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ABSTRACT The participation of amino-terminal domains in human ether-a-go-go (eag)-related gene (HERG) K™ channel
gating was studied using deleted channel variants expressed in Xenopus oocytes. Selective deletion of the HERG-specific
sequence (HERG A138-373) located between the conserved initial amino terminus (the eag or PAS domain) and the first
transmembrane helix accelerates channel activation and shifts its voltage dependence to hyperpolarized values. However,
deactivation time constants from fully activated states and channel inactivation remain almost unaltered after the deletion.
The deletion effects are equally manifested in channel variants lacking inactivation. The characteristics of constructs lacking
only about half of the HERG-specific domain (A223-373) or a short stretch of 19 residues (A355-373) suggest that the role
of this domain is not related exclusively to its length, but also to the presence of specific sequences near the channel core.
Deletion-induced effects are partially reversed by the additional elimination of the eag domain. Thus the particular combi-
nation of HERG-specific and eag domains determines two important HERG features: the slow activation essential for neuronal
spike-frequency adaptation and maintenance of the cardiac action potential plateau, and the slow deactivation contributing
to HERG inward rectification.

INTRODUCTION

The humarether-a-go-gorelated gene (lerg) encodes a adenohypophysial cells (Barros et al., 1994, 1997; fatha
potassium channel (HERG) that mediates the cardiac repet al., 1999).

larizing currentl, (Sanguinetti et al., 1995; Trudeau et al., The time and voltage dependencies of HERG currents
1995). The physiological importance of HERG is empha-determine their role in the regulation of cell excitability.
sized by the discovery of certain forms of familial long-QT This includes a slow activation rate that overlaps with a
syndrome linked to mutations in thedng gene (Curran et rapid and voltage-dependent inactivation process, limiting
al., 1995; Sanguinetti et al., 1995; Spector et al., 1996a)he level of outward current upon depolarization. At nega-
HERG channels are also molecular targets for widely usedive repolarizing voltages, prominent tail currents are pro-
pharmacological agents such as class Ill antiarrhythmicguced after reopening of the channels as they rapidly re-
(Spector et al., 1996a), antipsychotic drugs (Suessbrich @over from inactivation, before closing at quite a slow rate
al., 1997a), histamine receptor antagonists (Suessbrich éfrudeau et al., 1995; Sanguinetti et al., 1995; Smith et al.,
al., 1996; Taglialatela et al., 1998), calcium channel block-1996; Scfiaherr and Heinemann, 1996; Spector et al.,
ers (Chouabe et al., 1998), and sulfonylurea antidiabetid996b; S. Wang et al., 1997). This makes HERG operate as
drugs (Rosati et al., 1998). Furthermore, they have beefh inward rectifier, although it has the six membrane-span-
implicated in changes in resting membrane potential assdling domains and the S4 and the regions typical of depo-
ciated with the cell cycle, in the control of neuritogenesislarization-activated channels (Warmke and Ganetzky,
and differentiation in neuronal cells, and in the spike-fre-1994).

guency accommodation of neuronal firing (Arcangeli et al., The molecular basis of HERG kinetic characteristics are
1993, 1995: Faravelli et al., 1996: Chiesa et al., 1997Not completely understood. Recent work resolving the crys-
Schimherr et al., 1999). Finally, mutations in theygene of ~ tal structure of the highly conserved HERG initial domain
Drosophilaproduce neurological defects (Titus et al., 1997;(Cabral et al., 1998) identified it as a eukaryotic PAS
X. Wang et al., 1997), and the rat counterpart of HERGAOMain (theeagor PAS domain) involved in the regulation

constitutes an important target for the control of electrical®f channel gating (Cabral et al., 1998). Removal of this
domain markedly increased HERG deactivation rates

activity and hence for the modulation of neurosecretion in" """’ _

(Schmherr and Heinemann, 1996; Spector et al., 1996b;
Wang et al., 1998; Cabral et al., 1998) by eliminating its
interaction with the gating machinery, probably the S4-S5
Received for publication 6 December 1999 and in final form 16 March |jnker (Wang et al., 1998; Cabral et al., 1998). One exclu-
2000. sive structural feature of HERG is the presence of a long
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ture and functional significance of this protein region areAGG GGC CAC-3) was synthesized and used in PCR reactions with a
unknown. reverse primer containing 27 bp of coding sequence corresponding to

. . i~ amino acids 129-137, followed by 9 bp of sequence corresponding to
The best described functional role of kKchannel amino amino acids 374-376 and covering a UNI@BEEN site (5-GGA AGG

terminal domains is to provide the “ball” and “chain” struc- tga cca TGT cCT TCT CCA TCA CCA CCT CGA A-3. The
tures for N-type inactivation (Hoshi et al., 1990). Neverthe-partially deleted mutanta170-190, 223-373 and186-191, 223-373
less, HERG inactivation takes place through a C-typevere generated in a similar way by using the same forward PCR primer
mechanism not related to the amino terminus (Smith et aL(ycontaining aHindlll site and the start codon) and a reverse primer

. s ; . containing 27 bp of coding sequence corresponding to amino acids 214—
1996; Schiaherr and Heinemann, 1996; Spector et a'l"222, followed by a 9-bp sequence corresponding to amino acids 374-376

1996b; S. Wang et al., 1997; Wang et al., 1998). Theyn covering the uniquBsEl site (5-GAG GGT GAC CAC GTG GTT
structure of the relatively short protein domains linking theGgTc CAT GGC TGT CAC TTC-3. Screening of a number of clones for
initial ball and the S1 helix in several'Kchannels has been the A223-373 mutant revealed the systematic introduction of additional
elucidated recently (Kreusch et al., 1998; Bixby et al.,internal deletions in positions upstream of amino acid 223. It is probable
1999) However. the kind of interaction that takes placethat the presence of a region particularly enriched in G-C pairs around
’ ! . ) ‘positions 690-760 of the HERG sequence (corresponding to amino acids
between these T1 domains and the channel core is St'ﬁ?O—lQS) caused the consistent production of errors during the PCR
unknown. Furthermore, whereas the T1 domains are reeactions. Because of this, two partially deleted mutants lacking either 21
garded as crucial determinants of channel assembly, HER® 6 amino acids (corresponding to positions 170-190 and 186-191,
channels lacking almost the whole amino terminus are nortespectively), besides the designed 223-373 deletion, were selected for the

: experiments. The small deletion muta&¥855-373 was generated using the
ma"y eXpressed in the plasma membrane (Ebm and same forward PCR primer as above (witHiadlll site and the start codon)

Heinemann, 1996; Spector et al., 1996b; Wang et al., 1998, 4 reverse primer containing 27 bp of coding sequence corresponding to
Cabral et al., 1998). amino acids 346-354, followed by a 9-bp sequence corresponding to

Recent work has implicated the amino terminus of dif-amino acids 374-376 also covering the unis£ll site (5-CTC GGT

i i i i _GAC CCT GGT GGG CGA AGC CAA GAA GGG GTC-3. The result-

ferent channels, including HERG, in the regulation of volt- - i it it
age dependence and/or activation kinetics {8bleor and "9 PCR products were digested withindIll/BSEII, gel purified, an

. ) . igated intoHindlll/BsEll-digested wild-type HERG in the pS64 vector.
Heinemann, 1996.’ Spector et al., 1996b; Terlau et al., 19_9 he point mutant S620T was created by site-directed mutagenesis, using a
Marten and Hoshi, 1997, 1998; Pascual et al., 1997; Chiaracr-based overlap extension method as previously described (Ho et al.,
et al., 1999). In this report we tested the relevance of th@989). The final PCR fragment was digested WBSEIl and Bglll and
proximal domain on HERG channel gating. We found thatfemstertetd tirf:t? the xlild:);ge SCIf;JznoeTat tthet_ com_etngnldipg SEEE”}” the

. : L ; . onstructs that combined the mutation with deletions

deletion of thIS .domam mduces a dramatl.c qccgleratmn 0 glll fragment was reinserted into the deletion mutant clones at the
channel activation associated W'th. a §h'ﬂ In its VOItag_ecorresponding sites. All constructs were sequenced by the dideoxy chain
dependence. However, both deactivation from fully acti-termination method (Sanger et al., 1977) to confirm the mutations and to
vated states and channel inactivation are poorly affected bgnsure the absence of errors.
the deletion. This and the results obtained with channel
variants from which theeagdomain has been also deleted . .
lead us to propose a model in which both the long HERGPlasmids and preparation of cRNA
specific and the initiabagdomains play an important role The plasmid containing the cDNA for the HERG channel was a generous
in setting HERG gating characteristics. Hence the HERGift of Dr. E. Wanke (University of Milan, Milan, Italy). Plasmids were
spec|f|C prOleal domaln seems to Constltute an importantinearized, and Capped cRNA was synthesized in vitro from the linear
element determining the role of HERG channels in theCDNA templates by standard methods, using SP6 RNA polymerase as

. 9 . . . ... described (de la Peret al., 1992).
maintenance of cell resting potential, electrical excitability,

and accommodation of neuronal and cardiac firing.
Oocyte expression and solutions

MATERIALS AND METHODS Pr_oce_dures for frog ane;the3|a and surgery, obtaining oocytes, and micro-
injection have been detailed elsewhere (Barros et al., 1998). Oocytes were
Generation of channel mutants maintained in OR-2 medium (in mM: 82.5 NaCl, 2 KCI, 2 Ca@ MgCl,

1 Na,HPQ,, 10 HEPES, at pH 7.5). Cytoplasmic microinjections were
To construct the amino-terminal deletion mut&®-370, a forward poly-  performed with 30-50 nl of in vitro synthesized cRNA per oocyte. HERG
merase chain reaction (PCR) primer was synthesized to introddoeld! currents were studied in manually defolliculated oocytes (de Ta leeal.,
site, 6 bp of 5 untranslated sequence, an ATG, and 24 bp of HERG codingl992; Barros et al., 1998). Unless otherwise indicated, recordings were
sequence corresponding to amino acids 371-378 % AAG CTT CTC obtained in extracellular high-KOR-2 medium in which 50 mM KCIl was
AGG ATG ACT GAG AAG GTC ACC CAG GTC CTG-3. Thereverse  substituted for an equivalent amount of NaCl. Functional expression was
primer covered a uniquéhd site in position 2272 (amino acid 697) of the typically assessed 2—-3 days after microinjection.
HERG sequence (8GAA GTACTC CTC GAG GCG CTG GCG-3. The
corresponding PCR product was digested witmdlll and Xhd, gel
purified, and ligated intcHindlll/Xhd-digested wild-type HERG in the Data acquisition and analysis
pSP64 expression vector. For the fully proximal domain-deleted mutant
(A138-373) a forward PCR primer containingdandlll site and covering  Recordings were made at room temperature with the two-electrode volt-
the start codon (5TTG AAG CTT CTC AGG ATG CCG GTG CGG  age-clamp method as described previously (Barros et al., 1998). Membrane
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potential was typically clamped at80 mV, and at-100 or—2110 mV for
A138-373 and\223-373 deleted channels. Stimulation and data acquisi-
tion were controlled with PulsePulseFit software (HEKA Elektronic,
Lambrecht, Germany) running on Macintosh computers. Data analysis was
performed with the programs PulseFit (HEKA Elektronic) and Igor-Pro
(WaveMetrics, Lake Oswego, OR). R/n method was used for leak and
capacitive current subtraction. The leak holding potential was seflad Qr
for basal voltages of-80 and —100 mV, and at—110 mV for cells \
clamped at-110 mV. Usually, a scaling factor 6f0.2 was used. Kinetic

parameters of activation, deactivation, inactivation, and inactivation recov- “eag" domain proximal domain

ery were obtained as previously described (Barros et al., 1998), using thtF'--f"-F'f'f'-"-"-"-':g;"///*”//"’\;‘V,T/////“”";7]3 J—_
voltage protocols shown on the graphs. The amount of injected cRNA was

calibrated to yield inward tail currents in the range of 4 at repolar- + R —  — Ta138.373 1
ization voltages around-100 mV to ensure proper clamp control. Fits to

tail currents from inactivating channels began as soon as the clamp settled L= T A223-373 L
A single-exponential function of positive amplitude was applied to the
inactivation recovery phase, followed by a negative-amplitude biexponen-*’F'-"'-"'-"'-"'-"'-"'h"-"'-?’f/////////f’r//ﬁ;al;:;—
tial fit to the decaying phase of the tail. Deactivation parameters for S620T

noninactivating channels were obtained from double-exponential fits to the" —  — — — “».379 A
tails, with the first cursor of the fitting window located at the end of the
capacitive transient. Data are presented as mear®E; the number of
oocytes is indicated by and the number of frogs by.

li‘,

FIGURE 1 Topology of a HERG channel subunit. The transmembrane
helices S1-S6 are represented by six cylinders at the top. The positions of
the S1 helix, the voltage sensor in S4, and the P region between S5 and S6
are highlighted. The approximate situation of the amino acid residue
subjected to point mutation in this study is also indicated by a black dot in
the scheme. Schematic representations of the amino terminus in wild-type
Deletion of the HERG-specific proximal domain in and d_eletion mutants are shown at thg bottom. é’hgand_the proximal

. . . . domains are marked by dotted and striped bars, respectively. Deletions are
the amino terminus selectively modifies marked by dashed lines. The size of every domain and the lengths of the
activation gating deletions are represented on a horizontal scale as proportional to the total
length of the amino terminus.

RESULTS

Effect of proximal domain deletion on HERG
activation rates

The amino terminus of the HERG channel is composed ojuration of the depolarization pulse, fitting the relaxation of
an initial domain (theeagor PAS domain; Fig. 1) conserved the tail currents recorded after going back to a negative
among all members of theagfamily (approximately resi- voltage, and extrapolating the magnitude of the decaying
dues 2-136), followed by a long stretch of amino acidscurrent to the moment the depolarizing pulse ended. In
exclusive of HERG (named here as the HERG-specific okwild-type channels, the time required to attain a half-max-
proximal domain because of its proximity to the channelimum current magnitude decreased from near 400 ms at
core) up to residue 367, which is close to position 397,—20 mV to ~50 ms at+40 mV (Fig. 2). The selective
which signals the beginning of the putative first transmem-elimination of the proximal domainX(138—-373) results in a
brane S1 segment (Warmke and Ganetzky, 1994). To teshannel protein with activation kinetics accelerated by al-
the functional significance of the proximal domain on chan-most an order of magnitude at similar voltages between
nel gating, we created a mutant of HERG in which residues-20 and+20 mV.

138-373, corresponding to the total length of this domain,

were deleted (Fig. 1). The effect of the deletion on acnva—Eff ; L del HERG g
tion rates at voltages between20 and+40 mV is illus- ect of proximal domain deletion on steady-state

trated in Fig. 2 and compared to those exhibited by wild—acnvat'on properties

type channels. When expressed Xenopusoocytes, the During the initial experiments with HERG@138-373 chan-
channels lead to small outward currents upon depolarizationels, we noticed that the resting potential of oocytes ex-
due to overlap of relatively slow activation and very fastpressing this variant was significantly more negative
inactivation, followed by big deactivation tail currents after (—76 = 1.2 mV (0 = 15)) than that of oocytes expressing
return to negative voltages. These tails, inward under thevild-type channels {56 = 1.2 (0 = 19)). Furthermore,
ionic conditions used here, show an initial rising phase as #arge holding currents were obtained when cells expressing
result of fast inactivation removal, followed by a slow decay A138-373 channels were maintained at voltages positive to
due to channel closing. Because of superposition of slow-100 mV. This suggested that thd 38—-373 variant could
activation transitions and fast inactivation rates upon depohave its voltage dependence of activation shifted to quite
larization, we monitored the time course of transitions fromnegative potentials.

closed to open (and inactive) states, by using an indirect To better understand the reasons for changes in activa-
envelope of tail currents (Barros et al., 1998), varying thetion, we studied the voltage dependence of the gating tran-
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WT sitions during depolarization pulses by stepping the mem-
omv brane to different voltages and measuring the initial
m 80 magnitude of the tails after repolarizing the membrane (Fig.
3). Because of the slow rates of HERG activation and
deactivation at voltages around tkg,; values of the acti-
vation curves, very long pulses would be necessary to reach
a complete steady state. This tends to reduce the viability of
the clamped cells and, in some batches, to maximize the
contribution of endogenous conductances to the recorded
currents. Subsequently, we approached the steady state by
established protocols (Sthioerr et al., 1999). Thus depo-
omy 2 138-373 larization pulses of up to 10 s duration were applied from
“ two holding potentials:—80/—110 mV (for wild-type and

proximal domain-deleted channels, respectively) to hold the
channels fully closed and 0 mV to hold them fully open
(Fig. 3 A). Subsequently, the position of the Boltzmann
curves under true steady-state conditions (Fig, 8lashed
lines) was deduced from their coincidence at the longest
depolarization times or as an extrapolated mean from the
curves obtained at both holding potentials. This ensured that
I/V curves were a function exclusively of test pulse charac-
teristics, regardless of the previous (open or closed) state of
the channels. Consistent with the measured resting poten-

-110

wok | T '10 ' I tials, the steady—statla_fhalf activation vaIu_es amounted to
C — 0 5 —59 mV and—80 mV in oocytes expressing wild-type and
. 508 A138-373 HERG channels, respectively.
£ 00l T os It is important to note that the observed modifications in
8 04l activation parameters were not related to differences in
.%’ € o holding potentials used with wild-type and deleted chan-
S 200 ' nels. Thus identical activation rates and activation voltage
F: 0.0 00 s 50 dependencies were obtained by holding wild-type channels
Té Depolarization time (ms) between—80 and—120 mV or by maintaining the deleted
= 100 4138-373 . channels at holding potentials ranging freri10 to —140
mV (not shown). This indicates that, at least in this range of
potentials, HERG current characteristics are not affected by
ok _‘;o _2'0 (') 210 4'0 = Cole-Moore effects, which otherwise would tend to increase

Em (mV) the differences in activation between wild-type and mutant
channels due to the maintenance of deleted variants at more
FIGURE 2 Effect of HERG proximal domain deletion on channel acti- negative holding potentials.

vation rates. Top) The time course of voltage-dependent activation was
studied by varying the duration of a depolarizing prepulse to 0 mV

following the voltage protocols shown at the top of each current trace. TesHERG deactivation time constants are not modified by

pulses were applied once every 20 s. Families of currents from wild-typejejetion of the proximal domain

(WT) and proximal domain-deleted{38-370) channels are shown. Note

the —80-mV holding potential used for WT channels and th&10 mV ~ The strong modification in activation parameters induced by
used with theA138-373 construct. The zero current level is indicated by deletion of the HERG-specific domain strongly contrasts
the dashed linesBftton) Dependence of activation rates on depolarization with the very similar deactivation properties exhibited by

membrane potential. The magnitude of the instantaneous tail currents upon.Id t d deleted ch | h th dri i
repolarization was determined from recordings as shown at the top, byv' -lypé an eleted channéls when they are driven 1o

fitting exponentials to the decaying portion of the tail and extrapolating theCloSe once their opening is completed (Figh;4ut see also
current to the moment the depolarizing pulse was ended (Barros et alelow). Deactivation rates were obtained from the decaying

1998). Values correspond to 3—-12 oocytes from three animals. Plots Oﬂ)ortion of tail currents after depolarization pulses to fully

normalized current values versus depolarization times were generated B'pen (and inactivate) the channels Subsequently the mem-
the indicated voltages as shown in the inset for depolarizations to 0 mV, : '

using three oocytes from the same frog. These plots were used to meaSLPé_a_ne was repolarized to d'ffe_rent_ VOI_tageS’ and after _an
times necessary to attain half-maximum current magnitudes. initial phase of recovery from inactivation, the rate of tail

current decay corresponding to channel closing was mea-
sured as indicated in Materials and Methods. As shown in
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Em

Test — —— Test

FIGURE 3 Effect of HERG proxi-
mal domain deletion on steady-state
voltage dependence of activatioA) (
Steady-state voltage dependence of )
activation was studied following the -150/-40 -100/-20
protocols shown in the two upper in-

sets, with a prepulse of varying mag-

nitude and a duration ranging from

0.4t0 10 s, followed by a pulse test to J 500 nA

—100 mV. Holding potentials of 0 400 ms 400 ms
mV to hold the channels fully open

(left) and —80 (WT) or —110 mV 10's 10's
(A138-370) to hold the channels 04s T 0
fully closed (ight) were used as in- _
dicated. Families of tail currents dur-

ing the test pulse for wild-type (WT) -150/-40 -100/-20 -100/-10
and proximal domain-deleted chan- W..r

t=04,2,10s -110 t=04,2,10s

-80/+20 -80/0

>
»n

nels (A138-370) are shown. The
range of potentials covered by the
prepulse is stated at the top of each
currents. The duration of the prepulse
is shown underlined below the cur-
rent traces. B) Fractional activation 04s 10s 04s 10s
curves for WT andi138-370 HERG

channels. The closed and open sym- B

bols correspond to data obtained

from zero and—80/—110 mV hold-

ing voltages, respectively. Data ob- 1.0
tained at prepulse durations of 0.4 s
(circles) 2 s (triangles), and 10 s
(squares) are plotted. The continuous
lines correspond to Boltzmann
curves, h(V) = | [V + exp
((V = Vha9/K)], that best fitted the
data. The dashed lines represent the
deduced position of the activation
curves under steady-state conditions
obtained as a mean of those corre-
sponding to both holding voltages
and prepulses of 10-s duration. Val-
ues from at least four oocytes and
two frogs are averaged in the graphs.
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Fig. 4 A, HERG A138-373 deactivation time constants Effects of proximal domain removal are not related to

were indistinguishable from those of wild-type channelsHERG channel inactivation

along the tested voltage range from70 to —120 mV.

Under these conditions, only an increase in the relativé® distinctive property of HERG is the presence of a rapid
amplitude of the slowly deactivating component at negativeand voltage-dependent inactivation process that seems to
voltages is consistently observed in the deleted channelkonstitute the mechanism for inward rectification (Smith et
(Fig. 4A, bottom righ}. This demonstrates that whatever the al., 1996). We studied the effects of proximal domain de-
alterations in channel gating induced by the deletion of thdetion on the onset of inactivation, using a dual-pulse pro-
HERG-specific domain, they are mainly exerted in activa-tocol in which, after a depolarization to activate (and inac-
tion, not in deactivation parameters. tivate) the channels, the membrane is hyperpolarized briefly

Biophysical Journal 79(1) 231-246



236 Viloria et al.

>

+40

12F 1 ' T ) T .
oO—C
_gog 10} -
110 _———— @ —O—, A WT i
130 08 _e _a 4138373
WT c !
=

. =
504 .

)]

=]

:

0.0 F—x I I I I I
05s 1.0 -
08 - m
A 138-373 os b ]
N SO
0.4 T

—O— WT
02 _g— A138-373

B

05s

00k _1 . ] L ] M
-120 -100 -80
Em (mV)

Amp. fast / (amp. fast + amp. slow)

+80

-100 LA L S R
WT __0F O—1
/"//_,_,_’_‘_‘_:———————-_w— E 5L
2 uA o
E 1o}
20 ms :
g
g
A 138-373 £ 5|

_’1 BA Em (mV)

20 ms

FIGURE 4 Lack of an effect of proximal domain deletion on HERG channel deactivation and inactivationAatesmiparison of channel deactivation

in wild-type and deleted channels. Families of currents from HERG wild-type (WT) and proximal domain-deleted chelB®@is373) are shown on the

left. Currents were obtained during steps to potentials ranging frd&30 to 0 mV, following depolarizing pulses to 0 mV, as indicated at the top of each
trace. The zero current level is indicated by the dashed lines. Deactivation time constants were quantified by fitting a double exponentiaytimghe dec
portion of the tails as described in Materials and Methddpgper right panel Fast and slow deactivation time constants are plotted for different
repolarization voltaged.ower right panel The relative amplitudes of the fast components of deactivation for the two channel types. Averaged values are
shown from nine oocytes expressing WT channels in which biexponential fits to the deactivation time course covering the full range of voltages could b
performed for 26 cellsN = 12). Values from 23 oocytedN(= 7) were averaged foA138-373 channelsBj Effect of proximal domain deletion on
inactivation. Onset of fast inactivation was studied using the voltage protocol shown at the top. HERG was activated and inactivated with apl@fems pre

to +40 mV. A second short prepulse t6100 was used to recover the channels from inactivation, followed by a test pulse to different voltages to
reinactivate the channels. Families of currents for wild-type (WT) and proximal domain-deleted cha&1r38s-373) are shown on the left. Test pulses

were applied once every 20 s. Membrane currents are shown starting at the end of the depolarization prepulse. Time constants for the onsietrof inactivat
as shown on the right were obtained from current traces by fitting a single-exponential function to the decaying portion of the currents durpgdbs.tes
Holding potentials of~80 and—100 mV were used with WT and138-373 channels, respectively. Note the small magnitude of the currents along the
test pulses for voltages around the reversal potential‘ofdis (= —20 mV). Statistical significance (0.04 p < 0.05, Student's-test) was obtained only

for time constant values corresponding to voltages betwe®d and—30 mV.
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to allow them to enter the open state. A second depolarizatioads) were quite similar to those of the construct from which
pulse is then delivered to the cell, to follow the reinactivationthe whole HERG-specific domain was deleted (data not
of the channels (Smith et al., 1996; Barros et al., 1998). Ashown). In an attempt to further delimit the specific re-
shown in Fig. 4B, the onset of inactivation follows a single- gion(s) involved in the regulation of activation properties,
exponential rate from which the time constants for developwe also generated and characterized a construct carrying a
ment of inactivation can be obtained. From these measureshort 19-amino acid deletion near the core of the channel
ments it can be seen that inactivation becomes increasinglyrotein (HERGA355-373; Fig. 1). The activation rates of
faster with increasing depolarization. However, the time conthe A355—-373 variant lay between those of wild-type and
stants of development of inactivation remained almost thdully proximal domain-deleted channels. Furthermore, de-
same after deletion of the HERG-specific domain. activation rates analogous to those of full-length HERG
As a final demonstration that the elimination of the prox- were observed with all of these constructs partially deleted
imal domain almost exclusively modifies activation param-in the proximal domain (not shown).
eters of HERG, we obtained inactivation recovery rates for For a more direct detection and quantification of gating
wild-type and deleted channels at different voltages fromalterations, because they are independent of channel inacti-
the rising hook of current records like those presented irvation (see above), we also studied the effect of partial
Fig. 4 A. This measurement indicated that the inactivationdeletions in S620T mutant channels lacking inactivation. In
recovery also remained unaltered after deletion of the proxthis case, the time needed to attain half-activation was
imal domain (data not shown). obtained directly from the current traces along depolariza-
The aforementioned results suggest that HERG-specifition pulses to different potentials. As shown in FigAgnd
domain removal causes an effect on activation that is indeB, quite similar activation rates were obtained with channels
pendent of inactivation transitions. To check the indepeniacking the whole proximal domain (S6261138-373)
dence from inactive states, we measured changes in activand those in which nearly half of this domain was preserved
tion parameters, using channels lacking inactivation afte(S620T+A223-373). Furthermore, around half of the ac-
replacement of S&%in the inner vestibule of the pore with celeration of activation induced by removal of the whole
threonine (S620T; see Suessbrich et al., 1997b; Ficker et ajproximal domain was still present in S6201355-373
1998; Herzberg et al., 1998; Wang et al., 1998). As showrthannels, despite the fact that only 19 residues (correspond-
in Fig. 5, the activation properties of the channels remainedhg to less than 10% of the total proximal domain length)
almost unaffected by introduction of the methyl group athave been removed in this construct. Again, deactivation
position 620 (compare with wild type in Fig. 2). Further- time constants like those of wild-type channels were ob-
more, an acceleration of activation rates (FigBpand a  tained with these variants when they were driven to close
shift in voltage dependence of activation (FigCpequiv-  from fully activated states following long pulses to positive
alent to those induced by elimination of the proximal do-voltages (data not shown, but see also below). Thus, as
main from wild-type channels were obtained with channelsllustrated more quantitatively in Fig. B for measurements
in which both the deletion and the inactivation-removingperformed at 0 mV, an increasingly slower opening is
mutation were combined. Furthermore, similar closing ratesnduced by an increasing number of amino acids in the
were observed in wild-type, S620T, and S620¥138-373  proximal domain; this trend is particularly significant in the
channels (not shown). This demonstrates that modificatiopresence of residues located between positions 355 and 373
of activation parameters induced by removal of the HERG-of the HERG sequence.
specific domain is a direct effect that occurs even when the As a further indication of the relevance of different re-
inactivation mechanism is disabled. That alterations in acgions of the proximal domain regulating HERG properties, the
tivation are equally manifested in S620T channels alsactivation voltage dependencies of channels with different
validates the use of noninactivating channel variants carryeeletions were compared in the background of both wild-type
ing this mutation for easier performance of subsequenand noninactivating channels. As shown in FigC 6or non-
studies without contamination with inactivation processes.inactivating variants, the positions of the steady-state activation
curves along the voltage axis are quite similar &4138—-373
and A223-373 deleted channels. Furthermore, nearly half of
the hyperpolarizing shift caused by these deletions is still
obtained with the expression @355-373 HERG. Almost
identical results were obtained by using normally inactivating
To determine whether the effect of HERG proximal domainchannels with a serine in position 620 but carrying the same
deletion is similarly dependent on its length, we generatedieletions (data not shown).
two channel variants in which nearly half of this domain That elimination of only 19 amino acids is able to induce
was still preserved. The activation rates exhibited by channearly half of the effect caused by removal of either 157
nels lacking amino acids 223-373 (HER&186-191 + (A186-191+ 223-373) or 2364138-373) residues sup-
223-373 0A170-190+ 223-373; see Materials and Meth- ports the conclusion that the effects of HERG-specific do-

Effects of proximal domain deletion are not related
exclusively to its length, but also to elimination of specific
amino acid sequences near the channel core
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main deletion are not related exclusively to the length of thispossible interactions between distal eag and
domain. Furthermore, this suggests that the short stretch ¢{ERG-specific proximal domains in the

amino acids between residues 355 and 373 is important igmino terminus
determining the role of the proximal domain for the regu- o ) S
lation of HERG activation properties. Whether this is due to//odifications in HERG activation induced by removal of
a direct interaction of this particular sequence with thethe proximal d.oma'n are reverted by additional deletion of

. . S . the eag domain
gating machinery or to an indirect effect via thagor other
protein domain(s) remains to be established. Finally, ouPrevious studies with HERG deletion mutants lacking the
results indicate that some residue(s) between positions 228hole amino terminus indicated a huge acceleration of
and 355 of the proximal domain can also help to maintaindeactivation kinetics, leading to the proposal that the amino-
the slow activation rates and the positive voltage depenterminal portion of HERG is involved in channel gating but
dence of activation exhibited by full-length HERG channels. does not mediate channel inactivation (Saherr and Hei-
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nemann, 1996; Spector et al., 1996b). Knowing the pros1996b; Wang et al., 1998; Cabral et al., 1998), closing rates
found impact of selective removal of the HERG-specific accelerated by around an order of magnitude were obtained
domain on HERG activation (see above), we characterizedt negative voltages in2—-370 channels lacking most of the
the activation kinetics by using a channel variant in whichamino terminus (not shown).
both theeag and the proximal domains had been deleted This demonstrates that the modifications in activation
(A2-370; Fig. 1). Surprisingly, the activation voltage de-parameters induced by removal of the HERG-specific do-
pendence of thé\2—-370 constructs appeared to be shiftedmain are compensated for, at least partially, by additional
slightly to positive values as compared to those of full-elimination of theeag domain. It also suggests that the
length channels (Fig. €). Furthermore, the activation of presence of an intagagdomain, perhaps interacting with
the A2-370 variant was not as strongly accelerated as ithe gating machinery, could constitute an important factor
A138-373 channels lacking only the proximal domain.that not only slows channel deactivation, but also partici-
Thus only a modest enhancement of activation rates wagates in the alterations in activation induced by deletion of
obtained upon expression of tA&—-370 construct (Fig. 7), the proximal domain.
yielding activation kinetics superimposable on those of
channels lacking the 19 amino acids between residues 355 | ) ) .
and 373. These results were obtained when ABe370 Deletion of the prox1ma?l domain accellera'tes transition of

. . . . . . HERG to state(s) showing slow deactivation rates
deletion was introduced in normal HERG or in noninacti-
vating S620T channels. Furthermore, as repeatedly reportethe results presented above suggest that in addition to its
by others (Schiosherr and Heinemann, 1996; Spector et al.,known effect of slowing down HERG closing (Wang et al.,
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1998; Cabral et al., 1998; Sanguinetti and Xu, 1999), theslow deactivation rates analogous to those of deleted chan-
interaction of theeagdomain with the channel leads to an nels were observed in wild-type channels at positive volt-
acceleration of activation in the proximal domain-deletedages (see also Fig. 4 above), significantly faster deactivation
variant. However, such acceleration is only manifested ifrates were measured in response to depolarizations at which
the proximal domain is removed, because constructs lacking,|| activation is not reached. Interestingly, the voltage
the eagdomain show an activation behavior reminiscent of jependence of the increase in deactivation time constant
that exhibited by full-length channels. To test the possibilityappeared to be superimposable on the activation voltage
that the presence of the long proximal domain characteristiaependence of full-length but not of proximal domain-

of HERG is able to constrain the interaction of 889  yejeted channels (Fig. B). This suggests that full-length

domain with the channel protein, limiting or delaying its channels, the activation of which is not influenced early by

influence up to the moment at which channel activation ha§ : o

. e eagdomain because of the restricting influence of the
been substantially advanced, we compared the rates aqroximal domain, close fast until full activation has been
which both wild-type and proximal domain-deleted chan-P !

nels close at a constant repolarization potential, as a funé"}Chieved atlong times or very positive voltages. In contrast,

tion of the depolarization voltage or the depolarization timePfoXimal domain-deleted channels would close slowly

used to activate them. To prevent any influence of inacti-2long their activation voltage range because of the presence

vation and/or inactivation recovery steps in the results, wf theeagdomain interacting with the channel, as indicated

conducted experiments with S620T channels from whicty the faster activation rates and left-shifted activation
inactivation had been removed. voltage dependencies. Whether this is due to a permanent

As shown in Fig. 8,A and B, slow closing rates were €agdomain-channel interaction or to a very fast association
observed with proximal domain-deleted channels that reof this domain that precedes the transition to the open state
mained unaltered along the whole range of voltages atemains to be established. Nevertheless, assuming a three-
which current activation took place. However, althoughclosed-state model, as recently proposed for HERG opening
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FIGURE 8 Proximal domain removal accelerates transitions to slowly deactivating HERG channel staje$gpaléd deactivating tail currents in
response to depolarization steps to different potentials. Noninactivating full-length (S620T) or proximal domain-deleted {S&3371373) channels were
submitted to 400-ms depolarization pulses to different voltages betw@8rand+40 mV (S620T) or—90 and+20 mV (S620FA138-373) in 10-mV

steps from a holding potential 6110 mV. Note the slower rates of deactivation induced by increasing depolarization voltage in full-length but not in
proximal domain-deleted channels. Biexponential fits are also shown superimposed on the tails. Currents induced by depolarizations artd &dibcurre
repolarization to—110 mV are shown in the inset8)(Variation of HERG deactivation rates as a function of depolarization voltage. Time constants for
deactivation were obtained as indicated in Materials and Methods from tail current recordingA.aghia percentage of the fast decaying tail current
component oscillated between 80%-a80 mV and 95% at-40 mV for S620T channels. It also remained fairly constant around 60-70% in the range
of —70 to +20 mV for S620FA138-373 channels. Averaged values from six oocytes from the same batch are Biogumves for the tail currents

of the insets i are also shown against an arbitrary vertical scale for better comparison of the voltage dependence of activation and deactivation slowing
in S620T () and S620%A138-373 () channels under the same conditior®) Yariation of HERG deactivation rate as a function of depolarization
voltage in channels carrying different deletions in the amino terminus. Time constants of deactivation were obtained as detailed in the led&frdraf Fig

tail current recordings of oocytes expressing S620T noninactivating channels, from which nearly half of the proximal d@2@&373), 19 residues
(A355-373), or both theagand the proximal domain\@—370) had been deleted. Averaged values from four oocytes are plotted against the amplitude
of the depolarization step. Only values corresponding to the major fast component of deactivation are plotted, for simplicity. Repolariaggofonolt
recording tail currents was 110 mV for A223-373 and\355-373 constructs. Repolarization steps-80 mV were used wittA2—-370 channels to slow

down channel deactivation and allow proper measurement of deactivation time constants. Nevertheless, although with faster closing Karatiss)lsmi
were obtained with repolarization t6110 mV.
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(S. Wang et al., 1997; Kiehn et al., 1999), course of deactivation time constant increases runs parallel
to the increase in the fraction of channel opening for the
CUCUGCHO full-length variant. However, only a quite constant and slow

deactivation rate was exhibited h{138-373 channels,
even at short depolarization times at which small current
our data indicate that removal of the proximal domainactivations have been induced (compare data in Figh 9,
accelerates transitions through closed states. Thus the signdC).
moid delay in activation kinetics (an indication of thg © In summary, because slowed closing is a good indication
C, transition rate; S. Wang et al., 1997) was clearly reduce®f eagdomain-channel interaction (Wang et al., 1998; Ca-
in A138-373 channels, even when the left shift in activationbral et al., 1998; Sanguinetti and Xu, 1999), our results
voltage dependence caused by the deletion is taken intgdicate that the opening of the proximal domain-deleted
account (e.g., compare onset of the current traces upoghannels is taking place in the presence otagdomain-
depolarization to +40 and 0 mV for S620T and channelinteraction, but that the activation of the full-length
S620T+A138-373, respectively, in Fig. &, insety. Fur-  channels is completed before such an interaction takes
thermore, when the saturation of the late time constants gflace, because of the restricting influence of the proximal
activation at positive potentials (an indication of the limi- domain. Furthermore, they suggest that in the deleted vari-
tation in activation kinetics imposed by the voltage-inde-ant a cause-effect relationship exists between the interaction
pendent step from o C,; see S. Wang et al., 1997) was of theeagdomain with the channel protein and modification
studied in the currents shown in the insets of FigA8 of the activation properties.
asymptotic values of 52 and 21 ms were obtained for the
forward rate constant of the ;@o-C, transition in full-
length and proxmal domaln—delgted_channels, r.eSpeCtlvelyDISCUSSION

When the influence of depolarization voltage in the clos-
ing rates was characterized in channels carrying other de@ne characteristic structural feature of HERG Ehannels
letions in the amino terminus, the results shown in FiG: 8 as compared to other members of thag family, is the
were obtained. It is observed that the fast rates of deactivgresence of a long stretch of amino acids (designated here as
tion (accounting for most of the tail current magnitude) inthe HERG-specific or proximal domain) that separates the
A223-373 channels lacking nearly half of the HERG-spe-conserved initiakagor PAS domain from the core of the
cific domain remained almost the same along the range ofhannel protein (see above). Previous studies with deletion
voltages at which activation took place. This would bemutants in which either theag or both theeag and the
consistent with the quite similar behavior of these channel$lERG-specific domains were removed indicated that the
and those in which the whole proximal domain was deletedamino terminus of HERG does not participate in the fast
As expected from the absence of tlkeag domain, the inactivation process, but contributes to control channel de-
deactivation kinetics oA2—370 channels were not affected activation (Schioherr and Heinemann, 1996; Spector et al.,
by depolarization voltage. Furthermore, a slowing-down of1996b; Wang et al., 1998; Cabral et al., 1998). By selec-
closing with increasing depolarization was obtained intively removing the long HERG-specific domain, we dem-
channels lacking the 19 residues between positions 355 arahstrate here a strong acceleration of channel opening. This
373. However, this effect was manifested at voltages morés associated with a shift of activation voltage dependence in
negative than those at which it happened in full-lengththe hyperpolarizing direction. However, elimination of the
channels. HERG-specific domain has almost no effect on the closing

As an additional support for our conclusions, we alsoand inactivation properties of the channel. Thus two differ-
studied the effect of increasing depolarization time on closent domains regulating HERG gating seem to exist in the
ing kinetics (Fig. 9). In this case, the cells were depolarizecamino terminus: a distabag domain mainly controlling
to voltages yielding similar activation rates for full-length current deactivation, and a HERG-specific domain regulat-
and deleted channels (FigA9. For full-length channels, the ing current activation. Removal of tlemgdomain from the
deactivation rates with short depolarizations appeared sigdeleted channels noticeably reverses the effects on activa-
nificantly faster than those obtained after longer depolarization caused by selective elimination of the proximal do-
tion steps (Fig. 9A—C). These differences were particularly main. This indicates that the functional consequences of
prominent when we looked at the fast deactivating compoproximal domain removal for channel opening are at least
nent of the tails, which otherwise accounted for most of thepartially dependent on the presence of #agdomain and
current amplitude at the repolarization potential used (Fig. $uggests that an interaction of tleag domain with the
D). In contrast, similar and slow deactivation rates werechannel core is involved in modifications of activation
obtained inA138—-373 deleted channels after depolarizationcaused by elimination of the HERG-specific domain.
steps in the whole range of duration (20—300 ms) at which These results are compatible with a model in which the
appreciable tail currents could be recorded. Again, the timg@resence of the long domain exclusive of HERG limits or

Scheme |
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FIGURE 9 Effect of depolarization time on closing rates of full-length and proximal domain-deleted HERG chaAheRurients induced by
depolarizations of different duration in oocytes expressing full-length (S620T) and proximal domain-deleted#8&38%F373) noninactivating HERG
channels. B) Scaled currents in response to depolarization steps of 40 and 300 ms. Current traces are shown displaced along the horizontal axis for
coincidence of the tail current time course. Tail current magnitude has been normalized to peak. Biexponential fits are also shown superimgosed on th
tail currents. C) Variation of HERG deactivation rates as a function of depolarization time. Fast and slow deactivation time constants were obtained from
tail current recordings of four oocytebl (= 2) as inA. Only values corresponding to the major fast component of deactivation are pl@)eelative

amplitude of the fast deactivation component in full-length and proximal domain-deleted channels with depolarizations of increasing durditbate s

on the abscissa.

slows down the interaction of theag domain with the opening will be removed, yielding activation properties
channel core. Elimination of the proximal domain would more similar to those of the wild-type channel, which has
favor the interaction of theeag domain with the gating this domain separated from the protein core by the proximal
machinery, speeding up activation. Furthermore, it could belomain. Furthermoregsag domain removal would also re-
also expected that once activation has been completed atove the limitation imposed by its relatively slow dissoci-
longer times or more positive voltages in full-length chan-ation. This would explain the marked acceleration of clos-
nels, dissociation of theag domain from its interaction ing rates observed with variants lacking either the whole
site(s) limits deactivation, making this process scarcely deamino terminus or the initial residues of the HERG protein
pendent on the presence of the proximal domain. In thigLondon et al., 1997; Cabral et al., 1998; Wang et al., 1998).
case, the requirement of channel opening for effective infinally, albeit indirectly, the proposed model is also sup-
teraction of theeagdomain with the channel is supported by ported by our recent observation that in full-length channels
the coincidence of the time course and voltage dependen@temperature increase from 24°C to 35°C causes a nearly
for channel activation and slowing of deactivation, a char-fourfold decrease in the time needed for half-activation, but
acteristic dependent upon the presence okagdomain a less than twofold decrease in deactivation time constants
interacting with the channel core (Wang et al., 1998; Cabra{Barros and Pardo, manuscript in preparation). Thus more
et al., 1998; Sanguinetti and Xu, 1999). Further support foextensive conformational changes seem to be required for
this model comes from the behavior of constructions inchannel opening as compared to deactivation, a process
which the whole amino terminus has been deleted. In thiprobably rate-limited by unbinding and diffusion of thag
case, the facilitating contribution of theag domain to  domain.
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Opening of HERG channels has been described recentlgctivation properties is regulated by the HERG amino ter-
as a multistep sequential process in which the final ananinus; 2) the influence of the proximal domain in HERG
voltage-dependent closed-to-open transition is preceded lyating is exerted through the presence of specific sequence
two steps between closed states: an initial one that is weaklyatterns and is not exclusively related to chain length; 3)
voltage dependent, and a second that is essentially voltagkere is no indication that the amino terminus blocks the
independent (S. Wang et al., 1997; Wang et al., 1998; KiehtHERG pore (Wang et al., 1998); 4) although amino-termi-
et al., 1999; see also above). Our data indicate that bothus action is disrupted by elevating external kK both
transitions are clearly accelerated in proximal domain-deShaker(Demo and Yellen, 1991) and HERG (Wang et al.,
leted channels and that the time constant of the slowest998) channels, higher concentrations seem to be needed to
voltage-independent transition (S. Wang et al., 1997) iglestabilize the interaction of the HERG amino terminus
reduced by more than half by the deletion. Although thewith the channel core; 5) only a single ball domain is
structural rearrangements associated with individual transirequired to mediate N-type inactivation, but more than one
tions are not known, this suggests that the need to adexnd possibly all four amino termini could be involved in
quately modify the conformation of the exclusive HERG HERG deactivation slowing (Wang et al., 1998); and 6)
proximal domain acts as an important constraining factor orunlike the case of the ball-inactivating particle, it has been
efficient progress through the activation pathway. proposed that the distahgdomain is tightly attached to the

The exact identity and position of the regulatory residuesody of the channel protein (Cabral et al., 1998). It is
in the proximal domain are not known, but our resultsimportant to note also that in addition to amino-terminal
demonstrate that some of them are located between amimomains, other cytoplasmic structures could also be in-
acids 223 and 373, close to the core of the channel proteinvolved in the regulatory effects on HERG gating. Thus
Our results indicate that a short stretch of 19 amino acidshifts in activation voltage dependence, such as those in-
between residues 355 and 373 is important in limiting theduced by removal of the HERG proximal domain, are
interaction of theeagdomain with the channel core. How- produced when the HERG carboxy terminus is replaced by
ever, other residues located between positions 223 and 33be equivalent domain of mousag(Herzberg et al., 1998).
may also help to prevent the effect of this domain favoringSimilarly, both amino and carboxy termini modulate the
activation. Interestingly, removal of residues 355-373 elim-voltage sensitivity of KAT1 channels (Marten and Hoshi,
inates five positive charges from the HERG sequence. Thu$998).
it is tempting to speculate on the possibility that the pres- The regulatory effects of raeag and KAT1 amino-
ence of this region exerts an electrostatic repulsion of théerminal domains on activation voltage dependence and
otherwise positively charged distal amino terminus. Syskinetics seem to be exerted through their molecular inter-
tematic mutagenesis studies directed at locating the specifiaction with the S4 segment or the S4-S5 linker (Terlau et al.,
residue(s) involved in proximal domain deletion effects are1997; Marten and Hoshi, 1998). Residues in the S4-S5
currently under way. linker of Shakeralso act as receptor sites for the distal

Previous work withShakerchannels in which the length inactivation ball and influence activation gating (Holmgren
of the amino-terminal chain domain was systematicallyet al., 1996). Similarly, the interaction site(s) of the very
changed indicated that ball-dependent channel inactivatioamino terminus with HERG channels seems to be located in
was accelerated by chain deletions and slowed by aminthe S4-S5 loop (Cabral et al., 1998; Wang et al., 1998;
acid insertions (Hoshi et al., 1990). As for the interaction ofSanguinetti and Xu, 1999). Whether the modulatory effects
the ball with N-type inactivating channels, the coincidenceof the HERG proximal domain are indirect or are exerted by
of voltage dependence for HERG activation and slowing ofa direct interaction of this domain with the distsg do-
deactivation suggests that the interaction ofehgdomain  main or with the gating machinery remains to be established.
with HERG is intrinsically voltage independent, and any Regardless of the molecular mechanism(s) involved in
apparent voltage dependence would arise from direct cowontrolling gating behavior, the combination of &ag
pling to activation. Furthermore, the S4-S5 linker seems talomain with the HERG-specific proximal domain seems to
act as a receptor site for the very amino terminus in bottexplain two important features of the channel that help it to
N-type-inactivating Shaker (Holmgren et al., 1996) and achieve its physiological role. One is the slow activation
HERG channels (Cabral et al., 1998; Wang et al., 1998rate, essential for use-dependent accumulations implicated
Sanguinetti and Xu, 1999). Thus it could be possible that an the spike-frequency accommodation of neuronal firing
mechanism similar to that of N-type inactivation is opera-(Schmherr et al. 1999) and, in combination with the very
tive in HERG. However, the concept of “ball” and “chain” fast inactivation characteristic of HERG, for limiting the
domains applied in the framework of a diffusible blocking outward flow of K' ions and contributing to the mainte-
particle that interacts with the channel core with kineticsnance of the plateau potential in cardiac cells (Hancox et al.,
dependent on the length of a flexible chain domain (Hoshil998). This is needed to limit the interaction of teag
et al., 1990) does not seem to be directly applicable talomain with the channel core, and hence this would not be
HERG. Thus 1) activation/deactivation gating and not in-achieved without the proximal domain. The other feature is
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the slow deactivation rate upon repolarization as compare@hiesa, N., B. Rosati, A. Arcangeli, M. Olivotto, and E. Wanke. 1997. A

; ; ; i novel role for HERG K channels: spike-frequency adaptation.
to that obtained without theagdomain. In addition to the ¥ Physiol. (Lond.)501.313-318.

small depol-arlz.atlon-|nduce(-j Currem,s due .tO SuPerp,OSItlo%houabe, C., M-D. Drici, G. Romey, J. Barhanin, and M. Lazdunski. 1998.
of slow activation and fast inactivation, thésag domain- HERG and KvLQT1/IsK, the cardiac Kchannels involved in long QT
dependent effect would ensure the known operation of syndromes, are targets for calcium channel blockdid. Pharmacol.
HERG as an inward rectifier. This would also determine the 54:695-703.

i i ~inati ; :~_ Curran, M. E., I. Splawski, K. W. Timothy, G. M. Vincent, E. D. Green,
important participation of HERG not only in the repolariza and M. T. Keating. 1995. A molecular basis for cardiac arrhythmia:

tion phase of the cardiac action potential (and subsequently HERG mutations cause long QT syndron@ell. 80:795—804.
in controlling the duration of the spike and interspike inter-de la Pén, P., L. M. Delgado, D. del Camino, and F. Barros. 1992. Cloning
vals; Smith et al., 1996, Zhou et al., 1998), but also in the and expression of the thyrotropin-releasing hormone receptor from GH

maintenance of the resting potential, the electrical excitabil- " anterior pituitary cellsgiochem. J284:891-899.

. . .. . Demo, S. D., and G. Yellen. 1991. The inactivation gate of3hakerK *
iy, and the pacemaklng activity of adenOhypODhySIal’ NEU-" channel behaves like an open-channel blockeuron.7:743-753.

ronal, cardiac, ?‘nd tumor cells (Bar.ros etal., 1997; BlanChlzaravelli, L., A. Arcangeli, M. Olivotto, and E. Wanke. 1996. A HERG-
et al., 1998; ScHar et al., 1999; Schaherr et al., 1999). like K* channel in rat F-11 DRG cell line: pharmacological identifica-
tion and biophysical characterizatiah. Physiol. (Lond.)496:13-23.
Ficker, E., W. Jarolimek, J. Kiehn, A. Baumann, and A. M. Brown. 1998.
We thank Dr. Enzo Wanke for kindly providing the HERG channel- Molecular determinants of dofetilide block of HERG KchannelsCirc.
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