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Molecular Dynamics Simulation of DPPC Bilayer in DMSO

Alexander M. Smondyrev and Max L. Berkowitz
Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599

ABSTRACT We performed molecular dynamics simulations on dipalmitoylphosphatidylcholine (DPPC)/dimethylsulfoxide
(DMSO) system that has the same lipid:solvent weight ratio as in our previous simulation done on DPPC/water. We did not
observe a large change in the size of DPPC membrane when the solvent was changed from water to DMSO. Also, we did not
observe that a large number of DMSO molecules is permeating into the membrane, as it was suggested to explain the
observed change in the bilayer repeat period. We found that the surface potential reverses its sign when water is replaced
by DMSO. Based on the results from our simulations, we propose that the repulsion force acting between membranes is
reduced when DMSO is added to solvent water and therefore membrane surfaces approach closer to each other and the
extra solvent is removed into excess solution.

INTRODUCTION

Dimethylsulfoxide (DMSO) and its aqueous solutions areVaisman and Berkowitz, 1992). More recently, effects of
among the most widely used solvents in organic chemistryDMSO on the structure of enzyme subtilisin (Zheng and
chemical technology, and cell biology. DMSO ((@50)  Ornstein, 1996) and Leu-Enkephalin (van der Spoel and
is a polyfunctional molecule with a polarS O group and Berendsen, 1997) were investigated in molecular dynamics
two hydrophobic groups CH Its structure enables DMSO simulations. Although a number of experiments studied the
to solubilize a wide variety of compounds. DMSO has manyproperties of phospholipid bilayers in DMSO/water solu-
important biological properties. It is a widely used cryopro- tions, only one simulation study of the effects of DMSO on
tectant for biological structures such as cells, tissues, andilayer properties, done by Paci and Marchi (1994), is
organs. DMSO is also able to induce cell fusion (Ahkong etknown to us. The main goal of their work was to study the
al., 1975) cell differentiation (Lyman et al., 1976), to in- permeability of glycerolipid bilayer to a polar molecule
crease permeability across membranes (Anchordoguy et alDMSO). Given the limited amount of molecular detailed
1992), and to change the properties of proteins (Arakawa @hformation on the DMSO/phospholipid system, we decided
al., 1990). Other uses of DMSO include anesthesia (Jacoto investigate the properties of this system using molecular
and Herschler, 1986), anti-inflammation effect, antiviral dynamics computer simulation technique. We present here
and antibacterial activity and radioprotection abilities (Mil- the results of a constant pressure simulation of a dipalmi-
ligan and Ward, 1994). Although the effects of DMSO aretoylphosphatidylcholine (DPPC) bilayer in pure DMSO so-
well known and studied, the molecular mechanisms indution atT = 323 K. Our goal is to compare the structures
volved are still unknown. They are often explained byof DPPC bilayers in DMSO and water.

modifications of membrane structure and stability. Recent Our simulations of the DPPC/DMSO system were done
experimental studies using X-ray diffraction and differential at the same temperature and same lipid:solvent weight ratio
scanning calorimetry methods provided more informationas in the case of DPPC/water system. Thus, we excluded
about the properties of phosphatidylcholines in aqueousny possible effects caused by the presence of water mole-
DMSO (for review, see Yu and Quinn, 1998a). It was foundcules in the system and focused only on the effects of
that, in phospholipid bilayers, DMSO can produce newDMSO.

phases (Tristram-Nagle et al., 1998) and change their sta-

bility (Yu and Quinn, 1995). DMSO also has a significant

effect on the repeat spacing distance (Yu and Quinn, 1998HMIETHODS

and modifies hydration forces (Yu and Quinn, 1995). - _ _ , , .
Properties of DMSO/water mixtures were modeled eX—TO prepare the initial configuration, we used the final configuration from
P our previous simulation of the DPPC/water system (Smondyrev and

tensively using molecular dynamics methods (Rao anerkowitz, 1999). We kept coordinates of 64 DPPC molecules unchanged
Singh, 1990; Luzar and Chandler, 1993; Liu et al., 1995;and removed all water molecules. After that, we added DMSO molecules
on both sides of the bilayer. The length of the simulation cell in z-direction
was adjusted to accommodate 312 DMSO molecules. Thus, the lipid-to-
Received for publication 21 October 1998 and in final form 18 February solvent wei_ght ratio was the same as in t.he simulations of the DPPC/water
1999. system. With phosphorus atoms held fixed, we gradually decreased the
length of the simulation cell in z-direction to 59 A in a series of 2-ps
“constant volume simulations. The final value of the interlamellar spacing
was estimated by taking the area per lipid headgroup of 2ard the
volumes of DPPC and DMSO of 123G°And 118 &, respectively. At this
point, we performed a 50-ps constant volume simulatioh-at323 K with

© 1999 by the Biophysical Society unconstrained phosphorus atoms. After equilibrating the system at constant
0006-3495/99/05/2472/07 $2.00 volume, we carried a 2-ns molecular dynamics simulation at constant
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pressureP = 0 atm and temperaturé = 323 K with periodic boundary
conditions. We kept angles of the simulation cell fixed and varied the
dimensions of the cell using Hoover barostat. Thermostat and barostat
relaxation times were 0.2 ps and 0.5 ps, respectively. We used the OPLS
model for DMSO [Jorgensen, 1996 (unpublished. See Ref. 18 of Y.-J.
Zheng and R.L. Ornstein). Am. Chem. Socl18:4175-4180.)]. The
molecular geometries of DMSO molecules were kept rigid during the
simulation. Initial coordinates of atoms in DMSO molecules were taken
from the crystal structure (Thomas et al., 1966). For lipid molecules, we
used the same united atom potential as in our recent simulations of the
DPPC/water system (Smondyrev and Berkowitz, 1998). All bond lengths
of DPPC molecules were held fixed using SHAKE algorithm with toler-
ance 104, allowing us to use the time step of 0.002 ps. The Ewald
summation technique was used to calculate electrostatic contributions with
tolerance 10“. The real space part of the Ewald sum and van der Waals
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interactions were cut off at 10 A. Calculations were performed on an SGI Area per headgroup
Origin 2000 at the University of North Carolina using DL_POLY simula- gt L 1 0 L dgo
tion package, version 2.8, developed in Daresbury Laboratory, England 500 Tir:\?ao((z)s) 1500 2000

(Smith and Forester, 1996).

FIGURE 2 Time evolution of the area per headgroup and lamellar spac-
RESULTS ing for the DPPC bilayer in DMSO.

After the first 500 ps of simulation, configurational energy

(see Fig. 1) and volume of the simulation cell were con-whereS; = (1.5 cos#, cos 6; — 0.55;); 6, is the angle
verged. Thus, we used the last 1500 ps for data analysis. Ipetween theith molecular axis and the bilayer normal
Fig. 2, we show the area per headgroup and lamellar spacing@-axis). In Fig. 3, we comparts-p| values for the Sn-2

as a function of time during the entire run. The values of thechain from our simulations of DPPC/water (Smondyrev and
area per headgroup and lamellar spacing calculated over tiBerkowitz, 1999) and DPPC/DMSO systems. The order
last 1500 ps are 60.4 0.6 A*> and 58.7+ 0.6 A, respec- parameter profiles obtained in two simulations are very
tively. Although the average repeat distance did not changelose to each other, indicating that no major structural
significantly compared to our simulation of the DPPC/waterchanges occurred in lipid tails. The average numbers of
system, the average area per headgroup became slighjauche defects (about 7 per DPPC molecule) were equal,
lower. (The area per headgroup and repeat distance in thgithin the error margin, for both systems. To find the
simulation of DPPC bilayer surrounded by water weredifference in the structures of DPPC membranes in water
61.6 = 0.6 A2 and 59= 1 A, respectively). The change in and DMSO, we calculated the average distances from the
the geometry of the membrane had little effect on the chairbilayer center to different carbon atoms in DPPC (see Table
ordering. We calculated the deuterium order parameter ust). Interestingly, the distances to carbon atoms in hydrocar-
ing the expression (Egberts and Berendsen, 1988)
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FIGURE 1 Time evolution of the total configurational energy for the parameters for the DPPC bilayer in water obtained from simulasohd
DPPC bilayer in DMSO. line) and experimentdashed ling (Douliez et al., 1995).
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TABLE 1 Distances from Bilayer Center (A) with the membrane plane. In DMSO, the inclination of the
Atom DPPC/Water pppc/iomso  P—N vector toward the bilayer plane-i4°, which indicates

b 19.00= 2.00 18.87- 257 .that,. on ?]verage, tlhe P—N vg(r:]torr] pglntsftowr?rd b|!§yer
c, 19.53+ 3.61 18.43+ 332  Interior. These results agree with the data for the positions
C, 19.47+ 2.48 18.92+ 2.88 of carbon atoms in the headgroup relative to the bilayer
Cq 19.39= 2.92 18.70+3.02  center. Additional information about the structure of the
CG-3 17.19+ 2.03 17.11x2.69  DPPC bilayer can be obtained from radial distribution func-
c4 11.75+ 1.93 11895252 ions. In Fig. 5, we show the P—P and N—N radial distribu-
C5 10.85+ 1.92 11.06* 2.52 ion functi tor DPPC bil . 4 in DMSO
co 714+ 1.88 736+ 239  tion functions for C bilayers in water and in | .
c14 321+ 1.74 323+ 1.97 Although the N—N radial distribution function profile was
C15 2.06+ 2.40 1.98+ 2.60 almost structureless in the DPPC/water system, we ob-

served an appearance of a distinct peak in the presence of

DMSO. This indicates that the repulsion between choline
bon chains and phosphorus atoms remained almost umpoups is reduced, which can also lead to an increase in the
changed. At the same time, the distances to carbons in thateraction between DPPC molecules in the presence of
headgroup became smaller by0.5 A for « and 8 carbons  DMSO. Also, for the DMSO-containing system, the posi-
and by~1.0 A fory carbons. Thus, the average distances tdion of the first peak in the P—P radial distribution function
a, B, andy carbon atoms become smaller than the distancés shifted by about 0.3 A toward larger values when com-
to phosphorus atoms. This suggests that vectors connectim@red to its position in the DPPC/water system. The change
phosphorus and nitrogen atoms become more parallel to tha the average area per headgroup cannot account for this
membrane surface when DPPC bilayer is solvated irdifference. On the contrary, one would expect that, for the
DMSO. In Fig. 4, we show the distributions of cosines of DPPC/DMSO system, which has the lower average area per
the angle between the P—N vector and bilayer normal foheadgroup, the lateral projection of the distance between
DPPC/water and DPPC/DMSO systems. The probability otwo phosphorus atoms should become smaller. One possible
conformations corresponding to the case when the P—Nxplanation is that, in the system with the DMSO, phospho-
vector rises above the plane of the membrane becomesis atoms shift up and down along the bilayer normal, which
lower when water is replaced by DMSO. Accordingly, the results in the increase in the most probable P—P distance.
P—N vector has a higher probability to orient parallel to theOur data for the distance from the bilayer center indicate
membrane surface and even point inside the bilayer for #at, although the average values for the phosphorus atoms
system containing DMSO. The average value of the anglare very close for DMSO and water-containing systems, the
between the P—N vector and bilayer normal is 81° for DPPQistribution of distances in DMSO is slightly wider than in
bilayer in water and 94° for DPPC bilayer in DMSO. Thesewater. In Fig. 6, we show the electron density profiles
results can also be expressed in terms of the angle betweeibtained from the simulations. The contributions of DPPC
the P-N vector and the bilayer plane. In water, the P—Nmolecules are matched very closely, whereas the total elec-
vector points into the solvent layer and makes an arde
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FIGURE 5 Radial distribution functionssolid line, phosphorus—phos-
FIGURE 4 Distributions of cosines of the angle between the P-N vectomphorus for the DPPC/DMSO systemiash-dotted linephosphorus—phos-
and bilayer normal for the DPPC/water systesolid line) and DPPC/  phorus for the DPPC/water systedgshed linepitrogen-nitrogen for the
DMSO system dotted ling. When the cosine is positive, the P-N vector DPPC/DMSO systemglotted line,nitrogen—nitrogen for the DPPC/water
points into the solvent layer. system.
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FIGURE 6 Electron density profiles across the bilayer for DPPC/DMSO
(solid lineg and DPPC/waterdashed lines systems. Separate contribu-
tions from DPPC and solvent molecules are also shown on this figure.

tron density profiles are slightly different. For the DPPC/
DMSO system, the profile is not as smooth as for the
DPPC/water system and shows two peaks. This is probably
because DMSO contributes differently into the electron
density profile.

To see how the conformational changes in the membrane
headgroup and change of the solvent affected the electro-
static properties of the bilayer, we calculated the variation of
the electrostatic potential(z) across the bilayer

¥(2) — P(0) = — J dz J p(Z') dz', )

0 0

where p(2) is the local excess charge density. The total
potential and separate contributions due to lipid and solvent
molecules for bilayers in water and DMSO are shown in
Fig. 7, A andB. The part of the potential due to the DPPC
molecules is larger when the bilayer is surrounded by water
molecules. To determine how changes in headgroup orien-
tation affect the electrostatic potential caused by DPPC
molecules, we divided it into components by DPPC head-
groups and two ester groups. We plotted these data in Fig.
7 C for bilayers in water and in DMSO. Curves representing
contributions to the DPPC electrostatic potential due to two
ester groups for bilayers in water and DMSO almost over-
lapped. At the same time, a drastic difference is seen in the
part of the electrostatic potential due to DPPC headgroups.
For DPPC bilayer in water, this part is positive, and its
amplitude is very similar to the one due to ester groups.
When the bilayer is solvated in DMSO, its headgroups ar
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IGURE 7 Electrostatic potentials along the bilayer normal for DPPC/
MSO and DPPC/water system&, Total potentials;B, separate contri-

orignting more parallel to th_e m?mbra!"e _Surface and €VeRutions due to DMSO (or waterk¢lid lineg and lipid dashed linef C,
point toward the membrane interior as indicated by the Sigrontributions to the lipid potential due to ester groupsid line, in

of the average angle between P—N vector and bilayer planePPC/water systendash-dotted linein DPPC/DMSO system and due to
(—4° for DPPC bilayer in DMSO). As a result, the head- headgroupsdashed line,in DPPC/water systendotted linein DPPC/

group component of the DPPC electrostatic potential be-

DMSO system. Notice the difference in scale on three figures.
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comes negative, whereas its absolute value is smaller than 3
for a bilayer in water. This is consistent with the observation
that the absolute value of the P—N vector tilt, with respect to
the membrane plane, is larger when bilayer is solvated in
water. The amplitude of the potential due to DMSO also
decreased compared to that in water. Interestingly, for the
DPPC/DMSO system, the total potential (chosen to be zero
inside the bilayer) increases to a value-6850 mV. The
absolute value of this potential is smaller than the value
obtained for the DPPC/water system@00 mV). As we can
see, total potentials for the DPPC/DMSO and DPPC/water
systems have opposite signs. This result may have dramatic
effects on the protein—-membrane interaction and the perme-
ability of water molecules and ions across membranes. Our
simulations suggest that adding DMSO to water surround-
ing lipid membrane might lower the total membrane poten-
tial, and, at some concentration, cause it to change its sign.
One of the possible factors that can affect the change in
the electrostatic potential is the distribution of DMSO mol-
ecules around the DPPC headgroups. Damodaran and Mertz
(1993) and Essmann et al. (1995) showed that peaks in the
radial distribution functions of water oxygens and hydro-
gens around nitrogen atoms in DPPC molecules are located
at the same distances. In Fig. 8, we show pair distribution
functions for distances between DPPC and DMSO atoms.
From this figure, we conclude that the orientation of DMSO
molecules strongly depends on the local charge density.
DMSO molecules are oriented with their positively charged
atoms close to the phosphate group, whereas the S—O bond
points away. In the proximity of the choline group, the
situation is reversed. The distribution functions indicate that
oxygens of DMSO are the closest to nitrogens, whereas the
positively charged atoms are further away. Double bonded
oxygens of the ester group also have a strong effect on the
orientations of DMSO molecules, whereas single bonded
oxygens do not impose any preferential orientation.
Another interesting issue discussed in the literature is
whether DMSO molecules penetrate deep inside the bilayer
interior (Yu and Quinn, 1998a). Based on the data obtained
from our simulations, we conclude that there was no no-
ticeable increase in the solute density in the bilayer interior.
The distance from the bilayer center, where density of
DMSO drops to zero, is very similar to the distance ob-
served in simulations with water. At the same time, few
DMSO molecules were able to penetrate up to the middle oFIGURE 8 Pair distribution functions between DMSO atoms and DPPC
bilayer (see Fig. 6). In Fig. 9, we display the trajectories ofatoms. Atoms of DPPCA, phosphorusB, nitrogen;C, carbonyl oxygens;

several molecules, which, at certain time during the simu2"dD: ester oxygens. DMSO atoms: oxygesold line), sulfur (dashed

lation, were at distances less then 12 A from the bilayer“ne) and carbonsdotted ing.

center. As we can see from this figure, two of the DMSO

molecules were able to penetrate as far as the center of the

membrane and one of them continued to move across then the basis of the criterion mentioned above (depth of

bilayer. We can also see that, at certain times, the positiopenetration) was larger by a factor of 10. We found that

of the DMSO molecules relative to the bilayer center wasmost of these water molecules were moving freely between
changing rapidly, probably the result of the jump-like mo- the interior of the membrane and the region of bulk water,

tion between some cavities formed by the hydrocarbon tailswhereas DMSO molecules that reached below the DPPC
Interestingly, similar data collected for water moleculesheadgroups remained there. Recent simulation of Paci and
indicate that the number of distinct water molecules selectetlarchi (1994) showed that the DMSO molecule is expelled
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30 membranes in water can be separated into three compo-
nents: undulation, hydration, and steric. The undulation
component resulting from large scale fluctuations of the
entire membrane is the most prominent one when the dis-
tance between membrane surfaces is above 1 nm. The
hydration component is the dominant one when membrane
separations are betweer0.4 nm and~0.8 nm and is the
result of solvation of headgroups by water (Mclntosh and
Simon, 1994). The steric component, which is dominant at
distances between bilayer surfaces below 0.4 nm, is caused
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Distance from bilayer center (A)
(@)

10 by small-scale protrusions of individual molecules or
changes in headgroup conformations. The appearance of a

20 distinct peak in nitrogen—nitrogen pair distribution function

(Fig. 5) for bilayers in DMSO indicates that the order in
-30 —— '5(')0' — ‘10'00' — '15'00' 5000 headgroups is increasing. As a result, interactions between
Time (ps) headgroups become stronger and membrane rigidity in-

creases, which leads to a decrease in undulation force. The
FIGURE 9 Trajectories of centers of mass of DMSO molecules alongincrease in the strength of headgroup interactions is also
the bilayer normal. Solid lines show the trajectories of the molecules thaindicated by the increase of the phase transition tempera-
reached the bilayer center. tures for membranes when DMSO is added to solvent (Yu

and Quinn, 1998b). The hydration component of the force is

also diminished, because DMSO changes the hydrogen-
from the bilayer interior after 200 to 600 ps, depending onbonding network of water (Vaisman and Berkowitz, 1992).
its initial location. Our simulation shows that DMSO mol- We propose that, when DMSO is added to water, it destroys
ecules can remain inside the lipid bilayer over longer perithe clathrate structures of water around DPPC headgroups.
ods of time. Such structures were found in recent simulations, where it
was also assumed that water bridges between clathrates are
needed to stabilize the membrane (Essmann et al., 1995).
DISCUSSION AND CONCLUSIONS Finally, based on the distribution of the angle between the
Recent experiments of Yu and Quinn (1998b) showed thaP—N vector and the bilayer normal observed in our simula-
bilayer thickness decreases when DMSO concentration ition, we conclude that DMSO reduces the probability of
solvent increases. They argued that the decrease in thanall-scale protrusions of the headgroups. This should de-
bilayer thickness is accompanied by an increase in therease the steric repulsion when two membranes are brought
average area per lipid headgroup. Our simulations did notloser together.
provide any evidence to support this model. The area per Data from our simulations suggest that addition of
headgroup did not change significantly when water surDMSO to water solvent reduces all three components of the
rounding lipid bilayer was replaced by pure DMSO. Al- repulsive force. As a result, membrane surfaces move closer
though time scales available in our simulations might not béo each other and the lamellar spacing decreases. Closer
sufficient to observe noticeable changes in membrane geapproach of two bilayers is the first step in membrane
ometry, we did not see any trends suggesting that the ardasion, which is enhanced when DMSO is added to the
per headgroup is increasing. We found that DMSO does nahterbilayer solvent. We propose that extra solvent is re-
penetrate extensively into the hydrophobic region of themoved into the excess solution and does not penetrate into
lipid bilayer (as was suggested by Anchordoguy et al.the membrane, therefore the geometry of the membrane
1992), and this observation is in agreement with the electrofthickness and area per headgroup) does not change sub-
density data (Yu and Quinn, 1998b). Based on the results aftantially. We also observe that the magnitude of the bilayer
our simulations, we suggest that addition of DMSO to waterelectrostatic potential is reduced when water solvent is
solvent decreases the distance between membrane surfaceplaced with pure DMSO. According to Cevc and Marsh
expelling extra solvent. This explanation is consistent with(1985), hydration force is proportional to the square of the
experimental results of Tristram-Nagle et al. (1998), whoelectrostatic potential, and therefore, it is smaller for mem-
showed that, upon addition of DMSO to water (upXc= branes in DMSO compared to membranes in water. More-
0.2), the thickness of membrane does not change, whereaser, the sign of the potential changes, which suggests that,
the solvent distance decreases. The decrease in solvesttsome DMSO/water concentration, the potential is zero. In
spacing is consistent with the observation that the strengtthis case, the hydration force is minimal. Experimental
of the repulsive forces acting between membranes becomesudies of lipid bilayers in DMSO/water solvent can be used
smaller upon addition of DMSO into the solution (Yu and to further check the relationship between electrostatic po-
Quinn, 1998a). As was shown by Mcintosh and Simontential and hydration forces. It is also evident that further
(1994) the repulsive forces acting between phospholipicsimulations of lipid bilayers surrounded by DMSO/water
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solution may explain why and how DMSO changes theEgberts, E., and H. J. C. Berendsen. 1988. Molecular-dynamics simulation
properties of phOSphOlipid membranes. of a smectic liquid crystal with atomic detail. Chem. Phys39:3718.

: : - Essmann, U., L. Perera, and M. L. Berkowitz. 1995. The origin of the
After this work was submitted for pUbllcatlon’ we learned hydration interaction of lipid bilayers from MD simulation of dipalmi-

about the work of Gordeliy et al. (1998), who studied the  toylphosphatidylcholine membranes in gel and liquid crystalline phases.
structure of DPPC membranes in DMSO/water mixture Langmuir.11:4519-4531.

using the X-ray diffraction technique. According to this Gordeliy, V. I, M. A. Kiselev, P. Lesieur, A. V. Pole, and J. Texeira. 1998.
. - . Lipid membrane structure and interactions in dimethyl sulfoxide/water
work, the DPPC membrane in pure DMSO is undergoing a i res Biophys. J.75:2343-2351.

phase transition from interdigitated gel phase to liquid crys-jacob, s.w., and R. Herschler. 1986. Pharmacology of DMS@obi-
tal phase at 77 1°C. Our simulations were performed on  ology. 23:14-27.

a liquid crystal phase membrane in pure DMSO at 50°CLiu, H., F. Miiler-Plathe, and W. F. van Gunsteren. 1995. A force field for

The main difference between the conditions in the experi- !duid dimethyl sulfoxide and physical properties of liquid dimethyl
sulfoxide calculated using molecular dynamics simulatbbAm. Chem.

ment and our simulation is in the amount of solvent. In  goc.117:4363—4366.

experiment (which is done in excess solvent) the amount Ofuzar, A., and D. Chandler. 1993. Structure and hydrogen-bond dynamics
solvent between the bilayers adjusts to thermodynamic con- of water—dimethylsulfoxide mixtures by computer-simulations.
ditions. In our simulations, we have chosen the constant > €hem- Phys38:8160-8173.

. . Lyman, G. H., H. D. Priestler, and D. Papahadjopoulos. 1976. Membrane
amount of solvent so that the mass ratio of |Ip|d to DMSO action of DMSO and other chemical inducers of Friend leukaemic cell

is the same as in the simulations of the lipid/water system. differentiation.Nature.262:360—-363.

Moreover, we also set the temperature at the same value (&lntosh, T.J., and S. A. Simon. 1994. Hydration and steric pressures

in the Iipid/water simulation) to Study 0n|y the effects between phospholipid bilayer#nnu. Rev. Biophys. Biomol. Struct.
:27-51.

caused by solvent change. Itis possible that our Slmqla_tlonﬁlilligan, J.R., and J. F. Ward. 1994. Yield of single-strand breaks due to
explore a metastable state of the system, but often it is an attack on DNA by scavenger-derived radicaRadiat. Res.137:
advantage of a simulation that one can study thermody- 295-299.

namic states that are hard or impossib|e to prepare in exRaci, E., and M. Marchi. 1994. Membrane crossing by a polar molecule: a

periment. We want to emphasize here that our conclusion; M0ecular dynamics simulatiomol. Simul.14:1-10. _
Isive f ti bet branes in DMSO argao, B. G., and U. C. Singh. 1990. A free-energy perturbation study of
repuisive forces acting between mem ! solvation in methanol and dimethyl-sulfoxidé. Am. Chem. Sod.12:

reduced compared to the forces acting between membranes3go3-3s11.

in water, is in agreement with the conclusion from the workSmith, W., and T.R. Forester. 1996. DL_POLY: molecular simulation
; routines. The Council for the Central Laboratory of the Research Coun-

of Gordeliy et al. (1998). cils, Daresbury Laboratory at Daresbury, Warrington.

Smondyrev, A. M., and M. L. Berkowitz. 1999. United atom AMBER
force field for phospholipid membranes. Constant pressure molecular
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