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Modulation of Kv1.5 Potassium Channel Gating by Extracellular Zinc

Shetuan Zhang, Steven J. Kehl, and David Fedida
Department of Physiology, University of British Columbia, Vancouver, British Columbia V6T 123, Canada

ABSTRACT Zinc ions are known to induce a variable depolarizing shift of the ionic current half-activation potential and
substantially slow the activation kinetics of most K* channels. In Kv1.5, Zn®>* also reduces ionic current, and this is relieved
by increasing the external K™ or Cs™ concentration. Here we have investigated the actions of Zn®>* on the gating currents of
Kv1.5 channels expressed in HEK cells. Zn?" shifted the midpoint of the charge-voltage (Q-V) curve substantially more (~2
times) than it shifted the V, , of the g-V curve, and this amounted to +60 mV at 1 mM Zn®". Both Q1 and Q2 activation charge
components were similarly affected by Zn®*, which indicated free access of Zn?>* to channel closed states. The maximal
charge movement was also reduced by 1 mM Zn?* by ~15%, from 1.6 = 0.5 to 1.4 = 0.47 pC (n = 4). Addition of external
K* or Cs*, which relieved the Zn?*-induced ionic current reduction, decreased the extent of the Zn?"-induced Q-V shift. In
135 mM extracellular Cs™, 200 uM Zn®* reduced ionic current by only 8 + 1%, compared with 71% reduction in 0 mM
extracellular Cs™, and caused a comparable shift in both the g-V and Q-V relations (17.9 = 0.6 mV vs. 20.8 £ 2.1 mV, n =
6). Our results confirm the presence of two independent binding sites involved in the Zn®" actions. Whereas binding to one
site accounts for reduction of current and binding to the other site accounts for the gating shift in ionic current recordings,
both sites contribute to the Zn?*-induced Q-V shift.

INTRODUCTION

Divalent metal cations are well known to modify the gating by a recent study showing fast and selectivé Zninding to

of ion channels (Frankenhaeuser and Hodgkin, 1957; Gillyesting neuronal K channels (Kuo and Chen, 1999).

and Armstrong, 1982b; Spires and Begenisich, 1990; Da- A more complete understanding of Znaction on chan-
vidson and Kehl, 1995), and sometimes this action results imel states that do not report conformational changes by
equal shifts in the voltage-dependent kinetics of Nend  altering ion flux requires measurements of gating currents
K™ channels. As a result, surface charge effects are ofterecorded as channels proceed through closed states in the
invoked to explain many of the actions (Hille, 1992; Elinder activation pathway. Earlier gating current studies are con-
et al., 1996). The block of Naand K" channels by poly- sistent with the ionic current data and showed that external
valent ions like ZA" has a number of characteristics that zn* slowed the on-gating currents of squid axon‘Na
suggest specific binding to the channel rather than a generghannels, while having little effect on off-gating current
action related to surface charge screening. The first is theGilly and Armstrong, 1982b). However, more recently,
potency of Z&" action. Zif* can cause a 70-mV shiftinthe poth internal and external 2h have been shown to cause
g-V relation at micromolar concentrations, whereas othebmy modest changes in squid axon® Kchannel gating
divalent cations like C& and Md" rarely achieve an cyrrents in a limited range of potentials neaB0 mV
equivalent effect (Spires and Begenisich, 1994; Elinder efspjres and Begenisich, 1995). Based on these observations,
al., 1996). ZA" also has quite different effects on the it has been proposed that Zh modifies conformational
activation and deactivation gating of channels. In the squiq:hanges of the squid K channels that are only weakly

° .
axon, external Z%‘_ substantially slows Na and K*_ Cur-  voltage dependent, most likely occurring toward the final
rent activation (Gilly and Armstrong, 1982b; Spires a”dopening transition.

Begenisich, 1992) while having much less effect on channel |, \he cloned Kv1.5 channel we have recently shown that
d_ea_ctlvatlon kinetics (Gllly_ and Armstrong, 1982a). T+hesein addition to a ZA*-induced depolarizing shift of the
findings have been explained by the presence of & Zn channel half-activation potentialV{,,), and substantial

receptor site accessible during the resting state and wh|c§]OWing of channel activation, Zii causes a concentration-

disappears in the open state du_e 0 Fhe Conformatiom?:]ependent reduction of Kv1.5 current (Zhang et al., 2001).
changes of the channel upon opening (Gilly and ArmStronglncreasing external K or addition of C$ relieves this

1.982.3)' Clearly, this is an expression of state—depender} duction but has little effect on the gating shift, and we
binding to the channel, and the idea has been complementc?1 ve proposed at least two binding sites fof ZriTo clarify

conflicting studies of the actions of Zh on channel states

within the activation pathway, here we have directly studied
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induced shift of the conductance-voltagg-\() relation. rents but was not used in gating current recordings due to their relatively

Addition of external K or CS+, which relieves Zﬁt small size. Leak subtraction was not used in the ionic current recordings

induced ionic current reduction, decreases the extent of th@'t routinely used in the gating current recordings where leakage and

Zn2+-inducedQ-V shift. Our experiments suggest that theregsg\?v(;tg/: ;l;r;it;évere subtracted on-line using a P/6 protocol. Data are

are two components to the depolarizing shift of the activa-

tion of Kv1.5 channels as recorded by gating currents. The

first involves Zrf™ binding to a site or sites in Kv1.5

channels that displaces gating to more positive potential RESULTS

and has the macroscopic effect of slowmg_ Kv1.5 IONiC pee ts of extracellular Zn2* on Kv1.5

current activation. It appears that the channel is accessible i%nic currents

Zn?* binding at a number of states within the activation

pathway. The second component of the gating charge didata in Fig. 1 illustrate the effects of extracellular applica-

placement appears coupled to the blocking action 6fZn tion of 1 mM Zr#" on Kv1.5 ionic current. The protocol
shown above Fig. A was used to study ZA effects on
activation properties of the channel in a voltage range

MATERIALS AND METHODS between—60 mV and 80 mV. Fig. 1A shows superimposed

Cells and solutions currents elicited in control conditions, and FigBlshows

. currents in the presence of Zhat a concentration of 1 mM.

Kv1.5 currents were recorded from channels expressed in a human eny; 5, . .. .

bryonic cell line (HEK293) using LipofectACE reagent (Canadian Life n=" significantly slowed the channel activation and de-

Technologies, Bramalea, Ontario, Canada). The Kv1.5 cDNA subclone€reased current amplitude. A second protocol shown above

into pRc/CMV was transfected into HEK293 cells. These were maintainecFig_ 1 C was used to study Zi effects on deactivation

in min_imum essential medium, 10% fetal bovine serum, penicilIin—:f,trep—gmpertieS in a voltage range betweerl0 and—70 mV

tomycin and G418 (0.5 mg/ml) to select for transfected cells. Patch pipette . .

contained (in mM): 135 KCI, 5 EGTA, 10 HEPES, 1 MgCh NaATP, after a depolarizing step 650 mV to activate the channel.

and 0.1 GTP. pH was adjusted to 7.2 with KOH. The bath solutionCompared with control (Fig. L), 1 mM Zr?" caused a

contained (in mM): 135 NaCl, 5 KCI, 10 HEPES, 1 MgCand 2 CaCl. moderate acceleration of the current decay upon repolariza-

The pH was adjusted to 7.4 with NaOH. For 135 mM*@®ntaining  tjgn (Fig. 1 D). Quantitative analyses of Zh effects on

SO'?'O”’ CsCl replaced KCl. . : Kv1.5 channel kinetics are illustrated in Fig. E,and F.

o record gating currents, an HEK cell line stably expressing Kv1.5- ; . ; i . .
WA472F mutant channels was used. This mutation is analogous to thilormalized activation curves with the activation curve be-
ShH4-IR W434F mutation, which abolishes”Kconduction inShaker ~ fore normalization in the inset are shown in FigE Where
channels (Perozo et al., 1993). Patch pipettes contained (in mM): 14 mM Zré" shifted the midpoint of the activation curve by

N-methylp-glutamine (NMG), 1 MgCJ, 10 HEPES, and 10 EGTA, ad- ; ; ; ; _
justed to pH 7.2 with HCI. The standard bath solution contained (in mM):f?‘3 mV in the dep0|an26d direction and decreased the max

140 NMG, 1 MgC}, 10 HEPES, 2 CaGJand 10 glucose. pH was adjusted imal gonQUthnce by 67%. Fig. H— shows activation and
to 7.4 with HCI. For 135 mM Cs-containing solution, CsCl replaced deactivation time constants at different membrane poten-
NMG. For 5 mM K"-containing solution, 5 mM KCl was added to the tjals. T, Was determined by a single exponential fit to the

standard solution and NMG proportionally reduced. In three gating currenkrrent activation between 10% and 90% of the maximal
experiments, extracellular NMG was replaced by 135 mM NacCl, and no . . .
difference was found in the magnitude of the gating shift compared withCurrent (data in Fig. 1A and B)' The values obtained at

when NMG alone was used. All chemicals were from Sigma Aldrich potentials=—10 mV in control () and=+20 mV in the
Chemical Co. (Mississauga, Ontario, Canada). We could not increaspresence of Zfi” (A) are activation time constantsyec
extracellular K concentration further than 5 mM in the gating current was obtained by single exponential fit to the tail current
recordings because inward"Konic current through endogenous channels . _ .
contaminated the gating currents. Qecay at potentials —20 mV in control _(V) a_mds+10 mV
in the presence of Zi (¥) from data in Fig. 1C andD.
Zn** decreased the deactivation time constant and in-
Electrophysiological procedures creased the activation time constant. The effects &f Zm
Coverslips containing cells were removed from the incubator before ex-KVl'5 chanhels W?re totally reversible (dat_a not shown). As
periments and placed in a superfusion chamber containing the control batioted previously in other K channels (Gilly and Arm-
solution at 22-23°C. The bath solution was constantly flowing through thestrong 1982; Spires and Begenisich, 1992, 1994), the effects
chamber, and the solution was exchanged by switching the perfusates at tlben the deactivation time constant were small and equivalent

inlet of the chamber, with complete bath solution changes taking 1-2 s .
P g g to a shift of ~+20 mV. In contrast, the effects on the

Whole-cell current recording and data analysis were done using an Axo-~ = | ) . .
patch 200A amplifier and pClamp6 software (Axon Instruments, FosterdCtivation time constant were large and equivalent to a shift
City, CA). Patch electrodes were fabricated using thin-walled borosilicateof ~+50 mV. Therefore, the effects of Zh on the time

glass (World Precision Instruments, Sarasota, FL). The electrodes haggnstants cannot be explained by a simple shift along the

resistan -2 MQ) for ioni rrent recordin n tween 1 and 2 . . . .
esIstances o or onic current recordings and between 1 and 2 1,0 yiia| ayis. To understand the actions of Zrduring
MQ for gating current recording. Capacitance compensation was routinel

used. Data were filtered at 10 kHz and sampled at 50 kHz for all protocols@ctivation and_the rate-limiting step of deactivation, we have
Series resistancdy() compensation was used in recording ioni¢ Kur- measured gating currents from Kv1.5.
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FIGURE 1 The effects of extracellular Zh on Kv1.5 ionic currents expressed in HEK cells. The two protocols used to elicit Kv1.5 current are shown
above the current traces MandC. In A (control) andB (1 mM Zr?*), cells were held a+80 mV and pulsed to between60 and+80 mV for 100 ms
before returning to-40 mV to record deactivating tail currents.@n(control) andD (1 mM Zr?*), cells were pulsed te-50 mV from the holding potential

of —80 mV for 100 ms before returning to a range of potentials betweEhand—70 mV to record tail currentsE) Normalized activation curves obtained

by plotting the peak of the tail current from dataAmandB relative to its maximal value against the pulse voltages in confiplapd 1 mM Zi#* (@).

Vy,, and k, respectively, were-11.6 and 4.5 mV in control ang-21.9 and 7.8 mV in the presence of 1 mM?n The activation curves before
normalization are shown in the inset Bfwhere the current reduction is also obvious) Activation (A) and deactivation\) time constants in control

and in the presence of 1 mM Zh (A, ¥). Activation time constants were obtained by single exponential fitting to the rising phase of the current upon
depolarization fromA and B, and the deactivation time constant was obtained from the tail current dec&yardD.

Effects of extracellular Zn?" on Kv1.5 channel action of 1 mM Zrt" on the gating current. For identical
gating currents voltage pulses, the currents in the presence of*Zare

Stable expression of the nonconducting mutant KVl&reduced, mostly due to a substantial shift of the voltage

WA472F (NCM) in HEK293 cells allowed the recording of dependence. At more positive potentials, the peak ampll-
. . . . —_tudes of currents in the presence ofZrapproach those in
large gating currents with good time resolution. Gating

currents from this mutated channel are very similar to thos;éhe control conditions. Although Zi reduced the total

observed with the wild-type Kv1.5 channel (Hesketh andf:harge movement by only15% (see Table 1) with max-

Fedida, 1999). Examples of gating current traces in thémal depolarization, a+60_-mV ,Shift was appa“;ﬁt in the
harge-voltage @-V) relationship (Fig. 2C). Zn" also

absence and presence of 1 mMZrare presented in Fig. 2, ¢ 0
A and B, from one cell. In control conditions, on-gating accele_rated the charge return up+on repolarizatior 100
currents appeared upon depolarizations positive-g0 MV (Fig. 2 B). The effects of ZA" on charge return are
mV. As depolarizing steps became stronger, on-gating curconsidered in greater detail below (see Fig. 9).

rent increased in amplitude and decayed more rapidly. Off- 10 quantify the ZA" effects on gating current, the
gating currents upon repolarization t9100 mV have a amount of charge moved upon depolarization was deter-
rapid decay time course after small depolarizations up to @nhined by integrating the on-gating current. The data in the
mV. After more positive depolarizations, off-gating currents@bsence and presence of Znwere normalized to the

at —100 mV decreased in amplitude and decayed morénaximum charge moved in the absence of ZriThe rela-
slowly. The reasons for the slowing likely include the re- tionship between on-gating charge and membrane potential
versal of a relatively voltage-independent rearrangemenin the absence and presence of 1 mMZrre shown in
that occurs on pore opening and rapid onset inactivation thdtig. 2, C andD. As we reported previously, the amplitude

is also slow to reverse (Zagotta et al., 1994; Ledwell andf Q,, at different depolarizing potential€¢V curve) re-
Aldrich, 1999; Chen et al., 1997). Fig. B illustrates the veals a relationship with strong sigmoidicity (Hesketh and
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FIGURE 2 Effects of extracellular Zii on Kv1.5 channel gating current# &ndB) Gating currents in the absend®) @nd in the presencé) of 1 mM
Zn?*. In control conditions, cells were depolarized freri00 mV to between-80 and 80 mV in 2-mV increments for 12 ms. In 1 mM%Zncells were
depolarized to between40 and 160 mV in 2-mV increments. Traces showmiandB are in increments of 20 mVQ) Amount of charge moved upon
depolarization Q,,) was determined by integrating the on-gating current in con®land 1 mM Zrii* (@). The solid lines are fits of data to a double
Boltzmann equation ) Fits of theQ-V relations with a single Boltzmann functio¥,,, andk, respectively, were-1 and 6 mV in control, and-60 and
15 mV in the presence of 1 mM 2h. Zn?* also reduced,., by 10%. €) Concentration dependence ofZrinducedV, , shifts in Q-V (solid barg
andg-V (hatched barscurves. ZA"-induced shifts of th&-V relations were greater than those of th¥ relations at all ZA" concentrations.§ < 0.05.

Fedida, 1999). A single Boltzmann function fit to the rela- voltage-dependent parameters of both Q1 and Q2 in Kv1.5
tion was not satisfactory (Fig. R) because of the shallow channels. ZA" shifted theV, , for both Q1 and Q2 between
rising phase of the curve (the foot) and the steeper voltage-50 and+60 mV along the potential axis. In addition, there
dependence of charge movement at higher voltages. Thigas a significant decrease of the voltage sensitivity both of
suggested a component of the overall gating charge with 1 and Q2 in the presence of Zn

shallower voltage dependence activated at lower depolar- Of interest in the present study was the finding that’Zn
izations and a second more voltage-dependent componesiifted theQ-V relation (Fig. 2C) far more than they-V
activated at more depolarized voltages. The data points werelationship (Fig. IE). To quantify the ZA"-induced shift,

fit with a double Boltzmann function (Fig. £), and the we fitted theQ-Vrelations with a single Boltzmann function
component single Boltzmann functions were then plotted orto judge the ZA"-induced shift of the overall relationship
the same axes and termed Q1 and Q2. Q1 is the small¢Fig. 2 D). This seemed reasonable as Q2, which is more
component, is less voltage dependent, and is activated directly related to channel opening, dominates ®¢/
lesser depolarizations than the Q2 component. Result®lation and accounts for more than 80% of total charge
shown in Table 1 indicate that Zh greatly shifted the movement. Also, Zfi" similarly affected Q1 and Q2 (Table

TABLE 1 Effect of Zn?* on parameters of the double-Boltzmann fit to the Q-V curves summarized from six cells

Qimax (f€) Vi (mV) ky (MV) Qzmax (fC€) V2 (mV) ke (MV)
Control 245+ 76 —-253+27 12.5+ 1.2 1388+ 438 +4.6+ 1.0 5.9+ 0.6
1 mM Zr?* 213+ 69 +29.2+ 39* 22.2+ 1.9% 1222+ 402 +62.4+ 1.5% 13.1+ 0.9*

Qimax @and Q,4, Maximum on-gating charges &, and Q,, respectively;,V, andV,, half activation potentials fo®, and Q,, respectivelyk, andk,,
steepness of voltage dependenc&efand Q,, respectively.

*p < 0.01. The total charge (Q* Q2) was significantly reduced from 16 0.51 pC in control to 1.4 0.47 pC in the presence of 1 mM Zn (paired
t-test,n = 4, p < 0.05).
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1). The Zrf"-induced shift of the midpoint of th®-V curve
was concentration dependent (FigeER As noted above, the

Zn**-induced Q-V shifts are significantly larger than the
Zn?*-inducedg-V shift at all concentrations tested, as sum-

marized in Fig. 2E.

The effect of Zn?* on Q2 is not dependent on an
effect on Q1

We have shown that ZA similarly affects the voltage

sensitivity of both Q1 and Q2. Multiple charge systems inB
Shakerchannels (Bezanilla et al., 1994) and Kv1.5 (Hesketh * - Py
and Fedida, 1999) generally show sequentiality so that ther'_e

are two possibilities for the Zi -induced shift of Q2 charge
movement. One possibility is that Zh directly affects Q2
charge, and the second possibility is that Zaffects Q2 as

129

100 mV
A Control

200 pA

10 ms

Zn?* 1 mM

JUp TV Wy TRpw——

IGURE 4 Q2 movement is affected by Znaddition after Q1 move-
ment. @A) Control gating current was recorded fronl00 mV to—20 mV
for 24 ms to activate Q1, followed by a depolarizing pulse-tt00 mV to
move Q2. B) 1 mM Zr?" was washed in after Q1 movement by the

a consequence of its action on Q1. This arises because @gpulse to-20 mV. Q2 movement was slowed during a pulse+b00
can move only after Q1 according to a sequential model of"V In the presence of 1 mM Za.

gating. The experiments in Figs. 3 and 4 were designed to

discriminate between these possibilities.

There is a 30-mV difference between the half-activationduring a depolarization te-100 mV. The current during the
potentials of Q1 and Q2 (V1 and V2, Table 1). This differ- prepulse reflects Q1, and a larger transient current reflects
ence enables us to separate the two charge systems. Vep2 upon subsequent depolarization +400 mV. In the
little Q2 moves at voltages negative 20 mV (Fig. 2C), presence of 1 mM Zn" and using the same voltage proto-
S0 gating current elicited by depolarizing pulsest0 mV  col, Q1 was not moved by the prepulse, and ©1Q2
should move Q1 almost exclusively. In addition, after amovement was slowed in the presence of Zuuring the
prepulse to—20 mV, which moves almost all of Q1, gating test pulse (Fig. 8). In Fig. 3Cin the presence of 211, the
currents during test pulses to more depolarized potentialgrepulse potential was increased#@0 mV to force Q1 to
should reflect largely Q2 movement. FigA¥hows control move. Nevertheless, upon subsequent depolarization to
current during a prepulse te-20 mV and subsequently +100 mV, Q2 movement was still slowed by Zn The
time courses of charge movement in FigA3C, are shown
in Fig. 3 D. It can be seen that Q2 charge movement is
always slower in the presence of Zn whether or not Q1
is moved. These results suggested that Zeffects on Q2
were not directly as a result of Zh-induced slowing of
prior Q1 movement but that in both cases Q2 movement
was affected by prior exposure of Q1 channel states to
zZn?*,

We attempted to prevent prior exposure of Q1 states to
20 Zn?* in the experiment illustrated in Fig. 4. Here using the
e same protocol as in Fig. 3, after the control double pulse
recording (Fig. 4A), the potential was held at20 mV to
move Q1 and the cell exposed to 1 mM extracellulaf Zn
In this situation, Q2 movement is still slowed (Fig.B},
which indicates the ability of Z1T to bind to and influence
later channel states and charge movement beyond Q1 in the
activation pathway.

100 mv
A Control

20 mv ’

300 pA

B zn1mm

C z*1mmMm
. [ 20

Increasing K reduces the Zn**-induced
Q-V shift

Previously, we have demonstrated thaf Zmeduction of
Kv1.5 ionic current is strongest in the absence of external
K™ (Zhang et al., 2001). Raising the external ir Cs"
concentrations relieved the Zhblock but did not affect the

FIGURE 3 Both Q1 and Q2 movement was affected by externaf Zn
(A andB) Gating current was recorded from100 mV to—20 mV for 24
ms to activate Q1, followed by a depolarizing pulset®00 mV to move
Q2 in control @) and in 1 mM Zi#* (B). (C) In 1 mM Zr?*, a prepulse to
+20 mV forced Q1 movement before a pulse#d00 mV to move Q2.
Movement of Q1 had no effect on Zirinduced slowing of Q2 movement.
(D) Superimposed),,, from A (—), B (——-), andC (- - -).
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Zn**-inducedg-V shift. Based on these observations wecontained 5 mM K, gating currents at positive potentials
suggested that the Z2h-inducedg-V shift and current re- were larger and decayed faster compared with 0 mj K
duction may involve two independent binding sites. HereThis is clearly seen by comparison of the.20-mV records
we have found that the ZA -induced shift of theQ-Vis  in Fig. 5,B andE. In this situation, 1 mM ZA" shifted the
greater than that of thg-V, so we hypothesized that this Q-V curve by +49 mV (Fig. 5F), a value significantly
extra voltage-dependent shift of th@-V was related to smaller p < 0.05) than with external solution containing O
Zn?* binding to the blocking site. These blocked channelsmM K. The chart in Fig. 6 shows a quantitative compar-
will not contribute to visible ionic current, so they cannot ison of the modulating effect of 0 mM and 5 mM;Kon the
influence the position of thg-V relation, but gating charge ionic current reduction and the voltage-dependent shifts in
may still move freely in these channels, and this maythe half-activation potentials of th@-V and g-V curves
explain the greater depolarizing shift of tkgV relation.  caused by 5uM and 1 mM Zrf*. As we have shown
The experiments in Figs. 5-8 tested whether raisiigd{  previously (Zhang et al., 2001), 5 mM Ksignificantly
Cs' can relieve part of th€-V shift. decreased Zi-induced block of ionic current. This con-
With 0 mM K* in the external solution, on-gating cur- centration of K also decreased the ZirinducedQ-V shift
rents in the presence of 1 mM Zhwere slowed compared from 30.2+ 0.9 to 18.7+ 0.9 mV and from 63.5- 1.1 to
with controls and reduced in amplitude eventat20 mV ~ 50.7+ 2.1 mV in 50uM and 1 mM Zrt ™, respectively. The
(Fig. 5, A andB). This corresponded to a shift in ti@-VV  shift of theg-V relation, which was unaltered by changes in
curve of +61 mV (Fig. 5C) and is consistent with the K. is shown as the broken lines for comparison. A6
results shown in Fig. 2ZE. When the external solution Zn?* and 5 mM K, with minimal ionic current reduction

K’ 0mM K’ 5 mM
A e D somv

Control

C 1.04 © Control F 1.04 © Control

® 7n” 1mM @ ® 7 1mM @ M
5 0.84 s 0.
o o 0.8
E 0.64 E 0.64
g 04 T 0.4
S &
Z 0.2 Z 0.24
0.0/ aagese®” = 0.0l negedee .
-40 0 40 80 120 -40 0 40 80 120
Voltage (mV) Voltage (mV)

FIGURE 5 Increasing K from 0 to 5 mM reduced the Zfi-inducedQ-V shift. (A, B, D, andE) Gating currents recorded from two cells in 0 and 5 mM
KZ, in control and the presence of 1 mMZn Currents were recorded from100 to between-60 and-+90 mV (control) or+120 mV (Zrf*) in 10-mV
steps (data at 20-mV intervals are show@.andF) Q-V curves in control and 1 mM 2 in 0 and 5 mM K/, respectively. €) V,,, andk were 0 and
+7.8 mV in control and+60 and 15.2 mV, respectively, in 1 mM Zh(n = 6). (F) ControlV,,, andk were+5 and 7.8 mV, respectively, and then shifted
to +50 and 15.2 mV in 1 mM Z&" (n = 7).
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FIGURE 6 Relief of Z&*-induced ionic current reduction ag@V shift
by 5 mM K. (A) Relative ionic current reduction by 50M and 1 mM
Zn*" in 0 and 5 mM K. Block was 45% in 0 mM K and 7% in 5 mM
K& with 50 uM Zn?"; with 1 mM Zr?* it was 91% in 0 mM K and 62%
in 5 mM KZ. (B) Q-V shift induced by 5quM and 1 mM Zrf* in 0 and
5 mM KZ. Addition of 5 mM K" to the external solution relieved
Zn?*-induced current reduction and it also reduced th&'ZnducedQ-V
shift. *p < 0.05 compared with data in 0 mM K number of cells tested
is indicated in the parentheses above each bar.

there was no significant difference betweenghéandQ-V
shifts (Fig. 5B). However, at 1 mM ZA" the >50%

A Control

FIGURE 7 zZrf*-inducedg-V shift <
and Q-V shift are comparable in 135 c |
0

131

reduction in 5 mM K was associated with a significantly
greater shift of theQ-V than of theg-V.

Relief of Zn?*-induced gating Q-V shift by
135 mM Cs™

Cs" also partially relieves Zn reduction of ionic current
(Zhang et al., 2001) and the Cgonductance of endogenous
channels in HEK cells is negligible, so we compared the
Zn**-induced shifts of theg-V and Q-V curves in 135 mM
Cs'-containing external solutions (Fig. 7). lonic and gating
currents under these conditions are shown in Fig\ andD,

in control and Fig. 7B andE, in the presence of 20QM
Zn?* . In this situation, 20M Zn?* caused comparable shifts
of theg-V andQ-V relations and similar changes in slope (Fig.
7, C andF). Data obtained from 5-8 cells are summarized in
Fig. 8. The action of CSwas to limit ionic current reduction
by 200uM Zn?* to only 8% of control (Fig. &) vs. 71+ 2%
(n=10) in 0 mM CS. In this situation, the-V andQ-V shifts
were comparable at 179 0.6 and 20.8+ 2.1 mV, respec-
tively (Fig. 8 B). When the ZA* concentration was increased
to 1 mM, the ionic current was reduced by 27%, and’Zn
caused a significantly larger shift of thH@-V than theg-V
relation (48.6= 1.6 mV vs. 31.0+ 1.7 mV). Thus, it appears
that the blocking effect is itself correlated with a partial shift of
the Q-V relation.

D Control

500 pA

—

mM Csj-containing external solu-
tions. (A andB) lonic currents in 135
mM Cs during depolarizations from
—70 to +70 mV in 10-mV steps in B Zn** 200 pM
control (A) and in 200uM Zn?* (B).
(C) g-V curves fromA andB. (D and
E) Gating currents in 135 mM Gs
from —60 mV to +100 mV (+120

50 ms 10 ms

E Zn* 200 pM

mV in Zn?") in control ©) and in the
presence of 20uM Zn?* (E). (F)

Q-V curves fromD and E; 200 uM

Zn*" caused a comparable shift of C
Vi, in g-V and Q-V curves. TheV,,, O Control
andk of the g-V were +3.7 and 9.8 1601 o 72" 200 UM
mV in control and+20.8 and 11.9 mV
in 200 uM Zn?*, respectively. The
V,,», andk of the Q-V were —1.7 and
8.6 mV in control andt-16.3 and 13.3
mV in 200 uM Zn?".
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FIGURE 8 Reduction in Zf-induced ionic current block an@-V shift
in 135 mM Cg. (A) Fraction of ionic reduction caused by 2pM and 1
mM Zn?* in 135 mM Cs was 0.08+ 0.01 and 0.27 0.04, respectively
(n = 6 cells). 8) Comparison 0fQ-V andg-V shifts induced by 200 and
1000uM Zn?* in 135 mM Cg . Note that at the higher Zf concentration
the Q-V shift was still significantly greater than tlgeV shift; *p < 0.05.
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External Zn?* speeds gating charge return of
Kv1.5 channels

When cells are repolarized t6100 mV, off-gating currents
represent the return of gating elements as channels deacti-
vate. It can be seen from data in FigB2hat Zrf" slightly
accelerates the off-gating charge return upon repolarization.
In Fig. 9,A andB (1 mM Zr#"), charge return is shown as
the downward current deflections after 12-ms depolariza-
tions to between-60 and+120 mV. In control conditions
(Fig. 9 A), for small depolarizations such as t620 mV,
off-gating currents reached a peak very rapidly and decayed
rapidly. Following depolarizations to more positive poten-
tials, the peak off-gating current was reduced, the time to
peak was increased, and decay was dramatically slowed.
Zn®" shifted the voltage dependence of gating charge
movement as described earlier, increased off-gating current
amplitude, and speeded its decay (Fidg)9 Charge move-
ments derived by time integration of records in FigA®nd

B, are shown in Fig. 9C and D. The on-gating charge
waveforms reflect the time- and voltage-dependent move-
ment of gating charge as channels progress toward the open

Toft (ms)

0 40 80 120
Voltage (mV)

FIGURE 9 External ZA" speeds gating charge return in Kv1.5 channélsari{dB) Gating currents evoked from the holding potential-¢f00 mV in
the absence) and presenceB] of 1 mM Zr?*. Pulses were for 12 ms te 60, —20, 0, +20, and+60 mV in the control solution4) and to—20, + 20,
+40, +80, and+120 mV in 1 mM Zrt* (B). (C andD) Q,,, and Q. obtained by integration of gating currentsArandB. (E) Mean ratios 0fQ.+/Q,,,
as a function of the step potential in contr@l)(and 1 mM Zi#* (@). (F) Time constants of single exponential fits to the off-gating currentsi0 mV
(7o) @s a function of step potential in contr@) and in Zrf* (@). Data inE andF are the average of six cells.
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state. As expected from our knowledge that channel activalivolts to the right along the potential axis at low millimolar
tion is slowed in the presence of Zn the charge move- Zn?* concentrations (Fig. E). In addition, Zf" has a
ment during activation is also slowed (FigD9. In control  variable potency blocking action in different channels in-
conditions (Fig. 9C), the time course of off-charge&() cluding Kv1.5 (Poling et al., 1996; Zhang et al., 2001). Due
movement is clearly slowed compared with on-cha@g)X  to the differential effects on activation and deactivation, a
movement. The charge return was so slow that not aljeneral surface charge screening is not likely to account for
charge had returned during the 18-ms period of integratiorthe Zrf*-induced gating shift, and Gilly and Armstrong
As a result, the ratio of charg&(«/Q,.) is ~0.5 in control ~ (1982a,b) were the first to suggest specific binding to the
conditions (Fig. 9E). The slowing of off-gating charge voltage sensor region of squid axon Nand K" channels.
return was reduced by 1 mM 2fi (Fig. 9,B andD), and  Raising the external K or Cs" concentration relieves the
this can be clearly seen in the rapid rising phase of th&n®*-induced reduction of Kv1.5 ionic current but has no
charge records on repolarization. The net effect GfZnas  effect on the ZA™-inducedg-V shift, so we have suggested
to allow more charge return during the integration periodthat the blocking actions and gating shift induced by Zn
and thusQ,/Q.,, was ~0.8 (Fig. 9E). We also compared are mechanistically distinct (Zhang et al., 2001).
the time course of the off-gating current decay in the ab-
sence and presence of Znfrom data in Fig. 9A andB.
The time course of off-gating current decay is fit quite well
by a mono-exponential function, and in FigFQlecay time
constants£,) of the off-gating currents are plotted versus The over-expression of Kv1.5 channels in mammalian cells
depolarization voltages. 21 significantly reducedr,; at  allows the recording of K channel gating currents uncon-
all voltages tested. taminated by other current components. This experimental
system has allowed us to make novel observations on the
actions of Z&" on Kv1.5 gating systems. 2fi produces a
DISCUSSION +55-mV shift of theQ-V relation to the right along the
potential axis (Fig. 2 and Table 1), and this is accompanied
by a significant decrease in slope. Strikingly, tQisV shift
In the present study, we have demonstrated that externaignificantly exceeds thg-V shift induced by ZA" (Fig. 2
Zn?* has a significant effect on the gating currents of Kv1.5E). It is known that K channel gating currents can be
channels. ZA" affects on-gating charge movement by shift- segregated into two sequentially coupled charge systems in
ing the potentials at which charge is moved to more positivéboth Shakerand Kv1.5 channels (Bezanilla et al., 1994;
values and also reduces the voltage sensitivity of channdfiesketh and Fedida, 1999), and here we have observed that
gating, which results in a decreased slope of the chargeZn®* apparently affects both charge systems equally (Figs.
voltage Q-V) relation. Higher concentrations of Zhalso 2 C and 3). From data in Fig. 2 it was apparent that the
reduce the maximum amount of charge moved. In contrastoltage dependence of both the Q1 and Q2 components was
to the large effects on on-gating charge, off-gating charge isight-shifted by a similar amount along the potential axis,
mildly accelerated in the presence ofZnPart of the ZA" and there was a comparable decrease in the voltage sensi-
action on gating currents can be attributed téZbinding tivity (increase of slope factor) of both components (Table
to the channels and causing a gating shift, and the remainingj). Experiments in Figs. 3 and 4 showed that an action on
effect of Zrf* to shift the voltage dependence of chargeQ2 alone was observed, whether or not Q1 had previously
movement is coupled to the blocking action offZninter-  been moved. This suggested thafZmwas able to bind or
ventions that reduce this blocking action can reduce the shiitemain bound to multiple channel states within the activa-
of the Q-V relation in Zrf™". tion pathway. During these experiments it was also noted
These gating current observations are consistent witlthat the actions on Q1 and Q2 were fully developed as soon
known ionic current actions of Zf reported previously in  as channels were depolarized in the presence of ZRigs.
squid axon an®hakerK * channels (Gilly and Armstrong, 2 B, 3, and 4), and this suggests unfettered access of Zn
1982a; Spires and Begenisich, 1992, 1994), and on Kv1.50 closed channels, as was suggested in a study &f Zn
channels (Harrison et al., 1993; Zhang et al., 20015."2a  modulation of neuronal A current (Kuo and Chen, 1999).
known to affect the channel activation kinetics much more Not only was there a shift in the voltage-dependent ki-
than deactivation kinetics (Gilly and Armstrong, 1982a), netics of the on- and off-gating charge movement, but there
and this effect is also illustrated in the first figure of the was also a 10-15% reduction of the total charge moved at
present paper (Fig. F). Channel activation is markedly 1 mM Zr?* in 0 mM external K~ (Fig. 2 and Table 1).
slowed, whereas deactivation is little changed (Spires an@hese conditions are associated witt®0% reduction of
Begenisich, 1994) or even accelerated somewhat (F). 1 ionic current (Fig. 6) and suggests that the blocking action
(Gilly and Armstrong, 1982a). This kinetic shift results in a of Zn?" is associated with a prevention of very late transi-
movement of the conductance-voltage relation tens of miltions in the activation pathway, perhaps in the final con-

Zn?* effects on the Q-V relation are potential

independent

Prominent action of Zn?* on Kv1.5 gating
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certed rearrangements associated with channel opening. @fV (Perozo et al., 1993; Stefani et al., 1994). Much of this
interest is that~10% of total charge movement is now slowing is due to the relative voltage independence of the
thought to be associated with these very last steps to opetast closed-open transition and the concerted rearrangement
ing (Schoppa and Sigworth, 1998; Ledwell and Aldrich, of subunits in the final steps to opening (Zagotta and Al-
1999), which is consistent with the level of charge reductiondrich, 1990; Zagotta et al., 1994; Ledwell and Aldrich,
that we have observed under conditions that prevent aimod999). Our initial experiments revealed that’Zrwas able
all ionic current. When external Csvas present at 135 mM to speed the return of off-gating currents (FigB2 and this
(Fig. 7) and block was greatly reduced (Fig. 8), this effectwas confirmed by the more detailed analysis in Fig. & Zn
on total charge movement was lost. This action of Zto  effectively halved the time constant of decay of off-gating
reduceQ,,,.x Points to an allosteric mechanism of channelcurrents, and here, as in th@-V relation, a diminished
block, rather than (or in addition to) a direct prevention ofvoltage sensitivity of the system was apparent in the pres-
ion permeation through an open pore (Zhang et al., 2001ence of ZA" (Fig. 9 F). At least three interventions are
Such a mechanism is also supported by the surprising olknown to accelerate charge return iff KKhannels. 4-Ami-
servation we have made here, which is that the blockingnopyridine (4-AP) accelerates the time cours&békerand
action of Zrf" itself is correlated with some gating shift. Kv1.5 channel off-gating currents (McCormack et al., 1994;
This is discussed further below. Bouchard and Fedida, 1995), and this has been interpreted
The slowing of on-gating currents in the present experi-as a prevention of the late slow steps in channel activation
ments is somewhat reminiscent of the effects ofZon  gating that lead to opening. BhakeiK © channels, external
gating currents reported by Gilly and Armstrong (1982b)Ba* speeds off-gating current and accelerates the return of
from Na“ channels. They noted decreased peak currentgating charge upon repolarization (Hurst et al., 1997) re-
and an overall slowing of on-gating current over a wideflecting B&" destabilization of the open channel conforma-
range of potentials, but these were accompanied by only sion. Monovalent cations also speed off-gating current and
+6-mV shift in theQ-V distribution, which was comparable return of gating charge (Chen et al., 1997; Starkus et al.,
with the +8.4-mV shift of thegy,V curve. Overall, the 1998). In the present experiments the results could reflect
maximum N& channel gating charge move®4{,,) was both Zr* destabilization of the open state, which can
relatively unaffected by Z#, as were the off-gating cur- account for the ionic tail current acceleration described in
rents, although in comparison, the Nahannelg,,,, was  Fig. 1F, and also prevention of late gating steps to opening,
reduced by 30%. In contrast to these results, Spires andhich reduces the total charge moved under these condi-
Begenisich (1995) found, in squid axon'kchannels, that tions (Table 1). This action of Zii on off-gating charge is
large changes in ionic current activation kinetics caused byelatively small compared with, for example, the action of
Zn?* were accompanied by minor slowing of gating cur- 4-AP and may explain the small and sometimes variable
rents only near—30 mV, although again there was little action on K" channel tail currents (Gilly and Armstrong,
change in the total charge movement. As a result they982a).
concluded that Z#" interacts with channel components
involved in weakly voltage-dependent conformational .
changes (Spires and Begenisich, 1995). It is apparent frmﬁ larger voltagc::-dependent shift of the Q-V than
these studies that different channels vary in their sensitivit)?f the g-V relation
to Z*" and that Kvl.5 channels are among the morein Kv1.5, Zrf" induced a shift of th&Q-V curve that was
sensitive. Not only was the potential shift of teV rela-  significantly greater than that seen with tipe/ curve (Fig.
tion very large in Kv1.5 channels, but also there was & E). Furthermore, in conditions where the blocking effect
significant decrease in the voltage sensitivity of chargewas mostly relieved by increasing the concentration of
movement as shown by the increase in slope factor from 5.@xternal monovalent cations (Figs. 6 and 8)*Zicaused a
to 13.1 mV and a reduction iQ,,, by 13% (Fig. 2C and  comparable shift of th@-V andg-V relations. These results
Table 1). suggest that in addition to the gating-shift site, binding of
Zn*" at the blocking site contributes to tf@-V shift. In
ionic current recordings, channels with Znbound to the
blocking site do not conduct, so that the gating shift asso-
In voltage-gated K channels the potential dependence ofciated with Zrf* binding at this site is invisible when the
gating charge return after depolarization is bimodal. It wagg-V relationship is measured (Zhang et al., 2001). There-
seen in Fig. 2 that after small depolarizations+80 mV,  fore, only binding to the site that modulates the gating shift
charge return is fast, like outward charge movement. Howeontributes to theg-V shift in ionic current recording. In
ever, in the absence of permeating ions, on repolarizatioshort, the~2-fold greater shift of th€-V relation compared
after channel opening there is a rising phase to off-gatingvith the g-V relation suggests that binding both to the
currents and slowed decay, as illustrated by the off-gatingyate-shifting site and blocking site occur when the channel
current records at-100 mV on repolarization from+80  is closed, and both contribute to tigeV shift.

Zn?* accelerates charge return
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A strong linear relationship between the shift in gatingnation is that the binding of positively charged®Zrions to
(g-V) and the block caused by €ain Na* channels has the external side of the channel changes the voltage field
been used to suggest that a single binding site may bsensed by the voltage sensor so that the closed state is
responsible for both actions of the divalent cation in thestabilized and large depolarizations are required to open the
GH3 pituitary cell line (Armstrong and Cota, 1991), al- channel.
though such a single binding site in Nahannels has been  Our observation that the conductance decrease mediated
questioned for both G4 and Zrf", based on a study of by Zr?* is not voltage dependent (Zhang et al., 2001)
wild-type and mutant rat skeletal muscle Nehannels (Sun implies that the binding site involved in the current reduc-
et al.,, 1996). Still, in Kv1.5 the observation that currenttion and part of the gating shift is located in the outer pore
reduction is also closely associated with a gating shift led usnouth. This, coupled with the well-known ability of Zh
to examine the nature of the relationship between block antb bind to His residues, points to Kv1.5 H463 in the channel
the overall shift in gating caused by Zn We concentrated turret, as defined by the homology with the KcsA channel
on the Q-V shift as this relationship measures gating ele-(Doyle et al., 1998), as a putative binding site. Some support
ments from all channels, not just those that are able to opefor this hypothesis comes from mutational studies that have
as reported by ang-V shift. In Fig. 10, the relationship shown the equivalent residue (H452) plays a role in proton
between th&)-V shift and the current reduction are shown block of rat Kv1.5 currents (Steidl and Yool, 1999) and
at two different K* concentrations. It can be seen that at Ofrom unpublished data we have obtained suggesting that
mM external K the reduction ofg,,,, is almost linearly ~Zn?* and H" act via a common site to block Kv1.5 currents.
related to the ability of ZA" to shift theQ-V relationship. It is known that there are electrostatic interactions between
This reflects the small difference between Hygvalues for  residues in S4 and S6 that affect conformational changes of
Zn* actions at the blocking site and the gate-shifting siteghe pore (Loots and Isacoff, 2000) so there is the possibility
(69 vs. 140uM, respectively) observed experimentally. An that the binding of ZA" to (or the protonation of) H463
increase in external Kto 5 mM alters the relation in a could exert an electrostatic effect on the gating apparatus.
manner that is not consistent with a singleZinding site  As to the site that exerts most of the gating shift, we have no
but that can be explained using a two-site binding modelnformation to identify its location though it is presumably
simply by an increase in thi€y for the blocking site to 595 close to the gating assemblies (S2 and S4).

M. The mechanisms by which Zf induces a gating shift
by actions at the two sites are not known. A simple expla State-dependent binding of Zn?*?
Based on the fact that 2 affected activation of K
channels in squid axons much more than deactivation, it has
been proposed that Zh dissociates from squid axon’K
channels during the transition to the open state (Gilly and
Armstrong, 1982a). In rat neurons, Znwas reported to
bind selectively to closed and deactivated channels (Kuo
and Chen, 1999). Both of these models suggest state-depen-
dent binding of ZA" to K* channels. Our results compli-
cate interpretations of this kind because the kinetic data
indicate the presence of more than one binding site on the
Kv1.5 channel. Th&-V data (Fig. 2 and Table 1) unequiv-
ocally demonstrate Zri binding to multiple states within
the activation pathway, including closed states. This results
00 — - . .  inthe large gating shift both of th@-V and theg-V and
0 10 20 30 40 50 60 reduced voltage sensitivity (Figs. 1 and 2). Deactivation is
Q-V shift (mV) faster in the presence of Zh, and off-gating charge return
is accelerated (Fig. 9). This suggestsZround to chan-
FIGURE 10 Relationship_between Zninduced ionic current reduction nels as they close, but it is not clear whether this i€7n
and theQ-V shift. The fraction pf the bIocK of o'utward Kv1.5 gurrgnt is bound to the site that shifts gating or the site that mediates
plotted as a function of the shift of the mid-point of teV relation in . ; .
external solution containing 08 or 5 mM K* (M). The solid lines  current reduction. Clearly, from Figs. 5-8 the blocking
represent the fits assuming that the current reduction andQiveshift ~ action of Zrf", which is partially relieved by increased
reflect binding to separate sites that can each be described by Hill equatioqp( +]0 or [CSJr]O, is also partly responsible for the shift of the
with independenk, values. At0 mM K, aKp for Zn** block of 69uM  3.\/ relation. We found that although changing external
from Zhang et al. (2901) was used to fit the data, aﬁq,éor.theQ-Vshlft [K +] modulated ZA"-induced slowing of activation (Zhang
of 147 uM was obtained. At 5 mM K the K, for the Q-V shift of 147 uM ) R
was used to fit data and obtairia for block of 595.M, which isin close €t @l., 2001), it does not affect the deactivation rate (data not
agreement with the experimentally obtained value of G50 shown). This is consistent with the idea that blocking site
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binding is reduced on channel opening and residual bindingilly, W. F., and C. M. Armstrong. 1982a. Divalent cations and the
to that site, and the site that shifts gating results in the activation kinetics of potassium channels in squid giant axédn&en.

. L . S .. Physiol. 79:965-996.
acceleration of deactivation. In this case, binding to the Sit iy, w. F., and C. M. Armstrong. 1982b. Slowing of sodium channel

that predominantly mediates the shift of gating is not nec- opening kinetics in squid axon by extracellular zidc.Gen. Physiol.
essarily state dependent. 79:935-964.
Harrison, N. L., H. K. Radke, M. M. Tamkun, and D. M. Lovinger. 1993.
Modulation of gating of cloned rat and human”Khannels by micro-
CONCLUSION molar Zrf*. Mol. Pharmacol.43:482—486.

o . Hesketh, J. C., and D. Fedida. 1999. Sequential gating in the human heart
Zn reduced the maximum conductance and greatly K* channel, Kv1.5, incorporates Q1 and Q2 charge components.
slowed activation of Kv1.5 currents with a moderate accel- Am. J. Physiol274:H1956-H1966. _
eration of deactivation. Zi caused an almost twofold Hille, B. 1992. lonic Channels of Excitable Membranes. Sinauer, Sunder-

. . . land, MA.
greater depolarlzmg shift of tk@'\/than of theg-V relation Hurst, R. S., M. J. Roux, L. Toro, and E. Stefani. 1997. External barium

and also reduce@,,,, and these actions were caused by influences the gating charge movementSifakerpotassium channels.
binding to closed states within the activation pathway. Re- Biophys. J.72:77-84.

lief of Zn2* block b + or Cs" also partlv relieved the Kuo, C.C., and F. P. Chen. 1999. Znmodulation of neuronal transient
y KO 2 partly K™ current: fast and selective binding to the deactivated channels.

Zn2+-inducedQ-V shift sgc_h _that in conditions where the Biophys. J77:2552-2562.

current reduction was minimized, Zh caused a compara- Ledwell, J. L., and R. W. Aldrich. 1999. Mutations in the S4 region isolate

ble shift of theQ-V andg-V relations. the final voltage-dependent cooperative step in potassium channel acti-
We conclude that there are two independent binding sites Vation-J. Gen. Physiol113:389 -414.

. . + S .. Loots, E., and E. Y. Isacoff. 2000. Molecular coupling of S4 to & K
involved in the ZA" effects. Whereas blndlng to one site channel’s slow inactivation gatd. Gen. Physiol116:623-635.

accounts for current reduction, and binding to the other Sit§iccormack, K., W. J. Joiner, and S. H. Heinemann. 1994. A character-
accounts for the-V shift seen in ionic current recordings, ization of the activating structural rearrangements in voltage-dependent

. . . . . . + .

binding to both sites contributes to the Zrinduced shift . Shakerg ;h"l‘\;‘”el'f_NeurO”FiZB-SOl‘?Il‘r" § & Swfani 1665, Gati
: . erozo, E., R. MacKinnon, F. Bezanilla, and E. Stefani. . Gating

of the Q-V relationship. currents from a non-conducting mutant reveal open-closed conformation

in ShakerK™ channelsNeuron.11:353-358.
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