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ABSTRACT. Voltage-gated ion channels have voltage sensors that move in response to changes in membrane
potential. This movement regulates the gates that control access of ions to the permeation pathway. To
study the coupling between voltage sensors and gates, we immobilize the voltage sensors, using a
bifunctional photo-cross-linking reagent that can be attached to an introduced cysteine, and observe the
consequences for gate movement [Horn, R., Ding, S., and Gruber, H. J. (20@@n. Physiol. 116
461—-475]. UV irradiation of the benzophenone adduct attached to the cysteine residue immobilizes the
voltage sensors, S4 segments, of both lad ShakerK ™ channels. Here we examine the kinetics of S4
immobilization after a brief UV flash. Immobilization has an exponential time course with time constants

of >200 ms forShakerand 17 ms for Na channels, whereas the triplet excited state lifetime of the
benzophenone adduct 51 ms. This result suggests that H-atom abstraction by benzophenone is rapid
and that the rate-limiting step in immobilization is the recombination of alkyl and ketyl free radicals
generated by H-abstraction. H-Abstraction is also 2.7-fold more efficient at a hyperpolarized voltage than
at a depolarized membrane potentiaShakerS4 segments. S4 immobilization after a UV flash can be
prevented by depolarization &hakerchannels, suggesting that movement in the activation pathway is
capable of separating the ketyl and alkyl free radicals. Exploiting the unique charge movement and gating
properties of the L382V mutant &hakey we show that free radical separation follows S4 movement
itself and is relatively independent of the movement of activation gates.

lon channels are transmembrane proteins with a perme-opens, allowing ion conduction through the pore. In some
ation pathway (i.e., pore) through which ions can diffuse channels, maintained depolarization may cause the closing
down their electrochemical gradients. Voltage-dependent ion of either fast or slow inactivation gates. Although we have
channels respond to changes in membrane potential byexcellent candidates for the regions of the protein that serve
opening or closing the pore. The members of this superfamily as voltage sensors, gates, and the pdtes( 7), we can only
of ion channels have a tetrameric structure, consisting of speculate about how the movement of S4 segments triggers
either four homologous or identical subunits, as if K the channel gates to open and close.
channels, or four homologous domains of a single polypep- To tackle this problem of the coupling between voltage
tide, as in N& and C&" channels ). Each subunit or  sensors and gates, we recently began to explore the possibility
domain has cytoplasmic N- and C-termini and six trans- of systematically immobilizing the moving parts, using a
membrane segments, S$6. bifunctional photoactivatable cross-linker, benzophenone-4-

Voltage-dependent channels have at least two types ofcarboxamidocysteine methanethiosulfonate (BPMTiBjt
moving parts, charged voltage sensors that move in responsgan be tethered to cysteines introduced into the channel
to changes in membrane potential and gates that controlprotein by mutagenesis3), Our results indicated that we
access of permeant ions to the pdze-$). The main voltage could use UV irradiation to immobilize individual S4
sensors are positively charged S4 segments, and gates argégments and an inactivation gate of"Naannels.
located at both the extracellular and cytoplasmic entrances While studying the immobilization of the S4 segment of
to the permeation pathway. The initial step after a depolar- ShakerK* channels, we noticed that cross-linking kinetics
ization is the displacement (an outward movement) of after a UV flash delivered by a xenon flashlamp wer2
positively charged amino acid side chains in the S4 segmentsorders of magnitude slower than the triplet state lifetime of
(6); this charge movement generates an outward gatingbenzophenone9( 10), the photoactive component of BP-
current. Following the S4 movement the activation gate MTS. Here we exploit these slow kinetics to explore voltage-

dependent movements in the vicinity of the S4 segment.
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EXPERIMENTAL PROCEDURES fo

Mutants and TransfectionWe used aShaketlR K™ L.
channel cDNA clone in which N-type inactivation is removed
by deletion of a portion of the cytoplasmic Nkerminus
and C-type inactivation is partially inhibited by the T449V
point mutation {1) in the pGW1-CMV vector (British
Biotechnology, Oxford, U.K.). Four different mutants based
on this background were used: A359C and its nonconducting
version with the W434F pore mutation (A359C/W434F) and g e 1: Current traces for analyzing S4 segment immobilization.
the double mutant A359C/L382V and its nonconducting Currents generated by depolarizations to 20 s the current
version (A359C/L382V/W434F). A359 is located near the measured before UV irradiatiom,: the current measured ait
extracellular end ofShakels S4 segment. In the human (milliseconds) after a UV flashAt = 200 ms in this experiment),
skeletal muscle Nachannel (hNal.4), we used a cysteine a”dh"” ftlhehcp”em rr}easu_red aﬁerfthe phOtO'CV?tss'!'”k:jr?g reaction
substitution for the outermost arginine of the S4 segment of to the flash is complete (in most of our casés after irradiation).
the second homologous domain, D2:R1C (R669C); this clone Extracellular labeling of cysteines was carried out by treating
was inserted into the pRC-CMV vector. Mutagenesis was a coverslip of attached cells with 1 mM BPMTS for 10 min.
carried out with QuickChange site-directed mutagenesis kits We added 50 mM KCI to the bath solution during labeling
from Stratagene (La Jolla, CA). All of the cDNA clones were to depolarize the cells and expose all the S4 segments to the
sequenced to verify the mutations. reagent. All other chemicals were purchased from Sigma (St.
The mutant DNA was transfected into tsA201 cells, a Louis, MO).
transformed mammalian cell line, using a standard calcium Photo-Cross-LinkingBenzophenone was activated by UV
phosphate method. After-6L2 h, the transfected cells were light presented to a voltage-clamped cell through & 40.3
passed onto 25 mm round, glass coverslips in Petri dishesN.A.) oil immersion objective (S-Fluor, Nikon). The UV light
The glass coverslips were used as the bottom of a chambesource triggered by the data acquisition system was a xenon
mounted on the stage of an inverted compound microscopeflash lamp (Rapp Opto Electronic). We used a DET210 high-
(TE-300 Eclipse from Nikon, Tokyo, Japan) for electro- speed photodiode (ThorLab Inc., Newton, NJ) to measure
physiological experiments. the time course of the UV flash. Light was band-pass filtered
Electrophysiology and Data Acquisitiotandard whole- ~ Petween 340 and 390 nm to avoid photodamage.
cell recording methods were used to record gating and ionic _ PData AnalysisData were analyzed by a combination of
currents with an AXOPATCH 200B amplifier (Axon Instru-  CLAMPFIT 8.0 (Axon Instruments) and ORIGIN 6.0 (Mi-
ments, Foster City, CAB). For the A359C, A359C/W434F, ~ croCal, Northampton, MA). Throughout the paper, the
A359C/L382V/W434F, and D2:R1C mutants, the patch pipet Vertical bars in graphs represent the standard error of the
contained 105 mM CsF, 35 mM NaCl, 10 mM EGTA, and ™Meéan. _ _
10 mM Hepes (pH 7.4). The bath contained 150 mM NaCl, Because of the tetrameric symmetrySifakerpotassium
2 mM KCl, 1.5 mM CaC}, 1 mM MgCl, and 10 mM Hepes ~ channels, the reduction of ionic current due to a flash of
(pH 7.4). For the A359C/L382V mutant channel ionic UV lightis not an exact representation of the immobilization
currents, the pipet contained 52.5 mM CsF, 52.5 mM KF, Of individual S4 segments8]. Figure 1 shows an example
35 mM NaCl, 10 mM EGTA, and 10 mM Hepes (pH 7.4). ©f the ionic current before a flash (labelég), at time At
The bath solution remained the same as for the other mutants2fter a flash (labeleth), and 3 s after the flash (labelég),
All of the experiments were carried out at room temper- when the immobilization is complete. . -
ature. Liquid junction potentials were corrected. The elec- Let pi(e) (=l./lo) be the total reduction of ionic cur_rent
trode resistance was in the range ef2LlMQ. Voltage errors caqse_d by a UV flash_, and Ip(A) (=ladlo) be the reduqﬂon
due to series resistance wer mV after compensation. of lonic current at timeAt af_ter a flash. The f_ract|ona|
Data were low-pass filtered at8.0 kHz and acquired with reduction of ionic current at timat after a flash is

a DigiData 120QB digiti'zer. using Clampex 8.Q (Axon Al 1-p(At)
Instruments). Gating and ionic currents were obtained using TS o
a P/-8 correction protocol for capacitance and leakage 1=p(=)
subtraction from holding potentials more negative thdri0

Because of tetrameric symmetry, the fractional immobiliza-

my. . . . tion of S4 segments is given by
Chemicals and LabelingBenzophenone-4-carboxami-
docysteine methanethiosulfonate (BPMTS) was purchased AQ 1- [p,(At)]lM

from Toronto Research Chemicals (North York, ON).

Q 1 [p()™
coy
7 : whereQ represents the S4 charge movement AQIQ is
/k/s\ _CHs the fractional charge immobilization at tinad after a flash.
N <SJz In general AQ/Q is less thamAl/l.
RESULTS

Voltage-Dependent S4 Immobilizatidbepolarization of
o} BPMTS voltage-dependent ion channels causes an outward displace-
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":"01;,@_ Ficure 3: Slow kinetics of photo-cross-linking oBhakefIR

%”5’@'@@{3 A359C-BP. (A) The experimental protocol is shown at the top.
3 10 15 The cells were irradiated at120 mV, as denoted with an arrow,

Flash No. and afterAt (milliseconds), a test pulsér of 20 ms was applied

at 20 mV. Typical currents measured at different valueAtadfter

irradiation. In each panel, the largest current tragei¢ measured

before irradiation as a control, the intermediate trace is the current

after At (milliseconds) of irradiation, and the smallest current is

h - o after 3 s, when the photo-cross-linking in response to that flash is
30 mV during repeated UV irradiation (11 s between flashes) at finished ‘(also see Experimental Procedures and Figure 1). The

hyperpolarized (lower left) and depolarized (lower right) voltages. ¢, irants were scaled to the same initial amplitude in each panel.
The largest current traces in each case were measured before U\%B) The time course of + AQ/Q. The solid line is a fit of a single-

irradiation. (B) The reductions of current at depolariz€) énd : - — atlr i ;
hyperpolarized({) voltages as a function of the number of flashes. %golgingif%rf ction:  AQ/Q = e with a time constant of

The smooth curves are the fits by a single-exponential function
raised to a fourth powefl/lo = [(1 — w) + we )4 (8). The . . e .
time constantr is the number of flashes. The currents were Previously that S4 immobilization is a first-order proceds (
normalized to the current before UV irradiation. The normalized Because of the tetrameric stoichiometry of t&&aker

currents from unlabeled channels were measured after irradiationchannel, the probability of a channel being functional is the
at hyperpolarized®) or depolarizedW) voltages. fourth power of S4 functionality. Therefore, we fit the
" normalized ionic current reduction to a single-exponential
ment pf pos_mvely charged S_4 segments across the membrang,,tion raised to a fourth power (Figure 2B). The time
electrical field (2—14). This charge movement can be .,nqiants from these fits represent those of S4 immobiliza-
observed as a transient outward gating current, which IS tion, which is 2.7-fold faster when flashed at the hyper-
followed by opening of activation gates, producing an ionic polarized voltage than at a depolarized voltage. This is
current through the open channels. The outward S4 move-cqngjstent with the idea that the BP adduct can find its target
ment is believed to be required for the activation gates to 1,5re readily at the hyperpolarized voltage. The total percent-

open. Accordingly, immobilization of the S4 segment of 546 of immobilized S4 segments after saturating irradiation
Shakelpotassium channels, by irradiation of BPMTS-labeled (~30%) was similar for each membrane potential.

residue A359C, reduces both the gating current and ionic * g5\ Kinetics of S4 Segment Immobilizatiowhile

current @). We reported previously that the UV irradiation -5 ving out the aforementioned experiments, we observed
is more effective when applied at a hyperpolarized membrane"the jonic current did not exhibit a complete reduction

potential, suggesting that the BP adduct can more easily find, | hyndreds of milliseconds after a UV flash with a
an insertion S.I'[e When the S4 segment is retracted inward 4,ration of~580us. This is shown in Figure 3. A UV flash
(8). We examine this phenomenon quantitatively here. at the —120 mV holding potential was followed, after a
Figure 2 shows that a UV flash immobilizes S4 segments variable interval At), by a depolarization to 20 mV to
more efficiently at-120 mV than at 30 mV. The stimulation measure the ionic current. In each of three pantivélues
protocol is shown in Figure 2A along with representative of 50, 200, and 500 ms), three current traces are shown
current traces in response to a series of UV flashes at either(Figure 3A). The trace labelelj is the ionic current 3 s
the hyperpolarized (left) or depolarized (right) voltage. The before the UV flash; the middle trace is the current at time
largest control currents (three superimposed traces) wereAt after the flash, and the lowermost trace is the current 3 s
obtained before exposure to UV. These ionic currents were later. Subsequent depolarizations showed no further change
measured at a test voltage of 30 mV. Figure 2B shows thatin current amplitude (not shown). Figure 3B shows the
the current reduction for irradiation at the hyperpolarized analysis of the data from seven cells, with current reduction
voltage is faster than at the depolarized voltage. It also showsafter At transformed to represent S4 immobilization (see
that unlabeled channels are relatively insensitive to UV Experimental Procedures). The data were fit to an exponential
irradiation, regardless of the membrane potential. We showedfunction with a time constant of 262 ms. We interpret these

0.4

0.2+

Ficure 2: Effect of voltage of UV irradiation on the ionic current
reductions ofShakerlR A359C-BP. (A) The voltage protocol is
shown at the top. The arrow indicates the UV irradiation at either
120 or 30 mV. Currents were measured with a test volt¥gedt
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results as an indication of the slow kinetics of cross-linking Na1.4D2RI1C
of individual S4 segments after a UV flash. What is the rate- -
limiting step in cross-linking kinetics? Vr=20mv
Scheme 1 shows the sequence of photochemical reactions U,V At
for BP-based cross-linking®( 10). Absorption of a photon A40my—Y ] L

at~350 nm generates a singlet excited sta{@,3*) which

generates a triplet excited statq(fz*), after passing
through &(n,7*). Passage from $n,7*) to T1(n,r*) occurs
with a quantum yield close to unity. The triplet biradical | 02ms :

T1(nr*) will insert into a C—H bond, with a mild preference "

for the a-carbon of a peptide backbone. The insertion A=7.5ms At=10ms At=30 ms
typically takes place in two steps. First, a hydrogen is 1.0
abstracted (H-abstraction). This is followed by a recombina-
tion of the alkyl and ketyl free radicals generated during
H-abstraction. At least one of these steps must be slow 0.61 ®

1=16.7x1.2 ms
n=5)

0.8

enough to account for the data depicted in Figure 3. 2 04
We consider the individual steps in sequence. The delay 0.2]
in triggering the flash lamp was 10 us, and we measured
the duration of the flash (fwhm) as 58@. Both $(n*) 00855 1 15 20 25 0
and T(x*,7*) are very short-lived intermediates with At(ms)
lifetimes of <100 ps (0). The triplet biradical, T(nz*), FiIGURE 4: Faster kinetics of photo-cross-linking for the S4 segment

has @ longer i, bt L lsoL ms n the absencs of 1 Semaln |1t N chemel 0371C 80) ) e et
an H-atom donor 10). The lifetime is decreased in the the —140 mV holding potential as denoted with an arrow, and after
presence of an abstractable H-atom according to the-Stern At (milliseconds), a test pulse of 0.5 ms was applieg-20 mV.
Volmer relationship 10). (B) Typical inward currents measured at different valueAidfter

On the basis of the arguments presented above, the ratelrradiation. The control currents (largest) are indicatedoa¢C)
limiting step in cross-linking is likely to be the recombination M€ course of - Al/l. The data were fit with a single-exponential

. function as in Figure 3 with a time constanof 16.7 ms ( = 5).

between ketyl and alkyl free radicals after H-atom abstrac-
tion. Note that slow recombination implies that the free ment near the labeled A359C residueShaker To further
radicals persist long enough to be able to react hundreds ofexplore this possibility, we examined the cross-linking
milliseconds after they are generated. This raises the pos-kinetics of a cysteine mutant in the S4 segment of the
sibility that they might be destroyed before recombination hNa,1.4 Na channel under identical conditions (Figure 4).
can occur, for example, by reaction with nonradical sub- The time constant of photo-cross-linking4sL7 ms for this
strates. We will consider these issues in the Discussion. mutant, which is~15-fold faster than the kinetics of the

If recombination is rate-limiting, we can interpret the Shakermutant, but it is still much slower than either the
voltage-dependent rates of cross-linking of Figure 2 as aflash duration or the expected triplet state lifetime of BP.
consequence of more efficient H-atom abstraction at a Therefore, recombination is also rate-limiting in this case.
hyperpolarized voltage. This conclusion follows from the fact The different kinetics of the Nachannel mutant D2:R1C
that (i) recombination is insignificant during the 5 ms after and theShakeflR K* channel mutant A359C indicate that
a flash at the depolarized voltage (Figure 6A) and (ii) the cross-linking kinetics depend on the structural differences
time between flash and test depolarization is long enough experienced by the BP moiety tethered to the S4 cysteines
(9 s) for recombination at-120 mV to be complete for an  of these two mutants.
individual flash. Voltage Dependence of Recombinatiole ask here

The results depicted in Figure 3 indicate that recombination whether the alkyl and ketyl free radicals generated by H-atom
is slow, which may be a consequence of the local environ- abstraction can be separated physically, thereby preventing
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2 msec after flash 5 msec after flash might happen if a depolarization is applied 5 ms after the
Bp" flash. The S4 segment has translocated outward, carrying

its ketyl free radical on the BP. This, or another, voltage-

dependent movement of the S4 segment might separate the

free radicals, decreasing the rate of recombination.

) . To test this hypothesis, we carried out the following
hyperpolarized depolarized experiment with the BP-labeleShakeflR mutant A359C.

FIGURES: Strategy for voltage-dependent effects on recombination Fjye milliseconds after a flash at120 mV, we depolarized

rates. A single K channel subunit with a BP-labeled S4 segment the cell for 500 ms (voltage protocol in Figure 6A). After a

is drawn as a tethered cylinder that can be moved by voltage through : . . .
a gating pore. The left cartoon shows the subunit 2 ms after a Uv 100 Ms return to the holding potential, during which some
flash at a hyperpolarized voltage, indicating the unreacted ketyl recombination could take place, we measured the current in

and alkyl free radicals. The right cartoon shows the same subunitresponse to a test pulse at 20 mV. The total extent of
5 ms after the _flas_h when a depolarization is applied. In response recombination due to the UV flash is assessed by another
to the depolarization, the S4 segment has translocated outward,test pule 3 s later. As in Figures 3 and 4, three test

carrying its ketyl free radical on the BP. = .
ying s KEty ' depolarizations were given: before the flash (labéigdfter

A v Vo220 mV the flash (in_ter_mediate), dB S later (smallest current) when
+20 MV———— T the cross-linking for that single flash was complete. Our
U‘V——i hypothesis is that if a large depolarization can separate the
120 mv R free radicals sufficiently, then no recombination will occur
Time (ms) during the 500 ms depolarization, and the fractional recom-
o Ly ly bination measured in the subsequent depolarization will be
due only to whatever occurred at120 mV (a total of 105
ms after the flash, Figure 6A). The expected amount of cross-
linking at —120 mV can be determined exactly from the
results depicted in Figure 3. Note the fundamental difference
V=40 mV V=420 mV

between the results of this experiment and those shown in

B 0.45] Figure 2, where UV was flashed at either a hyperpolarized
' or a depolarized voltage. In the experiment whose results
0.40 ' oEC :
are depicted in Figure 6, the flash was always applied at the
g. 3'22: hyperpolarized voltage, but the voltage at which recombina-
& tion occurred was changed systematically.
g 0251 O Lhar=) As hypothesized, prolonged depolarization after a flash
do20 . A T Qv does inhibit recombination. Figure 6 shows only moderate
0145 e v cross-linking after a 500 ms depolarization to 20 mV. The
o10y;p ~60% current reduction after the step to 20 mV (Figure 6A,
-125-100 '\7/5)";22 (-nf\f;) 0 25 right panel) is larger, however, than the40% reduction

predicted for 105 ms at120 mV (Figure 3B). This shows
tFrl]gUEg géchga%etgﬁ?e%egﬁg OLE: Zegrrgg(]:toilmsmsohbci)lizr?t:i':l(;ntﬁg that the rate of recombination is slowed, but not arrested,
- utant. v i W At ;

top. A 500 ms conditioning prepulswg)J WiFt)h 20 mV increments by the. 5(.)0 ms dgpolarlzatlon. Note that if the meml_arane
from —120 to 20 mV was followed by a 100 ms hyperpolarized Potential is maintained at120 mV for 605 ms, the duration
pulse at—120 mV, and then by a 25 ms test voltagé)(at 20 between the flash and the test depolarization, the current is
mV. UV radiation was delivered at the120 mV holding potential reduced by~90% (Figure 3). Taken together, these results
5 ms prior toVc. Typical currents with different values &t show show that the 500 ms depolarization to 20 mV significantly

different fractional reductions after irradiation. Note that the total . , . . S o
reduction for a single flash depends primarily on the number of inhibits recombination. The rate of recombination at 20 mV

unreacted BP adducts on the channels, rather thaa ¢see Figure ~ ¢an be estimated directly, if the depolarization is assumed
2). (C) The (1— AQ/Q) — V relationship f = 7). The solid curve to decrease the rate rapidly to a fixed value. Using the

is a fit to a single-Boltzmann function with\%,, of —51.8+ 3.1 theoretical curve from Figure 3 and the mean data at 20 mV
g‘r\é §2§| :3 ngiui gr'iZne)bge_dV andQ-V curves from Figure 7 from Figure 6B, we estimate the recombination time constant
penmp ' at 20 mV (r+20) from the following relationship
or slowing recombination. This question can be answered
experimentally because (i) we can generate the free radicals
rapidly by a flash of UV light, (ii) recombination is very
slow, especially for theShakermutant, and (ii) we can  where the time constants of recombination at 20 ad@0
produce a rapid conformational change in the ion channel mV are given in milliseconds arfdis the measured fraction
by applying a depolarizing voltage step shortly after the UV of available (i.e., not immobilized) S4 segments after 500
flash. This strategy is shown in Figure 5 which depicts a ms at 20 mV and after 105 ms at120 mV. From Figure
single K" channel subunit with a BP-labeled S4 segment, 6B, f,= 0.419. Solving forr,, we find that the recombina-
drawn as a tethered cylinder that can be moved by voltagetion rate is 3.9-fold faster at120 mV than at 20 mV.
through a gating pore. The left cartoon shows the subunit 2 Figure 6 also depicts the shape of the voltage dependence
ms after a flash at a hyperpolarized voltage and indicatesof the extent of recombination, as measured by NQ/Q
that the UV has caused H-atom abstraction, leaving unreactedsee Experimental Procedures), which has a monotonic
ketyl and alkyl free radicals. The right cartoon shows what sigmoidal voltage dependence, saturating at extremes of

—(500f420) _ £ ~+(105k_120
e 0 =fe
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hyperpolarization and depolarization. We fit the data with a

Boltzmann function having a midpoint 6f51.8+ 3.1 mV

and a slope equivalent to the movement of 2:30.7

% 1.0.
. g 0.8
elementary chargesdeghrough the membrane electric field ! R °

H ime (ms) 0.6
(Figure 6B). Time () ®

Why does membrane potential affect the rate of recom- 044

Sms

bination? If the inhibition of recombination is due to a 7 02
physical separation of the alkyl and ketyl free radicals 00l
generated by the UV flash, then the voltage-dependent
recombination rate is a reflection of a voltage-dependent
movement in the vicinity of the S4 segment. What confor-

mational change is responsible for this voltage-dependent

movement? Two different voltage-dependent conformational

, 1.0 <975
. . . -1 0.8-
the alkyl and ketyl free radicals. The first is S4 movement 0 2 0 0 4

changes are likely candidates for causing the separation of
. ’ 3 Time (ms) 0.6
itself; the second involves the conformational rearrangements

Vattage () >

80 60 40 20 0
Voltage (mV)

N

Voltage (mv) B

associated with movement of either activation or inactivation 04
gates. S4 movement is responsible for most of the gating e 02
current @, 15, 16). Therefore, the classicl—V relationship sopa[ 00

o]
for gating current is an estimate, albeit biasé6)( of the 120 &Vd;‘;e(m?/) 40
steady state voltage dependence of S4 movement. For the

; _ ; At Ficure 7: Voltage dependence of channel activation in A359C-
Shakem."“tar.‘t We use, there is no N _type inagtivation, and BP mutant channels and charge movement in W434F/A359C-BP
C-type inactivation is strongly inhibited17). Therefore,

; _nhonconducting channels. (A) lonic currents &gV relationship
voltage-dependent movement of gates in these channels isf A359C-BP channels. The left upper panel is the voltage protocol,
mainly restricted to the process of activation, which is which has 5 mV increments from90 to 10 mV with a holding

reflected in standar@—V curves. Thus, we can examine Ppotential of —120 mV. The family of ionic currents is shown in
S the lower left panel. The right panel is tl&—V curve.G was
vv_hether the voltage dependence qf recombl_natlon follows calculated according to the equatién= 1/(V — V), wherel is the
either theQ—V or G—V curves for this mutant ion channel.  jonic current measured at the end of the test pulse\aridl the
Figure 7 shows ionic and gating currents obtained for the reversal potential, which was38.9 mV in this case. The data were
conducting and nonconducting variants, respectively, of plotted after normalization. The solid line is the fit of a single-
ShakeflR A359C labeled with BPMTS. The nonconducting Beltzmann function:G = 141 + exp[-q(V — Vip)/kT]}. The fit

. . . of theG—V curve obtained in five cells resulted i of —51.2
mutation W434F has little effect on the gating currek@ + 1.0 mV and a slopg of 4.1+ 0.1 &, (B) O-V miionship o

20). We used this mutant rather than removing all permeant nonconducting W434F/A359C-BP channels. The left upper panel
ions from the conducting mutant, because permeant ions caris the voltage protocol for gating current measurements, which has
have profound consequences for gatigy G—V andQ—V 7.5 mV increments from-120 to 45 mV with a holding potential
curves were obtained from data similar to those shown, and©f ~120 mV. The left lower panel shows typical on- and off-gating
. . . . . currents plotted from every other test voltage. The right panel shows
were fit by Boltgmann functlons' with parameters given in the Q—V relationship and its fit by a single-Boltzmann function as
the Iegend of Figure 7. These fitted curves are scaled andin panel A. The total gating charge move@)(was estimated by
superimposed on the cross-linking data depicted in Figure numerically integrating the off-gating current at each voltage and
6B. All three functions overlap extensively, although the Was normalized to unity at large depolarizations (see Experimental
G-V slope (4.1 g is somewhat greater than observed for rrocedures): We fitted tH@—V relationship to a single-Boltzmann
L unction, which gaveVy, and q values of—50.4+ 0.5 mV and
both theQ—V curve (2.2 ¢) and the extent of recombination 55 05 g respectively.
(2.3 @). The similarity of the latter two slopes suggests that
separation of the alkyl and ketyl free radicals by depolar- by a 500 ms depolarization to 10 mV. After a 50 ms return
ization is due to S4 movement rather than subsequentto the —120 mV holding potential, the fractional reduction
movements accompanying the opening of the activation gate.in ionic current was measured, as described in the legend of
However, the overlappinG—V curve (Figure 6B) makes Figure 6. The fractional current remaining after a flash was
this conclusion weak. We will attempt to resolve this 0.652+ 0.026 = 4) and 0.680+ 0.030 f = 8) for UV
ambiguity in more detail in the next section of the paper. at 10 and—120 mV, respectively. These values are not
We showed above that cross-linking is more efficient at significantly different P > 0.05), suggesting that the
—120 mV than at 30 mV irBhakerS4 segments (Figure 2). insertion sites are the same whether the lamp is flashed at a
We also reasoned that the first photochemical step in cross-depolarized or a hyperpolarized voltage. Note that the
linking, H-atom abstraction, takes place within a few expected remaining current 550 ms after a flask @2 if
milliseconds. We do not know the identity of the insertion the voltage is maintained at120 mV without depolarization
site of the BP ketone; however, we ask here whether the (Figure 3B). These results suggest that the different cross-
insertion site is the same or different when H-atom abstrac- linking rates at the different voltages, observed in Figure 2,
tion takes place at a hyperpolarized versus depolarizedare a consequence of different efficiencies of H-atom
voltage. If the insertion site is the same, we predict that the abstraction from the same insertion site.
inhibition of recombination by a depolarization will be the Determining the Moement Underlying Free Radical
same, whether the UV flash is given at a hyperpolarized or Separation. Although the results depicted in Figure 6B
depolarized voltage. To test this, we performed the following suggest that S4 movement itself, rather than gate movement,
experiment. A flash at either120 or 10 mV was followed  separates the free radicals generated by H-atom abstraction,
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Ficure 9: Kinetics of S4 segment immobilization of the A359C/

E 100 V382L mutant. We used the same protocol we used for the A359C
C %0 1.0 mutant (see Figure 3), except withva of 60 mV.
s 50 J
sl o8 Both G—V andQ—V curves were fit by double-Boltzmann
' Time (ms) o 061 functions. As in previous studies using the L382V mutation,
041 there is minimal overlap between these curves (see below).
_Sf'l'mm 021 Activation gates only open significantly at positive membrane
0.0] « potentials, whereas more than 50% of the gating charge
150 -100 -50 0 50 100 moves at negative voltages (Figure 8). These results suggest

Voltage (mV) that channel opening requires substantial S4 movement at

FIGURE 8: Voltage dependence of channel activation in A359C/ negative voltages, consistent with previous studkds 22).
/l&g%%\é/gg%r\l} /\?\/hf}grl;n;ls and Chr?fge TO\A%ngggt in n?ngolnﬂuctlﬂg This separation of charge movement and activation gating
mutant channels. was labeled wit kit oot

4 _ _ allows us to test whether the inhibition of recombination
BPMTS. (A) lonic currents an@—V relationship of A359C/L382V tracks S4 movement or channel obenin
channels. The ionic currents were measured using a high-intracel- ) v . pent g . o
lular K* solution due to the low expression levels of the A359C/  We first examined whether slow cross-linking kinetics are
L382V mutant. We measured ti&-V relationship from the tail also observed in the A359C/L382V double mutant. Using
currents at—60 mV after repolarization from different 35 ms  an experimental protocol similar to that shown in Figure 3A,

conditioning voltages. The holding potentiaHd.20 mV. The left e
lower panel shows ionic currents measured with every other except for aVr of 60 mV, we measured recombination

conditioning voltage. The right panel shows tBe V relationship. kinetics at—120 mV (Figure 9). The time constant of photo-
The solid line is a fit of a double-Boltzmann functio® = A/{1 cross-linking is~310 ms, 1.2-fold larger than that of the

+ exp[-aqu(V — Vi1)/KT]} + Ad{1 + exp[-ax(V — V21)/KT]}. A359C mutant, confirming that cross-linking is slow, and
The fitting of a double-Boltzmann function give& 1> and V12 suggesting that the L382V mutation affects the local

}’ﬁuselzgé_szfingéfwe?g ‘Eitglgliz gl\ébreasr?gcf\gegi Toh%\' aéues environment of BP-labeled A359C at the extracellular end

respectively. The values foA; and A, were 0.61 and 0.39, Of the S4 segment.
respectively. (BJQ—V relationship of BP-labeled A359C/L382V/ We then measured the voltage dependence of recombina-
WA434F channels. Gating currents were measured in a high-tjon (Figure 10). As in the A359C single mutant, recombina-

intracellular C$ solution to avoid contamination by endogenous .. : b

K* currents (see Experimental Procedures), QutV relations tion in t_he .dOUbIe m.utant was monotonically inhibited by
measured from the two types of intracellular solutions are not depolarization, and in the double mutant the data clearly
distinguishable Z2). The left upper panel shows the voltage tend to follow theQ—V, rather than th&—V, relationship.
protocol, which has a 10 ms test pulse with various amplitudes We fit the (1 — AQ/Q) — V relationship to a double-
from holding potential of—120 to 100 mV with a 7.5 MV Bgjtzmann function plus a constant with the same values

increment. The left lower panel shows typical on- and off-gating . _ .
currents, which were measured from every other test voltage. The© Vivz and Vzz as in tth V curve. The adjustable
right panel shows th€@—V relationship and its fit by a double- ~Parameters were the amplitudes and slopes of each compo-

Boltzmann function as in panel A, with paramet¥is », V2.1/2 d1, nent. The near superposition of these two functions further
Oz, A1, andA; equal to—51.4+ 4.2 mV, 26.6+ 3.6 mV, 1.25+ supports the idea that S4 movement itself is responsible for
0.12 @, 1.78+ 0.35 g, 0.61, and 0.39, respectively. inhibiting recombination, rather than a subsequent movement

associated with opening of the activation gate. Moreover,
the extensive overlap of the voltage dependence of recom-the agreement between charge movement and inhibition of
bination rate with that of bot@—V andG—V curves leaves  recombination is particularly evident at negative voltages,
the identification of the separating movement ambiguous. where the so-called); component dominates28). This
To test whether S4 movement or activation gate movementsuggests that the critical movement separating the ketyl
inhibits recombination, we used $hakermutant (L382V) alkyl radical pair occurs in the early transitions of the
in which the Q—V and G-V curves are significantly  activation pathway. These results add further support to the
separated along the voltage ax24,(22). L382 is located at idea that S4 movement underlies the bulk of charge move-
the bottom of the S4 segment, and the L382V mutation shifts ment.
theG—V curve strongly £50 mV) in a depolarizing direction
while broadening th&€—V curve. We combined this muta- DISCUSSION
tion with A359C inShakefIR, using both conducting and Benzophenone (BP) photoprobes, because of their distinct
nonconducting (W434F) variants to meas@eV andQ—V chemical and biochemical advantages, have been widely used
curves, respectively, as shown in Figure 8. In all cases, in protein, nucleic acid, and lipid biochemisti§, 24). Upon
A359C was labeled with BPMTS. excitation by UV light, the ketone group of the BP moiety
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Table 1:

T(n,z")

hy 3 .
>:O—_‘_k—> >—o- +HX—q—>>—OH + X
1
VAN
BP*

OH

Protein

ShakerA359C  ShakerA359C  Na,1.4 D2:R1C

flashed at flashed at flashed at
a —-120 mV 30 mv —140 mV
ke (s 1740 650 1670
o(s™ 1.11 1.18 41.9
B(s™H 2.71 2.63 18.0
71,54 (US) 85.2 93.9 85.7

a Photochemical rate constants. The rate constiapts, andj of
the reaction scheme shown above were estimated from the rates and
efficiencies of cross-linking, as described in the text. Weksetqual
to 10* s71 (9). H-Atom abstraction is assumed to lead irreversibly either
to successful immobilization with a rateor to a failure to immobilize

FicURE 10: Voltage dependence of S4 segment immobilization of With @ ratef. The failure could be due, for example, to oxidation of

the BP-IabeIed A359C/L382V mutant. (A) The voltage protocol one of the free radicals before recombination or to insertion into a site

(upper panel) and typical currents (IoWer panel) with %iﬁgr‘é@t that does not immobilize the S4 segment. The lifetime in the excited
— -1

values showing different reductions after irradiation. (B) The-(1 staterr,ss = (ki + ko

AQ/Q) — V relation ©) (n = 7). The solid curve represents a fit

of a double-Boltzmann function plus a constant:—JAQ/Q = Ay

+ AY{1 -+ expl—au(V — Vi 1/ KTT} + Ad{ 1 + expl-p(V — Vo.1)/ symmetry o_f the channel_s. Thes_e effe_c_ts are not (_)nly

KT]}. The estimated values 6, Aq, Ay, s, andgp are 0.095, 0.22,  consistent with the expectations for immobilizing the moving

0.34, 2.31 g and 0.77 g respectivelyV; 1, and Vs, 1, were fixed part under study but also completely unique, in that similar
to the values from th@—V curve of A359C/L382V/W434F mutant  biophysical consequences are not observed either for muta-

channels (see Figure 8). The dotted and dashed lines are normalizegions of the residues in question or for covalent modification

G-V andQ-V curves from Figure 8, respectively. of the introduced cysteines by any reagent, whether charged,

. . L i neutral, small, or as large as tetramethylrhodamine maleimide

is capable of inserting into €H bonds, covalently linking (25). Therefore, although we do not have a direct measure-
d : '

the BP with a neighboring structure. We recently designe ; . . ) )
and characterized the bifunctional cysteine reagent BPMTS ment of the insertion of the activated ketone, a parsimonious

; . : interpretation of our data is that current reduction is an
in an ion channel study that employed molecular biology, immediate consequence of cross-linking the S4 segment to
electrophysiology, and UV irradiatior8). This approach q 9 9

allowed us to selectively immobilize different moving parts, 2 neighboring region of the channel, thus immobilizing it.
. y 9Pars,  As we showed previously, this immobilization is complete
either voltage sensors or gates, of the channel.

One of our goals in these studies is to trap the channel inW|th respect to the charge movement expected to be carried

) . : by an individual S4 segmen8)
particular gating states. In voltage-gated ion channels, the o ]
conformational states caused by changes in membrane Our data strongly suggest that the rate-limiting step in
potential may have very brief lifetimes, on a time scale Cross-linking is the recombination of the ketyllkyl radical
similar to the lifetime of the triplet state;fh,7*) of BP (<1~ Pair produced by H-atom abstraction from the triplet excited
ms). For this reason, we measured the kinetics of cross-State k(n*). The lifetime of Ty(nz*) in the absence of an
linking in this study, and we were surprised to find that H-atom donork,™*; see the photochemical scheme in Table
immobilization was at least 2 orders of magnitude slower 1) is in the range of 106700 us at room temperatured,(
than the triplet state lifetime. It is important to emphasize 10)- However, the lifetime may be reduced substantially in
here that we are not measuring the level of cross-linking the presence of an H-atom donor. We can roughly estimate
directly. We are measuring the effects of UV irradiation on the lifetime of Ty(n:*) for our S4 experiments from the
the biophysical properties of voltage-gated ion channel cross-linking efficiency for a single flash, as follows.
currents. In this study, the effects are always a decrease in We assume that the principle quenching reaction of the
the magnitude of ionic currents. The assumption that thesetriplet excited state is H-atom abstraction. This must be the
decreases are due to the cross-linking itself, rather thancase when cross-linking efficiency s70%, as we have
subsequent, slower allosteric consequences of cross-linkingobserved for particular cysteine mutan®, (@nd has been
is based on the results of our previous stu8y where we observed for other BP derivative8)( The rate constark
described the detailed effects of immobilizing both voltage for H-abstraction depends on the local environment of the
sensors and gates. For example, the inactivation gate of theethered BP moietyl(0). The resultant ketytalkyl radical
Na™ channel can be selectively immobilized either open or pair has two irreversible fates that interest us here (Table
closed, and there is a fourth-power relationship between thel). Either recombination successfully immobilizes the S4
reduction of gating and ionic current when irradiating the segment at a rate, or it does not with a ratg (8). Failure
Shaker mutant A359C, as predicted by the tetrameric of immobilization is a consequence of any of a number of
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irreversible chemical reactions. For example, the target of channel, even if the recombination occurs much later. In this
H-atom abstraction may be a region of the protein or, for study, we used the divergent kinetics of abstraction and
example, lipid that cannot result in immobilization, even if recombination to test whether voltage-dependent movement
recombination is successful. Another possibility for failure was able to separate the ketglkyl radical pair, thus
is that either the alkyl or ketyl free radical might react with inhibiting recombination. The ability to do so (Figures 6 and
another substrate before recombination occurs. 10) provided us the opportunity to ask about voltage-
The fraction of S4 segments immobilized by a single flash dependent movements in the vicinity of the BP tethered to
of light (Fimmon) is given directly by the fractional current a ShakerS4 segment.

reduction Fgecreasp in the case of the Nachannel mutant The agreement between the voltage dependence of charge
D2:R1C or, because of tetrameric symmetryShakey by movement and that of inhibition of recombination is rather
striking, both in the A359C mutant and in the A359C/L382V
Finmor =1 — (1 — Fdecreas)el’4 double mutant, which has strongly altered charge movement

and activation gating. This further supports the idea that the
We estimatew = o/(o. + B) from the steady state S4 movement separating the two free radicals is the same
immobilization after saturating exposure to UV light (e.g., movement that translocates gating charge. Therefore, it is
Figure 2B, and Figure 2D in red). The total fractiorFy of the S4 movement through the electric field that appears to
BPs that undergo H-atom abstraction after a single flash is inhibit recombination, not a downstream consequence of this

Fimmo/W. Finally, we can estimatk, as follows. charge movement, such as a movement of the insertion site
due to opening of the activation gate. This result is in accord
Fy with fluorescence measurements of 8tekeA359C mutant
k=17 |:Hk1 labeled with tetramethylrhodamine maleimid25( 27).

Voltage-dependent changes in fluorescence emission, which
are due primarily to voltage-dependent quenching in the local
k)~ We also estimate the rate constamtand from the vic;inity of the fluorophore 27), follow the Q—V curve rather
recombination time constants & (o + 3)°1] of Figures 3 faithfully (25,27). _ _
and 4. All of these estimates are presented in Table 1 for Why Is Recombination So SloWPganic free radicals are
ShakeflR A359C, irradiated at two different voltages, and Nighly reactive species, especially with one another. In
for the Na channel. solution, the recombination of carbon free radicals is typically
The estimates in Table 1 lead to a number of conclusions. diffusion-limited; therefore, free radicals are often very short-
First, the rate of H-atom abstraction is 2.7-fold larger at a ved (28, 29). Recombination on the time scale of a few
hyperpolarized than at a depolarized voltag8iraker This microseconds has been reported for the keaykyl radical
explains the slower time constant for current reduction when Pair produced by BP30). These facts lead to two questions.
irradiating at the depolarized voltage (Figure 2). This is Why do we observe recombination on a time scale of tens
probably because of a change in the position or orientation to hundreds of milliseconds, and why are the free radicals
of the BP adduct by the S4 segment when the voltage is SO Stable? _ _ _
changed. Second, the rate of H-atom abstraction at a Recombl_natlon has two requirements. First, thg two just-
hyperpolarized voltage is similar foBhaker and Na formed radlcals_ that were_generated from an excited triplet
channels, although the recombination rates >30-fold state of BP are in an unpaired triplet state and must undergo
larger for the Na channel S4 segment. This differencesin @ SPIn inversion before they can recombine in a singlet
is likely to be due to the structural differences near the configuration. This tnplefsmglet_mtert_:onversmn ty_plcally
external ends of these two S4 segments. Third, recombinationt@kes=<1 us (31) and, therefore, is unlikely to contribute to
is more efficient for Na channels, where. > . In Shaker the slow cross-linking kinetics we observe. Second, a
B > o. Part of the increased insertion efficiency forNa favorable geometry is needed for efficient recombination of
channels is due to the higher estimatedain this channel  the ketyl and alkyl radicals, as it is for H-atom abstraction.
than in Shaker Finally, quenching by H-atom donors has However, the optimal geometric configurations between the

only a small effect on the excited state lifetime, reducing it BP ketone and its €H target are not the same for these
by at most 15% in the absence of quenching. two sequential photochemical reactions. If there is any steric
Although recombination or immobilization is much slower hindrance in obtaining the optimal configuration for recom-
than the lifetimes of many of the gating states oftNand bination, its rate may decrease dramatically. In this case, the
K+ channels, the rapidity of H-atom abstraction allows us €€ radicals, sometimes called “persistent radicals”, may
to initiate the irreversible pathway to immobilization with a  €XiSt for minutes or longer2Q). Steric hindrance is likely
similar rapidity. Once H-atom abstraction has taken place, {0 be the reason for the slow recombination rates we
BP’s insertion target is chosen, because each BP group igneéasured, especially f@hakerS4 segments. Neither the
tethered and unable to reach free radicals generated by otheflKYl nor the ketyl free radical is free to diffuse to interact
tethered BP moieties. Therefore, state-dependent cross- with one another, or with other substrates. Furthermore, it
linking is feasible, even for very short-lived gating states, 1 reasonable to imagine local ponstramts on _the mobility of
because it is possible to time the initial photochemical POth the tethered BP and its target. Evidently, these

reaction to the occurrence of a particular gating state of the COnstraints are greater for recombinationShakerthan in
Na" channel S4 segments, leading to tké&6-fold larger

2The closest distance between S4 segmentShatkeris ~28 A rate in Na channels. Interestingly, the efficiency of cross-

(26), compared with the-10 A linker between BP and its attached  INKiNg is also~6-fold greater for Na channels. This could
cysteine. be due in part to the fact that other radical-destroying

The lifetime in the triplet excited state is given bl (+
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reactions have more time to take placeSimakerbecause of

its slow recombination rate. In general, the rates of reactions 1
between radicals and nonradical substrates are much slower =

than those between two radical9).

CONCLUSION

The rapid H-atom abstraction and slow recombination of
BP-induced cross-linking of S4 segments provide us the
opportunity to kill two birds with one stone. On one hand,
we can trap short-lived gating states with careful timing of
brief UV flashes. On the other hand, we can explore the
nature of the movements near the S4 segment by comparing
the voltage dependence of inhibition of recombination with 18,

that of charge movement and gating.

We envisage two extensions of this approach. First, it may 19
be possible to immobilize S4 segments by introducing
cysteines at other sites on S4 segments. If so, we can explore
the nature of voltage-dependent conformational changes both 21.
along and around the S4 segment. This approach is comple-

mentary to either cysteine accessibility scannirgp),(
histidine scanning 33), or fluorescence scanning34).

to the stimuli that open and close their gates.
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