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important to determine the subcellular compartment(s)
(cytoplams, lysosomes, or other organelles) to which these types
of vesicles can deliver their contents. We are currently
evaluating these problems.
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Phospholipid Lateral Phase Separation and the Partition of
cis-Parinaric Acid and trans-Parinaric Acid among Aqueous,

Solid Lipid, and Fluid Lipid Phases'

Larry A. Sklar,*! George P. Miljanich,® and Edward A. Dratz*

ABSTRACT: The partition of cis-parinaric acid (9,11,13,15-
cis,trans trans,cis-octadecatetraenoic acid, cis-PnA) and
trans-parinaric acid (9,11,13,15-all-trans-octadecatetraenoic
acid, trans-PnA) among aqueous, solid lipid, and fluid lipid
phases has been measured by three spectroscopic parameters:
absorption spectral shifts, fluorescence quantum yield, and
fluorescence polarization. The solid lipid was dipalmitoyl-
phosphatidylcholine (DPPC); the fluid lipid was
palmitoyldocosahexaenoylphosphatidylcholine (PDPC). Mole
fraction partition coefficients between lipid and water were
determined by absorption spectroscopy to be, for ¢is-PnA, 5.3
X 10° with solid lipid and 9 X 10° with fluid lipid and, for
trans-PnA, 5 X 106 with solid lipid and 1.7 X 10% with fluid
lipid. Ratios of the solid to the fluid partition coefficients
(K" are 0.6 £ 0.2 for cis-PnA and 3 % 1 for rrans-PnA. A
phase diagram for codispersions of DPPC and PDPC has been

Fluorescent probe molecules continue to contribute to the
elucidation of membrane microstructure.! This work further
develops cis-parinaric acid (cis-PnA,? 9,11,13,15-cis,trans,-
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constructed from the measurements of the temperature de-
pendence of the fluorescence quantum yield and polarization
of cis-PnA and trans-PnA and their methyl ester derivatives.
A simple analysis based on the phase diagram and fluorescence
data allows additional calculations of Kps/f’s which are de-
termined to be 0.7 £ 0.2 for the cis probes and 4 £ 1 for the
trans probes. The relative preference of trans-PnA for solid
phase lipids and its enhanced quantum yield in solid phase
lipids make it sensitive to a few percent solid. The trans probes
provide evidence that structural order may persist in dispersions
of these phospholipids 10 °C or more above their transition
temperature. It is concluded that measurements of PnA
fluorescence polarization vs. temperature are better suited than
measurements of quantum yield vs. temperature for deter-
mining phospholipid phase separation.

trans,cis-octadecatetraenoic acid) and trans-parinaric acid
(trans-PnA, 9,11,13,15-all-trans-octadecatetraenoic acid) as
fluorescent probes for biological membranes. In previous
publications we have characterized the fluorescence response
of these molecules to phospholipid phase transitions and lateral

U A recent review (Lee, 1977) contains leading references to the
application of spectroscopic and other physical methods to phospholipid
phase diagrams.

2 Abbreviations used: cis-PnA, cis-parinaric acid; BHT, 2,6-di-tert-
butyl-4-methylphenol; DPPC, dipalmitoylphosphatidyicholine; Hepes,
N-(2-hydroxyethyl)piperazine-V ~ethanesulfonic acid; ME, methyl ester;
P, fluorescence polarization ({,/1,); PC, phosphatidylcholine; PDPC,
1-palmitoyl-2-docosahexaenoylphosphatidylcholine; @, fluorescence
quantum yield; TLC, thin-layer chromatography; trans-PnA, trans-parinaric
acid.

0006-2960/79/0418-1707801.00/0 © 1979 American Chemical Society
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phase separations, emphasized their structural similarity to
common membrane acyl chains, and suggested that trans-PnA
preferentially partitions into solid phase phospholipids, whereas
cis-PnA partitions more equally between coexisting fluid and
solid phospholipid phases (Sklar et al., 1975, 1977b).

We develop here a quantitative method to measure the
partition of these probes between coexisting phases. The
method requires several steps. We first construct (from
measurements of the temperature dependence of PnA
fluorescence quantum yield and polarization) the phase di-
agram of a binary phospholipid mixture which exhibits sol-
id-solid immuiscibility. Because we are particularly interested
in the behavior of polyunsaturated phospholipids and their
relevance to visual excitation, we have chosen to examine the
phase diagram of dipalmitoylphosphatidylcholine (DPPC) and
1-palmitoyl-2-docosohexaenoylphosphatidylcholine (PDPC).
The DPPC/PDPC phase diagram exhibits extensive solid
phase immiscibility because the melting temperatures of the
components differ by ~70 °C. Next, we calculate from the
phase diagram the mole fraction of solid phase (x;) and fluid
phasc (x;) phospholipid. From the fluorescence measurements
we can calculate the fraction of PnA in the solid phase (xF)
and in the fluid phase (x/). The partition coefficient, Kps/f,
which describes the distribution of PnA between coexisting
solid (DPPC) and fluid (PDPC) phases is given by the re-
lationship

K= (/%) /([ x0) D

In all, the properties of four probes, cis-PnA, trans-PnA, and
their methyl ester derivatives, have been examined. The cis
probes are found to exhibit a slight preference for the fluid
phase, while the trans probes partition strongly into the solid
phase. It is remarkable that the trans probes, due to an
enhanced quantum yield and preferential partition, are sen-
sitive to even a few percent solid phase. Understanding the
probe partitioning allows us to faithfully reconstruct the
temperature dependence of ¢is-PnA fluorescence polarization
in PDPC/DPPC mixtures from measurements on the pure
components.

We would like to point out that the analysis of fluorescence
polarization developed here is independent of the exact nature
of PnA motion in phospholipid bilayers. We have, therefore,
chosen to analyze the simple fluorescence polarization ratio

rather than the parameter normally associated with probe
motion in membranes, the fluorescence anisotropy (Shinitzky
et al., 1971; Lentz et al., 1976a,b):

r= (- 1)/Uy+20)) (3)

Methods described here are applied elsewhere to study
lateral phase separation (Sklar et al., 1979) and the effects
of calcium (L. A. Sklar, G. P. Miljanich, and E. A. Dratz,
unpublished experiments) on the organization of bovine retinal
rod outer segment membranes and phospholipids.

Materials and Methods

Conjugated Polyene Farty Acids. cis-PnA and trans-PnA
were prepared as previously described (Sklar et al., 1977b).
Methyl ester derivatives of PnA were prepared with diazo-
methane and were the gifts of Dr. Robert Simoni (trans-
PnA-ME) and Dr. Charles Berde (cis-PnA-ME). Silicic acid
TLC developed with 9:1 hexane/diethy! ether and stained with
iodine revealed no unconverted fatty acids; gas chromatog-
raphy showed the isomeric purity to be 98%. Ethanolic stock
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solutions of all probes were used for addition to phospholipid
dispersions.

Phospholipids. DPPC was obtained from Sigma and used
without further purification. Purity was established by silicic
acid TLC, developed in 65:25:5 chloroform/methanol /water.
Gas chromatography of the fatty acid methyl esters, prepared
by exposure to boron trichloride in methanol, indicated 98%
purity with ~ 1% contamination from stearic acid. PDPC was
prepared by the acylation of lysopalmitoyllecithin with do-
cosahexaenoyl anhydride as described elsewhere (Miljanich
et al., 1979). The product was analyzed to contain 96% PDPC
and 4% didocosohexaenoylphosphatidylcholine.

Phospholipid Dispersions. One micromole of phospholipid,
in chloroform solution, was deposited as a thin film on the walls
of a Pyrex tube (12.5 X 1.6 ¢m with screw-top, Teflon-lined
cap) by rotary evaporation under vacuum. The dried phos-
pholipids were covered with 7.5 mL of buffer (pH 7.5, 115
mM NaCl, 10 mM Hepes, Ultrol grade obtained from
Calbiochem). To ensure sample stability, care was taken to
avoid oxidation damage to the probe and the lipids. BHT (1
BHT/500 PC) was added as an antioxidant as described
previously (Skiar et al., 1977b), and the contents of the tube
were vigorously bubbled with argon before the tube was
capped. The capped mixtures were heated to 65 °C and the
lipids were dispersed by shaking the tube in a vortex mixer
at maximum speed for 2 X 15 s. This procedure provided
dispersions of reproducible optical clarity (0.1 OD or less at
the exciting wavelength) which did not sediment over the time
course of the experiment. Phospholipid concentrations in the
dispersions were verified by phosphate analysis (Chen et al.,
1956).

Preparation of Samples for Fluorescence Measurements.
Sample volumes were 2.5 mL, so that each dispersion provided
two samples and a probe-free scattering blank. Conjugated
polyene fatty acids were added as aliquots from stock solutions
directly into sample cuvettes which were vigorously bubbled
with a stream of argon at room temperature, except for
trans-PnA-ME which was added at S0 °C to enhance the
incorporation of probe into the lipids. Probe molecules were
added at approximately | probe/166 PC, and the amount of
probe in each sample was measured from the absorption
spectrum of the dispersion compared to the scattering blank.

Absarption Spectroscopy. Spectra were recorded with a
Cary 14 UV-vis scanning spectrophotometer equipped with
a scattered transmission accessory.

Fluorescence Spectroscopy. Fluorescence polarization and
quantum yield measurements were performed with a Hitachi
Perkin-Elmer MPF 2A spectrofluorometer. A four-position
variable temperature sample compartment was equipped with
Glan-Taylor UV transmitting polarizers (8 and 15 mm clear
aperture for excitation and emission, respectively) in rotatable
mounts, The analyzing polarizer could be rotated 90° from
outside the sample compartment from parallel to perpendicular
orientation by a stopped sliding rod. The emission lens was
covered by a ?/-in. aperture, reducing the solid angle viewed
by the analyzing polarizer from ~60 to 38°. Stray light was
reduced using ultraviolet band-pass filter UG 11 (Optical
Industries) in the exciting beam and the MPF-2A 390-nm
cutoff filter in the emission beam. All measurements employed
identical instrumental settings, including 3- and 40-nm slit
settings for excitation and emission, respectively. The exci-
tation wavelengths for cis-PnA and rrans-PnA were 325 and
320 nm in phospholipid dispersions. The emission wavelength
was 410 nm. Absorption spectra of samples were recorded
vs. scattering blanks before and after fluorescence mea-
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Table I: Mole Fraction Lipid/Water Partition Coefficients?

DPPC PDPC
PnA bound/ PnA bound/ b
Ky PnA free€ Ky PnA free¢  ROS membranes® K,
cis-PnA (5.3+0.6) X 10° 56/44 (9.0 £ 1.0) X 10* 69/31 (1.7 £ 0.2) X 10°
(2.0 0.2) x 104
cis-PnA-MEf? ~10¢ 71/29 ~3 x 10°¢
trans-PnA (5.0£0.3) x 10° 87/13 (1.7 £ 0.3) X 10¢ 80/20 (2.5 0.4) X 10°¢
trans-PnA-ME®T ~2% 10¢ 83/17 ~5 X 10°

9 Partition coefficients were measured by ambient temperature (ca. 22 °C) observation of the absorption spectrum of solutions of PnA to
which varying amounts of lipid had been added as described in the Materials and Methods section. It has been shown elsewhere (Sklar et al.,
1977b) that equilibration of PnA in multilammellar vesicles occurs on the time scale of minutes in solid lipid and even faster in fluid lipid.
All samples were incubated 15-30 min, some at 55 °C, prior to ambient spectral measurements. Heating had no effect on the final measure-

ments. Error limits are estimated from uncertainties in spectroscopic parameters.

Retinal rod outer segment membranes, prepared accord-

ing to Raubach et al. (1974). Assumes 75 phospholipids/rhodopsin. ¢ Calculated according to eq 6 for 1.33 X 107* M lipid dispersion.

Determination at 1 °C. ¢ Methy] ester values are estimates and may represent minimum values.

f Dispersions of frans-PnA and trans-PnA-

ME were prepared by slow injections of a dilute ethanolic stock solution in buffer, at S0 °C, while vigorously bubbling with argon.

surements. The scattering blanks were subjected to identical
thermal cycles as the samples. The probe absorption in the
sample typically changes less than 10% after continuous
exposure to minimal UV illumination for periods of up to 2
h.

The polarizer alignment was verified with fluorescein in
glycerol excited at its long wavelength absorption maximum.
Defining polarization ratio, P, as I}/l | X HH/HV, we observe
P = 2.81 % 0.03 for fluorescein in glycerol in good agreement
with Chen & Bowman (1965).° Iyand I, refer to intensities
emitted parallel and perpendicular to vertically polarized
excitation and the factor HH/HYV represents a correction for
instrumental anisotropy (Azumi & McGlynn, 1962).

In measurements of the temperature dependence of
fluorescence, temperature was varied at a rate not exceeding
1 °C/min by a circulating water bath and monitored by a
thermocouple sealed in the sample cuvette within a few
millimeters of the exciting beam. The output of the fluo-
rometer was displayed on the x axis of a Varian XY recorder
while the output of a Bailey digital thermometer was displayed
on the y axis (5.5 °C/in.). [} and [ **™l¢ were collected
sequentially and virtually continuously, while /" and 1  bnk
were checked periodically. The polarization ratio is calculated
from these data as

(I”sample _ [“blank) x HH/HV [||
= ([Lsample _ ILblank) - IJ_
where HH/HV ~ 1.02.

Fluorescence quantum yields, Q, were determined by
comparing the total fluorescence intensity

Ly =1+ 21 (5)

(4)

of phospholipid dispersions containing PnA to the total
fluorescence intensity of standard solutions of cis-PnA in
ethanol at 25 °C where @ is known to be 0.020 (Sklar et al.,
1977a). In order to calculate quantum yields for the probe
in the lipid phase, however, the absorption spectrum of the
probe in the dispersions had to be analyzed in terms of aqueous
probe and lipid-bound probe contributions as described below.
In addition, these determinations with cis-PnA in ethanol
served as periodic standardization of any instrumental vari-
ability.

Partition of PnA Probes between Phospholipid and Aqueous
Phases. We have previously used a direct binding assay to

? Usually polarization is defined by p = (I} - 1)/Uy+ 1,). For
fluorescein in glycerol, Chen & Bowman (1965) obtain p = 0.477 which
converts to P = 2.83 for P = I;/1 .

OPTICAL DENSITY

ool . .

260 28C 300 328 340 387
WAVE _ENGTH inm

FIGURE 1: Absorption spectra of PnA probes in buffer and lipid
dispersions. (A) cis-PnA (~3 X 1078 M) in buffer (solid line) and
in the presence of 1 mM DPPC. (B) trans-PnA ME (~2 X 10¢ M)
in buffer (solid line) and in the presence of ~0.3 mM PDPC. The
wavelength differences between aqueous and lipid-bound probe seen
in A are related to environmental polarizability (Sklar et al., 1977a,b).
The similarity in peak position of zrans-PnA-ME in buffer and lipid
suggests a similarity of environments; the elevation of absorption in
the 280-nm region in buffer probably reflects excitonic interactions
between neighboring probe molecules. These results suggest that ME
derivatives form aggregates or “droplets” in water.

measure the partition of PnA probes between lipid and water
(Sklar et al., 1977b). The mole fraction partition coefficient
is defined by

moles of bound PnA /moles of lipid
K, = (6)

moles of free PnA /moles of water

A spectroscopic procedure to determine water/lipid partition
coefficients (Sklar et al., 1977b) relies on absorption spectral
shifts, The spectrum of either cis-PnA or trans-PnA is red
shifted 4-5 nm when PnA is moved from buffer to a phos-
pholipid bilayer (Figure 1A). K, is determined according to
eq 7 by establishing from the absorption spectrum the lipid

K, = (moles of water)/(moles of lipid) (N

concentration at which free and bound PnA species are equal
(Sklar et al., 1977b).

The determination of K, for PnA-ME is complicated be-
cause the spectral shifts associated with PnA-ME binding to
lipid are less distinct (Figure 1B). K, is estimated from
changes in the extinction coefficient and spectral broadening
in this case.

Calculation of the Quantum Yield of PnA Probes in
Phospholipid Dispersions. The quantum yield, Q, may be
calculated from the intensity, I,.,, as derived from experimental
data by eq 5. Under practical experimental conditions (see
Discussion) a significant fraction of the probe molecules is in
the aqueous phase (see Table I). In order to calculate @ of
the lipid-bound probe as a function of temperature, we must
know the proportion of free and bound probe and the con-
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tribution of each to the absorption spectrum. Two simplifying
assumptions are utilized.

A. At temperatures away from the transition temperature,
K, is assumed to be temperature independent. [X is, in reality,
probably a slowly varying function of temperature (Table I,
and Simon et al., 1977).]

B. We approximate the partition coefficient of a lipid
mixture by a single value, K,™*, for all temperatures

Kpmix = Kpsolidxso]id + Kpﬂuidxﬂuid

~ K,DPPCyDPPC 4 g PDPC, PDPC (8)
where xPPPC 4+ xPPPC = 1 and represent the mole fractions of
DPPC and PDPC. K,PPPC is for solid DPPC and K FPPC is
for fluid PDPC (Table I). This expression is appropriate at
low temperatures where nearly pure DPPC and PDPC are
laterally separated. If the fluid phase contains considerable
DPPC (i.e., at high temperature), this latter expression tends
to become a poorer approximation. However, K%/ values are
calculated (see below) from eq 8 only at low temperatures
where little DPPC is present in the fluid phase. In addition,
this expression is adequate for calculations of the quantum
yield of probe in the lipid even at high temperatures because
nearly all the trans-PnA is bound in both fluid and solid phases
even though there are large differences in K, (Table I), and
for cis-PnA, the K values for fluid and solid phase lipids are
quite similar. Under our particular experimental conditions
there is only a small change in the fraction of probe bound
going from fluid to solid phase so eq 8 will be an adequate
approximation.*

The relative contribution of free and bound species to the
optical density, OD, at the exciting wavelength depends upon
their relative extinction coefficient, ¢, and concentrations.* On
the basis of Figure 1, €geo/ €boung ~ 0.6 for both fatty acid and
methyl ester probes at 320 nm (trans) and 325 nm (cis).
Combining eq 6 with Beer’s law, we conclude that

ODbound  €bound moles of lipid

X
p
ODfree €free

moles of water

0.6) 1K moles of lipid
(067K, moles of water
Since K, is constant for a given lipid system, the ODygypa/
ODy,, ratio is a constant, «, independent of probe concen-
tration at a fixed lipid concentration. OD,,, is determined
spectrophotometrically for each sample. Substituting ODy.,
= OD,y, — ODyounq into eq 9 and rearranging yields

ODpoung = (OD ) /(1 + ) (10)

Since the quantum yield of the free species is essentially
zero, I, = I,,""™ and the quantum yield, @, of bound probe
is calculated as

_ Ilotbound/ODbuund
ItozEtOH/ODEzOH

where 7, 5°H and ODy oy refer to measurements on a stock
solution of c¢is-PnA in ethanol, at 25 °C, with excitation at
320 nm. 1B is defined as in eq 5 and the factor 0.02 is
Qron (Sklar et al., 1977a).

We define the quantities Q) and @, “partial quantum
yields”, such that

x 0.02 (1n

41In this case, fluorescence intensities, normalized for total probe
absorption in different samples, could be substituted for quantum yields
in the derivation which follows.

* The extinction coefficients of PnA in fluid and solid lipids are similar
at the excitation wavelength.
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Q=0,+20, (12)
where the fluorescence polarization, P, is then
P = Q||/Qi (13)

Calculation of the Partition of PnA Probes between
Coexisting Solid Lipid and Fluid Lipid Phases. The solid-
fluid partition coefficient of a probe, Kps/f, is as previously
defined by eq 1. We define x,» + x* = 1 to represent all of
the bound and fluorescent probe. x, and x;are the fractions
of solid and fluid phase and may be calculated from the phase
diagram (as constructed in the Results section). In order to
calculate K, we must evaluate x,» and x. Below, we
describe two methods based on measurements of Q and P.

The observed quantum yield at a given temperature, O™,
is only due to bound probe but may emanate from probe
molecules in distinct lipid environments. Q™* is a weighted
average of the probe quantum yield in each environment
multiplied by the fraction of probe molecules in each envi-
ronment

Qmir = QP + O (14)

where ¢ and O are the quantum yields in pure solid (DPPC)
and pure fluid (PDPC), respectively. Since

X =1-xfand x =1-xp (15)
substitution into eq 14 and rearrangement gives
x® = (0™ - 09 /(Q" - Q) (16)
and
XP = (@ - 0N /(@ - Q) a7
Substitution of eq 16 and 17 into eq | yields
gt = 2 O (18)
(@~ Q™)

In an analogous fashion, the partial quantum yields (which
are measured experimentally) obey relationships of the form
of eq 14 so that the polarization ratio, P, is then of the form

Qnmix _ Q||SXsp + Q||f)<rp

P = — =
o, ™ Q%+ QJ_(ti

(19)

or
PO %P+ 0.%P) = QxS + 9P (20)

where Q)° and @ * are the partial quantum yields in pure solid
(DPPC) and Q) and Q, " are the partial quantum yields in
pure fluid (PDPC).

Treating eq 20 in a fashion analogous to the treatment of
eq 14 yields

) (PQ_Lf - Q||f)Xf
KPS/r i @2n
(O — PO )

A comparable equation can be obtained using Weber's law
for the additivity of polarization anisotropy (Weber, 1952) as
described by Lentz et al. (1976b).5

6 Weber’s law is given by the relationship rQ = 3" r,Q:x;, where 7 and
Q refer to the measured anisotropy and quantum yield in a mixture in
which individual fluorescent species (7) have anisotropy (r;) and quantum
yield (Q;) and comprise the mole fraction x,. Since our anisotropies (eq
3) and quantum yields (eq 13) are calculated from the same measurements.
Weber’s law reduces to (@~ Q) = AQ' ~ @1 ")x; which is similar
in form to eq 14.
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Results

Phospholipid /| Water Partition Coefficients of PnA Probes.
Partition coefficients, K, of PnA probes between phospholipid
and aqueous phases were determined by examining changes
in the absorption spectrum of PnA in the presence of varying
amounts of phospholipid as described in the Materials and
Methods section. Results are summarized in Table I. K,
values for PnA probes in DPPC, PDPC, and a biological
membrane where these phospholipids occur (the bovine retinal
rod outer segment) range from 5 X 10° to 5 X 10°. We observe
that this spectroscopic assay yields a partition coefficient for
cis-PnA in DPPC (5.3 0.6 X 10°) that is similar to a previous
direct binding assay (4.7 £ 0.7 X 10°) (Sklar et al., 1977b).
Although cis-PnA and trans-PnA partition in a relatively
similar fashion in fluid PDPC, cis-PnA is relatively excluded
by solid DPPC and trans-PnA is relatively included. The K,
values for solid phase differ by a factor of 10 for the two
probes. K values for the retinal rod outer segment, a highly
unsaturated biological membrane, are of similar magnitude
to those of PDPC and apparently are not strongly temperature
dependent. K, values for the ME probes are estimated to be
somewhat greater than those for the fatty acids.

We note that the solid/fluid partition coefficient (K,*/f) may
be determined from the ratio K,PFP€/K PPPC. The data in
Table 1 indicate that K,*/"is 0.6 £ 0.2 for cis-PnA and 2.9 +
0.7 for trans-PnA. These results are consistent with our
contention that trans-PnA preferentially partitions into the
solid lipid phase, whereas cis-PnA distributes more equally
between coexisting phases with slight preference for fluid
phases.

Also included in Table I are calculated values of the
fractions of the probe bound/probe free, based on eq 6 for the
lipid concentration used in the fluorescence studies which
follow. Note that under our typical conditions a threefold
reduction in K, (from 5 X 10 to 1.7 X 10°) changes the
fraction bound by only 10%, whereas a further twofold re-
duction (from 9 X 10° to 5 X 10°) reduces the amount bound
by about 25%. For this reason, small temperature-dependent
variation of K, over a temperature range away from structural
changes, will have only a small effect on the amount of probe
bound (as assumed in the Materials and Methods section) and
the calculated quantum yields.

Polarization of Fluorescence of PnA Probes in DPPC/
PDPC Mixtures. The polarization ratio P, defined as J;/I |,
from eq 4, is plotted in Figure 2 as a function of temperature
for the PnA probes in codispersions of various mixtures of
DPPC and PDPC. In pure DPPC, cis-PnA (Figure 2A, 100%
curve) and cis-PnA-ME (Figure 2B, 100% curve) show sharp
increases in polarization centered at about 41 °C and 1-2 °C
in width. Above and below this temperature range, the po-
larization ratio is weakly dependent on temperature. As the
fraction of DPPC is reduced, the temperature at which the
polarization begins to increase is lowered (as indicated by the
arrows) and the final polarization level at lower temperatures
is substantially reduced. We associate the temperature region
above the arrows with complete formation of fluid lipid phase
and the region beginning with the arrow and below as the onset
of solid phase formation (“lateral phase separation”)
(Shimshick & McConnell, 1973); the final leveling off of the
polarization, as the temperature is decreased, is taken to be
the completion of the lateral phase separation. The response
of trans-PnA or trans-PnA-ME (Figure 2C,D) to these
phenomena is considerably different.

Whereas cis-PnA barely detects 10% DPPC, both trans
probes readily detect the formation of solid phase in the
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FIGURE 2: Polarization of fluorescence of PnA probes in DPPC/PDPC
mixtures vs. temperature. (A) cis-PnA, (B) cis-PnA-ME, (C)
trans-PnA, (D) trans-PnA ME. The numbers above the curves
represent the percentage of DPPC. Data is plotted at 2.75 or 1.375
°C intervals and the temperature scale is calibrated in 11 °C intervals.
For explanation of temperature interval sec Materials and Methods
section. Data shown is for cooling curves (®); representative heating
curves are shown (O).
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FIGURE 3: Low-temperature polarization of fluorescence of cis-PnA
(A) and trans-PnA (B) in DPPC and PDPC. Samples were essentially
as in Figure 2 except they contained 30% glycerol. For the data in
this figure only, the fluorometer was equipped with a 2-in. UV 105
WRMR Polacoat sheet polarizer mounted on quartz as the emission
polarizer; the emission aperature was omitted (see Materials and
Methods section). The fluorescein in glycerol calibration of this setup
gave a polarization ratio of 2.3.

mixture containing only 5% DPPC. Whereas intermediate
polarization ratios are observed by the cis probes for mixtures,
the polarization ratio of the trans probes at low temperatures
in the presence of more than 40% DPPC approaches the values
observed in 100% DPPC. At temperatures above the arrows,
the polarization ratio of the cis probes is rather flat, but at
comparable temperatures the trans probes exhibit “tails” which
in the case of 100% DPPC persist nearly 10 °C above the
transition temperature. Similarly, below 0 °C some of the
polarization curves exhibit an upward curvature which is seen
more clearly in Figure 3. The low-temperature curvature may
represent PDPC clustering in the fluid phase.

Quantum Yield of PnA Probes in DPPC/PDPC Mixtures.
Fluorescence quantum yields Q, calculated according to the
scheme in the Materials and Methods section, of PnA probes
in DPPC/PDPC dispersions are plotted as log @ vs. 1/T in
Figure 4. The rationale for this form of the plot is discussed
elsewhere (Sklar et al., 1977b) where we indicated that
completely solid and completely fluid regions are represented
by nearly linear and approximately parallel segments in such
a plot. However, phase transition or lateral phase separation
is marked by upward deviations from the fluid slope (at the
high-temperature onset) and the approximate resumption of
linearity (at the low-temperature completion) (Sklar et al.,
1977b). The increasing quantum yield in the transition region
is associated with the appearance of a long-lifetime, high
quantum yield probe species characteristic of the solid phase
(Sklar et al., 1977b). The quantum yields in Figure 4 are
calculated from the same measurements used in calculating
the polarization presented in Figure 2. The response of the
probes to phospholipid structural reorganization analyzed by
either method is directly comparable in most respects. As
shown in Figure 4, the trans probes detect structural changes
in the presence of 5% DPPC, but do not readily distinguish
between 60 and 100% DPPC on the basis of the final low-
temperature quantum yields. The zrans-PnA curves in Figure
4 exhibit “tails” at temperatures above the arrows (placed as
in Figure 2). In contrast, the cis probes are weakly responsive
to structural changes in the presence of less than 40% DPPC
and detect no order at temperatures where trans probe “tails”
are observed. At low temperatures, the observed quantum
yield of the cis probe is distinctive for all of the DPPC/PDPC
mixtures. Similar quantum yield differences between the cis
probes and the trans probes are also observed with single
temperature measurements of mixtures of varying proportion
of pure DPPC liposomes with pure PDPC or egg yolk lipo-
somes (not shown).” As will be discussed, all these differences
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FIGURE 4; Log fluorescence quantum yield vs. (absolute temperature)™
of PnA probes in DPPC/PDPC mixtures. Total quantum yields are
shown for cis-PnA (A) and trans-PnA (C). Partial quantum yields
are shown for cis-PnA (B) and trans-PnA (D). Percents refer to
DPPC. Calculation of partial quantum yields, @y and @, is explained
in the Materials and Methods section. The small corrections to
quantum yield of sample turbidity are neglected.

between the sensitivity of the cis probes and trans probes to
solid lipid are consistent with their respective solid lipid/fluid
lipid partition coefficients, K*/".

The partial quantum yields @y and Q,, defined in eq 12,
are plotted in Figure 4B,D for the cis-PnA and trans-PnA in

7 A preliminary investigation of the partition of PnA probes between
egg yolk PC liposomes and DPPC liposomes was undertaken at a single
temperature (10 °C) using the polarization of fluorescence. Results are
very similar to those of Figure 6. The K%/ values were found to be >2
(trans-PnA and trans-PnA-ME) and <1 (cis-PnA and cis-PnA-ME).
Several hours may be required to establish an equilibrium distribution
of PnA-ME probes between the liposome populations at this temperature.
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Table II: Analysis of DPPC/PDPC Phase Diagram®
composition
fluid
temp (°C) % solid phase (% PDPC)
(5.0) (10.0) (20.0) (40.0) (60.0) (80.0) (90.0)
5.5 4.0 9.1 19.2 39.4 59.6 79.8 89.8 99
0.0 3.1 8.2 18.4 38.8 59.2 79.6 89.7 98
5.5 1.3 6.5 16.9 37.7 58.4 79.2 89.6 96
11.0 0.0 3.7 14.4 35.8 57.2 78.6 89.3 92
16.5 0.0 9.1 31.8 54.5 77.2 88.6 88
22.0 0.6 26.4 50.3 75.2 87.6 80
27.5 0.0 0.0 41.6 70.8 85.4 68
33.0 20.0 60.0 80.0 50
38.5 0.0 0.0 42.9 17.5
44.0 0.0

@ The percent solid phase was calculated for various DPPC/PDPC mixtures from Figure 5 (using solidus curve S,) according to the lever rule

(Moore, 1962).

The solid phase is pure DPPC and the fluid phase composition is calculated from the fluidus curve (Figure 5). The tempera-

ture interval (5.5 °C) is explained in the Materials and Methods section (Fluorescence Spectroscopy). b Numbers in parentheses represent

percent DPPC in mixture of DPPC and PDPC.

pure DPPC and PDPC. In all quantum yield measurements
the behavior of the methyl ester probes (data not shown) is
similar to that of the free fatty acids except that the quantum
yield values are 10-20% lower everywhere.

DPPC/PDPC Phase Diagram. A phase diagram for the
binary mixture DPPC and PDPC is shown in Figure 5. The
fluidus temperatures, curve F, are those corresponding to the
arrows in Figure 2 and represent what we believe to be the
onset of solid phase formation. Changes in the fluorescence
parameters of the trans probes at temperatures higher than
the arrows may be related to the presence of lipid clusters in
the fluid phase (see Discussion).

The solidus curve represents the temperature below which
the lipid mixture is 100% solid. Our criterion that a lipid
mixture is 100% solid is that cis-PnA approaches its limiting
solid phase polarization value. We have verified that the
polarization ratio of cis-PnA approaches its solid phase value
when a dispersion of PDPC (in propanediol/water) is cooled
to =25 to =30 °C (data not shown). Since these low tem-
peratures are not readily accessible, we examined mixtures
containing high percentages of DPPC with the cis probes to
see if we could detect residual fluid phase at low temperatures.
The 90% DPPC mixture (Figure 2B) appears to contain some
residual fluid phase down to at least -5 °C. Under the
conditions described in Figure 3, an 80% DPPC mixture (data
not shown) is not 100% solid at —16.5 °C. The upper limit
to the solidus curve, inferred from these measurements, is
represented by S, in Figure 5. A solidus curve represented
by S, is expected in phase diagrams of binary lipid mixtures
where there is both a large difference in acyl chain length and
transition temperature between phospholipid species (Mabrey
& Sturtevant, 1976; Wu & McConnell, 1975; Jacobs et al.,
1977). Solidus curve 2 represents a limiting case of complete
solid phase immiscibility for the DPPC/PDPC mixture.
Differential scanning calorimetry of dioleyol PC and DPPC
mixtures (Phillips et al., 1970) demonstrates considerable solid
phase immiscibility. Dispersions of pure DOPC have a phase
transition centered at =22 °C (Phillips et al., 1970) so that
its behavior in binary mixtures may be similar to that of PDPC
(T, = -25°C). S, is, therefore, likely to be a reasonable
approximation to the true solidus line for the DPPC/PDPC
phase diagram. In any case, since S, and S, differ only slightly
over the temperature range of the fluorescence measurements,
calculations based on either solidus curve will exhibit only small
differences.

Analysis of the Phase Diagram and Calculation of the
Lateral Distribution of PnA Probes. Assuming solidus S,,

o
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a
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FIGURE 5: PDPC/DPPC phase diagram. The upper curve (F)
represents the onset of lateral phase separation; temperatures de-
termined from Figure 2 as described in the text. Filled circles are
derived from trans-PnA (2C); open circles, trans-PnA-ME (2D); filled
triangles, cis-PnA (2A); open triangles, cis-PnA-ME (2B). Curves
S, and S, are discussed in the Results section. Arrows on S; represent
highest possible temperatures at which the PDPC may be solid.

Table II shows the percent solid phase and the percent fluid
phase in the DPPC/PDPC mixtures calculated as a function
of temperature and composition of the mixture according to
the lever rule (Moore, 1963; Lee, 1977). The data of Table
IT can be correlated with the results in Figures 2, 3, and 4.
The low-temperature “leveling off” of the cis-PnA fluorescence
parameters correspond to temperatures at which the-solid
phase comprises about 90% of the DPPC present, i.e., the
completion of the lateral phase separation. For the trans
probes, the “leveling off” temperatures of the polarization and
quantum yield measurements represent solid phase formation
comprising only 50-80% of the DPPC, the higher percentages
for the smaller fractions of DPPC in the mixture.

The K,*/f values are now readily calculated. The required
parameters, the mole fraction of fluid (xg) and solid phase (x;),
are obtained from Table II. The fractions of fluid phase probe
(x#) and solid phase probe (x,/) are contained implicity in eq
18 (using the fluorescence quantum yield measurements of
Figure 4) and eq 21 (using the fluorescence polarization
measurements of Figure 2). For temperatures below the lateral
phase separation we calculate that K ¥/' for cis-PnA is 0.59
%+ 0.12 (polarization) and 0.82 % 0.33 (quantum yield); for
trans-PnA, these values are 3.35 & 0.65 (quantum yield) and
5.1 £ 1.2 (polarization). The results are in good agreement
with the calculations based on absorption spectroscopy (Table
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POLARIZATION RATIO (1, /T,

Xs

FIGURE 6: Fluorescence polarization vs. mole fraction of solid phase
phospholipid (x,). The data points (O, trans-PnA; @, cis-PnA) are
derived from Figure 2 (0 °C) and Table II (0 °C). The smooth curves
are calculated from eq 22 using several values of X*/f as shown in
the figure. Values of the partial quantum yields at 0 °C are obtained
from Figure 4, They are for cis-PnA: Q) = 0.200, ¢ * = 0.076,
Q|r =0.061, Qﬂ = 0.043; for trans-PnA: @ = 0.300, 0,°=0.113,
oif = 0. 044 g.f=0. 027.

). The K, values calculated from fluorescence show no
systematic temperature dependence.

These partitioning results may perhaps be better understood
by comparison of the experimental polarization ratio values
(as a function of the mole fraction solid phase) to values
calculated from several K,*/" values as shown in Figure 6,
according to

_ (QllS - PQLS)KPS/f +1 (22)
x PO g

Equation 22 is derived by rearranging eq 21 and substituting
xs = 1 — x¢ The experimental fluorescence values are those
from 0 °C and details of the calculation are explained in the
legend to Figure 6. It is apparent that the polarization values
for cis-PnA approximate the curve for K*/" = 0.6 and those
for trans-PnA, although somewhat more scattered, approx-
imate K,*/* = 5. The polarization of ¢is-PnA is nearly linear
with x,, whereas the polarization of frans-PnA is highly
nonlinear and responds most strikingly to x; below 0.25.

It is possible to construct the temperature dependence of
the fluorescence polarization in mixtures of DPPC and PDPC
using the calculated values of K,*/f along with experimental
values of the partial quantum yields of PnA probes in pure
fluid PDPC and pure solid DPPC phases (see Figure 4). The
results of such a calculation are shown and the method is
explained in Figure 7. It is seen that the calculated tem-
perature dependence of the polarization of cis-PnA (Figure
7) is quite similar to the observed behavior (Figure 2A).

Discussion

Distribution of the Geometrical Isomers of Parinaric Acid
between Coexisting Solid and Fluid Phospholipid Phases. We
have previously observed (Sklar et al., 1977b) that the
transition temperature of several phospholipids appeared to
be slightly higher when monitored with trans-PnA than with
cis-PnA. In addition, when two phospholipid liposome
populations were present, trans-PnA preferentially monitored
the higher melting temperature component, whereas cis-PnA
was sensitive to both components (Sklar et al., 1977b). These
observations led us to hypothesize that trans-PnA preferentially
partitions into solid phase phospholipids, while cis-PnA
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FIGURE 7: Calculated temperature dependence of cis-PnA fluorescence
polarization in DPPC/PDPC mixtures. Curves are calculated ac-
cording to a two step procedure; the numbers next to each curve
represent the percent DPPC. (Step 1) For every temperature and
every mixture, x, is calculated according to a rearrangement of eq
1ox? = [(1/K ) (xe/(x,) + 1)) using a value of K,/ = 0.6 and
values of x, and x; from Table II. (Step 2) The polar]zatlon ratio
is then calculated at each temperature for each mixture according
to eq 19 using values of DPPC and PDPC partial quantum yields
(Figure 4B) for cis-PnA. This treatment represents a simplification
because the fluid phase composition changes as a function of tem-
perature below the onset of the lateral phase separation and approaches
a pure PDPC phase only at low temperatures where the lateral phase
separation is complete. At higher temperatures, the fluid phase
polarization and quantum yield values of mixtures are intermediate
to DPPC fluid and PDPC fluid phase values. The open circles are
experimental PDPC values. The filled circles are the calculated values
for the mixtures.

partitions more equally between coexisting phases. In this
present paper we have used three spectroscopic parameters to
quantitatively determine solid/fluid partition coefficients of
the PnA molecules: the absorption spectrum, the temperature
dependence of the fluorescence quantum yield, and the
temperature dependence of the fluorescence polarization. In
the mixed lipid system containing DPPC (as the solid com-
ponent) and PDPC (as the fluid component) we conclude from
all the spectral parameters that the solid/fluid partition
coefficients (K, s/ are 4 £ | for trans-PnA and 0.7 £ 0.2 for
cis-PnA. Results obtained for the methyl ester derivatives of
PnA indicate that their partitioning behavior is quite similar
to that of the fatty acids (Figure 2). The factor which ap-
parently governs the partition of the cis and trans probes is
their molecular geometry. It seems reasonable to suggest that
the extended or linear structure of the trans probes allows them
to cocrystallize with solid lipid phases while the bent con-
figuration of the cis probes apparently causes them to be
relatively excluded from solid phases. We view the conjugated
tetraene chromophore as relatively rigid in comparison to either
the melted saturated chains or the nonconjugated polyun-
saturated chains which have considerable flexibility.
Structural Order Persists above Phospholipid Transition
Temperatures. A persistence of order, “clustering”, has been
identified in phosphatidylcholines containing unsaturated acyl
chains at temperatures above the gel to liquid crystalline
transition temperature (Lee et al., 1974; Wu & McConnell,
1975). In PDPC, we observe an elevation of the fluorescence
polarization ratio which persists to near 0 °C, an estimated
25-30 °C above the transition temperature (Figure 3) which
may result from cluster formation, We observe also in our
DPPC and its mixtures a “tail”, particularly conspicuous in
the fluorescence properties of the trans probes, beginning at
temperatures from 5-10 °C above the transition temperature.
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This tail is similar in magnitude to the phase separation in the
5% DPPC mixture which contains 3% solid DPPC at 0 °C
(Table II). The commercial DPPC sample used in these
determinations contains 1% stearoyl chains (i.e., 2 mol % of
the PC molecules contain stearoyl chains). The tail observed
with the trans probes may reflect clustering, particularly of
those molecules containing stearoyl chains. The elevated
polarization, quantum yield, and persistent long-lifetime
component observed slightly above the DPPC transition (Sklar
et al,, 1977b) are consistent with the “cluster” as a locally
ordered environment comparable to a phospholipid solid phase.
Minimally, the cluster might be a ring of acyl chains ordered
over a time scale long compared to the trans-PnA fluorescence
lifetime (about 20 ns at 41 °C in DPPC). This duration, 100
ns or longer, is comparable to the jump—diffusion time of
phospholipids, suggesting that the cluster lifetime may be
governed by the diffusion of phospholipids rather than the more
rapid trans-gauche isomerization of the acyl chains. It is
probable that the same factors which enhance the sensitivity
of trans-PnA to solid lipid make it sensitive to clusters.®

Relative Sensitivity of Quantum Yields and Polarization
to Phospholipid Structural Reorganization. We have pre-
viously suggested that the temperature dependence of the
fluorescence quantum yield was linear in a log Q vs. 1/7 plot
for PnA molecules in solvent, pure fluid lipid, or pure solid
lipid (Sklar et al., 1977a,b). As seen in Figure 4, the linear
dependence is only a reasonable approximation. As solid phase
phospholipids are cooled, the probe quantum yield does not
increase exponentially indefinitely. We caution other in-
vestigators against interpreting this flattening at low tem-
perature in terms of additional reorganization.

Due to its preferential association with solid phase and
enhanced quantum yield in phospholipid solid phase, trans-
PnA is ~25 times more sensitive to solid DPPC than fluid
PDPC and is particularly sensitive to the first formed solid.
In contrast, the fluorescence parameters of cis-PnA reflect
these phases more proportionately, and it is quite difficult to
detect a lateral phase separation in mixtures containing a few
percent solid phase with cis-PnA quantum yield measurements.
Since K,*/! for cis-PnA is near 1, measurements of the po-
larization of fluorescence of cis-PnA tend to reflect the true
temperature range of, and the fraction of lipids involved in,
a phospholipid lateral phase separation.

Motion of PnA Probes in Phospholipid Membranes. An
analysis-of the motion of PnA probes is important because
these motions probably reflect segmental or “wobbling”
motions of the membrane acyl chains (see Kinoshita et al.,
1977; Dale et al., 1977). Since the fluorescence lifetimes of
these molecules are strongly dependent upon temperature and
environment (Sklar et al., 1977a,b), the weak temperature
dependence of the polarization of the cis probes in the fluid
phase probably reflects a compensation of motional variation
by fluorescence lifetime variation (see Lentz et al., 1976a,b).
The nearly limiting solid phase polarization values probably
reflect extreme immobilization of acyl chains on a time scale
at least 100-1000 ns.

§ trans-PnA may cluster when present as a large proportion of the lipids
(Sklar and Blanchard, unpublished result). Clusters are inferred from
an excitonic absorption shift (similar to that shown in Figure 1B) increasing
with the mole fraction of trans-PnA. We estimate that there is less than
5% trans-PnA cluster at 1 trans-PnA/100 phospholipids and 50% cluster
when the ratiois 1 trans-PnA /10 phospholipids. A plot of our data similar
to that described for spin labels (Rey & McConnell, 1977) suggests the
trans-PnA cluster is a trimer. All of the data presented in this paper are
from samples containing approximately 1 PnA/166 phospholipids where
PnA clustering is undetectable.
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A qualitative comparison of the motion of these probes can
be made from the static polarization measurements presented
here. In phospholipid fluid phase these trends are apparent:
the trans probes exhibit higher polarization than the cis probes;
the fatty acid probes exhibit higher polarization than the
methyl ester probes; polarization ratios are significantly higher
in the DPPC fluid phase than in the PDPC fluid phase at the
same temperature. In principle, an increased polarization ratio
can arise from either reduced probe motion or reduced
fluorescence lifetime. Since fluorescence lifetimes for these
chromophores vary with quantum yield (Sklar et al., 1977a,b),
much of the polarization differences may be related to motional
differences. We suggest therefore, that the lower polarization
of the methyl esters indicates increased motional freedom: the
fatty acid carboxyl group may anchor PnA at the mem-
brane-water interface, and the less polar ester may penetrate
more deeply into the fluid bilayer interior. The consistently
higher fluid phase polarization of the trans probes compared
to that of the cis probes may reflect motional freedom around
the long axis of the membrane acyl chains; such a rotation
would lower the polarization of the cis probes only. Finally,
it appears that at a given temperature, probe motion is greater
(either more rapid or wider angle) in PDPC than DPPC. This
seems reasonable in view of PDPC being much farther above
its transition temperature.

Relevance of the DPPC/PDPC Phase Diagram to the
Structure of Visual Photoreceptor Membranes. The phos-
pholipids of the inner monolayer of the bovine retinal rod outer
segment membranes are predominantly phosphatidylcholine
(Smith et al., 1977; Miljanich, Nemes, and Dratz, unpublished
experiments) occurring as three classes: disaturated PC
(particularly DPPC, ~20%), saturated—polyunsaturated PC
(such as PDPC, ~50%), and dipolyunsaturated PC (~25%)
(Miljanich et al., 1979). Thermal transitions in isolated rod
PC occur over a temperature range very similar to that ob-
served here for the 20% DPPC/PDPC mixture (Sklar et al.,
1979; Miljanich et al., 1978, 1979). A degree of order appears
to persist near physiological temperatures.

Specific lipid composition may provide lateral compressi-
bility in membranes (Linden et al., 1973) which may ac-
commodate protein structural changes. It may be relevant in
this regard that rhodopsin appears to change the volume of
the disk membrane upon light excitation (Lamola et al., 1974).
It is conceivable that phase boundaries could be involved in
regulating the permeability of these membranes (Trauble &
Eibl, 1975). The possible effect of cholesterol, which comprises
10 mol % of the membrane lipids is considered elsewhere
(Sklar et al., 1979).

Conclusion

cis-PnA and trans-PnA are a unique pair of fluorescent
membrane probe molecules which preferentially partition into
fluid and solid lipid domains, respectively. Any analysis of
the structure of biological membranes or synthetic lipid bilayers
using these probes must take into consideration their parti-
tioning among coexisting phases. trans-PnA is sensitive to a
few percent solid lipid but is relatively insensitive to the
formation of solid lipid in excess of 50%. Thus, the
fluorescence behavior (quantum yield or polarization) of this
probe is nonlinearly related to the relative amounts of solid
and fluid phases present (Figure 6). cis-PnA, however, has
only a slight preference for fluid phase and its fluorescent
behavior is nearly linearly correlated with the amount of solid
and fluid phases (Figure 6). Used in tandem, these two probes
should allow an accurate index of membrane lipid structural
reorganization.
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The DPPC/PDPC phase diagram constructed from
fluorescence data exhibits solid phase immiscibility, pre-
sumably due to the large differences in the transition tem-
peratures of the components. This phase behavior resembles
that observed for other binary mixtures of lipids with similar
large differences in transition temperatures.

Structural changes are observed in PDPC and possibly
DPPC and their mixtures, above their transition temperatures.
This behavior is ascribed to the presence of ordered lipid
“clusters” in the bulk fluid phase.

Added in Proof

The partition of fatty acids between water and hexane is
concentration dependent (Smith & Tanford, 1973). Therefore
the lipid-~water K, values for PnA probes are valid only for
the specific experimental conditions described. Preliminary
experiments (L. A. Sklar, unpublished experiments) indicate
that a tenfold decrease in PnA concentration results in less
than a twofold increase in K, Since all experiments described
here were performed within a narrow PnA concentration range,
our conclusions are not affected.
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