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ABSTRACT The voltage sensor of the Shaker potassium channel is comprised mostly of positively charged resi-
dues in the putative fourth transmembrane segment, S4 (Aggarwal, S.K., and R. MacKinnon. 1996. Neuron. 16:
1169-1177; Seoh, S-A., D. Sigg, D.M. Papazian, and F. Bezanilla. 1996. Neuron. 16:1159-1167). Movement of the
voltage sensor in response to a change in the membrane potential was examined indirectly by measuring how the
accessibilities of residues in and around the sensor change with voltage. Each basic residue in the S4 segment was
individually replaced with a histidine. If the histidine tag is part of the voltage sensor, then the gating charge dis-
placed by the voltage sensor will include the histidine charge. Accessibility of the histidine to the bulk solution was
therefore monitored as pH-dependent changes in the gating currents evoked by membrane potential pulses. His-
tidine scanning mutagenesis has several advantages over other similar techniques. Since histidine accessibility is
detected by labeling with solution protons, very confined local environments can be resolved and labeling intro-
duces minimal interference of voltage sensor motion. After histidine replacement of either residue K374 or R377,
there was no titration of the gating currents with internal or external pH, indicating that these residues do not
move in the transmembrane electric field or that they are always inaccessible. Histidine replacement of residues
R365, R368, and R371, on the other hand, showed that each of these residues traverses entirely from internal ex-
posure at hyperpolarized potentials to external exposure at depolarized potentials. This translocation enables the
histidine to transport protons across the membrane in the presence of a pH gradient. In the case of 371H, depo-
larization drives the histidine to a position that forms a proton pore. Kinetic models of titrateable voltage sensors
that account for proton transport and conduction are presented. Finally, the results presented here are incorpo-

rated into existing information to propose a model of voltage sensor movement and structure.
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INTRODUCTION

Voltage-gated ion channels are transmembrane pro-
teins that couple the membrane potential to the open-
ing and closing of an ion-selective pore (Hodgkin and
Huxley, 1952). Voltage-dependent sodium, potassium,
and calcium channels are fundamental to numerous
physiological processes that rely on the rapid propaga-
tion of a stimulus or the maintenance of the membrane
potential. In the nervous system, a well-known exam-
ple, ionic current through voltage-gated Na* and K*
channels generates the action potential and propagates
it down the axon membrane. Pore opening in voltage-
gated ion channels is initiated by the rearrangement of
particular charged amino acids in response to a change
of the electric potential across the membrane. The
membrane potential-sensitive structure of the channel,
which includes these charged amino acids, is known
as the voltage sensor of the channel. The voltage sen-
sor transduces a voltage change into conformational
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changes that culminate with the opening or closing of a
molecular “gate” to the ion pore (for review see Beza-
nilla, 2000). Movement of the voltage sensor displaces
charge, which can be measured as a transient current
(called a gating current), that precedes the ionic cur-
rent through the pore (Armstrong and Bezanilla, 1973;
Keynes and Rojas, 1974). Electrophysiological studies
of gating current behavior combined with site-directed
mutagenesis have provided many molecular and ki-
netic details that underlie the operation of the voltage
sensor. The recent combination of spectroscopy with
traditional electrophysiological studies has begun to re-
veal some of the local structural changes that accom-
pany voltage sensor movement.

The most abundant and detailed source of informa-
tion about voltage-gated ion channels comes from stud-
ies of the Shaker K* channel. This channel is particu-
larly amenable to studies of the voltage sensor since it
expresses extremely well and its ionic conduction
can be abolished by a pore mutation that does not sig-
nificantly change the gating properties of the chan-
nel (Perozo et al., 1993). The Shaker K* channel is
composed of four identical subunits, each containing
six putative membrane spanning segments (S1-S6;
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MacKinnon, 1991). The maximum gating charge dis-
placed by the voltage sensor in each Shaker K* channel
has been measured to be 12-13 charges (Schoppa et
al.,, 1992; Aggarwal and MacKinnon, 1996; Noceti et al.,
1996; Seoh et al., 1996). Most of the voltage-sensing res-
idues are in the S4 segments of the channel (Aggarwal
and MacKinnon, 1996; Seoh et al., 1996). Although ev-
ery third amino acid in the S4 segment, from residue
362 to 377, is positively charged, only four of them,
R362, R365, R368, and R371, clearly contribute charge
to the gating current. Since the contribution of four
full charges per subunit would result in the transfer of
16 rather than 12-13 charges across the transmem-
brane field, some or all of the voltage-sensing charges
traverse only a fraction of the field. Clearly, an under-
standing of the molecular mechanisms underlying volt-
age sensitivity requires characterization of both the
conformational changes that occur and the local elec-
tric field that determines charge movement.

Movement of the voltage sensor in response to a
change in the membrane potential was examined indi-
rectly by measuring how the accessibilities of residues in
and around the sensor change with voltage In this paper,
we use the technique of histidine scanning mutagenesis
to probe residue accessibility. Five of the six basic residues
in the S4 segment were individually replaced by a histi-
dine to introduce a titrateable tag at various positions on
or near the voltage sensor. Any changes in the solvent ac-
cessibility of the histidine that accompany transitions of
the voltage sensor can be detected as pH-dependent
changes in the gating currents. By simply manipulating
the internal and external solution pH, and recording the
subsequent gating currents evoked by membrane poten-
tial pulses, any changes in residue accessibility caused by
voltage sensor transitions can be detected.

Histidine scanning mutagenesis has several advan-
tages over other similar techniques such as cysteine
scanning mutagenesis (Yang and Horn, 1995; Larsson
etal.,, 1996; Yang et al., 1996; Yusaf et al., 1996; Baker et
al., 1998). First, replacement of basic residues with his-
tidine is less disruptive than other neutralizations be-
cause the native charge is maintained upon protona-
tion. Second, labeling of the target histidine with pro-
tons is effectively instantaneous since the rate constants
of protonation of a histidine residue (Eigen et al., 1960;
Root and MacKinnon, 1994; Kasianowicz and Bezrukov,
1995) are much faster than the rate constants of gating
transitions (Bezanilla et al., 1994). Finally, using pro-
tons to detect residue accessibility provides the maxi-
mum resolution achievable with tagging experiments
since protons have access to spaces in the protein too
confined for typical labeling reagents.

In this paper, we describe the histidine scanning
method in detail, develop an extension of the theory
presented previously (Starace et al., 1997), and present

the results of scanning five of the basic residues of the
Shaker K* channel S4 segment to probe local voltage-
dependent accessibility changes. Upon histidine re-
placement, we found that charged residues at positions
365, 368, and 371 become consecutively exposed to in-
side or outside depending on the membrane potential.
Consequently, in the presence of a transmembrane pH
gradient, the histidine transports protons across the
membrane with each stroke of the voltage sensor. This
transfer of charge across the membrane confirms that
residues 365, 368, and 371 are part of the voltage sen-
sor, and that they contribute to the gating current. The
results also provide evidence that, in both the resting
and active states, these residues reside in aqueous crev-
ices surrounded by anions of the bulk solution. There-
fore, the large energy barrier to overcome in gating
charge displacement would be the translocation of un-
paired charges across the hydrophobic regions of the
protein. In addition, we found that residues K374 and
R377, when replaced by histidines, are not titrateable,
indicating that they are not accessible or they do not
contribute to the gating charge.

MATERIALS AND METHODS
Mutagenesis and Expression of Channels

The clone that was used as the background template for all mu-
tagenesis and expression of Shaker K* channels contained the non-
conducting (W434F; Perozo et al., 1993), fast inactivation—removed
(IR, A6-46; Hoshi et al., 1990) Shaker H4 K* channel coding
sequence (Schwarz et al., 1988). This clone, zH4IR[W434F],
achieves very high expression levels in oocytes as a result of replac-
ing the untranslated regions of the K* channel with those of Xeno-
pus B-globin and inserting the Kozak consensus sequence, GCC-
ACC (Kozak, 1991), immediately before the translational start
site (Starace et al., 1997). All mutations of the zH4IR[W434F]
clone were generated by PCR using the overlap extension method
(Ho et al., 1989) and PCR-generated regions were sequenced. To
express the channel, RNA was transcribed from the Notl-linear-
ized DNA clone (New England Biolabs) with T7 RNA polymerase
(mMessage mMachine™ in vitro transcription kit; Ambion) and
50 nl of 0.5-0.8 g/l cRNA was injected into each stage 5 Xenopus
oocyte (Timpe et al., 1988). Injected oocytes were maintained at
18°C in an incubation solution of (in mM) 100 NaCl, 2 KCI, 1.8
CaCl,, 1 MgCly, 5 HEPES, pH 7.3, 0.01 EDTA, and 0.5 DTT. The
incubation solution was changed daily.

Electrophysiology

Channel currents were measured from oocytes 3—-6 d after injec-
tion of channel cRNA. Currents were recorded at 20-23°C using
the cut-open oocyte voltage clamp technique (Stefani and Beza-
nilla, 1998) or the patch-clamp technique (Hamill et al., 1981).
Data was filtered at one fifth of the sampling frequency. Membrane
potential test pulses to evoke currents were separated by at least 2 s.

Recording Solutions. The osmolarity of all recording solutions
was 240-260 mOsm. NMDG-MS external solutions contained (in
mM) 120 NMDG, 2 CaCl,, and either 20 CHES (2-(N-cyclohex-
ylamino)ethanesulfonic acid (for pH 9.2) or 20 HEPES (for all
other pHs); all solutions were brought to the appropriate pH
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with methanesulfonic acid (MS;! Fluka). NMDG-MS internal so-
lutions were the same as the external solutions except that
EGTA-NMDG replaced CaCl,.

“High buffer” (HB) external solutions used Tris base and an-
other acidic buffer (Sigma-Aldrich) as the main cation and anion,
respectively; they were mixed to the desired pH and osmolarity.
HB external solutions contained (in mM) 2 CaCl, along with (for
pH 5.2) 21 Tris base and 246 Mes, or (for pH 6.3) 85 Tris and 152
Mes, or (for pH 7.4) 78 Tris and 178 HEPES, or (for pH 8.3) 146
Tris and 95 HEPES, or (for pH 9.2) 176 Tris and 44 CHES.

HB internal solutions used NMDG and an acidic buffer as the
main cation and anion, respectively. They contained (in mM) 2
EGTA-NMDG along with (for pH 5) 17 NMDG and 236 Mes, or
(for pH 7.4) 68 NMDG and 150 HEPES.

Patch-clamp Recordings. Currents were recorded from excised,
inside-out macropatches using a P/4 protocol (subtracting hold-
ing potential = 30 or 40 mV) to digitally subtract linear capacity
and leak components.

Cut-open Oocyte Voltage Clamp. The intracellular grounding elec-
trode (V1) was filled with 2.7 M Na-MS and 10 mM NaCl. Cur-
rents were recorded unsubtracted after analogue compensation
of linear membrane capacitance at 0-50 mV, where gating
charge displacement has saturated. There was no subtraction or
compensation of linear leak components while recording; they
were subtracted off-line (see Data Analysis, I-V Curves).

For recordings of R368H and R371H channel currents, a second
intracellular electrode was used to measure internal pH. Microelec-
trodes were pulled from acid-cleaned glass capillaries to tip diame-
ters of ~1.5 wm, and then silanized by overnight exposure in a
sealed container to dimethyloctylchlorosilane (Fluka) at 150°F. The
tip of the electrode was filled with a liquid ion exchanger resin se-
lective to H* (IE010; WPI, Inc.), and the remainder was filled with
3 M KCI. The H* electrode was mounted on the Vi headstage of
the cut-open amplifier (Dagan) and balanced in the external solu-
tion with the grounding electrode (V1) right before impaling the
oocyte with both electrodes. After impaling, intracellular pH was
acquired as the potential difference between V1 and Vi. The re-
sponse of the H* electrode was linear with pH, and the slope was
determined after each oocyte by withdrawing both electrodes and
recording V1-Vi in five different known pH solutions.

Data Analysis

Q-V Curves. Plots of the voltage dependence of gating charge dis-
placement (Q) were obtained by integrating the transient com-
ponent of pulse-evoked gating currents over the duration of the
ON- or OFF-pulse. The steady-state value at the end of each pulse
was used as the integration baseline. In some cases, the Q-V
curves were fit to a sum of two Boltzmann distributions:

i 0 Q
R e P (Vo I R Y e o

Determination of C-V. To generate curves of the voltage depen-
dence of gating capacitance (C, = dQ/dV), the Q-V curve was fit
to a sum of two Boltzmann distributions (shown above), and
these fits were analytically differentiated with respect to voltage.

IV Curves. The steady-state ON-gating current, an average
over 1 ms starting at least 80 ms after the onset of the test pulse,
was determined for each pulse potential in a pH, group. This
group of isochronal, steady-state current amplitudes was plotted
as a function of test pulse potential. The component that in-
creased linearly with voltage (leak) was fit to a straight line and
subtracted from the isochronal current at each potential to pro-

1 Abbreviations used in this paper: HB, high buffer; MS, methanesulfonic
acid; pH;, internal pH; pH,, external pH.
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duce the proton current amplitudes, Iyy; the same linear leak
value was also subtracted from the ON-gating currents. This cor-
rection method is valid since measurements of steady-state leak
currents from uninjected oocytes and zH4IR[W434F] channels
displayed conductances that were linear and pH-independent up
to at least 10 mV (data not shown).

Fits of Proton I'V Curves to the Titrateable Voltage Sensor Models.
Data sets of proton current I-V curves measured in several pH,s
were simultaneously fit to model-derived expressions for the pro-
ton current. Analytical expressions for the proton current as a
function of potential were derived from a titrateable voltage sen-
sor model (see THEORY, second term of Eq. 1) or from a titrate-
able voltage sensor with a proton pore model (see THEORY, Eq.
6). The best fits of model to data sets were obtained using ScoP
3.5 simulation software (Simulation Resources, Inc.).

THEORY

A Titrateable Voltage Sensor Model

Gating currents can be modeled as charge-carrying transitions
among states connected by voltage-dependent rate constants. A
simple model of a voltage sensor with a protonatable residue
(Fig. 1 A) was presented in detail in a previous publication (Sta-
race et al., 1997). It provides a theoretical framework to under-
stand the behavior of proton transport by a histidine-tagged volt-
age sensor, and enables us to estimate some physical parameters
by fitting the data to the model. The voltage sensor can occupy
states in D or H, in which its protonatable residue is exposed to
the extracellular or intracellular solution, respectively. Transi-
tions between D and H are driven by voltage-dependent rate con-
stants, o, @y, B;, and By hyperpolarization of the positively
charged voltage sensor favors occupation of H states, and depo-
larization favors D states. The steepness of the voltage depen-
dence of each the rate constants (o, and ,) is determined by
the product of the valence of the state (z,) and the fraction of the
transmembrane electric field that the charge must traverse to
hurdle the energy barrier of the state (3, ):

o, (V) = a,(0)exp[z,8, FV/RT]
B.(V) = B,(0)exp[—z,(1 -8, )FV/RT].

On each side of the membrane, the voltage sensor can exist in a
protonated state of valence, z + z, or an unprotonated state of
valence, z. The equilibrium between the two states is dependent
on the pK, of the titrateable residue and the pH of the surround-
ing solvent. We assume that this equilibrium is reached infinitely
fast since, on average, voltage sensor transitions occur at a limit-
ing rate ~10 times slower than proton dissociation rates (Eigen
et al.,, 1960; Root and MacKinnon, 1994; Kasianowicz and
Bezrukov, 1995). Then, states D and H each consist of a mixture
of states in fast equilibrium; f, the fraction of internally exposed
voltage sensors in the protonated state can be expressed as

_ 1
T 1+exp[2.3(pH, - pK))]

Ji
and f,, the fraction of externally exposed, protonated voltage sen-

sors can be expressed as

_ 1
S T o3 G- pE

The transitions of the voltage sensor between D and H states
move charge ze¢, or (z + z)e, across the transmembrane electric
field, and thereby generate a gating current. For N subunits, the
ON-gating current, i,, produced upon depolarization from an ex-
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tremely hyperpolarized initial state to various test potentials, V,
contains a transient, exponentially decaying component and a
steady component given by

Ne,a'

V) = Gl B) +a (a4 B TP
+N3011(G18'ﬁ_all31fo)

a' +p

where a’ and B’ are composite forward and backward rate con-
stants (Starace et al., 1997). The second, steady component is the
proton transport current carried by the titrateable residue. The
transport current has a bell-shaped or biphasic voltage depen-
dence since it goes to zero at very hyperpolarized or depolarized
potentials as either the forward or backward rate constants ap-
proach zero.

In the model outlined above, the internal and external pK,s of
the titrateable residue are constant values. However, it is possible
that the titrateable residue is situated in a confined aqueous envi-
ronment into which the transmembrane electric field extends.
The presence of a field will alter the local pH around the titrate-
able residue by affecting the access of protons to their binding
site. To accommodate this possibility, a term describing a proton
in an electric field can be added to pK, and pK; to convey appar-
ent voltage dependence:

PE(V) = pK,(0) = [d,FV/(2.3RT)]
and (2)
PK(V) = pK,(0) + [8,FV/(2.3RT)],

1)

where 8 is the fraction of the transmembrane electric field
sensed, F is the Faraday constant, R is the gas constant and 7'is
the temperature.

AtV = Ey,, the Nernst equilibrium potential, there can be no
net proton flow across the membrane:

a,B.K[H] =a,BK[H].

The above requirement of microscopic reversibility at equilib-
rium imposes the following constraint on the relationship be-
tween the rate constants:

_ a5(0)B,(0)
By(0) = 201T

x exp{2.3[pK,(0) = pK,(0) + (pH,— pH,)(1 =2, =8,=3,)]} .

(3)
Titrateable Voltage Sensor Model with a Proton Pore

Fig. 1 B shows an extension of the titrateable voltage sensor
model in which both proton transport and conduction can take
place. The extended model predicts gating current behavior
when depolarization drives the titrateable residue to a position
accessible from both the internal and external solutions simulta-
neously. This creates a proton pore gated open by depolarization
of a titrateable voltage sensor.

The proton pore was modeled by allowing deprotonation in
the EH state or protonation in the E state from protons in either
the internal (H;) or external (H,) solution (Fig. 1 B). Therefore,
the fast equilibrium between EH and E states is dependent on
both (1) pH, and pKj, the internal pK, of the titrateable residue
occupying D states, and (2) pH, and pK,, the external pK, of the
titrateable residue occupying D states. To accommodate the pos-
sibility that the proton binding site of the pore is located in the
transmembrane field, pK, and pK;p also have voltage-dependent
terms with coefficients 8, and 3;p, respectively (as in Eq. 2).

A Titrateable Voltage Sensor Model

State H s State D
H &5 =
MaH* | <€ >
By
Ki
o
Hr+ | | < "
Ba '
INSIDE z OUTSIDE

B Titrateable Voltage Sensor Model
that Forms a Proton Pore in the Open State

State H

| g 5 o
N

INSIDE OUTSIDE

Ficure 1. Titrateable voltage sensor models. (A) Gating currents
were modeled as transitions between H and D connected by volt-
age-dependent rate constants o and 3. The charge carried by the ti-
trateable voltage sensor in each transition between H and D is ei-
ther z or z + z;, as determined by the equilibrium dissociation con-
stant, pK (K; or K,), of the titrateable group and the surrounding
pH (H;* or H," if the titrateable group gets exposed to the internal
or external solution, respectively). Since the S4 segment, which
contains most of the voltage sensing residues, is positively charged,
depolarization of the membrane (gray box) moves the voltage sen-
sor from the inside of the membrane towards the outside, thereby
moving charge z or z + z;, in the transition. (B) The titrateable
voltage sensor model shown in A was extended to incorporate the
formation of a one-ion proton pore at depolarized potentials. In
the D states, the titrateable residue has access to both the internal
and external solutions simultaneously, and this creates a proton
pathway through the membrane. Proton binding in the D states
from the external solution depends on the dissociation constant,
pPK, (K, = v,/&,) and the external pH (H,); binding from the in-
ternal solution depends on pKjp (Kip = v;p/&;,) and pH;.

At the Nernst equilibrium potential, there can be no net pro-
ton flow across the membrane:

o, By K [H] = a,B K[H]
K[H] = Kp[H].
The first of these requirements of microscopic reversibility at
equilibrium imposes the constraint shown in Eq. 3, and the sec-

ond requirement imposes the following constraint on the rela-
tionship between the pore parameters:

pKp(0) = pK,(0) + (pH;= pH,)(1-8,-8,p).

The expression for the ON-gating current given in Eq. 1 for
the titrateable voltage sensor model can be used for the ex-
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tended pore model after a couple of modifications. First, the ex-
pression for f,, the fraction of externally exposed protonated volt-
age sensors, must be altered to accommodate the additional
pathways in the D states. Second, a term describing proton con-
duction in the D states must be added to the ON-gating current.
With the external pore states assumed to be fast equilibrium, the
steady-state expression for f, becomes

j. - [EH] — Hieip + Hoev
© [EH +[E]  e(H,* K)+¢g,(H;+ Kp)

2.3(pH,~pH,)

1+(g,/¢,)e
2.3(pH,—pH,) 2.3pH,
+e

—23pK,

—2.3pK
4 (e i2

1+(g;,/¢€,)e ”’]'

[e /€,)e

ipy ipy

(4)

The expression for the net proton current, I, through the
one-ion binding pore (Hille, 1992) formed in the D states in
steady state is given by

Ip = NzyeyDIY,.f,—€,H,(1-/)],

where zy is the proton valence and D is the probability of occupy-
ing state D (Fig. 1 B; derived in Starace et al., 1997). After substi-
tution of D, the steady-state component of the proton pore cur-
rent is

\ —2.3pH,
_ Nzye,a'e e

a' +p

-23(pK,—-pH,)

Ip [f(L+e

)-1]1. (5)
Finally, the steady-state component of the ON-gating current, Iy,
predicted by the model of a titrateable voltage sensor with a
pore, is the sum of the proton pore current, Iy (Eq. 5) and the
proton transport current, I, (Eq. 1) using the expression for f,
given in Eq. 4:
I, = I+1, = Nzleo(q1‘|3fz—lq B./)
a'+p
oy, (6)

Nzye,a'e e -2.3(pK,—pH,)
+ V2naQ €, )—=1].

e

RESULTS

To examine residue accessibility changes that accom-
pany charge displacement during Shaker K* channel
gating, we individually replaced each charged residue in
the S4 segment with histidine. Each histidine replace-
ment was made in a nonconducting (W434F; Perozo et
al.,, 1993), nonfastinactivating (IR, A6-46; Hoshi et al.,
1990) version of the channel so that the steady-state
properties of gating could be examined. The histidine-
replaced channels will be referred to simply by the addi-
tional mutations made in this nonconducting, noninac-
tivating background. If displacement of the voltage
sensor causes exposure of the histidine tag to the bulk
solution, its charge can be titrated with the pH of the
surrounding solution. In each histidine mutant, the
charge displaced by the voltage sensor was determined
by measuring the gating currents from expressed chan-
nels. Under membrane voltage clamp, an ON-gating
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AV AV

| -AV -AV

A No Accessibility

Qon = Qoff
(Symmetric Q)

pH independent

Qon = Qoff
(Symmetric Q)

pH dependent

Qon = Qoff
(Asymmetric Q)

pH dependent

Proton transport

Qon = Qoff
+ (Asymmetric Q)

Ficure 2. Histidine scanning mutagenesis. The various experi-
mental outcomes of histidine scanning mutagenesis (summarized
in text on the right) depend on the accessibility of the histidine (H,
unprotonated; H*, protonated) to solution protons during gating.
Histidine accessibility during gating is monitored as pH-dependent
changes in the gating charge displacement (Q) evoked by mem-
brane potential pulses (shown at top). A depolarizing pulse (AV)
moves the positively charged voltage sensor (represented as a cylin-
der) from the inside of the membrane (gray box) towards the out-
side, thereby displacing gating charge Q,,. Repolarization (—AV)
returns the gating charge Q. If the histidine is part of the voltage
sensor, modulation of Q,, by the internal pH (pH;) indicates inter-
nal exposure and modulation of Q4 by the external pH (pH,) indi-
cates external exposure. The relationship between Q,,, and Q, is
shown schematically in pH,/pH; 9.2/9.2 (left) and in pH,/pH;
5/9.2 (right) for four different histidine exposure possibilities.

current was evoked by the onset of various test pulses
from an extremely hyperpolarized membrane potential
(=90 to —130 mV) and an OFF-gating current by the re-
turn to hyperpolarized potential. The elicited gating
currents are transient, capacitive currents since they re-
sult from the rearrangement of permanent charges in
the channel in response to a change in the transmem-
brane potential. Gating charge displacement (Q) was
determined by integrating the gating currents.

The various experimental outcomes of using histidine
scanning mutagenesis to tag the voltage sensor are
shown schematically in Fig. 2. If the inserted histidine is
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not a voltage-sensing residue that moves relative to the
transmembrane electric field, its charge will not be part
of the gating charge measurement and no conclusions
can be made. The first case we consider in Fig. 2 A is
that the histidine is not accessible at all during gating. A
depolarizing pulse (AV) moves the histidine, along with
the positively charged S4 segment (represented as a cyl-
inder), from the inside of the membrane towards the
outside, thereby displacing gating charge, Q,,,. Repolar-
ization (—AV) returns gating charge Q. If always inac-
cessible to the surrounding solution, the histidine
charge will be unaffected by the solution pH; conse-
quently, Q,, and Q, ¢ will be equal and pH-independent.
Of course, a totally inaccessible histidine that contrib-
utes its charge to gating is indistinguishable from a histi-
dine that does not move in the electric field.

The second case (Fig. 2 B) is one in which, during
gating, the histidine moves from a buried position to a
position that is exposed to one side of the membrane.
In this case, the histidine charge will depend on the pH
of the solution on the side where histidine gets ex-
posed. For instance, a histidine that surfaces to the ex-
ternal solution with movement of the voltage sensor
will equilibrate with the pH of the external solution.
Then, in low external pH (Fig. 2 B, right), the voltage
sensor will move more charge than in high external pH
(Fig. 2 B, left); Q,, and Q¢ will be equally modulated
by the pH on the side of histidine exposure, since the
histidine charge determined on exposure will not change
once in the buried position. Therefore, in the case that
voltage sensor displacement is accompanied by expo-
sure of the histidine tag to one side of the membrane,
gating charge displacement will be pH-dependent and
symmetric (Q,, = Q).

A third possible outcome of histidine scanning mu-
tagenesis is that voltage sensor displacement drives his-
tidine exposure from one side of the membrane to the
other (Fig. 2 C). In this case, when a pH gradient is ap-
plied across the membrane, the histidine will bind a
proton once exposed to the low pH side and release
it once exposed to the high pH side (Fig. 2 C, right).
The histidine translocation thereby generates a proton
transport current down the proton electrochemical
gradient. Since the histidine traverse is coupled to volt-
age sensor movement, the proton transport current will
have a voltage dependence coupled to the voltage de-
pendence of gating charge displacement (Q). Charge
displacement by the voltage sensor saturates at a mini-
mum or maximum value at very hyperpolarized or de-
polarized potentials, respectively. At the potential of
half-maximal charge displacement (V; ,, the midpoint
of the Q-V curve), it is equally probable that the voltage
sensor occupies its hyperpolarized-favored state or its
depolarized-favored state, so that the frequency of tran-
sitions between the two states is greatest. Since the histi-

dine oscillates between internal and external exposure
with each of these voltage sensor transitions, it will gen-
erate a sustained proton transport current that peaks
near Vj, if the proton electrochemical driving force
does not change direction (if the Nernst proton equi-
librium potential Eyy, is not near V, ,9). If Eyy; falls near
V9, then the voltage sensor—coupled transport current
will exhibit biphasic behavior, reversing at Ep,. In ei-
ther case, the size of the proton current will decrease
with the frequency of voltage sensor transitions and ap-
proach zero at very hyperpolarized or depolarized po-
tentials as the transitions become more infrequent and
the voltage sensor remains in one state most of the
time. Thus, it is expected that the voltage dependence
of proton transport by the histidine will be bell-shaped
or biphasic, and will correspond to the voltage depen-
dence of the capacitance of charge displacement (dQ/
dV) weighted by the proton electrochemical gradient.
The correspondence will not be exact since proton
transport tracks one residue in the voltage sensor,
whereas charge displacement tracks the entire voltage
Sensor.

Another consequence of the case in which the histi-
dine tag traverses the membrane during gating is asym-
metric charge displacement (Q,,, # Q) in a pH gradi-
ent (Fig. 2 C). The histidine will more likely bind a pro-
ton on the lower pH side and release it on the high pH
side. Therefore, the charge displaced by the voltage
sensor when the histidine is exposed to the high pH
side will be less than the charge that returns after histi-
dine equilibration on the low pH side. Histidine expo-
sure in the resting, hyperpolarized state is indicated by
Q.. since it is the charge displaced from the resting
state. In general, titration of Q,, by the internal pH
(pH;) indicates internal exposure when hyperpolar-
ized, whereas titration of Q,, by the external pH (pH,)
indicates external exposure. Likewise, histidine expo-
sure in the active, depolarized state is indicated by Q.
since it is the charge returning from the pulsed, depo-
larized states; titration of Q. by pH; indicates internal
exposure when depolarized, whereas titration of Q¢ by
pH, indicates external exposure.

A fourth possible outcome of histidine scanning mu-
tagenesis is that, in one of the states occupied by the
voltage sensor, the histidine spans the gap between the
internal and external solution, creating a proton pore
or channel (Fig. 2 D). The voltage dependence of the
proton current through this pore would not be bell-
shaped as expected for the transport case discussed
above. Rather, the pore would be gated open by the
voltage sensor at the potential where the probability
that the histidine makes the bridge is maximal. There-
after, the proton current amplitude through the histi-
dine channel would continuously increase with voltage
and pH gradient.
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Nontitrateable Residues

R377H Channel. The arginine at position 377 is pre-
sumably the most internally facing charged residue in
the S4 segment. Its contribution to voltage sensing is un-
known since mutations that alter this charge have not
produced functional channels (Aggarwal and MacKin-
non, 1996). When R377 was replaced by a histidine,
however, the channel expressed and was functional. Fig.
3 A shows R377H channel gating currents in response
to various test pulses recorded from an inside-out mac-
ropatch in symmetrical pH 7.4 solutions. They are very

30 mvV
90 mV ] -90 mV
-110 mV
A
Qon Qoff
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FIGURE 3. Gating charge displacement in the R377H channel is
unaffected by internal protons. (A) Gating current records from
the R377H channel measured from an inside-out macropatch in
symmetric NMDG-MS pH 7.4 solutions. The superimposed cur-
rents are in response to various test pulses from a holding poten-
tial of —90 mV, also shown superimposed at the top. Onset of the
test pulse stimulates an ON-gating current (Q,,,), and repolariza-
tion of the membrane causes the returning OFF-gating current
(Qur). (B) The same sequence of superimposed gating current
records from the same macropatch after exchange of the pH 7.4
internal solution (pH; 7.4) with a pH; 5 internal solution. (C) ON-
and OFF- gating currents were each integrated over time and plot-
ted as a function of pulse potential to obtain the voltage depen-
dence of steady-state charge displacement (Q-V curves). Q-V
curves are shown for the ON- (left panel, open symbols) and OFF-
gating currents (right panel, closed symbols) displayed in A (pH;
7.4, riangles) and B (pH; 5, squares). The ON and OFF Q-V
curves for the gating currents measured in symmetric pH 7.4 solu-
tions are plotted on the same graph in the inset of the right panel.
Each Q-V curve was fit to a sum of two Boltzmann distributions
(lines). (Experiment D03238a)
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similar to those of a wild-type channel. The voltage de-
pendence of gating charge displacement (Q-V curve)
for the ON- and OFF-gating currents, shown side by side
in Fig. 3 C (triangles), fit to a sum of two Boltzmann
processes with a midpoint of maximal Q displacement
around —35 mV. It is clear that, as expected, at poten-
tials that saturate charge displacement to its maximum
value, the maximum Q displaced in the ON-gating cur-
rent (0.9 pC) is equal to the Q returning in the OFF-gat-
ing current. In fact, Q,, and Q, ¢ are approximately sym-
metric at each potential applied (Fig. 3 C, inset).

When the internal pH (pH;) was changed to pH 5,
there was no significant change in the gating currents
(Fig. 3 B). Fig. 3 C compares the Q-V relationships of
the ON- and OFF-gating currents recorded in pH; 5
(squares) and pH; 7.4 (triangles). If the histidine at 377
were part of the voltage sensor and exposed to the in-
ternal solution in the closed, hyperpolarized state, then
the charge it would contribute to the ON-gating cur-
rent would increase with decreasing pH; as the popula-
tion of protonated histidines grew. However, there was
no increase in maximum Q,, with an increase of inter-
nal proton concentration from pH; 7.4 to pH; 5 (Fig. 3
C, Q,.). The small increase in Q,, at around —50 mV is
not due to internal exposure, but to a difference in the
kinetics between pH; 5 and pH; 7.4 that can be seen
qualitatively in comparing the gating current records
(Fig. 3, A and B).

If the histidines were internally exposed in any of the
states induced by the test pulse, then the charge return-
ing in the OFF-gating current upon repolarization
would increase with decreasing pH;. However, there
was no such increase in Q,y when pH; was changed
from 7.4 to 5. In fact, the maximum Q, ; decreased a bit
(Fig. 3 C, —Q,q), a commonly observed idiosyncrasy in
excised patches caused by a slowing down of the OFF-
gating currents upon excision, seen in Fig. 3 B (Sigg et
al., 1994). Since pH; does not affect the gating charge
displaced in the R377H channel, no matter what state
the channel is clamped to, the histidine at position 377
must be always inaccessible from the internal solution
or it is not part of the voltage sensor.

The effects of external pH (pH,) changes on R377H
channel gating currents were examined in the cut-
open oocyte voltage clamp configuration. Holding the
R377H channel at —90 mV in pH 7.4 internal solution,
a range of pulse-induced gating currents was recorded
from the same oocyte in pH, 9.2 (Fig. 4 A) and pH, 5
(Fig. 4 B). Comparison of R377H channel gating cur-
rents measured with the cut-open voltage clamp (Fig. 4,
A and B) and those measured from an excised macro-
patch (Fig. 3, A and B) highlights the slowing kinetics
of the OFF-gating currents upon excision of a patch.

When pH, was changed from 9.2 to 5, there were no
significant changes in the R377H channel gating cur-
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Ficure 4. Gating charge displacement in the R377H channel is
unaffected by external protons. (A) Gating current records from
the R377H channel measured with the cutopen oocyte voltage
clamp in symmetric NMDG-MS solutions, pH 7.4 in the inside and
pH 9.2 in the outside (pH,). The superimposed currents are in re-
sponse to various test pulses from a holding potential of —90 mV,
also shown superimposed at the top. (B) The same sequence of su-
perimposed gating current records from the same oocyte in pH, 5
external solution. (C) The voltage dependence of gating charge dis-
placement (Q-V curves) for the ON- (left panel, open symbols) and
OFF-gating currents (right panel, closed symbols) displayed in A
(pH, 9.2, circles) and B (pH, 5, squares). (Experiment D11017h)

rents (Fig. 4 B). However, the voltage dependence of
charge displacement in pH,, 5 was shifted by about +20
mV (Fig. 4 C, squares) relative to the Q-V curve in pH,
9.2 (Fig. 4 G, circles). This shift of the Q-V curve to
more depolarized potentials with a decrease in pH,
arises from a screening of fixed charges on the mem-
brane surface by external protons (Hille, 1992), a phe-
nomenon also observed in control channels without a
histidine replacement (data not shown). Aside from
the voltage shift, which is unrelated to the histidine
charge, there is no change in the Q-V curve induced by
a change of pH,. The inefficacy of both internal and
external protons to titrate R377H gating currents dem-
onstrates that either the histidine at position 377 is bur-

ied in every conformation occupied from minimum to
maximum gating charge displacement, or that it does
not move in the electric field.

K374H Channel. The fifth charged residue in S4 is a
lysine at position 374, approximately one helical turn
from R377, if S4 has an a-helical structure. Although
the charge contributed by K374 to the gating current
has been measured directly, the role of K374 in voltage
sensing is still ambiguous (Aggarwal and MacKinnon,
1996; Seoh et al., 1996). Most mutations that neutralize
the amino acid at 374 hinder functional expression of
the channel. Replacement of the lysine at position 374
with a histidine did not dramatically alter the expres-
sion or voltage sensitivity of the channel (Fig. 5 A). A
series of pulse-induced gating currents from the K374H
channel that encompasses the full range of charge dis-
placement is shown in Fig. 5 A. The currents were re-
corded from an excised, inside-out macropatch in pH,
9.2 and pH; 7.4 solutions. The Q-V curves derived from
the ON- and OFF-gating currents are shown superim-
posed in Fig. 5 C (triangles). Although there is a pH
gradient across the membrane, Q,, and Q.4 are sym-
metric at each potential. Therefore, the histidine at 374
is either not accessible at all during gating or it passes
through a state exposed to one side of the membrane
exclusively (Fig. 2).

To determine whether the histidine at 374 inhabits
any internally exposed states, the internal solution was
perfused with pH; 5 solution, and gating currents in re-
sponse to 0- or 20-mV test pulses were intermittently re-
corded during the perfusion (Fig. 5 B). We expected Q
measured in pH; 5 to be saturated at its maximal value
at 0 mV since it is saturated in pH; 7.4. Moreover, if
there were any shift at all in the pH; 5 Q-V curve due to
surface charge screening, it would be in the negative di-
rection. Comparison of Q) measured before and during
pH; 5 perfusion (Fig. 5 D) indicates that neither Q,,
nor Q. are significantly altered by a reduction of pH;.
Clearly, there is no increase of maximal gating charge
displacement due to increased protonation of the histi-
dine. In Fig. 5 C, the average Q,,, and Q. elicited by 0-
and 20-mV test pulses during pH; 5 perfusion (squares)
are displayed with the entire Q-V curve measured in
pH; 7.4 (triangles). In pH; 5, Q is the same at 0 and 20
mV, confirming that the charge displacement mea-
sured in pH; 5 was indeed maximal. Since there was no
change in the total gating charge with a change of pH;,
the histidine at position 374 is internally inaccessible
throughout gating or it does not contribute to the
charge displaced during gating.

To determine whether the histidine at position 374
gets exposed to the external side during gating, the ef-
fect of pH, on K374H channel gating currents was ex-
amined with the cut-open oocyte voltage clamp. A series
of test pulse-induced gating currents encompassing the
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FIGURE 5. Gating charge displacement in
the K374H channel is unaffected by inter-
nal protons. (A) Gating current records
from the K374H channel measured from
an excised inside-out macropatch in sym-
metric NMDG-MS solutions, pH 9.2 in the
outside and pH 7.4 in the inside (pH;).
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The superimposed currents are in re-
sponse to various test pulses from a hold-
ing potential of —90 mV, shown superim-
posed at the top. (B) Gating current in re-
sponse to a 0 mV test pulse from the same

B 0mv 015
i I e

>10F

£ L

pH; 5 O o Sost
St

0.0

macropatch during perfusion of pH; 5 in-
ternal solution. (C) Q-V curves for the ON-
(open symbols) and OFF-gating currents
(closed symbols) displayed in A (pH; 7.4,
triangles). Each Q-V curve was fit to a sum
of two Boltzmann distributions (lines). The
internal side was perfused with pH; 5 solu-

| I I B |

~

0 10 20 30 40

tion, and test pulses to 0 mV were intermit-
tently applied 20 s later to measure the sat-
urating charge displacement. A test pulse
to 20 mV was also applied once to confirm

sec. after ApH,

saturation of charge displacement. The average of the charge displaced in the ON- and OFF- gating currents from seven of these 0-mV test
pulses and the 20 mV pulse during pH; 5 perfusion are shown (squares). (D) Q,,, (open symbols) and Q4 (closed symbols) in response to
0 mV test pulses measured in pH; 7.4 (triangles) and during internal pH; 5 perfusion (squares). The lines through the data are linear re-

gressions. (Experiment D11077b)
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full range of charge displacement was recorded in three
different pHgs from the same oocyte (Fig. 6, A-C). An
increase of external proton concentration from pH, 9.2
to 5 did not increase maximum Q,, or Q. (Fig. 6 D).
The only difference in the Q-V curves caused by a
change of pH, was a shift along the voltage axis by about
+8 mV per 100fold increase in proton concentration.
As described above, this external pH effect is not related
to the charge or presence of the histidine, but is caused
by the screening of surface charges by protons.

Since changes in pH, and pH; have no affect on the
total gating charge displacement in the K374H chan-
nel, the histidine at position 374 is buried in all of the
conformations occupied during gating. Alternatively,
H374 is not part of the voltage sensor and its charge,
whether titrated by solution protons or not, does not
move in the transmembrane electric field.

FIGURE 6. Gating charge displacement in the K374H channel is
unaffected by external protons. (A) Gating current records from
the K374H channel measured in the cut-open oocyte configuration
in symmetric NMDG-MS pH 9.2 solutions (pH; 9.2 and pH,, 9.2).
The superimposed currents are in response to various test pulses
from a holding potential of —90 mV, also shown superimposed at
the top. (B) The same sequence of superimposed gating current
records from the same oocyte in pH, 7.4 external solution. (C) The
same sequence of superimposed gating current records from the
same oocyte in pH, 5 external solution. (D) Q-V curves for the ON-
(left panel, open symbols) and OFF-gating currents (right panel,
closed symbols) displayed in A (pH,, 9.2, circles), B (pH,, 7.4, trian-
gles), and C (pH, 5, squares). (Experiment D060882)
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T 0.65 channel gating currents were recorded in internal

HB solution, pH 7.4, and various external HB so-
lutions (A, pH, 5.2; B, pH, 7.4; C, pH, 9.2). The
intracellular pH (pH;) was measured with a H"-
sensitive electrode. All gating currents were re-
corded from the same membrane area. The gat-
ing currents in each pH, group were elicited by a
family of test pulses (in millivolts) from a pre- and
postpotential pulse of —110 mV (represented at
the top of each group). The test pulse value corre-
sponding to each current is shown on the left. The
normalized charge displacement in each gating

current (Rel. Q, shown to the right of each trace)
was obtained by integrating the OFF-gating cur-
rents (Fig. 9 B) and normalizing to the maximum
value of each pH, group. Linear leak current was

Residues that Traverse the Membrane during Gating

The central three basic residues of the S4 segment,
R365, R368, and R371, contribute charge to the gating
current and, therefore, form part of the voltage sensor
of the channel (Aggarwal and MacKinnon, 1996; Seoh
etal., 1996). Histidine replacement studies of R365 and
R368 have shown that, in each case, the histidine
traverses from internal to external exposure during gat-
ing (Starace et al., 1997). This translocation enables
the histidine, driven by voltage sensor transitions, to
transport protons across the membrane in the direc-
tion of the proton electrochemical gradient. A simple
kinetic model of a titrateable voltage sensor (Starace et
al., 1997) fits quite well to the proton transport cur-
rents, and can be used to estimate various physical pa-
rameters including transport rates and pK,s.

R368H Channel. Fig. 7 shows three series of pulse-
induced gating currents from the R368H channel, each
encompassing the full range of charge displacement in
a different pH gradient. The pH gradients were im-
posed by varying the external pH (pH,) while leaving
the internal solution constant. Since control of pH; is
not precise in cut-open oocyte voltage clamp configura-
tion, pH; was measured with a proton-selective micro-
electrode. The gating currents of the R368H channel
look very different from the gating currents shown pre-
viously. The ON-gating current is a superposition of the
typical transient charge displacement that decays to
zero and a steady proton current transported by the
histidine. In the presence of an inward proton gradient
that establishes a very depolarized proton equilibrium

subtracted from each current trace off-line as de-
scribed in MATERIALS AND METHODS (Data Analysis
of I'V Curves). (Experiment D11200a)

potential, Ey;, (Fig. 7 A), an inward current developed
during ON-gating, increased as the membrane was in-
creasingly depolarized, peaked at around —30 mV, and
then decreased and became zero at very depolarized
potentials. The size of the inward current was reduced
(Fig. 7 B) when the proton gradient was reduced, and
thereby decreased the proton electrochemical driving
force in the voltage region of charge displacement. Re-
versal of the pH gradient to establish a very hyperpolar-
ized Ep, resulted in an outward steady current also
with a bellshaped voltage dependence (Fig. 7 C). The
appearance of a steady current driven by the proton
electrochemical gradient only in the voltage region of
frequent voltage sensor transitions indicates that it is a
current of protons transported across the membrane
by the histidine at position 368.

It is curious that at depolarized membrane potentials
(greater than or equal to —10 mV), the inward proton
current shown in Fig. 7 A is no longer constant, but
slowly decays. This decay could arise from gating
charge immobilization due to the onset of slow inac-
tivation during the depolarizing pulse. Alternatively,
since HB recording solutions were used, the decay
could be due to an accumulation of HEPES buffer at
the internal membrane during the depolarizing pulse
and this could obstruct the proton pathway, alter the lo-
cal pH around the histidine, or shift the Q-V curve.

The proton currents appear in the voltage range
where gating charge displacement is most steeply volt-
age-dependent (Fig. 7, Rel. Q are the numbers to the
right of each current trace). This is the range where
transitions between hyperpolarized- and depolarized-
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favored states occur very frequently. Consequently, the
translocation of the histidine, which is coupled to each
transition of the voltage sensor, generates a sustained
proton current down the proton electrochemical gradi-
ent. Conversely, at extremely hyperpolarized or depo-
larized potentials, the sensor remains in one state most
of the time and, therefore, the proton current ap-
proaches zero at extreme potentials. The amount of
proton current observed in the OFF-gating currents is
negligible and constant since all were elicited by the re-
turn to —110 mV (Fig. 7).

Proton transport due to the translocation of histidine
in the R368H channel requires protonation of the
368H residue on the acidic side of the membrane and
deprotonation on the basic side. This change in histi-
dine charge, which is coupled to gating, will cause a dif-
ference in the gating charge displaced in the outwardly
moving ON-gating current (Q,,) relative to the charge
that returns in the OFF-gating current (Q,q). Indeed,
at very depolarized potentials where both Q,, and Qg
can be measured with minimal contamination by the
proton transport current, the gating charge asymmetry
imposed by a pH gradient is evident (Fig. 7). In Fig. 8,
50-mV pulse evoked gating currents, recorded in three
different pH,s and approximately the same pH; are su-
perimposed and displayed along with the integrated
charge displaced by the currents. The OFF-gating cur-
rents and charge were titrated by changes in pH,, indi-
cating that external histidine exposure occurs in the
depolarized state. The ON-gating current and charge
remain constant, regardless of the 368H charge return-

ON
tomv] S0mVL OFF 44y

Gating Current
pHi 7
0.2 pA|

40 ms

pH, 9.2
pH, 7.4

«— pH, 6.3

Gating Charge

1nC
pH, 9.2

pH, 7.4

pH, 6.3

Ficure 8. Titration of gating charge displacement in the R368H
channel. The gating currents in response to a 50-mV test pulse,
were recorded in three pH gradients from the same oocyte de-
scribed in Fig. 7. The current records are shown here superim-
posed along with the corresponding gating charge displacement
obtained by integrating the gating currents over the duration of
the ON and OFF potential pulses. (Experiment D11200a)
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ing from the depolarized state. Therefore, the histidine
is exposed to the unchanged internal solution in the
hyperpolarized state where it equilibrates to the con-
stant charge that is displaced in the ON-gating current.

In the pH, 7.4 and pH; 7 condition, one might ex-
pect the histidine charge to be almost the same on each
side of the membrane and, consequently, nearly sym-
metric charge displacement. However, Q¢ is much
larger than Q,, (Fig. 8, pH, 7.4). Since the histidine
charge is determined by both its pK, and the pH of the
surrounding solution, the mismatched charge displace-
ments indicate that the histidine pK, is not the same on
the internal and external side; the internal pK, is less
than the external pK,.

One way to estimate the histidine pK, is to examine
the behavior of the proton transport current in more de-
tail. Recall that the ON-gating current of the R368H
channel is a superposition of a transient and constant
current; the transient component arises from gating
charge displacement (Q,,), and the constant compo-
nent is the proton current (Iy) transported by the histi-
dine. Therefore, the proton current amplitude at each
potential can be obtained from the ON-gating currents
at long durations, when the transient component has
decayed to zero (Fig. 7, I; arrow). Fig. 9 A shows the
voltage dependence of R368H channel proton transport
in five different pH gradients. Each pH gradient estab-
lishes a Nernst proton equilibrium potential, Ey,. The
most obvious observation is that the I-V curve of proton
transport in each pH gradient is bell-shaped or slightly
biphasic. Although the direction of Iy in each pH gradi-
ent is determined by Ep,, conductance of protons
through an open pore would have a linear, rather than
bell-shaped I-V relationship. It is the shape of the proton
current I-V that reveals it to be a transport current cou-
pled to gating charge displacement, Q. For each of the
five proton transport I-V curves shown in Fig. 9 A, the as-
sociated Q-V curves are shown in Fig. 9 B. Proton trans-
port in each pH gradient appears only in a limited volt-
age region, approximately where the Q-V curves are not
saturated. In this region, the voltage sensor makes rela-
tively frequent transitions between states so that trans-
port is driven both by the proton electrochemical gradi-
ent and by transitions of the voltage sensor. In each case,
proton transport peaks around —30 to —50 mV (Fig. 9
A), near the potential of half-maximal charge displace-
ment and most frequent voltage sensor transitions. The
voltage dependence of proton transport resembles that
of gating capacitance, C, (AQ/AV). As expected, the
proton current amplitude grows with the steepness of its
associated Q-V and goes to zero both at Ej;; and at the
asymptotes of the Q-V, where there is very little change
in Q with V.

To estimate pK;, pK,, and the location of 368H in
the transmembrane electric field, the proton transport
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Ficure 9. Voltage depen-
dence of proton transport
and gating charge displace-
ment in the R368H channel.
A family of pulse-evoked
R368H channel gating cur-
rents and pH; were simulta-
neously measured in five dif-
ferent pH gradients across
the membrane, as described
and shown for three of the
gradients in Fig. 7. pH gradi-
ents were established using
HB recording solutions by
leaving the internal solution
constant and varying pH,:
pH./pH; 5.2/6.6 (W), pH,/
pH; 6.3/6.9 (V¥), pH,/pH
7.4/7.0 (A), pH,/pH; 8.3/
7.1 (®), and pH,/pH; 9.2/
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7.1 (@). (A) Voltage depen-
dence of steady-state proton
current amplitudes in five pH
gradients (proton transport
I-V curves). The Nernst equi-
librium potential established

by each pH gradient, Ey., is also displayed. All five proton current I-V curves were simultaneously fit to an expression for proton current
values predicted from a titrateable voltage sensor model (see THEORY, second term of Eq. 1) with voltage-dependent pK,s (Eq. 2). The best
fit values for pK, and pK; are shown in two forms: first, pK(V) = pK(0) = 8(FV/2.3RT) to highlight 8, the fraction of the electric field
sensed, followed by pK(V) at room temperature to highlight the slope of the voltage dependence, where V is in units of millivolts. Other pa-
rameters of the fitare: N = 1.82¢10, z = 3.09, z; = 0.061, §,; = 0.012, §,, = 0.376, o;(0) = 8464/s, ay(0) = 67215/s, and B,(0) = 4775/s.
(B) Corresponding Q-V curves for the OFF-gating currents in five pH gradients. Total gating charge per channel (Q/N) was estimated by

fitting Q.. versus pH, to the Henderson-Hasselbach equation (Q/N =

Qnin + {(Qmax - Qmin)/[l + CXP[Q?)(PHU - pKo)]]}) The fit pre-

dicted a pK, of 5.8 and saturated at a maximum value of 8.37 nC. Assuming that the fully protonated voltage sensor displaces 12.5 e, per
channel as the wild-type, N = 8.37 nC/12.5 e, = 4.2¢9. (Experiment D11200a)

data was fit to a model of a titrateable voltage sensor
(Starace et al., 1997). The only modification to the
model was the incorporation of voltage-dependent
pK.s (see THEORY, Eq. 2) to accommodate the possibil-
ity that 368H is situated in a confined aqueous environ-
ment into which the transmembrane field extends. The
field would alter the local pH around the histidine by
affecting the access of protons to their binding site.
Model-derived expressions for the proton current were
simultaneously fit to all five proton transport I-V curves.
The best simultaneous fit, shown in Fig. 9 A (lines),
predicts that pK; is less than pK,, which is consistent
with the charge asymmetry data (Fig. 8): at 0 mV, pK, =
6.7 and pK; = 6.3. The estimated voltage-dependent
term in pK, (Fig. 9 A) suggests that a proton crosses
~10% of the transmembrane field when it travels from
the extracellular solution to the external histidine
binding site. The estimated voltage-dependent term in
pK;, on the other hand, is only ~2%, which suggests
that the internally exposed histidine binding site is not
in the electric field.

Another way to estimate the pK, of residue 368H is to
examine the titration of Q. with external protons
since the histidine gets exposed and equilibrated to the
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external solution before repolarization elicits Q,q (Fig.
9 B). The modulation of maximum Q,; by pH, was fit
to a two-state model (Henderson-Hasselbach equation)
that simply describes the titration of a protonatable
group. The number of channels (N) was estimated
from the saturating value of the fit, which is the maxi-
mum Q. of N fully protonated voltage sensors. We as-
signed this saturating value to 12.5N based on the as-
sumption that each fully protonated sensor displaces
12.5 e, like the wild type (Schoppa et al., 1992). The
value of N obtained from the fit was used to calculate
maximum Q/N values in other pHgs (Fig. 9 B). In pH,
9.2 (circles), Q/N was estimated to be 1.4 ¢,, a reduc-
tion of ~11 e, per channel, rather than 4 e, per chan-
nel expected from a reduction of one full charge in
each subunit. The modulation of Q,; by pH, fit the
two-state model with a pK, of 5.8, which is indicative of
histidine titration. This estimate of pK, was made at a
potential that saturates Q.4 and, therefore, divulges
nothing about the possibility of a voltage-dependent
pK,. However, evaluation of Q/N versus pH, at other
potentials to infer the voltage dependence of pK,
would not be reliable since Q measures the displace-
ment of the entire voltage sensor, not just the 368H res-
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idue. Indeed, the reduction of Q/N by 11 e, upon histi-
dine deprotonation is far more than one charge per
subunit because, in pH, 9.2, the Q-V reflects not only
the loss of charge on the histidine residue, but also the
altered electric field and motion of the remaining volt-
age sensing residues.

R371H Channel. The gating currents of the R371H
channel are also accompanied by bulk pH-sensitive cur-
rents, indicating translocation of the histidine at posi-
tion 371 from the internal to external solution during
gating (Fig. 10). However, the behavior of the R371H
proton currents is notably different from the straight-
forward proton transport of the R365H channel (Sta-
race et al., 1997) and the R368H channel described
above. One of the most striking features of the R371H
channel gating currents is that there are pH-dependent
currents at very depolarized potentials even though
gating charge displacement has saturated. At potentials
of saturated charge displacement, the voltage sensor re-
mains in a highly favored state most of the time with vir-
tually no transitions to other states. Consequently,
there are no accompanying histidine transitions to
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¢ E,=-98 mV
-6 mV
E,=345mV

Titration of OFF gating

Ficure 10. Gating currents of the R371H channel. Us-
ing the cut-open oocyte voltage clamp with a H* sensi-
tive electrode, R371H channel gating currents and pH;
were simultaneously measured in three pH gradients:
pH,/pH; 8.3/6.6 (A), pH,/pH; 6.3/6.2 (B), and pH,/
pH, 5.2/5.8 (C). The gradients were established with HB
recording solutions; the external solution was varied
while the internal pH 5 solution was left unchanged. All
gating currents were recorded from the same mem-
brane area. The gating currents in each pH,/pH; group
(shown superimposed in A-C) were elicited by the pulse
protocol series shown at the top. The left panel of A-Cis
an enlargement of the ON-gating currents shown fully in
the right panel. Linear leak current was subtracted from
each current trace offline as described in MATERIALS
AND METHODS (Data Analysis of IV Curves). (D) Voltage
dependence of steady-state proton current amplitudes
(proton current I-V curves) measured in three pH gradi-
ents: pH,/pH; 8.3/6.6 (®), pH,/pH, 6.3/6.2 (¥), and
pH,/pH; 5.2/5.8 (). I; was determined by taking the
isochronal, steady-state amplitudes of the ON-gating cur-
rents shown in A-C. The linear leak component has al-
ready been subtracted out as described in MATERIALS
AND METHODS. The Q 4V curve associated with each I-V
curve was used to generate the voltage dependence of
the gating capacitance, C,. Each GV curve (lines) was
scaled to its associated IV curve. (Experlment D11210b)

1.5 pA

transport protons. We will see below that the gating
currents of the R371H channel seem to be a composite
of three rather than two currents: a transient charge
displacement current, a proton transport current, and
a novel proton current.

Fig. 10 shows pulse-evoked gating current records
from R371H channels in three different pH gradients.
In each gradient, the ON-gating currents are composed
of the transient component produced by gating charge
displacement and a steady component. I-V curves of
the steady currents (Fig. 10 D) indicate that they are
carried by protons since the direction of current flow in
each pH gradient is determined by the Nernst proton
equilibrium potential, Ef;,. Moreover, charge displaced
in the OFF-gating currents is modulated by pH, (Fig.
10, A-C, right), indicating that once depolarized to the
test pulse potential, 371H gets exposed and equili-
brated to the external solution before repolarization
elicits Q. The presence of proton currents in the
R371H channel along with the ability to titrate the histi-
dine during gating reveal that residue 371 traverses the
membrane with each voltage sensor stroke.
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The proton currents of the R371H channel do not
have the bell-shaped voltage dependence expected of a
transport current coupled to voltage sensor transitions.
In Fig. 10 D, the proton current I-V curve in each pH
gradient is displayed along with its associated CgV
curve (G, = dQ/dV). The peak of the C4-V curve marks
the voltage range of most frequent voltage sensor tran-
sitions. Each of the proton current I-V curves has a bell-
shaped component that follows the corresponding C,-V
curve. In other words, the R371H channel gating cur-
rents display properties indicative of proton transport
by the histidine; there is a component driven by the pH
gradient and coupled to voltage sensor transitions be-
tween hyperpolarized-favored and depolarized-favored
states. However, there is another component in the
R371H channel gating currents: an outward current at
depolarized potentials whose amplitude increases lin-
early with the membrane potential, more like a pore
current than a transport current. This ohmic compo-
nent arises after the associated gating charge displace-
ment has saturated and G, is negligible (Fig. 10, lines).
Therefore, it is not coupled to transitions of the voltage
sensor, as is the proton transport current.

It is important to recall that a nonspecific, pH-inde-
pendent, linear leak current has already been sub-
tracted from all of the current records shown. The ON-
currents displayed are specific to expression of the
R371H channel. They are much larger and more non-
linear than background leak currents in uninjected oo-
cytes. Typical R371H channel expression results in at
least 10'% channels in the recording area of the cut-
open voltage clamp. The average nonlinear compo-
nent of the steady-state ON-gating current evoked by a
60-mV pulse is 300 = 36 nA (SEM) per 10! R371H
channels (n = 11 oocytes). In uninjected oocytes, the
nonlinear component at 60 mV is 46.2 = 23 nA (SEM;
n = 7 oocytes). This is a 6.5-fold increase in nonlinear
current caused by average expression of the R371H
channel. The linear leak component (subtracted out
from the displayed data), on the other hand, increases
only 1.4fold on expression of the R371H channel re-
gardless of the expression level. It is very unlikely that
the proton currents we observe with R371H channel
expression are nonspecific currents arising from some
channel native to the oocyte. It is also unlikely that the
proton currents are leaking through the R371H chan-
nel K* pore since none of the other histidine mutants
display this property.

The I-V relationship of R371H channel steady-state
ON-gating currents can be interpreted in several ways.
One of these is that there is no proton transport com-
ponent at all, rather, the entire I-V, including the in-
ward part of the current, is one of proton conductance
through a pore formed by the histidine at position 371
(Fig. 2 D). Since the pore is not open at hyperpolarized

potentials (Fig. 10 D), this interpretation requires that
it be gated open by depolarization of the voltage sen-
sor. Depolarization could drive the histidine to a posi-
tion accessible to both the internal and external solu-
tions, thereby creating a proton pathway.

Another interpretation of the behavior of the R371H
channel proton currents is that, at position 371, the his-
tidine can both transport protons and form a proton-
specific pore. This interpretation implies that the pro-
ton current I-V curve has a bell-shaped component due
to voltage sensor—coupled proton transport and an
ohmic component that arises at depolarized potentials
as the voltage sensor drives 371H to a position that
bridges an internal and external space or crevice.

Both interpretations were incorporated into a simple
model of a titrateable voltage sensor that not only
transports protons during gating, but also forms a pro-
ton pore at depolarized potentials (Fig. 1 B). The
pore model was constructed by modifying our existing
model, which describes proton transport by a histidine-
tagged voltage sensor (Starace et al., 1997). The details
of the modified model are described in THEORY. Fig. 11
shows the result of fitting the R371H channel proton
current data (symbols) to the pore model (lines). The
steady-state proton current (Iy;) predicted by the model
is the sum of a proton transport current (Iy) and a cur-
rent through a pore (Ip) formed by a single proton
binding site. Considering the simplicity of the model, it
mimics the proton currents of the R371H channel
quite well over a large range of pH gradients (Fig. 11).
The best simultaneous fit predicts significant voltage-
dependent terms in all of the pK,’s, suggesting that ac-
cessible histidine sites are within the transmembrane
electric field (Fig. 11). The voltage-dependent term in
pK suggests that, in the hyperpolarized state, a proton
from the internal bulk solution crosses ~37% of the
field to reach the internally accessible 371H binding
site. The voltage-dependent term in pK;p suggests that
when depolarization drives 371H to a pore-forming state,
the internally accessible proton binding site moves deeper
in the field, so that an internal proton crosses ~93% of
the field to reach it. Finally, the voltage-dependent term
in pK, suggests that, in the depolarized state, a proton
from the external solution crosses ~46% of the field to
reach the externally accessible 371H site. Although, the
model is far too simple to be quantitative, perhaps the
interesting qualitative features of the fit present legiti-
mate predictions.

Neither the model nor our data can discriminate be-
tween whether the R371H channel proton currents are
composed purely of conductive currents or are a com-
posite of both transport and pore currents. Although
the fit shown in Fig. 11 predicts that there is a signifi-
cant transport component to the R371H proton cur-
rents (It), fits that predict a purely conductive current
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are almost as good. The model can accommodate both
possibilities very crudely; parameters can be chosen
that favor the conduction loop so heavily that the trans-
port component becomes negligible. The Shaker K*
channel requires a model with many more states to ac-
count for all details of the gating currents quantitatively
(Bezanilla et al., 1994), so it is not surprising that our
simple model is not an ideal fit to the data. Since the
proton current data cannot resolve gating transitions
between the resting and active states, nothing would be
gained in the construction of more sophisticated mod-
els that, for example, allow pore formation from only a
subset of depolarized states. Moreover, the fitted pK,’s
are quite high, implying that the deprotonation rates
are comparable to the gating transition rates. In this
case, the assumption used in the model that there is
a fast equilibrium between protonated and unproto-
nated states is not entirely accurate.

Regardless of the interpretation of the mechanistic
details, it is clear that the gating currents of the R371H
channel are dependent on the pH gradient and con-
tain a pH-dependent transmembrane current. There-
fore, the voltage sensing residue at position 371 passes
from internal to external exposure during gating.
Moreover, the fit of such a simple proton pore model
to the data makes it is quite reasonable that residue
371H forms a proton pore in some depolarized confor-
mations occupied by the voltage sensor.

E283Q /R371H Channel. There is evidence for the
existence of charged networks between acidic residues
in the S2 and S3 transmembrane segments and some of
the basic residues in S4 (Tiwari-Woodruff et al., 1997,
2000). These networks presumably stabilize charges
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FiGure 11.  Proton transport and conduction by
the R371H channel voltage sensor. I-V plots of the
steady-state proton currents, Iy, measured in five
different pH gradients: pH,/pH; 9.2/7.8 (@),
pH,/pH; 8.3/6.6 (®), pH,/pH; 7.4/6.34 (A),
pH,/pH; 6.3/6.2 (¥), and pH,/pH; 5.2/5.8 (H).
The Nernst equilibrium potential established by
each pH gradient, Ey,, is also displayed. Gating
currents and pH; were measured simultaneously
as described and shown for three of the gradients
in Fig. 10. All five proton current I-V curves were
simultaneously fit to an expression for proton cur-
rent values (see THEORY, Eq. 6) predicted from a
model of a titrateable voltage sensor that forms a
proton pore upon depolarization. The proton
current predicted by the model is the sum of a
proton transport current, I, and a proton pore
current, Ip. The parameters of the best fit to
the model (shown as lines) are: pK,(0) = 6.67,
pKi(0) = 8.07, 3, = 0.460, &; = 0.373, §;, = 0.934,
Yo = 93.5/s, £,(0) = 4.33e8/ (M), v, = 138/,
N = 3.08e10, z = 1.14, z; = 0.844, 3,; = 0.139,
8o = 0.879, o (0) = 7247/s, ay(0) = 818/s, and
B1(0) =2,369/s. (Experiment D11210b)

buried in the membrane by pairing them with opposite
charges and may contribute to shaping the transmem-
brane electric field. One such network contains three
participants: R368 and R371 in S4 and E283 in S2. In-
teraction between these residues has been demon-
strated by the necessity to pair neutralization of residue
E283 with neutralization of either R368 or R371 to ob-
tain functional channels (Tiwari-Woodruff et al., 1997).
Neutralization of the S2 residue (E283) in the R368H
and R371H channels provides an effective way to exam-
ine residue 283’s effect on the accessibility of residues
368H and 371H in both charged and uncharged states.
It may also give us some insight into the nature of the
proton currents carried by 371H.

Addition of the neutralizing mutation, E283Q), to the
R371H channel slowed the gating current kinetics by
~10-fold (Fig. 12 A). Passage of residue 371 from inter-
nal to external exposure during gating, however, still
took place. In symmetric pH 9.2 solutions, the Q-V
curves for the ON- and OFF-gating currents (Fig. 12 B,
circles) roughly superimpose, indicating that the 371H
charge is almost the same in the initial hyperpolarized
state and the pulsed depolarized state. After decreasing
pH, to 5 and thereby imposing an inward proton gradi-
ent across the membrane, Q¢ increased (Fig. 12 B,
filled squares), indicating that once depolarized, 371H
gets exposed and equilibrated to the external solution
before repolarization elicits Qg4 Q,, was unaffected by
the change in pH,, (Fig. 12 B, open squares). Regardless
of the OFF charge returning to the hyperpolarized
state, 371H gets exposed and equilibrated to the un-
changing internal solution before depolarization elicits
Q- The asymmetry of charge displacement created by
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Ficure 12. Gating currents of the E283Q/
R371H channel. (A) Using the cutopen oocyte
voltage clamp, E283Q/R371H channel gating cur-
rents were measured in symmetric NMDG-MS so-
lutions with internal pH 9.2, and either pH, 9.2
(top currents) or pH, 5 (bottom currents). All gat-
ing currents were recorded from the same mem-

brane area. The gating currents in each pH, group

(shown superimposed) were elicited by the pulse
protocol series shown at the top. (B) Q-V curves
for the ON- (open symbols) and OFF-gating cur-
rents (closed symbols) displayed in A (pH,, 9.2, cir-
cles; pH, 5, squares). (C) The voltage dependence
of steady-state ON-gating currents shown in A (cir-
cles, pH, 9.2; squares, pH,, 5). The linear leak com-

-100
Pulse Potential (mV)

a pH gradient demonstrates that even when E283 is
neutralized, the histidine at position 371 passes from in-
ternal to external accessibility with each voltage sensor
transition from the hyperpolarized to depolarized state.

Since E283Q/R371H channel charge displacement is
asymmetric in a pH gradient, a proton current should ac-
company each voltage sensor stroke. However, no obvi-
ous steady-state proton current (Iy;) developed in the
ON-gating currents (Fig. 12 A, bottom). Only in the I-V
curves of the steady-state ON-gating currents (Fig. 12 C)
can one discern a small pH gradient-dependent current,
reminiscent of the R371H channel proton currents. In
an inward proton gradient, a very small inward current
developed (Fig. 12 C, squares) in the voltage region
where associated gating charge transitions were most fre-
quent (Fig. 12 B, squares, the steepest part of the Q-V).
Atvery depolarized potentials, an outward ohmic compo-
nent arises. The properties of the steady-state ON-gating
currents of the E283Q/R371H channel resemble those
of the R371H channel in many respects except one: the
sizes of the proton currents are dramatically reduced.

The steady-state ON-gating currents from the E283Q/
R371H channel are barely above the background, mak-
ing it difficult to attribute them to something as specific
as proton transport and/or conduction by the histidine
at position 371. However, as discussed above, the volt-
age dependence of the steady-state currents (Fig. 12 C)
is pH-dependent and is correlated to the voltage de-
pendence of gating charge transitions (Fig. 12 B). In
fact, when the Q-V curve is shifted along the voltage
axis by measuring Q starting from and holding at depo-
larized rather than hyperpolarized potentials, there is a
corresponding shift of the associated steady-state I-V
curve (data not shown). These features are highly sug-
gestive of a proton current coupled to voltage sensor
transitions.

ponent has already been subtracted out, as de-
scribed in MATERIALS AND METHODS (Data Analysis
of IV Curves). (Experiment D11037a)

0 50

The slow kinetics of the E283Q/R371H channel gat-
ing currents indicate slow voltage sensor transitions. The
small size of the steady-state currents measured is consis-
tent with proton transport by 371H since the transport
rate expected from a channel with such slow gating cur-
rents would be correspondingly slow. Alternatively, the
reduction of proton current amplitudes through a pore
formed by 371H could be due to the disruption of pro-
ton selectivity by E283 neutralization. This could be ac-
complished by alteration of the 371H pK,. Since posi-
tions 371 and 283 interact in depolarized states (Tiwari-
Woodruff et al., 2000), neutralization of E283 could very
likely perturb the 371H pK, while in a pore-forming
state. If, in the depolarized state, E283 decreases the lo-
cal external pH around 371H relative to the bulk, then
neutralization of E283 would effectively lower the exter-
nal pK, of the proton pore. If external proton access to
the 371H pore is through a narrow, nonisopotential cav-
ity, then E283 neutralization may alter the electric field
drop through the cavity, and thereby alter the effective
external pK, of the pore. These are just a couple of
the many ways that E283 neutralization could affect
the 371H pK, and cause a reduction of proton cur-
rent through a pore formed by 371H. The reduction
of E283Q/R371H channel proton current amplitudes
is consistent with both transport and pore formation
by 371H. Although E283Q neutralization makes no
progress in determining the composition of R371H pro-
ton currents, it does suggest some interesting ways of de-
signing effective proton pores.

There is evidence that residue R368 in S4 also inter-
acts with E283 (Tiwari-Woodruff et al., 1997, 2000). How-
ever, addition of the neutralizing mutation (E283Q) to
the R368H channel did not alter the gating or proton
transport properties of the channel at all (data not
shown).
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DISCUSSION

The main observation reported in this paper is that,
upon histidine replacement, the second, third, and
fourth charged residues of the S4 segment each fully
translocate from internal exposure at hyperpolarized po-
tentials to external exposure at depolarized potentials.

Histidine Scanning and Accessibility of Charged
Residues in S4

Most of the voltage sensing residues of the Shaker K*
channel are located in the S4 segment (Aggarwal and
MacKinnon, 1996; Seoh et al., 1996). Histidine scan-
ning mutagenesis of the basic residues in S4 was used to
probe the local accessibility changes that accompany
gating charge movement in the Shaker K* channel. By
measuring the charge moved in the gating currents of
histidine-replaced channels, we could monitor the ac-
cessibility of the histidine to protons in the bulk solu-
tion if the histidine is part of the voltage sensor.

Although much attention has been focused on identi-
fying the involvement of S4 residues in gating, there is
very little known about the residues located in the cyto-
plasmic half of the S4 segment. Charge altering muta-
tions of residue R377 have not generated functional
channels (Aggarwal and MacKinnon, 1996). Therefore,
the solvent accessibility and contribution of R377 to volt-
age sensing is unknown. Successful expression of the
channel after replacing R377 with a histidine provides
the first opportunity to examine the effect of modifying
this residue. The gating currents of the R377H channel
were unaffected by protons in the surrounding solution,
indicating that residue 377 is either completely inaccessi-
ble or it does not move in the transmembrane electric
field. The latter is perhaps more likely since cysteine
scanning mutagenesis of the neighboring residue, S376,
has demonstrated that 376 is exposed to internal cys-
teine labeling reagents in the hyperpolarized state and
buried in the depolarized state (Larsson et al., 1996;
Yusaf et al., 1996; Baker et al., 1998). Residue 376 is the
sole residue in the cytoplasmic half of S4 for which there
is exposure data published previously.

The gating currents of the K374H channel were also
unaffected by protons in the surrounding solution, in-
dicating that residue 374 is either completely inaccessi-
ble or it does not participate in gating charge displace-
ment. Although the charge contributed by K374 to the
gating current has been measured directly, the role of
K374 in voltage sensing is still ambiguous (Aggarwal
and MacKinnon, 1996; Seoh et al., 1996; see Table II in
Bezanilla, 2000). Most mutations that neutralize the
amino acid at 374 hinder functional expression of the
channel. Those neutralizations that maintain channel
function resulted in a reduction of two voltage sensing
charges per channel, thereby implicating K374 as part
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of the voltage sensor (Aggarwal and MacKinnon,
1996). However, the charge conserving substitution
(K374R) increased the charge per channel by 2 e, sug-
gesting that K374 plays a structural rather than func-
tional role in voltage sensing. This conjecture is consis-
tent with the results of Papazian and her colleagues
who found that the loss of function after K374 neutral-
ization could be rescued by pairing the lethal mutation
with a neutralization of either E293 or D316 in the S2
or S3 segment, respectively (Papazian et al., 1995; Ti-
wari-Woodruff et al., 1997). When the displaced gating
charge was measured in these double mutants, it was
found that there was no loss of charge in the voltage
sensor as a result of neutralizing K374 (Seoh et al,,
1996). Together, these data suggest that K374 makes a
structural contribution to voltage sensing, perhaps by
shaping the transmembrane electric field. This is con-
sistent with the inability of solvent protons to titrate
K374H gating currents if residue 374 does not contrib-
ute its charge to the gating current. Moreover, it is
likely that residue 374 is also totally inaccessible since
any structural alteration induced by a change in its
charge might affect the gating currents even if residue
374 itself does not move in the field during gating.

The histidine scanning mutagenesis studies that we
have reported here and elsewhere (Starace et al., 1997,
1998; Starace and Bezanilla, 1998) have revealed that
each of the three central residues of the S4 segment,
R365, R368, and R371, progresses from internal to exter-
nal exposure during channel gating. A traverse of three
charges per subunit across the membrane with each volt-
age sensor stroke would account for all 12 gating charges
if the entire electric field were crossed. This would be the
case if the hydrophobic region traversed by the voltage
sensing charges defines the boundary of the electric
field. However, as we will see in the discussion ahead, it is
likely that the electric field extends beyond the hydro-
phobic region and into narrow aqueous spaces that pene-
trate it. Then, translocation of charge from the internal
to external solution may not cross the entire electric
field. Consequently, the traverse of R365, R368, and R371
across the membrane would not necessarily account for
all 12 charges required to gate the channel. Indeed, we
have found that the outermost residue R362, when re-
placed with a histidine, is also accessible to the internal or
external solution depending on the membrane potential
(Starace and Bezanilla, 1999, and in preparation).

Aqueous Crevices that Line the S4 Segment

A comparison of the histidine scanning results with
published cysteine scanning results suggests that access to
residues 365, 368, and 371 from the solvent is, in some
cases, through narrow aqueous crevices that are too re-
strictive for the relatively large cysteine labeling reagents.
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Residue 365, when replaced with cysteine, was accessible
to internal MTSET only when extremely hyperpolarized
potentials were used and the reaction rate was very slow
(see personal communication discussed in Baker et al.,
1998). This contrasts with the efficiency of proton trans-
portin the R365H channel (Starace et al., 1997) and sug-
gests that residue 365 is confined to a narrow, internally
faced hydrophilic crevice in the closed, hyperpolarized
state of the channel. Upon depolarization, both histidine
(Starace et al., 1997) and cysteine scanning mutagenesis
(Larsson et al., 1996; Baker et al., 1998) have shown that
residue 365 can be accessed from the external solution.

Comparison of histidine and cysteine scanning results
suggests that residue 368 is also confined to a restrictive
aqueous crevice, but one in contact with the external
solution. When replaced by a cysteine, the modification
rate of residue 368 with external MTSET was found to
be exceptionally low at depolarized potentials (Baker et
al., 1998). Again, the contrast between histidine and
cysteine scanning studies suggests that residue 368 re-
sides in a narrow, externally faced crevice in the open,
depolarized state of the channel. In the closed state,
both histidine and cysteine scanning mutagenesis (Lars-
son et al., 1996; Baker et al., 1998) indicate that residue
368 is exposed to the internal solution.

The results presented in this paper suggest that the
local environment around residue 371 is somewhat
unique. The voltage sensing residue at position 371 is
right in the middle of the putative S4 segment and
there is no other published data on the exposure of
this residue to the surrounding solvent. The voltage
sensor—coupled proton currents of the R371H channel
indicate that residue 371 traverses the membrane dur-
ing gating. Therefore, the external aqueous crevice
that allows access to residue 368 in the depolarized
state may extend down to expose residue 371 when de-
polarized. Similarly, the internal crevice that extends
up to residue 365 in the hyperpolarized state may also
expose residue 371 in the resting, closed state.

The peculiarities of the proton current behavior of
the R371H channel insinuate that residue 371 indeed
dwells in a highly constrained or restricted environ-
ment such as a narrow cavity. A pH-dependent ohmic
current develops in the R371H channel at depolarized
potentials. One way to interpret these currents that fits
reasonably well to the data is that depolarization drives
371H to a position where it bridges the internal and ex-
ternal solution and thereby creates a proton-binding
pore. This possibility suggests that in the open state of
the channel, the pathways allowing internal and exter-
nal solvent access either merge at 371H in a confined
one-ion binding site or come close enough for proton
tunneling to occur (Green, 1998). These solvent-con-
nected pathways penetrating the hydrophobic region
around the S4 must become progressively narrower

and restricted to converge on a space confined enough
to confer selectivity to proton passage. If narrow and re-
stricted enough, the solvent-connected pathways them-
selves may contribute to proton selectivity by constrain-
ing the solvent in a proton wire arrangement. More-
over, the transmembrane electric field could partially
extend into such restricted crevices so that residue
365H, 368H, and/or 371H could sense the field and
initiate voltage sensor displacement even though all
three residues are solvent accessible.

Formation of a proton conducting pore by residue
371H is not so farfetched. In fact, the gating currents
of the R362H channel consist entirely of large inwardly
rectified ohmic currents. A detailed characterization of
these currents revealed that they arise from proton
conduction through a pore formed by residue 362H
once driven in towards the membrane by hyperpolar-
ized potentials (Starace and Bezanilla, 1999; Starace,
D., and F. Bezanilla, manuscript in preparation). Pro-
ton pore formation upon depolarization of 371H or hy-
perpolarization of 362H is each consistent with a hy-
drophobic region bounding the S4 segment that is re-
duced by the penetration of aqueous crevices to a
narrow span near the top of S4. It is important to keep
in mind that while pore formation may occur in the his-
tidine-replaced channels, in the normal channel the
longer and bulkier arginine at position 371 (or 362)
may not be able to make the speculated bridge across
the isthmus between the internal and external crevices.

Recent work by Islas and Sigworth (2001) elegantly
demonstrated that aqueous cavities surround the volt-
age sensor. They manipulated the extension of the
transmembrane electric field into the surrounding so-
lution with ionic strength and measured the subse-
quent effect on gating charge movement. By fitting
their data with simulations that predict the field geom-
etry for various boundary conditions, they concluded
that a narrow cavity, ~20 A deep, penetrates the hydro-
phobic region around S4 from the internal solution,
and a shallow cavity, ~3 A deep, penetrates from the
external solution. Their data also suggests that the di-
electric constant of the internal cavity is quite low rela-
tive to water. The conclusions of Islas and Sigworth
(2001) are in agreement with ours: the hydrophobic re-
gion around the S4 segment is likely to be penetrated
by a long, restricted internal crevice that extends all the
way up to residue 365 and comes very close to a shal-
lower external cavity. This geometry would focus the
transmembrane electric field to the highly voltage sen-
sitive region near the top of the S4 segment.

Interaction between Galing Charge and the Transmembrane
Electric Field

The ability to titrate the gating charge of R365H,
R368H and R371H channels confirms that each of
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these residues contributes charge to the gating current
and therefore forms part of the voltage sensor. The par-
ticipation of these central basic residues in gating
charge displacement was known already from measure-
ments of the charge per channel remaining after the
neutralization of R365, R368 or R371 (Aggarwal and
MacKinnon, 1996; Seoh et al., 1996). What is novel
here is the result that each of these residues fully trans-
locates from inside to outside exposure during gating.
Consequently, the proton transport currents in histi-
dine-tagged voltage sensors provide an independent
measurement of voltage sensor transitions and can
therefore provide some constraints necessary to tease
apart the contributions of charge and fraction of the
electric field traversed.

Charge displacement measurements (Q) reflect the
product of the charge and the fraction of the electric
field it traverses; the two quantities cannot be experimen-
tally separated with gating current experiments. There-
fore, neutralization of one charge in all four subunits
does not necessarily result in a reduction of 4 e, per
channel as measured by gating charge displacement. If
the missing charge traversed only a fraction of the field
during gating, then the charge per channel may be re-
duced by less than four; if removal of the charge attenu-
ates the movement of the remaining charges and/or al-
ters the field sensed by them, then the charge per chan-
nel may be diminished by more than four. Indeed, such
interaction between gating charge and the electric field
was suggested when various voltage sensing residues were
replaced by neutral residues and the charge in each of
these channels was decreased by greater than 4 e, (Ag-
garwal and MacKinnon, 1996; Seoh et al., 1996). A more
direct indication of this interaction is shown in this study
where deprotonation of the histidine in all three chan-
nels (R3656H, R368H and R371H) reduced the gating
charge displacement by at least 8 e, per channel com-
pared with the fully protonated form. Assuming that the
fully protonated form of the histidine-tagged voltage sen-
sor behaves as the wild type, the excess charge removed
upon deprotonation may be due to an alteration of the
electric field by the unprotonated form of the histidine.
The concept that the charges normally dwell in aqueous
crevices helps in understanding how such an alteration
could take place. In terms of the crevice view, deprotona-
tion of the histidine could interrupt the aqueous crev-
ice and effectively extend the region of protein that the
field spans. The remaining gating charges would conse-
quently cross a smaller fraction of the field, resulting in a
>4 ¢, reduction in total charge displacement.

The ability to track the actual gating charge with pro-
ton transport measurements as well as its influence on
the electric field with charge displacement measure-
ments provides a unique opportunity to examine the
local electric field. However, such an analysis is not
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straightforward since the field probably extends some
distance into the crevices lining the S4 segment. With a
purely aqueous cavity, electrostatic calculations predict
that as much as 10% of the membrane potential could
extend out from the membrane and drop along a nar-
row cavity ~20 A in length (Islas and Sigworth, 2001).
In the restricted, long internal cavity proposed, one
would expect an even greater drop of the field. The be-
havior of proton transport in some of the channels with
histidine-tagged voltage sensors is consistent with an ex-
tension of the electric field into the crevices since, to
best fit the data, the histidine pK, required a voltage-
dependent term describing a proton binding site within
an electric field. Fitting the proton transport data and
charge displacement data to simple models of a titrate-
able voltage sensor suggests that a significant fraction
of the field extends into the internal crevice. This type
of analysis has the potential to provide estimates of the
field strength in the environment of each gating
charge. However, more sophisticated models that in-
corporate both the geometry and other gating transi-
tions would be required for accurate predictions.

A Model of Voltage Sensor Movement

The structure imposed by the hydrophilic crevices lin-
ing the 54 segment is exquisitely voltage- sensitive. It fo-
cuses the transmembrane electric field in a narrow re-
gion onto the highly charged region near the top of
the S4 segment. This enables a small conformational
change to accomplish the work of moving a lot of
charge across the entire transmembrane field. We have
proposed a model of the movement of the S4 segment
based on spectroscopic data (Cha et al., 1999; Glauner
et al., 1999; Bezanilla, 2000) and some of the data pre-
sented in this paper. The model is illustrated in Fig. 13
to highlight some of the pertinent features discussed
here. In the closed state (left side), the first four
charges of the S4 segment lie in a narrow hydrophilic
crevice that exposes them to the intracellular solution.
The hydrophobic region surrounding the internal crev-
ice is represented as a hatched cloud shaped by the
membrane and the hydrophobic amino acids in the S1
and S5 segments. The crevice is shown to get progres-
sively narrower as it reaches residues 365 and 362, since
these positions are accessible to protons (Starace et al.,
1997; Starace and Bezanilla, 1999), but not to larger
cysteine reactive reagents (Baker et al., 1998). Depolar-
ization causes a rotation of the S4 segment (Cha et al.,,
1999) and movement of the first four charges to an ex-
ternally facing crevice (Fig. 13, right side). For the sake
of simplicity, a 180° rotation of S4 is shown in Fig. 13.
Therefore, the external crevice cannot be seen; it faces
the back between the S2 and S3 segments. Our model
shows how a simple rotation of the S4 segment, without
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translation, can accomplish a large charge transloca-
tion with a relatively small movement.

The model shown in Fig. 13 also conveys the poten-
tial for proton conduction by residues 362H and 371H.
In the hyperpolarized state, 362H is shown at the apex
of the internal crevice. At this position, the hydropho-
bic region is so narrow that a histidine could bridge the
gap and create a proton pore (Starace and Bezanilla,
1999; Starace, D., and F. Bezanilla, manuscript in prep-
aration). Depolarization moves 362H away from the
membrane and disrupts the pore. Our data suggest
that extreme depolarizations drive 371H to a position
where it can also bridge the internal and external crev-
ices and thereby create a proton-conducting pore. This
is represented in Fig. 13 by bringing the internal crev-
ice close to the external crevice in the vicinity of resi-
due 371H when in the depolarized position.

The S4 model indicates that all of the S4 voltage sens-
ing charges are exposed to the bulk solution: through
the internal crevice in the hyperpolarized state and
through the external crevice in the depolarized state.
For these charges to sense the membrane potential, the
field must extend into the crevices or/and other volt-
age sensing elements must initiate movement of the S4
segment. In fact, there is evidence that a substantial
portion of the field extends into the internal crevice, as
discussed above. The location of residues 362, 365, 368,
and 371 in a nonisopotential crevice also solves the
problem of how four charges in each channel subunit
could cross the membrane and transfer only 12 to 13 e,
across the transmembrane field (Schoppa et al., 1992;
Aggarwal and MacKinnon, 1996; Noceti et al., 1996;
Seoh et al., 1996), rather than 16 e,. With the field
dropping along the internal crevice, although four
charges may traverse the membrane, each may cross a
different fraction of the total field and thereby contrib-
ute less than 1 e, per subunit. At this point it is not pos-
sible to predict the contribution of each of the gating
charges because we do not have reliable estimates of

Depolarized

FiGure 13. A model of voltage sensor operation.
A model illustrating the movement of the Shaker
K* channel S4 segment from a hyperpolarized po-
sition (left) to a depolarized position (right). Only
five transmembrane segments (S1-S5) of one sub-
unit are shown for clarity. The hydrophobic region
surrounding the internal crevice is represented as
a hatched cloud shaped by the membrane and the
sides of S1 and S5 facing each other. Depolariza-
tion causes a rotation of the S4 segment and move-
ment of the first four S4 charges from the internal
crevice to an externally facing crevice. The exter-
nal crevice cannot be seen; it faces the back be-
tween the S2 and S3 segments.

the local field strength. The simplest assumption is that
the deeper residues (i.e., 365 in the internal crevice)
traverse a smaller fraction of the field than the residues
closer to the entrance of the crevice (i.e., residue 371
in the internal crevice). However, this assumption
could fail if there were residues near the entrance of
the crevice deeply embedded in the side chains of
neighboring segments. For example, let us assume that
the voltage dependence of the internal pK, of residue
371H (pK;, Fig. 11) were an accurate estimate of the
fraction of the field sensed by 371H in the closed state.
Then upon depolarization, residue 371H would only
cross the remaining 63% of the field at most and con-
tribute two thirds of a charge to the total gating cur-
rent. However, the contribution of the wild-type charge
(R371) is likely to be quite different from that of 371H
when we consider the differences in volume and chain
length between arginine and histidine.

The accessibility of each S4 gating charge to the in-
ternal solution at hyperpolarized potentials and to the
external solution at depolarized potentials eliminates
the necessity for stabilizing counterions in other trans-
membrane segments. Rather, the gating charges may
be hydrated and/or surrounded by anions present in
the bulk solution, which lowers their conformational
energies. Therefore, a traverse of the hydrophobic part
of the molecule would present a large energy barrier
separating the resting from the active state of the chan-
nel, making spontaneous crossings a rare event. Appli-
cation of an electric field would lower this energy bar-
rier and increase the rate of gating charge transitions.

The Histidine-tagged Voltage Sensors: General Mechanisms of
Proton Transport?

It is quite surprising that a single histidine mutation
can transform the voltage sensor of a K* channel into
an efficient voltage-dependent proton transporter or a
voltage-gated proton channel. The transport or con-
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duction of protons in these artificial constructs is
driven both by the membrane potential and the trans-
membrane pH gradient. It is conceivable that the pro-
ton transport mechanisms described and modeled here
could be found to occur naturally, perhaps involved in
the regulation of intracellular or intraorganelle pH
with the membrane potential. Recently, the first se-
quence of a voltage-gated H* channel was published
(Banfi et al., 2000). Remarkably, the third putative
transmembrane domain contains a motif (HSAIH-
TIAH) reminiscent of voltage sensor motifs in the S4
segments of K* channels (RVIRLVRVFR) where the
permanently charged arginines have been replaced by
histidines which allow the exchange of protons. Elec-
trophysiological analysis of mutated versions of a ho-
mologue of this H" channel suggests that the histidines
indeed contribute to voltage gating, H* permeation
and H™* selectivity (Henderson and Meech, 1999).
Moreover, the M2 ion channel of the Influenza A virus
contains a functionally critical histidine residue lining
its pore. Interaction of protons with this histidine is es-
sential for the channel’s gating, H* selectivity and H*
transport (Mould et al., 2000). The growing number of
examples of histidine involvement in natural proton
permeation leads us to the intruiging possibility that
the operation of a histidine-tagged voltage sensor pro-
vides valuable insights to proton transport and conduc-
tion mechanisms, as well as to the voltage sensing
mechanism in K* channels.
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