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Abstract

The interaction free energy of dimethyl sulfoxide (DMSO) and two types phospholipid membranes has been assessed from measurements
of vapor pressure. The lipids were phosphatidyl cholines with respectively (14:0/14:0) (DMPC) and (16:0/18:1) (POPC) fatty acid chains.
The results were expressed in terms of the iso-osmolal preferential interaction parameter, I',;, which remained negative under all
experimental conditions investigated here. This shows that water—membrane interactions are more favorable than DMSO—membrane
interactions. This condition is known as preferential exclusion of DMSO (or preferential hydration of the membrane), and implies that the
local (interfacial) concentration of the solute is reduced compared to the bulk. At room temperature and 1 m DMSO, I',,; was — 0.3 to — 0.4
for both lipids. This corresponds to a sizable reduction in the DMSO concentration in a zone including at least the first two hydration layers
of the membrane. Possible origins of the preferential exclusion are discussed.

As a direct consequence of the pronounced preferential exclusion, DMSO generates an osmotic stress at the membrane interface. This
tends to stabilize lipid phases of low surface areas and to withdraw water from multilamellar stacks of membranes. Based on this, we suggest
that the preferential exclusion of DMSO explains both the modulation of phase behavior and the constriction of multilamellar aggregates

induced by this solute.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Dimethyl sulfoxide (DMSO) has been applied in diverse
purposes for biotechnology. Some examples include use in
permeabilization and fusion of cell membranes and its
widespread use as a protecting agent in freezing protocols
[1-3]. The molecular origin of these (and other) effects of
DMSO on living cells remains to be fully elucidated, but
many pieces of evidence have pointed toward membrane—
DMSO interactions and the concomitant perturbation of
membrane properties as a basic factor. If indeed so, phos-
pholipid bilayer membranes in mixed water—DMSO sol-
vents are perhaps the most promising model system for
studies of mechanisms underlying the biological effects of
this compound. An important example of this type of work
is the X-ray scattering studies by Yu and Quinn [4—7]. They
found that multilamellar stacks of lipid membranes showed
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a pronounced reduction in the repeat distance upon addition
of DMSO, and this effect has also been observed in other
studies [8,9]. Another characteristic effect of DMSO on
lipid membranes, which has been reported in several works,
is its modulation of lipid phase behavior. For example, it
increases the gel (Pp ) to lamellar (L,) phase transition
temperature, 7T,,, for a variety of phospholipids, but
decreases the temperature, 7Ty, for the L, to hexagonal
(Hy) phase transition in phosphatidyl ethanolamine lipids
[3,4,6,8—10]. Interestingly, in some cases, these effects of
DMSO have been shown to be opposite to those exerted by
other small solutes of related chemical structure such as
acetone and small alcohols [10,12—14]. DMSO has also
been shown to significantly affect non-equilibrium process-
es such as the leakage rate of a fluorescent probe from
phospholipid liposomes [2,15]. The molecular interpretation
of these observations is still debated. Quinn and coworkers
have proposed that DMSO dehydrates the membrane inter-
face by partitioning into this zone and hence displacing
water [6]. Anchordoguy et al. [2,15], on the other hand,
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rationalized their results by suggesting a strongly tempera-
ture-dependent penetration of DMSO into the hydrophobic
core of the membrane.

In the current work, we address this problem through a
thermodynamic analysis of the membrane—solvent inter-
face. More specifically, we report preferential interaction
parameters for DMSO and two types of phosphatidyl
choline membranes. This approach has its roots in multi-
component solution thermodynamics [16] and over the last
decades it has been specialized and sophisticated for the
description of proteins in mixed solvents [17—20]. The
framework of preferential interactions involves both strin-
gent thermodynamic relationships, such as the linkage
between the concentration of a small solute and its effect
on macromolecular equilibria [21] and suggestions for the
structural interpretation and modeling of experimental data
[18,19]. Following its success in the description of protein
solutions, preferential interaction theory has also been used
in discussions of membrane—solute interactions [15,22—
27]. Direct experimental determinations of preferential in-
teraction parameters for membrane systems, however, re-
main sparse [28,29]".

2. Methods and materials

The lipids dimyristoyl phosphatidyl choline (DMPC) and
palmitoyl oleyl phosphatidyl choline (POPC) (both >99%)
were purchased as powders from Avanti Polar Lipids
(Alabaster, AL) and used as supplied. DMSO (>99.9%)
was from Fluka (Buchs, Switzerland) and water was freshly
prepared from a Milli-Q purification system (Millipore,
Bedford, MA).

The free energy of membrane—DMSO interactions was
derived from measurements of vapor pressure conducted
in a specially designed instrument built in this laboratory
[34]. The equipment measures the pressure difference, AP,
between a cell and a reference under controlled conditions
of temperature and composition. The experimental set-up
allows independent changes of these two parameters
without changing the sample or breaking the vacuum. In
the current application, this was done so that the concen-
tration of DMSO, mj, (in moles DMSO per kg water)’
was always the same in the cell and reference. Below,
we sketch out the experimental procedures, but we note
first that the general experimental principle is that under
these conditions of equal m;, AP will quantify the effect

! We note that so-called osmotic stress measurements, which have been
extensively utilized in studies of membrane hydration (see Ref. [30] for a
review), rely on the same theoretical foundation as preferential interactions
[31-33]. Osmotic stress measurements generally utilize large hydrophilic
solutes which are assumed to be completely excluded from the interfacial
zone. Thus, osmotic effect of full exclusion rather than the degree of
preferential interaction is assessed.

2 Throughout this work we will use the conventional notation of
subscripts 1, 2 and 3 for, respectively water, lipid and solute (DMSO).

(in terms of total vapor pressure) of solvent—membrane
interactions.

The lipids were hydrated in excess of pure water (ca. 5%
w/w lipid) for several hours at room temperature (POPC) or
40 °C (DMPC) during which time they were repeatedly
exposed to vigorous shaking. The lipid suspension was
extruded to 100 nm unilamellar vesicles using the equip-
ment from Lipex (Northern Lipids Inc. Vancouver, BC), and
the lipid concentration in the product was determined
gravimetrically to within % 0.02% (w/w) as described
previously [28]. About 1 ml unilamellar vesicle suspension
was weighed (£ 0.01 mg) in the cell of the vapor pressure
equipment and mounted onto the equipment. Approximately
the same amount of pure water was weighed in the reference
and mounted. Atmospheric air was then removed from the
cell and reference by repeatedly allowing the gas above the
liquid to expand into an evacuated 500 ml flask (see Ref.
[34]). This was continued until the vapor evacuated from the
flask was free of non-condensable components (when
passed through two N,(l) freeze traps). After calculating
the (small) loss of water associated with the out-gassing
procedure, the amount of water was adjusted to be equiv-
alent in cell and reference.

All parts of the vapor pressure equipment, except the cell
and reference, are housed in an air-bath at 90 °C. Liquid
DMSO in a 100 ml flask mounted directly on the vapor
pressure equipment (at 90 °C) is allowed to evaporate into a
previously evacuated container to a pressure (determined to
within & 3 pbar) of about 16 mbar. Subsequently, DMSO
vapor is condensed into the cell (or reference) kept at 0 °C,
and the amount of solute transferred is quantified from the
pressure reduction in the container. This procedure of “gas
phase titration” enables precise control of the DMSO
concentration, and an experimental series involves a number
of measurements where the cell-to-reference pressure dif-
ference (AP) is recorded. Throughout the series, various
temperatures and DMSO concentrations are assessed, al-
ways keeping mj3 equal in the cell and reference.

DMSO turned out to be more difficult to handle than
both more [35] and less [28] volatile compounds, which
have previously been investigated. The intermediate vapor
pressure of DMSO (about 1 mbar at room temperature)
required longer equilibration times probably due to the slow
evaporation of DMSO condensed on the sides of the cell
during gas phase titration. To facilitate equilibration
(signified by a constant AP reading) we adopted the
following procedure. After gas phase titration with DMSO,
the temperature in the cell/reference thermostat was in-
creased to 45 °C, and the system was allowed to equilibrate
overnight. After recording AP (45 °C) the thermostat
temperature was lowered to 26 °C and subsequently to 5
°C with several hours of equilibration at each temperature.
The temperature was then raised to 45 °C again to confirm
the earlier AP (45 °C) reading. In cases where this did not
match the first 45 °C measurement, the cycle of the three
temperatures was repeated. After reading AP, the sample
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and reference were out-gassed as described above to ensure
the absence of any contamination of air. Out-gassing gives
rise to the loss of both water and DMSO from the sample.
However, since the gas phase in equilibrium with, e.g. 1 m
aqueous DMSO contains about 99.99% (mol/mol) water
[36], the loss of DMSO during out-gassing was neglected in
the data analysis.

Each lipid sample was gas phase titrated with five to
seven aliquots of DMSO, and this covered the 0.2—-2 m
concentration range.

3. Results and data analysis

Fig. 1 illustrates measured AP values plotted against the
molal concentration of DMSO, m3. Panel A represents an
experiment where a 5.16% (w/w) suspension of 100 nm
unilamellar POPC vesicles was titrated with DMSO to a
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Fig. 1. Raw data from the vapor pressure measurements showing the
difference in vapor pressure, AP, between a cell containing water+
DMSO +lipid and a reference with water+ DMSO. The DMSO concen-
tration, mj3, in moles per kg HO was equal in the cell and reference, and
AP thus reflects the effect on the vapor pressure of lipid—solvent
interactions. Negative values signify that the vapor pressure in the cell is
lower than in the reference. The graph illustrates results from trials (see
Methods and materials) where, respectively, 5.16% (w/w) POPC (panel A)
and 6.46% (w/w) DMPC (panel B) were titrated with DMSO. The
experimental temperature is indicated by circles (5 °C), squares (26 °C)
and triangles (45 °C).

final concentration of about 2 m. Panel B shows an
analogous experiment with DMPC (6.46% w/w). It appears
that the slope of AP vs. m; is negative for both lipids. In as
much as the vapor is practically pure water and mj5 is equal
in the cell and reference, the negative slopes show that the
membrane interacts more favorably with water than with
DMSO. This condition is referred to as preferential hydra-
tion of the membrane or preferential exclusion of DMSO
from the membrane interface. To quantify this, we need to
turn from the total vapor pressures illustrated in Fig. 1 to
partial pressures, which directly specify the chemical po-
tential of a component. This can be stringently done in a
number of ways [37—40], but for the current system, it is
adequate to simply equate the total vapor pressure to the
partial pressure of water. This simplification is justified by
vapor pressure data for binary aqueous DMSO [36], which
shows that the partial pressures of DMSO in the concentra-
tion range investigated here is well below the experimental
uncertainty specified as the scatter in Fig. 1.

To proceed, we calculate the iso-osmolal preferential
binding parameter, I',,;, which is defined [33]:

FﬂlE(am3/am2)T,P,yl (1)

In Eq. (1), m denotes molal concentrations and 7, P and u
are, respectively temperature, pressure and chemical poten-
tial. Again, subscripts 1, 2 and 3 signify, respectively water,
lipid and DMSO. A comprehensive analysis of I',,; and its
relation to the general multicomponent solution thermody-
namics is available elsewhere [33,41]. Here, we only
emphasize the immediate meaning of the definition in Eq.
(1), i.e. that I',,; signifies the (positive or negative) number
of DMSO molecules needed to balance out the change in the
chemical potential of water brought about by the addition of
one phospholipid molecule. It follows that negative values
of I, signify that the membrane has a higher affinity for
water than for DMSO and vice versa. To numerically
estimate the derivative in Eq. (1), we introduce the quantity
Ams, which is the difference in DMSO-concentration be-
tween the reference solution and a phospholipid (cell)
sample with the same water activity. Ams is specified by
the pressure difference, AP, and the composition depen-
dence of the vapor pressure dP,.¢/dm;. Hence

AP

Amy= 20
’ (dPref/dm3)

(2)
where P..¢ is the water vapor pressure in the reference taken
from Lai et al. [36]. If it is assumed that the cell-reference
difference in lipid concentration is small, the derivative in
Eq. (1) can be replaced with the ratio of concentration
changes and combined with Eq. (2).

AP

rps————— 3
1 s (AP ) ©
The approximations in Egs. (2) and (3) are valid for low

my and m3. Based on vapor pressure binary aqueous DMSO



220 P. Westh / Biochimica et Biophysica Acta 1664 (2004) 217-223

[36] and the absence of a systematic dependence of I',;; on
m, found in this work, it is concluded that the errors of
assuming low m, and mj3 are unimportant in comparison to
the experimental scatter. A similar conclusion has been
reached for other systems [28,33].

Fig. 2 shows I',,; calculated according to Eq. (3) from the
data in Fig. 1, and plotted as a function of the DMSO
concentration, ms. It appears that I',; decreases approxi-
mately linearly with m; for both lipids. The slope of linear
fits to the data at 26 and 45 °C fall in the — 0.3 to —0.4
m~ ' range. Specific values of I’ w/ms3 along with 95%
confidence limits of the fitted slopes are given in the legend
of Fig. 2. At 5 °C the experimental scatter becomes rather
large for both lipids. This probably reflects the low total
vapor pressure at this temperature which inevitably makes
I',,; more sensitive to experimental error (c.f. Eq. (3)). In
addition, slow equilibration of gradients including concen-
tration imbalances across the membranes (which in the case
of DMPC are in the gel phase at this temperature), may
bring about additional scatter. In any case, the experimental
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Fig. 2. The iso-osmotic preferential interaction parameter, I, calculated
from the data in Fig. | according to Eq. (3) and plotted as a function of the
concentration of DMSO, mj. All symbols have the same meaning as in Fig.
1. For POPC (panel A) the slopes of the linear fits are, respectively — 0.46
m ' [—=070, —023 m '], —042 m ' [—054, —0.30 m '] and
—034m™ ' [—0.40, —0.26 m~ '] for 5, 26 and 45 °C. The intervals in
square brackets indicate 95% confidence limits for the fitted slopes. For
DMPC (panel B) the slopes at the three temperatures are —0.50 m '
[—0.17, —0.84 m '], =041 m ' [—034, —0.47 m '] and —0.29
m ' [—037, =021 m™ 1.
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Fig. 3. Average values of, I',,;/m3 determined from graphs similar to Fig. 2
for a total of five titration trials (two for POPC, open symbols; and three for
DMPC, filled symbols) plotted as a function of the temperature. Error bars
identify S.E.

precision at 5 °C only allows a rather coarse estimate of I';,
at this temperature.

Slopes from plots similar to Fig. 2 were compiled and
plotted as a function of temperature in Fig. 3. While the
average I, 1/ms3 values are consistently smaller (less nega-
tive) for DMPC than for POPC the difference is not
statistically significant. Also, the experimental precision is
not high enough to allow a significant determination of the
temperature dependence of I',,;/ms.

4. Discussion

Although practically absent from the membrane interior,
polar (and ionic) solutes distinctively modulate the proper-
ties of lipid bilayers. Such modulations have been ascribed
to so-called Hofmeister mechanisms [22,42], i.e. indirect
effects of the solute induced through changes in the solvent
properties. This was recently discussed by Feng et al. [43],
who noted that “the significance of direct interactions
between co-solutes and phospholipid molecules indepen-
dent of their effect on water structure has yet to be
assessed”. Below we attempt to address this by discussing
some aspects of the extent, origin and effect of preferential
interactions of PC membranes suspended in aqueous
DMSO.

4.1. Extent of preferential exclusion

Although only few quantitative reports on membrane—
solute preferential interactions are available for comparison,
it seems that the degree of preferential exclusion of DMSO
is rather high. Thus, the exclusion of glycerol from DMPC
[28] membranes, expressed as I',;/ms, is less than half the
value found for DMSO here, and our preliminary work on
the disaccharide trehalose [29] suggests that even this larger
and more hydrophilic solute is less excluded from the
membrane interface than DMSQO. Possible origins and con-
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sequences of this observation, which may appear surprising
for a compound with two hydrophobic methyl groups, are
discussed below. First, we analyze the degree of preferential
exclusion through the application of the so-called bulk-local
domain model, which rationalizes the preferential binding
parameter in terms of a concentration imbalance between
the bulk and a local domain (i.e. a zone near the biomole-
cule interface). This structural interpretation of the thermo-
dynamic data was formally described by Record et al. [18],
although earlier works had used a similar analysis of protein
conformations in mixed solvents [44,45]. One of the key
results derived from the bulk-local domain model is the
relationship

I'i=B3; —m3B/m (4)

where B3 and B; are the number of, respectively, solute
(DMSO) and water molecules in the local domain. The
specific size of these parameters obviously relies on the
extent of the local domain, which must be determined from
other (non-thermodynamic) information. Eq. (4) is formally
correct when ms is the solute concentration in the bulk
domain and the left-hand side is I',,; ,3—i.e. the preferential
binding parameter measured by dialysis equilibrium. How-
ever, we have previously argued that I'y,, ,3 = I',,; for lipid
systems in excess water [28]. If we consider the case B3 =0
corresponding to complete exclusion of DMSO from the
local domain, insertion in Eq. (4) suggests that B; = 20
(note that m; =55.5 mol/kg). Consequently, the data can be
accounted for by a local domain of about 20 water mole-
cules per lipid which are free of any DMSO. While this
illustrates the (average) extent of exclusion of DMSO, we
hasten to stress that it is most likely not a realistic picture of
the interface. Thus, the permeability (albeit moderate) of
DMSO documents its presence near and inside biological
membranes [46—48]. It follows that B3>0 and thus that
B1>20. While the specific magnitude of the local domain
cannot be determined here, we note that it must extend well
beyond a water monolayer covering the lateral area of the
membrane (about 60 A2 —or six water molecules—per
lipid). Monolayer coverage of the rugged solvent accessible
area of a hydrated PC membrane corresponds to approxi-
mately 13 water molecules per lipid [49]. This is also below
the minimal value of B; derived from Eq. (4). Even if B; is
set to 30, which corresponds to the amount of water per lipid
separating fully hydrated multilamellar PC membranes [30],
the local concentration of DMSO (Eq. (4)), is significantly
lowered (approx. three times) with respect to the bulk. We
conclude that the degree of preferential exclusion observed
here involves a pronounced reduction in the local DMSO
concentration in a zone involving at least two hydration
layers.

Unfortunately, relationships between the extent of pref-
erential exclusion of DMSO and the temperature, lipid
phase and fatty acid unsaturation cannot be determined
unambiguously from the current data—although the results

at 45 °C (Fig. 3) seem to hint at a stronger exclusion for
POPC than for DMPC.

4.2. Effect of DMSO on membrane dimensions and phase
behavior

One of the well-documented effects of DMSO on lipid
bilayers is its ability to stabilize the gel (P ) phase with
respect to fluid (L) phase. Thus, the main (gel-to-fluid)
transition temperature, Tp,, of different types of phospholi-
pids has been shown to increase with the concentration of
DMSO in the solvent [3,6]. In addition, DMSO has been
found to decrease the temperature (7},) of the transition from
L, to the hexagonal (Hy) phase in phosphatidyl ethanol-
amines [6]. These solute-induced effects are paralleled by
carbohydrates and cosmotropic ions, and for these latter
groups of solutes, it is generally believed that this reflects
their preferential exclusion and the concomitant osmotic
stress and stabilization of conformations of low interface
area [22-25,27,42,50]. Accordingly, we suggest that the
effect of DMSO on membrane phase behavior is governed
by its preferential exclusion. More specifically, preferential
exclusion gives rise to an increase in the osmotic pressure of
the bulk over that of the interfacial region, resulting in a
movement of water away from the interfacial zone (down
the osmotic gradient). This leads to tighter packing of the
lipid molecules and favoring of membrane processes in-
volving the release of water to the bulk. Thus, due to its
lower surface area, the gel (P ) phase is stabilized over the
fluid (L) phase and T, increases. This conclusion is in line
with the suggestion recently put forward by Kinoshita et al.
[10,11]. These authors ascribed their diffraction and fluo-
rescence data to “an increase in the interaction free energy
of membrane surface segments and the solvent upon in-
creasing DMSO concentrations”. This conclusion is tanta-
mount to the negative I',,; reported here. In fact, the effect
can readily be quantified since the transfer free energy,
AG ans, of moving lipid from water to aqueous DMSO can
be calculated from the I',; data (see Ref. [28]). At room
temperature and m3=1 m, we find AG,,s=0.9 0.1 kJ/
mol. It follows that the unfavorable effect hypothesized by
Kinoshita et al. involves an increase in the free energy by
about 1 kJ/mol lipid when the DMSO concentration is
increased from 0 to 1 m. The current observations are also
in line with IR-spectroscopic studies on reversed micelles by
Yu et al. [S1]. The latter work concluded that DMSO
interacts more favorably with water than with the micelle
interface, again signifying its preferential exclusion form the
interfacial zone.

Several studies have shown that DMSO acts to decrease
the repeat distance in stacks of multilamellar membranes
[5,6,8,9]. This has been suggested to involve shrinking of
the intermembrane space, and it may reach a level where
very little water appears to remain there [6]. The origin of
this effect, which is opposite to that of chemically related
compounds such as acetone [10], has been widely dis-
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cussed. The current results suggest that this may simply be
an effect of the osmotic stress induced by the exclusion of
DMSO. At 40% (w/w) DMSO for example, where the
repeat spacing of PC membrane stacks shrinks to values
less than that of lyophilized multilayers, full exclusion of
DMSO from the intermembrane space translates into an
osmotic stress of about 300 atm [36]. This is sufficient to
generate a substantial reduction in the intermembrane spac-
ing of stacked bilayers [30].

4.3. Origins of preferential exclusion

The substantial preferential exclusion of DMSO may
seem puzzling considering its two methyl groups. Other
amphiphilic compounds of comparable size exhibits a
moderate propensity to partition into the membrane [52].
Such partitioning generates a positive contribution to I',
and tends to decrease T,, in contrast to the behavior of
DMSO. This disparity between structurally related solutes
emphasizes the question of what mechanisms underlie the
preferential exclusion of DMSO. While this topic remains
to be specifically addressed, two points may be interesting
to note. First, a number of recent theoretical works have
identified steric hindrance as a major cause for preferential
exclusion of solutes from protein interfaces [53—56].
Secondly, many reports have suggested molecular cluster-
ing in “simple” (binary) aqueous DMSO [57-61]. The
(short-lived) clusters may consist of either DMSO mole-
cules held by dipolar interactions of the SO-groups or
hydrogen bonded SO-water adducts. The most recent
attestation of this comes from the diffraction studies of
Koga et al. [57], who found evidence for the former type of
aggregate in dilute DMSO solutions. Combining these two
lines of information leads to the suggestion that the
exclusion of DMSO could rely on steric hindrance of small
clusters, which more than balances out a possible hydro-
phobic attraction for the membrane due to the methyl
groups.

In conclusion we have found that DMSO is preferentially
excluded from the interface of two types of phosphatidyl
choline membranes. This implies that the membranes inter-
acts more favorably with water than with DMSO, and hence
that the interfacial zone is enriched with water compared to
the bulk. The extent of this effect is substantial and involves
a partial depletion of DMSO in at least two hydration layers.
The preferential exclusion of DMSO and the concomitant
osmotic stress may explain the effects of this solute on both
membrane phase behavior and dimensions of multilamellar
membrane stacks.

Acknowledgements
This study was supported by the Danish Technical

Research Council via the program “Thermodynamics in
Biotechnology” and the Danish National Research Foun-

dation through the establishment of the Centre of Excellence
“MEMPHYS, Center of Biomembrane Physics”. Many
constructive comments on this work from Dr. Hans Ramlov
and Dr. Christa Trandum are highly appreciated.

References

[1] Z. Hubalek, Protectants used in the cryopreservation of microorgan-
isms, Cryobiology 46 (2003) 205—229.

[2] T.J. Anchordoguy, J.F. Carpenter, J.H. Crowe, L.M. Crowe, Temper-
ature-dependent perturbation of phospholipid-bilayers by dimethyl-
sulfoxide, Biochim. Biophys. Acta 1104 (1992) 117—-122.

[3] C. Tilcock, D. Fisher, Interactions of glycerol monooleate and dime-
thylsulfoxide with phospholipids—a differential scanning calorimetry
and P-31-NMR study, Biochim. Biophys. Acta 685 (1982) 340—346.

[4] Z.-W. Yu, P.J. Quinn, Phase-stability of phosphatidylcholines in dime-
thylsulfoxide solutions, Biophys. J. 69 (1995) 1456—1463.

[5] Z.-W. Yu, P.J. Quinn, Solvation effects of dimethyl sulphoxide on the
structure of phospholipid bilayers, Biophys. Chem. 70 (1998) 35-39.

[6] Z.-W. Yu, P.J. Quinn, The modulation of membrane structure and
stability by dimethyl sulphoxide, Mol. Membr. Biol. 15 (1998)
59-68.

[7]1 Z.-W. Yu, PJ. Quinn, The effect of dimethyl sulphoxide on the struc-
ture and phase behaviour of palmitoleoylphosphatidylethanolamine,
Biochim. Biophys. Acta 1509 (2000) 440—450.

[8] S. Tristram-Nagle, T. Moore, H.I. Petrache, J.F. Nagle, DMSO pro-
duces a new subgel phase in DPPC: DSC and X-ray diffraction study,
Biochim. Biophys. Acta 1369 (1998) 19-33.

[9]1 V.I. Gordeliy, M.A. Kiselev, P. Lesieur, A.V. Pole, J. Teixeira, Lipid
membrane structure and interactions in dimethyl sulfoxide/water mix-
tures, Biophys. J. 75 (1998) 2343-2351.

[10] K. Kinoshita, S.J. Li, M. Yamazaki, The mechanism of the stabiliza-
tion of the hexagonal II (H-II) phase in phosphatidylethanolamine
membranes in the presence of low concentrations of dimethyl sulfox-
ide, Eur. Biophys. J. 30 (2001) 207—220.

[11] Y. Yamashita, K. Kinoshita, M. Yamazaki, Low concentration of
DMSO stabilizes the bilayer gel phase rather than the interdigitated
gel phase in dihexadecylphosphatidylcholine membrane, Biochim.
Biophys. Acta 1467 (2000) 395—405.

[12] K. Kinoshita, M. Yamazaki, Phase transition between hexagonal 11
(H-1I) and liquid-crystalline phase induced by interaction between
solvents and segments of the membrane surface of dioleoylphospha-
tidylethanolamine, Biochim. Biophys. Acta 1330 (1997) 199—-206.

[13] L. Loebbecke, G. Cevc, Effects of short-chain alcohols on the phase
behavior and interdigitation of phosphatidylcholine bilayer mem-
branes, Biochim. Biophys. Acta. 1237 (1995) 59—-69.

[14] J.A. Veiro, R.G. Khalifah, G. Raja, E.S. Rowe, The polymorphic
phase-behavior of dielaidoylphosphatidylethanolamine—effect of
normal-alkanols, Biochim. Biophys. Acta 979 (1989) 251-256.

[15] TJ. Anchordoguy, J.F. Carpenter, C.A. Cecchini, J.H. Crowe, L.M.
Crowe, Effects of protein perturbants on phospholipid-bilayers,
Arch. Biochem. Biophys. 283 (1990) 356-361.

[16] E.F. Casassa, H. Eisenberg, Thermodynamic analysis of multicompo-
nent solutions, Adv. Protein Chem. 19 (1964) 287-395.

[17] S.N. Timasheff, Control of protein stability and reactions by weakly
interacting cosolvents: the simplicity of the complicated, Adv. Protein
Chem. 51 (1998) 356—432.

[18] M.T. Record Jr., W. Zhang, C.F. Anderson, Analysis of effects of salts
and uncharged solutes on protein and nucleic acid equilibria and
processes: a practical guide to recognizing and interpreting polyelec-
trolyte effects, Hofmeister effects, and osmotic effects of salts, Adv.
Protein Chem. 51 (1998) 282—-355.

[19] J.A. Schellman, A simple-model for solvation in mixed-solvents—
applications to the stabilization and destabilization of macromolecular
structures, Biophys. Chem. 37 (1990) 121-140.



[20]

(21]

[22]

(23]

[24]

[25]

[26]

[29]
[30]

[31]

(32]

[33]

[34]

[35]

[37]
[38]
[39]

[40]

[41]

P. Westh / Biochimica et Biophysica Acta 1664 (2004) 217-223

J.A. Schellman, The thermodynamics of solvent exchange, Biopoly-
mers 34 (1994) 1015-1026.

J. Wyman, S.J. Gill, Binding and Linkage: Functional Chemistry of
Biological Macromolecules, University Science Books, Mill Valley,
CA, 1990.

R. Koynova, J. Brankov, B. Tenchov, Modulation of lipid phase
behavior by kosmotropic and chaotropic solutes—experiment and
thermodynamic theory, Eur. Biophys. J. 25 (1997) 261-274.

R.M. Epand, M. Bryszewska, Modulation of the bilayer to hexagonal
phase-transition and solvation of phosphatidylethanolamines in aque-
ous salt-solutions, Biochemist 27 (1988) 8776—8779.

L.M. Crowe, J.H. Crowe, Solution effects on the thermotropic phase-
transition of unilamellar liposomes, Biochim. Biophys. Acta 1064
(1991) 267-274.

J. Wolfe, G. Bryant, Freezing, drying, and/or vitrification of mem-
brane—solute—water systems, Cryobiology 39 (1999) 103—129.
L.M. Crowe, C.A. Wistrom, J.H. Crowe, Does the preferential exclu-
sion hypothesis apply to hydrated phospholipids bilayers, Cryobiolo-
gy 30 (1993) 224-225.

G. Cevc, Effect of lipid headgroups and (nonelectrolyte) solution on
the structural and phase properties of bilayer-membranes, Ber. Bun-
senges. Phys. Chem. 92 (1988) 953-961.

P. Westh, Unilamellar DMPC vesicles in aqueous glycerol: prefer-
ential interactions and thermochemistry, Biophys. J. 84 (2003)
341-349.

P. Westh, C. Trandum, Interactions of some cryoprotectives with lipid
bilayers and biological membranes, Biophys. J. 82 (2002) 172A.
R.P. Rand, V.A. Parsegian, Hydration forces between phospholipid-
bilayers, Biochim. Biophys. Acta 988 (1989) 351-376.

S.N. Timasheff, In disperse solution, “osmotic stress” is a restricted
case of preferential interactions, Proc. Natl. Acad. Sci. U. S. A. 95
(1998) 7363-7367.

V.A. Parsegian, R.P. Rand, D.C. Rau, Osmotic stress, crowding, pref-
erential hydration, and binding: a comparison of perspectives, Proc.
Natl. Acad. Sci. U. S. A. 97 (2000) 3987—-3992.

E.S. Courtenay, M.W. Capp, C.F. Anderson, M.T. Record Jr., Vapor
pressure osmometry studies of osmolyte—protein interactions: impli-
cations for the action of osmoprotectants in vivo and for the interpre-
tation of “osmotic stress” experiments in vitro, Biochemist 39 (2000)
4455-4471.

K.B. Andersen, Y. Koga, P. Westh, A differential vapor-pressure
equipment for investigations of biopolymer interactions, J. Biochem.
Biophys. Methods 50 (2002) 269—288.

P. Westh, C. Trandum, Y. Koga, Binding of small alcohols to a lipid
bilayer membrane: does the partitioning coefficient express the net
affinity? Biophys. Chem. 89 (2001) 53—-63.

J.T.W. Lai, EW. Lau, D. Robb, P. Westh, G. Nielsen, C. Trandum, Aa.
Hvidt, Y. Koga, Excess partial molar enthalpies, entropies, Gibbs
energies, and volumes in aqueous dimethylsulfoxide, J. Solution
Chem. 24 (1995) 89—-102.

H.C. Van Ness, Thermodynamics in the treatment of (vapor + liquid)
equilibria, J. Chem. Thermodyn. 27 (1995) 113—-134.

J.A. Baker, Determination of activity coefficients from total pressure
measurements, Aust. J. Chem. 6 (1953) 207-210.

C.G. Boissonnas, Melanges binaire. Calcul de pressions partielle
vapeur a partir de la pression totale, Helv. Chim. Acta 22 (1939) 541.
S.Y. Lam, R.L. Benoit, Some thermodynamic properties of dimethyl-
sulfoxide—water and propylene carbonate—water systems at 25
degrees C, Can. J. Chem. 52 (1974) 718-722.

C.F. Anderson, E.S. Courtenay, M.T. Record Jr., Thermodynamic

[46]

[47]

[50]

[51]

[52]

[56]

[57]

[58]

[59]

[60]

[61]

223

expressions relating different types of preferential interaction coeffi-
cients in solutions containing two solute components, J. Phys. Chem.,
B. 106 (2002) 418—-433.

P.W. Sanderson, L.J. Lis, P.J. Quinn, W.P. Williams, The Hofmeister
effect in relation to membrane lipid phase-stability, Biochim. Bio-
phys. Acta 1067 (1991) 43—50.

Y. Feng, Z.-W. Yu, PJ. Quinn, Effect of urea, dimethylurea, and
tetramethylurea on the phase behavior of dioleoylphosphatidyletha-
nolamine, Chem. Phys. Lipids 114 (2002) 149—-157.

C. Tanford, Extension of theory of linked functions to incorporate
effects of protein hydration, J. Mol. Biol. 39 (1969) 539—544.

S.N. Timasheff, The control of protein stability and association by
weak-interactions with water—how do solvents affect these process-
es, Annu. Rev. Biophys. Biomol. Struct. 22 (1993) 67-97.

W. Bunch, C. Edwards, Permeation of non-electrolytes through single
barnacle muscle cell, J. Physiol. 202 (1969) 683—697.

J.Y. Tanaka, J.R. Walsh, K.R. Diller, J.J. Brand, S.J. Aggarwal, Algae
permeability to Me,SO from — 3 to 23 °C, Cryobiology 42 (2001)
286-300.

V.B. Efimov, B.P. Sharonov, Permeability of Escherichia coli cellular
membrane for thiourea, dimethylsulfoxide and glycerol, Biofizika 30
(1985) 446—449.

E. Tuchsen, M.Q. Jensen, P. Westh, Solvent accessible surface arca
(ASA) of simulated phospholipid membranes, Chem. Phys. Lipids
123 (2003) 107—-116.

J.M. Seddon, R.H. Templer, Polymorphism of lipid—water systems, in:
R. Lipowsky, E. Sackmann (Eds.), Handbook of Biological Physics,
vol. 1, Elsevier, Amsterdam, 1995, pp. 97—160.

Z.W. Yu, L. Chen, S.Q. Sun, I. Noda, Determination of selective
intermolecular interactions using two-dimensional correction FT-IR
spectroscopy, J. Phys. Chem., A 106 (2002) 6683 —6687.

Y. Katz, J.M. Diamond, Thermodynamic constants for nonelectrolyte
partition between dimyristoyl lecithin and water, J. Membr. Biol. 17
(1974) 101—-120.

D.J. McClemments, Estimation of the steric exclusion and differential
interaction contributions to protein transfer free energies in aqueous
cosolvent solutions, Food Hydrocoll. 15 (2001) 355—-363.

K.E.S. Tang, V.A. Bloomfield, Excluded volume in solvation: sensi-
tivity of scaled-particle theory to solvent size and density, Biophys. J.
79 (2000) 2222—-2234.

A.J. Saunders, P.R. Davis-Searles, D.L. Allen, G.J. Pielak, D.A. Erie,
Osmolyte-induced changes in protein conformation equilibria, Bio-
polymers 53 (2000) 293—-307.

P.R. Davis-Searles, A.J. Saunders, D.A. Erie, D.J. Winzor, G.J. Pielak,
Interpreting the effects of small uncharged solutes on protein-folding
equilibria, Annu. Rev. Biophys. Biomol. Struct. 30 (2001) 271-306.
Y. Koga, Y. Kasahara, K. Yoshino, K. Nishikawa, Mixing schemes
for aqueous dimethyl sulfoxide: support by X-ray diffraction data,
J. Solution Chem. 30 (2001) 885-893.

I.I. Vaisman, M.L. Berkowitz, Local structural order and molecular
associations in water DMSO mixtures—molecular-dynamics study,
J. Am. Chem. Soc. 114 (1992) 7889—-7896.

G.J. Safford, P.C. Scheffer, P.S. Leung, G.F. Doebbler, G.W. Braddy,
E.F.X. Lyden, Neutron inelastic scattering and X-ray studies of aque-
ous solutions of dimethylsulphoxide and dimethylsulphone, J. Chem.
Phys. 50 (1969) 2140-2159.

A.K. Soper, A. Luzar, A neutron-diffraction study of dimethyl-sulf-
oxide water mixtures, J. Chem. Phys. 97 (1992) 1320—-1331.
J.M.G. Cowie, P.M. Toporowski, Association in binary liquid system
dimethyl sulphoxide—water, Can. J. Chem. 39 (1961) 2240-2243.



	Preferential interaction of dimethyl sulfoxide and phosphatidyl choline membranes
	Introduction
	Methods and materials
	Results and data analysis
	Discussion
	Extent of preferential exclusion
	Effect of DMSO on membrane dimensions and phase behavior
	Origins of preferential exclusion

	Acknowledgements
	References


