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Nicotinic Acetylcholine Receptor Channel Electrostatics Determined by
Diffusion-Enhanced Luminescence Energy Transfer

Robert H. Meltzer,* Monica M. Lurtz,** Theodore G. Wensel,” and Steen E. Pedersen*

*Departments of Molecular Physiology and Biophysics and fBiochemistry and Molecular Biology, and *Cell and Molecular Biology Program,
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ABSTRACT The electrostatic potentials within the pore of the nicotinic acetylcholine receptor (nAChR) were determined using
lanthanide-based diffusion-enhanced fluorescence energy transfer experiments. Freely diffusing Tb®"-chelates of varying
charge constituted a set of energy transfer donors to the acceptor, crystal violet, a noncompetitive antagonist of the nAChR.
Energy transfer from a neutral Tb3*-chelate to NnAChR-bound crystal violet was reduced 95% relative to the energy transfer to
free crystal violet. This result indicated that crystal violet was strongly shielded from solvent when bound to the nAChR.
Comparison of energy transfer from positively and negatively charged chelates indicate negative electrostatic potentials of —25
mV in the channel, measured in low ionic strength, and —10 mV measured in physiological ionic strength. Debye-Huckel
analyses of potentials determined at various ionic strengths were consistent with 1-2 negative charges within 8 A of the crystal
violet binding site. To complement the energy transfer experiments, the influence of pH and ionic strength on the binding of
[3I:|]phencyclidine were determined. The ionic strength dependence of binding affinity was consistent with —3.3 charges within
8 A of the binding site, according to Debye-Hlckel analysis. The pH dependence of binding had an apparent pKa of 7.2, a value
indicative of a potential near —170 mV if the titratable residues are constituted of aspartates and glutamates. It is concluded that
long-range potentials are small and likely contribute little to selectivity or conductance whereas close interactions are more likely

to contribute to electrostatic stabilization of ions and binding of noncompetitive antagonists within the channel.

INTRODUCTION

The nicotinic acetylcholine receptor (nAChR) is a pentame-
ric ligand gated ion channel with a subunit stoichiometry of
aB7y5; the subunits are arranged with rotational pseudo-
symmetry about a central pore that constitutes the ion
conductive pathway (1). Cryoelectron microscopic imaging
has shown the channel pore to comprise a large extracellular
vestibule with a diameter near 20 A that narrows at the
transmembrane domain (2—4). Within the transmembrane
domain, the channel is lined by the second transmembrane
helices (M2) of the five subunits and these helices have been
shown to largely determine the conductivity of the channel
((5); see Fig. 1 for illustration).

Site-directed mutagenesis defined three rings of charges
that particularly affected conduction: an inner ring at the intra-
cellular end of the helix, an intermediate ring near the
intracellular end, and an outer ring located near the extracel-
lular end of the M2 helices (6). Changes in charge at these sites
from negative to positive reduced net conductance, with the
strongest effects at the intermediate ring of charges and
smaller effects at the inner rings and outer rings. The role of
the outer ring charges, and perhaps others within the large
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extracellular vestibule, have been proposed to concentrate
ions within the vestibule through long-range electrostatic
interactions, thereby providing a reservoir of conducting ions
that contributes to net conductivity and ionic selectivity (7,8).
However, detailed examination of charge changes in the outer
ring showed effects of ionic strength changes on conductance
that indicated that ionic effects at this locus were predomi-
nantly through close interactions or binding of conductive
ions rather than long-range electrostatic interactions (9).
Computation using hypothetical charge distributions fur-
ther argued, though, that a modest charge density within the
vestibule could enhance selectivity and conductivity of the
channel (10). Homology modeling of the nAChR based on
the atomic resolution structure of the acetylcholine binding
protein also showed substantial charge density in the upper
parts of the vestibule as well (11). Individual, site-directed
mutagenesis of these residues affected the overall function
of the channel (12); they may also affect selectivity or
conductivity through their vestibular charge distribution
mechanisms, as proposed by computational modeling. The
experimental observations clearly indicated that some charged
residues have a strong impact on conduction, though the
residues at the extracellular vestibule appeared to have a
smaller effect. In contrast, modeling of vestibular potentials
indicated a potentially significant role for the net charge that
may have been missed by mutagenesis of individual residues.
To determine the impact of vestibular charges on ionic
selectivity and conduction, we undertook a direct determination
of the relative concentration of ions using lanthanide-based
diffusion-enhanced luminescence resonance energy transfer
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FIGURE 1 Cartoon of a cross section of the nAChR with two M2 a-helices
shown. Charged residues are clustered at the extracellular and intracellular
ends of the transmembrane pore. The putative location of CrV is shown within
the extracellular half of the transmembrane pore.

(13,14). This technique compares the energy transfer of three
homologous Tb’ " -chelates to an energy transfer acceptor,
crystal violet (CrV), bound to the nAChR ion channel (15—
17). Comparison of changes in energy transfer with the
change in chelate charge reveals the extent of the long-range
electrostatic interactions within the vestibule. It was deter-
mined that the vestibule has a relatively small potential that is
attenuated in physiological ionic strength. These results were
juxtaposed to the more profound effects of pH and ionic
strength on the binding of phencyclidine (PCP), a noncom-
petitive antagonist that is competitive with CrV, that suggest
a larger impact of local potential.

The theoretical basis of lanthanide-based diffusion-
enhanced fluorescence energy transfer (DEFET) is well
established and permits direct computation of energy transfer
if the optical properties of the fluorophores are known and an
atomic resolution model of the acceptor and its environment
is known (13-15). Computed DEFET rates include the
effects of computed electrostatic potentials that, thereby, can
be compared directly to experimentally measured potentials.
This provides a mutual check on the predictions of computed
potentials and experimentally determined potentials. Such a
comparison seems warranted: computation of potentials at
protein surfaces often relies on continuum electrostatic
approximations using the Poisson-Boltzmann equation (18).
However, this approach may not be adequate in cases where
the protein surface is constricted (19) or can focus the
potential, as is likely the case in the vestibule of the nAChR.
A particular concern is that the vestibular volume is too small
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to include a significant number of ions and, therefore, the
ionic screening included in the continuum electrostatics may
not apply. The volume of the nAChR vestibule is expected to
hold ~3 ions; thus, the continuum approximation may not be
valid in this instance. It was argued that perhaps Brownian
dynamics simulations provide a better approximation to
evaluate the effects of electrostatics on solution ions (19).

In the second article of this series (11), we directly compare
computed and experimental potentials in the nAChR vestibule
and find that computations tend to overestimate the experi-
mental results severalfold. In the third article we utilize a
combination of fluorescence stopped-flow binding kinetics,
DEFET, and computation to determine the contribution of
local electrostatic potentials to the binding energy at the
nAChR active sites and at the AChE active site (20). The
results indicate that, despite sizeable local potentials, espe-
cially at low ionic strength, the net contribution to binding
energy at physiological conditions is smaller than —1 kcal/
mol. The observations permit us to conclude that despite the
strong charge density in many regions of the nAChR, the
direct impact of long-range electrostatic attraction on function,
such as binding rate, conductivity, and ionic selectivity is
small; charged residues likely have more significant effects on
function through direct interactions with substrates.

MATERIALS AND METHODS
Reagents

CrV was purchased from Aldrich Chemical (Milwaukee, WI) and crystal-
lized from chloroform. Carbamylcholine (Carb), EDTA, N-(2-hydroxy-
ethyl)ethylenediaminetriacetate (HED3A), and PCP were purchased from
Sigma Chemical (St. Louis, MO). HEPES was from Boehringer Manheim
(Roche, Indianapolis, IN). Sucrose and NaCl were purchased from Fisher.
N,N’-bis(2-hydroxyethyl)ethylenediaminediacetate (BED2A) was synthe-
sized as described (21). The Tb>"-chelates [Tb>*-EDTA]™ (Tb"), [Tb>*-
HED3A], (Tb%), and [Tb>*-BED2A]" (Tb™) were prepared and purified by
ion exchange chromatography as described previously (22) and stored as
lyophilized powders.

To eliminate binding of CrV, glassware was acid washed and then treated
with one of the cationic silanizing reagents N,N-dimethyl-3-aminopropyl-
trimethoxysilane or 3-aminopropyl-trimethoxysilane (United Chemical
Technologies, Bristol, PA) by vapor diffusion in an 80°C vacuum oven at
25 mmHg vacuum from a 1:6 dilution of silanizing agent in toluene followed
by a water rinse. nAChR-rich membranes were prepared from fresh or frozen
Torpedo californica electric organ (Marinus, Long Beach, CA) by dif-
ferential sucrose ultracentrifugation as described previously (23,24). Bind-
ing activity of membrane was assayed by [*H]acetylcholine binding and
ranged in specific activity from 1.0 to 1.6 nmol/mg. nAChR concentrations
are reported as one-half the measured ACh binding-site concentrations.

Spectral measurements

Tb*>*-chelate emission spectra were measured on a SLM 8000C fluores-
cence spectrometer (SLM, Rochester, NY) with upgraded electronics
(HORIBA Jobin Yvon; Edison, NJ) or an ISS (Urbana-Champaign, IL) PC1
fluorometer. Excitation and emission monochromators were set to 4 nm
bandwidth. Excitation was at 370 nm and emission spectra were collected
from 450 to 700 nm. When needed for quantitation, technical emission
spectra were corrected for instrument response with manufacturer-provided
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correction factors. CrV absorbance spectra were measured as described
previously (25) alone or in the presence of excess nAChR on a Cary 1/3 UV/
VIS spectrophotometer (Varian; Sugarland, TX) using dual beam mode.

The Forster distance R, is the distance at which energy transfer is
50% efficient for a pair of fluorophores (26) and is given by the following
equation:

R, = 9765(JQk’n ) °A. (1)

The spectral overlap between the donor and acceptor fluorophores, J, was
calculated from measured donor emission spectra F(A) and the acceptor
absorbance spectra, &(A), spectra over all wavelengths (A):

J = /w F(A)e(MA*dr/ /w F(A)dA. 2)

Qo, the quantum yields for the donors, Tb*, Tbo, and Tb™, were
determined from the lifetime of each chelate, 7, and the intrinsic radiative
lifetime of Tb>* (T100): Qo = To/Trad. FOT Trag We used 4.4 ms, according to
Stein and Wurzburg (27). These Q, values (Table 1) agree with the value of
0.2 determined by Yeh and Meares (28) using standard spectroscopic
methods. However, an approach using diffusion-enhanced energy transfer
and lifetime measurements indicated a shorter 7,,q for Tb>" near 3.3 ms (29);
if this latter value is correct, our Q values would be systematically different.
«? is the orientation factor between the donor and acceptor fluorophores and
in this case is constrained by the isotropic emission fluorescence, which
limits the value from 1/3 to 4/3; the average value of 2/3 was used (15). The
refractive index n of water is 1.33.

Luminescence lifetime measurements

Terbium fluorescent lifetimes were measured on a PhosphoCube fluores-
cence lifetime instrument from HORIBA Jobin Yvon IBH with a 370-nm
wavelength SpectralLED light source passed through an ultraviolet-pass filter
and TBX-04 photodetector with a 545-nm bandpass filter or a 595 cut-
on filter (Oriel, Stratford, CT) for detection of emission. A homebuilt
instrument was used in some experiments whereby the sample was excited
by a mechanically chopped beam from an Ar-ion laser tuned to 363 nm. The
instrument is described in detail by Lamture et al. (30). Luminescence
decays were typically measured over 14—20 ms from 10,000 repeated flashes
of ~1 ms duration. Data were binned in 10 us intervals. Tb>*-chelate
fluorescence decays were fitted to an equation for a single exponential decay
with a background.

The bimolecular rate of energy transfer from Tb**-chelates to CrV, k3,
where x refers to chelate charge, was calculated from the increase in
observed fluorescence decay rate (kobs = 1/Topss s~ with increasing CrV
concentration:

ky = (kobs — ko) /[CrV] Ot kops = k5 [CrV] + k. 3)

Energy transfer was typically measured in 1 mM terbium chelate, with or
without 3 uM nAChR rich Torpedo membranes desensitized with 1 mM
Carb, and with increasing CrV concentrations titrated into samples up to 2
M. This concentration of Carb was sufficient to fully desensitize the AChR
and does not block noncompetitive antagonist binding to the channel (31).
Low ionic strength buffer was 10 mM HEPES pH 7.0. High ionic strength
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buffer was either 10 mM HEPES, 300 mM NaCl, pH 7.0 or HTPS (250 mM
NaCl, 5 mM KCl, 3 mM CaCl,, 2 mM MgCl,, and 20 mM HEPES, pH 7.0).
Because of the low buffering capacity, the pH was titrated to the correct
value immediately before each experiment.

The electrostatic potential (1) was computed from energy transfer rate
measurements using a Boltzmann relation:

kT kS kT k)
s e BT

2 2
where kg is Boltzmann’s constant, e is the unit electron charge, and k; is
the measured bimolecular rate of energy transfer for Tb", Tbo, and Tb™.
Because of the unit difference in charge distributed about the neutral chelate,
the potential measured by the ratio of the Tb™ and Tb° chelates is expected to
equal that of the Tb® and Tb ™. The potentials from both pairs were averaged.
Alternatively, the potential was computed from ¢y = (kgT/e)*(slope of In(k3)
versus charge), which is equivalent to Eq. 4 but includes all three &; values
simultaneously. The mean * SE for the electrostatic potential o, was
determined from the mean * SE of several independent determinations or by
propagation of errors using the experimentally determined standard devia-

tions for the k; (o) by Eq. 5 (32):

ks T +
G0 =0 K (0 [+ oK) [ K S)

The effect of ionic strength shielding on electrostatic potential was
measured from changes in energy transfer rates from the Tb’*-chelates to
bound CrV with increasing concentrations of NaCl, titrated into the sample
from a concentrated, 5 M solution in HEPES, pH 7.0. The electrostatic
potential as a function of ionic strength was fitted to a Debye-Hiickel
equation to estimate the effective interaction distance near the acceptor
fluorophore (r) and the number of charges experienced in that region (z)
using Eq. 6:

1 RT\ 0
() = zq.e " |4mee,r —= (880 ) s, ©)

where the potential at a given ionic strength (/) is a function of the
elementary charge ., the polarizability of free space, &, the dielectric constant,
¢, and the Debye length //k. The Debye length characterizes the screening
effect of ionic strength on potential experienced about a point charge where R
is the gas constant, F' is Faraday’s constant, and / is the ionic strength (33).

Binding data were fit to a distinct equation derived from Debye-Hiickel
theory that describes the change in dissociation constant with ionic strength
(34,35):

logK = logK, — (2Azgz 1"7) /(1 + rBI*™?), (7)
where A and B are thermodynamic constants (A = 0.509 and B = 2.391

nm~ ! at 298 K) and zg and z;_ are the charges on the receptor and ligand,
respectively.

[®H]PCP binding

[*H]PCP binding was carried out by the centrifugation assay as described by
Pedersen (36) and by Lurtz et al. (37). Typically, 50 or 100 ng of nAChR-rich

TABLE 1 Energy transfer characteristics for Th®*-chelates and CrV

nAChR-bound CrV Free CrV
Chelate To(ms) K> 0 J# (M~ 'em?®) Ro A J M 'em?) Ro A
Tb* 0.85 1/3-4/3 0.182 4.80 x 10713 50.7 = 8.2 479 x 10718 50.7 *= 8.3
Tb® 0.89 1/3-4/3 0.187 481 x 1071 50.9 = 8.3 483 x 1071 50.9 = 8.3
Tb™ 1.16 1/3-4/3 0.244 4.83 x 10713 532 *+ 8.6 4.88 x 10713 53.1 = 8.6

#J, Qo, M, and k> were determined as described in Materials and Methods. R, was computed for k> = 2/3; the range reflects the span of k.
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membranes with activity of ~0.1-0.2 nmol nAChR/mg in 400 ul (25-50 nM
nAChR) were incubated with ~1 nM [PHIPCP and 1 mM Carb, to desensitize
the nAChR. At each condition, bound ligand was determined by counting the
pellets; free ligand was determined by counting a 100-ul aliquot of the
supernatant. Nonspecific binding was determined for each condition using
parallel samples that also included 25 uM proadifen; this was subtracted from
the total binding to yield specific binding. Because the concentration of nAChR
was in large excess over [PHIPCP, free nAChR was essentially equivalent to the
concentration added. From this value and from the measured concentrations of
free and bound [°H]PCP the affinity constant was determined: K = [RL]/[L][R]
where R is the nAChR, L is phencyclidine, and RL the bound complex. In
experiments with varying salt and pH, the buffers were titrated to the desired pH
ateach salt concentration immediately before the experiment. The pKa of PCPis
10 as measured by titration and thus was predominantly protonated across the
experimental pH range used for binding.

RESULTS

To determine the electrostatic potential within the nAChR
pore, we measured DEFET rates from variously charged
Tb** chelates to CrV bound to the nAChR. This technique
was used previously to determine the electrostatic environ-
ment near myoglobin (15), DNA (17), and cytochrome ¢
(38). It takes advantage of the long, millisecond luminescent
lifetime of Tb>". During the excited-state lifetime, the chelate
effectively samples the nearby volume, including regions near
acceptors where the probability of energy transfer is greater.
Changes in lifetimes can be measured precisely using time-
correlated photon counting to determine the extent of energy
transfer, as given by the rate constant for energy transfer (&3,
Eq. 3). The efficiency of energy transfer depends on the ac-
ceptor accessibility and on the local electrostatic potential, due
to changes in local concentration of charged Tb> " -chelates
(13-15). The relative DEFET rates from the three homologous
Tb3+-chelates, Tb™, TbO, and Tb™, which vary in charge (see
Fig. 2), determine an effective electrostatic potential in the re-
gion near the acceptor.

CrV as an acceptor of Th®* energy transfer

DEFET depends directly on the acceptor concentration (Eq.
3) and the acceptor optical properties. To obtain sufficient
energy transfer at nAChR concentrations in the low micro-
molar range, we required an acceptor with high extinction
coefficient and with spectral overlap of Tb®>" emission, as
characterized by the Forster distance for energy transfer, R
(Eq. 1). CrV (Fig. 2) was previously identified for this
purpose as a high affinity (Kp ~ 10 nM), fluorescent,
noncompetitive antagonist of the nAChR that binds with a
1:1 stoichiometry (25). The overlap between the emission
spectrum of the Tb**-chelates and the absorbance spectra for
CrV, free or bound to excess nAChR, are shown in Fig. 3.
The spectral overlap integrals, J, for these compounds were
calculated from corrected spectra according to Eq. 2 and are
given in Table 1. The R, values for the three chelates are
~50 A; variations between the three chelates are due to small
differences in chelate emission spectra and in lifetimes. CrV

Biophysical Journal 91(4) 1315-1324

Meltzer et al.
Al 00c ™" T B sy
_\N—\— /—coo
ooc—/ N
\—coo
L i L
Tb EDTA (Tb")
B ” 7o H3C\N N/CH3
00C Tb I \
_\N €00’ CH;, CH,
voc—/ N Crystal Violet
\—CHZOH

Tb HED3A (Tb?)

r 1+
HOHC— ~ To” c

N /—Co0
-ooc—/ - N
pa—

O

Phencyclidine

Tb BED2A (Tb*)
FIGURE 2 Chemical structures of (A) Tb> " -chelates, (B) CrV, and (C) PCP.

exhibits a 10-nm shift in peak absorbance upon binding the
nAChR, which yields a small change in R, of <0.1 A. The
primary uncertainty in the R, arises from the orientation
factor k?, though «? is limited by the isotropic Tb>" emis-
sion, as described in Materials and Methods. The uncertainties
in the R values, however, do not affect the interpretation of
the DEFET rates and electrostatic potentials. These R, values
demonstrate that CrV is a competent acceptor and are pri-
marily utilized for computational determination of DEFET
rates, as described in the accompanying article (11). In those
computations, k> was computed explicitly from the orien-
tation of the acceptor, thereby reducing the uncertainty in R.

Diffusion-enhanced fluorescence energy
transfer measurements

Tb?*-chelates characteristically exhibit single-exponential
luminescent decay with lifetimes near 1 ms. The data shown
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FIGURE 3 Spectral overlap of Tb™ and CrV. The emission spectrum of
1 mM Tb™ (solid line) was taken in H>O as described in Materials and
Methods. Absorption spectra of 400 nM free CrV (dashed line) or bound to
512 nM nAChR (dotted line) were measured in HTPS (data from Lurtz and
Pedersen (25)) and the data converted to the extinction coefficient.
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in Fig. 4 illustrate the decay of Tb* (Fig. 4 A), Tb® (Fig. 4 B),
and Tb™ (Fig. 4 C), each in the absence of added acceptor
(black points), in the presence of free CrV (blue points), and
in the presence of CrV bound to the nAChR (red points).
Free CrV substantially decreases the lifetime of each chelate
due to DEFET. The change was greatest for Tb~ and
smallest for Tb™ consistent with the presence of positive
electrostatic potential about free CrV. Bound CrV alters the
lifetimes less than free CrV, reflecting less DEFET, which is
consistent with lower accessibility of the Tb**-chelates to
bound CrV; the k9 value for bound CrV is ~5% of that of
free CrV (see Fig. 4 B and Table 2). Table 2 shows decay-
rate data and the calculated k) values for a typical DEFET
experiment. The pattern of changes in DEFET indicated by
the trend of the &5 values with charge qualitatively indicates
the electrostatic environment. The values decrease with
charge for free CrV and increase for bound CrV, consistent
with CrV bound in a negatively charged environment within
the channel.
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FIGURE 4 Tb-chelate fluorescent lifetime decay. Fluorescent lifetimes
for (A) Tb*, (B) Tb°, and (C) Tb~ were measured with 1 mM Tb>* -chelate
in 10 mM HEPES, pH 7.0. Decay rates for the chelate alone (black dots),
with 2 uM CrV (blue dots), and with 2 uM CrV bound to 3 uM nAChR with
1 mM Carb (red dots). Solid lines indicate a single-exponential decay fitted
to the data.
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TABLE 2 Tb®*-chelate DEFET to free and bound CrV

Free CrV
[CrV] (uM) Tb* Tb® ks (s~ 1)* Tb™
0 1193 = 1 1119 = 3 865 *+ 1
2 1463 + 3 1689 + 25 1925 = 13
ky (uMlsTHT 135 £ 2 285 + 13 529 + 7
CrV, 3 uM nAChR
kubs (S_l)
0 1107 = 1 1082 *+ 4 855 + 3
2 1216 + 8 1106 * 5 865 = 1
ky (uMlsTHT 54 + 4 12+3 5+2

*Luminescence decays were recorded for I mM Tb>*-chelates in 10 mM
HEPES, pH 7.0; 2 uM CrV was added without and with 3 uM nAChR
present. Decay rates are presented as the average and standard deviation of
triplicate measurements from the same sample.

TDEFET rates, k3, were computed from kops before and after addition of
CrV (Eq. 3). Errors in k; were derived by propagation of errors in kops.

To gauge the effect of ionic strength on the electrostatic
potential within the pore of the nAChR, DEFET measure-
ments were made at both low and high ionic strength con-
ditions. To improve precision, decay rates were determined
by titrating samples with several CrV concentrations; DEFET
rates, k3, were determined from the slopes using the linear
form of Eq. 3. The changes in decay rates are shown in Fig.
5. The DEFET rates, indicated by the slopes, for free CrV
(Fig. 5, A and B) are much higher than those for CrV bound
to the nAChR (Fig. 5, C and D). Free CrV shows the highest
energy transfer to Tb™ and the least to Tb™; the difference in
slopes for the three chelates is reduced in high ionic strength,
which indicates a smaller potential than in low ionic strength.

DEFET rates, &3, for free and bound CrV in low and high
ionic strength are summarized in Table 3 along with the
corresponding electrostatic potentials, as calculated from a
Boltzmann distribution (Eq. 4). This measure of potential
assumes that changes in local concentrations of Tb>*-
chelates are directly reflected by changes in dipolar energy
transfer and therefore includes contributions from the
surrounding volume as modulated by the distance dependence
of energy transfer. Free CrV has an electrostatic potential of
14 mV in low ionic strength and 5 mV in high ionic strength.
For CrV bound to the nAChR the potential was —27 mV in
low ionic strength and —10 mV in high ionic strength. The
electrostatic environment within the pore is negatively
charged to an extent that the intrinsic charge of the CrV is
overcome. The measured energy transfer rates and potentials
are similar when measured in 300 mM NaCl and in HTPS,
indicating that the electrostatic environment is modulated by
ionic strength rather than by specific ion interactions.

The presence of free, unbound CrV could potentially skew
the measured DEFET rates in the samples of nAChR-bound
CrV because the DEFET rate to free CrV is 20-fold higher
than to bound CrV. From the known 10 nM K, for CrV (25),
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FIGURE 5 DEFET between Tb>"-chelates and CrV. Decay rates were
measured from Tb™ (A), Tb® (O), and Tb~ (V) in the presence of CrV at the
indicated concentrations in 10 mM HEPES, pH 7.0 (A and C) and in HTPS
(B and D). Panels A and B are CrV free in solution. Panels C and D are CrV
bound to 3 uM nAChR with 1 mM Carb. Duplicate determinations are
shown at each condition. The slope of linear fits to CrV titration data yields
the k3 values according to Eq. 3.

experimental conditions were designed for <1% free CrV in
the high ionic strength buffer; the affinity of CrV is sub-
stantially higher in low ionic strength (Kp < 1 nM; data not
shown). Measurements of free CrV by HPLC showed free
concentrations of <3 nM, however, CrV partitions strongly
into the lipid bilayer (25). Therefore, we measured parallel
samples containing excess PCP to determine the effective
DEFET rate of unbound CrV in the presence of nAChR-rich
membranes (Table 3). Examination of kg values for this case
shows that DEFET was reduced fourfold relative to free CrV
in the absence of membranes but is nonetheless substantially

TABLE 3 Diffusion-enhanced energy transfer to CrV

Meltzer et al.

higher (approximately fivefold) than for bound CrV. The
trend of k5 values, and corresponding estimated potential,
indicate a negative electrostatic field (Table 3) near unbound
CrV, which is consistent with its partitioning into the anionic
lipid bilayer. If k3 values for bound CrV are compensated for
the contribution of free and membrane-associated CrV, the
largest correction occurs for k; in low ionic strength and
yields twofold lower values; these corrections have less than
a 2 mV effect on the potentials for all cases. Because the
effect is small, the data shown were not corrected.

Charge distribution at the pore entrance

To estimate the number and distribution of charges near the
CrV binding site the change in potential with ionic strength
was determined by DEFET measurements and then fit to the
Debye-Hiickel formulation given in Eq. 6. Fig. 6 A shows the
effect of ionic strength titration on DEFET rates to free CrV
(open symbols) and to nAChR-bound CrV (solid symbols).
In both cases, the separation between k5 and k5 is greatest
in low ionic strength and decreases with increasing ionic
strength, presumably due to ionic screening. DEFET rates
from Tb®, k9, were unchanged across the ionic strength
titration for CrV free in solution, but rose somewhat for
CrV bound to the nAChR. Fig. 6 B shows the electrostatic
potentials calculated from the data series in Fig. 6 A as
described in Materials and Methods. For free CrV, the
positive potential drops from 15 mV at low ionic strength to
nearly undetectable levels at high ionic strength (2 £ 4 mV).
The potential for nAChR-bound CrV was —26 mV at low
ionic strength and approaches to —5 mV in high ionic
strength.

The solid lines are the best fits of the potential to Eq. 8 that
optimize the number of charges (z) and a mean distance of
closest approach (r), which represent the effective charge
environment in the vicinity of CrV (35). By this analysis,
CrV in solution has a charge of z = 0.81 and a r = 8.3 A;
these values are consistent with the known charge and size of

DEFET rate*
Buffer ks AT ks Potentialf(mV)
Free CrV 10 mM HEPES 168 =+ 10 (10) 299 *+ 12 (10) 499 * 18 (10) 14+ 1
300 mM NaCl 285 *+ 42 (3) 343 + 43 (3) 392 + 45 (3) 4+3
HTPS 237 * 36 (3) 281 = 13 (3) 348 = 13 (3) 5+2
Bound CrV 10 mM HEPES 51 = 6 (10) 13+1@) 61 27 %3
300 mM NaCl 24 + 2 (8) 15+ 3(7) 11 =2 (6) —10 = 4
HTPS 28 + 4 (5) 17 £2(5) 12+ 1(5) —10+3
CrV + PCP 10 mM HEPES 147 * 24 (3) 78 + 24 (3) 51 + 15 (3) -13+7
HTPS 77+ 11 (3) 76 + 8 (3) 57=103) —4%3

*DEFET rates (k;) were determined for Tb**-chelates in the presence of free CrV, CrV, and 3 uM nAChR, and of CrV, nAChR, and 25 uM PCP, and
measured in low and high ionic strength buffers. The average and standard deviation of (1) experiments are presented where k; values were determined either
by single CrV concentrations or by fits to k., from several concentrations (0-2 wM).

Electrostatic potentials were computed from the energy transfer rates using Eq. 4 and errors were determined by propagation of error analysis using Eq. 5 as

described in Materials and Methods.
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FIGURE 6 Increasing ionic strength attenuates local potential near CrV.
(A) DEFET rates were measured for 2 uM CrV, free (A, O, V), or bound to
3 uMnAChR (A, @, V), in 10 mM HEPES, pH 7.0 with | mM Carb. The
DEFET rates k5 (A, A), kg (O, @), and k5 (V, V) are plotted versus NaCl
concentration. Errors in k5 were determined by propagation of errors from
individual lifetime measurements. (B) Electrostatic potentials computed
from energy transfer rates for free CrV (O) and bound CrV (@). The free
CrV potential subtracted from the bound CrV potential (V) is shown to
estimate the potential of the unoccupied nAChR. Curves are the best fit of
potentials to Eq. 6. The charge (z) and mean distance of closest approach (r)
were: free CrV (O), z = 0.81 = 0.03, r = 8.3 + 0.2 A; bound CrV (@), z =
—1.16 £ 0.12, r = 7.1 = 0.5 A; bound minus free CrV (V), z = —1.97 =
0.1,r=75=03A

CrV. For nAChR-bound CrV, z = —1.16 and r = 7.1 A.
Because electrostatic fields are additive, the potential of the
nAChR pore in the absence of CrV may be estimated by
simply subtracting the contribution of free CrV (Fig. 6 B,
open triangles). In this case, the CrV binding locus is
characterized by z = —1.97 and r = 7.5 A.

Electrostatic potentials in the nAChR pore affect
[®H]PCP binding

An alternative method for determining the electrostatic
environment within the nAChR ion conductive pore is to
measure the effect of ionic strength on the binding affinity of a
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cationic noncompetitive antagonist. [*HJPCP binding was
measured as described in Materials and Methods and is shown
in Fig. 7 A over a range of ionic strengths. Increased ionic
strength decreased the apparent affinity of [PH]PCP, but the
block of PCP binding at high ionic strength was incomplete,
indicating that inhibition was likely due to ionic screening
effects rather than direct competition of cations for the PCP
binding site. Fitting the binding affinities to a Debye-Hiickel
equation (34,35) from several experiments (n = 5) yielded
averages of zg = —3.33 = 1.4 charges and r = 4.7 + 2.1 A.

The effect of pH on PCP binding affinity was also
determined from binding assays in buffers that varied from
pH 4 to 9.5. PCP binding affinity was maximized and stable
above pH 8.0, and decreases at more acidic pH. The data
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FIGURE 7 Ionic strength and pH effects on [PH]PCP binding. [*H]PCP
affinity was determined with the centrifugation assay described in Materials
and Methods. (A) Binding of ~1 nM [PHJPCP to 54 nM nAChR was deter-
mined in varying concentrations of NaCl in 1 mM carbamylcholine, 10 mM
HEPES, pH 7.0 (V) or in HTPS (V). The affinity constant at each con-
centration is plotted against the square root of the total ionic strength (/). The
curve represents the best fit to a Debye-Hiickel analysis of binding (Eq. 7).
This fit yields a net charge of z = —5.4 and size of r = 8. (B) The affinity of
[3H]phencyclidine to 40 nM nAChR with 1 mM carbamylcholine was
measured at various pHs in 10 mM concentrations of the following buffers:
acetate (W, pH 4-5.5), MES (A, pH 5.5 and 6.0), HEPES (A, pH 6.0-7.5),
BICINE (O, pH 7.5-8.5), and glycine (@, pH 8.5-9.5). The curve shows the
best fit to an equation for competitive inhibition at a single titratable site:
Kops = Kinax/(1 + [HT1/K,) where Kypax = 5.2 X 10’ M~ and K, = 6.39 X
107 M or pK, = 7.19.

Biophysical Journal 91(4) 1315-1324



1322

were well fit to an equation for single-site competition of
[H"] against PCP binding. The fit to this curve yields a pKa
of 7.19. The data can also be interpreted in terms of
neutralization of glutamate or aspartate residues in the vicin-
ity of the PCP binding site. Compared to the intrinsic pKa of
these residues (pK, = 4.25), the measured pK, differs by
nearly 3 pH units. This corresponds to a negative potential of
~—170 mV, assuming that the pK, shift is due to elec-
trostatic attraction of protons (AV = 2.303 RT ApH/F).

DISCUSSION

To understand the role of long-range electrostatic attraction
on the function of the nAChR, several distinct experimental
approaches were applied to determine the electrostatic
environment within the extracellular vestibule. Tb**-chelate
DEFET methods show the potential near the CrV binding
site to be from —10 to —14 mV at physiological ionic
strength. Evaluation of the change in potential with ionic
strength using this technique indicated the presence of 1-2
negative charges with a 7-A radius. Debye-Hiickel analysis
of changes in the binding of PCP with ionic strength
indicated that the binding site had three negative charges
with a 5-A radius. These size estimates are consistent with
the expected dimensions of the entrance to the narrow
aspects of the channel. In contrast, estimation of the potential
by measuring the effective pK for binding indicated a much
large local potential of —170 mV, at low ionic strength. The
stark discrepancy between this result and those of the
DEFET and Debye-Hiickel type analyses suggests that other
mechanisms than long-range electrostatic attraction of
protons account for the pH-induced changes in PCP affinity.
In the following article we evaluate these results by com-
parison to potentials computed from an atomic resolution
model of the nAChR.

Determination of surface electrostatic potentials
by DEFET

Long-range surface electrostatic attraction of substrates can
enhance association rates (39,40) and increase (or decrease)
local concentrations of ions. Anionic residues at the entrance
to the narrow part of the nAChR pore (7) or on the interior
surface of the extracellular vestibule (10) have been
proposed to enhance conductivity and selectivity by local
concentration of ions, where the vestibule may serve to focus
the electrostatic potential. To provide a direct measure of
changes in local ion concentrations we applied the DEFET
technique of Wensel and Meares (15,21). This technique has
been applied to several model systems (15-17,21,38) and
has a firm theoretical basis (13,14) that makes it possible to
compute DEFET rates from a structural model. Because the
three, homologous Tb> " -chelates are similar in structure and
optical properties, changes in DEFET rates can be inferred to
reflect changes in local concentration due to electrostatic
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attraction or repulsion. The Boltzmann distribution can be
applied to extract an effective voltage for the acceptor locus.
Because dipolar energy transfer can occur over substantial
distances, the voltage estimate reflects a value integrated
over the nearby volume as modulated by the distance-
dependent likelihood of energy transfer. An advantage of
this measure is that it can be directly compared to potentials
computed from structural models and the optical properties
of CrV and the Tb-chelates.

The DEFET rates at the CrV binding site in the nAChR
differ about twofold per charge change, in low ionic strength
buffer, which corresponds to a potential of —27 mV. In
physiological ionic strength buffer, this potential was
reduced to —10 mV. If we assume that the potential of
CrV is additive with that of the pore, we can calculate a
corrected potential for the pore in the absence of CrV of —14
mV. This potential reflects ~50% changes in ion concen-
tration at the pore relative to the bulk concentration. Debye-
Hiickel analysis of the change in potential with ionic strength
indicate the presence of —1 (or —2 if we compensate for the
presence of CrV), charges near the pore with a distribution of
7 A. Long-range electrostatic attraction, therefore, consti-
tutes a small contribution to localizing cations at the pore and
is a primary determinant of neither conductivity nor
selectivity. The saturating effect of increasing electrolyte
concentrations on the local potential was predicted for ion
channels at pore entrances (41,42). However, it seems
unlikely that changes in potential are sufficient to account for
the saturating response of conductivity to increased concen-
tration of conductive ions. A model that requires binding of
the conductive ion within the pore may be more likely to
account for this phenomenon (9).

The DEFET experiments determined the potential of a
ligand-bound nAChHR that is in the desensitized conforma-
tion and may not reflect the potential of the open channel.
The various conformations of the nAChR could have distinct
charge distributions near the pore entrance. However, these
would seem unlikely to affect long-range electrostatic attrac-
tion unless there is substantial shielding or neutralization of
the charge. CrV itself can influence the local potential by
contributing one positive charge, and, potentially, by influ-
encing the protonation state of adjacent side chains. The
extent of DEFET is highly sensitive to the distance of closest
approach of the Tb>* -chelates to the acceptor and, therefore,
the electrostatic field of bound CrV could dominate the
DEFET signal. However, CrV has a delocalized charge and
its potential in solution is just 4 mV at physiological ionic
strength, as measured by this approach. Direct subtraction,
therefore, seems a valid approximation to the potential of the
pore without CrV bound. The Tb**-chelates are substan-
tially larger than even a hydrated sodium or potassium ion
and, therefore, it is possible that the restricted volume sam-
pled biases the potential and leads to an underestimate of the
effects on smaller ions. These issues will be addressed by di-
rect computation of DEFET rates on the basis of a structural
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model in the following article. Although these are caveats for
interpretation of the data, they are unlikely to alter the main
conclusions.

PCP as a probe of the electrostatic environment

Ligand binding of ionic substrates is expected to be sensitive
to changes in ionic strength and the effects of ionic screening
can be modeled by a Debye-Hiickel equation. This approach
successfully predicted the number of charges associated with
binding of acetylcholine to acetylcholinesterase (35). When
applied to ["HJPCP binding to the nAChR, the analysis
revealed —3 charges over a 5-A radius. This distance is similar
to that extracted from Debye-Hiickel analysis of the change in
potential at the CrV binding site and similar to the dimension
of the channel. Structural models of the extracellular end of
the M2 a-helix indicate a net sum of —3, assuming all ionic
side chains have unitary charge (4,43). This sum assumes no
self-neutralization of the anionic residues due to attraction of
protons. In the following article (11), we will show that this
assumption is essentially correct near neutral pH.

PCP binding was profoundly affected by pH and the data
were well fit assuming titration of a single residue with a pK of
7.2. If this pK, reflects electrostatically increased local proton
concentration it indicates a potential of at least —170 mV, a
value that differs substantially from the —27 mV measured
under similar conditions by DEFET. It is unlikely that other
residues are involved; Lys, Arg, and Tyr all titrate at higher pH
and Cys and His are not present in the vicinity of the binding
site. The difference in potentials may represent a fundamental
difference between PCP-binding and DEFET measurements.
PCP binding reflects direct interaction with the unoccupied
pore and is itself the probe of the charge environment whereas
CrV binds, occludes, and reduces the net charge within the
channel. In addition, the binding sites for PCP and CrV may
be overlapping but with distinct electrostatic environments
resulting from highly localized charged residues.

The role of surface potentials in nAChR function

Discerning the impact of electrostatic effects on ion channel
conduction and selectivity has been hindered by the lack of
direct methods for determining potentials themselves. In the
constrained environment such as the nAChR vestibule,
electrostatic potentials may also exhibit focusing and leading
to unusual ionic strength dependencies (19). The advantage
of the DEFET approach, therefore, lies in its direct detection
of concentration changes of variously charged Tb** -chelates.
The ionic strength, PCP binding data, and DEFET data agree
on the charge number and distribution. However, these re-
sults differ from computational estimates that have argued
for a strong influence of pore charges and vestibular charges
(7,10). Other experimental techniques for assessing the
impact of electrostatics on nAChR function appear to be
consistent with our data. The substituted cysteine accessi-
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bility methods evaluated the reaction rates of variously
charged methanethiosulfonate compounds in the M2 a-helix
and found potentials at the extracellular end of ~—25-0 mV
for the open channel and near +50 mV for the closed channel.
The work of Kienker et al. (9) carefully evaluated the rate of
conduction at various ionic strengths upon mutation of the
outer ring residues. They concluded that these charges did not
strongly influence the ionic strength dependence of conduc-
tion and thus did not contribute to long-range attraction of ions
to the pore, but that they likely influenced conduction through
binding of conductive ions. That work alone, however, did not
rule out the possible influence of other vestibular charges on
local cation concentrations.

The DEFET data are fundamentally consistent with
previous work, though our data are restricted to the desen-
sitized conformation of the nAChR. The results are likely to
apply to the resting and open conformations as well because
conformational changes are unlikely to profoundly affect the
overall number and distribution of charges that determine
long-range ionic attraction. Such conformational changes,
however, likely will affect close interactions, such as PCP
binding, ion chelation, or ion dehydration.

The data presented here show that the net vestibular nega-
tive charge does not contribute substantially to long-range
electrostatic attraction. Because it considers both negative
and positive chelates, it provides an internal check on DEFET
rates. However, the basic inconsistency with the predictions
from computational work that predicted more profound con-
sequences of the presence of vestibular residues remains. In
the following article, computed potentials and their influence
on DEFET are compared directly with these experimental
results.
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