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Dimethylsulfoxide (DMSO) is known to protect isolated enzymes during

freezing while destabilizing proteins at high

This is tlle sllhicct ofl review by Arakawa et al. ((1999) Cryobiology 27, 401-415),

who present

fora
of proteins. The present study investigates the interaction of DMSO with phosph bilayers. P
vesicles containing carboxyfluorescein viere expoud to several concentrations of DMSO at various tem)

Leakage rates increased with DMSO

DMSO and non-polar meieties

This effect was not reduced in the presence of

solutes that have been shown to neutralize DMSOlwddly in tissues. The increased leakage razes correlate well with
the increased partitioning of DMSO from water to octanol at higher temperatures. Additionally, reductions in the
CH, vibrations of the bilayer are also shown to depend on DMSO and A similer
rednalon in CH; vibrations was observed in solutions of octanol ynd DMSO, suggesting that this effect is mot

di i ion with water. Furthermore, investigation of sulfoxide vibrations indicate that DMSO

an
is not hydrogen bonded to the alcohol molety of octanol, and therefore the interaction between DMSO and octamel is

mostlllulydutoahydmphoblcamclulon.“mmumnnmslmntwlﬁ-mubmnthnnlpbospiﬂﬁd

membranes at higher duetoa

Introduction

b DMSO and the bilayer,

enzyme luncuon during freezing yet lowers the thermal
of proteins [9-11]. These

Dimethylsulfoxide (DMSO) is an aprotic d
that possesses both a hydrophilic sulfoxide moiety and
a hydrophobic component (two methyl groups). As a
result, DMSO is readily soluble in both polar and
non-polar solvents, and is able to solubilizc a wide
range of compounds [1). This duvat soluhllny |s largely
responsible for DMSO’s ability to

effects on protein stability have
been noted with other solutes [3.9] and have been
addressed in a reccnt review by Arakawa et al. [9).
These authors propose that DMSO’s hydrophobic
character is responsible for its destabilizing effect on
protein stability at high temperatures {9].

Th

membranes [2). In addition, this molecule has been
shown to have many other effects on biological systems
ranging from anesthesia [3] to the induction of cellular
differentiation [4-6]). One of DMSO’s more d

ically, DMSO should interact hydrophobi-
cally with any macromolecular structure having a non-
polar region to which the solute has access. This hy-
pothesis is consistent with results from a recent study

cal properties is its ability to act as a cellular cryop:

that i id fora destalnllzmg mteracuon at

tectant at lov te:iperatures while proving toxic at
higher temperatures [7,8]. This effect is also seen in
studies on isolated proteins in which DMSO preserves

Correspondence: T. Anchordoguy, EPO Biology. Univ. of Cclorado,
Boulder, CO 80309-0334, USA.

high by
and other known protein perturbants [12]. The purposc
of this study was to determine if DMSO interacts with
phospholipid bilayers via a mechanism similar to that
proposed for proteins [9].

The results presented here are consistent with a

tween DMSO and the bilayer. rFurtlxermure, we show
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that concentrations of DMSO similar to those used in
tissue preservation studies result in bilayer destabiliza-
tion only at high temperatures. We suggest that such
an interaction may explain why DMSO is known to be
toxic to cells at higher temperatures [7,8]. This toxicity
has been shown to be reduced by the addition of
solutes that could potentially bind to DMSO and de-
crease its interaction with enzymes [7]. We show here
that these compounds, termed ‘toxicity neutralizers’
7,8,13~15}, do not reduce the effects of DMSO on
phospholipid bilayers.

Materials and Methods

Leakage. Dimethylsulfoxide, urea and formasiide
were purchased from Sigma Chemical Co. (St. Louis,
MO). Egg phosphatidylcholine was d from
Avanti Polar L|p|ds (Pelham, AL) and used without
further purification. Carboxyfluorescein (CF) was ob-
tained from Molecular Probes Inc. (Eugene, OR) and
purified ding to the hods of Weinstein et al.
[16). Lipid was dried under nitrogen gas and placed
under vaccuum (30 mullltorr) for one hour to remove
residual chlorofe fution (10 mM
Tes, 0.1 mM EDTA) was sllghtly alkallnc (pH=72)to
avoid CF precipitation, and contained 100 mM CF in

ddition to the ion of DMSO
and toxicity neutralizer. Each lipid preparation was
sonicated to clarity in a bath sonicator at a concentra-
tion of 40 mg iipid,/ml, and external CF was removed
by centrifugation through a two-inch column (3 ml) of
Bio-Gel P-6 (Blo-Rad Richmond, CA) equilibrated

mM Tes buffer + 1 mM EDTA} to clarity. 50 1 of this
preparation were pipetted into a series of tubes con-
taining 2.5 m! of 30% DMSO at 21°C or into buffer.
The samples were then heated in a water bath to a
maximum of 66°C. At intervals during the heating,
tubes were removed and cooled to room temperature,
thus providing a series of samples that had been heated
to various temperatures. A small aliquot of each sam-
ple was diluted into buffer and the sizes of the vesicles
were then measured, using a Brookhaven instruments
quasiclastic light scattering device, calibrated with
polystyrene spheres. At least 1006 scans were made for
each ding a ision of 4:10 nm
for the vesicle dlameters

Octanol / water partitioning. A 40% solution (v/v) of
DMSO in deionized water was mixed with a volume of
octanol equal to that of the water in the DMSO /water
solution. The resulting mixture (37.5% water, 37.5%
octanol and 25% DMSO by volume) was equilibrated
to the experimental temperature. After thermal equi-
librium was achieved, the mixture was thoroughly mixed
and incubated for 30 min at that temperature. Pielimi-
nary experiments showed that partitioning was com-
plete in less than i5 mm After pamtlomng, the oc-
tanol phase was colls d at the incut
ture and stored overnight at 25°C. The following day, a
1 ml aliquot of the organic phase was repartitioned
against an equal volume of water at 25°C. A 20-ul
sample of this aqueous phase was diluted into 1 m! of
water for concentration determination at 25°C. The
amount of DMSO in each sample was quantified by
generating a standard curve and measuring the ab-
sorbance at 218.6 nm in a Perkin-Elmer 550 spectro-

with the P lution [17]. Li suspen-
sions were kept on ice and used ii diately after
centrif ion. All other ions used in this study

were made in 10 mM Tes, (.1 mM EDTA buffer
(pH = 7.0 at 22°C).
An aliquot (10-20 1) of smail unilamellar vesicles

Fourier transform infrared spectroscopy. Lipids were
dried as described above, and rehydrated in Tes-EDTA
buffer. The lipids were sonicated to clarity at a lipid

{SUVs) was addea t0 a cuvette containing a solution of
DMSO pre-equilibrated at a given temperature. Hold-
ing tempcrature constant, the samples were excited at
460 nm and the CF emission was monitored at 550 nm.
lar CF ions of 100 mM are self

hing [16] and th the emission at 550 nm

was due solely to external CF. Fluorescence was
recorded every minute for 10 min after which 50 u! of
1% Triton X-100 was added to each sample to mducc
total CF leakage. The percent leakage was

of 100 mg/ml, and samples were pre-
pared by incubating liposomes in an equal vciume of
DMSO solution for ten mmules before loading onto
BaF, windows for i [19]. The tem-
perature of the samples was controlled using 2 Peltier
device as described previously [19], and samples were
d at i Is of ap| i
2.5°C. The acyl chain region of the bilayer was investi-
gated by monitoring the CH, symmetric stretch at 2852
em™! using a Perkin-Elmer 1750 Fourier transform

at each time point and the data were fitted to a
first-order regression line to calculate the leakage rate
at each temperature.

Effects of DMSO on fusion during heating. In view of
previous reports that DMSQO induces cell fusion [18],
we investigated the possibility that it might also affect

fusion at i
were prepared by sonicating egg PC (40 mg hpnd/ml 10

infiared The location of the peak ab-
sorbance was quantified by calculating the center of
gravity in the upper 10% of the peak height [19).

In the experiments without liposomes, solutions of
water, octanol, and DMSO were scanned at room
temperature. The CH, symmetric stretch of octanol
(2586 cm™") and the S=0 vibration of DMSO (1060~
1010 cm ') were itored and peak rb was
located as described above.
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TABLE |

Mean diameters ( + standard detiation) of vesicles of cgg PC previ-
cusly heated to the indicated 1emperatures

Vesicles were sized at room temperature by quasielastic lizht scatter-
ing, following heating to the indicated temperatures.

‘Temperature (°C) Mean diameter (nm)

in buffer in 30% DMSO
214 10+ 8 223+14
46 13+ 7 208+ 9
.2 105+12 224+ 19

choline were incubated in DMSO solutions at different tempera-

tures. The leakage of entrapped corboxyfluorescein was measured

over time, and a leakage rate was calculated for each DMSO
concentration and temperature.

Results

Effects on permeability
Leakage raies of carboxyﬂnorescem (CF) from phos-
vesicles i ively with
DMSO concentration (Fig. 1). The effect is minimal at
room temperature but is greatly enhanced upon warm-
ing, jally at higher ions (Fig. 1). Bilay-
ers incubated in 10% DMSO leaked at rates similar to
the control (data not shown). The presence of ‘toxicity
neutralizers’ in ratios reported to minimize the toxic
effects of DMSO [7,8,13-15] did not reduce leakage
rates of CF (Fig. 2). In fact, the presence of urea or
formamide at ‘neutralizing’ ratios slightly increased
leakage rates of CF from phospholipid vesicles (Fig. 2).
The presence of formamide or urea alone at concen-
trations used in these experiments had little effect on
CF leakage under the same conditions [12].

Effects on fusion

The pussibility that the effect of DMSO on leakage
could be accounted for by fusion was investigated. We
found that when sonicated vesicles were heated in
buffer, no size increase was evident at up

to 66°C (Table 1). When the vesicles were placed in
30% DMSO they immediately increased in size, ap-
doubling their di: (Table I. How-
ever when these vesicles werc heated, no further size
increase was observed. We note that both aggregation
and fusion can lead to a measured size increase, but
feel that aggregation is unlikely considering that the
samples were diluted out of DMSO befur: determina-
tion of vesicle diameter. However, the observation that
no size increase occurred upon heating excludes the
possibility that fusion is enha.Aced upon warmm:, We
lude that the in
permeability of the vesicles in the presence of DMSO
cannot be accounted for by fusion between the vesicles
as temperature increases.

2 "

np partitioning of DMSO into hy-
drocarbons

It is difficult to measure partitioning of small
molecules like DMSO into phospholipid bllayers, so as
a model we have d the
partitioning of DMSO between octanol and water. It
has been previously reported that over 9% of the
DMSO partitions with the aqueous phase at room
temperature [20). With such an overwhelming fraction
of the DMSO in the aqueous phase, resohmon of smalt
hi in DMSO p ing its

LEAKAGE RATE (%/min)

o 10 20 30 4 20 &
TEMPERATURE (°C)

in lhe organic phase Conducting such a

LEAKAGE RATE (%/min)

TEMPERATURE (°C)

Fig. 2. Compounds that have been shown to neutralize DMSO toxicity in tissues were tested for their ability to reduce DMSO-induced leakage

from liposomes. (A) DMSO in combination with urea at a weight ratio of 3:1 (DMSO/urca). (B) DMSO in combination with formamide at a
mole ratio of 2: 1 (DMSO/formamide).
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Fig. 3. The octanol/water pa: ing of DMSO was measured at
different temperatures. The concentration of DMSO that partitions
into the organic phase ( y-axis) increascs with temperature.

measurement is complicated by water’s solubility in
octanol (approx. 2.3 M at room temperature, Ref. 20).
As a result, the measured concentration of DMSO in
the organic phase is the sum of the DMSO solvated by
pure octanol and the DMSO associated with water
molecules dissolved in the organic phase. 1t is possible
that the solubility of water in the organic phase is
enhanced due to the high DMSO concentrations used
in this study. However, we assume that the organic
phase mimics the hydropiiobic region of the bilayer,
and therefore any increased water in the organic phase
under these conditions would simulate the environ-
ment within a membraze.

To mimic the conditions used in the Jeakage experi-
ments, a 40% DMSO solution (v/v) was partitioned
against a volume of octanol cqual to the volume of
water used in the DMSO /water solution. The results
of measuring the DMSO concentration in the organic
phase at different temperatures are shown in Fig. 3.
The positive slope of the fitted line indicates that
progressively more DMSO partitioned into the organic
phase at higher temperatures. This trend could be

predicted from the thermod of hydrophot
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Fig. 4. ‘The symmetric CH, vibration in cgg phosphatidylcholine

liposomes incubated in DMSO was monitored at different tempera-

tures. The efiect of DMSO is seen only at high concentrations and
temperatures.
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Fig. 5. The symmetric CH, vibration of octanol was monitored at

room temparature. The presence of increasing amounts of DMSO

dissolved in the octanol de d the of
the vibration.

associations [21}, and is consistent with a temperature
dependent interaction of CMSO with the acyl chain
region of phospholipid bilayers.

We wish to point out thai our experimental design
climinates increased water content of the octanol due
to high asa i l; for the
effect seen in Fig. 3. As mentioned in Materials and
Methods, the organic phase was stored at 25°C
overnight, thus allowing any i d water dissolved
at high temperatures to separate from the organic
phase before the determination of DMSO content. No
such separation was observed.

The results shown in Fig. 4 indicate that the CH,
vibrations in the acyl chain regioa of the bilayer de-
crease with i ing DMSO -
tion. In addition, the reduction in CH, vibrations, 5
compared to the control, is more dramatic at higher

The CH, vib of bilayers in the
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Fig. 6. The $=0 vibration of DMSQ is observed in three solutions: A,
10% DMSO in octanol; B, 100% DMSO; C, 10% DMSO in water.
The sulfoxide vibration shifts dramatically from 1057 cm™" in pure
DMSO to 1013 cm™" in an aqueous solution, indicative of reduced
motion due to extensive hydrogen bond formation with water
molecules. In contrast, when DMSO is dissolved in octanol, the
sulfoxide vibration is shifted only slightly, and in the opposite direc -
tiow.



presence of low DMSO concentrations (10% and 20%),
were no different than that of the control over the
temperature range cf these experiments.

A similar effect of DMSO on CH, vibrations was
seen in solutions of octanol (Fig. 5). The data demon-
strate that increasing the number of DMSO molecules
in contact with the CH, :moieties of octano! progres-
sively decreases their vibration.

It could be argued that the polar sulfoxide portion
of DMSO is interacting with th: alcohol moiety of
octanol via a hydrogen bond, resulting in the data scen
in Fig. 5. Fig. 6 shows the inf.ared absorption of the
sulfoxide moiety on DMSQO n different solutions. In
pure DMSO, the sulfoxide moiety is relatively unre-
stricted, having no partner with which to hydrogen
bond. In contrast, DMSO strongly interacts with water
V|a hydrugen bonds [22,23). As seen m Fig. 6, the

ion in wa.er is di i d
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tion is favored at high iemperaiures [21,26] and could
result in accumulation of DMSO at the protcin/ water
interface, which favors protein unfolding. The authors
provide evid for a , hy-

hobi action b DMSO and prolcnm
that results in destabilization only at high temperatures
[9]. Furthermore, they suggest that such a mechanism
may be responsible for the cetlular toxicity of DMSO
observed at high temperatures.

Cryopreservation studics by Baxter and Lathe [7],
and more recently by Fahy et al. [8,13-15), have docu-
mented that certain amides have the ability to neutral-
ize DMSO toxicity. In particular, the presence of urea
or formamide in certain ratios has been shown to
significantly reduce DMSO toxicity in kidney tissucs
[7,13-15]. In thc application of these findings to
DMSO-mduced liposome destabilization, neither urea

in wavenumber compared to that in pure DMSO, con-
sistent with extensive hydrogen bonding with water
molecules. The sulfoxide vibration of DMSO in octanol
is almost identical to that in pure DMSO, indicating
that it is not forming hydrogen bonds with the alcohol
moiety of octanol.

Discussion

The goal of the present study was to determine if
DMSO, which preserves the integrity of phospholipid
bilayers during freezing [24,25], destabilizes mem-
branes at higher temperatures The results show that
the of il ions of DMSO
promotes CF leakage from phospholipid vesicles (Fig.
1). Furthermore, the increased leakage observed in
solutions of DMSO is d at higher
(Fig. 1). Since DMSO apparently has no effect on
fusion during a iemperature increase over the same
range (Table I), fusion cannot account for this effect.
Instead, we suggest that at i d

nor fe duced CF leakage (Fig. 2). In fact,
the presence of either of these compounds in combiiia-
tion with DMSO, d CF leakage ( Figs.
1 and 2). In the studies mentioned abovz {7,8,13-15],
DMSO toxicity, and therefore its reduction, was mea-
sured by its effects on enzyme function and may not
involve a membrane component.

The mechanism by which DMSO fosters CF lcakage
from liposomes is unclear. Leakage of encapsulated
solutes is known to oceur whea the lipids are undergo-
ing a phase transiiion [27]. Alternatively, the interac-
tion of DMSC with the acyl chains may alter lipid
packing, resulting in defccts that allow solutes to cross
the bilayer. We favor the latter explanation because
leakage due 1o a lipid phase transition is unlikely under
the conditions used in our experiments since egg phos-
phatidylcholine has a T,, below 0°C [24].

A . o

with phos-

i been observed with
ethanol [28-30] Rowu [28,29] has reported that low
ooncemratmns of ethanol decrecase the main phase

DMSO shows an i
with the bilayer, resulting in packing defects.

Arakawa et al. [9] have suggested that such ar
interaction may explain why DMSO

(T,) of ph idylcholit
wh|le h|gh toncemranons increase T, [28,29] Her
the fi ion of an
gel phase in the p of high i of

ethanol [28,29]. The md of this i itated
phase is favored at higher temperatures [28—30]

against freezing damage, while destabilizing proteins at
higher temperatures [9~11]. In their review, the au-
thors suggest that DMSO is preferentially excluded
from the hydration shell of the protein at low

In addition to monitoring the induction of the inter-
digitated phase by ethanol, Rowe measured the mnsn—
tion and the
a series of phosphatidylcholines [28]. Using these data,

tures, due to its strong interaction with water [22,23).
This interaction of DMSO with water is favored at low
temperatures [22], and results in stabilization of the
native protein conformation [9]. Additionally, Arak

Rowe estil d the water/ b partition coeffi-
cients of ethanol at different temperatures [28]. Her
results indicate that more ethanol partitions into the
membrane at higher temperamres.

et al. propose that high favor the interac-
tion of DMSO’s non-polar moiety with hydrophobic
regions of the protein [9]. Such a hydiophobic associa-

To i i the b of DMSO at high tem-
peratures, we directly measured its partitioning be-
tween water and octanol at various temperatures (Fig.
3). Our findings are similar to those reported by Rowe



122

for ethanol 28,29}, and demonstrate that more DMSO
partitions into th< organic phase at higher tempera-
tures (Fig. 3). These data correlate wel! with the in-
creased CF leakage observed in Fig. 1. We interpret
this correlation as an indication that more DMSO
partitions into the hydrophobic portion of tke bilayer
at higher temperatures, and increases the permeability
of the membrane to CF.

The d hydropi would be ex-
pected to affect vibrations of lipid chains in the non-
polar region of the membrane. As shown in Fig. 4, the
wavenumber of the main CH, vibration is reduced by
the presence of 30%-50% DMSO only at high temper-
atures. This non-lincar shift in CH,, vibration indicates
reduced motion of the bonds in the acyl chain region
relative to the control, and corresponds with the leak-
age data presented in Fig. 1. The reduced vibrations in
the acyl chain region of the bitayer is indicative of
decreased lipid fluidity, and is consistent with reports
of i d T,, of phosphatidylcholine vesicles in the
presence of DMSO [24].

A similar reduction in CH, vibrations due to DMSO
is observed in solutions of octanol ( 5). This pro-
vides evid that the d d CH, ions seen
in Fig. 4 could be due to a direct interaction of DMSO
with the acyl chain rcgion and not mediated through
DMSO's effect on water. Furthermore, the effect in
Fig. 5 cannot be explained by the formation of hydro-
gen bonds between DMSO and the alcohol moiety of
octanol. As depicted in Fig. 6, the sulfoxide vibration is
greatly reduced in water as compared to that in pure
DMSO due to the formation of hydrogen bonds with
water. The sulfoxide absorption from a 10% solution of
DMSO in octanol docs not shift to a lower wavenum-
ber, indicating that the sulfoxide group is not hydrogen
bonded to ihe alcohol moiety of octanol. As a result,
the decreased CH, vibrations observed in Figs. 4 and 5
arc most likely due to a hydrophobic interaction be-
tween DMSO and methylene groups.

In conclusion, our results show that concentrations
of DMSO known to be toxic to cells can destabilize
phospholipid bilayers at high temperatures. This desta-
bilization was not reduced by compounds known to
neutralize DMSO toxicity in cellular systems [7,13~15).
Our partitioning mea-urements indicate that DMSO
has increasingly hvdrophobic character at higher tem-
peratures, and we propose that the association of
DMSO with bilayers is enhanced upon warming. This
is consistent with our infrared spectroscopy data which
indicates that the acyl chain region of the bilayer is
progressively more perturbed by DMSO at higher tem-
peratures. We suggest that future studies on DMSO
toxicity consider the profound effects that this solute
has on bilayer stability.
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