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Activation and Inactivation of Homomeric KvLQT1 Potassium Channels
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ABSTRACT The voltage-gated potassium channel protein KvLQT1 (Wang et al., 1996. Nature Genet. 12:17-23) is believed
to underlie the delayed rectifier potassium current of cardiac muscle together with the small membrane protein minK (also
named IsK) as an essential auxiliary subunit (Barhanin et al., 1996. Nature. 384:78-80; Sanguinetti et al., 1996. Nature.
384:80-83). Using the Xenopus oocyte expression system, we analyzed in detail the gating characteristics of homomeric
KvLQT1 channels and of heteromeric KvLQT1/minK channels using two-electrode voltage-clamp recordings. Activation of
homomeric KvLQT1 at positive voltages is accompanied by an inactivation process that is revealed by a transient increase
in conductance after membrane repolarization to negative values. We studied the recovery from inactivation and the
deactivation of the channels during tail repolarizations at —120 mV after conditioning pulses of variable amplitude and
duration. Most measurements were made in high extracellular potassium to increase the size of inward tail currents. However,
experiments in normal low-potassium solutions showed that, in contrast to classical C-type inactivation, the inactivation of
KvLQT1 is independent of extracellular potassium. At +40 mV inactivation develops with a delay of 100 ms. At the same
potential, the activation estimated from the amplitude of the late exponential decay of the tail currents follows a less sigmoidal
time course, with a late time constant of 300 ms. Inactivation of KvLQT1 is not complete, even at the most positive voltages.
The delayed, voltage-dependent onset and the incompleteness of inactivation suggest a sequential gating scheme containing
at least two open states and ending with an inactivating step that is voltage independent. In coexpression experiments of
KvLQT1 with minK;, inactivation seems to be largely absent, although biphasic tails are also observed that could be related
to similar phenomena.

INTRODUCTION

Cardiac delayed rectifier potassium currents are importantalian cells, rapidly activating K currents are observed
for the repolarization of the cardiac action potential (Noble,(Barhanin et al., 1996; Sanguinetti et al., 1996). Only the
1984; DiFrancesco, 1985; Campbell et al., 1992; Roden andoexpression of KvLQT1 with minK leads to slowly acti-
George, 1996). At least two types of potassium currents areating K* currents with characteristics similar to those of
believed to contribute to the repolarization of the cardiacthe native cardiad,, current (Barhanin et al., 1996; San-
action potential (Balser et al., 1990; Jurkiewicz and Sanguiguinetti et al., 1996; Yang et al., 1997). Furthermore, the
netti, 1993). A rapid pseudo-inwardly rectifying currelnt, small minK protein (Takumi et al., 1988) alone induces a
and a much slower currerli. It is now believed thak, is  slowly activating K~ current when expressed Xenopus
mediated by the gene product of the human ether-a-gog@ocytes (Takumi et al., 1988; see Kaczmarek and Blumen-
related gene (HERG) (Sanguinetti et al., 1995; Trudeau ethal, 1997 for review), but it has long been a matter of
al., 1995), and thdi is due to a heteromeric association of debate whether minK forms an ion channel on its own
the KVLQT1gene product with the minK protein (Barhanin (Kaczmarek and Blumenthal, 1997). It is now believed that
et al., 1996; Sanguinetti et al., 1996). The contribution ofthe currents observed after minK expression are due to a
HERG and KvLQT1 to cardiac potassium channels isheteromerization with an endogenoXenopuskKvLQT1
strongly supported by their involvement in the inherited homolog (Sanguinetti et al., 1996). Evidence has also been
long QT syndrome, characterized by cardiac arrhythmiaeported for an association of minK with HERG, even
(Curran et al., 1995; Wang et al., 1996a). though, apart from increasing the absolute current ampli-
Whereas the HERG channel reproduces most of the progude, functional properties were changed only slightly (Mc-
erties of the pseudo-inwardly rectifying cardiac¢ KKurrent  Donald et al., 1997).
when it is heterologously expressed, e.g.X@nopusoo- To understand how the association with the minK subunit
cytes (Smith et al., 1996; Wang et al., 1996b; Spector et alleads to such a profound alteration in channel gating, we
1996), this is not true for the KvLQT1 protein. When sought to investigate in detail the gating of KvLQT1 alone
KvLQT1 is expressed alone iXenopusoocytes or mam-  and in coexpression with minK. Using tail-pulse protocols a
rather complex gating of KvLQT1 is revealed. In particular,
Received for publication 14 November 1997 and in final form 29 April we find .that the activation .Of h(.)mo.menc KVLQT1 is aC_.
1998, companied by a delayed inactivation and that the rapid
Address reprint requests to Dr. Michael Pusch, Istituto di Cibernetica esaturatlon of outward _currents arises from th_e balan(_;e be_-
Biofisica, CNR, Via de Marini 6, I-16149 Genova, ltaly. Tek:39-10-  tween slower contrasting processes of opening and inacti-
6475-561; Fax:+39-10-6475-500; E-mail: pusch@barolo.icb.ge.cnr.it. ~ vation of channels.
© 1998 by the Biophysical Society In coexpressions with minK, the inactivation process
0006-3495/98/08/785/08  $2.00 seems to be largely absent. We conclude that one effect of
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the association with minK is to mask or to suppress thea
inactivation mechanism present in homomeric KvLQT1
channels by slowing or preventing the transition to an open
state from which inactivation occurs.

MATERIALS AND METHODS

cRNA synthesis and oocyte injection

Capped RNA was transcribed by SP6 RNA polymerase from the isoform 200 ms
0 of KVvLQT1 (Wollnik et al., 1997) and of the minK protein (Takumi et al.,
1988; Wollnik et al., 1997) after linearization willul or Snal, using the
mMessage mMachine cRNA synthesis kit (Ambion) according to the
instructions of the manufacturer. About 10 ng KvLQT1 cRNA (for homo-
meric KvLQT1 channels) or 5 ng KvLQT1 cRNA 0.5 ng minK cRNA
(for heteromeric channels) was injected per oocyte.

Xenopus laevigvaries were obtained from frogs that had been anaes-
thetized with tricaine (0.17%) for 15-30 min. After surgery suitable after-

care was given. Ovaries were treated for 90 min with collagenase (1 mg/ml ////
Sigma type Il) in a solution containing 88 mM NacCl, 2.4 mM NaHCO.0

100K

mM KCI, 0.33 mM CaNQ, 0.82 mM MgSQ, 10 mM Tris ClI, pH 7.6, to I 0.5 pA
remove the follicular layer.
Oocytes were kept in Barth’s solution (88 mM NacCl, 2.4 mM NaHCO 200 ms
1.0 mM KCl, 0.41 mM CacCJ, 0.33 mM CaNQ, 0.82 mM MgSQ, 10 mM
Tris-Cl, pH 7.6). FIGURE 1 Families of voltage-clamp traces of homomeric KvLQT1

channels in 100 Naaj and 100 K b) solution. From a holding potential of
—80 mV, the voltage was stepped to values up+60 mV in 10-mV
Recording solutions increments. Linear leak subtraction was performed using the responses to

steps from—80 to —120 mV.
Initially, the following solutions were used as extracellular bath solutions

(amounts are in mol/liter; Hepes was titrated with NaOH; pH 7.4 for all

solutions):
100 Na: 100 N?C'r 0.5 Cagl3 Mglc'z' 5 HEPES time constant of 300 ms, but increases at early times as if the
100 K: 100 KCl, 0.5 CaGl 3 MgCl,, 5 HEPES . fastest process induced by the repolarization were the re-
In the experiments shown in Fig. 2, KCl was replaced with K-gluconate. . L. .

This did not change the current characteristics. covery from an inactivation process (Fig. . Such a

“hook” in the tail currents has been described briefly in

earlier reports (Sanguinetti et al., 1996; Yang et al., 1997)
Electrophysiology and data analysis and in abstract form (Tristani-Firouzi et al., 1997). As seen
Standard two-electrode voltage-clamp measurements were performed 21@ Fig. 1 a’ a similar blphaS_ICIty is also pre_sent In-a hlgh
days after injection at room temperature (22—24°C), using a home-maga'™ solution, where the tail currents are in the outward
high-voltage amplifier, a 12-bit AD/DA interface (Instrutech Corp., Mine- direction, supporting the idea that it is a distinguishing
ola, NY) attached to an Atari Mega 4 computer, and the Patch datfeature of the potassium selective conductance induced by

acquisition program (version 2.02; Instrutech Corp.). Data were analyze%xpression of KvLQT1 channels. No such feature was ever
using home-written software (written in VisuaHCt; Microsoft) and the . L
observed in noninjected oocytes.

SigmaPlot program (Jandel Scientific, Corte Madeira, CA). All fitting . - .
procedures were based on a least-squares criterion and the simplex algo- W€ sought to investigate the above phenomenon in more

rithm (Caceci and Cacheris, 1984). detail, to resolve the activation and inactivation properties
Voltage-clamp protocols are described in the figure legends. The holdof KvLQT1 channels. Most of the recordings were per-
ing potential in all recordings was80 mV, except for the one shown in formed in high extracellular K to improve the signal-to-

Fig. 6¢. . . . ..
Leakage currents were subtracted using steps in the range-fitz noise ratio, because the gating characteristics seem to ex-

mV to —80 mV, assuming that all channels are closed at voltagess0 hibit only a slight _ dependence on the external” K
mV for Figs. 1, 2, 5, and 6a and b. In some figures the capacitive concentration (see Fig. 5).

transients were blanked for reasons of clarity. Envelopes of tail currents at a tail potentidl = —120
mV, after prepulses of increasing duratidg, at any volt-
RESULTS age,V,, were used to study the development of activation

and inactivation processes during the stepVip Fig. 2
Expression of KvLQTL1 gives rise to outwardly rectifying shows the pulse protocol (Fig.& and a series of record-
potassium currents ixXenopusoocytes (Barhanin et al., ings fort, increasing from 100 ms to 1.5 s in steps of 100
1996; Sanguinetti et al., 1996; Yang et al., 1997), as showms and forV, = —40 mV (Fig. 2b), V, = 10 mV (Fig. 2
in Fig. 1 a. Recording a similai-V relationship in high  c), andV, = +50 mV (Fig. 2d). The most striking feature
extracellular potassium reveals a large inward potassiurof the gating characteristics of KvLQT1 at positi\g is
current on return te-80 mV, which subsides slowly with a that even though the prepulse current and the “instanta-
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a // conditioning puise of variable duration exponential function of the form
J G(t) = agexp(—t/ry) — a; exp(—t/7) Q)
Vioup -80 mV L ) ) )
tail at -120 mv with a fast time constant; and a slow time constant,,.
b -40 mV When the tail was well fitted by a single exponential (for
short prepulses and/or for small prepulse depolarisations),
TEEETT e its amplitude and time constant were takenaasand T,
whereasa; was set to zero. An example of a double-
c 10 mV exponential fit of tail conductance for one of the records of

Fig. 2d (V, = 50 mV,t, = 1000 ms) is shown in Fig. 3. The
fast negative component with an amplitugle= 71 uS and
a time constant; = 27 ms is responsible for the initial rise,
whereas the late decay is dominated by the slow component
with an amplitudeag, = 98 uS and a time constant = 75
ms. A key feature of the tail relaxations-atl20 mV, fairly
appreciable from Fig. 2, is that neitheg nor = (when
measurable) shows significant dependence on the voltage
and duration of the conditioning prepulse (3esetin Fig.

0 00 800 1200 1600 2 for 7). Experiments on seven different oocytes yielded
d 50 mV tp (ms) 7 = 28 £ 4 ms andr, = 73 = 5 ms (meant SD). The
independence of the kinetics of tail relaxations fregand
T s : t, was true also for tail potentials betweeri10 and—60
mV. Measurements of tail currents at these potentials after
a prepulse tot-40 mV (0 = 6; see, e.g., Fig. 5) were well
fitted by a double-exponential function with time constants
that did not vary significantly fot, between 0.4 and 2 s.
Likewise, the tail relaxations forV protocols as in Fig. 1
also confirmed aV¥, = —80 mV the independence of and

FIGURE 2 Envelope of tail currents at various conditioning voltag®s. ( T from j[he prgpulse VOItage_] (: 4)‘ This mdependence IS
The voltage-clamp protocolb{-¢) The voltage-clamp traces with variable COmMpatible W_|th a deactivation process of _KVLQT]- Ch_an'_
conditioning pulse durations are shown superimposed for each of théiels at negative voltages that can be described by a kinetic
indicated voltages. Linear leakage was subtracted as in Fig. 1. The dashegtheme containing only three states, indicating that the
lines are drawn by eye and connect the instantaneous tail currents. Note t@osing transitions are mainly fed (directly or indirectly) by
slight decrease in these instantaneous currents for the conditioning volta%%e rate-limitina exit from onlv two states: an open state and
of +50 mV. The inset shows thg dependence of; at +50 and+10 mV. . . 9 _y e E‘) e

an inactivated state. According to this view, a “hook” in the

tail conductance implies that the channels that close after a

. _ negative step repolarization are less than those that open

neous” tail current reach a plateau after short times, therom the inactivated state. More generally, also when no

shape of the tail current keeps changing at latgedem-  real “hook” is observed, we assume tentatively thaMor
onstrating that the channels are still undergoing a slower

gating process. Indeed, the tail “hook,” indicative of recov-

1, (Msec)

2pA

250 ms

ery from an inactivation process, also appears with a con- N
siderable delay. For example, the series of records of Fig. 2 \/ <— a, - g, exp(-t/1)
d shows no appreciable tail current biphasicity for= 100 >\

ms, although the instantaneous tail current has already
reached 75% of its maximum value. We notice from the

same series that some ongoing inactivation process is also ™te conductance \
suggested by a slight late decay of the envelope of the initial 4%
tail currents. However, inactivation is much more apparent

in the tail relaxations at-120 mV that reveal a deinactiva-

tion process faster than closing.

For a quantitative characterization, the currents recordediGURE 3 Biphasic, double-exponential time course of the tail conduc-
during any time segment at the voltayewere first con-  tance at-120 mV. A voltage-clamp trace at a conditioning voltaget&0
Vered 0 CONAUCIENGS by cVIANg by ( ~ Vi), winere [ (e 1090 ) s convtd oo b scaing i 0
Viev is the .rev_ersal poteptlal of the_ KVLQT.]' currents with a double exponential fit (Eq. 136lid line, not visible below the heavy
(= —10 mV in high K solutions). The biphasic time course sojig curvg. The two exponential components of the fit are shown as
of the tail conductance was then fitted with a double-dashed lines.

/ | Pr=a— a, exp(-tit)

zero conductance level
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—120 mV, the amplitudes; is related to the degree of inthe figure as continuous curves. The late time constant for
inactivation, whereas indicates roughly the degree of the development od, at +40 mV is ~300 ms.
activation (thought as total probability of open or reopen- A similar inactivation process that kinetically overlaps
able inactivated states) at the end of the conditioning pulseyith activation was observed in the pseudo-inwardly recti-
even though this assignment is at most very qualitative (sefying HERG K" channel (Smith et al., 1996; Wang et al.,
Discussion). 1996b; Spector et al.,, 1996; Seiterr and Heinemann,
The time (,) and voltage {(,,) dependence ai;anda;is ~ 1996). In that case the mechanism was assumed to have
shown in Fig. 4. The data are averages from seven experseveral characteristics of the so-called C-type inactivation
ments of the type illustrated in Figs. 2 and 3. For a moreof Shaker K™ channels, which has the hallmark of being
meaningful averaging, the valuesafanda, were normal-  strongly dependent on extracellular Kconcentration, [K]
ized to the largest measuragivalue (forV, = +50 mVand ~ (Hoshi et al., 1990; Lpez-Barneo et al., 1993; Baukrowitz
t, = 1.5 s) that ranged in the different experiments from 30and Yellen, 1995). We asked if the inactivation of KvLQT1
to 120uS. In Fig. 4, different symbols are used to plot the has a similar [K} dependence. Fig. 5 shows the comparison
time course of anda; at different voltages (from-60 to of tail current measurements from the same oocyte in a
+50 mV). It is seen that the development of both compoJow-K™ or a high-K" solution. Fig. 5,a and b, shows
nents is initially sigmoidal (more so in the casesgf butis ~ recordings in the two conditions with the same pulse pro-

well fitted after a certain time by single exponentials showntocol (V, = +40 mV,V, varying from—110 to—40 mV in
steps of 10 mV). In both cases, a biphasic time course of the

a
a 100 Na b 100k
)
©
1000 ms
_ 10.00
0 200 400 600 800 1000 1200 1400 o 188 Ea a
o:
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j
o)
3
& o010 ~’_.___'_,_'_,;———u———!——|
. |
0.01 ; , , 1
-100 -80 -60 -40
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d
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8 e 0 :100 Na
= - =} 0 : 100 K
© ]
= 2.00 + 8
S 150 m ® g @
S L | © B
o 100 3 . o
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FIGURE 4 Fast and slow component of a double-exponential fit to the voltage / mV

tail currents from experiments as shown in Fig. 2. The slow compoagnt,

(@), and the fast componerg;, (b), are shown as a function of the duration FIGURE 5 Independence of tail current kinetics on the extracellular K
of the conditioning pulse at various prepulse voltages§0 mV;[], 40 concentration. Tail currents were elicited after a fixed prepulse46 mV
mvV; A, 30 mV;V, 20mV; ¢, 10 mV;®,0 mV;ll, —10 mV; A, —20 mV, to various tail potentials in 100 Na) and 100 K b). Double-exponential
V¥V, —40 mV; ¢, —60 mV). The values were normalized to the maximum fits (Eq. 1) to the tail currents yielded fagiiled symbol¥ and slow ¢pen
value obtained forg at +50 mV after a prepulse to 1.5 s, and the average symbol} time constants as shown @ The solid lines irc are fits of Eq.
from measurements from seven different oocytes was calculated (error basto the time constants in 100 K fdf << —40 mV, withz = 1 for the slow
indicate SEM). Solid lines represent fits with single exponential functionstime constant and = 0.2 for the fast time constant. The amplitudgs
only for the late phase. Dotted lines represent predictions of Scheme 2 witffilled symbol$ anda, (open symbojsafter normalization to the instanta-
two closed states and the parameters given in the legend of Fig. 8. neous tail current are shown th
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tail current can be seen at all tail voltages, and a good fit wamore than 20 s, in which case an inflection of the tail
obtained with a double-exponential function. The least-currents at negative potentials reveals the presence of a
squares fitted time constants and amplitudes are shown irelatively fast relaxation that partially counteracts deactiva-
Fig. 5, c and 5d, respectively. The values for [K]= 0 or  tion (Fig. 6 ).
100 mM are very similar, showing that in this respect the In contrast to the gating characteristics, the instantaneous
inactivation of KvLQT1 is quite distinct from Shaker C- current-voltage relationship of KvLQT1 is not altered by
type inactivation. association with minK, as shown in Fig. 7. Like heteromeric
No indication of an inactivation process as extensive aKvLQT1/minK channels, homomeric KvLQT1 channels are
the one described above is seen in recordings of the currenstightly inwardly rectifying in almost symmetrical solutions.
mediated by heteromeric KvLQT1/minK channels, which
are activated by much longer pulse durations with activatio
kinetics ~10-fold slower than homomeric KvLQT1 chan- rbISCUSSION
nels. Fig. 6a shows that a depolarizatiori 8 s at+40 mV,  |n this paper we have analyzed a peculiarity of the gating of
causing almost full activation of these channels, is followedhomomeric KvLQT1 channels that is absent or strongly
by almost monoexponential tail currents at the time resoluattenuated in KvLQT1/minK heteromers. Understanding
tion used in these recordingslgshed linesin Fig. 6 a  how the association with minK modifies the gating charac-
represent monoexponential fits to the tail currentsMp<  teristics of KvLQT1 is important to gaining insights into the
—20 mV). The time constants range between 800 ms8ft  functioning of this cardiac delayed rectifier 'Kchannel.
mV and 1.3 s at-40 mV, being comparable to those of the Heteromeric KvLQT1/minK channels reproduce the slow
slow component of the deactivation of homomeric KvLQT1 kinetics of the cardiac delayed rectifier potassium current,
(see Fig. &). A monophasic time course is also observed onwhereas the homomeric assembly of KvLQT1 subunits
an expanded time scale for a much shorter prepulse duratianediates a relatively fast outward rectifying current (Bar-
(Fig. 6 b). A slightly biphasic deactivation becomes appar-hanin et al., 1996; Sanguinetti et al., 1996; Yang et al.,
ent only after the membrane potential is held-&0 mV for ~ 1997). We show here that the peculiar “hook” of the tail
currents of homomeric KvLQT1 channels briefly described
in earlier reports (Sanguinetti et al., 1996; Yang et al., 1997;

e — Tristani-Firouzi et al., 1997) reveals a distinctive feature of
a —— I —— the gating of these channels: a delayed inactivation that is
| 4pA hardly appreciable as a late decline in the currents activated
2000 ms at positive voltages, but shows up as a biphasic deactivation
+40 MV during negative repolarizations.
Is this inactivation mechanistically equivalent to the in-
activation of HERG channels? Two observations indicate
Vyo15=-80mV that the inactivation of HERG channels and that of KvLQT1
b
. 0.5
O
I 0.5 uA KVLQTH1 - o @
O KVLQT1/mink
200 ms 0.0 _ O
) (=)
S g ®
¢ e d
o = 3 B
3 8
l2ea 1.0 | 8
200 ms 9
Vyop=+40mv
15 -0
T T T T T T
A10mV 80 -60 -40 -20 0 20 40

tail voltage / mV
FIGURE 6 Lack of inactivation in heteromeric KvLQT1/minK chan-
nels. Tail currents of heteromeric KvLQT1/minK channels from the sameFIGURE 7 Instantaneous current voltage relationship of homomeric
oocyte in 100 K are shown on a long time scagdnd a faster time scale KvLQTL1 channels and heteromeric KvLQT1/minK channels in high K
(b). No “hook” in the tail currents is visible. Dashed linesarrepresent  The instantaneous tail current amplitude was determined from the exper-
monoexponential fits.d) Currents from a different oocyte expressing iments shown in Figs. b and Fig. 6a, respectively, by fitting exponential
KvLQT1/minK were measured in high potassium (the pulse protocol isfunctions to the tail current and back-extrapolation to the onset of the
represented in thimse). Waiting time between individual pulses was 20 s. voltage step. The data for the heteromeric channels were scaled by eye to
Note the inflection of the tail currents at negative voltages. achieve maximum overlap.
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are not equivalent. First, KvLQT1 inactivation is not depen-librium distribution between the inactivated state and the
dent on extracellular K, in contrast to HERG inactivation most populated open state at large depolarizations must be
(Wang et al.,, 1997) and to classical C-type inactivationvoltage independent, otherwise all channels would be inac-
(Hoshi et al., 1990; Lpez-Barneo et al., 1993; Baukrowitz tivated at large voltages, in contrast with the observation
and Yellen, 1995). Second, the inactivation of KvLQT1 that steady-state activation and inactivation both approach a
occurs with a considerable delay after channel activationplateau abovet+40 mV (see Fig. 4). This consideration
whereas HERG inactivation does not show such a delagxcludes sequential gating schemes with only one open state
(Wang et al., 1997). It will be interesting to investigate the (brackets indicate a set of states):

possibility that the inactivation process is sensitive to mu-

tations in the pore region, as in the case of HERG {8€ho i) ;

herr and Heinemann, 1996), or to N-terminal deletions, as in {ct O I
the case of N-type inactivation of Shaker”Kchannels S S

(Hoshi et al., 1990). Like the N-type inactivation of Shaker

potassium channels, inactivation of KvLQT1 seems to be Scheme 1

strongly coupled to activation. .
o . . . One way to reconcile the apparent voltage dependence of
How does the association with the small minK protein. L2 : . : : .
. . inactivation with an incomplete saturating value of inacti-
result in such large effects on channel gating? It can be .
S L . vation is to assume that the channels have two open states
speculated that if inactivation occurs, e.g., by plugging the

. . ; . with different gating charges and that inactivation proceeds
pore from the intracellular side, then minK could mteractonI from the open state that is most populated at large
with the “plug” and prevent it from blocking the hetero- y P Pop 9

meric channel. Identification of the region(s) of the Kv- positive voltages:

LQT1 protein that are involved in the binding of minK will a € A
help to answer this question, and it will probably also {C}_>Ol_>02%|
identify regions that are important for the inactivation pro- — o
cess. The fact that mutations in minK can alter the selec- B
tivity and the block by cadmium of the Kcurrents obtained Scheme 2

after expression of minK in oocytes (Goldstein and Miller,
1991; Tai and Goldstein, 1998; see Kaczmarek and BluwhereA andu are voltage independent. Scheme 2 predicts
menthal, 1997, for a review) suggests that minK may indeedhat the tail currents relax as a sum of at least three expo-
bind to a part of the KvLQT1 protein that is close to the nentials. A double-exponential decay is obtained i# € =
permeation pathway. A recent study that is consistent witlD and é is much larger than\. In that case the two time
this suggestion showed that the single-channel conductan@®nstants are, = 1/8 andr; = 1/u, and the ratio of; and
of homomeric KVvLQT1 channels is more than 10-fold a; would be a fairly good indicator of the probability of
larger than that of heteromeric channels (Romey et albeing in the inactivated state. Because the experimental
1997). This finding has recently been challenged, howevelwyalues ofa;/a, are decreasing fov, > —100 mV (Fig. 8b),
by Sesti and Goldstein (1998) and Yang and Sigworthithe consistency with Scheme 2 requires tlhabecome
(1998), who report that heteromeric channels have a largeromparable to or smaller thanat these potentials. Simu-
conductance than homomeric ones. Moreover, the ionitations of Scheme 2 show that also in this case, tail currents
selectivity of heteromeric KvLQT1/mink channels seems tocan be effectively described by the sum of only two expo-
be different from that of homomeric KvLQT1 (Wollnik et nentials, because the constributions of the exponentials with
al., 1997). Yet the form of the instantaneous current-voltagehe fastest time constants are negligible.
relationship (which reflects theV of the open channel) in To test if Scheme 2 is indeed compatible with our exper-
high K* is not affected by the association of KvLQT1 with imental results, we determined values for the various rate
minK (Fig. 7), indicating that not all open-channel proper- constants and gating charges that gave predictions consis-
ties are changed by minK. tent with the time course of the development of the fast and
What kind of model can explain the delayed inactivationslow componentsg;, ay at variousV, (Fig. 4) and the
observed for homomeric KvLQT1? First of all, it is clear dependence of tail-current characteristicsvarin Fig. 8,a
that inactivation proceeds at least as fast as activation in thend b, we plot, respectively, the time constants of the tail
whole range of potentials explored by us (betweetD and  currents from Fig. 5 and the ratéy/a, for these tail currents.
+50 mV), because otherwise a clear biphasic time course dfhe solid lines represent the predictions of Scheme 2 with
the current would be observed when the voltage is steppetthe parameters given in the legend. It can be seen that the
from a negative holding potential to positive voltages. Fur-model predicts a correct voltage dependence of fast and
thermore, the recovery from inactivation is faster than chanslow time constants, and a strong dependence of the ratio
nel deactivation, because otherwise the tail currents would;/ag on the tail potential. Furthermore, the development of
have a monotonic time course. A further general considera; and as with t, at various values oY, is relatively well
ation is that, although the inactivation process must bditted (Fig. 4,dotted line}. The steady-state values@fand
voltage dependent to produce the observed effects, the equd; estimated from the single-exponential fits in Fig. 4 are
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a models, especially with more states. The simulations sug-
1000 | gest, however, that a gating scheme with two open states

© and a voltage-independent inactivation process is able to
i reproduce most of the features of the currents mediated by
£ :
= 5 homomeric KvLQT1 channels.
[

Interestingly, even though with the estimated values of
andu ~73% of the channels are inactivated at the end of a
10— ‘ K ‘ 1-s prepulse t&/, > = 30 mV, tail currents at, e.gV; =
-120 -100 -80 60 —60 mV display only a relatively small “hook.” At more
b Vit (mV) negative tail potentials, the rata/a is a better measure of
1.00 inactivation.
It may be surprising that although 73% of the channels
are inactivated at saturating positive voltages+30 mV),
the steady-state current-voltage relationship is monotonic
(e.g., in Fig. 1b currents increase monotonically with).
The dashed line in Fig. 8 shows that the open probability
curve predicted by Scheme 2 can indeed have no decline at

0.00 L— , , , positive voltages. Moreover, the time course of the open
-120 -100 -80 -60 probability after a step to positive voltages from a holding
c Vt (mV) potential of —80 mV is predicted to be monotonic with the

appropriate parameters (simulation not shown; parameters
are given in the legend to Fig. 8), consistent with the
experimental finding. Both of these features arise from
having assumed in our model that the C2-O1 transition is
weakly voltage-dependent and that the equilibrium voltage
of the O1-Q transition is much more negative than that of
the activating transitions.

We notice that in the limiting case of bothand . being
much larger thaw, Scheme 2 is equivalent to a scheme with
two open states and no inactivation, where the second open
state has a lower single-channel conductance. From our
FIGURE 8 Predictions of Scheme 2. énthe time constants of the tail me,asurements we cannot rUIe, out with gonfldence this POS'
currents of Fig. 4 (in high potassium) are replotted, anti fhe ratioa/a,  Sibility. Single-channel recordings showing or not showing
for these currents is shown. From Scheme 2 we calculated predictions fdhe existence of sublevels of the open channel conductance

-60 -40 -20 0 20 40
Vp (mV)

these quantities, assuming two closed states: are necessary to provide such information. In summary, we
@ w e A can conclude that Scheme 2 provides a plausible description
0 o of our experimental observations, and, more generally, that
C, G O 0O | :
<SS o< homomeric KvLQT1 channels probably have at least two
1 2 I

open states.
The contribution to tail relaxations from the exponential components with DA more solid understanding of the gating and conduction
the shortest time constants was negligible. The continuous lines represent fi f KVLOT1 and minK will also be of sianifi
the predictions obtained with the parameters (i, sp = VF/(RT)) properties o ,V QT1 and minK will also e orsigni |gance

for an evaluation of the effects of the various mutations of
a = 4.6%exp(0.479), B, = 33*exp(~0.354), the KVLQT1gene in patients with the dominant LQT syn-

a, = 24%exp(0.0064), B, = 19%exp(—0.007¢), ~ drome (Russell et al., 1996; Wollnik et al., 1997; Tanaka et

al., 1997; Van den Berg et al., 1997; Chouabe et al., 1997)
and the recessive Jervell-Lange-Nielsen syndrome (Ney-
Note that the opening transition C2-O1 is almost voltage-independentroud et al., 1997; Chouabe et al., 1997), and for the recently
With these values foh and u, ~73% of the channels are inactivated at found mutations in the humavWINK gene (Splawski et al.,
positive voltages. Irc the extrapolated steady-state values dpand ag 1997; Schulze-Bahr et al., 1997)_

obtained from the single exponential fits of Fig. 4 are plotted vekgus If in vivo KVLQT1 is always associated in a heteromeric
The continuous lines represent the predictions. The dashed line represents . . . . L.
the predicted open probability. complex with minK or related proteins, the inactivation
process of homomeric KvLQT1 channels may have minor
physiological importance. It cannot be excluded, however,
plotted in Fig. 8 (symbol} together with the predictions of that not all KvLQT1 channels are associated with minK, in
Scheme 2<olid lineg. From these simulations we cannot which case the degree of minK expression could serve as a
conclude that the parameters used are the “true” values faregulatory mechanism of the properties of the delayed rec-

the gating of KvLQT1, and we cannot exclude alternativetifier current.

€= 4.6%ex0.8¢), 5 = 1.4%exp(—0.7¢), A = 142, = 52
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