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ABSTRACT Positively charged voltage sensors of sodium and potassium channels are driven outward through the
membrane’s electric field upon depolarization. This movement is coupled to channel opening. A recent model
based on studies of the KvAP channel proposes that the positively charged voltage sensor, christened the “voltage-
sensor paddle”, is a peripheral domain that shuttles its charged cargo through membrane lipid like a hydrophobic
cation. We tested this idea by attaching charged adducts to cysteines introduced into the putative voltage-sensor
paddle of Shaker potassium channels and measuring fractional changes in the total gating charge from gating cur
rents. The only residues capable of translocating attached charges through the membrane-electric field are those
that serve this function in the native channel. This remarkable specificity indicates that charge movement involves
highly specialized interactions between the voltage sensor and other regions of the protein, a mechanism inconsis-

tent with the paddle model.
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INTRODUCTION

The foundation of the excitability of nerve and muscle
cells lies in a ubiquitous collection of ion channels that
are exquisitely sensitive to small changes in the electri-
cal potential across the plasma membranes where they
reside. In spite of the structural and functional diversity
of these membrane proteins, the sensitivity to voltage is
known to originate primarily from positively charged
residues, typically arginines, embedded within o helices
known as S4 segments. Voltage-gated potassium chan-
nels manifest an approximately fourfold radial symme-
try, with the four subunits encircling the permeation
pathway through which ions diffuse. Each subunit is
composed of six transmembrane segments, including
the S4 segment with its up to seven basic residues, typi-
cally separated from one another by two neutral resi-
dues. The movement through the membrane-electric
field of the four outermost positively charged residues
in each S4 segment is coupled to gates that open and
close the permeation pathway (Yellen, 1998; Bezanilla,
2000). Each subunit consists of two functional do-
mains. Pore domains, homologous to the bacterial
KcsA channel (Doyle et al., 1998), surround the perme-
ation pathway and are composed of the transmem-
brane segments S5 and S6, the reentrant loop between
them, and the cytoplasmic COOH terminus. The pe-
ripheral voltage-sensing domains, consisting of the NH,
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terminus and S1-54, sense membrane potential and
transmit this information to the pore domain.

Over the past decade a variety of experimental ap-
proaches have produced a reasonable consensus on
how the S4 segments move through the membrane-
electric field (Bezanilla, 2002; Gandhi and Isacoff,
2002; Horn, 2002; Larsson, 2002). Because of the per-
vasive hydrophilic accessibility of individual cysteines
substituted anywhere along the S4 segments (Larsson
etal., 1996; Yang et al., 1996; Yusaf et al., 1996; Baker et
al., 1998; Wang et al., 1999), it is generally believed that
hydrophilic crevices or vestibules invade the surfaces of
S4 segments from both the extracellular and intracellu-
lar aspects of the channel (Fig. 1 A). These and other
studies suggest that S4 segments move through a
largely proteinaceous “gating pore” much shorter than
the thickness of the bilayer membrane.

A radically different proposal for charge movement
has emerged from the crystal structure of the KvAP po-
tassium channel (Jiang et al., 2003a,b). In this model the
“voltage-sensor paddle”, consisting of the S4 segment,
the COOH-terminal half of the S3 segment (S3b), and
the short linker between them, shuttles its positive
charges across the lipid bilayer in response to changes of
membrane potential (Fig. 1 B). Depolarization results in
the S4 segment pulling on the S4-S5 linker, which then
causes the intracellular activation gate, at the cytoplas-
mic ends of the S6 segments, to open (Jiang et al,
2003b). The paddle is postulated to be peripheral to all
other transmembrane segments and therefore largely
surrounded by lipid, rather than water and protein, as in
conventional models. Support for this new mechanism
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FIGURE 1. Models of voltage-sensor
movement. (A) Conventional model of
voltage-sensor movement. Two oppos-
ing subunits are shown with the ion per-
meation path between them. Depolar-
ization moves the extracellular portion
of the S4 segment (red) outward
through a short gating pore, opening
the permeation pathway. Most of the S4
segment is surrounded by hydrophilic
crevices/vestibules. The transmem- B
brane-electric field falls mainly across

the short gating pore. (B) Paddle
model adapted from Jiang et al
(2003b). Two opposing subunits are
shown. Depolarization moves the pad-

dle, the S3b helix and extracellular end

of the S4 segment, outward through

lipid, pulling the cytoplasmic activation

gate open.

of charge movement derives mainly from two observa-
tions. The first is that in the crystal structure of the entire
channel, the paddles appear as peripheral domains
pointing away from the central core of the channel
(Jiang et al., 2003a). The second is that the paddle can
drag tethered biotin across the bilayer in response to
changes of membrane potential (Jiang et al., 2003b).

We test here a direct prediction of this new model that
distinguishes it from more conventional models. We ask
whether the paddle can shuttle other charged groups,
attached to introduced cysteines, across the membrane-
electric field. The paddle model predicts that charged
adducts placed anywhere within the COOH-terminal
helix of the S3 segment and ~12 residues into the S4
segment will contribute to charge movement. The con-
ventional model, by contrast, predicts that the only
charge-moving region of the channel protein is the short
section of the S4 segment that moves through the gating
pore. Our results show that the set of charge-moving res-
idues is more restricted than predicted by either class of
model. Only residues whose side-chains move charge in
the native channel are capable of doing so when they are
converted to cysteines and labeled with charged adducts.
This result shows that charge movement by a voltage sen-
sor is a highly specific process that is likely to involve a
precise itinerary for charged side-chains through a favor-
able proteinaceous environment.

MATERIALS AND METHODS

DNA Clones and Site-divected Mutagenesis

The wild-type background we use for mutations is Shaker H4 con-
taining four modifications: deletion of residues 6-46 to remove
N-type inactivation, T449V to inhibit C-type inactivation, and
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C301S and C308S to reduce sensitivity of the wild type channel to
cysteine modification (Holmgren et al., 1996). Based on this
background, we constructed cysteine mutants and their noncon-
ducting versions with the W434F mutation (Perozo et al., 1993)
in the pore region. Mutagenesis was done with QuickChange™
site-directed mutagenesis kits from Stratagene. All of the cDNA
clones were sequenced to verify each mutation. We used a stan-
dard calcium phosphate method to transiently transfect tsA201
cells. We used oocyte expression for the R362C mutant because
of its poor expression in mammalian cells. In this case we re-
tained the native T449 residue to obviate potassium currents in
the W434F mutant (Yang and Sigworth, 2002).

Electrophysiology

Standard whole-cell patch-clamp recording methods (Ding and
Horn, 2003) were used to record gating and ionic currents. Ex-
cept where noted, the patch pipette contained (mM): 105 CsF,
35 NaCl, 10 EGTA, 10 HEPES, pH 7.4. The bath contained
(mM): 142 NaCl, 10 CsCl, 1.5 CaCl,, 1 MgCl,, 10 Hepes, pH 7.4.
All of the experiments were done at room temperature. Liquid
junction potentials between the bath and the pipette solution
were corrected. Electrode resistance was in the range of 1-2 MQ).
The voltage error due to series resistance was <3 mV after com-
pensation. Data were collected between 10-20 min after the es-
tablishment of the whole-cell configuration in order to avoid
time-dependent changes of OFF gating currents. Two-microelec-
trode oocyte recording was used for R362C/W434F gating
currents, using a OC-725C amplifier (Warner Instruments).
The oocyte bath contained (mM): 100 N-methyl-D-glucamine
Cl, 0.3 CaCl,, 1 MgCl,, 5 Hepes, pH 7.5. Methanethiosulfonate
(MTS) reagents (Toronto Research Chemicals) were prepared
from aqueous stock solutions of 100 mM methanethiosulfonate-
ethyltrimethylammonium (MTSET), methanethiosulfonate-eth-
ylsulfonate (MTSES), methanethiosulfonate-2-aminoethyl
(MTSEA), and methanethiosulfonate-methyltrimethylammonium
(MTSMT), that were kept at 4°C and diluted immediately be-
fore use.

Modification rates were determined as described previously us-
ing conducting variants of each cysteine mutant (Larsson et al.,
1996). The second-order modification rates are reported in Table I.
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TABLE 1
Cysteine Modification Rates

MTSMT MTSEA MTSES MTSET
$357C 1,717 + 74 38+ 9
~50 mV, (3) ~50 mV,(3)
A359C 1,016 = 25 153 * 30 98 = 27 2,884 * 518
—50mV, (3) —50mV, (3) —50mV, (4) —50mV, (4)
R362C 753 = 309 614 + 160 208 + 55
0mv, (3) 0mV, (3) 0mV, (3)
V863C 1,537 + 139 877 = 121 NR
—50 mV, (4) 0mv, (3)
1364C 601 + 94 4,123 * 720 46 + 29
—50 mV, (3) 0mV, (3) —-50 mV, (3)
R365C 4,410 = 242 20,949 = 2612 1,784 = 600
0mvV, (3) 0mV, (5) 0mv, (3)
L366C 2,055 + 534 4,464 = 847 NR
0mV, (3) 0mV (3)

Modification rates of conducting mutants of Skakerby methanethiosulfonate
reagents. Rates (M~!s™!) were calculated from the single exponential time
course of changes of current amplitudes due to shifts in conductance-
voltage (G-V) relationships induced by modification (Larsson et al., 1996).
The voltage at which the rate was measured is indicated for each residue
and MTS reagent with the number of cells examined in parentheses. The
indicated voltages are identical to those used for modification of the non-
conducting mutants in the corresponding experiments throughout the
study. NR indicates that modification rate was too low to be measured.

As an example, Fig. 2 shows the effect of modification of the mu-
tant S357C by 2.5 mM extracellular MTSES. Five superimposed
traces show the absence of an effect of the reagent when applied at
—120 mV (Fig. 2 A, arrow). Subsequently, 500-ms depolarizations to
—50 mV produced a saturating increase of Cs* current elicited at a
test pulse of +20 mV, presumably by making the introduced cys-
teine more reactive. This increase of current was largely a conse-
quence of a leftward shift of the activation currentvoltage relation-
ship (unpublished data). Current at the end of the test pulse in-
creased exponentially with a time constant of 8.8 s (Fig. 2 B). When
modifying nonconducting variants of this mutant, we exposed the
cells for at least 60 s (6.8 times the time constant of modification) to
2.5 mM MTSES at —50 mV. According to the measured time con-
stant, the modification should be >99.8% (1 — ¢ 5%) complete af-
ter 60 s. If, however, the current increase is due to modification of
only one of the channel’s four cysteines, and if these cysteines react
independently of one another, then the probability of a channel be-
ing completely modified is >0.995 [(1 — ¢ 58)*]. We used this cal-
culation for each mutant and reagent to ensure that >95% non-
conducting channels were completely modified.

Capacitance and leakage currents were usually subtracted by
the use of a P/—8 correction protocol from a —140 mV holding
potential. To ensure that linear capacitance correction did not
lose charge, we also used the methods of Aggarwal and MacKin-
non (1996) to compute Q-V curves from uncorrected capacity
transients over a range from —240 to +120 mV. For most con-
structs, except unmodified R365C/W434F, this method pro-
duced identical Q-Vrelationships as seen after P/ —8 correction.

Data Analysis

Data were analyzed using pCLAMP (Axon Instruments, Inc.),
ORIGIN 7.0 (OriginLab), and Fortran (Compaq). Throughout
the paper, error bars represent the standard error of the mean.
Integrated charge Q was obtained from OFF gating current at
a fixed potential of —140 mV, except where indicated otherwise.
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FIGURE 2. Time course of cysteine modification of S357C by 2.5
mM MTSES. (A) Cs* currents elicited at +20 mV in the conduct-
ing variant. The pulse protocol is shown, and the experiment de-
scribed in more detail in MATERIALS AND METHODS. (B) Isochronal
currents measured near the end of the test pulse. The fitted line is
an exponential function with a time constant of 8.8 s.

The total charge O, was identical measured from OFF or ON
gating currents if the holding and tail potentials were identical.
Q-Vrelations were fitted to the Boltzmann equation:

1
1+ exp[—qF(V-V,a)/RTI

V) =
RT/F = 25 mV at room temperature. A weighted double Boltz-
mann function was used to fit the Q-Vrelationship of unmodified
R365C/W434F.
RESULTS
Attaching Charged Adducts to the Voltage-sensor Paddle

Voltage sensors respond to changes of membrane po-
tential by moving charge, a process much like electro-



crystal structure of S2-S4 from
the isolated voltage-sensor do-
main of KvAP (Jiang et al,
2003a) is shown, with A359C rep-
resented as a lysine, the approxi-
mate structure of a cysteine
modified by MTSEA. Drawn us-
ing DeepView/Swiss-PdbViewer
(http://us.expasy.org). (A and

B) Gating currents elicited by de- C
polarizations from —70 to +50
mV in 10-mV increments. Hold-
ing potential, —120 mV; tail po-
tential, —140 mV. Effect of MT-
SES shown in B. (C) ON gating
currents at +50 mV and OFF gat-
ing currents at —140 mV after a
step to +50 mV from the same
cell shown in (A and B). The ar-
row indicates the MTS-modified
current. (D) Un-normalized Q-V
curves from the same cell.

FiGure 3. Modification  of ¥ ]
A359C/W434F by MTSES. The .

+50mV

phoresis. To examine its aptitude for this task, we at-
tached charged adducts to the putative voltage-sensor
paddle and measured fractional changes in the total
charge moved by the channel’s voltage sensors. We esti-
mate charge movement from the gating currents ob-
tained from cysteine mutants of the Shaker potassium
channel. To avoid contamination by ionic currents we
used a nonconducting background (W434F) in most ex-
periments. Our Shaker variant also lacked the NHy-ter-
minal inactivation ball. An individual Shaker channel
can move a total of ~13 elementary charges across the
membrane-electric field (Schoppa et al., 1992; Aggarwal
and MacKinnon, 1996; Seoh et al., 1996). In a trans-
fected cell the total gating charge of all functional chan-
nels, Q. is estimated directly from the integrated gat-
ing currents over a wide range of voltages (the (*Vrela-
tionship). We examine the fractional change of Q
after covalently attaching either negative or positive ad-
ducts to a cysteine introduced into each voltage-sensor
paddle. The expected effect of this manipulation is sub-
stantial. If each of a channel’s four paddles increases its
charge by +1, for example by reaction of a cysteine with
the monovalent cation MTSET (methanethiosulfonate-
ethyltrimethylammonium), @, is expected to increase
by ~31% (4/13 X 100%), assuming that each paddle
shuttles its charged adduct completely across the elec-
tric field along with the S4’s four outermost arginines.
Similarly, the monovalent anion MTSES (methanethio-
sulfonate-ethylsulfonate) should decrease Q,,, by ~31%.

To ensure complete labeling, we measured modifica-
tion rates in conducting mutants (Table I), using stan-
dard methods based on reagent-induced shifts of the

0{ 9®**
120 -80 40 0 40

Vm (mV)

conductance-voltage (G-V) relationship (Larsson et al.,
1996; Baker et al., 1998). From these second order rate
constants we chose reagent concentrations, voltages,
and exposure times sufficient for >95% labeling of all
cysteines (see MATERIALS AND METHODS).

According to the alignment between the crystal struc-
ture of KvAP and Shaker (Jiang et al., 2003a), residue
A359 lies at the tip of the voltage-sensor paddle, three
residues out from the outermost arginine (R362) of the
S4 segment. Fig. 3 shows that modification of the cys-
teine mutant A359C by anionic MTSES slows gating
current kinetics while having absolutely no effect on
Q. for this cell (Fig. 3 D, unnormalized G-V curves).
This result suggests that although the S4 segment is en-
tirely capable of translocating its charged arginines af-
ter modification of A359C by MTSES, the adduct itself
remains outside the membrane-electric field.

Modification of A359C by cationic MTSET has the op-
posite effect on kinetics, producing faster ON and OFF
gating currents (Fig. 4, A-C). In this case, however, Q, is
decreased ~30% (Fig. 4 D), the opposite direction pre-
dicted by the paddle model, as if the S-ethyltrimethylam-
monium (SET) adduct prevents the S4 segment from
moving back to its full resting position at a hyperpolar-
ized voltage. This reduction of @, is not due to a de-
struction of ~30% of the channels by MTSET, as shown
in Fig. 4 E. In this experiment we measured gating cur-
rent and ionic current within the same cell, using a con-
ducting variant of the A359C mutant. The poorly per-
meant cation Cs™ in this experiment reduces the ampli-
tude of ionic current to a manageable level (Olcese et
al., 1997; Horn et al., 2000). The reversal potential of the
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+50 mvV -140 mV 1~ Control

4
3] ™ MTSET

1 FIGURE 4. Modification of A359C by
2

MTSES. All panels used the noncon-
ducting (W434F) variant except E. (A-
D) As in Fig. 3. (E) Ionic (Cs*) and gat-
ing currents from a MTSET-modified
ol cell. Holding potential, —140 mV. De-
120 80 <40 0 40 pola.rlzatl()p to +35 mV, the reversal po-
tential for ionic current, reveals a pure
Vm (mV) gating current. The subsequent depo-
larization to +65 mV is a pure ionic cur-
rent. Currents before and after modifi-
cation are superimposed, showing char-
acteristic effects on gating current, but
none on ionic current. Bath (in mM):
152 GCsCl, 1.5 CaCly, 1 MgCly, 10 Na-
HEPES (pH 7.4). Internal: 37.5 CsCl,
102.5 Nmmethyl-D-glucamine chloride,
10 EGTA, 10 HEPES (pH 7.3).

Q (pCoul)

ionic current was set by the Cs* gradient to ~35 mV. A exposes a pure ionic current. Note that these voltages
depolarization from —140 to +35 mV reveals a pure gat-  are sufficiently depolarized to maximally activate both
ing current, and a subsequent depolarization to +66 mV  gating current (Table II) and ionic current (control G-V

TABLE I1I
Q-V Parameters
Control MTSET MTSMT MTSES MTSEA
Vinia q (&) Vinia q (eo) Vinia q (eg) Vinia q (&) Vinia q (eo)
mV mV mV mV mV
S357C —425 * 25 1.3 = .11 —58.6 = 4.5 1.6+.12 —53.1+9.2 1.3 = .10
(6) (3) (3)
A359C —40.3 = 0.7 2.1x.09 —43.8 =25 1.6 = .09 —44.2 = 4.8 1.7 £ .18 —49.4 + 3.9 1.9 = .14 —428 + 25 1.7 £ .16
(24) (7) * (7) (4) (5)
R362C —424*+1.3 1.0 = .04 -775*+1.9 1.1 =.09 -729+ 28 1.1 *=.11 —385*+1.6 1.0 =.04
(32) (8) * (10) * (14)
V363C —53.7+12 2.2 £ .06 —60.4 = 1.9 1.8+ .12 —54.2 *+ 2.4 2.8 .29
7 (14) * (3)
1364C —48.1 = 1.0 3.1+.19 —19.6 = 3.6 1.3 +.07 —51.1 =23 2.8 +.34 —41.0 = 6.9 2.4 £ .60
(12) (6) * * (3) (3)
R365C —44.7 = 3.2 2.0+ .23 —26.6 = 5.7 1.8 .12
(5) (7)
L366C —63.1 +1.3 3.8+ .23 -715 =14 2.8 + .37 —63.7 0.9 3.0 £.25

(7 (3) * 4)

Boltzmann parameters of charge-voltage (Q-V) relationships for nonconducting (W434F) Shaker mutants. In the case of the R365C mutant, control Q-V

curves were fit with a double Boltzmann function with estimated parameters indicated in the legend of Fig. 9. The number of cells for each group is in
parenthesis with the asterisk indicating P < 0.01 in a paired ¢ test assuming unequal variance.
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FIGUReE 5. Modification of E
A359C/W434F by MTS re-

agents. (A-D) ON and OFF T
gating currents and Q-V
curves, as in Fig. 3. (E) Frac-
tional effect of all MTS re-
agents on 0O, of A359C/
W434F. (F) Effect of MTS re-
agents on time constant of
ON gating current at +50
mV. (G) Effect of MTS re-
agents on time constant of
OFF gating current at —140
mV after a depolarization to

+50 mV. 0.0 SES SET SMT SEA

QMTS/ Qoontrol

curves were fit by a Boltzmann function with V ;4 =
—41 * 0.8 mV, and slope of 5.1 £ 0.2 ¢y, n = 3). Modifi-
cation by MTSET reduced the integrated ON gating cur-
rent in this cell by 35% while having no effect on the
ionic current, suggesting that reduction of Q,, is not ac-
companied by a loss of channels. Moreover, we used
nonstationary noise analysis on Cs* currents to measure
the effects of MTSET modification on the estimated
number of channels (N) in a cell. N did not change sig-
nificantly in three A359C cells after MTSET modifica-
tion (paired ¢ test; unpublished data), in spite of clear ef-
fects on both gating current kinetics and Q.

A shorter derivative of MTSET, namely MTSMT
(methanethiosulfonate-methyltrimethylammonium), has
similar effects as MTSET on the A359C mutant (Fig. 5,

1 ~ Control

o MTSMT 2
120 80 40 0 40
Vm (mV)

n '

Q (pCoul)

120 80 40 0 40 80
Vm (mV)

F G

0.8, 2, f
T 1
T T
) )
§0.4- * \E, 14
>
® i ®
-0—0: -o-'t
O [e]
ke o)
0.0 0 L
C SES SET SMT SEA C SES SET SMT SEA

A, B, and E-G). The distance between the Cg of argi-
nine and one of its guanido nitrogens is approximately
the same as the comparable distance for a cysteine
modified by MTSMT. This argues against the possibility
that the length of the adduct allows the introduced
charge to remain outside of the membrane as the pad-
dle moves its postulated distance (=20 A; Jiang et al.,
2003b) across the bilayer.

The reduction of Q, by MTSET and MTSMT, but
not MTSES, suggests that the S4 segment cannot pull
the cationic adducts into a fully withdrawn conforma-
tion at hyperpolarized voltages. Stronger hyperpolar-
ization, to —240 mV after a step to +120 mV, did not
increase Q,,, measured in OFF gating currents (not de-
picted). These results imply that cationic adducts on
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A +50 mV

B +50 mV -140 mV

D +50 mV

-140 mV

residue A359C interfere with S4 movement through
the gating pore. Alternatively, the energy of moving a
cationic adduct through lipid is so high that the paddle
cannot pull it into the bilayer, even though it is pos-
tulated to be able to move four charged arginines
through lipid. Why are cationic and anionic adducts
different in their effects on Q,,? One possibility is steric
hindrance. The bulky trimethylammonium group of
SET and SMT is larger than the sulfonate of SES.
To test this possibility we modified A359C with the pri-
mary amine MTSEA (methanethiosulfonate-ethylam-
monium), which also speeds the kinetics of ON gating
currents without reducing Q,,, (Fig. 5, C-F). Although
this result supports the idea that the smaller size of SEA
allows freer S4 movement, this adduct may leave Q,,
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Ficure 6. Modification of
neutral residues. (A-D) Ef-
fects on gating currents and
-V curves of MTSMT modifi-
cation of indicated residues,

Vm (mV) labeled as in Figs. 3-5.

unaffected due the fact that the adduct becomes depro-
tonated (i.e., uncharged) when pulled into a hydro-
phobic environment.

Cationic adducts may inhibit inward S4 movement
and reduce Q,, because residue 359 is so close to the
S4 segment and the postulated gating pore through
which it moves. To test this possibility we tagged S357C,
two positions further out into the S3-S4 linker, with
MTSMT or MTSES. Although both reagents slow the
kinetics of ON and OFF gating currents (Figs. 6 A, and
7, B and C) and cause hyperpolarizing shifts of the Q-V
relationship (Table II), they have no effect on Q,,
(Figs. 6 A and 7 A), indicating that adducts attached to
this residue remain outside of the electric field even at
hyperpolarized voltages.
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FIGURE 7. Summary of effects of MTS reagents on S357C,
V363C, 1364C, and L366C. (A-C) Effects on @, and gating cur-
rent kinetics, as in Fig. 5, E-G. Two time constants were required
to fit data for 1364C/W434F after MTSMT modification. n = 3-14
cells for each measurement.

Charging the S4 Segment

Although the paddle model implies that residues at the
extracellular end of the S4 segment should translocate
charged adducts at least partway through the electric
field (Fig. 1 B), our results show otherwise. It might be

argued, however, that hydrophilic adducts attached to
the S3-54 loop remain in contact with the extracellular
solution even when the S4 segment is withdrawn to a
more intracellular position. Both paddle and conven-
tional models predict, nevertheless, that the 10 outer-
most residues of the S4 segment, beginning with the out-
ermost arginine (R362 in Shaker), should all be able to
transfer their side-chains through the membrane-elec-
tric field. We tested this hypothesis for all S4 residues
that are readily accessible to extracellular cysteine re-
agents. Unexpectedly, although V363C, 1364C, and
L366C can be modified by charged MTS reagents, in no
case does the modification produce the predicted direc-
tion of change of Q,, (Figs. 6, B-D, and 7 A), in spite of
the fact that these neutral residues are all flanked by
charge-carrying arginines. The deepest of these residues
in the primary sequence, 1.366, is between S4’s second
(R365) and third (R368) arginines, both of which are
able to carry their charges completely through the elec-
tric field (Aggarwal and MacKinnon, 1996; Seoh et al.,
1996). Two out of three of these neutral S4 residues
show a significant reduction in @, when modified by
MTSMT (Fig. 7 A). These reductions in gating charge
were, as in the case of MTSET modification of A359C
(Fig. 4 E), accompanied by much smaller decreases of
ionic conductance, 6.34 = 0.02% (n = 3) for V363C and
7.41 = 0.08% (n = 3) for I364C (unpublished data).

The inability of charged adducts to contribute to Q,,
raises the question whether the S4 segment evolved
with specialized roles for the specific residues that carry
charge in native channels. To investigate this idea, we
mutated R362 and R365, the two S4 charged residues
accessible from the extracellular surface of Shaker, to
cysteine and tested whether they were able to transfer
methanethiosulfonate adducts across the electric field.
Fig. 8, B and E, show that modification of R362C by ei-
ther MTSEA or MTSMT produces the 44% increase in
Q.. expected for the addition of one positive charge to
each S$4 segment (4/9 X 100%). Moreover, MTSES de-
creases O, although not to the full extent expected
for a monovalent anion (Fig. 8, D and E).

Cysteine mutation of the deeper residue R365 causes
a striking alteration of the Q-Vrelationship, as described
previously (Baker et al., 1998), spreading the charge
movement over a much wider voltage range (Fig. 9, A
and B). Reaction of this mutant with either MTSEA
(Baker et al., 1998) or MTSES restores the Q-Vrelation-
ship to the form of a compact single Boltzmann func-
tion. As in the case of R362C, modification of R365C
with the cationic adduct increases, and with the anionic
adduct decreases, Q,, (Fig. 9 E). MTSMT abolishes both
the ionic and gating current of R365C (not depicted),
perhaps by steric hindrance of S4 movement.

Thus, R362C and R365C, unlike all the other cysteine
mutants we examined in S4 or in the S3-S4 linker, are
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capable of translocating cationic adducts completely
across the electric field. Moreover, these are the only
residues in which MTSES modification affects Q.. Our
results cannot establish whether the SES adduct is
translocated through the electric field, but the data for
R365C, in which MTSES reduces Q,, significantly more
than predicted by its charge alone, suggest that the an-
ionic adduct inhibits S4 movement, either sterically or
electrostatically.

The residues we examined in this study fall into two
nonoverlapping classes, those capable of moving positive
charge (R362 and R365), and all others. Among the lat-
ter class, all neutral residues in the native channel, we
observed some diversity of phenotypes, in that bulky ad-
ducts reduced Q,, in residues at positions 359, 363, and
364, but not in others. This heterogeneity of phenotype
suggests a fine-grained structure in the region where
the S4 segment traverses the electric field. It also supports
the idea that charge transfer involves the movement of
one proteinaceous region against another, and that this
movement can be inhibited by steric hindrance.

DISCUSSION

The charged residues of S4 segments are specialized
for moving their side-chains through the electric field
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B FiGURe 8. Modification of
s Conird R362C/W434F. (A-D) Effect
4 SEA of MTSEA and MTSES modi-

. fication in oocytes expressing
=3 R362C/W434F. Currents re-
25 .
8 corded by two-microelectrode
£ voltage clamp. Holding and
a tail potential, —100 mV; 20-
0 mV steps between —140 and
=200 100 0 100 +100 mV. Linear capacity—
D Vm (mv) corrected currents used a 20-
mV depolarization from +60
mV. Q-V relationships ob-
tained from uncorrected cur-
. rents (Aggarwal and Mac-
= 20 Kinnon, 1996). (E) Frac-
§ tional effect of modification
(@]

A Control
v SES

of R362C/W434F on Q.

Dashed lines are predictions

0 for adding one positive

200 100 0 100 charge (1.44) or one negative

Vm (mV) charge (0.56) to each S4 seg-
ment. Cationic adducts in-
crease (), by an amount in-
significantly different from
the predicted 44%, but signif-
icantly different from the
control (*, P < 0.01). MTSES
modification causes a signifi-
cant reduction of Q,, (*), but
not down to the predicted
level.

in response to changes of membrane potential. Quite
unexpectedly, neutral residues in the S4 segment, even
those flanked by charge-moving arginines, are incapa-
ble of this feat. This result strongly suggests that the pe-
riodicity unique to S4 segments, in which every third
residue is positively charged, is a structural feature re-
quired for normal charge movement. This specificity
rules out both the paddle model and featureless ver-
sions of conventional models. Moreover, it suggests that
changes of membrane potential move the S4 segment
along a distinct trajectory that is energetically permis-
sive for its basic residues to traverse a relatively hydro-
phobic environment.

Our proposal is reinforced by the fact that the pri-
mary amine adduct SEA increases Q,, by one charge
per S4 segment in either R362C or R365C, indicating
that the adduct is fully protonated during S4 move-
ment. In fact, SEA produces the same fractional in-
crease of Q) in R362C as the permanently charged ad-
duct SMT (Fig. 8 E). However MTSEA, unlike MTSMT,
is titratable and readily permeates bilayer membranes
in a deprotonated form at neutral pH (Karlin and Aka-
bas, 1998). If the SEA adduct behaves like other small
titratable molecules (Gutknecht and Tosteson, 1973),
the permeability of the bilayer for the uncharged
amine is expected to be at least seven orders of magni-



Ficure 9. Modification of
R365C/W434F. (A-D) Effect
of MTSEA and MTSES modi-
fication in tsA201 cells. Q-V
obtained as described in Fig.
8. Control shows currents be-
tween —240 and +120 mV in
40-mV steps; after modifica-
tion from —150 to +120 mV
in 30-mV steps (A); or from
—150 to +100 mV in 50-mV
steps (C). Holding and tail
potential, —100 and —120
mV, respectively. Control Q-V
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fect of modification of
R365C/W434F on Q. MT-
SES modification reduces Q,
significantly less than pre-
dicted for the addition of one
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negative charge.

tude higher than for the charged form (McLaughlin,
1973), excluding the likelihood that the protonated
amine moves through lipid. We conclude, therefore,
that the side-chains of residues 362 or 365 cross the
electric field within the confines of a gating pore pri-
marily composed of protein. Here they experience a
negative electrostatic potential that both lowers the en-
ergy for arginine and favors the protonated form of the
SEA adduct. This idea is consistent with the pK, shift
observed for histidine in the R366H mutant of Shaker
(Starace et al., 1997) and with negative electrostatic po-
tentials estimated in the vicinity of basic residues in an
S4 segment of the sodium channel (Yang et al., 1997).
Neutral S4 residues must be sufficiently far from this
negative potential when they move through the gating
pore that they cannot carry cationic adducts across the
electric field. The specificity we report here applies
only to the position of the residues along the S4 seg-
ment, not the specific structure of the side-chain of
these residues. Arginine, lysine (Aggarwal and MacKin-
non, 1996), or a cysteine labeled with either MTSEA or
MTSMT all transfer a full charge at position 362 of
Shaker. Even a histidine substituted for one of the
charge-carrying residues of Shaker can move a proton
across the electric field (Starace et al., 1997; Starace
and Bezanilla, 2001). The fact that histidine can re-
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main protonated as it crosses the electric field also ar-
gues against its side-chain moving through lipid.

Fig. 10 shows that the specificity we observe can be
accounted for by a helical screw model of S4 movement
(Catterall, 1986; Guy and Seetharamulu, 1986; Keynes
and Elinder, 1999; Lecar et al., 2003). The periodicity
of basic and neutral residues in an S4 a helix leads to a
pattern of three left-handed spiral stripes, one of which
is composed of the charged residues (Gandhi and Isa-
coff, 2002). In this model depolarization causes a 13.5 A
outward translation accompanied by a 180° clockwise
rotation (viewed from the extracellular side), so that
each positively charged side-chain follows the same
path through the gating pore. The negative electro-
static potential experienced by basic residues is likely to
originate from acidic residues both in the extracellular
S3-54 and S5-S6 loops (Elinder et al., 2001), and in the
neighboring S2 and S3 segments (Papazian et al., 1995;
Silverman et al., 2003). The helical screw motion in-
sures that ion pairs will lower the energy of basic resi-
dues on the charged stripe as it moves through a region
of low dielectric constant. If the S4 segment lies against
the pore domain (Cha et al., 1999; Blaustein et al.,
2000; Broomand et al., 2003; Gandhi et al., 2003; Lainé
etal., 2003; Neale et al., 2003), S2 and S3 segments and
their negative charges will be peripheral to the central

Charge-carrying Residues in Voltage Sensors
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F1GURE 10. Helical screw model. Shaker S4 model superimposed
on the pore domain represented by the KcsA crystal structure
(Doyle et al., 1998). Only three of the four S4 segments are shown
for clarity. The amorphous peripheral domains that enclose S4
segments (shown only for two opposing subunits) consist of the
S1-S3 segments, with critical negative charges (in red) contrib-
uted by the S2 and S3 segments (Papazian et al., 1995). The blue
and white side-chains are for the basic residues, showing the
charged spiral around the $S4 segment. Residues 363 (green), 364
(purple), and 366 (orange) are shown as lysines, indicative of the
approximate structure of a cysteine modified by MTSEA. The ori-
entation of the S4 segment is ~40° to the vertical axis of the pore
domain (Li-Smerin et al., 2000), allowing close approach between
R362 and the top of an adjacent subunit at a depolarized voltage
(Broomand et al., 2003; Lainé et al., 2003; Neale et al., 2003). A
helical wheel shows the three outermost arginines on the opposite
face of the four neutral residues that lie between them.

axis, forming the outer perimeter of the gating pore
surrounding an S4 segment (Fig. 10). Therefore, when
charged residues of the S4 segment are in the gating
pore, they are likely to be oriented radially outwards,
toward the stabilizing acidic residues in S2 and S3. No-
tice that the 180° rotation brings R362, which is in the
gating pore at a hyperpolarized voltage (Larsson et al.,
1996; Starace and Bezanilla, 2001), around to face the
pore domain at a depolarized voltage, where it ap-
proaches closely to residues at the top of the S5 seg-
ment of a neighboring subunit (Elinder et al., 2001;
Broomand et al., 2003; Lainé et al., 2003).

What happens when extracellular charged adducts
are attached to normally neutral S4 residues? Our data
show that they cannot be translocated through the elec-
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tric field, suggesting that they remain electrically con-
tiguous with the extracellular compartment, even at
strongly hyperpolarized voltages. Any two consecutive
neutral residues are on the opposite face of the helix
from the basic residues flanking them (Fig. 10, helical
wheel). Therefore, when their flanking arginines are in
the gating pore, charged adducts on normally neutral
residues must reside in an extracellular vestibule be-
tween the S4 segment and uncharged regions of the
central pore domain (Fig. 10).

A depolarization of only 10 mV can change the open
probability of a sodium or potassium channel by more
than two orders of magnitude (Sigworth, 1994; Beza-
nilla, 2000). This exceptional sensitivity to membrane
potential necessitates that each S4 segment be capable
of translocating at least 2.8 elementary charges across a
hydrophobic barrier. Moreover, the charge must be
moved rapidly for the physiologically important task of
generating action potentials. Voltage-gated ion chan-
nels use two tricks to lower the energy for moving this
charge. First, they create aqueous crevices and vesti-
bules around S4 segments, so that at any membrane
potential the charged side-chains of basic residues
are predominately in an aqueous environment either
above or below the gating pore (Larsson et al., 1996;
Yang et al., 1996; Yusaf et al., 1996; Baker et al., 1998;
Wang et al., 1999). Second, they provide an energeti-
cally favorable pathway, decorated with punctate nega-
tive charges, for the positively charged stripe of S4
charges. Both of these design strategies require that the
S4 segment move through a largely proteinaceous gat-
ing pore with a structure attuned to the periodicity of
positively charged residues of the S4 segment. This con-
clusion, which is supported by an extensive range of ex-
perimental observations, is incompatible with the pad-
dle model in which the S4 charges move a distance of
=20 A entirely through lipid (Jiang et al., 2003b).
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