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Differential scanning calorimetry 0DSC) has been employed to determine the effect of five commonly 
employed extrinsic potential.sensitive probes on phase transitions of multilamellar suspensions of t-n-di. 
myristoylphesphatidylcboline (DMPC). At tool% 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 pl'~se transition can be described by an 
equation based on the formation of ideal solutions in both phases. Even at up to 4 mnl%, 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 capaeity profile for diS-C3-(5) is represented by the 
ideal solution equation, even at 12 moi%, whereas the suspensions with the other probes present at this level 
have profiles covering It rge 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 presenee of well-defined 
microdomains or even pP,~se separation. The enthalpy change associated with the transition near 15°C 
involving packing in the heedgroup region is decreased significantly, indicating that the probes probably 
affect the lipid b e ~ u p  ~o.-nat ion,  even at low levels. The cyanine probe diS-C3-(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 
location of this probe. All our results are consistent with diS-C3-(5 ) being located on the surface of the 
bilayer in ~ th  phases, but a penetration of the other probes into the hydrocarbon region, at least in the 
liquid crystal phase. 

Abbreviations: DSC, differential scanning calorimetry; DMPC, 
L-a-dimyfisloylphosphatidylcholine; CUP, cooperative unit 
parameter, 
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Introduction 

Dyes belonging to the polyene class have often 
proved to be useful as extrinsic indicators of charge 
separation and associated electrical potential 
gradient across membranes in diverse biological 
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. Ia multilameliar 
preparations (modds 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, Fmear configuration) below a given tem- 
perature (Tin), called the gel-to-liquid crystal tran- 
sition temperature [7--10]. When the suspensions 
are heated, e.g., in a high.sensitivit)differential 
scanning calorimeter (DSC), the iipids undergo a 
transition to a disordered, but stilt bilayer, state. 
Analygis of the calorimetric data yields the tem- 
peratm'e at the midpoint of the transition (Tin) , 
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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 a of approx. 4; these two probes thus 
exist as symmetrical anions under the experimental conditions 

employed in the present investigations. 

the tot;d enthalpy change for the transition 
(~Hcal), 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-liquid crystal transition 
an~l als,) those for the pretransition, thought to 
involve the orientation of headgroups [9], were 
mcrtitoled for preparations of I.-a-dimyristoyl- 
ph(~phatidylcholine (DMPC) as a function of the 
mole fraction of a number of commonly employed 
potential-sensitive molecular probes (Fig. 1). 

Materials and Methods 

High purity (above 99%) synthetic L-a-di- 
mydstoylphosphatidylcholine was purchased from 
Av.mti Polar Lipids, Birmingham, AL. Oxonols V 
and VI were synthesized according to the method 
described by Smith et at. [12]; diS-C3-(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. 
KC1 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 
KCI, 0.1 mM EDTA and 10 mM Na-Hepes or 

phosphate buffer at pH 7.2. 10 ml of the suspen- 
sion was vortexed until no lipid particles were 
visible, no~nally 5 rain, and the sample was then 
vortexed as vigorously as possible for another 15 
min. Thi~ suspension was stirred over night at 
40 ° C using a magnetic stirrer and a teflon-coated 
stirrer bat'. TIxe s~nple was again vigorously 
vortexed for approx. 5 rain 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 reproddcibles. When dyes in solid 
form were added directly to the previously 
vortexed suspensions ~ d  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 tool% values less than 3. 
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At reel% 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 fihn 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 vacuu,,n for 12 
h. Suspensions were then formed with these films 
as previously described. 

Sm',dl unilamellar DMPC vesicles were pre- 
pared by a sonication procedure described by 
Bammel et al. [11]. Final lipid concentrations (8-10 
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 h~to 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 :i: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 ZlH~ and CUP values. 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 ~thalpy change for the transition was 
calculated by the software supplied by Microcal 
from the equation 

~H~H =' 4RT2mdCp(max)/dlt~ (l) 

which is based on the assumption that the phase 
transition can be described by a two-state model 
[13-1.'/]. However, if the transition is highly coop- 
erative such as the gel-to-liquid crystal transitions, 
then ~his enthalpy change will be significantly 
larger than the calorimetric enthalpy. The accepted 

measure of this phenomenon is the cooperative 
unit pare.meter, CUP, 

CUP=AHvlt/AH~ (2) 

which was originally defined by Zimm and Bragg 
[16] for one-dimensional systems. It is not, how- 
ever, ~s 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. 

R ~  

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 
ma~,~ima in these curves were always found at 15.6 
and 2-~,.4°C, respectively; and the corresponding 
enthalpy ~hanges (1.2 and 5.4 kcal/mol, respec- 
tively) and oooperative unit parameters (approx. 
350 and 1200, respectively) are remarkably close 
to those reported by Dufour et al. [19] (Tm-- 15.5 
and 23.6°C; d r =  !.2 and 5.7 kcal/mol; CUP-- 
590 and 1300) and are similar to the parameters 
reported by others; [20-22i. 

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 T,, moved only slightly to lower temperatures, 
and increasing the amount of dye up to three 
mol~ caused no more than a I°C decrease in Tin. 
In the range 3-4 mol~, the total width of the 
transition was near~'.r I°C than the tenth of a 
degree observed for the pure fipid suspension. At 
mol% > 5, the transitions were so broad that the 
excess heat capacity curves could not easily be 
dist'~guisbed from the baseline when plotted on 
the same scale needexl for the pure lipid. Such 
phenomena is readily apparent in the plots of the 
e~cess heat capacity at different mol% values 
shown in Fig. 2 for oxonol VI, merocyanine 540, 
diS-C3-(5) and RH 160. 

Three of the four types of probe included h 
this study cause/IH~ to decrease linearly as the 
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mol~ inc;6ased. Data for oxonol VI, merocyanine 
540 a:~'d PJt 160 are plotted in three panels of Fig. 
3, end the lines shown are the least-squares fits. 
Similar effects were observed for oxonol V, but 
are not shown. In the presence of diS-Cy(5), the 
profiles are broadened but the dH~ determined 
from the area under the curve appears to be 
independent of concentration all the way up to 12 
mo1% (see lower left pmtel in Fig. 3). Notice that 
the ,line in each p~el 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 ~hat reported by Mabrey ,~d Sturtevant [22], 
and we will use 5.4 k~/mol  in subsequent 
analyses. 

Much larger effects are seen for the presence of 
the dyes on the cooperative unit par~eter, as can 
be seen 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-C 3- 
(5), the maximum reduction in CUP is reached 
near 1 tool%, with only small changes at higher 
values. DiS-C3-(5) also reduces the cooperativity 
of this transition, but the plateau is reached at 2 
mol~. 

All probes included in this study drastically 
affect the temperature and profile of the pretransi. 
tion, and excess heat opacity 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 ti~ore and cause 
greater broadening than that observed for the 
gel-to.Hquid crystal transition. In the presence of 
all the probes, except diS.C3-(5 ), the excess heat 
capacity profiles are too broad to be distinguished 
from the baseline at mol~ > 3. 

En~hali>y changes for the pretransition in the 
presence of four types of probe are shown as a 
function of tool% in Fig. 6. In contrast to the 

Fig. 2. Re~re,~entative excess heat cap~ity 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 

scale has been set to zero for pure DI~.PC; each successive curve h~.s been displaced upward for clarity. 
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Fig. 3. The calorimetric enthalpy change for the main transition plotted as a function of the tool% values of the four types of probe 
used in this sludy. 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 VI. 

modest effect of these probes on the main phase 
transition enthalpy change, the percentage reduc- 
tion of the pretransition z3H is large. When pre- 
sent at 1 tool%, all of the probes reduce this AH 
to almost one half that for the pare lipid suspen- 
sion. A monotonieal decrease in AH is seen for 
merocyanme 540 and oxonol VI. There were, how. 
ever, no apparent trends in the plots of the pre- 
transition cooperative units vs. tool% 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, Ymear confi~n'ation to a disordered 
gauche and trans state), the impurities (dyes in 
our study) most probably will distrii~ate between 
the two phases; thus, a distribution coefficient 

must be included in the analysis. When this is 
done, the equation relating temperature (T) to 
fraction (tt) of lipid molecules melted is 

T/ro = t -  Rr olO/A~.) ln((t-,,)/a } 

+th~ X,/~H~){t/(K/O-K)+a)}] (3) 

in which AH,H and AH~, respectively, are the 
van 't Hoff and calorimetric enthalpy change for 
the transition, T o is the temperature at the transi- 
tion midpoint for pure lipid b~ayers, K is the 
distribution coefficient for the impurities between 
phases ( K =  X(ge])/X(liquid crystal)), and X 1 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 heal capacity is 
related to the derivative of a with respect to T 

Cox = ( ~H~l) (da/dT)  (4) 

Combining this relationship with the derivative 
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derived from Eqn. 3 yields the equation for C~ as 
a function of temperature and a 

¢<,: [ ~l~<~H,Hl~r2][ll[ ( l lO- o)~) 

-(AH~. In X~/AH~)(1/( K/(I- K)+ ~)2)}] (5) 

For any particular temperature, Eqn. 3 can be 
solved numerically for a wWch can then be used 
in ~ln. 5 to calculate Cox for any set of par~a~e- 
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 
* L -  ,,~ Ce~ data for DMPC with the above equation, 
i,u~ he did not state explicitly his numerical proc~ 
dure. Simply calculating T from Eqn. 3 at uniform 
increments of ot and calculating the derivative 
from this data produces curves that do not fit the 
expvrimental data in the wings. Using the aJralyti- 

cal expression for the derivative delived from Eqn. 
3 yieWs curv~ that fit synthetic and experimental 
profiles quite well over the entire temperature 
range, even at reel% > 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 crite~.l, as 
is shown in the discussion, appear to be m~.t by 
the dyes in this study. 

The best fit for any of our data is sho,~,:a in 
panel A of Fig. 7, in which the actual dati~ are 
represented by the symbols and the ealcu'~ated 
l~rofile is the solid line. Somewhat less satisf!ying 
fits were found for some suspensions, ant! the 
worst fit is shown in panel B, Fig. 7. All othe~- fits 
were between these two cases. In all cas~, T,~ 
values derived for the pure lipid by the non-Lnear 
least-squares procedure are within 0.05°(: o:/ 
24.40°C deternfined from the profile of pure 
DMPC suspensions; AH~ values taken from the 
integration of the actual Ce~ profiles are clo,le to 
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A H~ = 4,94 kcal/mol, A/'/,,H = 1433 kcal/mol, T o = 297.53 ° C, and K ffi 0.67. 

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

When the experiments on the multilamellar sus- 
pension were extended to higher reel% values (Fig. 
8), a number of surprising results were obtained. 
First, even up to 12 reel%, the profile for a sus- 
pension with diS-C3-(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 :nerocyanine 540 consisted of more than 
one peak. For the suspension with 24 mol% oxonol 
el, the profile is spread from 0 °C to 30 o C, and 
me, ~,cyanine 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 bollh broad and 
complex (see panel A, Fig. 9); however, this pat- 
tern transforms spontaneously, over a 2-3 day 
period at room temperatu/e, into one similar to 
that reported in the fiterature for hrge 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-C3-(5 ) 
was present: the profile immediately stated to 
sharpen and, after 6 h, the profile consisted of a 
well-defined pretransition approx. 10 °C below the 
gel-to-~iquid crystal transition signal (panel C, Fig. 
9). Nevertheless, the gel-to.liquid crystal transition 
of suspensions formed by a~ing 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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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 ~ipnsome 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% 
merozyaniae 540, 0.41% diS-C3-(5) at a formal 
molarity of the dye of 3.'/. 10 -s 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 [or each probe nor 

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 mounts may be present in 
the aqueous phase, but their concentrations will 
not exceed the solubility limits, which are esti- 
mated to be in the 10 -5 to 10 -6 M range. 
Whatever the actual value is for the aqueous con- 
centration of the dye, it is exceedingly small and 
constant i'.~ the temperature range of the experi- 
mcr, t. F~rthermore, the moie fraction of solute in 
the lipid phase is constant, and this is what is 
required for application of the ideal solution the- 
ory. 

Sturtevant [23] found the modal used in our 
curve-fitting procedure to be valid for the simple, 
non-soluble solutes, hexadccane and dodccane, 
which are not expected, on theoretical grounds, to 
form stable complexes with individual lipid mole- 
cules or disrupt the lipid bilayer at low tool% 
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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 approy, imately 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 
probes. Deviations from this model at higher levels 
are seen for all probes except diS-C3-(5), and this 
p,~.tte~ is similar to the results reported by Lelkes 
et al. [26] for merocyanine 540 in dipalmitoylleci. 
tin suspensions. At least two peaks are seen for 
oxonois V and VI and merocyanine 540 at tool% 
> 10, and these effects maybe due to lateral phase 
separation between two different domains cause~ 
by the presence of the probes, as h,~s been sug- 
gested by Lelkes et al. [26] for the behavior of 
DPPC bilayers with merocyanine 540 present. 

Even at very high ,~o1% values, diS-C3-(5 ) causes 
changes in the DS" profiles that are completely 
consistent with the ideal solution model. Further- 
more, AH~t for DMPC with 11.7 tool% present is 
5560 cal/mol, which is within experimental error 
the same as AH°al , Both these observations, cou- 
pled with the marked enhancement of the fusion 
of vesicles by this probe prompt us to conclude 
that diS-Cr(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~I for the trm'lsi- 
tion found for the pure lipid suspensions will be 
exactly the same as that found for diS-C3-(5). 

When this is not the case, the AH~a~ based on 
the mole fractions of lipid molecules present 
should be approximately 

a//ca I = 4 H°cal + [(1 - X 1 ) /X  1 ]~ H, . . . .  (6) 
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in which AH~a is the enthalpy change for the 
transition for the pure lipid suspension and 
,~Ht . . . .  is the enthalpy change for the transfer of 
the solute between the two types of lipid phase. In 
our studies, the ratio (1 -  X1)/X 1 is in the 
0.01-0.30 range; thus, the observed downward 
trend in zaH~ found for all probes except diS-C3- 
(5), either from the carve-fitting program or the 
area under the curve, is due to a negative z lH,  ans 
of -17, -20 and -47 kcal/mol for meroeyanine 
540, RI'1160 and oxonol VI, respectively. Combin- 
ing these values with the equilibrium constants 
derived from the fitting procedure, entropy 
changes for this process, zlSt ..... are -55, -66 
and -155 cal/mol per K for merocyanine 540, 
RI-I 160 and oxonol VI, respectively. Katz and 
Diamond [27-30] have studied the distribution of 
~ , £  o~i~!,~ ~!:::cz between the aqueous and 
lipid phases, and these data have been used to 
determine z~Ht ... .  (kcal/mol) and A S  t . . . .  

(cal/mol per K) to be - 20.7 and - 69 for butyr- 
arnide; -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 poteatial energy 
and nearer the hydrocarbon chains, and this is 
probably why the calculated/~Ht,a, , and ASt,.,,,, ~ 
are negative for three types of the probe. From 
these observations and analyses alone, we con- 
dude 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 solvatiol~ of ~he 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 dipaL'nitoylphosphatidylcholine 
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 meroeyanine 540 are not en- 
tirely in agreement with those of Lelkes et al. [261, 
who studied the effect of this probe on the main 
phase transition of DPPC. At moll[ > 3, they 
found two closely spaced peaks in the excess heat 
capacity curves. Only a shoulder appeared at 3 
tool%, whereas two peaks ot almost equal height 
appeared at 33 tool%, one of which was centered 
virtually at the T m of ~.he transition for DPPC. 
These results may not be directly comparable to 
our work, because we used lipid concentrations in 
the 3 mg/ral range, which is a factor of 35 less 
than those used by these investigators. In our 
experiments, the excess heat capacity curves were 
virtually fiat 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 tool% meroeyanine 
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 m for pure 
DMPC. At 19 tool% 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 at. [26], multiple phases are forming at 
the higher probe levels..lain and Wu [33] found 
the profiles of DMPC with an antibiotic present 
to be drastically 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 meroeyanine 540. If the two peaks 
in the DPPC/merocyanine 540 system and those 
at higher levels for the DMPC/meroeyanine 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, alld ihese have re- 
cently been rev:.ewed by Bach [34]. Unfortunately, 
many of the studies ~ere performed at high tool% 
values and are not directly comparable to the data 
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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-C3-(5) 
cause the residual profiles to split eventually into 
more than one peak. This observation, coupleA 
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 G8 
region. Again, we conclude that diS-C3-(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-c3-(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 prctransition, 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 
RI-I 160 and diS-C3-(5 ) as well, extends well into 
the headgrnup region, and hence they behave par- 
tinily as perturbants that are located at the bilayer 
surface and interact with the phosphatidylch'oline 
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 t},e cooperativ- 
ity parameter caused by the potential-sensitive 
probes employed in these investigations, particu- 
larly the sharp decrease for all except diS-C3-(5), 
suggests that the perturbation of the dyes on 

bllayer 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 eooperativity 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 duster 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 dusters in the 
malted 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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