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Estimation of Membrane Surface Potential and Charge Density from
the Phase Equilibrium of a Paramagnetic Amphiphile”

J. David Castle’ and Wayne L. Hubbeli$:*

ABSTRACT: The distribution of a paramagnetic amphiphile,
N,N-dimethyl-NV-nonyl-N-tempoylammonium ion, between
the membranes of charged phospholipid vesicles and the sur-
rounding aqueous medium was studied by electron paramag-
netic resonance spectroscopy. By systematically varying the
surface charge of the vesicles and the aqueous electrolyte
concentration, the distribution was shown to indicate vesicle

At the interface between two nonmiscible phases, one
aqueous and the other nonpolar, the existence of immobilized
net charge gives rise to an electric field extending from the
surface. If the mobile counterions and other ionic species
present in the aqueous phase are assumed to be in thermal
equilibrium, the presence of a field will cause their nonuniform
distribution such that the ionic concentration at any point in
the field will be described by the Boltzmann distribution ¢ =
cp exp (—Zey/kT), where ¢y, is the concentration in bulk so-
lution remote from the field and ¢ and Y are, respectively, the
concentration of the ion and the potential at the point in
question (relative to a zero potential reference); Z,e,k, T are
the ionic valence, electronic charge, Boltzmann constant, and
absolute temperature, respectively.

Biological membranes constitute a thin nonpolar phase
immiscible with aqueous phases on either side, and the con-
stituent phospholipid and protein molecules give rise to a net
charge on each of the interfaces. Studies of phospholipid
(Rouser et al., 1968) and protein composition (Rosenberg and
Guidotti, 1969) of the membrane have indicated that the net
charge contributed by both classes of molecules is, in most
cases, negative at physiologic pH. The resulting surface po-
tential is clearly an important parameter in characterizing cell
and organelle surfaces, and may be involved in regulating the
interactions between membranes. In order to assess this latter
possibility, and to investigate the capacities of particular cat-
jons to reduce the surface charge by specific binding, a simple
and rapid method of estimating surface potentials is desir-
able.

Estimates of surface potentials for bilayer membranes have
been obtained through the measurement of electrophoretic
mobilities of cells and organelles. Studies of this type have been
carried out on phospholipid liposomes (Barton, 1968; Haydon
and Myers, 1973; McLaughlin and Harary, 1976), mito-
chondria (Thompson and McLees, 1961), adrenal chromaffin
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surface potential. At each fixed phospholipid composition, the
surface potential exhibited a dependence on aqueous NaCl
concentration very similar to that predicted by the Gouy
equation. The ability to sense and quantitate surface potentials
makes this facile and sensitive technique of value in the study
of cell and organelle surfaces.

granules (Banks, 1966), and red blood cells (Haydon and
Seaman, 1967; Seaman and Uhlenbruck, 1963). A second
general approach taken to estimate surface potentials is based
on the partition of charged indicator molecules between the
aqueous medium and membrane surface. This method has
been applied to proteins (Moller and Kragh-Hansen, 1975),
detergent micelles (Moller and Kragh-Hansen, 1975), lipid
monolayers (Haynes, 1974), and liposomes (Montal and Gi-
tler, 1973). Finally, surface potentials have been estimated
from the conductance of black lipid membranes doped with
ion-selective carriers (McLaughlin et al., 1970, 1971; Muller
and Finkelstein, 1972a,b; McLaughlin and Harary, 1976).
In this report, we describe a technique of the partition variety
to estimate membrane surface potentials. Electron paramag-
netic resonance (EPR!) is used to follow the distribution of
the spin-labeled amphiphile, N,N-dimethyl-N-nonyl-N-
tempoylammonium bromide (spin-label 1) between the

CH, CH, CH,

CH,(CH, ),—N+ N—0
CH; oy bn,
Br~

spin-label 1

membrane phase of sonicated phospholipid vesicles (containing
phosphatidylcholine (PC) and phosphatidic acid (PA)) and
the aqueous medium as a function of surface charge density.
When associated with the membrane, this molecule exhibits
a restricted mobility such that the spectral lines of its EPR
signal are broadened relative to the lines for amphiphile free
in solution. Consequently, it is possible to quantitate the
amount of spin-labeled molecule present in each environment.
The technique is of sufficient sensitivity that the cationic
quaternary ammonium probe can be applied at levels low
enough that it does not substantially affect the intrinsic charge
of the electrostatic surface being tested. With this method, we

! Abbreviations used are: EPR, electron paramagnetic resonance; PC,
phosphatidylcholine; PA, phosphatidic acid; TLC, thin-layer chroma-
tography; DCF, 2/,7’-dichlorofluorescein; DEAE-cellulose, diethylami-
noethylcellulose; EGTA, ethylene glycol bis(8-aminoethyl ether)-
NV, N’-tetraacetic acid; GLC, gas-liquid chromatography: ANS™, §-ani-
lino-1-naphthalenesulfonate.
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demonstrate that: (1) relative distribution coefficients for the
spin-labeled amphiphile between phospholipid vesicles and the
surrounding medium are readily estimated directly from first
derivative spectra; (2) surface potentials of vesicles, as a
function of surface charge (phospholipid composition) and
aqueous salt concentration, can be calculated from the phase
distribution data, the zero potential reference being chosen as
vesicles formed entirely of PC; (3) the dependence of the ex-
perimentally determined surface potentials on salt concen-
tration is in close agreement with that predicted by the Gouy
equation at an estimated surface charge density based on the
phospholipid composition of the vesicle.

Materials and Methods

Synthesis of the Paramagnetic Amphiphile. The spin-
labeled amphiphile N,N-dimethyl-N-nonyl-N-tempoyl-
ammonium bromide was synthesized by one of us (W.L.H.)
from N,N-dimethyl-4-amino-2,2,6,6-tetramethylpiperidine
and n-nonyl bromide (in place of n-dodecy! bromide) as de-
scribed previously (Hubbell et al., 1970). Following ion-ex-
change chromatography on AG 2-X8 anion-exchange resin
in the bromide form, the compound was further purified by
preparative thin-layer chromatography (TLC) on silica gel G
(EM Laboratories, Elmsford, N.Y.). The nitroxide-containing
amphiphile was dissolved and applied in methanol, and the
plate was developed in chloroform-methanol-acetic acid-
water 50:25:8:4. The nitroxide-containing molecule, easily
located by its orange color, was scraped from the plate, dis-
solved in CHCls, concentrated by rotary evaporation, and
dried. Its purity was tested by TLC in the above solvent system
and was found to give a negative reaction with ninhydrin, a
single spot when sprayed with Dragendorff’s reagent and a
single spot when sprayed with 0.1% 2’,7’-dichlorofluorescein
(Stahl, 1969). The dried residue was then used directly for
preparing stock solutions for EPR spectroscopy.

Preparation of Phosphatidylcholine. Phosphatidylcholine
was purified from fresh hen eggs obtained locally, according
to the procedure of Singleton et al. (1963), except that alu-
minum oxide (neutral, activity grade 3 from Woelm) was
substituted for aluminum oxide (Merck) for column chro-
matography of the crude phosphatides dissolved in chloroform
(5% (w/v)). Quantitation of the final product by gravimetric
analysis and inorganic phosphate assay on ashed aliquots,
according to the procedure of Chen et al. (1956), gave identical
results.

Partial Purification of Phospholipase D. Phospholipase D
was purified from Savoy cabbage, purchased locally, through
the stage of cold acetone precipitation, according to the pro-
cedure of Davidson and Long (1958). To remove the amber-
green pigmented material still present in the acetone precipi-
tate, this crude preparation of phospholipase D was buffered
with 10 mM potassium phosphate, pH 6.5, and loaded (at 4
°C) onto a DEAE-cellulose column (0.9-cm diameter and
containing 1.3 g of DEAE-cellulose washed with 10 mM po-
tassium phosphate, pH 6.5) (Yang et al., 1967). The column
was eluted with a continuous gradient of NaCl, 0-500 mM in
10 mM potassium phosphate, pH 6.5. Enzymatic activity was
located by testing the degradative capacity (on the substrate
phosphatidylcholine) of aliquots of the column effluent. The
assay mixtures were analyzed by silica gel TLC on microscope
slides acidified with HCI vapors and developed with chloro-
form-methanol-HCI (concentrated) 87:13:0.5. The contam-
inating pigment, having an absorbance maximum at 715 nm
(but no substantial absorbance at 280 nm), eluted before
phospholipase D, which itself eluted before a second enzyme

BIOCHEMISTRY, VOL.

which utilized either PC or PA as substrate to yield an un-
identified product of distinct mobility from PA. Fractions
containing phospholipase D were pooled and used directly for
bulk enzymatic cleavage of PC without quantitation of the
enzymatic activity.

Preparation of Phosphatidic Acid. PA was prepared by
enzymatic degradation of egg PC with phospholipase D. The
bulk enzymatic degradation was carried out according to the
procedure of Walker and Wheeler (1975), except that the
volumes of the reaction mixture were doubled and the substrate
PC was increased to 90 umol/reaction vessel. The reactions
were carried out at room temperature under nitrogen. The
progress of the reaction was followed by TLC of the ether
phase on silica gel G microplates (Peifer, 1962) acidified with
HCI vapor before spotting and developed in chloroform-
methanol-HCI (concentrated) 87:13:0.5. The spots corre-
sponding to substrate PC (R ~0.22) and product PA (Ry
~0.33-0.66) were located by the K,Cr,07-H,SO4 charring
method (Stahl, 1969). The time for completion of the con-
version varied but was always 4 h or less. Upon termination of
the reaction, the reaction mixtures were extracted successively
with 2 volumes of diethyl ether, 1 volume of diethyl ether, and
2 volumes of chloroform. The organic phases were taken to
dryness in a nitrogen-purged rotary evaporator (run at room
temperature with a vacuum pump). The aqueous phase was
discarded, but the residual white precipitate from the
CHCI5~H,0 interface was suspended in 25 ml of chloro-
form-methanol 2:1 (v/v). The lower phase was collected and
taken to dryness in the flask containing dried residue of the
previous organic extracts. The residues were resuspended in
30 ml of chloroform-methanol 2:1. At this point, 4 uCi of
45CaCl, (New England Nuclear (1 xCi/ml)) was equilibrated
with this resuspension, and the removal of calcium was fol-
lowed during subsequent purification by liquid scintillation
counting. (70 mM CaCl, was required in the enzymatic
preparation of PA and the latter has a reported apparent as-
sociation constant for Ca2* of ~10% (Barton, 1968; Abramson
et al., 1966).) Initial extraction of the PA-containing resus-
pension, 1:1 (v/v) with 0.05 M EGTA-0.1 M NaCl (pH 7.5)
(Walker and Wheeler, 1975), resulted in removal of only 45%
of the 43Ca2*, All PA remained in the lower organic phase by
TLC. The organic phase was taken to dryness in a nitrogen-
purged rotary evaporator and redissolved in 12 ml of chloro-
form-methanol 2:1. The preparation was then extracted with
0.2 volume of 1 N HCl and the lower organic phase was sub-
sequently washed and clarified by centrifugation five times
with 0.2 volume of distilled H,O until the pH of the aqueous
wash reached 5.5. Between each wash the organic phase was
adjusted to original volume with chloroform-methanol 2:1.
The HCl extraction and subsequent washes effected removal
of 43Ca?* to a level of 99.6% of the original radioactivity (100%
of the radioactivity being accounted for at each step). The
organic phase was taken to dryness by rotary evaporation and
redissolved in 1.8 ml of chloroform-methanol 2:1, and the PA
was subsequently purified by preparative silica gel G TLC on
three 20 X 20 cm plates preacidified with HC! vapors. The
plates were developed at 4 °C in chloroform-methanol-HCl
87:13:0.5.2 After development, PA was located on the nitro-
gen-dried plates by spraying a thin center strip (0.5 cm) of each
plate with 0.1% DCF. PA (R, 0.5-0.8) was scraped from the
plates (excluding the stained center strip) leaving behind
DCF-positive contaminants with R 0.20, 0.26, and 0.92. The

2 A similar TLC procedure has been used by Romijn et al. (1972) for
the purification of PA.

15, No. 22, 1976 4819



TABLE t: Fatty Acid Composition of PC and PA.

Fatty Acid Chain Length: PC PA
No. Double Bonds (mol %) (mol %)
16:0 32.7 32.0
16:1 2.5 2.4
18:0 13.4 12.3
18:1 321 33.2
18:2 16.1 16.6
20:4 34 34

purified PA was eluted from the silica gel in a fritted glass
funnel with chloroform-methanol-HCI (concentrated) 87:
13:0.3, concentrated from 50 to 10 ml on a rotary evaporator,
and washed six times with 0.2 volume of H,O (the volume of
the lower organic phase being adjusted to 10 ml with chloro-
form-methanol 2:1 between each wash} until the pH of the
aqueous phase was 5.5. The final preparation was devoid of
detectable 43Ca?* and contained no detectable unlabeled Ca?*
(<0.03 mol/mol of PA) following preparative TLC as deter-
mined by atomic adsorption. The product gave a single spot
by TLC in either chloroform-methanol-HCI, 87:13:0.5, or
hexane-acetone-formic acid, 74:26:0.25 (Possmeyer et al.,
1969). Inorganic phosphate assay on ashed samples (Chen et
al., 1956) gave a yield of 55% of the initial PC substrate. PA
was stored at —20 °C in the free acid form in chloroform-
methanol 2:1.

Determination of the Fatty Acid Composition of PC and
PA. Toverify that the fatty acid composition of the phospho-
lipids used to prepare vesicles was the same, aliquots of each
phospholipid were subjected to transesterification to form
methyl esters of the fatty acids and subsequent identification
by gas-liquid chromatography (GLC).

Each phospholipid (1.5 mg), dissolved in 1 ml of methanol
along with 0.15 mg of heptadecanoic acid (used as an internal
standard), was reacted according to the procedure of Tinoco
et al. (1967). Heptadecanoic acid (0.45 mg) was processed as
a separate sample for eventual characterization of its position
in the elution profile from the gas-liquid chromatograph and
for calibration of weight equivalents of peak areas.

GLC was performed at 155 °C on 1-ul aliquots of ester
mixtures (dissolved in 100 ul of 2,2,4-trimethylpentane) in a
Varian Aerograph Series 2400 chromatograph equipped with
a column having diethylene glycol succinate as solid support
and a flame ionization detector. Methyl esters obtained from
Sigma Chemical Co. and Nu-chek Prep, Inc. (St. Louis, Mo.,
and Elysian, Minn.) were used as standards. The recorded
peaks for the experimental samples were integrated manually
using a compensating polar planimeter (Keuffel & Esser, Co.).
As shown in Table I, the fatty acid compositions for PC and
PA are very nearly the same. Additionally, in conjunction with
the phosphate determination, the fatty acid:phosphate molar
ratio was found to be 1.90 for PC and 2.00 for PA, another
indication of absence of gross contamination.

Using the fatty acid composition presented in Table I, av-
erage molecular weights for PC and PA were calculated to be
770 and 684, respectively.

Preparation of Phospholipid Vesicles. Aliquots of stock
lipids, stored under nitrogen at —20 °C, were removed in
quantity to give 50 mg/ml of the appropriate combination of
PC and PA in the final vesicle preparation. The solvent was
removed under a flow of nitrogen, and the lipids were taken to
dryness in a vacuum desiccator. Potassium phosphate buffer
(pH 7.4, 1 mM) was added (I ml/50 mg of dried lipid) and the
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samples were cooled in an ice bath and subjected to sonication
(Sonifier, Heat Systems-Ultrasonics, Inc., Plainview, N.Y.)
under nitrogen for 12-18 min at 35 W (the longer times being
used for preparations containing smaller amounts of PA). The
sonicates were subjected to centrifugation for 20 min at
31 000g,,, yielding pellets of titanium dust (from the sonifier
tip) and tiny amounts of poorly sonicated lipid. The pH of the
supernatants was carefully adjusted to 7.0 using 2 N NaOH,
the amount of NaOH added being noted for eventual use in
calculations of ionic strength. The stock vesicle suspensions,
prepared in this manner, were stored under nitrogen prior to
their dilution for surface-potential estimates. Where vesicle
preparations were stored overnight, a 3-min resonication was
performed 60 min prior to use.

Morphology of Sonicated Phospholipid Vesicles. Samples
of phospholipid vesicles were prepared for electron microscopy
by two different procedures.

(1) Negative Staining. Small volumes of stock vesicle
preparations in buffer were diluted 100-fold with water, and
0.1 ml of the diluted suspension (0.05 (w/v)) was mixed with
0.6 ml of water and 0.1 ml of 4% osmium tetroxide. Fixation
was carried out for 30 min at 0 °C. Drops of fixed vesicles were
applied to formvar- and carbon-coated 200-mesh copper grids
and, after 3 min, were negatively stained with 1% uranyl ace-
tate.

(2) Platinum Shadowing. Small volumes of stock vesicle
preparations were diluted 1000-fold with water. The diluted
vesicles (~0.005% (w/v)) were fixed exactly as described
above. Formvar- and carbon-coated 200-mesh copper grids
were given a strongly positively charged surface by applying
a drop of polylysine (10 mg/ml in H,O, pH 7, mol wt,, = 3000,
Sigma Chemical Co.). After 30 s, the grids were washed
thoroughly with water (without drying) and then coated with
a drop of the fixed vesicle suspension. After 3 min, each grid
was washed with water, and 0.5% uranyl acetate (in water) was
applied as a light negative stain to form a supporting glass
around the vesicles. The grids were then positioned in a Balzers
510 freeze-fracture apparatus and shadowed by evaporating
a 10-15 A layer of platinum onto their surface at an angle of
45°. The shadowed preparations were examined and photo-
graphed at a magnification of 45 000 in a Philips 201! electron
microscope.

Sample Preparation for EPR Measurements. The magni-
tude of the surface potential is a function of the aqueous ionic
concentration. Variations in surface potential for fixed con-
centrations of nitroxide-labeled amphiphile and phospholipid
(of specified PA-PC composition) were achieved by varying
the aqueous concentration of NaCl. Samples were prepared
from stock phospholipid vesicles (4.76% (w/v) lipid), 0.25 mM
stock spin-label 1 in | mM potassium phosphate, pH 7.4, and
NaCl prepared in | mM potassium phosphate, pH 7.4 (to give
0-400 mM final concentration). The samples were mixed 1 h
before conducting EPR measurements, which typically lasted
4 h. Spectra were always recorded in the order of descending
magnitude of surface potential (i.e., lowest NaCl concentration
first).

Samples of 250 ul were contained in a Varian quartz flat
cell. The Varian Model V-4500 spectrometer was operated in
the X-band frequency range at a klystron power of 10 mW.
The external magnetic field was scanned through 100 G with
a time span of 5 or 10 min. The recorder response time was 0.3
.

Measurements Using a Dual Sample Cell. To test spectral
additivity for membrane-associated and bulk-aqueous spin-
label, and to choose the best spectral representation of the total
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FIGURE |: (a) Negatively stained preparation of osmium-fixed phospholipid vesicles. The vesicles contain 4 mol % PA and 96 mol % PC. (b) Plaui-
num-shadowed preparation of phospholipid vesicles containing | mol % PA and 99 mol % PC affixed o polylysine-coated grids. Magnification of both

panels. X100 000. The reference bar corresponds to 1000 A.

spin-label in the system, we constructed a sample cell which
has two separate fluid compartments side-by-side. The cell
consists of two quartz capillary tubes (1.1-mm i.d. and 2.2-mm
0.d.) bound together and secured in the cavity such that the
side-by-side tubes have the same orientation as the Varian
quartz flat cell. The capillaries extend from both sample cell
mountings at the top and bottom of the cavity and are attached
to syringes to facilitate compartment filling with the cell fixed
in the cavity and klystron power maintained at ~10 mW (i.e.,
fixed cavity tune).

The operational symmetry of the dual sample cell was ver-
ified by recording and subsequently superimposing spectra of
identical samples (against buffer bianks) in each of the two
capillary chambers of the cell.

Measurement of Flipping Rates of Membrane-Associated
Spin-Label I. Determinations of flipping to the inner half of
the bilayer were carried out by an approach similar to that
taken by Kornberg and McConnell (1971). Sonicated phos-
pholipid vesicles and stock spin-label 1 were mixed at room
temperature to give final concentration of 1.9% (w/v) lipid and
2 X 107° M spin-label 1. At specified time points after mixing,
300-u] aliquots were removed and cooled to 0 °C in an ice-
water bath and 15 ul of 55 mM ascorbate (pH 7.0) was added
(final concentration 2.5 mM) to reduce spin-label in the bulk
solution and external bilayer surface. In preliminary experi-
ments, this level of ascorbate was verified to completely reduce
all available nitroxide in less than 3 min at 0 °C. Reduced

samples were rapidly transferred to the Varian flat cell, placed
in the EPR cavity, and maintained at 0 + 0.1 °C with a stream
of temperature-regulated nitrogen gas entering through the
cavity irradiation window. At no time did the sample, cooled
before placement in the spectrometer, reach a temperature
above 12 °C, and cooling to 0 °C was achieved in 3-4 min after
introducing the sample into the cell and the EPR cavity. The
spectra of samples were recorded 10 min after mixing with
ascorbate, and the amplitude of the remaining EPR signal was
used to determine the amount of spin internalized as a result
of flipping.

Results

Vesicle Size and Surface Charge. Typical dispersions of
phospholipid vesicles, prepared by sonication, are depicted in
Figure 1. The left panel shows vesicles fixed with OsO4 and
negatively stained with uranyl acetate, while the right panel
shows fixed vesicles adsorbed to a polylysine surface and
shadowed with a thin layer of platinum. Measurements of
vesicle size distributions were made on micrographs of mag-
nification 112 000 and the frequencies were recorded for 18
A increments in diameter. The results are reported in Table
I1. With regard to the actual vesicle diameters in aqueous
suspension, we remain uncertain as to the extent of vesicle
flattening incurred in preparing samples for microscopy. In
all cases, the weighted-average diameter is larger than the most
frequently observed diameter, indicating that the distribution
15, 1976 4821
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TABLE 11
Vesicle Most
Type Frequent? Weighted
Mol % Morphologic Vesicle Average?
PA Preparation Diameter  Vesicle Diameter
1 mol % Platinum 355 400 (s =110)
shadowing
Negative 345 375 (s =95)
staining
2 mol % Platinum 290 325 (s = 100)
shadowing
Negative 270 315 (s = 65)
staining
4 mol % Platinum 285 330 (s = 95)
shadowing
Negative 270 305 (s = 85)
staining

“ The most frequent diameter represents the center value of the
appropriate 18-A increment of measured diameter rounded off to the
nearest 5 A. # The weighted average vesicle diameter values have also
been rounded off to the nearest 5 A. The standard deviation is given
as an s-value in parentheses.

is asymmetric, being skewed toward larger diameters. Also,
vesicles of lower magnitude surface potential tend to be larger
than those of higher magnitude (compare the weighted-aver-
age diameter of 1 mol % PA-containing vesicles to 2 and 4 mol
% PA-containing vesicles). A small, but significant, fraction
of the vesicles have diameters greater than 480 A, this fraction
being most prevalent for vesicles containing 1 mol % PA.

If 280 A is taken as a representative, actual vesicle outer
diameter, with a bilayer thickness of 50 A, calculations pre-
sented under Appendix, part A show that there are approxi-
mately 5000 phospholipid molecules/vesicle. From the ratio,
outer surface area:inner surface area of the vesicle, ~70% of
the phospholipid molecules are present in the outer leaflet of
the bilayer. Thus, approximately 3500 phospholipid molecules
constitute the external surface of a 280-A diameter vesicle. For
vesicles containing 1, 2, 4, and 8 mol % PA used for surface
potential measurements, 35, 70, 140, and 280 molecules, re-
spectively, of PA would be expected to be present in this sur-
face, assuming that PA distribution parallels general phos-
pholipid distribution.? For future reference, at 2 X 107° M
spin-labeled amphiphile and 1.9% (w/v) phospholipid routinely
used for surface potential measurements, further calculation
(see Appendix, part A) indicates that there are a maximum
of 4 cationic, spin-labeled amphiphiles per phospholipid vesicle.
For 1 mol % PA-containing vesicles in the absence of NaCl,
90% of the amphiphile is membrane associated or ~3.6 mol-
ecules/vesicle. Thus, the presence of the probe contributes to
a maximum decrease of 10% in the inherent surface charge of
the vesicles. At higher PA concentrations, the decrease be-
comes progressively smaller.

Analysis of Spectra. EPR spectra of spin-label 1 in aqueous
solution and in membrane-containing samples with different

* Although Michaelson et al. {1973) have demonatrated an enrichment
of phosphatidylglycerol and, thus, a higher surface-charge density on the
outer surface relative to the inner surface of sonicated vesicles containing
50 mol % phosphatidylglycerol and 50 mol % phosphatidylcholine, theo-
retical calculations of Israelaehvili (1973) indicate that the ratio of the
nuniber of charges on the outer-inner surface (equal to 2.3 for a vesicle
of outer radius 150 A) is insignificantly different from the ratio of outer-
inner surface areas (70/30 = 2.3 for vesicles of the same diameter).
Therefore, at low concentrations of charged phospholipid (<10 mol % PA).
we assume that PA distribution parallels the ratio of surface areas.
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aqueous salt concentrations are depicted in Figure 2. The
spectra in Figure 2b (especially the I = —1 resonance lines)
clearly indicate the presence of two spin populations, one
vesicle bound (broadened signal) and the other free (sharp
signal), the relative proportions being a function of the salt
concentration and, thus, suggesting an electrolyte-dependent
equilibrium. The latter spectra are considered to be composites
representing the simple superposition of spectra of free and
bound spin-label {. The basis for this interpretation is presented
in Figure 3. 1Jsing the dual sample cell described under
Methods, spectra of aqueous spin-label I and predominantly
membrane-associated spin-label 1 were recorded individually,
the superposition of which is shown in Figure 3a. Simultaneous
recording of these two samples (Figure 3b) demonstrates the
exact summation of the separate components. Comparison of
Figure 3b to the spectrum of nearly the same proportions of
bulk aqueous and vesicle-associated spin-label | in equilibrium
(Figure 3c) indicates the close similarity in line shape. Thus,
we take the spectra (henceforth referred to as composite
spectra) to indicate an equilibrium between free and bound
spin populations, the exchange frequency of the amphiphile
being slow relative to the frequency corresponding to the dif-
ference in line widths of the membrane-associated and bulk
aqueous peaks of the I = —| resonance. The well-resolved
high-field resonance is, therefore, an indicator of spin-labeled
amphiphile residing in the bulk aqueous phase.

The relative proportions of bound and free paramagnetic
amphiphile in equilibrium change as a function of aqueous salt
concentration reflecting changes in surface potential. The
fundamental information required from each spectrum is a
measure proportional to the ratio of the number of spin-labeled
molecules in each environment. We have extracted these data
from composite spectra according to two general methods.

Method 1. Based on the fact that the amplitudes of reso-
nance lines are proportional to the size of the particular spin
population, the following procedure is used to derive an am-
plitude (and, hence, spin population) ratio from composite
spectra. (1) The amplitude, peak-to-trough, of the well-re-
solved, high-field resonance line for aqueous spin is measured
(corrected for underlying bound signal based on the known line
shape (refer to Figure 2b)). The amplitude will be referred to
as Ag—1). (2) An amplitude proportional to the total spin
present in the system is determined. Reference to Figure 3
(panels a and b) indicates that the best choice is the trough
amplitude of the I = 0 resonance line, where the troughs for
membrane-associated and aqueous spin-labeled molecules are
nearly coincident (displacement <0.4-G). Thus, 47,0 =
A vy T A s = ke + kynp, where A7 is the amplitude of
the trough,* ny and ny are, respectively, the number of spin
molecules free in aqueous solution and bound to the membrane,
and ky and ky are proportionality constants. (3) To obtain
A7 0y, the measured amplitude of the high field resonance line
{Ar(-1)) must be scaled by a factor which takes account of the
inherent amplitude difference of the I = 0 and I = —~1 reso-
nance lines. For spin-label 1 in aqueous solution, 4y, = 1.12
A=y (refer to Figure 2a). Since the trough represents half
the total amplitude of the symmetrical derivative signal, 4 7y,
= 0.56 Ay(<1). (4) The fraction of total amplitude that is con-

* For the amplitude, denoted A, the superscript “—"" indicates that the
amplitude is measured for the trough only of the resonance line. The
subscripts in the notation refer to free, [t bound, b; and total spins. The
parenthetically enclosed number, (0) or (—1) identifies the resonance line
determined by the nitrogen nuclear-spin quantum numbers, [ = 0 and 1

=~
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I=+l
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FIGURE 2: (a) EPR spectrum of 2 X 10~% M spin-label 1 in aqueous so-
lution. Note that the amplitudes are different for each of the three reso-
nance lines, | = +1,1 =0,1 = —1. (b) Spectra of 2 X 10~ M spin-label
1 in the presence of phospholipid vesicles containing 8 mol % PA and
suspended in 400 mM (—), 50 mM (- -), or in the absence (- - -) of NaCl.
The NaCl concentrations span the range used for surface potential mea-
surements. The I = —1 resonance line shows a well-resolved sharp
(aqueous) signal, the amplitude of which, designated Ay, varies with salt
concentration. Based on the known line shape for the broadened signal a
baseline (- - -) has been provided for the sharp signal. The trough of the
I = 0 resonance line has been designated 4741, Since it is used as a
measure of total spin-label 1 for the calculation of distribution coeffi-
cients.

tributed by aqueous spin-label is calculated as 4~ yo)/
A 1oral(0), and the fractional amplitude of membrane-associ-
ated spin-label 47 p0)/ A 10ta10) = 1 = {47 ¢0)/ 4 " totale))- The
ratio of the latter to the former of these fractional amplitudes
yields A7v(0)/ A" r0) which, from above, is equal to kpny/keny
= fB(ny/ne). Thus, the ratio of the number of nitroxide-labeled
amphiphile molecules in each environment is reflected in an
amplitude ratio for bound:free spin.

This method of data reduction is based on the assumption
that spectral changes result only from population changes and
not from line shape changes. For the signal arising from
membrane-associated nitroxide, we have verified that line
shape is independent of the concentration of spin-label 1. At
concentrations of 1 X 107 M or less, the measured amplitude
ratio A u(0)/ A "torai(o) from composite spectra is independent
of spin concentration for 4 mol % PA-containing vesicles sus-
pended in | mM phosphate buffer. Furthermore, under con-
ditions where nearly all of the amphiphile is membrane asso-
ciated (at 4 and 8 mol % PA), the identity of spectra taken of
vesicles of distinct inherent surface charge (PA concentration),
but prepared at the same surface potential by adjusting the
bulk NaCl concentration, indicates that intrinsic line shapes
are not a function of PA content or NaCl concentration.

POTENTIAL
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Ia+l ‘}
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10 gouss Is0

FIGURE 3: EPR spectra obtained using the dual sample cell comprising
two quartz capillary tubes mounted side-by-side. (a) The superposition
of spectra recorded individually for 4 X 10=¢ M aqueous spin-label 1 (—)
and 2 X 10~> M spin-label 1 in the presence of 4 mol % PA-containing
vesicles (- - +), where the bulk of the spin-label is membrane associated.
(b) The spectrum recorded with both of the above samples present in the
cavity simultaneously. Manual summation of the individual spectra in 3a
gives this same spectrum. (c) EPR spectrum for a sample representing the
equilibrium between nearly the same proportions of aqueous and bound
spin-label 1 recorded in the single compartment Varian flat cell. The close
similarity in line shape between 3b and 3c provides the basis for treating
composite spectra as the superposition of spectra for two spin popula-
tions—free and bound.

For the signal arising from aqueous spin-label 1, line shape
is independent of salt concentration over the range routinely
used in surface potential titrations (0-400 mM). The hyperfine
coupling constant in all cases is 16.76 + 0.06 G. Fluctuations
in this parameter are produced only at exceedingly high salt
concentrations (Hamilton and McConnell, 1968). Finally,
exchange broadening of the signal was not detectable at an
aqueous concentration of spin-label 1 of 2.5 mM, which ex-
ceeds the maximum concentration expected at the vesicle
surface.’

Method 2. The second general approach to determining the
equilibrium distribution of spin-label from the composite
spectra (Figure 2b,c) is based on the direct determination of
the number of molecules of spin-label 1 present in each phase.
We have carried out this measurement in two ways.

Using aqueous solutions of 2 X 10~5 M spin-label 1, we have
calibrated the amplitude of the high-field resonance line in
units of nanomoles of spin-label. For vesicle-containing samples
with the same total amount of spin, the amount of aqueous spin

% The upper limit of surface potentials investigated here is ~100 mV.
At 2 X 1073 M spin-label I, the maximum surface concentration is esti-
mated as ¢max = (2 X 1075)e ¥ZF/RT ~ | mM.
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FIGURE 4: Schematic drawing and space-filling models indicating the
equilibrium and likely mode of association of spin-label | with the mem-
brane. In the drawing, the aqueous interior volume of the vesicle has been
labeled V;: the volume of the hydrocarbon phase of the membrane, Vi
the volume of the aqueous surface phase occupied by the nitroxide of
membrane-associated spin label 1, V.. and the volume of bulk aqueous
solution, ¥, puik. The amphiphile is designated by a small filled circle with
a short-pleated tail. Spin-label residing within V.., gives rise to a partially
immobilized signal. The alkyl chain of the probe penetrates into the non-
polar interior of the membrane to the level of the 5th or 6th carbon of the
phospholipid fatty acid chains, as indicated by the space-filling models.
Penetration of the quaternary ammonium group of spin-label | below the
level of the lipid-glycerol backbone is unlikely (Parsegian, 1969) and in-
dicates the inner boundary of the vesicle phase. The quaternary ammonium
is thus placed at the level of the phospholipid phosphate, while the nitroxide
extends to the level of the PC choline head groups. When the quaternary
ammonium group is located external to the choline nitrogens, motion is
expected to be too rapid to generate partially immobilized spectra. This
view is supported by the relatively sharp EPR spectrum obtained at room
temperature for bilayers containing PC spin-labeled on the choline ni-
trogen. Thus, the region of the choline nitrogens is taken as an outer limit
to the vesicle phase. V... is, thus, the volume of this thin shell ~10 A thick
surrounding cach vesicle and corrected for the excluded volume of the
phospholipid headgroups.

is measured directly in nanomoles as the amplitude of the I =
—1 aqueous signal in the composite spectrum. Since the pre-
pared sample contains a known total amount of spin-label 1,
the quantity of membrane-associated label is obtained by
difference. Thus, the phase population ratio ny/nyis expressed
directly. Since this method is based on absolute magnitudes
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of peak heights and not ratios of the peak heights, the mea-
surements are anticipated to be sensitive to the reproducibility
of tuning of the EPR spectrometer, the linearity of the in-
strument’s signal amplifier, and the reproducibility in pre-
paring samples.

Another drawback in determining population ratios from
measurements of absolute peak amplitudes (rather than peak
ratios) is that the total spin concentration must be insured to
remain constant. Nitroxide probes often undergo substantial
reduction in the presence of biologic membranes (Kury and
McConnell, 1975; Kornberg et al., 1972). However, with
freshly prepared vesicles containing PC and PA, we observe
a near constancy in total spin-label concentration for a period
of at least 6 h after preparation of the vesicles. Thus, this
method provides a convenient test of the more generally ap-
plicable peak ratios method of calculating population ratios.

The number of moles of spin-label 1 present in each phase
was also determined from values of aqueous and total spin
intensity obtained from twice-integrated EPR spectra. Com-
posite spectra for each surface charge and salt concentration
were recorded on magnetic tape and integrated by standard
computer techniques. The resulting absorption spectra (scaled
and plotted) were integrated a second time by planimetry to
obtain areas proportional to total- and free-spin populations,
the latter taken as three times the area of the absorption peak
due to the high field resonance of the free spin. By analogy to
part 4 of Method 1, the area fraction of free spin was used to
calculate the ratio of bound to free spin, ny/np. As will be
subsequently shown, the primary intent of determining ny/n¢
by integration is to corroborate the measurements obtained
directly from the first derivative spectra, the latter method
being preferred because of its simplicity.

Thermodynamic Analysis of the Equilibrium. The distri-
bution of spin between the external vesicle surface and the bulk
solution is treated as a simple phase equilibrium. The mem-
brane surface phase is considered to have a well-defined volume
per gram of lipid, ¥,.,. Operationally, this volume is unam-
biguously defined as that volume per gram of lipid occupied
by spin-labels giving rise to a bound (partially immobilized)
signal. Furthermore, V.., is taken to be a constant independent
of surface charge density and ionic strength. For any vesicle
preparation, the total volume of the vesicle phase is V. =
mVyes, where my is the mass of lipid. The volume of the bulk
aqueous phase available to the spin-label, Vg, is defined as ¥y
= MyqVag. Where m,, is the mass of solvent external to the
vesicle surface phase and V,q is the partial specific volume of
the solvent. The definitions assume that the spin-label does not
sample the internal vesicle membrane surface or aqueous
space. The experimental basis for this assumption will be dis-
cussed below.

Although not required for a formal analysis, a physically
realistic interpretation of Vs and V4 is shown in Figure 4 for
a single vesicle.

The electrochemical potentials of the spin-label in the vesicle
{(membrane) and bulk aqueous phases are defined as,

,avm = .uavcs + RT In(ch<7vcs) + ZF"pvcs

n&nq = .Uo:lq + RT In (X:iq'Yuq)

where u®., 1%, are the chemical potentials in the corre-
sponding Henry’s law standard states for each phase in the
absence of external electric fields and electrolytes; yyes, vaq are
the single ion activity coefficients in the two phases; Xy, Xaq
are the mole fractions of the spin-iabel in the two phases de-
fined such that in each phase, X (label) + X (H20) = 1; Yues
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is the average electric potential within V¢ referenced toy =

0 in the bulk aqueous phase (see below); Z,F,R,T are, re-

spectively, the charge on the spin-label, the Faraday constant,

the universal gas constant, and the absolute temperature.
At equilibrium, fiyes = fiag and

_ <ZF¢S> =1In <Xve57ves> + <#°ves _ I-‘°aq> (1)
RT XaqYaq RT

The quantity u®.; — #°,q is the unitary free energy of transfer
of a spin-label from the aqueous phase to the vesicle phase, and
—(1%ves — 1%q)/RT = In Ky, where K is the phase partition
coefficient (equilibrium constant) for the spin in the absence
of a surface potential. The quantity (Xes¥ves/XaqYaq) = K is
just the equilibrium constant in the presence of a surface po-
tential. Thus, eq 1 may be expressed as:

K = Koe=ZF¥s/RT or g = —<E> In <—£> (2)
ZF Ky

Equation 2 shows that the surface potential y of any vesicle

may be determined directly by measurement of the spin-label

partition coefficient (K) if the value in the absence of surface

charge, Ky, is known. In order to obtain values of K and K¢

from spectral data, we assume that deviations of activity

coefficients from unity are similar in both phases (i.., Yves/Yaq

~ 1) and thus reduce each equilibrium constant to a mole

fraction ratio. With this approximation and in dilute solution
of spin-label 1,

K = XvesYves ~ Kves ~ <ﬂg§>/<ﬁgﬂ> (3)
Xaq'Yaq Xaq Vies Vaq

where n,¢ is the number of spins in the defined vesicle phase
of volume Ve, and naq/ Vag is the number of “free” spins per
aqueous volume external to the ionic double layer.6 Recalling
that 4™ v0)/ A r0) = B(np/nr) (method 1 of spectral analysis),
eq 3 can be written (taking ny/n; = nyes/Naq as discussed in
footnote 6).

and plots of A7¢0)/ A b0y VS. Vag/ Vves at a constant s are
expected to be linear. The slopes of such plots at different
values of Y5 then yield relative values of K. The variable V,q/
Vs is easily manipulated by changes in vesicle concentration,
and is expressed in terms of experimentally accessible quan-
tities according to the following equation, the derivation of
which is present under Appendix, part B.

¢ Rigorously, the volume V,q in eq 3 is not the same as that defined in
Figure 4, and should be taken as the volume of bulk solution excluding the
principal volume of the double layer. However, in all but the most extreme
dilutions of NaCl, the Debye lengths are sufficiently short to allow V4q
of eq 3 to be closely approximated by the total aqueous volume.

The sharp EPR resonance due to free spin contains contributions from
all free spin, including those within the double layer. Since the volume of
the double layer is usually a small fraction of the total solution volume,
and because of the large excess of sodium ions relative to the spin-label
cation, the free spin in the double layer is a negligible contribution to the
total free spin for the surface charge densities and ionic strengths con-
sidered here. As an excellent approximation, the number of free spins
determined from the EPR spectra () will be identified with n,q in eq 3,
and #y/np = nyes/Rag. Inaccuracies incurred by this approximation become
significant only for the higher surface-charge densities (4 and 8 mol % PA)
at extreme dilution of NaCl, where the fraction of excess charge in the
double layer due to the spin-label becomes significant. In these limiting
cases, the maximum error contributed by this source to the derived surface
potential amounts to ca. 10-15%. It should be pointed out that this error
in very dilute salt solutions is, to a large extent, canceled by the approxi-
mation error in ¥,q under these same conditions.

20 PC atone
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les% PA o
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T T T T T
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00! M NaCl-

4 moles% PAT|
No NaCl 1
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FIGURE 5: The amplitude ratio of free:bound spin-label 1 as a function
of the mass ratio m1/miipia. Phospholipid vesicles comprising pure PC or
the specified PA content at final lipid concentrations of 3.80, 1.90, 0.95,
0.48, 0.38, 0.19% (w/v) were mixed with 2 X 1075 M spin-label 1 and
NaCl at 0,0.010, or 0.200 M final concentration. The magnitudes of the
error bars have been calculated from measured uncertainties of 0.4% in
the reproducibility of recording of EPR spectra, 0.5% in the measurement
of peak amplitudes, and an estimated maximum error of 10% in sample
preparation.

2= (G- ®

where: m1/mj is the ratio of the total solvent mass to the total
mass of lipid in a sample; V,q and V.. are as defined pre-
viously; Q is a constant (defined under Appendix). Equation
4 may then be written as:

con (HE[E) -]

A b(0) KB Vves m
Plots of A~ ¢0)/ A v(0y vs. m1/m; for vesicles containing dif-
ferent amounts of PA and suspended in different NaCl con-
centrations are shown in Figure 5. The plots are linear and,
according to eq 6, are expected to have slopes and intercepts
of (Vag/ Vees)(1/KB) and (—Q/KB)(Vaq/ Vves), respectively.
Also included are data for vesicles containing PC alone, the
zero surface potential reference. Error bars representing a
combined uncertainty in sample preparation, reproducibility
in recording EPR spectra, and measurement of peak ampli-
tudes are included to indicate the variation in the data and are
found to be largest at the very low lipid concentrations.
Therefore, we routinely carried out surface potential mea-
surements on samples containing 1.9% (w/v) lipid where
uncertainties in the intensity ratios are small.

The experiment for vesicles containing PC only was carried
out three times, and treatment of the data by the method of
linear least-squares indicated an ordinate intercept of 0.0029.
The linear equation predicts that the intercept should be neg-
ative, since each of the quantities Vyes, Vaq, @, 8, and K is
positive. The magnitude of the intercept, however, must be less
than 0.03,7 and we hesitate to interpret such a small discrep-
ancy, although we consistently observed that best linear plots
for the data gave positive intercepts which tended toward
higher values as the surface potential was increased. Either
there is some small systematic error in the manner in which
distribution ratios are deduced from the spectra, or an effect
such as a small but finite level of flipping of spin-label 1 to the

7 iy Flyess Vees (s€€ Appendix, part B) are all of the order of unity; ex-
perimentally, 3 ~ 0.15, while K varies with surface potential but is =500.
Thus, —0.03 < intercept < 0.
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FIGURE 6: The surface potential of phospholipid vesicles as a function of salt concentration. Surface potentials were calculated for each of the four types
of vesicle preparations (1, 2, 4, and 8 mol % PA) from measured amplitude ratios using eq 7 and are indicated by filled circles (®). For vesicles containing
4 mol % PA, data (&) are included for potentials calculated according to eq 9 using values of slopes of the type presented in Figure 5. For 8 mol % PA-
containing vesicles, surface potentials calculated from ratios ny/ny, determined both by calibration of the amplitude of the I = ~1 resonance line (3O)
and by double integration of derivative spectra (Q), are presented. The two broken lines in each panel indicate potentials calculated according to the

Gouy equation assuming an average area/phospholipid of 70 or 80 AZ.

inner half of the vesicle bilayer may explain this observa-
tion.

The Calculation of Surface Potentials. Most experimental
determinations of surface potential were carried out by taking
spectra of a series of vesicle samples at a fixed total lipid con-
centration 1.9% (w/v) in which the PA concentration (and thus
the surface charge) was fixed while the NaCl concentration
was varied from 0-0.400 M. The resulting phase distribution
measurements, derived from the spectra in three independent
manners (described under analysis of spectra and enumerated
below), were used individually to calculate surface potentials
using the appropriate form of eq 2.

Details of the following equations for surface potential
calculation from individual phase distribution measurements
are presented under Appendix, part C. (1) Where amplitude
ratios, A~ v(0)/ A "r(0), are derived from the magnitude of the
aqueous and total signals of the I = 0 resonance trough:

b (5D () i (2)(2))]

where m, is the mass of bulk solvent, external to the vesicle,
my is the mass of lipid, and «y is the inverse slope of the plot of
A7 0y/ A w0y vs. mT/my for the PC reference. In practice, m,q
=~ mT and this approximation may be used in eq 7 and 8 below
with little error. (2) Where spin-label distribution ratios, ny/ny,
are derived from nanomole calibration of the magnitude of the
aqueous high field (I = —1) resonance line (Method 2 under
analysis of spectra):

te= (e () e ()

with m,q/m; and ap as above, and 3 = ky/ k. The constants
krand ky are determined on the day of the experiment from
a total aqueous amphiphile standard and a high surface po-
tential vesicle sample (where the amphiphile is maximally
membrane associated). (3) Where distribution ratios are de-
termined from doubly integrated spectra, the equation relating

(8)
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Y5 to the measured ny/ ng, as discussed under Appendix, part
B, is identical to eq 8.

A fourth calculation of i, also based on eq 2, is afforded by
experiments comprising the phase distribution measurements
as a function of systematic variation of the total weight con-
centration of lipid (eq 6). For this latter calculation,

RT « RT K
v (G ()= @) (%)
ZF o ZF Ko
where o = KB(Vyes/ Vag) and ao = KoB (Ves/ Vag) are just the
inverse slopes of 4~ (0)/A b0y vs. mr/m plots (Figure 5) for
the chosen experimental sample (fixed surface charge plus
fixed salt concentration) and the zero surface charge (PC in
buffer) reference, respectively.

Figure 6 presents the results of determinations of ¥ as a
function of NaCl concentration from amphiphile distribution
data obtained for four types of phospholipid vesicles containing
1, 2, 4, and 8 mol % PA. The data in each panel are supple-
mented by curves which indicate the potentials predicted by
the Gouy equation Y = (2k7T/e) sinh~' (a/c!/2)(5007/
DRT)'/? at two different assumed surface charge densities,
o, calculated using molecular areas of 70 A2 and 80 A2 per
phospholipid. In this expression, k, R, and D are the
Boltzmann, universal gas, and aqueous dielectric constants
respectively; 7, the absolute temperature; e, the unit electronic
charge; and ¢, the molar ionic concentration (Verwey and
Overbeek, 1948; Davies and Rideal, 1963).

In determining the ionic concentration, we have taken into
account the concentration of counterions of PA, the amount
of NaOH used to neutralize the vesicle preparations before use,
the | mM phosphate buffer at pH 7, and the NaCl concen-
tration.

From Figure 6 it is obvious that the dependence of surface
potential on NaCl concentration is, to a close approximation,
the same as that predicted by the Gouy equation, and the ab-
solute magnitudes of the surface potentials are nearly coinei-
dent with ¥ (70 A2/molecule) for vesicles containing 1 and

€))
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2 mol % PA. There is also striking agreement of the surface
potential profiles measured experimentally for vesicles con-
taining 8 mol % PA and calculated according to the Gouy
equation (80 A2/molecule). Although predicted and measured
surface potential profiles for 4 mol % PA-containing vesicles
exhibit the same shape, there is a small but significant (~4
mV) systematic difference between the calculated (80 A2/
molecule) and experimental values of the surface potential.

All independent methods for determining ¥ as a function
of NaCl concentration are in reasonable agreement. Thus, the
simple use of amplitude ratios for bound:free spin-label 1 for
estimating surface potentials is entirely acceptable and, in fact,
proves to be the method of choice, since it automatically nor-
malizes for variations in total spin concentration and other
fluctuations, and shows the least scatter from a smooth curve
of best fit. As shown by the two distinct experiments presented
for 4 mol % PA-containing vesicles (Figure 6c), the values of
surface potential are reproducible to within 10% at potentials
more negative than —10 mV. The reproducibility for vesicles
having surface potentials of magnitude lower than 10 mV
should improve if precautions are taken to maintain a repro-
ducible temperature while taking spectra and, as the subse-
quent discussion of amphiphile flipping rate indicates, to
measure phase distributions of vesicle preparations at a
standardized time after introduction of the label.

The fact that the absolute magnitudes of ¥, obtained by the
method of choice (eq 7) are consistently slightly lower than
obtained by the other methods described may reflect the very
slight (0.4 G) discoincidence in the troughs of the I = 0 reso-
nance lines for membrane-associated and free paramagnetic
amphiphile.

The relationship between s and ¥ is presented in a dif-
ferent manner in Figure 7. The solid line in each panel is drawn
with a slope of unity, and it is clear from the figure that ¢ =
¥ £ Ay, where Ay is a small constant, and is a measure of any
systematic difference between the theoretical and experimental
surface potentials. Thus, (3¢G/dc¢),. 7 = (d¢s/dc), T for all
values of ¢ (the NaCl concentration) and the experimental and
theoretical curves of ¥ vs. ¢ have the same shape, irrespective
of the absolute magnitudes of the potentials.

The practical significance of this result may be seen by
equating the expressions for the appropriate concentration
derivatives of ¥ and y; (from eq 7) to give

2 2
o = (1.28 X 109) <‘_9£1_>‘> /{(_}__l) <6 In >\> ]
dc /oT a3 ¢ dc /oT

where A = 470/ 4 0y and the numerical values of physical
constants have been substituted for a temperature of 22 °C (¢
in esu/cm?). Thus, ¢ may be estimated simply from the de-
pendence of A on ¢ without any knowledge of the constant
terms (8, Ko, maq/m) involved in eq 7. This result will be useful
in biological membrane systems where K| is difficult to de-
termine. Furthermore, relatively small errors in the constant
terms of eq 7 lead to substantial systematic errors in ¥, but
such errors do not influence the derived value of 2,

Osmotic Effects on Phospholipid Vesicles. Another inter-
esting application of the amphiphile phase distribution is the
detection of internal volume changes in vesicles. If the am-
phiphile is trapped within the vesicle internal space, the re-
sulting equilibrium spin distribution between the internal
volume and internal membrane surface will change with
changes in the internal volume. In one experiment of this type,
vesicles containing interiorized amphiphile were prepared by
sonication in its presence followed by ascorbate reduction of
the external spin. When these vesicles were subjected to hy-
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FIGURE 7: Correlation between the theoretical (Yg) and experimental
(¥,) surface potentials. Each panel is a plot of the experimental potential
vs. its theoretically predicted value at a fixed surface charge and variable
NaCl concentration. The data are replotted from Figure 6. The solid lines
are drawn with a slope of unity. For 1 and 2 mol % PA, ¥ was calculated
from o corresponding to 70 A2/phospholipid; for 4 and 8 mol % PA, y¢
was calculated from o corresponding to 80 A2/phospholipid. The reasons
for these choices of area are found under Discussion.

pertonic sucrose (1 M), a 37% decrease in free spin was ob-
served, indicating a substantial decrease in internal volume.

The Kinetics of Transmembrane Migration of Spin-Label
1. The determination of surface potentials by the methods
described above implicitly assumes that the bound spin-label
1 resides only on the outer membrane surface. If transmem-
brane movement of the amphiphile occurred to a significant
extent during the experiments, it would effect an overestimate
of the equilibrium constant X as defined in eq 3.

Measurements of the spin “flipping” rate (from spectra
recorded at 0 °C following the ascorbate reduction) were
carried out for several vesicle preparations. In quantitating
internalized nitroxide, we assume that the contribution of
spin-label 1 present in V;, the aqueous interior of the vesicle
(Figure 4) is at all times negligible (the internal volume is very
small and the equilibrium constant for association with the
inner half of the bilayer is high even at 0 °C). Thus, the total
amplitude of the I = 0 resonance line after ascorbate reduction
may be used for quantitation and can be related to the amount
of internal spin-label by a single constant.

To follow the first-order approach to equilibrium of trans-
membrane migration of spin-label 1, we used freshly prepared
vesicles containing 4 mol % PA suspended in the absence of
NaCl. Although, in reality, not quite all of the amphiphile is
membrane associated at the onset, we assume complete
membrane association (K equal to infinity) with the intent of
predicting a minimum half-time of internalization. The rate
equations are then similar to those presented by Kornberg and
McConnell (1971) for flipping of tempoyl-PC:

1n<1 ——5;) =1n<1 -4 ) =—<1 +g—0) kt=—k't (10)

ni A&

n;, 1% indicate, respectively, the number of moles of spin-label
1 present on the inner surface of the vesicle bilayer at time ¢
and at equilibrium (Az, t = 0, n; = 0). 4; and A4°9 are the
corresponding signal amplitudes (experimentally measured);
S; and Sg are the inner and outer membrane surface areas,
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respectively; k is the true first-order rate constant.® A plot of
experimental data, according to eq 10, is linear over 6 h with
a slope, k', equal to 1.2 X 1072 min~!', This corresponds to a
minimal expected half-time of ~580 min for the approach to
equilibrium of amphiphile transmembrane migration. k, the
true first-order rate constant, is (from k) equal to 0.8 X 1073
min~!

To estimate the maximal effect that flipping could have on
the magnitude of the surface potential for vesicles containing
PA and PC, we use the above kinetic data (1'/2 = 580 min) to
calculate that a fraction 0.075 of the total spin-label 1 is in-
ternalized at ¢ = 4 h (the most frequent duration of phase
distribution measurements). The result is a decrease in total
spin in equilibrium with the external surface by an amount
corresponding to the internalized spin-label 1. Since the ex-
ternal phase equilibrium is always maintained, the ratio ny/n¢
becomes dependent on the amount of internalized spin (»;) and
is given by ny/ne = (ni + fn(0)(nt — 1)1/ [(1 = fm(0))(nT —
n;)] where f1,(0) is the fraction of total spin (n7) that is bound
att = 0 (fn(0) = ny/nt; refer to Table 111 below). Atz = 4 h,
we calculate that the increase in n,/n; due to flipping results
in a maximum overestimate of 6% in the derived surface po-
tential. In each experimental series of surface potential esti-
mates at fixed inherent surface charge, we consistently took
spectra of the high magnitude potential samples first. Thus,
only the measurements of vesicles having low magnitude sur-
face potential (high NaCl concentration) should be affected
to a level approaching 6%.

When eq 10 is reexpressed in exponential form, values of 4;
are readily calculated as a function of time after the onset of
transmembrane migration. Plots of the calculated A; vs. t are,
to a close approximation, linear up to 60 min. Thus, the initial
transmembrane migration process can be satisfactorily treated
according to zero-order kinetics. For the first 60 min,

ddi 5 (S0 = o
s (SO> nrkfm(0) = k (an
where 6 is the constant relating peak amplitude to internal
spin-label 1 determined from a spectrum recorded at 0 °C for
vesicles containing 4 mol % PA suspended in 1 mM phosphate
buffer; Si, So, nt, and f;,(0) are as previously defined; & is,
again, the true first-order rate constant; and k° is the
pseudo-zero-order rate constant. Measurements of AA4;/At,
then, provide k°® which, in turn, may be used to obtain k from
the known values of 8, n, f;,(0), and (from microscopy) Si/So.
The results for vesicle preparations, analyzed in this manner,
are presented in Table III. The value of & for 4 mol % PA-
containing vesicles in the absence of NaCl (0.8 X 1073 min™")
is in complete agreement with the value obtained from the rate
of approach to equilibrium. Thus, the two kinetic analyses are
mutually consistent.

Of further note in Table I1I, the estimated first-order‘rate
constants are quite similar for the three preparations so ana-
lyzed, and the magnitude of & does not correlate with the
concentration of PA. Also, the aged preparation of vesicles
containing 4 mol % PA in the absence of NaCl translocates
spin-label 1 at a rate over five times greater than that found
for freshly prepared vesicles. Increase in the rate of tempoyl-PC
flip-flop observed with vesicles 2-3 days old (instead of fresh)
has been observed by Kornberg and McConnell (1971). For

% A4 is obtained by assuming that (a) line shapes of internal and ex-
ternal membrane-bound spin-label | are similar and (b) membrane-as-
sociated label is distributed at equilibrium according to surface area, 4;4
=0.30(Ap + A). But Ay + A4; = Ap(0), s0 4;°9 = 0.30 Ap(0).
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TABLE 111: Kinetics of Spin-Label 1 Transmembrane Migration.

Sample % Sm(0) &k (min—H)¢
4 mol % PA vesicles, 38X 1073 0945 0.8 x 1073
no NaCl, 3-h old
4 mol % PA vesicles, 0.8 X 1073 0.860 02X 1073
0.2 M NaCl, 24-h old
1 mol % PA vesicles, 19X 1073 0.888 0.4 X103
no NacCl, 40-h old
4 mol % PA vesicles, 200 X 1073
no NaCl, 12-days old
4 mol % dicetyl phosphate ~ >40.0 X 1073

vesicles, no NaCl, 40-h old

“ The AA; values have been taken as the amplitude differences for
3- and 60-min time points. An indication of “‘greater than” has been
placed in front of the value of A4,/Af for dicetyl phosphate, since a
time point of 90 min (past the time satisfactorily described by zero-
order kinetics) was used in the absence of data at 60 min. ¢ k is cal-
culated using n7 = 12.5 nmol, S;/So = 0.43, and a value for é deter-
mined at the same instrumental settings used for determination of AA4;
in this experiment, § = 0.9 cm/nmol.

this reason, our surface potential estimates have been made
on vesicles which are a maximum of 24 h old and have been
sonicated within 3 h of use. Finally, substitution for PA with
dicetyl phosphate causes a dramatic increase in the rate of
flipping; spin-label 1 is internalized more than ten times faster
over the first 60 min after mixing vesicles. In fact, the half-time
for approach to equilibrium is 40 min. Thus, for vesicles con-
taining dicetyl phosphate, the inner vesicular surface would
contribute substantially to the magnitude of the surface po-
tential where measurements are taken over the course of 4-5
h.

Discussion

We have developed a procedure for estimating the surface
potentials of vesicles consisting of single bilayers of binary
mixtures of phospholipids——phosphatidylcholine which is
zwitterionic and carries no net charge and phosphatidic acid
which carries a single net negative charge at neutral pH. By
selecting this model system as preparatory to the application
to biological membranes, it has been possible to vary not only
the surrounding electrolyte concentration but also the surface
charge density in a controlled fashion and thereby verify that
the nitroxide cationic probe is reporting changes in surface
potential through a phase distribution.

The surface potential probe used in these studies has a
number of attractive features. (1) Since its ionic nature is in-
stilled by a quaternary ammonium moiety, its charge is con-
stant and independent of pH, a property not shared by lower
amines or carboxylic acids. (2) The permeability of phospho-
lipid bilayers to spin-label 1 is negligible for the 4-h duration
of experiments; hence, the phase distribution is restricted to
the external aqueous medium and the external half of the bi-
layer. (3) The zero-potential phase distribution (that is, the
equilibrium binding constant) of the probe can be controlled
by varying the length of the alkyl chain. (4) EPR spectroscopy
has a high sensitivity, enabling paramagnetic probes to be
applied at exceedingly low concentrations. Although we used
2 X 1075 M spin-label 1, 4 X 1075 M should be satisfactory;
the latter level corresponds to a maximum of 400 probe mol-
ecules/square micron of surface area at infinite surface po-
tential. (5) Although optical techniques have been used to
estimate surface potentials of proteins using indicator dyes at
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similarly low concentrations (7 X 103 M by Moller and
Kragh-Hansen, 1975), an outstanding advantage to using EPR
spectroscopic techniques on membrane-containing samples
is the complete freedom from limitations imposed by optical
scattering.

The partition of the probe into the membrane phase and the |

broadened EPR spectrum indicative of restricted tumbling are,
in all likelihood, the result of intercalation of the 9-carbon alkyl
chain into the hydrophobic region occupied by the esterified
fatty acids.

The equilibrium constant, Ko, for binding of spin-label I in
the absence of surface potential can be estimated from the slope
of the plot of 4™ )/ A b(o) as a function of mt/m, for vesicles
containing PC alone (Figure 5). The slope, (1/ Koﬂ)(Vaq / Vyes),
is equal to 0.037. Experimental values obtained for 8 (equal
to kv/ky) are in the range 0.13-0.18, and Pyes (for the external
surface only) is calculated to be ~0.3 ml of H,O/g of lipid,
based on the volume calculated for a 10 A shell surrounding
each phospholipid vesicle (assumed vesicle radius = 140 A)
and a lipid mass per vesicle of 6.4 X 1078 g (5000 phospholipid
molecules, as under Appendix, part A). Ko then falls in the
range 500-700. Since K is always greater than K, the justi-
fication for considering K to be large enough to be approxi-
mated as being infinite in-the analysis of flipping rate is evi-
dent.

The value of Ky is further useful for estimating the molar
free energy of transfer of the alkyl chain of the amphiphile
between the bulk aqueous and vesicle phases. From eq 1 (¢
= 0), the free energy of transfer is expressed as u®,q — u°ves
= —(RT) In Ko. At 295 °K, this quantity is estimated as
—3600 to —3800 cal/mol.

A number of studies (discussed by Tanford, 1973) on the
free energy of transfer of aliphatic amphiphiles from water to
fluid hydrophobic environments indicate a constant contri-
bution of approximately —700 cal/mol of methylene carbons.
In the case of spin-label 1 in equilibrium with PC vesicles
lacking a net charge, repulsive contributions to the free energy
of transfer are likely to be small, as in the case of nonionic
amphiphiles. With this assumption, we estimate that the alkyl
chain of spin-label 1 penetrates to the level of the 5th or 6th
methylene carbon of the phospholipid fatty acid, consistent
with the predictions from space-filling models presented in
Figure 4.

Two features, which have facilitated the measurement of
surface potentials by distribution techniques and their com-
parison to theoretical prediction, are the lack of specific in-
teractions between the surface and components of the elec-
trolyte present in the bulk aqueous phase and the response of
the mtroxide-labeled probe to surface potential changes in a
purely electrostatic manner uncomplicated by specific affinities
for negatively-charged phospholipid. A number of studies have
indicated that the univalent sodium ions exhibit no specific
affinities for the polar moieties of the common phospholipids
(Hauser et al., 1975; Inoko et al., 1975; Lis et al., 1975;
McLaughlin et al., 1975), and thus a Boltzmann distribution
of ions according to thermal equilibrium is a warranted as-
sumption. Absence of specific interactions of spin-label 1 with
surface charges is suggested by the demonstration of identical
phase distribution ratios for isopotential vesicle preparations
containing different concentrations of PA.

We have found that the equilibrium of spin-label 1 in
membrane-containing systems reflects the presence of a sur-
face potential having the same dependence on univalent elec-
trolyte concentration, as predicted by the equation of Gouy.
In general, the absolute magnitudes of the measured potentials
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are in reasonable agreement with predicted values, although
the potentials obtained by the intensity ratios method (eq 7)
are systematically lower for the higher charge densities (4 mol
% PA in particular) than expected on the basis of the Gouy
equation. This is, perhaps in part, due to approximations in-
volved in spectral analysis, since other methods of extracting
data from the spectra (eq 8; double integration) give system-
atically higher values, although they are more tedious to
apply.

Although the Gouy equation rigorously applies only to
planar surfaces, its success in accounting for the experimental
data presented here on sonicated vesicles is not unexpected.
The major difference between the double layer around a
spherical particle and a planar surface for charge densities of
the magnitude examined here lies in the spatial dependence
of the potential, and not in the potential at the surface (Verwey
and Overbeek, 1948). For a sphere of 140 A radius and an
infinite plane of the same charge density, the calculated surface
potentials do not differ significantly for most of the charge
densities and ionic strengths tested. In fact, in the worst case—
very dilute salt (ionic strength <0.006) and high charge density
(8 mol % PA), the difference is only about 16% in the predicted
potential at the surface. For the bulk of our experimental
conditions, the difference is 5% (Loeb et al., 1961). Thus, we
could have applied either the Gouy or the spherical equations
for surface potential to generate very similar theoretical curves
in Figure 6. Since we are assured that our method estimates
potentials at the surface only, and is insensitive to the spatial
dependence of the double layer, we have chosen to apply the
Gouy equation for mathematical simplicity.

In examining the surface charge-dependent differences
between potentials derived from our phase distribution data
and calculated using the Gouy equation, we did not seek a
forced agreement between the two values. Nevertheless, by
attending to the discrepancies that do exist, we have brought
to mind a number of variables capable of affecting the mag-
nitude of either the measured or the theoretically predicted
surface potential (one consideration, involving spectral anal-
ysis, has been mentioned above).

(1) Discrepancies observed for vesicles tested at ionic
strengths less than 0.01 (most notably in the absence of NaCl,
Figure 6) may reflect small errors in estimating the mobile
ionic concentration. Furthermore, approximation errors in-
volved in interpreting eq 3 and the use of the Gouy equation
are most likely to be significant at very low ionic strength.

(2) Phosphatidic acid, for which the pK of the first acidic
dissociation constant is ~3.5 (Abramson et al., 1964), is ex-
pected to carry a single negative charge for most of the ex-
perimental conditions tested. However, where pH at the vesicle
surface is near neutrality (only at very low magnitude surface
potentials (|o| < 5 mV)), Abramson et al. (1966) indicate
that divalent PA may account for ~10% of the PA popula-
tion,

By contrast, Johnson (1973) has presented evidence for the
significant suppression of ionization of PA in 4 mol % PA-PC
sonicated liposomes. If this effect is real, our calculated values
of Y would clearly be an overestimate.

(3) ¥ is calculated based on the underlying assumption that
the vesicle surface is smooth with all charged species immo-
bilized in a uniform plane with all other phospholipid head
groups. In reality, the vesicle surface is probably quite con-
toured with charges at different levels within V.. This evokes
uncertainty in the average position of the charge surface. Since
the magnitude of the potential declines very steeply with dis-
tance in regions of close proximity to the membrane, mea-
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surement of surface potentials by phase distribution may de-
viate from prediction in the direction we observe if the charge
surface is not completely accessible to the probe. Thus, the
surface representing the average location of membrane-asso-
ciated spin may be at a lower potential than predicted, resulting
in a higher fraction of amphiphile in the aqueous phase.

(4) The calculated magnitudes of Y depend on the choice
of ¢ and the charge density, which in turn depends on the
choice of area occupied by each phospholipid molecule in the
surface. This represents the only adjustable parameter in our
analysis. Physically realistic values for the area per head group
in phospholipid bilayers above the thermal transition lie be-
tween 60-80 A2 (Johnson et al., 1971; Johnson, 1973; Sheetz,
1973). For vesicles, the actual value surely depends on vesicle
size and the degree of unsaturation of the phospholipid, but
~70 A2/molecule appears to be a reasonable choice. In Figures
6 and 7, we have presented calculated values of Y based on
70 and 80 A2/molecule; use of the latter value gives the closest
fit of the calculated curve to the data for 4 and 8 mol % PA.
There is a reason for considering a value this large for the
vesicles of higher charge densities, since we observe that, in our
preparations, vesicle size decreases with increasing charge
density and smaller vesicles are expected to have a greater area
per molecule on the outer surface than larger vesicles.

(5) Changes in the bilayer “fluidity” as a result of compo-
sition changes will affect the equilibrium distribution inde-
pendent of the surface potential. This effect has been mini-
mized by using PA of the same fatty acid composition as the
PC and we cannot detect changes in fluidity, as measured by
PC spin-labels (Hubbell and McConnell, 1571) over the full
composition range of PA-PC used here.

In conclusion, we have demonstrated that a nitroxide-la-
beled, amphiphilic probe senses the surface potential of
phospholipid bilayer vesicles and distributes between the
membrane and bulk aqueous phases according to equivalent
electrochemical potential. By a series of experimental cross-
checks, we have verified that measurements of peak amplitudes
taken directly from first derivative spectra can provide a rea-
sonable representation of the nitroxide phase distribution, thus
making surface potential estimations by EPR spectroscopy a
rapid and simple process.

Although a number of uncertainties in the calculation and
interpretation of Y and Y exist, it is clear than predictions of
surface potential variations, with charge density and salt
concentration based on the Gouy equation, are in tolerable
agreement with experimental results. We anticipate its utility
as a method for assessing the contribution of surface charge
modulation to controlling the interaction of membranes with
one another and with other molecules.

Added in Proof

Since submission of this manuscript, a communication has
appeared (Gaffney and Mich, 1976) describing a similar es-
timation of surface potential using paramagnetic amphiphiles
on phospholipid liposomes. In agreement with our results, the
surface charge densities calculated from phase distribution
measurements are compatible with those predicted using the
Gouy equation.

Also, an abstract reporting the partition of paramagnetic
amphiphiles between biologic membranes and their aqueous
surroundings in 2 manner dependent on electrostatic potential
has been presented at the 16th Annual Biophysics Meeting
(Melhorn and Packer, 1976).
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Appendix

(A) With a representative vesicle diameter of 7o = 140 A,
a bilayer thickness of 50 A, and an internal radius of 7, = 90
A, the total surface area per vesicle is estimated to be S =
4r(r + r92) = 3.5 X 105A2, The best value for the molecular
area per phospholipid is 70 A2, corresponding to 5 X 107 lipids
per vesicle. If the phospholipids are distributed according to
surface area, there are ~3.5 X 107 lipid molecules on the ex-
ternal surface of the vesicle. At 1, 2, 4, and 8 mol % PA, we
expect 35, 70, 140, and 280 molecules of PA on the external
surface.

At 1.9% (w/v) lipid in the usual preparation, there are 19
mg of lipid/ml, corresponding to 1.5 X 10'% molecules of lipid
(mol wt 765) or 3 X 10'5 vesicles. At 2.0 X 107> M spin-label
1, there are 1.2 X 10'¢ label molecules/ml, giving ~4 molecules
of label per vesicle.

(B) Derivation of the Equilibrium Expression (Eq 6). The
volume of the vesicle phase is taken to be proportional to the
total mass of the lipid, Vyes = Pesny, where V. is the volume
of vesicle phase/g of lipid and m; is the mass of lipid. The
volume of the bulk aqueous phase is, of course, proportional
to the mass of the bulk aqueous solvent, V,,;, = I_/anu,w where
I_/‘lq is the partial specific volume of the solvent and n1,,, is the
mass of the bulk solvent. Thus, eq 4 can be written as

_‘i:.fﬂ).)_ = <L> <h) <_’.71_d‘i> (la)
A-b(O) Kﬁ V\fcs mi
The total mass of solvent in the system, #t, may be expressed
as

my =y + P + My

where mj, myes, and m, are, respectively, the mass of solvent
within the vesicle (including hydration of the inner surface),
the mass of solvent found in the external vesicle phase, and the
mass of solvent in the bulk aqueous phase. The masses m; and
M., are proportional to the number of vesicles and, hence, to
the mass of lipid, m; = r,(m1)), and Mo = Fyes(m), where
and #1,., are the mass of solvent in the vesicle interior and in

the vesicle external phase per gram of lipid. Thus,
Mag = mt — m{m; + Pyes) (1b)

Therefore, eq 1a becomes:

Ao = <—1—> <L“L> <<’-?ZI> - (m; + rﬁ\,ch)> (l¢)
A7poy KB/ \Vie m

By equating (#1; + #1..,) with Q. we obtain eq 6 under Re-
sults.

(C) Derivation of Equation for Surface Potentials. Equa-
tion 7 is obtained directly from eq 2, Y5 = —(RT/ZF) In
(K /Kp), using the appropriate expressions for K and K. From
eq la,

()G = G=) <l> (*““"‘* )
K=(— = ; =
ne V\'c» A T ﬁ ny Vies

From the definition of ag as KoB(V, /

| ko= (5) (7

bn= (B (A2 (29) ()
-~ (B (522 0 (2) (1)

wLw
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which is eq 7.
Equation 8 is obtained in an exactly analogous fashion,
using
= ()
ne my Vves
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