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Summary. The binding of the hydrophobic fluorescent probe 1-anilino-8-naphthalene-
sulfonate (ANS™) on phospholipid vesicle membranes was studied to gain information
about the structure and mobility in the polar head group region, and to determine the
degree of mixing of lipids on the microscopic scale. The maximal degree of binding of
ANS™ on dimyristoyl and dipalmitoyl-L-lecithin membranes is one ANS™ per four
lecithin molecules, indicating a binding site composed of four polar head groups. ANS™
bound in this site has a long fluorescent lifetime (5 to 9 nsec) and high quantum yield
(0.2 to 0.3), indicating that it is relatively inaccessible to the solvent water. The lack of
paramagnetic quenching by added Mn2* indicates that ANS™ bound to those four-
membered sites is also well shielded from added cations. Similarities in the temperature
dependence of the binding constant and the reciprocal fluorescent lifetime indicate that
the latter is determined by the propensity for polar head group motion and for water
and ANS™ reorientation during the excited state of the molecule.

Membranes composed of lipids which lack a semi-polar head group (phosphatidic
acid) or which have unfavorable polar head group conformations or strong interactions
between the polar head groups (dimyristoyl ethanolamine) do not support the binding
of ANS™ with a high quantum yield and long fluorescent lifetime. Incorporation of
these lipids in a lecithin membrane decreases the maximal binding of ANS™ to a greater
extent than can be explained on the basis of dilution of the lecithin with these lipids.
A statistical model is presented, in which incorporation of one or more molecules of
the second type into a four-membered lecithin binding site destroys the ability of this
site to bind ANS™ with a long fluorescence lifetime. Agreement between this model
and the results obtained with lipid mixtures indicate that egg phosphatidic acid and
dimyristoyl ethanolamine mix well with dimyristoyl lecithin on the microscopic scale.
The above criterion was also used to show that cholesterol mixes randomly with lecithin.
In contrast to the behavior of the phospholipid mixtures, there was evidence for short-
lived ANS™ species for cholesterol/lecithin mixtures with mole ratios between 0.6 and
1.0. This species is associated with binding sites in which the lecithin polar head groups
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are spaced out by the inclusion of cholesterol between the hydrocarbon chains of the
lipid molecules. The effects of the ion carrier valinomycin and local anesthetics on the
lecithin binding sites are discussed.

The fluorescent probe technique [24, 29, 31; ¢f. 3] has seen increasing
application in the study of the physical properties of membranes. The
technique has been used to make deductions about membrane ““polarity”,
membrane ““viscosity”” and freedom of lateral and rotational diffusion, and
has yielded information about proximity relationships within membranes
(¢f. [22] for references). The most widely used fluorescent probe is 1-anilino-
8-naphthalenesulfonate (ANS™) [24, 29]. This fluorophore has an inverse
relationship between its fluorescent quantum yield and solvent polarity,
and is thus a very sensitive probe for hydrophobic binding sites.

The most important information delivered by ANS™ can be summarized
as follows: (a) The probe can be used to measure membrane “polarity”
(¢f. [22]). (b) The binding of the probe responds to the cation composition
on the medium. (c¢) The fluorescence of the probe can respond to the degree
of energization in mitochondria [1], can follow the action potential in
nerve [7] and has been correlated with Ca** uptake in isolated sarcoplasmic
reticula [30]. However, the usefulness of these observations is limited by a
lack of understanding of exactly what effects are being reported by ANS~
on the microscopic scale.

The present study is an attempt to determine what information can be
obtained on the molecular level by a study of the behavior of ANS™ in
simple phospholipid systems. This work was initiated in the hope that a
systematic study of the binding and fluorescent behavior of ANS™ could
provide important information about the structure and reactions in the
polar head group region of phospholipid membranes [13]. The investigation
was sustained in the prejudice that the functionally correlated ANS™
fluorescence changes in mitochondria, sarcoplasmic reticulum and nerve,
might be endowed with greater predictive value if the behavior of ANS in
simple phospholipid membranes were better understood.

The present paper, the first in a series of four, deals with the effect of
lipid composition, temperature, local anesthetics and ionophores on mem-
brane surface structure, as reported by ANS™. The second (companion)
paper deals with ANS™ as an indicator of membrane surface potential and
cation binding. The third paper will deal with the ionophore complexation
reactions in the membranes as reported by fluorescent methods. The fourth
paper will report the application of rapid kinetic techniques to the problems
treated in the first three papers.
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The experiments to be reported here were carried out on synthetic lipids
with saturated hydrocarbon chains of uniform length. Membranes com-
posed of these lipids in the pure form demonstrate thermal phase transition
behavior [19]. Below a critical temperature, T, the hydrocarbon chains of
the lipid molecules are in an extended conformation [19, 27]. Heating the
preparation above T, produces a lateral expansion of the membrane, a
decrease in membrane thickness, and an expansion of the membrane
associated with the formation of “kinks™ in the hydrocarbon chains (cf.
[27]). Thus, the choice of lipids exhibiting the thermal phase transition
allows a membrane of one lipid composition to be studied in two different
physical states, and facilitates the study of membrane properties in a bio-
physical context.

Materials and Methods

1,2-Dimyristoyl-L-lecithin (PC), dimyristoyl-L-ethanolamine (PE) and phosphatidic
acid (PA) derived from egg lecithin were obtained from Koch Light Laboratories.
Dipalmitoyl-L-PC was purchased from Fluka. All other chemicals were reagent grade,
purchased commercially. 1,8-ANS™ was obtained as the ammonium salt from Pierce
Chemical Co. rn-Dibutyl ether-CHCl; monolayer vesicle preparations containing 6.8 x
104 ™ lipid (determined weight) were made as described by Triuble and Grell [26].
The monolayer vesicles have been characterized by electron-microscopy as about 500-A-
diameter spheres of organic solvent, covered with a monolayer of phospholipid mole-
cules [25]. Mixed lipid vesicles were obtained by cosonication of the components. It is
important that the sonication be conducted above the phase transition temperatures
of all components of the system. The duration of sonication was 15 min or longer, when
necessary to achieve optical clarity. The preparations were stored above their phase
transition temperature, and were used within two days of preparation. It was our ex-
perience that vesicle aggregation and separation of components of mixed systems were
promoted by aging below 7,. Unless otherwise specified, all of the results of the present
study are for monolayer vesicles. In some cases dispersions of phospholipids in water
(“bilayer vesicles” here) were studied for comparison.

Routine fluorescent measurements were made on an Aminco-Bowman SPF Ratio
Fluorimeter. Corrected fluorescent spectra were taken on a FICA 55 Spectrofluorimeter,
which gives quantum-corrected excitation (220 to 550 nm) and emission (200 to 800 nm)
spectra. The instrument is fitted with an additional rhodamine B quantum counter behind
the sample cuvette, enabling sample transmission tc be recorded simultaneously with
fluorescence on a Bryans 2600A3 vy, v,, X recorder. Inner filter effects at the excitation
wavelength were in most cases negligible. When necessary, corrections were made using
the fluorescence/transmission characteristics of the cuvette (5 mm) and slit (1 mm)
combination, as determined by use of standard fluorescent compounds. Additional
absorption spectra were taken on a Cary 14 spectrophotometer,

In the steady-state fluorescent measurements, the fluorescent signal observed (in
absence of inner filter effects or quantum transfer, ¢f. {3]) is given by:

Flt:kzsi*Qi*ci (1)

21%
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where FI, is the emission signal, integrated over all emission wavelengths and where
0;, c; and ¢&; are the quantum yields, the concentrations and the extinction coefficients
at the exciting wavelength of the ith species. The value of %, an instrumental propor-
tionality constant, is independent of wavelength for the FICA instrument. Since the
excitation and emission wavelength maxima (368 and 480 nm, respectively) and half-
widths of the emission spectra were essentially invariant in the membrane preparations
and reference solvents used here, FI, was measured routinely at fixed wavelengths.

Fluorescent lifetimes and fluorescent decay functions were obtained by the single
photon time correlation method. The samples were excited with 1.5 to 2.0 nsec (FWHM)
pulses at a repetition rate of 50 kHz from a free-running air lamp at 1 atm. A Jarell Ash
250 cm monochromator was used to select the excitation wavelength (337.1 nm). A GG 400
Schott glass filter was placed in front of the single photon detector (Quantacon type 8850,
RCA) to eliminate stray light. The ORTEC time-to-amplitude converter and the asso-
ciated circuitry including the multichannel pulse height analyzer (Geoscience 8040/7010)
were repeatedly checked for linearity with a random noise generator (hp 8057 A).

In the fluorescence decay measurement, the system is excited with a pulse of light,
and the probability of fluorescence (the decay of fluorescence) is measured as a function
of time. For a system containing more than one fluorescent species, the fluorescence as
a function of time is expressed as:

Fl(t)y=) a;xexp(—t/tau,) (2)

where a; is a constant which depends upon the concentration and the lifetime, tau; of
the ith species. The total fluorescence of the sample, F,, is given as the time integral
of Eq. (2).

Determination of the quantum yield of the bound species was determined by either
(a) the method of vesicle titration, or (b) by calculation from the fluorescent lifetime. In
method (a) the fluorescent signal and extinction coefficient of the bound form were
obtained by extrapolation of a double reciprocal plot based on lipid concentration.
Comparison between the extrapolated fluorescence signal and the signal from a known
concentration of ANS™ in methanol (Q=0.22, [24]) allows the calculation of Q for
membrane-bound ANS ™. Values for the extinction coefficients within the membrane
and in methanol were equal within an experimental uncertainty of 10%. In method (b),
the quantum yield of the ANS™ is determined as:

QO=tauftau, 3)

where fau, is the natural lifetime (for a quantum yield of 1.0). Since the value of fau,
is known (=24 nsec in methanol [12]) and is relatively insensitive to the environment,
Q can be calculated directly from 7au. The tau values were evaluated from plots of
log (Fi(2)) against ¢, evaluated after the exciting pulse had fallen to 5% of its maximal
value. No time-dependent polarization effects were observed. Method (b) was more
accurate, and was thus always used in determining Q unless otherwise noted.

Only one membrane-bound ANS species was observed, unless otherwise noted. The
steady-state fluorescence signal and the fluorescence decay curves were composed of a
large contribution from the ANS™ in the membrane (Q~0.3; tau~7.5nsec) and a
small contribution from the ANS™ in the aqueous phase (Q =0.004 [22]; tau <1 nsec).
The signals arising from ANS™ in the aqueous phase were subtracted off when necessary.
The concentration of ANS™ bound [ANS],, was calculated from Eq. (1) using the Q
value from the fluorescent lifetime experiments and the FI, value from the steady-state
fluorescence measurements. The Q value was invariant (within an experimental uncer-
tainty of ca. 7%) with the degree of ANS™ binding. All measurements were made within



ANS™ as Membrane Surface Probe 317

15 min of the ANS™ addition, and 90° light-scattering measurements indicate that the
ANS™ addition does not cause vesicle aggregation in this time range.

All experiments involving a high degree of ANS™ binding were carried out at high
ionic strength in order that the binding of the probe not be influenced by electrostatic
interactions on the membrane surface. Analyses of the ANS™ binding curves to deter-
mine the binding constants and the numbers of binding sites were made using a Fortran
computer program for least-squares fitting. The experimental and calculated data were
plotted by the computer (Univac 1108).

Results and Discussion

ANS™ binds to phospholipid membranes with a fluorescent enhance-
ment. X-ray diffraction [17] and nuclear magnetic resonance (NMR)
studies [5], as well as considerations of the quantum yield of the bound
Torm [13, 25] indicate that the probe is located in the polar head group
region of the membrane. The binding of ANS™ to these membranes in-
creases with increasing ANS™ concentration, saturating at high concentra-
tions, suggesting that the ANS™ is reacting with “binding sites” in the
membrane [13, 25]. The discussion below gives the interpretation of this
saturation behavior according to a binding site model.

Binding Site vs. Partition

Two possible modes of probe binding have been considered: (a) the
probe can bind to a pre-existing site or (b) the binding of the probe could
require displacement or rearrangement of the lipid constituents of the mem-
brane. In case (a), the binding would not necessarily result in an appreciable
change in the membrane, since the packing of the lipid constituents would
not have to be altered by the binding reaction. The binding reaction to the
pre-existing sites B would thus be described as:

K
ANSI-;zo + Bmembranef—l) ANS™ — Bmembrane (4)

where K, is the equilibrium constant for the reaction. In case (b), the
binding would be described as a simple partition process according to:

P

ANSI;;O « ANSr;embrane (5)
in which the partition coefficient P can be assumed to be independent of
the degree of advancement of the reaction when the solubility of the molecule
in one or the other phase is not exceeded. The corresponding equilibrium
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CXpreSSiOHS are.
— [ANS_B]membrane
[ANS]Hzo * [B]membrane

Ky (6)

P= [ANS]membrane .
[ANS]Hzo

(N
Case (a) predicts that in an experiment in which a constant concentration
of membranes is titrated with ANS™, the degree of binding will increase
linearly at low concentrations, saturating at high concentrations. For case
(b), no saturation behavior would be observed and the amount of ANS~
bound will be proportional to the concentration in the aqueous phase.

Fig. 1 is a double reciprocal plot of ANS binding to dimyristoyl lecithin
monolayer vesicles. The experiment was carried out at high ionic strength
to ensure that the binding constant K; was not influenced by electrostatic
interactions on the membrane [6, 13]'. The experiment shows that ANS
binding demonstrates saturation behavior for degrees of saturation between
2 and 809%, in agreement with the expectations of case (a). The binding of
ANS~ can thus be considered as the process of binding into a pre-existing
site. The value of K, is 7.54 x 10° and the number of binding sites [B],
was determined as 0.25 per lecithin molecule. The value of K, is a function
of temperature, but the number of binding sites [B], is independent of
temperature and the phase transition, and has always been determined as
0.25 for monolayer or bilayer membranes composed of pure dimyristoyl or
dipalmitoyl PC2. The value of [B], would thus appear to be determined
solely by the geometrical relationship of the polar head groups. The dis-
cussion below shows that a systematic study of K, and Q can give informa-
tion about the degree of mixing of two types of lipids within the membrane.

Binding Site Behavior

X-ray diffraction studies have shown that the hydrocarbon chains of
the lipid molecules are packed in a hexagonal or disordered hexagonal
arrays [11, 18]. Possible resulting orientation of the lipid molecules from

1 In a previous paper [13], it was shown that K is a function of the surface potential
of the membrane y, according to K, =K, *exp(ey,/kT), where K, is the binding
constant for negligible surface potential. The experiments reported here were conducted
at high ionic strength, such that K, =K.

2 Values of [B], between 0.025 and 0.067 have been reported for dipalmitoyl PC [25].
These values are underestimates since the experiments were performed at low ionic
strength, and the value of X (according to the formalism used here) became progressively
smaller than K, as the degree of ANS™ binding increased (cf. first footnote).
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Fig. 1. (a) Double reciprocal plot of ANS™ binding. Dimyristoyl lecithin monolayer
vesicles (6.8 x 1074 M lipid) in a medium containing 1.6 M KCl, and 4.5 mM imidazole
buffer, pH 7.3, at 30 °C were titrated with ANS™. The number of ANS molecules bound
per lipid molecule (JANS],/[PC]) was calculated by use of Eq. (1) as described in Materials
and Methods. The quantum yield of the bound form was 0.31 as determined by the
fluorescent lifetime method [¢f. Eq. (3)]. The values of K;, and [B], and the solid line
were calculated and plotted by a computer program designed for least-squares fitting
of the binding according to Eq. (6). The standard deviation of the fitted and experi-
mental data was 0.10. The solid line was calculated using the fitted K, and [B], values.
(b) Same as (a) with 10-fold scale expansion
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Fig. 2. Model for the origin of binding site behavior in phospholipid membranes: (I) The
hexagonal packing of the fatty acid chains (circles) of the phospholipid molecules
(dumbbells) gives rise to a ““quadratic™ array of polar head groups. (1I) Binding within
one quadratic array precludes binding in the four neighboring arrays. The binding site
is denoted with B. (III) Insertion of a certain type of foreign lipid molecule with in-
compatible polar head group precludes binding within this site. (IV) Insertion of a certain
type of foreign lipid molecule with polar head group with an unfavorable conformation,
or with tendency to form intramolecular hydrogen bonds hinders binding

hexagonal packing are given in Fig. 2-I. When the polar head groups are
aligned with the axes of the two hydrocarbon chains of the lipid molecules
and if the lipid molecules are packed optimally, then the hexagonal array
of hydrocarbon chains will result in a quadratic array of polar head groups.
The ANS™ molecule can be inserted into this polar head group array
(Fig. 2-1). If it is assumed that the binding in one such site denoted with B
will preclude binding in the nearest neighboring sites, then the value of 0.25
is derived for [B],. The blockage of binding at the neighboring sites could
result from projection of a section of ANS into this site. Alternatively, the
ANS~ binding could affect the polar head group orientation or packing.

This model for ANS™ binding would predict that the ANS™ binding
would be sensitive to the binding of other molecules at the membrane
surface [13], and that it would be sensitive to the type and conformation
of the polar head groups within the membrane. Fig. 3 shows molecular
models of dimyristoyl PC and ANS™ and illustrates the expected mode of
binding. The ANS™ binding reaction is thus seen as a process of insertion
of ANS™ between the polar head groups and displacement of water from
this region. The maximal degree of binding is given by geometrical con-
siderations, and we have found no evidence that the ANS™ binding alters
any membrane properties. (The single exception to this is that ANS™ as



ANS™ as Membrane Surface Probe 321

well as other foreign molecules reduces the half-time of the slow irreversible
vesicle aggregation reaction from about 4 days to several hours.) The ANS™
can thus be considered as a probe for membrane interactions.

Properties of Lecithin Binding Sites

Table 1 compares dimyristoyl and dipalmitoyl PC as hosts for ANS™.
It is seen that the binding constant, number of binding sites, quantum yield
and fluorescent lifetime of the bound form are relatively insensitive to the
length of the hydrocarbon chains of the lipids. The values of these para-
meters for dimyristoyl PC monolayer and bilayer vesicles are similar,
corroborating our observation that the surface properties of these two
types of preparation are essentially the same [13, 14]°. The quantum yield

Table 1. Comparison of ANS binding parameters for dimyristoyl and dipalmitoyl
lecithin vesicles

Lipid T K, [B], tau o?
O (x1074Mm™ Y (nsec)

Dimyristoyl 15 0.95 0.25 9.0 0.37

Monolayer 30 0.75 0.25 7.5@.5)°¢ 0.31

T,=23°CP 50 0.65 0.25 5.7 0.24

Dimyristoyl 30 0.59 0.25 7.0 0.29

Bilayer

T,=23°CP

Dipalmitoyl¢ 15 0.10+0.03 0.25 6.8 0.28

Monolayer 30 0.50 0.25 5.8 0.24

T,=41°C" 50 0.41 0.25 5.7 0.24

Experimental conditions: 6.8 x 1074 m lipid, 10 mM imidazole, pH 7.3, 1.5M KCI and
5.3x107* M ANS. Tau values were measured in 0.1 M KCl. The experimental uncer-
tainty was 10% unless otherwise indicated.

* Determined from Eq. (3), using the experimental values of fou and tau,=24 nsec.
b Taken from reference [21].

¢ In presence of 0.3 M MnCl,.

4 There is also evidence for a small portion of a “tight’’ binding site at 15 °C.

3 The partition coefficient for MTANS™ between n-dibutyl ether and water is too
small for the organic phase of the monolayer vesicles to make any contribution to
binding. The identical values of [B], for monolayer and bilayer vesicles both above
and below the phase transition temperature can thus be taken as evidence that all of
the lipid molecules in the monolayer preparation contribute to the membrane surface
and that ANS™ has access to both sides of the bilayer vesicle membrane. In both pre-
parations the degree of ANS™ binding is essentially independent of whether the ANS ™
is added before or after the sonication.
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Fig. 3a

Fig. 3. Steric relationships between ANS™ and PC shown with space-filling models.
In (a) the ANS™ molecule is shown beside the PC. In (b) one ANS™ molecule is packed
between two PC molecules

of bound ANS™ is high, indicating an environment of rather low *“polarity”
similar to that of methanol.

The total number of binding sites is independent of temperature and
hydrocarbon chain length, in agreement with the binding site model dis-
cussed above. However, the binding constants and quantum yields for
dipalmitoyl PC are slightly lower than the corresponding values for di-
myristoyl PC, indicating that the length of the hydrocarbon chains can
exert a minor influence on the polar head groups. It will be shown below
that the binding constants and spectral properties are very sensitive to the
nature of the polar head group.

The values of Q given in Table 1 are substantially greater than those
determined previously [14, 25]. The source of the discrepancy lies in the
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fact that the older values were determined by the method of extrapolation
of binding data for variable lipid titration. This method is inherently less
accurate since less than 1/3 of the ANS~ was bound at the highest usable
lipid concentrations, and the determination appeared to be influenced by a
reversible vesicle aggregation reaction for lipid concentrations above
Ix1073Mm.

The quantum yield of the bound form of ANS™ is determined as tau/tau,.
The rate of fluorescence emission 1/zau is given as the sum of all quenching
processes:

ljtau=1/taug+ky+Y k;xc; . (®

where the quenching contributions have been divided formally into con-
tributions from the environment of the bound ANS™ (k,) and dynamic con-
tributions (k;*c¢;) arising from the ability of the binding place to transform



324 D. H. Haynes and H. Staerk

during the lifetime of the excited state. The latter contribution could be
determined by the mobility of the polar head groups and the accessibility
of H,O to the ANS™.

The quantum yield of ANS™ bound to PC membranes was found to be
insensitive to pH at values between 3 and 10. This indicates that proton
transfer in the excited state makes little contribution to the quenching
process. The quantum yield is also insensitive to the concentration of the
salts and buffers in the vesicle suspension. Thus, the inequality between
1jtau and 1/tau, must result from quenching processes involving either the
polar head groups or the solvent water. Brand and Gohlke [2] have pro-
posed that the quantum yield of aryl naphthylene sulfonates gives a measure
of the propensity of the environment for quenching via the mechanism of
dipole relaxation, during the excited state of the molecule. The dynamic
quenching contribution would thus depend upon the strength of these dipole
interactions with the excited state, and upon whether these dipoles can
reorient in times equal to or shorter than the natural lifetime of the excited
state, tau,=24 nsec. Daycock et al. [9] have given evidence for motion
within the choline head groups in dipalmitoyl lecithin membranes with a
correlation time of less than 107 % sec. Although this motion may make
some contribution to the quenching process, it is more likely that the
largest contribution to the quenching reaction is made by reorientation of
water in the environment of the ANS™. Changes in the packing of ANS™
between the polar head groups, and changes in the polar head group mobility
would thus express themselves through changes in the accessibility of water
to the ANS and the reduction of Q. We would thus adhere to the dipole
relaxation interpretation of Brand and Gohlke [2], and consider the dif-
ference between 1/tau and 1/tau, as a measure of the “looseness” and
accessibility of water to ANS™ in the hydrophobic binding site. With this
interpretation at hand, we looked at the effect of the crystalline-liquid
crystalline phase transition on the quantum yield of bound ANS™.

Fig. 4 shows the temperature dependence of 1/tau for ANS™ bound to
dimyristoyl PC monolayer vesicles. For low temperatures, the value of 1/rau
remains constant, and the rate of the quenching processes is approximately
3 times as great as the “natural” rate of flourescent decay (1/fau,). Above
16 °C, the rate of the quenching processes begins to increase with increasing
temperature, such that it is doubled at 50 °C. We interpret these effects as
follows: Below 16 °C the mobility of the polar head groups is low. Above
16 °C the mobility of the polar head groups increases, allowing an increase
in the accessibility of solvent water to the ANS and allowing the contribu-
tion of water reorientation to the relaxation of the excited state to increase
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Fig. 4. The temperature dependence of 1/tau of ANS™ in dimyristoyl lecithin monolayer
vesicles. Experimental conditions: 6.8 x 1074 M lipid, 5.0 mm imidazole buffer, pH 7.3,
0.3M KCl, 2.6 x 1079 M ANS

with increasing temperature. NMR studies indicate that the polar head
group mobility of dipalmitoyl PC, as indicated by the width of the N-(CH,);
proton resonance, increases with temperature above the phase transition
temperature [4].

The polarization of the fluorescence of ANS™ is constant (0.068 + 0.012)
over this temperature range. The rotational correlation times, which would
be proportional to the (rauxP), decrease with increasing temperature,
indicating that the increase in the quenching rate of ANS™ is accompanied
by an increase in the freedom of motion of the bound ANS~. The con-
comitant effects of increasing ANS™ mobility and increasing water acces-
sibility could be the result of a general loosening up of binding sites.

This conclusion is supported by temperature-jump relaxation experi-
ments [13], which compared the bimolecular rate constants for the binding
reaction of ANS in dimyristoyl PC monolayer vesicles above and below
the phase transition temperature. The rate constant for the overall binding
reaction at 15 °C is two orders of magnitude slower than at 30 °C, indicating
that at the lower temperature the rate of binding was limited by the lower
mobility of the polar head groups.

Experiments to measure the temperature-dependence of fau for ANS™
in dipalmitoyl PC monolayer and dimyristoyl PC bilayer preparations gave
results which were similar to those of Fig. 4. An increase in 1/tau is observed
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Fig. 5. The temperature dependence of the degree of ANS™ binding in dimyristoyl
lecithin monolayer vesicles. Experimental conditions: 6.8 X 1074 M lipid, 5.0 mMm imida-
zole buffer, pHca. 7.3, 0.3 M KCI, 8.6 x 1079m ANS. Degrees of binding were cal-

culated from the fluorescence amplitude, using the quantum yields calculated from the
data of Fig. 4

about 7 degrees below T, and a linear increase is observed for this para-
meter with increasing temperature for temperatures substantially above T,.
The slope of this portion of the curves was 0.0019 +0.0001 nsec™ ' deg™"
for all three preparations, suggesting similarity in the surface properties of
the membranes above the phase transition temperature. Subtle differences
in the temperature-dependence of 1/tau were observed in the region of the
phase transition, and deserve further study.

Fig. 5 shows that the effect of temperature on 1/rau is paralleled by an
effect on the binding constant. The increased mobility of the polar head
groups is correlated with a decrease in the hydrophobic energy of binding,
indicating binding in a less ordered structure at higher temperatures.

The onset of temperature dependence of both 1/tau and K, which
begins 7 degrees below the phase transition temperature of the membrane
(23 °C; c¢f. [25]) correlates with endothermic transitions which have been
observed 5 to 10 °C below T, (¢f. [15]). It is concluded that the loosening of
the polar head groups thus precedes the disordering of the hydrocarbon
chains and the lateral expansion of the membrane (cf. [27]).

The ANS™ fluorescent signal has been used to report the phase transition
of dipalmitoyl PC membranes [25]. In our experiments, this has been
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observed only under conditions of low ionic strength and high degrees of
ANS~ binding where the membrane surface potential is large.! The lateral
expansion of the membrane decreases the surface potential which is pro-
duced under these experimental conditions allowing a higher degree of
ANS~ binding. However, the phase transition, per se, does not produce
substantial changes in K, or Q, and [B], is left entirely unaffected.

Influence of Phosphatidic Acid

ANS™ demonstrates practically no binding to vesicles composed solely
of phosphatidic acid (PA), even at high ionic strengths (1.5 M KCl or 50 mm
CaCl,) where electrostatic effects are negligible. The absence of the choline
group to provide a hydrophobic binding site and the high energy necessary
for insertion of the probe between the hydrocarbon chains are probably
responsible for the lack of effect. Faced with this negative result, we turned
our attention to PC — PA mixtures. Table 2 shows the effect of PA incor-
poration on K,,, [B],, tau and Q. Increasing the PA content leaves the
quantum yield of the bound form essentially unaltered, and produces, at
most, a 50%, decrease in the binding constant. The most dramatic effect is
the reduction of [B], to as little as 6% of its initial value, and the following
analysis will be directed at explaining this finding.

Cosonication of two lipids @ and b can result in three types of mixing
behavior: (a) The two types of lipid may be ideally mixed on the microscopic
scale. (b) The two types may be only partially mixed on the microscopic
scale. (c) The membranes may exist in a mosaic of microdomains of each
type of lipid in its pure form. In the latter case, the ANS™ binding would

Table 2. Effect of phosphatidic acid content of dimyristoyl lecithin vesicles on ANS
binding parameters at 30 °C

Mole K, [B], [B], [B]; tau Q

ratio (x1074M™ D experimental no mixing ideal (nsec)

PC:PA mixing

10:0 0.754+0.10 0.25 +0.05 — — 9.0 0.31
9:1 1.08 +-0.20 0.13 +0.03 0.225 0.163 6.2 0.22
8:2 0.6610.06 0.07 +0.02 0.200 0.102 6.4 0.26
7:3 0.66 +-0.06 0.07 +0.02 0.175 0.060 6.1 0.27
5:5 0.404+0.10 0.0164+0.002 0.125 0.0154 5.6 0.23

Experimental conditions were identical to those of Fig. (1). Theoretical values of [B],
for the cases of no mixing and ideal mixing were calculated from Egs. (9) and (10),
respectively. Q values were calculated from tau values, using fau,=24 nsec. The +
quantities are the standard deviation of four separate experiments.
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Table 3. Effect of PA on fau in dimyristoyl lecithin phosphatidic acid mixtures

Mole fraction [Kcn [CaCl,] tau, s tQusge tausy
PA (M) (M) (nsec) (nsec) (nsec)
0.0 (no significant 9.0 7.5 5.7
salt effect)
0.1 0.0 0.0 7.5 6.0 5.4
0.1 0.3 0.0 8.4 6.2 5.7
0.1 0.3 0.008 7.3 6.1 57(5.7)°
0.2 0.0 0.0 6.8 6.0 5.8
0.2 0.3 0.0 7.3 6.4 5.6
0.2 0.3 0.008 7.8 6.3 5.7
0.3 0.0 0.0 — 5.4 —
0.3 0.3 0.0 — 6.1 -
0.3 0.3 0.008 — 6.6 —
0.5 0.0 0.0 7.0 5.5 3.5
0.5 0.3 0.0 6.1 5.6 5.6
0.5 0.3 0.008 5.7 57(5.8)*  5.8(53)°

The measurements were made in 6.8 X 1074 M monolayer vesicle suspensions, con-
taining 10 mM imidazole buffer, pH 7.3, and 5.3x1075M ANS. The experimental
uncertainty in the zau values was about 15%.

# MnCl, was added to a final concentration of 0.3 m.
® LaCl, was added to a final concentration of 3 mu.

simply be a linear sum of the contributions of the two separate phases, and
the number of binding sites per lipid molecule would be given as:

[Bl=(1=f)*[Bl+f=[Bl; ®

where [B], and [B], represent the number of binding sites per lipid molecule
for membranes of pure “a” and “b”, respectively, and where f is the mole
fraction of the lipid type b. Table 3 shows that the decrease in the measured
number of binding sites is much smaller than that calculated on the basis
of nonmixing according to analysis by Eq. (9). The PC and PA are therefore
at least partially mixed on the microscopic scale. The behavior expected
for the case of ideal mixing depends upon the assumptions made about the
way the presence of lipids of type b affects the a binding sites. If it is assumed
that the degree of mixing is not affected by the ANS™ binding, and that the
presence of one or more b molecules in a four-membered binding site
renders this site incapable of contributing to ANS binding (¢f. Fig. 2-111),
then the number of binding sites in the mixture will be given as:

[Bl,=[Bl.x(1-f).* (10)
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Table 2 shows good agreement between the values for the number of
binding sites per lipid molecule experimentally determined and the number
calculated from Eq. (10). The assumption that the incorporation of a PA
molecule renders each of the nearest neighboring lecithin molecules in-
capable of contributing to ANS binding thus seems to be adequate to
explain the results, and it is concluded that the lecithin and PA are mixed
ideally on the microscopic scale. * The relatively small decrease in the binding
constant and quantum yield can be explained on the basis of next to nearest
neighbor interactions of the PA which tend to disorder the PC polar head
groups within the binding site, making the ANS more accessible to water
molecules and decreasing the hydrophobic interaction energy with the ANS ™,

Table 3 shows the effect of PA content and ionic composition of the
medium on rau. PA addition produces a small decrease in fau, with the
maximal effect about 33%,. Sequential addition of KCl and CaCl, to final
concentrations of 0.3 M and 8 mw, respectively, results in an increase of tau
above that of the value for low ionic strength. This effect is 159, or smaller.
Expansion and contraction of the membrane as a function of the membrane
surface potential is a possible explanation for this effect. Supporting this
interpretation is the observation that the effects of PA addition and ionic
strength decrease with increasing temperature. As noted above, thermal
expansion of the membrane results in a lower rau value for the bound
species. A more careful look at the dependence of rau on the PA content
and ionic composition of the medium may provide important information
about the nearest neighbor interactions of PA with the choline head-groups
of the lecithin binding sites.

Phosphatidyl Ethanolamine

We could find no evidence for ANS™ binding to dimyristoyl phos-
phatidyl ethanolamine (PE). Attempts were made at temperatures between
5 and 70 °C, pH values between 3.0 and 10.0, and ANS™ and lipid con-
centrations up to 107 % M. The phase transition temperature of dimyristoyl
PE has been reported as about 77 °C (c¢f. [25]), a value 54 degrees higher
than that of its PC analogue. This could be explained as the result of strong
interaction between the polar head groups involving a folded polar head
group conformation [20]. Possible formation of intermolecular hydrogen
bonds between the amine group at the end of the polar head group and the
phosphate residue of a neighboring polar head group would tend to stabilize

4 There was no evidence for ANS™ species with short lifetimes which might be identified
with binding to four-membered sites containing one or more PA molecules.

22 J. Membrane Biol. 17
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Table 4. Effect of temperature and dimyristoyl PE content on ANS binding parameters
for dimyristoyl lecithin monolayer vesicles

Ratio T Ky 18], Kyo*[B], 0 tau
mole CC) (x1071m7Yh (x1073Mm™ D) {nsec)
ratio
PE/PC
10:0 15 9.5 0.25 2.37 0.37 9.0
30 7.5 0.25 1.87 0.31 7.5
50 6.5 0.25 1.62 0.24 5.7
0.164)*
9:1 15 4.04+0.5 0.2240.07 0.8840.28 0.374+0.05 —
30 7.0+1.0 0.2340.07 1.6 +0.5 0.274+0.05 —
55 5.0+0.5 0.2240.07 1.1 +0.3 0.1240.02 -
(0.060) *
7:3 15 1.24+0.2 0.15 £0.01 0.180+0.012 ().37-_!;0.05b —
30 6.9+0.3 0.084 +0.020 0.5794+0.130 0.27i0.05b —
55 6.5+0.1 0.098 +0.020 0.637+0.130 0.12+0.02° —
(0.0064) ®
4:6 15 9.74+0.7 0.0028 4-0.008 0.0274+0.002 0.395 ca.9.5°¢
30 7.3140.5 0.010 40.003 0.073+0.005 0.310 ca.7.5¢
50 34404 0.026 +0.006 0.088+0.010 0.240 ca.5.8°
60 4940.5 0.016 +0.003 0.078 +£0.008 0.240 ca.5.8°¢

Experimental conditions were identical to those of Table 1.

2 Calculated for the case of ideal mixing according to Eq. (10).

b Determined by the method of lipid titration.

¢ Small degrees of binding and the resultant small signals produced about a 20% un-
certainty in tau.

the condensed state of the membrane. If all of the polar head groups were
hydrogen bonded the polar head group region would be much thinner
(¢f. [20]) than for membranes made of the corresponding lecithin, and there
would be less opportunity for hydrophobic interaction and shielding of
ANS~. Furthermore, cross-linking between the polar head groups in the
four-membered binding sites might structurally hinder ANS™ binding.
Attempts to make PE a better host for ANS™ by adding cholesterol to the
membrane were unsuccessful.

Experiments were performed to test the effect of PE addition on ANS™
binding to lecithin vesicles. Table 4 shows that PE incorporation in PC
membranes does not appreciably reduce the quantum yield values of the
bound species, indicating that the shielding of ANS™ in these binding sites
is about the same as in PC binding sites, and that the amine groups of the
PE do not quench the excited state of ANS™. The major effect of PE in-
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corporation is to decrease the degree of ANS™ binding, as indicated by the
decrease in the product K,,*[B],, compared with pure dimyristoyl PC.
Above the phase transition temperature of the host lecithin, both the value
of K., and [B], are decreased by the PE incorporation. The number of
binding sites per lipid molecule is decreased, to an extent greater than pre-
dicted by Eq. (9), indicating appreciable mixing of the two types of lipid.
However, the value of [B], is significantly greater than that predicted by
Eq. (10) under the assumption that one PE molecule destroys one binding
site. There are three avenues of interpretation for this: (a) The assumptions
of Eq. (10) hold and the PE and PC are not ideally mixed. (b) The PC and
PE are ideally mixed, but the incorporation of PE within a PC binding site
does not always destroy the ability of this site to bind ANS. (¢) The PC and
PE may be initially ideally mixed, but their degree of mixing (or polar head
group orientation) is influenced by the ANS™ binding reaction itself. The
second and third possibilities are shown schematically in Fig. 2-IV. The
assumption that polar head group orientation or hydrogen bonding directing
the polar group away from the quadratic binding site leaves the binding
site able to act as a host would produce positive deviations from Eq. (10).
If the probability of any given PE polar head group being directed away
were 0.5 (random orientation), then f in Eq. (10) would be replaced by
(0.5%f), and good qualitative agreement with the second interpretation is
obtained. However, the decreases in K, observed in some cases, as a result
of PE incorporation indicate that the degree of mixing or polar head group
orientation may itself be influenced by the ANS™ binding. The above three
interpretations cannot be distinguished for PC — PE mixtures on the basis
of the present equilibrium data, but will be discussed in conjunction with
the kinetic behavior of ANS™ binding in these mixtures in the last paper
of this series.

Low quantum yields (0.015 to 0.025) have been reported for ANS bound
to vesicles prepared from a lipid mixture containing 829, PE, 11.19%, car-
diolipin and 7.29, phosphatidyl glycerol with saturated and unsaturated
hydrocarbon chains of a variety of lengths [28]. In the present study with
dimyristoyl PC and PE the lifetime of the bound species is high, and there
was no evidence for ANS™ species with lifetimes shorter than those given
in Table 4.

Cholesterol-Lecithin Mixtures

The effect of cholesterol on lecithin membranes has been investigated
in numerous electron spin resonance (ESR) and NMR studies. (cf. [4, 8, 23]
and references therein). The important findings in these studies are that

22%
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Table 5. Effect of cholesterol addition on the fau value of the long-lived species in
dimyristoyl and dipalmitoyl lecithin vesicles

Lecithin Mole ratic tauy g tatiyge talgy
cholesterol/PC  (nsec) (nsec) (nsec)
Dimyristoyl 0.00 9.0 7.5 5.7
0.13 9.7 7.0 6.4
0.26 9.4 6.9 5.7
0.50 7.0 6.0 5.5
1.00 5.8 5.1 51405
(5.8)®
Dipalmitoyl 0.00 6.8 5.8 5.7
0.13 3.4 7.0 6.4
0.26 7.2 8.7 5.6
0.50 942° 7.0 6.4
1.00 9+2° 6.2 942"

Experiments were performed in solution with 6.8 x 1074 M lipid, 10 mm imidazole,
pH 7.3, 0.1 M KCl and 5.3 x 1071 M ANS. The experimental uncertainty in tau is 10%
unless otherwise indicated.

# In the presence of 0.3 M MnClL,.
b 1ow signal intensities resulted in a greater uncertainty in tau.

above the phase transition temperature, cholesterol reduces the motion of
the hydrocarbon chains and below the phase transition temperature, it
increases the motion. These conclusions are supported by a Raman study
[19] in which the probability of gauche and trans conformations in the
hydrocarbon chains was evaluated. The conclusion is that cholesterol is
incorporated in the hydrocarbon chain region and exerts its major effects
there [4, 8, 16, 23]. NMR studies have shown that the effect on the mobility
of the polar head groups is small [4, 5]. On the other hand, ANS™ fluores-
cence is very sensitive to incorporation of cholesterol into lecithin mem-
branes.

Addition of cholesterol to dimyristoyl or dipalmitoyl PC results in a
decrease in ANS fluorescence. We have found that the fluorescent signal in
cholesterol lecithin mixtures is always dominated by that of a long-lived
species, and that increasing the cholesterol concentration decreases the
population of this species. Table 5 shows the effect of cholesterol addition
on the lifetime of the long-lived species. Cholesterol addition to dimyristoyl
PC produces a slight (< 359%,) decrease in the tau value, with the magnitude
of this effect decreasing with increasing temperature. This could be at-
tributed to a loosening of the polar head groups of the binding site as the
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result of nearest-neighbor interactions with the cholesterol. With dipal-
mitoyl PC, increases in zau up to 60% were observed upon cholesterol ad-
dition, but this was not a monotonous function of the cholesterol content.
It thus seems that the influence of cholesterol on the shielding of the ANS
bound in the four-membered binding sites depends upon the length of the
lipid hydrocarbon chain region in which the cholesterol is buried.

The analysis of the binding behavior of the long-lived species (Table 6)
indicates that the degree of binding is decreased to a greater extent than
would be expected from the decrease in mole fraction of lecithin. This
indicates that cholesterol tends to mix ideally with the lecithin. The greater
than 509, decrease in the degree of binding for a mole ratio of cholesterol
of 0.135 indicates that there is little tendency for the cholesterol to form
separate lecithin phases with a 1:1 lecithin cholesterol stoichiometry. Since
the effect of cholesterol addition is to influence both the number of binding
sites and the binding constant K;, (particularly for dimyristoyl PC), it is
not possible to analyze quantitatively the degree of mixing with Eq. (10).
The observed decreases in K, resulting from cholesterol incorporation can
be explained if it is assumed that the lecithin and cholesterol are originally
well mixed, and that ANS™ binding tends to separate the lecithin from the
cholesterol. In this case, the variable of interest is the degree of binding,
given as the product K,,#[B],. Analysis of the product K,,=[B], as a
function of cholesterol content gave only qualitative agreement with the
expectations of Eq. (10) under the assumption that intercalation of a planar
cholesterol molecule between two lecithin molecules within a binding site
(¢f. Fig. 2-1) would destroy the site. Thus the ANS™ experiments tell us
that the cholesterol and lecithin molecules are mixed, on the microscopic
scale, but it is not possible to state if the mixing is perfectly random.

In several experiments, not shown here, there was evidence for formation
of two phases, a lecithin and a 1:1 lecithin cholesterol phase [8], based on
the ANS™ binding criteria discussed above. This was observed either when
the dispersions were initially poor, or when the samples were aged. Poor
dispersions (by the criterion of 90° light scattering) were obtained when
the duration of the sonication was too short, or when the temperature was
below T, for either of the components. Aging the preparations several days,
especially below the phase transition temperature, results in an irreversible
aggregation (criterion: 90° light scattering) with an accompanying separation
of the components within a vesicle or redistribution of material between
the vesicles. However, in fresh preparations the constituents are more or
less randomly mixed and there was no evidence for the formation of two
phases upon cholesterol addition.
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Table 6. Effect of cholesterol on the binding-site behavior of dimyristoy! and dipalmitoyl
lecithin membranes

Lipid Ratio T Ko [B], Ko+[Bl, O
choles- CC) (x1073m) (x 1073 m)
terol/PC
Dimyristoyl 0.00 15 95 0.25 2.37 0.37
0.00 30 75 0.25 1.87 0.31
0.00 50 6.5 0.25 1.62 0.24
(0.148)°
Dimyristoyl 0.135 15 3.2 0.053 0.169 0.40
0.135 30 3.8 0.050 0.190 0.29
0.135 50 4.8 0.0945 0.453 0.27
(0.0999) 2
Dimyristoyl 0.270 15 08 ca. 0.25 0.20 0.39
0.270 30 1.00 ca. 0.86° 0.86 0.29
0.270 50 999 ca.0.25 2.50 0.24
(0.0493)2
Dimyristoyl 0.50 15 39 0.026 0.100 0.29 (0.032) ¢
0.50 30 28 0.027 0.076 0.25(0.032)©
0.50 50 55 0.022 0.120 0.23(0.032)¢
0.0156)°
Dimyristoyl 1.0 15 40 0.021 0.084 0.24(0.011) ¢
1.0 30 4.0 0.024 0.096 0.21(0.011)°¢
1.0 50 — — — 0.21 (0.011) ¢
Dipalmitoyl 0.00 15  1.0+0.3 025 0.25 0.28
0.00 30 5.0 0.25 1.25 0.24
0.00 50 4.1 0.25 1.02 0.24
(0.148)®
Dipalmitoy} 0.135 15 3.62 0.15 0.543 0.35
0.135 30 3.23 0.19 0.613 0.29
0.135 50  3.04 0.20 0.608 0.27
0.0999)*
Dipalmitoyl 0.270 15 96 0.012 0.115 0.30
0.270 30 ca. 6 ca. 0.02 0.12 0.36
0.270 50 ca. 1.1 ca.0.61° 0.67 0.23
(0.0493) *
Dipalmitoyl 0.500 15 4.2 0.021 0.088 0.37
0.500 30 2.6 0.045 0.117 0.29
0.500 50 1.7 0.062 0.105 0.27

Experimental conditions were identical to those of Table 1.

2 For ideal mixing, calculated according to Eq. (10).

b Although the value of [B], calculated by the computer analysis is higher than 0.25,
the theoretical maximum, the highest degree of ANS binding experimentally observed
was 0.10/lipid, or less than half of the theoretical maximum.

¢ Values in parentheses were determined by the procedure of lipid titration, reporting
the average quantum yield for the total ANS bound.
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The destruction of the binding site for the long-lived ANS™ species upon
the addition of cholesterol is probably the result of the spacing-out of the
polar head groups by the insertion of the cholesterol between the hydro-
carbon chains. The modified binding site would afford less shielding from
the solvent water, resulting in diminished 7au and Q values for the bound
ANS~. There are three types of evidence for these shorter-lived bound
species: (a) Comparisons of the amplitude of the fluorescent decay curve
in the time domain of the excitation pulse were made for ANS™ in water
and for ANS™ in the presence of 0.6 and 1.0 mole ratio cholesterol-lecithin
mixtures. These showed that as much as 1/3 of the F/, under these conditions,
arises from species with lifetimes shorter than 1 nsec. (b) Dipalmitoyl PC-
cholesterol mixtures with mole ratios of 0.6 and 1.0 showed evidence for a
spectrum of short-lived species with lifetimes up to about 2 nsec, in addition
to the long-lived species. (c) Steady-state titrations of a constant concentra-
tion of ANS™ with increasing concentrations of dimyristoyl PC-cholesterol
vesicles (mole ratio 0.6 and 1.0) indicate the presence of short-lived species.
For dimyristoyl lecithin cholesterol with mole fraction 0.6, the quantum
yield of this form is about 0.03, corresponding to a fluorescence lifetime of
about 0.6 nsec. For a mole fraction of 1.0, the quantum yield and calculated
lifetime are 0.01 and 0.2 nsec, respectively. Thus, ANS™~ can bind to sites
containing cholesterol but in a much less shielded form.

Quenching with Mn**

Addition of Mn?* to solutions of ANS™ in water, methanol and ethanol
results in quenching of the fluorescence. The high diffusion-controlled
bimolecular rate constants of about 10'°M~!sec™! calculated for this
process (Table 7) indicate that inner sphere coordination is not necessary
for quenching, and that the quenching proceeds upon formation of an

Table 7. Paramagnetic quenching of ANS™ by Mn2™

Solvent K (=ky/k)) tau k.®

M (nsec) (M lsec™Y)
H,0 1.25 x 10! 0.55 2.3 x 1010
MeOH 8.8 x 10! 6.05 ca. 1.4 x 1010
EtOH 15.8 x 10! 8.85 ca. 1.8 x 1010

In MeOH and EtOH, the maximal quenching at high concentrations of Mn2" is only
50 %. This will be discussed in a future publication.

? Calculated as the Mn?* concentration giving half maximal quenching.
® Calculated as &, =K, /tau.
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encounter complex. The mechanism of quenching most probably involves
paramagnetic interaction with the excited singlet state of ANS™ to produce
a nonfluorescent triplet state, but energy transfer to the Mn** cannot be
ruled out. Further investigations are planned to resolve this question.
However, even without a knowledge of the exact quenching mechanism, it
is possible to use the quenching reaction to study the interaction of the
bound form of ANS™ with cations.

Reference to Tables 1, 3 and 5 shows that the addition of Mn®" to a
final concentration of 0.1 or 0.3 M has no effect on the lifetime of the ex-
cited state of the long-lived ANS™ species in dimyristoyl PC or its mixtures
with PA or cholesterol. From the lack of effect we were able to calculate
that the bimolecular rate constant (k,) for reaction of Mn?* with the bound
form of ANS™ is lower than 6 x 107 M~ * sec™ !, a value which is two orders
of magnitude lower than the rate constant for a diffusion-controlled bimole-
cular collision shown in Table 7. Thus, the polar head groups shield the
ANS~ well from the Mn** in the aqueous phase, even in the dimyristoyl
PC-cholesterol mixtures with a mole ratio of 1.0. It is shown in the second
paper of this series that the alkali and alkali earth cations have little tendency
to bind to the phosphate groups of lecithin. The divalent cations (but not
the monovalents) bind with fairly high affinity to the phosphate groups of
phosphatidic acid groups. But even when Mn?” is bound to PA molecules
neighboring the four-membered lecithin sites, the ANS™ is not quenched.
The lack of quenching with Mn?* thus serves to emphasize the properties
of ANS™ as a probe for lecithin hydrophobic binding sites.

Effects of Local Anesthetics

It was shown previously [13] that semi-polar molecules can either
enhance or compete with ANS™ binding depending on their molecular size.
Procaine and benzyl alcohol can enhance ANS fluorescence at low con-
centrations. The data of Table 8, which show only minor effects of these
compounds on the quantum yield, indicate that the enhancement was due
to an increase in binding. This is probably due to an alteration of the polar
head group packing resulting from binding in the sites neighboring the
ANS™ binding sites.

Above the phase transition temperature, procaine and benzyl alcohol at
concentrations of 2.5 mm produce essentially no change in the fau value of
ANS™ in dipalmitoyl PC monolayer vesicles. Below the phase transition
temperature, they produce small decreases (13% and 59%, respectively) in
the fau value, indicating that they increase the mobility of the polar head
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Table 8. Effect of valinomycin and local anesthetics on tau

337

Lipid Addition T tau
(&®) (nsec)

Dimyristoyl none 15 9.0

lecithin, valinomycin 15 6.2

monolayer 2x1075m)

Dimyristoyl none 31 7.2

lecithin, valinomycin 31 5.7

monolayer 2x107° ™)

Dipalmitoyl none 15 6.8

lecithin, benzyl alcohol 15 6.5
(2.5 mm)

monolayer procaine 15 5.9
(2.5 mm)

Dipalmitoyl none 51 5.7

lecithin, benzyl alcohol 51 6.0
(2.5 mm)

monolayer procaine 51 5.8
(2.5 mm)

Experimental conditions: 4.0 x 1074 M lipid, 0.3 m KCl, 10 mm imidazole buffer, pH 7.3,
5.3%x 1075 M ANS.

groups of the ANS™ binding sites. The influence of the local anesthetics on
the rate of ANS™ binding will be discussed in a future publication.

With larger molecules, such as 2’-amino-p-toluene-sulfonanilide, fluo-
rescein and acridine orange competition with ANS™ is observed suggesting
that ANS™ can be used as a general method for testing for the binding of
organic molecules.

Valinomycin

Table 8 shows that the addition of valinomycin to a final concentration
of 2x107° M to dimyristoyl PC monolayer vesicles ([lipid] =4 x 10™* m)
produces a modest decrease in zau (9.0 to 6.2 nsec) below the phase transi-
tion. This indicates that binding of valinomycin to the membrane surface
[14] at a concentration of one molecule per 20 lipid molecules, can cause a
certain degree of disorder in the polar head group region. Above the phase
transition temperature where the valinomycin can penetrate the hydro-
carbon chain region, the effect on the zau value is smaller.

Conclusions

ANS™ is a probe for the structure in the polar head group region of
membranes. It binds to lecithin membranes in sites composed of four polar
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head groups, and reports the mobility and accessibility of water to this
region through the variation of its quantum yield and binding constant.
PA, which lacks a suitable polar head group, and PE, whose polar head
group is apparently in an unfavorable conformation, do not support ANS™
binding in the pure form. This property has been exploited to measure the
degree of mixing of PA and PE with PC. The analysis indicates that PA
and PC are mixed ideally and that PE and PC are mixed more or less ideally
under all conditions of temperature and concentration. Cholesterol and PC
seem to mix ideally at all mole ratios with a reduction of [B], for the long-
lived species. At high cholesterol concentrations, at least one new type of
ANS™ binding site is created in which the polar head groups are spaced out
and the ANS™ is less shielded from the solvent water.

The effect of cholesterol to loosen the packing of the polar head groups
and decrease the surface concentration of these semipolar groups at the
membrane surface may account for the stabilizing effect of cholesterol on
the vesicles in regard to aggregation. The reduction of ANS™ binding (i.e.
binding of semipolar molecules and permeants) resulting from PE or PA
addition to PC vesicles may have consequences for nonspecific permeation,
an important process in drug transport and charge transport with uncouplers
of oxidative phosphorylation. A model for nonspecific permeation has been
proposed in which binding to the sites on the polar head group region is the
first step in the permeation sequence [13].

Our observations indicate that ANS™ can be used as an indicator for
the structure of the polar head group region of phospholipid membranes
containing only one type of polar head group, and that the probe can be
used to measure the degree of mixing of lipids with different types of polar
head groups. We predict that the fluorescent signals arising from ANS™
bound to complicated lipid mixtures [28] and to biological membranes will
be to a large part due to binding in the four-membered sites formed from
extended (lecithin?) polar head groups. The fluorescence changes observed
in these systems may be the result of changes in the number or character
of these sites. The phospholipid systems studied here are very far removed,
in terms of their properties and relevance, from biological membranes.
But in the present study we were motivated by the thought that one often
has to come far away from the problem at hand to understand it [10].
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valuable technical assistance and the Journal referees for valuable criticism. D.H.H.
was supported by a post-doctoral fellowship from the Damon Runyon Fund for Cancer
Research.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

ANS™ as Membrane Surface Probe 339

References

. Azzi, A., Chance, B., Radda, G. K., Lee, C. P. 1969. A fluorescence probe of energy

dependent structure changes in fragmented membranes. Proc. Nat. Acad. Sci. 62:612

. Brand, L., Gohlke, J. R. 1971. Nanosecond time-resolved fluorescence spectra of a

protein-dye complex. J. Biol. Chem. 246:2317

. Brand, L., Witholt, W. 1967. Fluorescence Measurements. In: Methods in Enzymo-

logy. C. H. W. Hirs, editor. Vol. 11, p. 776. Academic Press, Inc., New York-London

. Chapman, D. 1972. Nuclear magnetic resonance spectroscopic studies of biological

membranes. Ann. N. Y. Acad. Sci. 195:179

. Colley, C. M., Metcalf, J. C. 1972. The localization of small molecules in lipid

bilayers. FEBS Letters 24:241

. Colley, C. M., Metcalfe, S. M., Turner, B., Burgen, A. S. V., Metcalfe, J. C. 1971.

The binding of benzyl alcohol to erythrocyte membranes. Biochim. Biophys. Acta
233:720

. Conti, F., Tasaki, I., Wanke, E. 1971. Fluorescence signals in ANS-stained squid

giant axons during voltage-clamp. Biophysik 8:58

. Darke, A., Finer, E. G., Flook, A. G., Phillips, M. G. 1971. Complex and cluster

formation in mixed lecithin cholesterol bilayers, cooperativity of motion in lipid
systems. FEBS Letters 18:326

. Daycock, J. T., Drake, A., Chapman, D. 1971. Nuclear relaxation (7)) measurements

of lecithin-water systems. Chem. Phys. Lipids 6:205

Durrell, L. 1958. The Alexandria Quartet: Justine. Faber and Faber, London,
Ch.1., p. 13

Engleman, D. M. 1970. X-ray diffraction studies of phase transitions in the mem-
brane of mycoplasma laidlawii. J. Mol. Biol. 47:115

Fortes, P. A. G. 1972. Structural properties of the human red cell membrane and
anion permeability studied with fluorescence probes. Ph. D. Dissertation, University
of Pennsylvania, Philadelphia, Pa.

Haynes, D. H. 1972. Studien der Bindung und des Transportes von Ionen und
Molekiilen an Phospholipid-Membranen. Irn: Dechema Monographie, Tutzing
Symposion der DECHEMA, Vol. 71, p. 119

Haynes, D. H. 1972. Detection of ionophore cation complexes on phospholipid
membranes. Biochim. Biophys. Acta 255:406

Hinz, H.-J., Sturtevant, J. M. 1972. Calorimetric studies of dilute aqueous suspen-
sions of bilayers formed from synthetic L-a-lecithins. J. Biol. Chem. 247:6071
Lecuyer, H., Dervichian, D. G. 1969. Structure of aqueous mixtures of lecithin and
cholesterol. J. Mol. Biol. 45:39

Lesslauer, W., Cain, J., Blasie, J. K. 1971. On thelocation of 1-anilino-8-naphthalene-
sulfonate in lipid model systems. Biochim. Biophys. Acta 241:547

Levine, Y. K., Bailey, A. 1., Wilkins, M. H. F. 1968. Multilayers of phespholipid
bimolecular leaflets. Nature 220:577

Lippert, J. L., Peticolas, W. L. 1971. Laser Raman investigation of the effect of
cholesterol on conformational changes in dipalmitoyl lecithin multilayers. Proc.
Nat. Acad. Sci. 68:1572

Phillips, M. C., Finer, E. G., Hauser, H. 1972. Differences between conformations
of lecithin and phosphatidylethanolamine polar groups and their effects on inter-
actions of phospholipid bilayer membranes. Biochim. Biophys. Acta 290:397
Phillips, M. C., Williams, R. M., Chapman, D. 1969. On the nature of hydrocarbon
chain motions on lipid liquid crystals. Chem. Phys. Lipids 3:234

Radda, G. K., Vanderkooi, J. 1972. Can fluorescent probes tell us anything about
membranes. Biochim. Biophys. Acta 265:509



340

23.

24.

25.

26.

27.

28.

29.

30.

31.

D. H. Haynes and H. Staerk: ANS™ as Membrane Surface Probe

Schreier-Muccillo, S., Marsh, D., Dugas, H., Schneider, H., Smith, [. C. P. 1973.
A spin probe study of the influence of cholesterol on motion and orientation of
phospholipids in oriented multibilayers and vesicles. Chem. Phys. Lipids 10:11
Stryer, I.. 1965. The interaction of a napthalene dye with apomyglobin and apohemo-
globin: A fluorescent probe of nonpolar binding sites. J. Mol. Biol. 13:482
Trauble, H. 1971. Phasenumwandlungen in Lipiden: Mogliche Schaltprozesse in
biologischen Membranen. Naturwissenschaften 58:277

Triuble, H., Grell, E. 1971. The formation of asymmetrical spherical lecithin
vesicles. Neurosci. Res. Prog. Bull. 9(3):373

Triauble, H., Haynes, D. H. 1971. The volume change in lipid bilayer lamella at the
crystalline-lipid crystalline phase transition. Chem. Phys. Lipids 7:324

Trauble, H., Overath, P. 1973. The structure of Escherichia coli membranes studied
by fluorescence measurements of lipid phase transitions. Biochim. Biophys. Acta
307:491

Turner, D. G., Brand, L. 1968. Quantitative estimation of protein binding site
polarity. Fluorescence of N-arylnaphthalenesulfonates. Biochemistry 7:3381
Vanderkooi, J., Martonosi, A. 1971. Sarcoplasmic reticulum. XII: The interaction
of 8-anilino-~1-naphthalene sulfonate with skeletal muscle microsomes. Arch. Biochem.
Biophys. 144:87

Weber, G., Laurence, D. J. R. 1954. Fluorescent indicators of absorption in aqueous
solution and on the solid phase. Biochem. J. 56:xxxi



