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Differential scanning calorimetry (DSC) has been employed to determire the effect of five commonly
employed extrinsic potential-sensitive probes on phase transitions of multilamellar suspensions of L-a-di-
myristoylphosphatidylcholine (DMPC). At mol% values of less than five, the effect of these probes on the
excess heat capacity curve in the vicinity of the gel to liquid crystal phase transition can be described by an
equation based on the formation of ideal solutions in both phases. Even at up to 4 mol%, these dyes only
moderately reduce the enthalpy change associated with this transition, but cause a marked decrease in the
size of the cooperative unit parameter. The excess heat capacity profile for diS-C,-(5) is represented by the
ideal solution equation, even at 12 mol%, whereas the suspensions with the other probes present at this level
have profiles covering lzrge temperature ranges. Multiple peaks appear at the higher levels for the negatively
charged oxonols V and VI, and merocyanine 540, a result consistent with the presence of well-defined
microdomains or even phase separation. The enthalpy change associated with the transition near 15°C
involving packing in the headgroup region is decreased significantly, indicating that the probes probably
affect the lipid headgrous conformation, even at low levels. The cyanine probe diS-C;-(5) causes the heat
capacity profile of small unilamellar vesicles to be transformed very rapidly into one similar to that of the
vortexed lipid preparations, presumably by a dye-mediated vesicle fusion process, enhanced by the surface
locaticn of this probe. All our results are consistent with diS-C,-(S) being located on the surface of the
bilayer in both phases, but a penetration of the other probes into the hydrocarbon region, at least in the
liquid crystal phase.

R Introduction

Abbreviations: DSC, differential scanning calorimetry; DMPC, .

1-a-dimyristoylphosphatidylcholine; CUP, cooperative unit Dyes belonging to the polyene class have often
parameter. proved to be useful as extrinsic indicators of charge

separation and associated electrical potential
Correspondence: H.P. Hopkins or J.C. Smith, Department of P dient : b in di bl? logical
Chemistry and Laboratory of Microbial and Biochemical Sci- ~ STaCient &Cross memoranes in diverse biologic
ences, Georgia State University, Atlanta, GA 30303, US.A. preparations [1-6]. The efficacy of this techniques
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depends in part on the location of the potential-
sensitive probes in the membrane bilayer, and the
extent to which these probes interact with the
membrane and alter its structure, In multilamellar
preparations (models for membranes), which can
be formed by vortexing pure lipids in a buffer, the
lipid molecules form bilayers and often exist in a
highly ordered state (hydrocarbon chains in an
all-trans, linear configuration) below a given tem-
perature (T,,), called the gel-to-liquid crystal tran-
sition temperature [7--10). When the suspensions
are heated, e.g., in a high-sensitivity differential
scanning calorimeter (DSC), the lipids undergo a
transition to a disordered, but still bilayer, state.
Analy:is of the calorimetric data yields the tem-
perature at the midpoint of the transition (T},),
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Fig. 1. The structure of the probes employed in this investiga-

tion. The hydroxyl group proton in the oxonol V and VI

compounds has a pK, of approx. 4; these two probes thus

exist as symmetrical anions under the experimental conditions
employed in the present investigations.
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the total enthalpy change for the transition
(4H,), and the cooperative unit parameter
(CUP). As a part of a series of investigations
designed to address the probe location issue, these
parameters for the gel-to-iquid crystal transition
and aiso those for the pretransition, thought to
involve the orientation of headgroups [9], were
mcnitored for preparations of L-a-dimyristoyl-
pho:phatidylcholine (DMPC) as a function of the
mole fraction of a number of commonly employed
potential-sensitive molecular probes (Fig. 1).

Materials and Methods

idigh purity (above 99%) synthetic L-a-di-
myristoylphosphatidylcholine was purchased from
Avanti Polar Lipids, Birmingham, AL. Oxonols V
and VI were synthesized according to the method
described by Smith et al. [12); diS-Cy(5) was
either the generous gift of Professor A. Waggoner
or was purchased from Molecular Probes, Eugene,
OR; this company also supplied RH 160. Mero-
cyanine 540 was supplied by Eastman Kodak Co.
KCl was supplied by Fisher Scientific Co, and all
other materials were purchased from Sigma Chem-
ical Co,, St. Louis, MO. Each chemical was used
as supplied and without further purification.

All calorimetric investigations were performed
on multilamellar samples prepared by vortexing
(Scientific Industries Vortex Jr. mixer) DMPC
suspended in a medium consisting of 160 mM
KCl, 0.1 mM EDTA and 10 mM Na-Hepes or
phosphate buffer at pH 7.2. 10 m! of the suspen-
sion was vortexed until no lipid particles were
visible, nominally 5 min, and the sample was then
vortexed as vigorously as possible for another 15
min. This suspension was stirred over night at
40°C using a magnetic stirrer and a teflon-coated
stirrer bar, The sample was again vigorously
vortexed for approx. 5 min before extracting an
aliquot for dilution with buffer to the final lipid
concentration of 2.5 mg/ml. All vortexing was
performed at room temperature, The calorimetric
properties of these vortexed samples were found
to be extremely reprodacibles. When dyes in solid
form were added directly to the previously
vortexed suspensions and the samples were then
stirred for a minimum of 12 h at 40°C, multiple
peaks were not observed in the calorimetric pro-
files at mol% values less than 3.
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At mol% values greater than 3, the lipid and
probes were dissolved in chloroform and this mix-
ture was used to form a thin film on the surface of
a 25-ml round-bottom flask. The film was formed
by passing nitrogen over the liquid mixture while
swirling the flask. All remaining solvent was re-
moved by placing the samples in a vacuwn for 12
h. Suspensions were then formed with these films
as previously describer.

Small unilamellar DMPC vesicles were pre-
pared by a sonication procedure described by
Bammet et at, [11]. Final Iipid concentrations (§-10
mM) for a stock vesicle suspensions were derived
from a colorimetric phosphate determination pro-
cedure [18], and the size distribution was de-
termined by electron microscopy.

All calorimetric experiments were performed
with an MC-2 differential scanning calorimeter
purchased from Microcal, Inc. Both the tempera-
ture and power signals were recorded digitally and
these data were transformed into the excess heat
capacity profiles by programs supplied by Micro-
cal, Inc. In repeated measurements on a suspen-
sion with 2.5 mg lipid per ml, the temperature
values at the peak of the transition could be
reproduced to £0.02°C, and the enthalpy de-
termined from the numerical integration of the
area under the excess heat capacity curve could be
reproduced to within 0.05 kcal/mol. However,
because of the sharpness of the gel-to-liquid crystal
phase transition for DMPC, only with a scan rate
of 6°C per h could we measure accurately the top
portion of the narrow peak and thus determine
accurately the AH,,, and CUF vaiues. When the
dyes were present in the suspensions, the excess
heat capacity profiles were much broader, and the
data were taken at a scan rate of 45°C per h. A
van ’t Hoff enthalpy change for the transition was
calculated by the software supplied by Microcal
from the equation

AH,, = 4RT2AC,(max) /AH,, Q)

which is based on the assumption that the phase
transition can be described by a two-state model
[13-15). However, if the iransition is highly coop-
erative such as the gel-to-liquid crystal transition,
then this enthalpy change will be significantly
larger than the calorimetric enthalpy. The accepted

measure of this phenomenon is the cooperative
unit parzmeter, CUP,

CUP=A4H,y/8Hzy @

which was originally defined by Zimm and Bragg
[16] for one-dimensional systems. It is not, how-
ever, as Kanehisa and Tsong [17] stated, to be
equated explicitly to the number of lipids mole-
cules or hydrocarbon chains undergoing the tran-
sition simultaneously, but is merely used as a
measure of the cooperativity of the transitions.

Results

Calorimetric profiles for the vortexed DMPC
suspensions exhibited a broad pretransition and
sharp gel-to-liquid crystal transition, as can be
seen in the unlabelled excess heat capacity curves
shown in each of the panels of Figs. 2 and 5. The
maxima in these curves were always found at 15.6
and 244°C, respectively; and the corresponding
enthalpy changes (1.2 and 5.4 kcal /mol, respec-
tively) and cooperative unit parameters (approx.
350 and 1200, respectively) are remarkably close
to those reported by Dufour et al. [19] (T, =155
and 23.6°C; AH =12 and 5.7 keal /mol; CUP =
590 and 1300) and are similar to the parameters
reported by others [20-22}.

When any of the potential-sensitive probes
shown in Fig. 1 were added to the vortexed sus-
pension, only a single peak appeared at low mol%
values but it was substantially broadened by the
presence of dyes, even at mol% values near 0.5.
The 7, moved only slightly to lower temperatures,
and increasing the amount of dye up to three
mol% caused no more than a 1°C decrease in T,
In the range 3-4 mol%, the total width of the
transition was nearer 1°C than the tenth of a
degree observed for the pure lipid suspension. At
mol% > 5, the transitions were so broad that the
excess heat capacity curves could not easily be
distinguished from the baseline when plotted on
the same scale needed for the pure lipid. Such
phenomena is readily apparent in the plots of the
excess heat capacity at different mol% values
shown in Fig. 2 for oxonol VI, merocyanine 540,
diS-C;-(5) and RH 160.

Three of the four types of probe included i
this study cause AH,, to decrease linearly as the
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Fig. 2. Representative excess heat capacity profiles for suspensions of DMPC with merocyanine 540, diS-C;+(5), oxonol VI and RH
160 at low probe-to-DMPC mol%. The sharpest profile shown in each panel is that of pure DMPC suspensions. The heat capacity
scaie has been set to zero for pure DMPC; each successive curve has been displaced upward for clarity.

mol% inc:eased. Data for oxonol VI, merocyanine
540 av:d RH 160 are plotted in three panels of Fiz.
3, and the lines shown are the least-squares fits.
Similar effects were observed for oxonol V, but
are not shown. In the presence of diS-C,.(5), the
profiles are broadened but the AH,, determined
from the area under the curve appears to be
independent of concentration all the way up to 12
mol% (ses lower left panel in Fig. 3). Notice that
the linc in each panel intersects the ordinate near
5.4, which is near the average (5455 £ 121 cal /mol)
found by us in four independent investigations on
pure suspensions of DMPC. This value is identical
to ihat reported by Mabrey and Sturtevant {22],
and we will use 54 keal/mol in subseguent
analyses.

Much larger effects are seen for the presence of
the dyes on the cooperative unit parameter, as can
be secn in the plots shown in the four panels
shown in Fig, 4. All dyes reduce CUP to nearly
1/6 of that for the pure DMPC suspension at
three mol%. At only 0.5 mol%, merocyanine 540

reduces CUP to the lowest value observed, yet the
enthalpy for the transition has been only mod-
erately affected. For all the probes except diS-Cy-
(5), the maximum reduction in CUP is reached
near 1 mol%, with only small changes at higher
values. DiS-C;-(5) also reduces the cooperativity
of this transition, but the plateau is reached at 2
mnol%.

All probes included in this study drastically
affect the temperature and profile of the pretransi-
tion, and excess heat capacity curves presented in
Fig. 5 are for the same probes for which profiles
are shown in Fig. 2. For this transition, the probes
lower the transition temperature more and cause
greater broadening than that observed for the
gel-to-liquid crystal transition, In the presence of
all the probes, except diS-Cy-(5), the excess heat
capacity profiles are too broad to be distinguished
from the baseline at mol% > 3.

Enthalpy changes for the pretransition in the
presence of four types of probe are shown as a
function of mol% in Fig. 6. In contrast to the
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Fig. 3. The calorimetric enthalpy change for the main transition plotted as a function of the moi% values of the four types of probe
used in this study. The lines are the linear least-squares fits for the data. Data for oxonol V is not shown because of its similarity to
those for oxonol V1.

modest effect of these probes on the main phase
transition enthalpy change, the percentage reduc-
tion of the pretransition AH is large. When pre-
sent at 1 mol%, all of the probes reduce this AH
to almost one half that for the pure lipid suspen-
sion. A monotonical decrease in AH is seen for
merocyanine 540 and oxonol VI. There were, how-
ever, no apparent trends in the plots of the pre-
transition cooperative units vs. mol% probe, the
dyes having little or no effect on the cooperativity
of the pretransition up to 3 mol%.

Sturtevant [23] and Albon and Sturtevant [24]
have recently shown, at least in principle, that the
excess heat capacity curves for the lipid bilayers
(with impurities present) near the gel-to-liquid
crystal phase transition can be represented by an
equation derived from the ideal solution theory. In
the case of the melting of the hydrocarbon chains,
(all-trans, linear configuration to a disordered
gauche and trans state), the impurities (dyes in
our study) most probably will distribuie beiween
the two phases; thus, a distribution coefficient

must be included in the analysis. When this is
done, the equation relating temperature (T') to
fraction (a) of lipid molecules melted is

T/Ty=1- RL{(1/AH ) In{(1- a}/c)
+(In X, /AH )(1/(K/(1- K) + a)}] 6]

in which AH,,; and AH,,, respectively, are the
van ’t Hoff and calorimetric enthalpy change for
the transition, T, is the temperature at the transi-
tion midpoint for pure lipid bilayers, K is the
distribution coefficient for the impurities between
phases (K = X(gel)/ X(liquid crystal)), and X, is
the mole fraction of the lipid in the suspensions.
For a two-state transition between a gel and a
liquid crystal phase, the excess heat capacity is
related to the derivative of a with respect to T

G, = (AH_)(da/dT) )

Combining this relationship with the derivative
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Fig. 4. CUP for the main transition plotted versus mol% of probes in DMPC suspensions. Data for oxonol V are similar to those for
oxono! VI and are not shown.

derived from Eqn. 3 yields the equation for C,, as
a function of 1emperature and «

C.= [AHc,,AHvH/RTz][I/{(I/(l- a)a)
~(AH 0 X, AHD( /K /- )+ )} )

For any particular temperature, Eqn. 3 can be
solved numerically for a which can then be used
in Eqn. 5 to calculate C,, for any set of parame-
ters. Variation of these parameters via a non-lin-
ear least-squares procedure provides the set of
parameters which can be used in Eqns. 3-5 to give
the best fit for the experimental data. Sturtevant
[23] reported that he was unable to fit the wings of
ths €, data for DMPC with the above equation,
but he did not state explicitly his numerical proce-
dure. Simply calculating T from Eqn. 3 at uniform
increments of a and calculating the derivative
from this data produces curves that do not fit the
experimental data in the wings. Using the analyti-

cal expression for the derivative derived from Eqn.
3 yields curves that fit synthetic and experimental
profiles quite well over the entirc temperature
range, even at mol% > 3. This model, as Sturte-
vant {25] has recently shown, is only strictly valid
for water-insoluble compounds or those with very
high affinities for the lipid phase; both criteria, as
is shown in the discussion, appear to be mut by
the dyes in this study.

The best fit for any of our data is showa in
panel A of Fig. 7, in which the actual daix are
represented by the symbols and the calcu'ated
profile is the solid line, Somewhat less satisiying
fits were found for some suspensions, anc the
worst fit is shown in panel B, Fig. 7. Al othe: fits
were between these two cases. In all cascs, I,
values derived for the pure lipid by the non-lnear
least-squares procedure are within 0.05°C o:
24.40°C determined from the profile of pure
DMPC suspensions; AH,, values taken fron: the
integration of the actual C, profiles are cloie to
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employed in this investigation. The lines are the best fits to the data.



in

EXCESS HEAT CAPACITY <{KCAL/MOL/DEGREE>

25

MEROCYANINE 540 (0, 89%)

DIS—Cs- o

(2. 95%)

TEMPERATURE (O0)

Fig. 7. Two comparisons of the ideal solution theory curves with the actual heat capacity profiles for the main phase transition in a

DMPC multilamellar preparation. The solid lines we . generated with the theoretical analysis based on the ideal solution theory (see

text), and the symbols are data points. The parameters used in the fits are: for merocyanine 540 (panel A, best fit found) X, = 0.991,

AH =521 keal/mol, 4H ;;=1876 keal/mol, T,=297.46°C, and K=0.5; for diS-Cy-(5) (panel B, worst fit) X;=0971,
4 H, = 4.94 keal /mol, 4 H 4y =1433 keal/mo), T, = 297.53°C, and K = 0.67,

those from the fitting procedure; and the AH,,
values are always higher than those from the
calorimetric procedure,

When the experiments on the multilamellar sus-
pension were extended to higher mol% values (Fig,
8), a number of surprising results were obtained.
First, even up to 12 mol%, the profile for a sus-
pension with diS-C,-(5) present could be repro-
duced by the ideal solution theory. Each of the
other probes first caused the profiles to be asym-
metric, and at higher levels, the profiles for oxonol
V and merocyanine 540 consisted of more than
one peak. For the suspension with 24 mol% oxonol
V1, the profile is spread from 0°C to 30°C, and
me oeyanine 540 in contrast to the other probes
causes a portion of the profile to appear above
30°C.

In the initial stages of our investigations, we
attempted studies with unilamellar vesicles with

diameters near 300 A. The excess heat capacity
profiles for such preparations are both broad and
complex (see panel A, Fig. 9); however, this pat-
tern transforms spontaneously, over a 2-3 day
period at room temperature, into one similar to
that reported in the literature for large vesicles
[21], and is apparently due to a fusion of small
vesicles into larger ones [11}. The same effect
occurred in a much shorter period when diS-C,-(5)
was present: the profile immediately started to
sharpen and, after 6 h, the profile consisted of a
well-defined pretransition approx. 10°C below the
gel-to-liquid crystal transition signal (panel C, Fig,
9). Nevertheless, the gel-to-liquid crystal transition
of suspensions formed by aging the sonicated pre-
paration is much broader, even in the absence of
the dye, than those observed for the vortexed
suspension which are multilamellar. Also, the peak
for this transition with a probe present is clearly
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Fig. 8. Representative heat capacity profiles for DMPC suspensions with high mol% of the probes present. A comparison of the ideal
solution theory curve with the actual data is shown for diS-Cy(5) at 11.49 mol% (parameters obtained from the fitting procedure
were: AH = 542 keal/mol, AH,; =1173 keal/mol, Ty = 29748, X, = 0.858, and K = 0.91). For each of the other probes, profiles

are given at intermediate

bimodal, (see the inset in panel C, Fig. 9) which
could be due to a distribution of the dye between
the inside and outside layers of the vesicles.

Discussion

Each of the probes included in this study is
known to bind to unilamellar vesicles [21], and
one assumes that the Lanqmuir isotherm constant
for this type of linnsome is not much different
than would be observed for the suspension in this
study. Using these constants, we calculate that less
than 1% (0.14% oxonol V, 0.66% oxonol VI, 0.09%
merocyanine 540, 041% diS-Cy(5) at a formal
molarity of the dye of 3.7- 107 M) of each of the
probes is in the aqueous phase up to 5 mol%, and
the percentage bound does not vary appreciably
over the 20°C temperature range of this study.
Thus, neither the concentration dependence of the
parameters found at low levels for each probe nor

and much higher mol% values.

the differences found between probes can be
ascribed to significant variations in the fraction of
the probes associated with the lipid suspensions.
At higher levels, larger amounts may be present in
the aqueous phase, but their concentrations will
not exceed the solubility Iimits, which are esti-
mated to be in the 107> to 107° M range.
Whatever the actual value is for the aqueous con-
centration of the dye, it is exceedingly small and
constant i1 the temperature range of the experi-
mesit. Furthermore, the muie fraction of solute in
the lipid phase is constant, and this is whai is
required for application of the ideal solution the-
ory.

Sturtevant [23] found the model used in our
curve-fitting procedure to be valid for the simple,
non-soluble solutes, hexadecane and dodecane,
which are not expected, on theoretical grounds, to
form stable complexes with individual lipid mole-
cules or disrupt the lipid bilayer at low mol%



173

A B ¢
n IMMEDIATELY AFTER AT ROOM TEMPERATURE |  [PI1S-C5
il | PREPARATION AT 35cC FOR 49 HOURS 3.2 )
x SIX HOURS
i AFTER
S PREPARATION
g a4t 47 4r
~N
]
<
[5]
3
>
-
-
[¥]
<
o
L4
(8]
£ oar 2r 2f
w
I
n PR
{0 2425
u
*
w

/\f\ I~ IK
14 24 14 24 14 24

TEMPERATURE (¢°C)

Fig. 9. The effect of diS-C,-(5) on the phase transition properties of small unilamellar DMPC vesicles prepared by a sonication

procedure. Panel A is the excess heat capacity profile of the dye-free vesicles and panel B is that of the dye-free vesicles after 49 h.

Panel C is the excess heat capacity profile for vesicles after 6 h in the presence of the dye at 3.2 mol%. A pretransition and a markedly

narrowed peak near the main phase transition are readily observable; however, the latter profile still has a high temperature shoulder,
as illustrated in the inset in panel C.

values. For all the solutes in this study, the least-
squares program based on this model produced
excellent fits at mol% < 4; thus, our results are
consistent with the conclusion that the probes
form approximately ideal or at least regular solu-
tions in both the gel and liquid crystal phases. The
distribution between the two phases slightly favors
the liquid crystal phase, i.e,, the distribution coef-
ficient ( X{gel)/ X(liquid crystal)) is near 0.6 for all
protes. Deviations from this model at higher levels
are seen for all probes except diS-C;-(5), and this
pettern is similar to the results reported by Lelkes
et al. [26] for merocyanine 540 in dipaimitoylleci-
tin suspensions. At least two peaks are seen for
oxonols V and VI and merocyanine 540 at mol%
> 10, and these effects maybe due to lateral phase
separation between two different domains caused
by the presence of the probes, as has been sug-
gested by Lelkes et al. [26] for the behavior of
DPPC bilayers with merocyanine 540 present.

Even at very high r101% values, diS-C,-(5) causes
changes in the DSC profiles that are completely
consistent with the ideal solution model. Further-
more, AH_,, for DMPC with 11.7 mol% present is
5560 cal/mol, which is within experimental error
the same as AHJ,. Both these observations, cou-
pled with the marked enhancement of the fusion
of vesicles by this probe prompt us to conclude
that diS-Cy~(5) does not strongly interact with the
lipid molecules in the bilayer, which is consistent
with the probe weakly interacting with the lipid
surface. Such an interaction should produce par-
tial molal enthalpies for the probe in each phase
that are almost the same, and AH_, for the traasi-
tion found for the pure lipid suspensions will be
exactly the same as that found for diS-C;-(5).

When this is not the case, the AH_,; based on
the mole fractions of lipid molecules present
should be approximately

AHCM=AH0C3]+[(1— X/ X2 H s (6)
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in which AHY, is the enthalpy change for the
transition for the pure lipid suspension and
AH, . is the enthalpy change for the transfer of
the solute between the two types of lipid phase. In
our studies, the ratio (1- X;)/X; is in the
0.01-0.30 range; thus, the observed downward
trend in AH_,) found for all probes except diS-Cy-
(5), cither from the curvefitting program or the
area under the curve, is due to a negative AH,,
of —17, —20 and —47 keal/mol for merocyanine
540, RH 160 and oxonol VI, respectively. Combin-
ing these values with the equilibrium constants
derived from the fitting procedure, entropy
changes for this process, 4S,,,,;, are —55, —66
and —155 cal/mol per K for merocyanine 540,
RH 160 and oxonol VI, respectively. Katz and
Diamond [27-30] have studied the distribution of
soveiw smple sclutes between the aqueous and
lipid phases, and these data have been used to
determine AH,,,,, (kcal/ mol) and A4S,
(cal/mol per K) to be —20.7 and —69 for butyr-
amide; —24.5 and -85 for ethyl acetate, and
approx. —24 and —79 for acetone. These parame-
ters are in the same range found in this study from
the analysis of the DSC profiles.

In the gel state the rigidity of the hydrocarbon
chains probably causes the solutes to be near the
glycerol backbone or on the surface of the bilayer,
unless the solute can form a well-defined complex
with the hydrocarbon chains, as is thought to be
the case for cholesterol [31}. Once the hydro-
carbon chains are disordered, the solute can adopt
conformations that are lower in potential energy
and nearer the hydrocarbon chains, and this is
probably why the calculated AH,,,,; and AS,,
are negative for three types of the probe. From
these observations and analyses alone, we con-
clude that all probes employed in this study are
probably only weakly attached to the surface or
headgroup area of the bilayer in the gel phase and
may interfere with the solvation of the headgroups
in this phase. Above the transition temperature,
the probes can penetrate the open spaces in the
hydrocarbon region caused by an increase in the
number of gauche conformations, and may on
average be associated, to some extent, with this
region. Oxonol V, for example, is unable to cross
the bilayer of dipatmitoylphosphatidylcholine
vesicles at temperatures below that of the gel-to-

liquid crystal transition, but readily permeates the
vesicle bilayer when it is in the latter fluid phase
(32}

Our results for merocyanine 540 are not en-
tirely in agreement with those of Lelkes et al. {26},
who studied the effect of this probe on the main
phase transition of DPPC. At mol% >3, they
found two closely spaced peaks in the excess heat
capacity curves. Only a shoulder appeared at 3
mol%, whereas two peaks of almost equal height
appeared at 33 mol%, one of which was centered
virtually at the T, of the transition for DPPC.
‘These results may not be directly comparable to
our work, because we used lipid concentrations in
the 3 mg/ml range, which is a factor of 35 less
than those used by these investigators. In our
experiments, the excess heat capacity curves were
virtually flat at 5 mol% dye and 2 mg/ml of lipid,
whereas Lelkes et al. observed peaks in the DSC
profile which were similar in magnitude to that for
pure DPPC at values up to 33 mol% merocyanine
540. The very small residual excess heat capacity
profile for DMPC with merocyanine 540 present
at higher levels (see Fig. 8) does have a shoulder,
but this is at a temperature above T, for pure
DMPC. At 19 mol% the DSC profile has several
well-defined peaks in the 20-35°C range. If we
interpret these results along the lines suggested by
Lelkes et al. {26], multiple phases are forming at
the higher probe levels. Jain and Wu [33] found
the profiles of DMPC with an antibiotic present
to be drasticaily different from those for DPPC
and the same antibiotic. A complex pattern oc-
curred for DMPC, but this was not the case for
DPPC. Presumably this type of differcatiation is
responsible for the variance found between the
two results for merocyanine 540. If the two peaks
in the DPPC/merocyanine 540 system and those
at higher levels for the DMPC/merocyanine 540
system are due to the existence of more than one
gel phase, this could be caused by limited ideal
solubility of merocyanine 540 in DPPC as well as
in DMPC.

Several other workers have performed DSC
measurements on lipids in the presence of drugs
and hydrophobic molecules, and ihese have re-
cently been reviewed by Bach [34]. Unfortunately,
many of the studies were performed at high mol%
values and are not directly comparable to the data



gathered by us in the range 0-5 mol%. Neverthe-
less, certain patterns have been recognized in the
more than 100 compounds studied by Jain and
Wu [33], who have classified the effects on the
basis of the most probable location of the probes
in the bilayer, All of the probes except diS-C;-(5)
cause the residual profiles to split eventually into
more than one peak. This observation, coupled
with the substantial broadening caused by these
probes places them in a type A classification,
which in the Jain and Wu scheme is a characteris-
tic of molecules associated with the C-2 to C-8
region. Again, we conclude that diS-Cy-(5) does
not penetrate this far into the bilayer because its
profiles, at all concentrations, are typical of com-
pounds assigned by Jain and Wu as near the
headgroups of backbone or, alternatively, it could
be between the two layers, but this does not seem
likely for a charged moiety and is not consistent
with the rapid fusion of vesicles in the presence of
diS-Cy-(5).

In pure lipid preparations, the pretransition is
thought to be due in part to a change in the lipid
fatty acid packing from a disordered ortho-
rhombic geometry to a hexagonal array [35]. Ad-
ditional contributions from reorientations of the
headgroup during this transition cannot be ex-
cluded and, to the extent that the headgroups do
contribute to the pretransition, the probes em-
ployed in this study do have locations that em-
brace this bilayer domain as judged from the
rather large effects of the dyes on the pretransition
enthalpy. Oxonols V and VI and merocyanine 540
appear both to affect strongly the enthalpy (Fig.
6), an observation that suggests the perturbation
of the former probes, and to a lesser degree that of
RH 160 and diS-C;-(5) as well, extends well into
the headgroup region, and hence they behave par-
tially as perturbants that are located at the bilayer
surface and interact with the phosphatidylcholine
headgroup [33].

Jain and Wu {33] suggested that the size of the
cooperative unit is largely governed by interac-
tions of the acyl chain groups in the C-1 to C-10
region. The prominent decrease in the cooperativ-
ity parameter caused by the potential-sensitive
probes employed in these investigations, particu-
larly the sharp decrease for all except diS-Cy-(5),
suggests that the perturbation of the dyes on
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bilayer structure extends into the C-1 to C-9 re-
gion. The question, however, arises of why the
presence of the probes at less than one mol%
drastically decreases the cooperativity parameter;
the latter effect is particularly pronounced in the
case of the merocyanine 540 and RH 160 probes
(Fig. 4). If one views this result from the prospec-
tive of the Fisher cluster model which was applied
to the main transition by Tsong and associates
{17], the probes were clearly very effective in re-
ducing the average size for the clusters in the
melted bilayers. Although strong interactions be-
tween the probes and the lipid molecules are not
necessary for such an effect, an exact mechanism
for this effect is not immediately obvious.
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