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ABSTRACT  Two spin-labeled derivatives of the hydrophobic anion trinitrophenol have been synthesized and characterized in lipid vesi-
cles. In the presence of lipid vesicles, the electron paramagnetic resonance (EPR) spectra of these probes are a composite of both
membrane-bound and aqueous populations; as a result, the membrane-aqueous partitioning can be determined from their electron
paramagnetic resonance spectra. The effect of transmembrane potentials on the membrane-aqueous partitioning of these spin-labeled
hydrophobic ions was examined in phosphatidylcholine vesicles formed by extrusion. Inside positive membrane potentials promote an
increase in the binding of these probes that is quantitatively accounted for by a simple thermodynamic model used previously to
describe the partitioning of paramagnetic phosphonium ions. The transmembrane migration rates of these ions are dependent on the
dipole potential, indicating that these ions transit the membrane in a charged form. The partitioning of the probe is also sensitive to the
membrane surface potential, and this dependence is accurately accounted for using the Gouy-Chapman Stern formalism. As a result of
the membrane dipole potential, these probes exhibit a stronger binding and a more rapid transmembrane migration rate compared with
positive hydrophobic ion spin labels and provide a new set of negatively charged hydrophobic ion probes to investigate membrane

electrostatics.

INTRODUCTION

Membrane electrostatic potentials are known to play a
role in processes such as membrane excitability, the bind-
ing of extrinsic proteins to membrane surfaces (1), the
insertion of membrane active toxins and the folding of
membrane proteins during synthesis (2-5). At the pres-
ent time, the molecular basis for these voltage-depen-
dent processes are largely uncharacterized, and a num-
ber of fundamental questions remain to be answered re-
garding membrane electrical properties.

Fig. 1 is a schematic representation of the electrostatic
potentials across a phospholipid bilayer that arise from
the separation of fixed charges and/or oriented dipoles.
The transmembrane potential (Ay) arises from the sepa-
ration of net charge across the entire thickness of the
bilayer; the surface electrostatic potentials (y,) arise from
charges fixed at the membrane solution interface, and
dipole potentials (y,) have contributions from oriented
dipoles on the phospholipids and/or water molecules (6—
11). It is the interaction of protein charges and dipoles
with these potentials that gives rise to the voltage-depen-
dent phenomena mentioned above. For example, the
adsorption of extrinsic proteins will be strongly in-
fluenced by the surface potentials, whereas the energetics
of insertion into the membrane interior will have impor-
tant contributions from both the dipole and transmem-
brane potentials. Conversely, the interaction of charged
or dipolar proteins with the bilayer can modulate these
potentials. For example, conformational changes of
membrane proteins that lead to intramembrane charge
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displacement can produce changes in the dipole poten-
tial and transmembrane potential. Such electrically ac-
tive conformational changes have been described in volt-
age-gated ion channels and the photoreceptor protein
rhodopsin (12).

Thus, it is important to develop strategies to estimate
these microscopic membrane potentials as a means of
investigating voltage-dependent phenomena. One im-
portant molecular tool for the characterization of mem-
brane electrostatic properties is the hydrophobic ion.
Hydrophobic ions are unusual among charged species in
that they readily enter the interior of biological mem-
branes (13-16). This property can be understood by con-
sidering the free energy profiles for hydrophobic ions
across membranes. In the absence of surface potentials,
the total free energy of transferring a hydrophobic ion
from solution to a given position in the membrane can
be approximated as

AGO = AG%orn + AG(I))ipole + AGglydro’

where AGy,, is the (repulsive) electrostatic “image” en-
ergy, AGuyqy, is the (attractive) hydrophobic energy, and
AGpipe is the energy of interaction with membrane di-
polar fields of structural origin (17). Fig. 2 4 shows sche-
matically these individual contributions to the overall
free energy profile, and Fig. 2 B shows the total free en-
ergy for both a cationic and an anionic hydrophobic ion.
The Born image energy is large and positive for all ions,
positive or negative, and is responsible for the low perme-
ability of membranes to ions in general. This energy is
inversely proportional to the ionic radius, and larger ions
are thus more permeable. In the case of large and hydro-
phobic ions, the size effect and the hydrophobic energy
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act to overcome the Born energy to a large extent and the
ion can readily enter the membrane interior. As shown
in Fig. 2, the summation of the individual energy terms
gives rise to a free energy minimum near the membrane/
solution interface corresponding to a “binding” site. The
potential at this binding site is sometimes referred to as a
“boundary” potential (6, 15).

As a result of these properties, hydrophobic ions are
distributed throughout all spatial domains in a mem-
brane system. In the presence of electrostatic potentials
such as those shown in Fig. 1, the equilibrium spatial
distribution of hydrophobic ions will be influenced by
the magnitude and sign of the various potentials. Thus, if
a method was available for determining the distribution
of a hydrophobic ion in a membrane, then the electro-
static potentials and their changes could be determined
relative to a reference state. This strategy has met with
considerable success using electron paramagnetic reso-
nance (EPR) spectroscopy to determine the distribution
of spin-labeled hydrophobic ions. For example, spin-la-
beled phosphonium ions have been used to investigate
transmembrane, surface, and dipole potentials in pure
bilayers and have been used to detect transient changes
in boundary potential during photo excitation in photo-
receptor membranes (18).

It is generally agreed that the rate constant for mem-
brane transport is determined by the maximum in the
free energy profile near the center of the membrane. As
shown in Fig. 2, this maximum arises primarily from the
Born image energy but apparently has an important con-
tribution from the energy of interaction with the dipole
potential that is of opposite sign for cations and anions
(Fig. 2). This accounts for the experimentally observed
fact that otherwise similar cations and anions can have
as much as a 10° times difference in transport rate con-
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FIGURE | Electrostatic potentials across phospholipid bilayers. The
surface potential ¥, arises from charged groups that are associated with
the membrane interface. The transmembrane potential Ay results
from the net separation of charge across the membranes, and y, is the
membrane dipole potential. ¥, is a large hydrocarbon positive potential
that arises from a molecular dipole layer at the membrane-solution
interface.

AG°goRN

e o .
{ DIPOLE+

AG4ypRrO
8 e=80 £=2 =80
o
=
m
)
E +

FIGURE 2 Free energy profiles of hydrophobic ions across phospho-
lipid bilayers. (4) Individual energy contributions, which include the
dipole energy (AGD;0.0), the attractive hydrophobic energy (AG%y40)s
and the strongly repulsive electrostatic charging energy (AG%,,). (B)
Total free energy profiles for a hydrophobic anion and cation that are
the sums of the energy terms shown in A4.

stant (19). There are two points to be made regarding
these features of hydrophobic ions that pertain to their
use as spin-label probes of membrane potentials. First, a
cationic probe will have a relatively slow equilibration
rate across membranes and will thus have limited time
resolution for following time-varying potentials. Clearly,
an anionic probe would be preferred for such studies.
Second, a comparison of the transmembrane flux for a
cation and anion under identical conditions can give in-
formation on the electrostatic potentials near the center
of the membrane, information that could not be ob-
tained from a study of the equilibrium distribution of the
ions because of their low concentration in this region.
Finally, anionic probes can be used to determine posi-
tive-inside transmembrane potentials, a situation where
the phosphonium spin labels are of little use (20). For
these reasons, it is highly desirable to develop anionic
hydrophobic ions as probes of membrane electrostatic
potentials to complement the existing phosphonium
spin labels, and that is the subject of the present article.

The synthesis and characterization of two new spin-la-
beled hydrophobic anion probes are described. These
probes, I and II shown below, are based on the hydro-
phobic anion, trinitrophenolate (TNP) (21). They ex-
hibit a voltage-dependent aqueous-membrane phase
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partitioning that can be described accurately by a ther-
modynamic analysis used previously to describe the par-
titioning of hydrophobic phosphonium probes (20). Un-
like the phosphoniums, the TNP probe I exhibits a rapid
transmembrane equilibration rate with a half-time of
<10 ms. Thus, I will be useful in following rapid charge
displacements in membranes, such as the movement of

OO
O2N NO,
%
NH N—OQO-
4

gating charges in voltage-dependent channels. Probe II
has a slow transmembrane equilibration rate, similar to
the phosphoniums previously described, and the trans-
membrane flow can be monitored readily with conven-
tional EPR stopped-flow instrumentation (22, 23). Com-
parison of the flux of II with that of phosphoniums will
be useful in deducing the electrostatic barrier to trans-
port and how it is effected by membrane proteins.
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EXPERIMENTAL

Materials

Egg phosphatidylcholine (EPC) was isolated from fresh hen eggs ac-
cording to the procedure of Singleton et al. (24) and was stored in
chloroform solution at —20°C. 1,3, Dichloro-2,3,5 trinitrobenzene
(DCTNB) was a gift of Chemtronix, Inc. (Swannanoa, NC). The ni-
troxides 4-amino tempo and 4-0xo tempo were obtained from Aldrich
Chemical Co. (Milwaukee, WI)

Formation of lipid vesicles

Electrical measurements were made in lipid vesicles formed from EPC.
Lipid vesicle suspensions were prepared by measuring out the appro-
priate aliquot of the lipid chloroform solution, removing the solvent
under a stream of argon, and drying the lipid overnight in a vacuum
desiccator. The appropriate buffer solutions were added to the lipid (see
below), and the suspension was vortexed and freeze-thawed five times
using liquid nitrogen. The lipid-buffer mixture was extruded 10 times
through 0.05-um polycarbonate filters using a commercially available
unit (Lipex Biomembranes Inc., Vancouver, BC). The vesicle suspen-
sion was centrifuged at 13,000 g for 30 min to remove small amounts of
nonvesicular lipid. In all cases, except those involving phosphatidylser-
ine, the pH of the extruded vesicles suspension did not differ from that
of buffer used to hydrate the lipid initially. The phospholipid concen-
trations in the final vesicle suspension were determined using a modi-
fied Fiske-Subbarrow phosphate assay (25).

Generation of membrane potentials

To form transmembrane potentials, pH gradients were established
across lipid vesicles and protons were brought to electrochemical equi-
librium using a protonophore. In these experiments, the buffer used to
hydrate the lipid contained 100 mM 2-{[tris- (hydroxymethyl)-
methyl]-amino} ethanesulfonic acid and was adjusted to an osmotic
strength of 154 mM with Na,SO, using a vapor pressure osmometer.
After formation of the lipid vesicles by extrusion, the external pH was
adjusted to a more acidic value by diluting the vesicle suspension with
an equal volume of an isoosmotic solution containing one of the follow-
ing buffers: 3-(N-morpholino)-propane-sulfonic acid, pH = 7.0, osmo-
larity = 153 mM; N-(2-acetamido)-2-aminoethane-sulfonic acid
(ACES), pH = 6.5, osmolarity = 150 mM; 2-(N-morpholino)-ethane-
sulfonic acid, pH = 6.0 and pH = 5.5, osmelarity = 156 and 155 mM.

The osmolarity was adjusted by the addition of Na,SO,. To prevent
electrostatic saturation of the probe binding (19), 5-uM spin-labeled
TNP was used with a lipid concentration of 0.385 mg/ml. To bring
protons to electrochemical equilibrium and generate an inside positive
potential, 300 nM carbonyl cyanide m-chloro-phenylhydrozone
(CCCP) was added to the vesicle suspension. As described previously,
the transmembrane equilibration of protons and probe can diminish
the magnitude of the potential expected based on the initial proton
gradient (26). Although this correction is small (<5%), the expected
potentials can be obtained by solving for f(x) = 0 (Eq. 1), where x =
[H*)io/[H"Jows AY = —(RT/F) In x, and:

= R_ E ViKaCB(-x[H+]qi)ut + [H+]:n)N
f6o = ( FT) In () + (e)[<1<, ¥ IHK, + x(H )

Ny
T (Vo/Vixeo/ei)(l/x)]' M

Here, e is the electronic charge, ¢ is the membrane specific capacitance
(which will be taken as 0.9 uFd/cm?) (27), N is Avogadro’s number, and
Cg is the buffer concentration. The initial concentrations on the inside
and outside of the vesicle are indicated by a superscript i, and Ny is the
total number of probe molecules per vesicles. In this expression, ¢, =
1+ KVy/Viand ¢, = | + KV,,,/V,,, where K is the binding constant for
the probe on each vesicle surface, and V,, V;, V., Vo are the effective
thermodynamic volumes occupied by probe in the external and inter-
nal aqueous spaces and the external and internal membrane binding
domains, respectively.

To establish surface potentials, phosphatidylserine (PS) (Avanti Po-
lar Lipids, Birmingham, AL), dissolved in chloroform, was added to
EPC at 10, 20, and 30 mol% PS. The lipid mixture was dried and
hydrated in 5 mM ACES, 100 mM NaCl buffer, and extruded as de-
scribed above. After vesicle formation, the pH showed a slight down-
ward shift. Steps were taken in subsequent manipulations to ensure
that no pH gradient or potentials were present when the EPR spectra
were obtained. The procedure outlined above for determining binding
constants was used for each PS-EPC mixture.

EPR spectroscopy

EPR spectroscopy was carried out either on a Bruker (Billerica, MA)
ESP 300 EPR spectrometer or a Varian (Sunnyvale, CA) E-Line Cen-
tury series spectrometer. Typically, the spectra were obtained at a mod-
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ulation amplitude of 1 G (p — p) with an incident microwave power of
10 mW. To reproducibly obtain binding data for these probes, a large
quartz sample cell (300 ul) was fitted to the EPR cavity that allowed
additions of probe or lipid without the need to remove the cell from the
cavity. To a solution containing 5 uM of I, measured amounts of lipid
were added to the solution and the spectra recorded. The resulting
series of spectra were used to obtain a binding curve.

As described previously, the EPR spectra of nitroxides that partition
to membranes provide a direct measure of the ratio of membrane asso-
ciated to aqueous spins (18). Briefly, the intensity of the high-field
resonance line provides a measure of the spin probe in aqueous solu-
tion. By calibrating this signal with a sample of known spin concentra-
tion, the ratio of the bound to free spin label, A, can be determined
according to:

Nb A4

NN A G

(2

where 4 is the amplitude of the m; = —1 resonance in the presence of
membranes and A7 is the amplitude of the m; = —1 nitroxide resonance
in the absence of membranes. The constants a and b are proportional-
ity constants that relate the m; = —1 amplitude of the bound and free
signals, respectively, to the number of bound or free spins. Because the
lineshape of the m; = —1 resonance for the bound spin is usually broad,
b/a is usually small. Probes I and II have very broad bound lineshapes
(see below), and b/a was taken as 0.

Spectral simulations were done with the program EPRLF generously
provided by Freed and co-workers (28, 29), and experimental spectra
were fit using a least-squares procedure. Starting values for the Euler
angles relating the magnetic tensor to the diffusion tensor were taken
from energy minimized models of the spin labels I and II. Energy mini-
mization of the structures was carried out using InsightIl and Discover
(Biosym Technologies, San Diego, CA)

0 O H,N OH
1) Me;S'T
2) NaH NH,3
N N N
I | I
o
111 IV A\

The epoxide IV was prepared from the ketone III as shown following a
procedure given by Corey and Chaykovsky (31) and purified according
to Rauchman et al. (32). The amino alcohol V was prepared using a
procedure similar to that described by McManus et al. (33). Briefly,
871.6 mg (4.737 mM) of 1V was placed in a stainless steel bomb and
cooled in a dry ice acetone bath to which 500 ul of water had been
added. Approximately 50 ml of liquid ammonia was slowly poured
into the bomb, the bomb valve was closed, and then placed in a 5 gallon
water bath that had been preheated to 75°C. After 90 min, the bomb
was cooled in a dry ice acetone bath and opened. The bomb was
warmed to room temperature to allow excess ammonia to evaporate.
The reaction mixture was separated on a 2.5-cm flash column running
a gradient that ranged from CH,CN to CH;CN:MeOH (10:1). The
desired product, V, was the last of three components that eluted, and a
total of 0.74 gm was obtained. The identity of V was confirmed by its
positive reaction with ninhydrin, an EPR signal of appropriate magni-
tude, the presence of a strong infrared absorption around 3,000 cm™*
corresponding to hydroxy and amine functionality, and an m/z value
of 201 by mass spectrometry.

To produce the spin label II, 690 mg (3.4 mM) of V dissolved in

Synthesis of |

DCTNB (198 mg; 0.7 mM) was dissolved in a minimal amount of
freshly distilled tetrahydrofuran (THF) and added to a solution of dry
4-amino-tempo (120 mg; 0.7 mM) in a minimal amount of freshly
distilled methanol at 0°C. The mixture was allowed to come to room
temperature and stirred for 6 h. After removing the solvent by rotary
evaporation, the product mixture was purified on a silica flash column
(Baker, Instruments, Bethlehem, PA; silica for flash chromatography)
using hexane:ethyl acetate 6:1 (see Still et al. (30) for a description of
the flash technique). The first major fraction off the column was col-
lected, dissolved in freshly distilled dioxane, and five equivalents of dry
powered KOH were added to hydrolyze the active chlorine. The course
of the hydrolysis was followed by measuring the absorption of light at
340 and 410 nM. Over an 8-h period, the 340:410 ratio changed from
2.2 to 1.1 and was judged complete when the ratio remained constant
for 4 h. The mixture separated into three major fractions on a 2-cm-
diameter silica flash column using hexane:ethyl acetate 1:3. The second
fraction was collected and further purified by high performance thin
layer chromatography (HPTLC). Approximately 3 mg of the second
major product was loaded onto an analytical HPTLC plate (Merck,
Darmstadt, Germany; Silica Gel 60) and was concentrated into a
narrow band with ethyl acetate. The major band (rf = 0.6) after being
developed in hexane:ethyl acetate, 1:3, was removed from the plate,
and the silica was washed with ethyl acetate. The major spot was recov-
ered yielding 2.4 mg of a water soluble product with a nitroxide signal
consistent with the expected molecular weight. High-resolution mass
spectrometry revealed a cation molecular weight of 397, consistent
with the expected molecular weight of 398.

Synthesis of I

Probe Il was synthesized by the following reaction scheme:

@
OzN N02
DCTNB Hydrolysis n OH
N
6
II

methanol was added slowly to 2 g (7.14 mM) of DCTNB and 480 ul
(3.44 mM ) of triethylamine (TEA), stirring in THF. The reaction was
followed with thin layer chromatography (TLC) (hexane:ethyl acetate
3:1) and appeared to be 75% complete after 18 h. The pure material
(639 mg) was recovered after chromatography on a 2.5-cm silica gel
flash column eluting with hexane:ethyl acetate 3:1. The infrared spec-
trum yielded the expected amine doublet at 3,000 cm™' and aromatic
resonances at 1,240, 1,260, 1,270, and 1,300 cm™'. Negative and posi-
tive ion chemical ionization mass spectrometry (CI MS) measured an
m/z value of 446.

The hydrolysis of 1-chloro-3-38-OH TEMPO-2,4,6-trinitrobenzene
was carried out by adding five equivalents of powdered KOH to 640 mg
of the product dissolved in dioxane. On the addition of ~ 3 ml of water
used to dissolve the KOH, the solution turned a deep red. The solution
was allowed to stand at room temperature for several hours and was
then raised to 40°C for 1 h. The reaction was judged to be complete as
determined by TLC and the 340:410 absorbance ratio. The product
mixture was dried by rotary evaporation, dissolved in a minimal
amount of water, and extracted into chloroform. The product was re-
solved to a single peak using HPLC with programmed gradient of 100%
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H,O for 10 min to 90% H,0:10% CH,CN over 30 min, followed by
isocratic 90% H,0:10% CH,CN. The peak eluted in 53 min using a
flow rate of 3 ml/min on a Vydac reverse phase C18 column. Positive
and negative ion fast atom bombardment mass spectrometry (FAB
MS) of this product yielded a value for m/z of 428.

RESULTS

Trinitrophenol nitroxides exhibit a
voltage-dependent phase partitioning

The spin-labeled trinitrophenol derivatives I and II were
synthesized with the expectation that they would exhibit
a voltage-dependent binding in lipid vesicle systems.
Shown in Fig. 3 B are two superimposed spectra re-
corded for probe I in the presence of lipid vesicles with
and without a transmembrane potential. The changes
seen in these spectra on application of an inside positive
membrane potential are qualitatively similar to those
seen previously for spin-labeled hydrophobic cations
(with the application of an inside negative potential).
The high-field resonance of I is dramatically diminished
in the presence of a potential and is the result in a change
in the membrane aqueous partitioning of the probe.
The thermodynamic parameters that govern the bind-
ing and voltage-dependent phase partitioning of I and II
have been determined and are described below. These
parameters are used along with a thermodynamic model
to predict the partitioning of the probe as a function of
the membrane potential. This predicted behavior is then
compared with the experimentally determined probe
partitioning at several membrane potentials and used to
establish the mechanism by which these probes function.

Spin-labeled hydrophobic anions
strongly associate with lipid bilayers

The EPR spectra of nitroxide probes I or II in aqueous
solution yield sharp isotropic resonances similar to the
spectra obtained for other water soluble nitroxides (Fig.
3 A). In the presence of lipid vesicles, the spectra are a
composite of an isotropic signal due to an aqueous popu-
lation of probe and a broadened signal due to a more
slowly reorienting membrane associated population
(Fig. 3 ). This bound population corresponds to nitrox-
ides occupying the free energy minima shown in Fig. 2 B.
Fig. 4 shows the EPR spectral lineshapes of I and II
bound to vesicles in the absence of a potential. Although
the molecules only differ by the presence ofa — CH,OH
group, these spectra are distinct and suggest different
motions in the membrane binding site. Both spectra can
be reasonably well simulated, assuming axially symmet-
ric diffusion tensors with the unique axes parallel to the
long molecular axes of I and II. Fig. 5 shows energy mini-
mized models of I and II together with the unique diffu-
sion axis required for a good fit between experimental
and simulated spectra. The simulated spectra are shown
in Fig. 4 immediately below their experimental spectra.
The magnetic parameters derived from the simulation
indicate that I undergoes very rapid axial rotation (ry =

-

20 Gauss
m=+1 ml=0 m= 1
/ O mVv
ﬁ q -~ — +34 mV
20 Gauss
20 Gauss

FIGURE 3 EPR spectra of II. (4) 20 uM II in solution; (B) 20 uM I in
the presence of lipid vesicles (0.74 mg/ml) with and without a trans-
membrane potential of 34 mV inside positive. The decrease in the
signal intensity of the spectra in the presence of a potential is due to an
increase in the phase partitioning of the probe to the membrane phase.
The potential is produced in this case by the addition of ~0.1 uM
CCCP to a sample that has an initial pH gradient of +0.64 (see text); (C)
the spectrum of II bound to phospholipid vesicles was obtained by the
addition of 20 uM II to lipid vesicles at a lipid concentration of (46
mg/ml). A small signal arising from aqueous label is also present.

0.2 ns) with a slow motion about the perpendicular axis
(7, = 200 ns). The A tensor values indicate that the ni-
troxide on I is located in a polar environment (A;,, =
16.7 G) in the membrane bound state, consistent with
the interfacial location suggested by the position of the
minima in Fig. 2.

For II, the simulation parameters indicate that the mol-
ecule undergoes an order of magnitude slower axial rota-
tion rate than I (r; = 2 ns), suggesting that the hydroxyl
group on Il is involved in hydrogen bonding to the lipid
headgroups. In addition, the rotation rate about the per-
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FIGURE 4 Experimental and simulated EPR spectra of I and II bound
to phospholipid bilayers. The computed spectra were obtained by least-
squares fitting of the experimental spectra as described in Experimen-
tal. The principle elements of the g tensor were fixed at g,, = 2.00890,
&y = 2.00613, g,, = 2.00238 (50). The principle elements of the A
tensor, the two rotational diffusion constants, and the Euler angles «
and B defining the diffusion tensor were treated as adjustable parame-
ters. The Euler angle vy was fixed at 0° (for definitions of the quantities
and a general discussion of spectral simulation, see reference 29). Note
below that the magnetic parameters for the two molecules are very
similar, and they differ primarily in the geometry and rates of motion.
(A) The experimental (above) and computed spectra for I in bilayers.
The best fit parameters were 4,, = 7.87, 4,, = 6.55, 4,, = 35.69, a =
89°,8=41.8°, R =7.1 X 10°s™",and R, = 1.2 X 10°s™". (B) The
experimental (above) and computed spectra for II in bilayers. The best
fit parameters were A,, = 8.19, 4,, = 6.71, 4,, = 34.48, a = 23°, 8 =
74.4°, Ry =7.6x10"s"",and R, = 4.0 X 107 s™".

pendicular axis is much greater than for I (r, = 4 ns),
perhaps due to the polar hydroxyl group making tran-
sient excursions to the surface.

From the composite EPR spectra of I and II in the
presence of vesicles, the binding constant of the probes

I IT

FIGURE 5 Molecular models of I and 1l showing the unique diffusion
axis used in spectral simulation. The symmetry axis for diffusion coin-
cides with the long molecular axis defined by geometry. The 2p orbital
on nitrogen makes a greater angle with the rotation axis in I thanin I,
consistent with the relative values of the Euler angle 8 (74.1 and 40.4°,
respectively) required for good spectral simulation.

to lipid vesicles formed from EPC was determined (see
Eq. 2 above) and is plotted in Fig. 6. Here the ratio of
aqueous to membrane bound probe Ny/N, (or 1/)) is
plotted versus V3/ml (the total volume per gram lipid).

/A

0 2000 4000 6000

Vt/ml

FIGURE 6 A plot of V/ml, the reciprocal of the lipid concentration in
milliliters/gram, versus the ratio Nf/Nb (1/\) for probes I (a) and II (®)
at a pH of 6.8. These binding curves to PC vesicles yield a slope that is
linear at high lipid to probe ratios. This slope is given by 1/Vig, where 8
is directly related to the binding constant (see text). The values of 3 are
7,810 and 1,477 for I and II, respectively. Assuming that these probes
occupy a binding domain that is 4-A wide, binding constants of 19.2 X
10* and 3,600 are obtained for I and II, respectively. This difference in
binding constant between I and II corresponds to a difference in the
free energy of binding of ~1 kcal/mol.
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The binding curves are linear except at the highest probe
to lipid concentrations where electrostatic saturation of
the binding domain for the probe occurs (19). From the
linear portion of these curves, the slopes are 0.00013 and
0.00069 g/ml for probes I and II, respectively. The lower
binding constant of probe II compared with probe I is
due to the additional — CH,OH group and corresponds
to an increase in the free energy of partitioning of about 1
kcal/mol. As shown previously, the binding curves
shown in Fig. 6 can be described by the expression:

N, Vp ol

Nb—mIViB_ﬁVi’ ©)
where 1/V;8 is the slope of the binding curve, V; is the
trapped internal aqueous volume in ml/g lipid, V;/ml is
the total volume of the solution per gram lipid (i.e., the
reciprocal of the lipid concentration in ml/g), and V; is
the partial specific volume of the hydrated lipid bilayer
(about 0.9885 ml/g for EPC) (34). 8 is a dimensionless
parameter defined by 8 = K, Voi/ Vi(K/Ky + Vol Veni)s
where K, and K; are the probe binding constants to the
external and internal vesicle interface, respectively (for a
more detailed discussion see reference 18). As shown be-
low, the ratio of the binding constants to each surface,
Ki/K,, is close to but not exactly 1 in these extruded
vesicles.

pH dependence of the binding of
trinitrophenols

The pH dependence of the binding of probes I and II was
also investigated, and the data for probe I are shown in
Fig. 7. The values of 8 remain constant at pH values
lower than ~7.8 but decrease at higher pHs with an ap-
parent pK, of ~8.5. The absorbance of this probe also
can be titrated in this range (see synthesis above) and
shows a change consistent with a pK, of ~8.5. We be-

8000

6000

Q. 4000

2000 |

FIGURE 7 A plot of 3 for probe I in EPC vesicles as a function of pH.
The values of 8 are obtained from the binding curves for probe I, such
as those shown in Fig. 2, at a probe concentration of 5 uM. The binding
constant titrates with an apparent pK of 8.5 and is apparently due to the
deprotonation of the nitrogen linked to the para position on the ring.

1)
-

1 uM Aqueous Spin
—

Signal Amplitude (my

10 min

Time

FIGURE 8 Time-dependence of the high-field signal of probe II when
mixed with vesicles of EPC (~1.5 mg/ml) in the EPR spectrometer.
The decay in the free signal provides a direct measure of the crossing
rate of the probe and yields a value of 4 X 1073 s™!. The decay of the
signal for probe I is faster than can be resolved by the EPR spectrome-
ter, <10 ms. From the amplitude of this decay for II, the ratio of inter-
nal to external binding constants can be obtained (see text).

lieve that this titration and shift in binding is due to de-
protonation of the nitrogen on the para position of the
trinitrophenolate. In support of this notion is the fact
that the nitrogen on di-1-(2,3,5 trinitrobenzene)amine
(Dipicrylamine) has a pK, below 3 (35). In addition, the
diminished binding above pH = 8.5 is consistent with
the larger electrostatic energy that a divalent species
would experience in the membrane interface. In the ex-
periments carried out here, measurements on mem-
brane potentials were carried out below a pH of 7.5.

The transmembrane migration rates of
TNP probes

The transmembrane migration rates for paramagnetic
hydrophobic ions can be determined by monitoring
their phase partitioning after rapid mixing with lipid vesi-
cles (22). A time-dependent increase in binding is ob-
served as a result of the additional membrane area that is
available on the inner surface of the vesicle. Both the
TNP probes I and II were examined to determine their
rate of membrane crossing using a stopped-flow EPR
spectrometer described elsewhere (22). Shown in Fig. 8 is
a recording of the time dependence of the high-field reso-
nance after the rapid mixing of II to lipid vesicles in the
EPR spectrometer. The rate of membrane crossing is
quite slow with a rate constant of 4.1 + 1.2 X 1073 s7".
This rate constant is not significantly different than
those found for many positive phosphonium ions (see
Discussion below). Probe I, which lacks the additional
hydroxyl, migrates much more rapidly. In mixing exper-
iments that can resolve processes slower than 10 ms, no
relaxation can be detected, and the rate constant for the
transmembrane migration of probe I appears to be
=>1,000 times larger than that for probe II.

From relaxation data such as that shown in Fig. 8, the
ratio of the internal to external probe binding constants,
Ki/K,, can be determined (36). This ratio is related to the
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phase partitioning at ¢ = 0, A(0) (when the probe has
equilibrated with the external surface only) and the
phase partitioning at ¢ = oo, A(c0) (When the probe has
equilibrated with both surfaces) by (37):

Ko (Vao\[( %, (A2
K (Vm)[(vo 15 l]‘ @
Taking data such as that shown in Fig. 8, the ratio of
Ki/K, for probe II is found to be 1.14 = 0.1 in these
vesicle systems. Because probe I has a similar structure to

probe II, this ratio will be used in the analysis of both
probes I and II that is described below.

A simple thermodynamic model
accounts for the voltage-dependent
binding of spin-labeled TNP probes

Probes I and II both show a voltage-dependent partition-
ing in lipid vesicle systems. To establish the mechanism
for the voltage dependence, the phase partitioning was
compared with the expectations of a simple thermody-
namic model previously shown to account for the volt-
age-dependent partitioning of hydrophobic cations (20).
Within the framework of this model, the expected phase
partitioning as a function of voltage is given as

ﬁ e°@FAWRT Vo ?F(1-2)ay/RT
ﬂ =K ﬁ K, Vini 5)
Ny TV Z
f] i 1 + —2 pZFAW/RT

Here, the parameter « represents the fraction of the ap-
plied membrane potential difference that exits across the
binding sites of the ion, in other words, ¥,,, = aAy and
¥Ymi = (1 — @)Ay. The inclusion of this parameter allows
for the possibility that a fraction of the applied potential
will fall between the membrane surface and the interfa-
cial region where these hydrophobic anions bind. To de-
termine the expected behavior of I as a function of Ay,
the ratios V_/V; and V,,,/V,,; are determined from the
vesicle concentration and vesicle size as described previ-
ously (20). With a value for K;/K, (obtained from the
data in Fig. 8 and Eq. 4), the collection of terms, K, V,,;/
V;, can be determined from the binding of the probe at
zero potential. Using these parameters, experimentally
determined phase partitioning as a function of trans-
membrane potential was compared with the voltage-de-
pendence predicted by Eq. 5 at several values of a.

Shown in Fig. 9, 4 and B is the expected voltage-de-
pendent partitioning for probes I and II, respectively,
along with the experimental values. The experimental
value for Ay is determined from the buffer concentra-
tion and the internal vesicle pH according to Eq. 1. As
seen in Fig. 9, excellent agreement between the experi-
mentally determined partitioning and the expectations
of Eq. 5 are obtained for values of @ near 0.1. Also shown
are the expected curves for « = 0.0.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

0.02 0.03 004 005 006 007
Potential (Volts)

0 0.01

FIGURE9 A comparison of the experimental voltage-dependent parti-
tioning (@) for (4) probe I and (B) probe Il with the predictions (solid
line) of a simple thermodynamic model for hydrophobic ion equilibra-
tion across a vesicle membrane (see Eq. 5). The data are well accounted
for by the model when « is ~0.1 for I and 0.15 for II (« is the only
adjustable parameter in this model).

Effect of surface potential on the
binding of | to bilayers

The TNP spin probes should partition to the surface of
the membrane as charged species. As a result, the phase
partitioning of I or II must be dependent on the mem-
brane surface potential as well as the transmembrane
potential. In the presence of surface potentials, the appar-
ent binding constants become K;, = K, , exp(zFyY; o/RT),
where ¢, are the internal and external vesicle surface
potentials and K; , are the internal and external binding
constants in the presence of the potentials. To examine
the behavior of the TNP probe in the presence of a sur-
face potential, the slope of the binding curve, 3, was mea-
sured for probe I in membranes composed of pure PC
and PC plus negatively charged PS. The analysis carried
out here assumes that changes in the binding of I as a
function of PS are purely electrical in origin, an assump-
tion that holds true for other charged amphiphilic probes
in PC/PS membranes (37-39). In this case, the ratio of
the slopes can be used to determine the surface potential
according to ¥, = —(RT/F) In (8/8,), where 8, is the slope
of the binding curve for the uncharged PC membrane.
Shown in Fig. 10 are the experimentally determined
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FIGURE 10 Surface potentials measured using the TNP based probe I
in vesicles containing 0.1, 0.2 and 0.3 mole% phosphatidylserine. Lipid
vesicles are formed in 100 mM NaCl, 5 mM ACES buffer, pH = 6.28.
The potentials are determined from the slopes of the binding curves in
the presence and absence of PS (see text). The solid line represents the
predictions of the Gouy-Chapmann-Stern model with an ion binding
constant for sodium of 0.75 M.

surface potentials determined using probe I, along with
the behavior expected based on the Gouy-Chapman-
Stern model. This model accurately accounts for the par-
titioning of other amphiphilic probes onto charged sur-
faces containing monovalent lipid (7, 40). As indicated
in Fig. 10, this model also accurately predicts the binding
changes measured for the negatively charged probe I in
the presence of PS containing membranes. These data
provide strong evidence that these probes interact with
membranes as monovalent species.

Spin-labeled TNP probes transit
vesicle bilayers in a charged state

The fact that probes I and II show potential-dependent
equilibria (Figs. 3 and 9) indicates that they cross the
membrane in an ionized form. Further evidence regard-
ing this point was obtained by examining the effect of
phloretin on the transmembrane migration rate of II in
vesicles. Phloretin reduces the magnitude of the mem-
brane dipole potential, slowing the migration rate of an-
ions and accelerating the migration rate of cations in
planar bilayers as well as vesicles (41-43). The effect of
phloretin on the translocation rate of Il is shown in Table
1. Phloretin slows the rate of migration of probe II, and
the change is similar to that of phloretin on the migra-
tion of other monovalent hydrophobic anions in lipid
vesicles (Franklin, J. C., and D. S. Cafiso, manuscript in
preparation) (43).

At pH values in the neighborhood of their pK, certain
weak acids and bases act as protonophores. For example,
2,4 dinitrophenol (pK, = 4) (44) is a well-known un-
coupler of oxidative phosphorylation that carries pro-
tons because both its charged and uncharged forms are
permeable and present near neutral pH (45). The pK, of
the phenolic group in I and Il is unknown but is expected

to be less than that of dinitrophenol due to the effect of
the additional nitro substituent. This lower pK, should
reduce the protonophoric activity at neutral pH by re-
ducing the concentration of the highly permeable un-
charged form of TNP.

Although the activity of I or II as protonophores may
depend on pH as well as their membrane concentrations,
no evidence for a strong proton carrying activity of these
probes was found in any of the measurements described
above. When probes I or II were added to lipid vesicles
containing pH gradients, their phase partitioning was
not dependent on the pH gradient until after the addi-
tion of CCCP. This result indicates that over the time
periods of these measurements (several minutes), pro-
tons are not brought to electrochemical equilibrium by
these TNP derivatives. In other words, the rapid estab-
lishment of a membrane potential required the addition
of CCCP. From this observation, we conclude that I and
IT are not potent protonophores and that the transmem-
brane distribution of these probes responds to mem-
brane potentials and not pH gradients.

DISCUSSION

The work presented here describes the synthesis and char-
acterization of a new class of hydrophobic ion spin-labels
based on the trinitrophenolate anion. These spin-labeled
anions exhibit a voltage-dependent phase partitioning in
vesicles that can be accounted for by a simple thermody-
namic model, thereby allowing the quantitation of po-
tentials directly from their EPR spectra. Several impor-
tant considerations inspired the development of these
probes. First, they are expected to transit membranes at a
much more rapid rate than hydrophobic cations, provid-
ing a tool to monitor rapid potential changes across vesi-
cles. Indeed, the TNP derivative I should respond to
transmembrane potential changes that occur within the
millisecond time range. Second, these anion probes,
when used in combination with hydrophobic cations,
provide a powerful approach to probe the electrostatic
potential in the membrane interior. These potentials will

TABLE 1 Effect of phloretin on the forward rate constant
for transmembrane crossing of the trinitrophenol nitroxide Il
in EPC vesicles

Mol% phloretin k;
0 33+02x1073s™!
3.6 24+02x1073s7!
7.1 0.97 +£0.2 X 10735

The inward rate constant for the transmembrane migration of II was
determined following a procedure used previously to determine the
rate constant for spin-labeled phosphoniums.? Phloretin was incorpo-
rated into the vesicles by dissolving the lipid with phloretin before re-
moving the organic solvent (see Experimental). Following extrusion
and centrifugation, phloretin was present at the level indicated in the
vesicle membrane.
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be important for investigating processes such as protein
insertion into membranes and voltage-dependent con-
formational events in membrane proteins. Finally, these
anion probes are most sensitive to inside positive poten-
tials in vesicles, potentials that are not measured accu-
rately by hydrophobic cations. They will be a useful tool
in systems such as reconstituted bacteriorhodopsin,
where light-generated potentials are inside positive.

Positively charged phosphonium ions have a half-time
for transmembrane equilibration in EPC vesicles of
~700 s (22). Because the membrane dipole potential
(Fig. 1) produces a difference of 7-8 kcal/mol in activa-
tion energy between cations and anions (17), hydropho-
bic ions like I are expected to have half-times for equili-
bration of a few milliseconds. This is consistent with the
experimental result that the half-time for I is less than the
10-ms time resolution of the rapid mixing system used
here.

The anion probe I has a binding constant that is
~500-1,000 times larger than positively charged triaryl-
alkylphosphoniums (20), and this increased binding is
also an expected consequence of the dipole potential.
The free energy of binding (AG3) for I is 3.5-4 kcal/mol
more negative than these positive phosphoniums, de-
spite the additional hydrophobicity of the positively
charged probe. Given the differences in structure be-
tween these probes, these values are not inconsistent
with the 5 kcal/mol difference between the binding ener-
gies of tetraphenylphosphonium and tetraphenylborate
(19). Thus, the TNP probe I appears to behave as ex-
pected for a hydrophobic anion. Taken together with the
voltage-dependent phase partitioning and phloretin-sen-
sitive transport rates, this is strong evidence that these
new anion probes transit and associate with membranes
in a charged form.

As a result of the strong binding that I exhibits to the
membrane interface, II was synthesized with the expec-
tation that its additional hydrophilicity would lower the
affinity of the probe for the membrane/solution inter-
face. This is indeed the case, and II has a free energy of
binding (AGY) ~ 1 kcal/mol more positive than that of I.
The hydroxyl group in II is almost certainly hydrogen
bonded to solvent when it is in the aqueous phase, and it
must also be participating in a hydrogen bond when it is
membrane bound. If this were not the case, then a much
weaker binding of II would be expected. The axial rota-
tion rate of II is also an order of magnitude slower than
that of I, even though these probes are of similar size.
This is consistent with the idea that the hydroxyl group
in II participates in a hydrogen bond within its mem-
brane binding domain. In contrast to I, the transmem-
brane migration rate of II is surprising slow. This probe
experiences an energy barrier that is ~5 kcal/mol larger
than that for probe I, and its crossing rate is comparable
with that for many hydrophobic cations. Again, this find-
ing is consistent with the idea that I has additional inter-
actions within its membrane binding site compared with

I, and the magnitude of the activation energy difference
is close to that expected for a hydrogen bond in a hydro-
phobic environment.

The slow migration rate observed for II indicates that
it will not be a useful probe for rapid changes in mem-
brane potentials; however, its slow migration rate does
facilitate certain measurements. Because its migration
rate is slow, it is readily determined, providing a conve-
nient way to probe the energy barrier for anion transport
through bilayers. This probe can be used readily to quan-
titate changes in the energy barrier for anion transport
that result from changes in the membrane dipole poten-
tial (Franklin, J. C., and D. S. Cafiso, manuscript in prep-
aration).

The physical basis for the voltage-dependent binding
of probes I and II shown in Figs. 3 and 9 is the difference
in the membrane surface to aqueous volume ratio be-
tween the inside and outside of a lipid vesicle. As a result
of this difference, the accumulation of probes I or II on
the vesicle interior (e.g., in response to an positive inside
potential) leads to an increase in partitioning to the
membrane phase. This mechanism is identical to that
described previously for spin-labeled phosphonium ions
(18). To exploit this mechanism, these probes must be
used at lipid concentrations that permit a measurable
partitioning between membrane and aqueous phases.
For the negatively charged probes described here, these
lipid concentrations are much lower than those used for
positive probes of comparable hydrophobicity. This is a
result of the much more negative AGY of the anion
probes. To maintain a probe-to-lipid ratio that is non-
perturbing, the anion probes were used here at lower
concentrations than those used previously for positively
charged hydrophobic ion probes. Fortunately, because
of the high sensitivity of EPR, it has generally been possi-
ble to find experimental conditions where these probes
partition at low probe-to-lipid ratios.

The synthesis and voltage dependence of TNP-based
probes has not been described previously. However,
spin-labels based on dinitrophenol have been synthe-
sized (46, 47). To our knowledge, the voltage-depen-
dence of these derivatives has not been characterized,
and they also could be useful probes of membrane po-
tential. However, the absence of a third nitro group
would be expected to raise the pK, of the phenolic group,
and this should place a larger fraction of the probe in a
protonated form. Dinitrophenol is a protonophore, and
the spin-labeled derivative of this molecule also may
have protonophoric activity (45).

In the analysis of the binding of probes I and II to
vesicles formed by extrusion, the binding of the probe to
the internal membrane interface is found to be slightly
larger than to the external interface. A difference in bind-
ing between internal and external vesicle surfaces is not
unreasonable, given the lipid packing asymmetry found
in small vesicles (48). In fact, similar differences were
observed for phosphoniums in sonicated vesicles (49).
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Taking the values of K;/K, obtained from the data in Fig.
8, the potential dependent partitioning in Fig. 9 is fit best
when « is ~0.1. A non-zero value for « is not physically
unreasonable. It implies that a portion of the membrane
potential drops between the membrane surface and the
region where these hydrophobic ions bind near the level
of the carbonyl oxygens (9). Indeed, for the well-charac-
terized hydrophobic anion tetraphenylborate, a value of
a =~ 0.12 is found from planar bilayer work (14).

In summary, a new series of spin-labeled hydrophobic
anion probes has been synthesized and characterized in
lipid vesicle systems. These probes exhibit a transmem-
brane potential-dependent phase partitioning that can
be accounted for using a simple thermodynamic model
that previously accounted for the behavior of spin-la-
beled phosphoniums. These probes provide a new tool
that can be used to quantitate rapid changes in mem-
brane potential and examine the internal electrostatic
potentials of membranes.
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