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ABSTRACT Despite much effort to probe the properties of dimethyl sulfoxide (DMSO) solution, the effects of DMSO on water,
especially near plasma membrane surfaces, still remain elusive. By performing molecular dynamics simulations at varying
DMSO concentrations (XDMSO), we study how DMSO affects structural and dynamical properties of water in the vicinity of phos-
pholipid bilayers. As proposed by a number of experiments, our simulations confirm that DMSO induces dehydration from bilayer
surfaces and disrupts the H-bond structure of water. However, DMSO-enhanced water diffusivity at solvent-bilayer interfaces,
an intriguing discovery reported by a spin-label measurement, is not confirmed in our simulations. To resolve this discrepancy,
we examine the location of the spin label (Tempo) relative to the solvent-bilayer interface. In accord with the evidence in the
literature, our simulations, which explicitly model Tempo-phosphatidylcholine, find that the Tempo moiety is equilibrated at
~8–10 Å below the bilayer surface. Furthermore, the DMSO-enhanced surface-water diffusion is confirmed only when water
diffusion is analyzed around the Tempo moiety that is immersed below the bilayer surface, which implies that the experimentally
detected signal of water using Tempo stems from the interior of bilayers, not from the interface. Our analysis finds that the in-
crease of water diffusion below the bilayer surface is coupled to the increase of area per lipid with an increasing XDMSO

ð(10mol %Þ. Underscoring the hydrophobic nature of the Tempo moiety, our study calls for careful re-evaluation of the use
of Tempo in measurements on lipid bilayer surfaces.
INTRODUCTION
Broadly used in biology as a cosolvent for cryoprotection at
low concentrations (mole fraction of DMSO (XDMSO),
z0.1) and an enhancer of cell fusion and membrane perme-
ability at high concentrations ðXDMSOT0:6Þ, DMSO has
been a subject of great interest for many decades (1–4).
Although great progress has been made in understanding
how DMSO affects the structural and dynamical properties
of bulk water (5), the effects of DMSO on water molecules
at lipid bilayer surfaces remain elusive. Surface-force-appa-
ratus (SFA) measurement between two supported dipal-
mitoylphosphatidylcholine bilayers (6) and the observed
decreasing repeat distance of multilamellar structures with
increasing XDMSO (7,8) suggest that DMSO dehydrates
bilayer surfaces. Employing Overhauser dynamic nuclear
polarization (ODNP) measurement that uses the 2,2,6,6-tet-
ramethylpiperidin-1-oxyl (Tempo) moiety as a spin label
to probe the dynamics of water, Cheng (9) et al. reported
that water diffusion was enhanced in the vicinity of bilayer
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surfaces with increasing XDMSO. These companion studies
(6,9) argue that both the surface dehydration and enhanced
water diffusivity at the bilayer surfaces originate from
DMSO-weakened H-bonds of water with lipid headgroups.
Although the properties of surface water at bilayers are
known to differ from those of bulk water (10,11), the
DMSO-enhanced surface-water diffusion is both intriguing
and counterintuitive, not easily reconciled with the general
notion that DMSO slows down water dynamics (e.g., diffu-
sion, H-bond lifetime) (see Fig. S1 in the Supporting Mate-
rial) (5,12). Furthermore, the assumption that a strong
interaction of DMSOwith lipid headgroups displaces hydra-
tion water and weakens the H-bond network near bilayer
surfaces (7,13) was made based on a few pieces of indirect
evidence stitched together from measurements conducted in
bulk and force-distance profiles obtained by SFA (6), not on
a direct measurement probing the dynamics of water and
DMSO on surfaces. We believe that this requires further
study and confirmation.

To unravel the molecular origin underlying the experi-
mental observations, we performed atomistic molecular
dynamics (MD) simulations of phopholipid-DMSO-H2O sys-
tems at variousXDMSO conditions (seeMaterials andMethods
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for details of the force fields used). In the following, we first
calculate the density and diffusivity profiles of water and
DMSO at palmitoyloleoylphosphatidylcholine (POPC) bila-
yers, visualizing the effects of DMSO on water near bilayer
surfaces. Next, by explicitly modeling Tempo moieties ap-
pended to bilayer headgroups, we analyze water dynamics
around each Tempomoiety.We discuss our simulation results
in comparisonwithCheng et al.’s spin-labelmeasurements (9)
and point out that the hydrophobic nature of Tempo is
currently underestimated in the measurement. Much compli-
cation in data interpretation arises because Tempo appended
to phosphatidylcholine (PC) headgroups is buried below the
solvent-bilayer interfaces.
MATERIALS AND METHODS

Simulations

MD simulations of POPC bilayers were performed with two different cosol-

vents (DMSO and sucrose). The simulation system was constructed with

128 POPC and 4740–11,664 water molecules, the number of which varied

depending on DMSO concentration (Table S1). All the simulations were

performed using GROMACS software (v. 4.5.4) (14,15). The starting simu-

lation box size was ~6 � 6 � 14 nm3 with periodic boundary conditions,

and the system was neutralized with � 50 Naþ and Cl� ions corresponding

to ~150 mM salt concentration. The unfavorable inter-atomic contacts in

the initial configurations were relieved by steepest-descent energy minimi-

zation. The system was subjected to position-restrained runs for 1 ns under

the NVT ensemble at 300 K, followed by a 5 ns equilibration run under the

NPT (P ¼ 1 bar) ensemble. The temperature and pressure were semi-iso-

tropically controlled by Nosé-Hoover thermostat (with a coupling constant

of tT ¼ 0.5 ps) and Parrinello-Rahman barostat (with a coupling constant of

tPðx�yÞ ¼ tPðzÞ ¼ 2 ps), respectively. The cutoff value of 12 Å was used for

both short-range van der Waals and electrostatic interactions. For long-

range electrostatic potential, we used the particle-mesh Ewald method.

Each system was simulated for 0.4–1 ms, and the last 0.3–0.9 ms of simula-

tion was used for analysis.
Force fields for lipid, water, DMSO, sucrose, and
Tempo

In reference to the comparative study of PC force fields by Piggot et al. (16),

we selected the Berger united atom lipid force field (17), as it can best

reproduce the structural and dynamical properties (e.g., area per lipid

(APL), volume per lipid, isothermal area compressibility, headgroup-head-

group distance, and diffusivity of lipid) of POPC bilayers. For water and

DMSO, we adopted the simple-point-charge model (18) and the rigid

united-atom model (19), respectively, in the GROMOS 53a6 force field

(20). The topology of sucrose (database identifier: 0ZQQ) generated by

B3LYP/6-31G* optimized geometry was obtained from the repository of

the Automatic Topology Builder (ATB) site. Next, to model the Tempo

moiety, we employed the same Lennard-Jones (LJ) parameters used in

modeling POPC. Other parameters associated with bond length, angle,

and partial charges of the Tempo were adopted from Kyrychenko et al.

(21), who conducted density functional theory calculations at the level of

UB3LYP/cc-pVDZ.
Density profile of water and cosolvent

We counted the number of molecules,N(z,t), between z�Dz/2 and zþDz/2

with Dz ¼ 1 Å, and divided it by a volume V(t) ¼ x(t) � y(t) � Dz, where
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x(t) and y(t) are the length and width, respectively, of the simulation box.

The time-dependent number density rðz; tÞ ¼ Nðz; tÞ=VðtÞ was averaged

over time, i.e., rðzÞ ¼ ð1=TÞ R T
0
rðz; tÞdt. The number-density profiles

were plotted for water, DMSO, and sucrose.
Tetrahedral order parameter

The extent of H-bond network formed among water molecules, which is

critical to understand the water structure near bilayer surfaces as well as

bulk, is assessed by evaluating the local tetrahedral order parameter

(22,23) averaged over the water molecules at position z,

hQiðzÞ ¼ 1

NðzÞ
XNðzÞ
k¼ 1

(
1� 3

8

X3

i¼ 1

X4

j¼ iþ1

�
cosjikj þ

1

3

�2)
;

(1)

where NðzÞ is the number of particles present at z, i and j denote the nearest

neighbors to water molecule k, and jikj denotes the angle between water

molecules i, k, and j.
Local diffusivity

The local diffusivity is calculated using the finite-difference expression

(24), which is especially useful for calculating the position-dependent diffu-

sion coefficient in anisotropic space,

D ¼ hð~rðt2Þ�~rðt0ÞÞ2i�hð~rðt1Þ�~rðt0ÞÞ2i
6ðt2�t1Þ ; (2)

where~rðtÞ is the position of a probed atom at time t, and angled brackets

denote the average over the ensemble. For the time interval of this calcula-

tion, we selected t2 � t1 ¼ 1 ps, so that the bulk-water diffusion constant

in isotropic space calculated from Eq. 2 quantitatively agrees with the diffu-

sion constant calculated based on the mean-square displacement at long time

limits, i.e., Dhlimt/NhR2ðtÞi=6t. To obtain the z-dependent diffusion con-

stant ðDðzÞÞ across the bilayer membrane, we evaluate Eq. 2 for the ensemble

of molecules in the volume between z� 5 Å and zþ 5 Å for a given z value.

Although subdiffusive behavior of surfacewater is expected at longer time-

scales (11), the use of Eq. 2 should be acceptable for the purpose of comparing

our simulation results with experiment, as the experiment also estimates the

diffusivity of solvent from short-timescale dynamics around spin labels.

Some cautionary words are in place. Although the bulk-water diffusion

constant, Dbulk
w ¼ 41� 10�10 m2/s, obtained from our simulation at

T ¼ 300 K (27�C) is comparable to the value 42� 10�10 m2/s calculated

by Rahman and Stillinger (25), it is still � 1:7-fold greater than the self-

diffusion constant of water, Dbulk
w;exp ¼ 23� 10�10 m2/s, measured at 25�C

(26). It is well known (27) that all-atom MD simulations using currently

available force fields generally overestimate (underestimate) the self-diffu-

sion constant (viscosity) of bulk water. Thus, when we compare directly the

water-diffusion constants calculated from simulations with those from

experiments, we will take this difference into account by multiplying a

correction factor, f ¼ Dbulk
w;exp=D

bulk
w z0:56.
Potential of mean force of the Tempo moiety
across lipid bilayers

The umbrella sampling technique was used to calculate the free energy of

the Tempo moiety across the POPC lipid bilayer. 1) An initial simulation to

generate an initial structure for each window run was conducted for ~3 ns.

We pulled the oxygen radical of the Tempo moiety appended to Tempo-PC

along the z axis using a harmonic potential, wiðzÞ ¼ ðko=2Þðz� vtÞ2, with
v ¼ 0:01 Å/ps and ko ¼ 100 kJ/(mol$Å2). 2) In total, 16 window runs,
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which covered the range �30 �A< z< 0 Å, were performed using the initial

structures generated from the procedure in step 1 and umbrella sampling at

each window was conducted for 10 ns. Umbrella potentials were placed

every 2 Å with a strength of k ¼ 0.35 kJ/(mol$Å2). The strength of the

harmonic umbrella potential, k, was chosen such that the positional vari-

ance of Tempo moiety, s2, from the simulation at 0 mol % DMSO satisfies

kzkBT=s
2.
Analysis of solvent diffusion around the Tempo
moiety

To analyze the diffusion of water around the Tempo moiety, we set the

absorbing boundary condition at a distance R from the nitroxide radical

oxygen of Tempo-PC and calculated the escape time (first passage time)

of water molecules from the interior of a sphere ðr <RÞ. Because the

spin-spin interaction is dipolar ð� �1=r6Þ in nature, the signal from spin-

label measurement should reflect a stronger correlation with a water

molecule initially closer to the nitroxide oxygen. To include this effect

in our estimate of the average escape time from the Tempo moiety, we

employed a weighting factor,

wðraÞ ¼

8><
>:

1 for r < s

eðs=ra;iÞ
6

� 1

e� 1
for rRs

; (3)

which decays from 1 to 0. Weweighed the escape time, ta, for the ath water

molecule with wðraÞ. In the expression of wðraÞ, ra;i is the initial position of
the ath water molecule; s ¼ 3:3 Å is the position of the first solvation shell

around the nitroxide oxygen of Tempo for the case of bulk water (Fig. S2 a),

and we chose s ¼ 5:8 Å for the water molecules around Tempo moieties

that are buried inside the bilayer lipid, so that the total numbers of

water molecules around Tempo in both calculations are equal to each other

(see Fig. S2 b). We calculated the survival probability of water molecules

around the nitroxide radical oxygen using SðtÞ ¼ 1� R t
0
pðtÞdt, where

pðtÞ ¼ N�1
PN

a¼1dðt � taÞ with ta ¼ wðra;iÞta. Finally, the average escape

time of water from the spin label was calculated from hti ¼ RN
0

SðtÞdt
(see Fig. S3).

To calculate the bulk diffusion constant of water, we conducted indepen-

dent simulations also by explicitly considering the free radical Tempo in the

solution. In this case, Tempo can also diffuse, so the diffusion constant of

water was calculated by subtracting the contribution of Tempo as

DT;bulk
w ¼ Dbulk

sum � Dbulk
Tempo. The condition R ¼ 4:5 Åwas used for calculating

the Dbulk
sum (28). The DMSO-dependent bulk-water diffusion constants deter-

mined from our simulations compare well with those from experiments

using Tempo (see Fig. S4).
RESULTS

Comparison with the previous MD simulation
studies

Although the effects of DMSO on lipid bilayers have been
studied in a number of MD simulation studies (29–33), these
studies were criticized (9,13) because the simulation time
was too short or the DMSO-engendered instability of the
bilayer observed in these simulations was inconsistent
with experimental observations. Our bilayer systems at
varying DMSO concentrations remained stable. Both the
APL and the bilayer thickness, quantified by the headgroup
(phosphate-phosphate) distance ðdPPÞ, were stably main-
tained throughout the simulation time (~ms) (Table S1). In
their simulation study reporting DMSO-induced pore for-
mation in a bilayer, Hughes et al. (30) used the same
DMSO force field as ours (GROMOS 53a6) but a different
force field (GROMOS 54a7) for the lipid (we used the
Berger united-atom lipid force field (17)), and they conduct-
ed the simulations at a temperature T ¼ 350 K, which was
50 K higher than in our study (T ¼ 300 K). For simulation
times (~1 ms) much longer than other studies, we did not
observe a substantial deposition of DMSO in bilayers
or formation of water pores in bilayers even at high
DMSO concentrations ðXDMSOx0:3Þ, in accord with exper-
iments (9).
Density profiles of water and DMSO across lipid
bilayers

Illustrated in a snapshot from simulations (Fig. 1), the MD
simulations were performed by solvating the POPC bilayer
with water, DMSO, and 150 mMNaCl salt. The density pro-
files are presented along an axis normal to the bilayer sur-
face (the z axis) at a spatial resolution of Dz ¼ 1 Å by
averaging the statistics on the xy plane (� 60� 60 Å2)
over simulation times (see Table S1); z ¼ 0 is selected as
the center of the bilayer. With the thickness of the POPC
bilayer being ~40 Å (Table S1), the atoms of the lipid head-
group are found at jz j z20 Å. The distributions of choline,
phosphate, and carbonyl groups along the z axis are shown
in Fig. 1 in terms of the number densities of nitrogen (N),
phosphorus (P), and oxygen (O) atoms, whose averages
are formed at hzNiz22 Å, hzPiz20 Å, and hzOiz17 Å
(depicted by dashed lines in blue, red, magenta in Figs. 1,
2, 3, 5, and S5)), respectively. The number densities of
salt ions (Naþ and Cl–) are calculated to show the ion distri-
bution on the lipid bilayer whose headgroups are made up of
zwitterions (phosphate and choline groups) (see the density
profiles in Fig. 1, bottom). Naþ ions are condensed on the
solvent-bilayer interface with their number density maxi-
mized at jz j z17 Å, the position corresponding to the
carbonyl oxygen of the glycerol group, whereas the distribu-
tion of Cl� ions is maximized at jz jz30 Å.

To investigate the structure and dynamics of DMSO solu-
tion near the bilayer surfaces, we varied the mole fraction of
DMSO from XDMSO ¼ 0 mol % to XDMSO ¼ 33.3 mol %
(Figs. 2 and 3). In the absence of DMSO ðXDMSO ¼ 0Þ,
the bulk-water density is rwðzÞ ¼ rbulkw z33:3 nm–3 at
jz j T30 Å (Fig. 2 a, black line), which corresponds to the
typical value of 1 g/cm3. The water density begins to mono-
tonically decrease at ~10 Å away from the bilayer surfaces
and reduces to 0:5� rbulkw at the interface (jz j z22 Å). The
density profile of water, rwðzÞ, at XDMSO ¼ 0 mol % is
described quantitatively using the interfacial density profile
derived from the Cahn-Hillard equation (34,35),

rwðzÞ ¼ rbulkw

2

�
tanh

�
z� zintffiffiffi

2
p

x

�
þ 1

�
; (4)
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FIGURE 1 A snapshot from MD simulations (at

11.3 mol % DMSO concentration) performed

by solvating POPC bilayers with water, DMSO

(orange line), and 150 mM Naþ (yellow spheres),

Cl� (cyan spheres). Lipid bilayers are at the center

(z ¼ 0 Å), and the solvents (water, DMSO, and

ions) are at jz jT20 Å. DMSO molecules that

penetrate inside the headgroups are shown in green

sticks. On the top, the locations of the phosphate,

choline, and glycerol groups in reference to the

center of bilayers ðz ¼ 0Þ are calculated in terms

of the number densities of phosphorus (magenta),

nitrogen (blue), and oxygen (red) atoms, respec-

tively. At the bottom are shown the number den-

sities of Naþ (orange) and Cl� (cyan) ions across

bilayers. To see this figure in color, go online.
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with rbulkw ¼ 32:7 nm–3, zint ¼ 21:8 Å, and x ¼ 3:75 Å,
where zint and 2x are the position and width, respectively,
of the interface. Overall, a decrease of water number density
is clearly seen on bilayer surfaces with increasing XDMSO

(Fig. 2 a), thus confirming the experimentally detected
DMSO-induced dehydration of bilayer surfaces.

Notably, at high DMSO concentrations (XDMSOR 8.7 mol
%), rwðzÞ displays non-monotonic variation from the bulk
to the interface. rwðzÞ is maximized at � 5� 10 Å away
from the headgroup position (jz j z22 Å), satisfying
rwðjz j z25� 30 �AÞ> rbulkw . This characteristic ‘‘water-rich
layer’’ near the bilayer surface is specific to the DMSO solu-
tion, not observed in sucrose solutions (compare rwðzÞ values
in DMSO with those in sucrose solution in Fig. S5 a).

Unlike rwðzÞ, a ‘‘DMSO-rich layer’’ above the interface
is absent in rDMSOðzÞ. Instead, a small population of
DMSO molecules, depicted in Fig. 1 by green sticks
beneath the headgroup, contribute to the small density humps
at jz j z15 Å (Fig. 2 b, black arrows). At high XDMSO,
the extent of DMSO depleted from the surfaces (Fig. 2 b)
is greater than that of water, which is better demon-
strated in the plot calculating the fraction of DMSO,
fDMSOðzÞ ¼ rDMSOðzÞ=ðrDMSOðzÞ þ rwðzÞÞ (Fig. 2 c).
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To assess changes in water structure, we calculated the
tetrahedral order parameter (22,23) hQiðzÞ (Eq. 1), which
points to an increasing degradation of H-bond network at
higher XDMSO values (Fig. 2 d). For a given wt %, the extent
of H-bond network degradation by DMSO is greater than
that by sucrose (compare Figs. 2 d and S5 c; also see
Fig. S6 b), suggesting that compared with sucrose, DMSO
is a more efficient cryoprotectant.
Local diffusivity profiles of water and DMSO

Local diffusivities of water and DMSO (Fig. 3) were calcu-
lated using Eq. 2 (24). In the range of jz j > 25 Å, which
spans the bilayer surface to the bulk, both water and
DMSO slow down with increasing XDMSO (Fig. 3, a and
b). Although enhancement of surface-water diffusion rela-
tive to the bulk water is seen at jz j z30 Å (see Fig. 3 c),
jz j z30 Å is probably not the position at which the spin-la-
bel experiment in (9) probed the surface-water diffusion.
The surface-water diffusivity is suppressed at jz j z22 Å,
where the experiment tried to probe it using Tempo-PC.

Dsurf
w =Dbulk

w values with varying XDMSO conditions
measured from the ODNP experiment using Tempo spin
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FIGURE 2 Density profiles of (a) water and (b) DMSO across POPC

bilayers at various DMSO concentrations. (c) Proportion of DMSO,

fDMSOðzÞ ¼ rDMSOðzÞ=ðrDMSOðzÞ þ rwðzÞÞ. The noisy profile at jz j(5 Å,

shaded in gray, is due to the lack of statistics in the interior of bilayers and

thus should be ignored. (d) Tetrahedral order parameter. The dashed lines in

red, magenta, and blue are themost probable positions of glycerol, phosphate,

and choline groups calculated in Fig. 1. To see this figure in color, go online.
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FIGURE 3 Local diffusivities (�10�10 m2/s) of (a) water and (b) DMSO

across the bilayers. (c) Water diffusivity normalized by the value in the

bulk, Dbulk
w hDwðz ¼ �55 �AÞ. The dashed lines in red, magenta, and blue

are the most probable positions of glycerol, phosphate, and choline groups,

respectively. The noisy profiles at the bilayer core shaded in gray, (jz j < 5

Å), are due to the paucity of water or DMSO molecules and should be

ignored. To see this figure in color, go online.
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labels (9) overlaid on the graph (Fig. 4 a, red asterisks)
are in good agreement with our simulation results. Never-
theless, we argue below that in contradiction to the original
intention, the Tempo-bilayer interaction prevents the Tempo
spin labels from probing the solvent-bilayer interface,
jz j z22 Å; thus, the agreement of Dsurf

w =Dbulk
w between

the simulation and experiment in Fig. 4 a is coincidental.
In the next section, we give an in-depth discussion con-
cerning this issue.
DISCUSSION

Analysis of water dynamics around Tempo and its
comparison with the spin-label measurement

To experimentally probe the surface-water dynamics, Cheng
et al. (9) tethered spin labels (Tempo) to choline groups and
conducted measurements assuming that the spin labels
remain above or at least near the equilibrium position of
the choline group (jz j z22 Å). They obtained values of
Dsurf

w and Dsurf
w =Dbulk

w with varying XDMSO. As highlighted
in Fig. 4 a, our simulation results for Dsurf

w =Dbulk
w are in

good agreement with their observations. However, as
opposed to the decreasing trend observed in the local diffu-
sivity plot, DwðzÞ, at z ¼ �22 Å (overall decrease of
Dwðz ¼ 522 �AÞ with increasing XDMSO (Fig. 3 a)), Cheng
et al. reported an overall increase of Dsurf

w with XDMSO

(Fig. 4 b, asterisks).
To investigate the origin of this discrepancy, we explicitly
modeled Tempo-PCs and placed them at four different loca-
tions, two Tempo-PCs in the upper leaflet and the remaining
two in the lower leaflet of the bilayer. The Tempo-PCs are
placed ~3 nm apart from each other to minimize possible
interaction between them. Since the lateral diffusion
constant of lipid molecules on the bilayer surfaces is
� 10 nm2/ms, it is unlikely that two Tempo-PCs actively
interact with each other in our simulation time of 1 ms.
Compared with a recent MD study of Tempo-PC (21), the
surface density of Tempo-PC in our study is much lower,
precluding an inter-Tempo-PC interaction.

The position of Tempo displays large fluctuations over
time, but the major depth distribution of the spin
label was established in the interior of the bilayer
(10< jz j < 15 Å), instead of at the bilayer surfaces
(jz j T20 Å) under all conditions of XDMSO ¼ 0� 7:5 mol
% (Fig. 5, and see all the 32 time trajectories in Fig. S7,
each of which was run for 1 ms). Furthermore, our simula-
tion time of the bilayer system including Tempo-PC at
each DMSO concentration (1 ms) is at least five times longer
than that in the previous study (21), and the practically irre-
versible burials of Tempo moieties below bilayer surfaces
after the relaxation processes appear to be robust. Further-
more, the potential of mean force of the Tempo moiety
across the POPC bilayer at XDMSO ¼ 0 (see Fig. 5 b, lower),
calculated with the umbrella sampling technique (Materials
and Methods), points to the identical location as the most
stable location of Tempo and suggests that there is a free
energy bias of � 7� 8 kBT toward the bilayer interior
(jz j z13 Å) from the interface (jz j z22 Å), thus giving
Biophysical Journal 111, 2481–2491, December 6, 2016 2485



a b FIGURE 4 Surface-water diffusion. (a) Plot of

the diffusion constant, probed at z ¼ �22 Å, i.e.,

Dsurf
w hDwð�22 �AÞ, and normalized with Dbulk

w at

each cosolvent concentration (wt %; the corre-

sponding DMSO mole fraction is annotated at the

top of the plot). The data (red asterisks) from the

recent ODNP measurement (9) are overlaid for

comparison. (b) Diffusion constants of surface

water probed at z ¼ �22 Å are compared with

those from spin-label measurements in (9). To

compare our simulation results directly with those

from experiments (Table S2 (large unilamellar ves-

icles, LUV) of (9)), the correction factor f ¼ 0:56

(see Materials and Methods) was multiplied to

Dwð�22 �AÞ. To see this figure in color, go online.
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credence to our simulation results in Figs. 5 b, upper,
and S7. The hydrophobic nature of the Tempo moiety,
which is composed of as many as nine hydrocarbons (see
Fig. 5 b), is currently underestimated in the spin-label
measurement, but this could be the driving force for this
observation. We therefore assert that the Tempo moieties
probe the interior not the surface of PC bilayer.

Next, to make a direct comparison of our simulation re-
sults with the spin-label experiment, we calculated water
diffusion around the Tempo using
FIGURE 5 Dynamics of the Tempo moiety. (a) The multiple snapshots of Tem

depict the positions of the Tempo moiety. Tempo is highlighted in blue stick repre

Distribution of nitroxide radical oxygens along the z axis after the position reache

concentrations are shown in Fig. S7. The equilibrium positions of the headgroup

moieties are equilibrated beneath the bilayer surface. The structure of Tempo-PCs

bons. Lower: Potential of mean force of the nitroxide radical oxygen along the z ax

of the nth hydrocarbon in the lipid tail when bilayer lipids are equilibrated. The e

displayed. Each position of the nth hydrocarbon is highlighted using a star symb
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DT
w ¼ R2

6hti; (5)

where R ¼ 10 Å for surface water (9) and R ¼ 4:5 Å for
bulk water (28), and the superscript T indicates that the
diffusion constant is calculated around Tempo. This is
the same formula adopted by Cheng et al., and we use the
same parameters (R) that they use to estimate the diffusion
constant of water from ODNP measurements that provide an
po-PC from 0 to 300 ns using the black trajectory on the right are overlaid to

sentation. The nitroxide radical oxygen is depicted as red spheres. (b) Upper:

s a steady-state value. The corresponding time trajectories at varying DMSO

(P, N, O) are indicated by dashed lines, highlighting the positions of Tempo

are shown with highlight on the Tempo moiety consisting of nine hydrocar-

is,GðzÞ=kBT, obtained from the umbrella-sampling analysis. (c) Distribution

quilibrated positions of Tempo in the 5-PC, 7-PC, 12-PC, and Tempo-PC are

ol in the structure of Tempo-PC. To see this figure in color, go online.
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average spin-spin decorrelation time, hti (9) (see Materials
and Methods for the details of calculating hti from simula-
tions). We calculated the diffusion constant of water around
Tempo moieties after the position of the Tempo moiety is
equilibrated inside bilayers (Fig. S7). To make a direct com-
parison of water diffusivity, we multiplied the correction
factor fz0:56 (see Materials and Methods) to DT;surf

w and
DT;bulk

w from our simulation. The ratios of the two values
ðDT;surf

w =DT;bulk
w Þ are in reasonable agreement with those

from experiments over the range of XDMSO%8 % (Fig. 6
a), now reproducing the same trends for both surface and
bulk water with increasing XDMSO. The semi-quantitative
agreement of the calculated water diffusion constant around
Tempo moieties with Cheng et al.’s measurement lends sup-
port to our simulation results and the finding that Tempo
moieties are equilibrated below the bilayer surfaces.
Equilibrium position of the Tempo moiety in PC
bilayers

Although not explicitly pointed out by the authors, evidence
of the burial of the Tempo moiety inside POPC bilayer
surfaces is, in fact, present in the experimental data by Sub-
czynski et al. (36). They presented oxygen transport param-
eters, which contain information on the depth of Tempo in
terms of the accessibility of the nitroxide moiety to the ox-
ygen, across POPC bilayers measured at 25�C (Fig. 9 b in
(36)). The data indicate that the oxygen transport parameter
measured by Tempo-PC is comparable to the parameter
measured by 5-PC (POPC lipid with nitroxide label at the
position of the fifth hydrocarbon in the lipid tail), which is
identified in our simulation at jz j z1355 Å, approxi-
mately the same position at which a buried Tempo moiety
is equilibrated (Fig. 5 c). The hydrophobicity profile across
the POPC bilayer, quantified by the z-component of the
a b
hyperfine coupling tensor of the nitroxide moiety (Fig. 8 b
in (36)), may indicate that Tempo in Tempo-PC is situated
in a less hydrophobic environment than the interior of the
bilayer; however, it should be noted that the measurement
in (36) was conducted at a cryo condition (T ¼ �165�C).
The burial of Tempo appended to the PC headgroup has
also been reported in MD simulation studies by Kyrychenko
et al. (21,37), who pointed out ‘‘a much broader and hetero-
geneous distribution for a head-group-attached Tempo spin-
label of Tempo-PC lipids,’’ alerting the reader to ‘‘the
possible sources of error in depth-dependent fluorescence
quenching studies.’’ Kyrychenko and Ladokhin also experi-
mentally showed that the Stern-Volmer constant ðt0=tQÞ,
corresponding to the inverse of the fluorescence quenching
time, ðtQÞ, of NBD-PE increases in the order 12-Doxyl-
PC < Tempo-PC < 7-Doxyl-PC < 5-Doxyl-PC, suggesting
that the Tempo moiety in Tempo-PC is more deeply buried
than 5- or 7-Doxyl-PC (38). The hydrophobic nature of the
Tempo moiety and the inherent disorder caused by thermal
motion (38), the latter especially relevant for Tempo-PC,
should be taken seriously.
Thermodynamic and kinetic effects of DMSO on
surface water

Now thatwe have reproduced the trend of surface-water diffu-
sivity measured semi-quantitatively by the spin-label experi-
ment, we are in a good position to examine the mechanistic
proposals made in the two reports (6,9). The results of exper-
imental studies using SFA and ODNP measurements (6,9)
were 1) a decrease of membrane repulsion (39) and 2)
enhanced local diffusivity of surface water in the presence
of DMSO (XDMSO < 10mol%), respectively. The authors sur-
mised that the competition between DMSO and surface hy-
dration water on the interaction with lipid headgroups led to
FIGURE 6 Diffusion coefficients for water mole-

cules. (a) Dsurf
w and Dbulk

w from experiment and

DT;surf
w and DT;bulk

w from simulation. (b) The ratios

Dsurf
w =Dbulk

w and DT;surf
w =DT;bulk

w at various XDMSO con-

ditions. All the data for simulations were obtained by

analyzing water lifetime around Tempo moieties us-

ing Eq. 5. The experimental values of surface- and

bulk-water diffusion constants are from Tables S2

(large unilamellar vesicles) and S3, respectively, of

(9). To see this figure in color, go online.
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weakening of the strength of the cohesive water network hy-
drating the membrane headgroups, thus enhancing surface-
water diffusivity and dehydration of the bilayer surfaces.
Our computational study on the lipid-DMSO-H2O system
not only reproduces these observations, but also provides a
more accurate understanding of what is actually happening
on the bilayer surfaces at themolecular level bymaking acces-
sible the profiles of density and local diffusivity, and the tetra-
hedral order parameter for water structure.

Water structure

Density profiles ðrwðzÞÞ of water across lipid bilayers visu-
alize the dehydration due to DMSO (Fig. 2 a). The tetrahe-
dral order parameter ðhQiðzÞÞ indicates that the hydrogen
bond network begins to be disrupted ~10 Å away from the
interface ðjz j ¼ zintÞ even in the absence of DMSO, and
the degradation of the H-bond network is promoted at cosol-
vent concentrations (Figs. 2 d, S5 c, and S6 b). An inter-
esting finding from our study is that the extent of change
in the surface-water density ðrwðzzzint;XDMSOÞÞ is smaller
than the change in the bulk-water density ðrbulkw ðXDMSOÞÞ
(Fig. 2 a). This leads to a water-rich layer, which is specific
to DMSO solutions at high XDMSO (T8:7 mol %) (Fig. 2 a).

Surface-water diffusion

We have reproduced the experimental observation of
Cheng et al. (9) that surface-water diffusion increases
with increasing XDMSO by explicitly modeling Tempo and
a

c d

b
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analyzing the water dynamics around it after the Tempo
was equilibrated in the interior of the bilayer surface. By
contrast, the water diffusivity calculated without Tempo
(see Fig. 3 a) does not show such a clear increase with
XDMSO in the range of the Tempo moiety’s equilibrium
position ð10( jz j (15Þ. A hint to this conundrum may
lie in the dependence of APL on bilayer thickness, dPP
(Figs. 7, a and b). In the range 0<XDMSO < 10 mol %, the
APL increases from 55 Å2 to ~64 Å2 (Fig. 7 a), whereas
dPP decreases from 41.7 Å to 38.2 Å (Fig. 7 b) (39), a change
that could effectively be induced by applying a lateral ten-
sion to the bilayer.

Although the measurements were done on the multi-
lamellar structure of dipalmitoylphosphatidylcholine, the
electron density profile across the bilayer (39) reported a
decrease in bilayer thickness due to DMSO. They reported
a 16% decrease of bilayer thickness from 3.79 nm to
3.16 nm in 35 wt % (z11 mol %) DMSO after subtracting
the contribution of the sulfur atom of DMSO trapped in the
bilayer headgroup from the electron density profile, and the
extent of decreases in bilayer thickness is even greater than
our results show (3.82 nm/4.17 nm z 8%). Other studies
(8), again on a multilamellar structure, argue that the bilayer
thickness is constant up to XDMSOz0:3� 0:4, contradicting
the conclusion from the above-mentioned electron density
profile study (39). Compared with bilayers stacked in the
gel phase, a certain amount of cosolvent deposition into
bilayer in the fluid phase is physically more plausible.
FIGURE 7 Bilayer properties calculated using

(a) APL and (b) the phosphate-phosphate distance,

dPP, at various DMSO concentrations. The error

bars indicate the standard deviation. (c) The

average number of DMSO molecules trapped

around lipid molecules in the range 10< jz j < 15

Å as a function of XDMSO. (d) The average time

for DMSO trapped at 10< jz j < 15 Å to escape

beyond jz j > 22 Å. To see this figure in color, go

online.
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Thus, it appears that the issue of how DMSO ðXDMSO < 0:1Þ
affects the bilayer thickness, especially for a fluid-phase uni-
lamellar structure, remains inconclusive. Although the pos-
sibility of an imperfect force field cannot completely be
ruled out, our simulation study straightforwardly indicates
the increase (decrease) of APL ðdPPÞ of unilamellar bilayers
in the fluid phase (Fig. 7, a and b).

The amount of DMSO deposited below the headgroup
(10< jz j < 15 Å) increases with XDMSO (Fig. 7 c),
providing more free space between lipids, increasing the
APL, and thus contributing to the enhancement of water
diffusivity around the Tempo buried below the bilayer sur-
face (Fig. 6 a). The non-monotonic dependence of the
escape time of DMSO trapped below the bilayer surface
on XDMSO is also noteworthy (Fig. 7 d). The first decrease
of the mean escape time to the surface (XDMSO < 10%)
may well be an outcome of the increased APL, but the
next increase of the mean escape time for XDMSO > 10%
could be related to the increase of XDMSO while the APL
is already saturated (Fig. 7 a). Although it is not clear
how significant is the contribution of the increase (decrease)
of APL ðdPPÞ with XDMSO to the dehydration from the sol-
vent-bilayer interface, the increase of APL is certainly a
relevant factor that enhances the diffusivity of water in the
interior of bilayers.

Water dynamics around the choline group

Based on the results from pulse-field-gradient NMR mea-
surements, decrease of the hydration radii of both DMP�

and TMAþ with increasing DMSO, which is also quantita-
tively reproduced using our simulations (see Supporting
Material text and Fig. S8 d), Schrader et al. (6) conjectured
a

b

that DMSO weakens water binding to PC headgroups on
bilayer surfaces and thus shortens the range of the repulsive
force. However, first, the reduction of the hydrodynamic
radii of DMP� and TMAþ alone cannot be used for
assessing the solvent stability (or lifetime) around DMP�

and TMAþ. Second, it is not clear whether the measure-
ment in the bulk phase can be used to explain observed phe-
nomena on the bilayer surface, where the density of
PC headgroups is much higher. In stark contrast to their
conjecture, we find that lifetimes of both water and
DMSO in the first solvation shell around DMP� and
TMAþ in the bulk increase with XDMSO (see Fig. S8 e),
which indicates that an increased charge/size ratio ðe=rHÞ
of DMP� and TMAþ contributes to the stability of the inner
solvation shell (40).

To gain more microscopic insight, we next examined the
solvent structure and its lifetime in the first solvation shell
around a choline group of the phospholipid bilayer. The
results summarized in Fig. 8 underscore three points: 1)
the pair correlation between water and the choline group
(nitrogen atom) at bilayer surfaces shows an increase in
the first solvation shell with increasing XDMSO (Fig. 8 a);
2) the number of water molecules surrounding a PC group
decreases with increasing XDMSO (Fig. 8 a, inset); and 3)
the lifetime of water in the first solvation shell around a
choline group increases with XDMSO and is an order of
magnitude greater than that around TMAþ in the bulk
phase (Fig. 8 b). Hence, the presence of DMSO in solution
stabilizes the water-choline-group interaction and increases
the lifetime of water. This is fully consistent with the
decreasing diffusivity of surface water at jz jz22 Å with
increasing XDMSO.
FIGURE 8 Structure and lifetimes of water and

DMSO around choline groups. (a) Radial distribu-

tion function of water oxygen (left) and DMSO

oxygen (right) relative to the nitrogen atom of the

choline group in varying XDMSO conditions. The

insets show the cumulative numbers of water and

DMSO around the choline group as a function of

r. (b) The lifetimes of water (left) and DMSO

(right) in the first solvation shell around a choline

group on bilayer surfaces as a function of XDMSO.

To see this figure in color, go online.
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CONCLUSIONS

This study is based on classical MD simulations, which
disregard quantum mechanical effects such as polarization
and ionization of water molecules near the zwitterionic
PC headgroup environment. It is not clear to what extent
these quantum mechanical effects would change our inter-
pretations of DMSO-induced surface-water properties.
Nevertheless, the semi-quantitative agreement between
experimental measurements and simulation results on the
water diffusivity probed with Tempo (see Fig. 6) and on
the hydration radii of DMP� and TMAþ (Fig. S8 d) justify
the use of classical MD simulations as a computational tool.

In conclusion, our study shows clearly that DMSO dehy-
drates surface water from phospholipid bilayers. Concern-
ing the more subtle point on the dynamics of water and
DMSO interacting with the PC headgroup at the solvent-
bilayer interface, the DMSO-enhanced surface-water diffu-
sion reported by Cheng et al. (9) is very likely an artifact of
Tempo moieties probing the water dynamics at a location
below the solvent-bilayer interface. A label-free measure-
ment of surface-water diffusion (at jz jz22 Å) will reveal
that it is a decreasing function of XDMSO (see Fig. 3 a at
jz jz22 Å and Fig. 4 b, cyan symbols). At present, spin-la-
bel NMR measurement is the only tool that allows us to
directly probe the water dynamics on biological surfaces
such as proteins and nucleic acids (41,42). Given its signif-
icance, the actual position of the equilibrated Tempo moiety
in lipid bilayers, discussed in this study, and its effect on the
measurements call for a careful re-evaluation of the current
biophysical techniques and accompanying theories.
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