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Phase diagram

The phase transition of dimyristoylphospl 1 (DMPG) bilayers has beeit studied by measurements of
Ilght scattering under h:gh electric field pulses Midpoints of phase transitions have been identified by a clear
inuity of field i d relaxation amplitudes. We show that the phase transition of DMPG suspensions in
monovalent salt is virtually independent of the electric field strength wp to approx. 35 kV /cm. A shift of the lipid
phase by electric field pulses has been observed, h , for DMPG in the of Ca®* ions.
DMPG suspensions exhibit a jump of the phase transition temperature from 17°C at Ca /DMPG molar ratios
r<1/7to 32°C at r > 1/7. Field pulses of 60 to 100 us applied to DMPG suspensions with Ca?* at r>1/7
induce discontinuities of relaxation amplitudes in the temperature range 15 to 22°C in addition to the ‘standard’
one at 32°C, when the electric field strength is above 15 kV /cm. These results indicate that electric field pulses
induce a transition from the phase formed at ‘high’ Ca®*- to the one formed at ‘low’ Ca®*-ion concentrations, Our
results are i with a dissociation field effect on Ca?*-lipid complexes which drives the phase transition.

Introduction

The dual function of biological membranes ~ sepa-
ration from and communication with the environment
- has been studied on various levels {1,2]. Obviously
separation can be mainly attributed to the lipid compo-
nent, whereas communication is usually thought to be
under the control of protein components. In general
this simple scheme with aimost complete disconnection
of functions is also believed to hold for bioelectriciy.
According to this view, lipid bilayers simply serve as
¢lectric insulators. However, lipid bilayers have some
properties beyond those of simple insulators, which
should be very useful for bioelectric commu~ cation.
Transmission of external electric signals to molecular
processes in the cell requires some field induced transi-
tion or change of conformation. The requirements for
such field induced transitions are well known: large

h of dipole and/or of the
ionization state are necessary [3-8}. It is possible that
these conditions are fulfilled by proteins, but lipids

Correspondence: D. Porschke, Max-Planck-Institut fiir biophysikalis-
che Chemie, 3400 Gottingen, Germany.

may be the essential component as well or at least may
contribute.

A most effective transmission of electric signals to
molecular processes should be possible by means of
lipid phase tr The coop of these tran-
sitions [9,10] should be extremely useful to induce large
changes of ‘conformation’ by relatively small changes
of the electric field strength. In spite of the potential
biological importance, the induction of lipid phase
transitions by external electric fields did not receive
much attention. We have studied the effects of exter-
nal electric fields on the phase transition of various
lipid by opic Large
field induced changes ox’ phase transmons have been
found for dimyri dylgl 1 in the pres-
ence of Ca®*-jons, whereas the phase transition of the
same lipid in the presence of monovalent ions re-
mained almost unaffected.

Materials and Methods

The sodium salt of dimyristoylp
(DMPG) was obtained from Sigma. DMPG was sus-
pended in a standard buffer containing 3 mM (A) or 5
mM (B) Tris adjusted to pH 8.0 by addition of HCL
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The samples were shaken vigorously in a Vortex, until
the suspensi were | yus according to visual
inspection and then were incubated at 40°C for 10
minutes. After incubation another short period of
shaking in the Vortex followed.

The DMPG preparations were analyzed by mea-
surements of the dynamic light scattering using a Poly-
tec laser PL1000K, an Amtec goniometer model SM200
and a Brookhaven correlator BI-8000AT. According to
these the di of our
DMPG samples was in the range of 50 to 100 nm.

The temperature dependence of the light scattering
intensity was recorded in various fluorimeters (Amino
SPF500, SLM8000 and a simple self-constructed instru-
ment). In all cases the samples were illuminated at a
wavelength A > 300 nm and the scattered light was
collected at 90°. The temperatures were measured by
Pt100 sensors. Phase transitions were also charac-
terized by measurements of the turbidity in a Cary 219
spectrophotometer as a function of the temperature.

The electric field dependence was studied using a
pulse generator constructed by Griinhagen [11]. Light
scattering of the samples under and after electric field
pulses was recorded by an equipment corresponding to
that used for fluorescence/ light scattering tempera-
ture jump experiments [12.13]. The electric field
strength and the light scattering intensity as a function
of time was transiently stored by a Tektronix 7612D,
transmitted to a LSI 11/23 for evaluation of ampli-
tudes by graphic routines and finally transmitted to the
facilities of the Geselischaft fiir wi haftliche
Datenverarbeitung mbH, Gottingen, for evaluation of
exponential time constants. The samples were sub-
jected to field pulses in cells made from black dynal
with optical windows out of quartz suprasil and with
Pt-electrodes at a distance of 12.5 mm.

Results

Phase transition temperatures in the preserice of Tris*
and Na* ions

Electric field jump experiments require samples of
relatively low conductivity, in order to avoid large
increases of the sample temperature and strong decays
of the electric field strength during field pulses. For
this reason we have characterized the DMPG phase
transition at low salt concentrations. Phase transitions
were detected by cooperative changes of the light scat-
tering intensity; transition temperatures T, were as-
signed to the midpoint of the change in the scattering
intensity. Addition of NaCl to DMPG suspensions in 3
mM Tris-buffer causes first a small decrease of T,,
until a further increase of the Na*-concentration leads
to an increase of 7, (cf. Fig. 1). Our results obtained at
high Na* concentrations are in agreement with those
reported in the literature: we find a 7, value of 23.0 +
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Fig. 1. Phase of DMPG T asa

function of the square root of the Na* concentration: 7, values from
*heating’ (0) and from *cooling’ (») curves (580 uM DMPG in 3 mM
Tris (pH 8.0), 500 uM EDTA).

0.3°C at 0.1 M NaCl, which is identical with the corre-
sponding value reported by Cevc and Marsh [14] within
the limits of accuracy (cf. also Watts et al. [15]). The
minimum of 7, observed at low concentrations seems
to be due to the special influence of Tris* ions. As
shown by Wilkinson et al. [16], Tris* ions lead to chain
interdigitation in the closely analogous system of di-
palmitoylph hatidyl i

In general the T, values taken from heating curves
were higher than those from cooling cutves, The differ-
ence was maximal at low salt concentration. The differ-
ence observed in the absence of added NaCl remained
2.8+ 0.3 C° even at a heating/cooling rate d7/dt =
0.01 C° /min; the corresponding value at d7°/dr =0.1
C°/min was 3.5+ 03C°.

Jump of the iti p upon addition of
Ca®t

Addition of CaCl, to DMPG suspensions did not
cause much change of the transition temperature (17 to
18°C; cf. Fig. 2) as long as the Ca**/DMPG ratio was
below r=1/7. However, the change of the light scat-
tering intensity associated with the phase transition
decreased upon Ca®* addition and disappeared com-
pletely at a ratio r = 1/7. When the ratio » = 1/7 was
exceeded, a different phase transition was observed at
a much higher temperature of 32.2 + 0.3°C, which was
associated with an opposite change of the light scatter-
ing intensity. Above r =1/7 the light scattering inten-
sity increased, when the phase changed during temper-
ature increase. The transition temperature observed in
the range r > 1/7 was again almost independent of the
Ca* concentration.

The resulting phase diagram appears to be unique.
Apparently a new lipid phase with a different packing
pattern is formed at Ca>*/DMPG ratios above 1/7. In
some respects our results are analogous to those of
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Fig. 2. Phase transition temperature 7, and changes of the light

scattering intensity AJ (in relative units) of DMPG suspensions as a

function of the Ca®*-concentration (540 pM DMPG in 3 mM Tris

{pH 8.0)); circles represent the ‘lower’ phase transition, triangles the

‘upper’ phase transition; open symbols represent the 7, values and
filled symbols the A/ values.

Van Dijck et al. [17]; their measurements performed at
higher monovalent salt showed the appearance of a
new phase transition at a Ca®*/DMPG ratio > 1.

Effects of electric field pulses: DMPG in the presence of
Na* ions

Electric field pulses applied to lipid
induce a characterlsllc relaxation response, which can
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T[]
Fig. 3. Light scattering amplitude induced by electric field pulses as a
function of the temperature; the temperature at the midpoint of the
transition is 7} (540 uM DMPG in 3 mM Tris (pH 8.0), 500 p M
EDTA: 20.8 kV /cm, 57 us pulses).

range of the phase transition with pulses of different
field strength.

As expected, T,F values measured at low field
strengths of e.g. 3 kV/cm are identical with transition
temperatures 7, measured in the absence of electric
field pulses. However, at higher field strengths the T\¥
values increased above the reference T,. Because elec-
tric field pulses induce some increase of the sample
temperature, the 7, values have to be corrected for
this effect. The correction is based on reference mea-
surements using a fast temperature mdlcanon system

be easily d of the light scatter.
ing intensity. In general electric field pulses induce an
increase of the lighi scattering intensity. Apparently
there are several contributions to this effect like polar-
ization, deformation and orientation [18-21}; a de-
tailed investigation of these effects for lipid suspen-
sions has not been presented yet. For our present
analysis we do not have to know the exact nature of the
relaxation effect, but simply use it as an indication for
the state of the lipid system. Previous investigations on
vesicles formed from dlmynstoylphosphandlc acid and
from di holin (Porschke, D., to
be published) showed that durmg phase transitions the
field induced rel; is ch d abruptly. We simply
use these changes as an indication of phase transitions.
For our present purpose we do not have to analyze
time or ion amplitudes, but
simply use the total light scattering amplitude.

The field-induced light scattering amplitude for
DMPG suspensions in buffer A shows a relatively
small temperature dependence below and above the
phase t T,, but abruptly
at 7, (cf. Fig. 3). The temperature at the midpoint of
the amplilude change induced by pulses of a given field
strength E is assigned to the phase transition tempera-
ture T,% at field strength E. Light scattering ampli-
tudes have been scanned through the temperature

her with calcul of the
based on the dissipated electric energy. After correc-
tion the T,E values still show some increase with the
field strength E up to E =10 kV/cm and then ap-
proach a plateau value (cf. Fig. 4). Due to potential
experimental errors together with potential errors in
the correction procedure, the accuracy of the T.F val-
ues is limited. We conclude that the ficld mduced
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Fig. 4. Phase of DMPG sus TF asa

function of the electric field strength E. The 7;¥ values are cor-

recled for the temperature jump effect (cf. text; 3 mM Tris (pH 8.0),
500 uM EDTA).
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Fig. 5. Light scattering amplitude A7 of 500 M DMPG suspensions in the presence of 80 xM Ca®* induced by pulses of different electric field
strengths as a function of the temperature (5 mM Tris, pH 8.0): (a) pulse length 63 ps (pulse amplitudes in kV /em: 7.7 (%), 11.1 (¢), 148 (0),
18.1(a), 21.8(0) and 28.8 (O): (b) pulse length 103 us (pulse amplitudes in kV/cm: 7.4 (0), 12.9(a), 20.8 (D) and 28.3 (0).

change of the DMPG phase transition temperature in
the presence of low concentrations of monovalent ions
remains relatively small and is close to the limits of
experimental accuracy.

Effects of electric field pulses: DMPG in the presence of
Ca’* ions

For an induction of a relatively large change of the
lipid phase by electric field pulses, we have selected
DMPG suspensions with Ca®* concentrations which
are sufficient to suppress the phase transition around
18°C. We used suspensions of 500 uM DMPG in the
presence of 80 uM Ca®>* and 5 mM Tris, which show a
phase transition at 31.2°C in the absence of external
electric fields. The relaxation induced by pulses of
relatively low electric field strength indeed showed a
phase transition at the expected temperature - re-
flected by a sharp change of the light scattering ampli-
tude (cf. Fig. 5a). When corresponding solutions were
analyzed by pulses of high electric field strength, how-
ever, the temperature dependence of the amplitudes is
much more complex. While the amplitudes increase
smoothly with temperature in the range of 10 to 30°C
upon application of ‘small’ field pulses, a clear discon-
tinuity is observed in this temperature range for ‘high’
field pulses. The discontinuity appears in addition to
the ‘usual’ one at 32°C. Because discontinuous changes
of amplitudes are not expected for our system except in
the range of phase transitions, we conclude that the
electric field pulses induce a partial change of the lipid
phase: the ‘high-Ca®* phase’ is apparently converted
to the ‘low-Ca?* phase’,

We have studied DMPG-Ca?* suspensions under
electric field pulses of different length and found some
variation in the phenomenology but nevertheless the
same general type of response (Fig. 5b). It is expected

that long electric field pulses induce a more extensive
shift of the phase equilibrium, which should be re-
flected by the light scattering amplitudes. However, a
more quantitative analysis of these amplitudes requires
more information on the nature of the field induced
processes in lipid systems.

Discussion

Previous investigations of various field induced reac-
tions have shown that particularly large changes of the
cquilibrium are induced by electric field pulses for
reactions with large changes of the state of ionization
[3-8]. Our present observations are consistent with this
experience. Lipid particles formed from DMPG are
associated with a high charge density, which is partly
compensated upon binding of Ca?* ions. Electric field
pulses are expected to induce dissociation of Ca?*
lipid complexes by a ‘Wien’ or ‘dissociation field’ effect
[3,4]. Because our lipid-Ca®* system has been studied
by light scattering, we could not observe dissociation of
Ca?* ions, but only reactions which are coupled to this
dissociation. In the suspensions containing 500 uM
DMPG and 80 uM Ca?* used in our experiments,
binding of Ca2* ions drives the lipid to the ‘high Ca®*
phase’. When electric field pulses induce dissociation
of Ca?* ions, we should expect formation of the ‘low
Ca?* phase’. Our experiments confirm this expecta-
tion. However, we must admit that the light scattering
technique used in our investigation does not allow a
complete assignment of the lipid phase. Our conciusion
on the field induced transition from the ‘high’ to the
‘low-Ca®* phase’ is simply based on the discontinuity
of amplitudes and the comparison with measurements
of light scattering intensities in the absence of electric
fields. A more detailed characterization of the lipid



state induced under electric field pulses will be rather
difficult, because this state can be maintained only for
relatively short times.

If the interpretation of our results obtained for the
DMPG-Ca?* system is correct, we should be able to
explain the results found for DMPG in the presence of
monovalent salt by corresponding arguments, In close
analogy to the Ca®*-DMPG system, DMPG particles
suspended in a buffer of monovalent ions will attract a
{arge number of positively charged counterions to their
surface. Application of electric field pulses will induce
partial di: ion of these * lexes’, which is again
not d ble by of light scattering.
The dissociation process could be detected indirectly, if
ion dissociation would lead to a change of the phase
transition temperature. However, the ‘standard’ DMPG
phase transition is not very strongly dependent on the
degr=e of monovalent ion binding, as shown by the
relauvely small increase of the transition temperature
with the ration of lent ions. Thus, the
results of the electric field experiments are again con-
sistent with expectation.

The light scattering amplitudes A/ show a rather
complex depend on the and the elec-
tric field strength (cf. Fig. 5). It may be suspected that
this complexity is due to impurities or due to the
p of stereoi [22] in the DMPG
mixture used for our experiments. However, our sam-
ple proved to be homogeneous according to thin-layer
chromatography, and it is quite unlikely that the
stereoisomers have a different response to electric field
pulses. The phase transitions used for the present
investigation are highly cooperative at zero field
strength and do not show any indication for the exis-
tence of more than a single process contributing to
these transitions. Part of the complexity of the field
induced transition curves is due to an ‘inversion’ of the
relative amplitudes at pulses of higher field strengths
AE and/or lengths At. This effect is very obvious upon
comparison of the AI = f(T) curves for 12,9 and 28.3
kV/cm in Fig. 5b, where the sigmoidal transition curves
in the range from 14 to 22°C are in opposite direction.
Thus, at certain combinations of 4E and 4t the field
induced phase transition may not be detectable at all
from the Al=f(T) curves. This case is found for
AE =288 kV/cm and 4t =63 ps (cf. Fig. 5a), which
is just at the transition from the shape observed at
‘low” AE /At values to the opposite shape character-
istic of ‘high® AE /At values. The nature of the field
induced molecular processes contributing to the change
of the light scattering intensities remain to be estab-
lished.

The interpretation of our results based on the ‘Wien’
or ‘dissociation field’ effect is not seriously dependent
on the shape of the lipid particles; it is expected to be
valid for simple spherical vesicles, multilamellar sheets
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and other states of aggregation. Nevertheless, it would
be useful to know the structure of the DMPG particles
in the different lipid phases. Unfortunately the knowl-
edge on the structure of DMPG suspensions is rather
limited. As remarked by Epand and Stahl [23] ‘the
thermotropic behaviour of pure DMPG (in 10 mM
sodium phosphate, pH 7) is complex’. According to our
results, it is even more complex, when Ca* ions are
added. According to Epand and Hui (24}, DMPG forms
large muitilamellar structures in the presence of high
salt, whereas smaller particles of 20-30 nm diameter
are formed in the absence of added salt. Epand and
Hui [24] suggest that their particles, which have a
‘distinct eliptical shape’, are not vesicles but half-shells.
In addition they observed that the supernate from
centrifugation has even smaller particles of 10 mm
diameter, which ‘may be vesicles’. Probably the latter
particles are equivalent to those which result from
sonification. We have found that DMPG suspensions
in low salt, which have been sonified, do not show any
sharp phase transition. Apparently the cooperativity of
the phase transition in these particles is reduced due to
their high curvature (cf., for example, Ref. 10). For the
lipid preparations used in the present investigation we
found average diameters in the range of 50 to 100 nm
by measurements of the dynamic light scattering. Thus,
the di: of these les prepared at low salt
concentrations (3 to 5 mM Tris) are clearly larger than
those obtained in the absence of salt and smaller than
the muitilamellar structures resulting at high salt con-
centrations. Obviously the size of the lipid particles is
determined by the salt ion due to elect
static interactions.

Some features of the DMPG phase diagram charac-
terized in the present investigation are special and
should be analyzed in further detail. The initial de-
crease of the transition temperature T, upon addition
of of Na* or Ca** ions is quite unusual and apparently
has not been observed for other comparable lipid sys-
tems yet. This effect has been reproducible and seems
to be partly due to the presence of Tris ions in the
buffer used for the experiments. The transition tem-
perature observed for DMPG at ‘high’ Ca®* concen-
trations happens to be rather close to that for one of
the metastable states observed by Salonen et al. [22], A
complete phase diagram for DMPG remains to be
established. For the purpose of the present investiga-
tion knowledge of the complete phase diagram is not
required. We have simply selected a set of well repro-
ducible transitions among the various possible ones
within the DMPG system and use it as a model which
is exp d to be istic for highly charged
phospholipid double layers.

In spite of their potential importance for bioelectric-
ity, lipid phase transitions induced by electric field
pulses have hardly been analyzed. Vety recently
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Antonov et al. [25] measured the phase transition tem-
perature of 1,2-dipalmitoyl-sn-glycerol-3-phosphate at
different electric field strengths by changes of the
conductivity of planar bilayer membranes; they report
an increase of the transition temperature with increas-
ing electric field strength. Thus, there is no agreement
of our results and those of Antonov et al.; it remains to
be established whether the different conclusions are
due to differences in the technique, the lipid system
and/or other experimental conditions. — Models of
phospholipid phase transitions in the presence of elec-
tric fields have been developed by several authors
[26-28], However, the *Wien or dissociation field ef-
fect’, which appears to be essential for the case of
DMPG suspensions, has not been included in these
models.

M of the relaxation induced by electric
field pulses may not only be used for the identification
of phase transitions but also for the characterization of
lipid suspensions in general. The observed relaxation
times constants are clearly correlated with the size of
the particles {cf. Ref. 20 and Porschke, D., unpub-
lished), which is expected for relaxation processes re-
flecting rotational diffusion. However, field-induced re-
laxation detected by measurements of light scattering
may also be due to field induced deformation [21].
Another process indicated by light scattering is field-
induced interaction [29], which can be identified by its
concentration d d Thus, i igations of lipid
suspensions by electric field pulses may provide various
useful informations in addition to that described in our
present contribution on field-induced phase transi-
tions.
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