, 13 but direct experimental evidence of such
theories is difficult to obtain.

MD simulations are well suited to analyze DMSO, its
interactions with water, and its effects on macromolecular
assemblies. A number of groups have already utilized this
technique for the study of neat DMS®' its aqueous

In the following we describe in detail the parametrization of
our new DMSO model, hereafter referred to as FS (Feller
Strader). The next section gives the computational details of
the calculations on isolated DMSO, neat DMSO liquid, and
aqueous DMSO solutions. This is followed by a detailed
comparison of simulation results with those of previous models
and with experiment, for quantities such as density, enthalpy
of vaporization, translational diffusion constants, reorientational
correlation times, viscosity, dielectric constant, surface tension,
radial distribution functions, ancAH and AV of mixing for
aqueous DMSO solutions. The final section summarizes these
results and describes potential applications of this work. A
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Methods TABLE 1: Description of Simulation Systems Used
Quantum Mechanical (QM) Calculations. Ab initio QM _ _ approximate cell no. of DMSO no. of TIP3P
calculations were performed with the programs Gaussiah 98 simulations dimension (A)  molecules molecules
and PCSpartanPr8. Gaussian 98 was used to calculate the neat DMSO 34.1 326 0
torsional energy surface for methyl rotation at the MP2/6-31G- 1:3 DMSO:WATER 32.2 161 483
(d) level of theory by fixing the ©S—C—H dihedral in  %1DMSOWATER 32.0 256 64

) . L t TIP3P 25.6 0 560
increments of 12and carrying out a geometry optimization of nea

the remaining degrees of freedom. PCSpartanPro was used twia the smooth particle mesh Ewald summafidill bonds
calculate the vibrational frequencies and atomic charges at theinvolving hydrogen were fixed at their equilibrium distances
HF/6-31+G* level of theory. The higher level calculations were  ysing the SHAKE algorithr® A time step of 2 fs was employed
used on the torsional energy surface to better account forwith a leapfrog Verlet integration scheme. A neighbor list, used
electronic correlation effects that could contribute to the for calculating the LJ potential and the real space portion of
interactions between atoms separated by more than one chemicahe Ewald sum, was kept to 14 A and updated every 20 fs. A
bond, while the normal-mode analysis was done at the Hattree variant of the extended system formalism, the Langevin Piston
Fock level and scaled by a factor of 0.89 to correct for electron algorithm, was used to control pressure at 1 #nThe
correlation?” Atomic charges were calculated using the elec- temperature was maintained at 3D by means of the Hoover
trostatic fitting proceduré® The potential energy of interaction  thermostad435 Coordinates sets were saved every 1 ps for
between DMSO and water was calculated from the difference subsequent analysis (see following paragraph). Simulations were
in QM energies of a gas-phase DMSO-water complex and the carried out using 44 processors on a Beowulf-type parallel
isolated molecules. The complex was studied by carrying out a computer. Total simulation lengths were 1.3 ns for the neat
geometry optimization in PCSpartanPro at the HF/g-G DMSO, 1.1 ns for the two mixtures and the neat water, and 10
level with the intramolecular geometry of each molecule kept ns for gas-phase simulations.
fixed. This level of theory was used to maintain uniformity with Condensed Phase Simulation Analysis Calculationsi
solute-water interaction energies for other components of the number of experimentally measurable properties were calculated
CHARMM parameter set. The QM interaction energy was from the condensed phase simulations, in each case these
scaled by 1.16, also in accord with the parameter developmentquantities were calculated from the last nanosecond of simula-
methodology employed for CHARMM27, to account for tion trajectory. For single molecule properties, the reported
polarization effectg? results represent an averaging over molecules and over the
Empirical Energy Calculations. The program CHARMM simulation trajectory.

was employed for all force field calculations. It utilizes the Rotational reorientation correlation timeswere calculated

following empirical energy functiof* by integrating the autocorrelation function of the second
Legendre polynomialC(t) = [P2(«(0))-Pa(u(t))Ifromt = 0 to
Ut = z ky(b — b0)2 + Y k(0 - 90)2 + the point at which the correlation function reaches ZéRadial
bonds angle distribution functionsg;(r), were calculated from normalized
k,[cosfg — ) + 1] + histograms of the distances between the various atom pairs.
ditSarals Weighted sums of radial distributions functions for heavy atoms
0 o\12  [o\e were calculated with scaling factors from Luzar et'%ato
+ell—] —[— compare with experimental neutron scattering data. The mean
non;nde Areqr (r”) (rij)] squared displacement correlation functid®(t) = (R(t) —

R(t + 7)), was used to calculate the translational diffusion
where b is the bond length,is the bond anglep is the torsion constant (D). Linear least-squares fitting was used to obtain a

angle, and; is the distance between atomic centégsks, ks, line of the formy =6D*t + b, in tht_a d_iffusive regime from 5
are the force constants for bond distortion, angle distortion, and 10 100 ps, using the standard deviations among the molecules
torsional rotation, respectivelyj is the atomic charge; ane as weights? Viscosity (7) was calculated using the Einstein-
ando are the Lennard-Jones parameters. Helfand relatior??®

_Gas-pha;e s_imulations were p_grformed on a single molecule 2pKT
W|tho_ut periodic bouqdary conditions. For the gas-p_hase cal- = [ﬂftp () dt']ZD 1)
culations, no truncation of the nonbonded interactions was \ 0" o

performed. The heat of vaporization was calculated by adding
the difference in internal energies in the gas and liquid phases
(AU) to the difference irPV (assumed to equ&tT) to obtain

a difference in enthalpyAH). To calculate the empirical
interaction energy for the wateDMSO complex, the ab initio
optimized coordinates were read into CHARMM, and the
interaction energy calculated.

Conden hase simulations were carri utin ic cel ; . .
withope?iofi(ieg Eoui?j;ry ucanitiSons, fgfl foi(: (?syste?ng:prure weights®” The dielectric constank) was calculated from
DMSO, a 1:3 DMSO/TIP3P mole ratio mixture, a 4:1 DMSO/ dor N (2 N
TIP3P mole ratio mixture, and pure TIP3P. A simulation of e=1+—— u] I D [U i D) 2)
the DMSO liquid/vapor interface was carried out to obtain the VK T\TE =
surface tensiol employing a tetragonal simulation cell. Table
1 gives a description of the size of each system. The Lennard-wherey; is the dipole momenri Surface tension was calculated
Jones (LJ) potential was switched smoothly to zero over the from the difference in the normal and tangential components
region from 10 to 12 A. Electrostatic interactions were included of the pressure tensé?.The changes in enthalpyAH) and

whereP, is the off-diagonal component of the pressure tensor,

k is the Boltzman constant, is the absolute temperaturé,is

the simulation cell volume, antdis the time. The right-hand
side of eq 1 was calculated for each off-diagonal element and
then averaged. The standard deviation among the three elements
was determined, and the average in the intetvall—100 ps

| was fitted to the equation using the standard deviations as
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TABLE 2: Final Force Field Parameters for the FS Model
of DMSO
7N\
Nonbonded Parameters o/ \
atom charge €min (kcal/mol) Rmin/2 (A) | // \\
H 0.090 —0.024 1.34 / \
C —0.148 —0.078 2.04 \
S 0.312 —0.350 2.00 = / \
(6] —0.556 —0.120 1.70 = / \
> [} \
Bond Parameters = / \
bond ko (kcal/motA?) bo (A) § ! \
H-C 322 111 o ! \
c-s 240 1.80 & / \
S0 540 1.53 ; Y
Angle Parameters ,/ ; \
angle ks [keall(mokrac?)] 6o (deg) , ? N
H—C—H 355 108.4 / N
H-C-S 46.1 1113 Pad S
C-S-0 79.0 106.75 = T w T T =
Cc-S-C 34.0 95.0 85 90 95 100 105 110 115
Dihedral Parameters C-5-C bond angle (degrees)
- X Figure 1. Distribution of C-S—C bond angles in the simulation of
dihedral angle ks (keal/mol) n 0 (deg) neat DMSO liquid (dashed line). The solid line gives the valu@pof
H—-C-S-0 0.2 3 0 in the potential energy function.
H-C-S-C 0.2 3 0
3.0
volume (AV) upon mixing were determined by comparing the
volume and enthalpy of the mixed system to the volumes and 25
enthalpies of the corresponding simulated neat liquids. The
values are reported on a per mole of solution basis. -
g *
Results and Discussion E
o = 1.5
Parametrization of Intramolecular Energy Terms. Because £
the FS model is to our knowledge the first flexible model of 5’
DMSO, the design process necessarily required an evaluation 1.0 o o
of force constants for bond stretching, angle bending, and
dihedral rotation. Additionally, the use of an all-atom model 0.5
required that parameters for all terms involving hydrogen atoms A A A
be developed. Data from several sources were incorporated into 00
the model; however, to maintain uniformity with the lipid 0 50 100 150 200 250 300 350

parameter set, values from version 27 of the CHARMM lipid .

and protein parameter s&t8°were used wherever feasible. The H-C-S-O dihedral angle (degrees)

final set of parameters is given in Table 2. Figure 2. Quantum mechanical (symbols) and empirical (solid line)
The equilibrium bond lengths, bond angles, and associatedPOtential energy surfaces for the#€—S-0 dihedral angle.

force constants were obtained primarily from the CHARMM .

parameter set. All methyl group bond and angle parameters werg0TC€ constant can accurately model DMSO (as judged from

taken from the CHARMM alkane methyl potential. The-6—C the comparison of ab initio and empirical vibrational frequen-
bond angle, the €S bond length and their respective force Ci€s). the bond length of 80 in methyl sulfate is nearly 0.1 A
constants were taken from the CHARMM values employed in Smaller than the solid-state bond length obtained from X-ray
the methionine amino acid residue. The methionine sulfur was diffraction* Thus the X-ray diffraction value of 1.53 A was
selected because it, like DMSO, isidpybridized and bonded ~ @dopted for the equilibrium-SO bond length. The same X-ray
to two saturated alkane groups. Although this equilibrium angle diffraction study also provided the-€5—0 equilibrium angle
(95°) appears slightly smaller than the 97 vialue employed value of 106.75 for which no similar CHARMM parameter

in the OPLS P25 and NP$* models, it should be noted that ~ existed. Finally, the €S-0 force constant was chosen by
the flexibility of the present model allows the possibility that matching the empirical vibrational frequencies calculated by
the angle observed in the simulation is not necessarily the CHARMM to the ab initio vibrational frequencies at 311.63
parameter value. The average-6—C angle observed in the — and 360.64 cm* (the modes dominated by the-G—0O angle
neat DMSO simulation is 98°FFigure 1). Studies summarized bending motion). The methyl rotation barrier was parametrized
by Vaisman and Berkowit? on various methods used to using a single cosine function with 3-fold periodicity by fitting
determine the €S—C angle give values ranging from 96.6 to the empirical potential energy surface to the ab initio results
100.4. Thus, the simulation value falls well within the range (Figure 2), yielding a rotational barrier of approximately 2.75
of experimental values. Methyl sulfate provides the closest kcal/mol. The empirical vibrational frequency calculation utiliz-
model compound in the CHARMM parameter set for theCs ing the final parameter values was in good agreement with the
bond parameters. Although, the CHARMM parameter for the ab initio data, yielding an RMS difference of 4%.
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TABLE 3: Comparison of Experimental and Simulation TABLE 4: Comparison of Experimental and Simulation
Results for Physical Properties of Pure DMSO Results for Physical Properties of DMSO/Water Mixtures at
Concentrations of Xpuso = 0.25 andXpuso = 0.80'

present united atom

property exp work modeld+16 X=0.25 X=0.80
density (g/cm)? 1.091 1.071 1.0781.099 present united atom present
AHyap (kI/mol} 52.8 55.8 51.3252.87 property exp  work models$* exp work
9 M2
D(w)gm Isy 2-52’5 2-24 5?-3931915 density (g/crd  1.077 1057 1.03t1064 N/A 1.073
TSO(F’SP >4 B NS AHmix (kKJ/mol)  —2.98 —4.76 —0.74-—2.65 N/A —1.32
S?Hl(pfri nstart s 104 30 AVmix (cm¥mol)  —0.833 —0.417 —0.185-—0.501 N/A —0.165
ielec .t° C?; stal 199 11 126 Dowso (10°9m?/s) 0.6 052  0.51-1.23 N/A 0.55
viscosity (cP) - - ' Duaer(10°m¥s) 1.0F 102 0.7:2.55 N/A 0.54
surface tension (dyn/cfh)  43.0 34.6 N/A 750 (pS) 125 10.2 2854 6.0 7.1
aVishyakov et al* ® Kowalewski and Kovac¥® ¢ Rao and Singht Tcn (PS) 53 36 N/A 39 31
Ton (PS) 8.3 5.8 2.8-4.1 6.3 10.9

Parametrization of Intermolecular Energy Terms. The
intermolecular terms are the result of compromises that provide
the best agreement with experimental data for the wide range . . . L
of physical properties given in Table 3, with particular attention SUdgesting that the barrier to methyl rotation barrier is reason-
given to the electrostatic component of the force field to ensure &Py well parametrized. The somewhat low translational diffu-

accurate interactions with water and with the polar groups typical Sion constant and slightly high viscosity (2.11 vs 1.99 cP) both
of biomolecules. A large number of atomic charge sets were SUJ9est that the molecules are diffusing too slowly; however,
tested including those employed in previously published DMSO the agreement with experiment is at a level typical of polar
models. The final charges were based on the results of the adiquids.

initio calculations that produced a gas-phase dipole of 4.22 D, Table 4 provides data on aqueous DMSO mixtures at
which is in reasonable agreement with the experimental dipole concentrations cKpwso = 0.25 andXpwso = 0.80, and shows

of 4.06 D. A modification of the methyl hydrogen and carbon good agreement with experiment. The density of the mixtures
charges was made in order to make all methyl hydrogens is slightly low, as expected given the simulated density of neat
equivalent and to give the methyl group identical charges to DMSO. The translational and rotational mobility of both
the existing CHARMM alkane potential. This adjustment gave components are in excellent agreement with the experimental

an empirical dipole moment of 5.11 D, approximately 20% Values. In this respect, the FS model is a great improvement
larger than the experimental value. This overestimation is over other DMSO models tested in 1:3 DMSO/water mixtdfes.

consistent with other models of polar substances, is typical of The translation and rotation of the TIP3P water in solution with
other model compounds using the CHARMM force field, and the FS DMSO is also more accurate than previous DMSO/water
partially accounts for polarization effecThe Lennard-Jones ~ combinations. The combination of a higher simulatednix
well depths émin) and radii Ruin) came directly from the value and a loweAHnx value than observed experimentally is
CHARMM parameter set for hydrogen, carbon and oxygen the only shortcoming of the present DMSO-water interaction;
atoms. Final adjustment of the FS model was made by testinghowever, this too results from a compromise among target
~20 DMSO models (varying sulfur well depths and radii, and €xperimental data. If both values were too low, the results would
atomic charges) each of length 400 ps, against experimen[a"ndicate that the water/DMSO interaction was too strong.
data. The interaction energy of DMSO with water obtained with Similarly, if both values were too high, the data would tend to
the final parameter set suggest that DMSO-water interactionsindicate that the water/DMSO interaction was too weak. The
can also be reproduced with the final force field. present results suggest a more subtle adjustment of the water-
Simulation Results for Neat DMSO Liquid. The present DMSO potential is required to reproduce the true interactions.
model reproduces well the experimentally measured properties!t has been shown that other DMSO models simulated with
of DMSO (Table 3). The density is within 2% of the experi- TIP3P water at this ratio also underestimate Ménx'* so this
mental value and is slightly low, a discrepancy that is related shortcoming of the FS model is not unusual. As the concentra-
to the truncation of attractive Lennard-Jones forces outside thetion of DMSO increases, the density, diffusion coefficient and
cutoff region and will decrease with a greater cutoff distance. DMSO reorientation relaxation times move away from the 0.25
It is encouraging that properties that depend strongly on mole fraction values and toward the pure DMSO values. Again,
Coulombic interactions, such as the heat of vaporization, the data from the simulation are in good agreement with
dielectric constant and surface tension, are well reproduced byexperiment although less experimental data exist at this con-
the simulation. The compromise between the various pieces ofcentration. The greatest discrepancy is the rather long rotational
target data, however, is clearly evident. For example, the heatreorientation time for water in the mixture, but it is difficult to
of vaporization is a few kcal/mol too large, suggesting that the assign this inaccuracy to shortcomings in the water or DMSO
liquid is somewhat too attractive. The calculated surface tension, model.
however, is smaller than experiment suggesting insufficient  The structure of DMSO, both as a neat liquid and in agueous
molecular attractions. Particularly satisfying is the good agree- solution, is of great importance in understanding its many
ment between simulation and experiment for the dielectric interesting properties. These structures have previously been
constant, a property that is extremely sensitive to details of the described, both from simulation and experiment, by radial
potential and which presumably is intimately involved in distribution functions for the various atomic pairs. Figures 3
determining the solvation of charged and polar biomolecules. and 4 give the pure DMSO radial distribution functions between
The rotational relaxation of DMSO, as measured by the heavy atoms and between heavy atoms and hydrogen atoms.
relaxation of the €&H and S-O bond vectors, agrees well with  The strong interactions between the DMSO oxygen atoms and
the experimental values and is significantly more accurate than methyl groups are demonstrated by both figures. The relatively
other reported modeld. The ratio of S-O relaxation time to long range of the liquid structure-(L0 A), resulting from the
C—H relaxation time is within 9% of the experimental ratfo, strong polar interactions and relatively large molecular size, can

aVishyakov et al.? Kowalewski and Kovac?
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Figure 3. (a) Radial distribution functions for heavy atoms calculated
from the neat DMSO simulation. (b) Radial distribution functions for

1(A)
Figure 4. (a) Radial distribution functions for heavy atoms; hydrogen
atoms calculated from the simulation of pure DMSO. (b) Weighted
radial distribution function calculated from the data presented in Figure
4a, using the experimental weights of ref 15.

have been normalized using the experimental weighting factors
given in ref 15. The location of all three local maxima is very
well reproduced by the simulation. At short range the simulated
liquid exhibits a higher degree of order than observed experi-
mentally; however, this increased order is sufficiently small that
the difference may be due to the limited resolution of the
experiment. Similarly exaggerated order at short range has been
observed in simulations using other mod€l€omparison of
Figure 4b of the present work (the heavy atemhydrogen
atom distribution function) with the experimentally determined
g(r) given in Figure 9 of ref 15 shows similarly good agreement
to the fluid structure.

To study the effect of DMSO on water structure in the
mixtures, an overlay of the water hydrogewater hydrogen
radial distribution functions for neat water and the two mixtures
with DMSO are given in Figure 5. As the concentration of water
decreases, its structure becomes enhanced. In the case of the

heavy atoms calculated from the neat DMSO simulation. (c) Weighted 4.1 DMSO:water mixture. the effect is dramatic with a large

radial distribution function for heavy atoms from experiment (solid)
and simulation (dashed).

increase at short range (corresponding to molecules that are
hydrogen bonded to each other) and a depletion at intermediate

be seen from the simulation data in the upper panel. This resultdistances (46 A). Visualization of the simulation cell revealed
is in excellent agreement with experiment, as can be observedthe formation of short “chains” of hydrogen bonded waters. This
in the lower panel where the simulated distribution functions finding could explain the extremely long rotational reorientation
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2.5 available from neutron scattering experiments that probe the
(a) heavy atom— hydrogen atom structure within the fluid.

: As noted by earlier developers of DMSO models, quantitative
¥ agreement with experiment for the entire range of experimentally
measured properties is elusive. Previous workers had suggested
R ‘;Zéeawater mixture that use of an all-atom model of DMSO might alleviate these

: : discrepancies. The present work, which examined a large array
of possible parameter combinations, is still the result of a
compromise among agreement with various properties. It is
possible that the goal of maintaining compatibility with the
CHARMM parameter set prevented us from obtaining quantita-
tive agreement with all properties. An alternative explanation
is that a simple model based on fixed atomic charges is incapable
of reproducing all the properties examined here and that the
inclusion of polarizability is a necessary component of an
accurate model of liquid-state DMSO.

2.0+

""" 4:1 DMSO:water mixture

1.5

2,0

1.0+

0.51
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