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The 1182 Region of K; 6.2 Is Closely Associated with Ligand Binding in
Katp Channel Inhibition by ATP
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ABSTRACT The ATP-inhibited potassium (K,tp) channel is assembled from four inward rectifier potassium (K;,6.x) subunits
and four sulfonylurea receptor (SURXx) subunits. The inhibitory action of ATP is mediated by at least two distinct functional
domains within the C-terminal cytoplasmic tail of K;6.2. The G334D mutation of K; 6.2 virtually eliminates ATP-dependent
gating with no effect on ligand-independent gating, suggesting a role in linkage of the site to the gate or in the ATP binding
site, itself. The T171A mutation of K, 6.2 strongly disrupts both ATP-dependent and ligand-independent gating, suggesting
a role for T171 in the gating step. A neighboring mutation, 1182Q, virtually eliminates ATP inhibition, but its effect on
ligand-independent gating remained unknown. We have now characterized both the K; values for inhibition by ATP and the
ligand-independent gating kinetics of 15 substitutions at position 182. All substitutions decreased ATP-dependent inhibition
gating as measured by the K;, many profoundly so, yet had little or no effect on ligand-independent gating kinetics. Thus,
substitutions at position 182 are unlikely to act by disrupting inhibition gate movement. Our results indicate an indispensable
role for 1182 in a step of the ATP binding mechanism, the linkage mechanism coupling the ATP binding site to the inhibition
gate, or both.

INTRODUCTION

The ATP-inhibited potassium (&p) channel couples en- (conducting potassium ion flow) and an inactive interburst
ergy metabolism to membrane electrical activity in a varietystate (nonconducting). The briefer closings within the active
of cells and is important in several physiological systemsburst state in this view may be thought to be due to an
(Aguilar-Bryan and Bryan, 1999; Ashcroft et al., 1984; additional independent gate, and the simplification is to
Cook and Hales, 1984; Jovanovic et al., 1998; Noma, 1983temporarily ignore these closings.
Itis assembled from two distinct subunit types. A potassium The transition from the active burst state to the inactive
pore-forming subunit, K6.x (Inagaki et al., 1995), appears interburst state occurs at a relatively slow rate in the absence
to be the primary seat of ATP-dependent inhibition gatingof ligand (ligand-independent gating) or at a greatly accel-
(Drain et al., 1998; John et al., 1998; Mikhailov et al., 1998;erated rate in the presence of ATP (ligand-dependent gat-
Tucker et al., 1997, 1998). A sulfonylurea receptor subuniting). When ATP binds to an active channel, it can be said to
SURX (Aguilar-Bryan et al., 1995), mediates inhibition by causenhibition gate closure. ATP also binds to the inactive
sulfonylureas and activation by MgADP and potassiuminterburst state. When ATP binds to the inactive interburst
channel openers (Babenko et al., 2000; Gribble et al., 199%tate, bound ATP further stabilizes the already shut gate of
1998; Nichols et al., 1996; Schwanstecher et al., 1998¢ne interburst state, prolonging its life. In this model, ATP
Shyng et al., 1997a; Tucker et al., 1997). Although themay be acting as an allosteric effector biasing the confor-
channel’s name reflects its characteristic inhibition by ATP,mational equilibrium toward the inactive interburst state. At
little is understood about the molecular and kinetic mechavery low ATP concentrations, most 4 channels are
nisms underlying this property. _ ~likely to first undergo the spontaneous transition to the
Kare channel activity occurs in bursts of brief openings inactive interburst state, and then bind ATP, which further
that alternate with briefer closings, and these active bursgiaplizes the inactive interburst state. When exposed to high
episodes are separated by long-lived inactive interburst inap concentrations, most &, channels are likely to first
tervals (Alekseev et al., 1997; Ashcroft et al., 1984; Ba-ping ATP, and then, at an accelerated rate, undergo transi-
benko et al.,, 1999a,b; Cook and Hales, 1984; Drain et alyjon tg the inhibited state. Although ligand-independent and
1998; Gillis et al., 1989; Nichols et al., 1991; Qin et al, ATP-dependengating to the interburst state differ in rate
1989; Trapp et al., 1998). In the context of ATP inhibition 54 by the presence of bound ATP, the two processes likely
gating, the Krp channel may be viewed simply as having g 516 'the same mechanisms of pore occlusion (Drain et al.,
two major functional conformations, an active burst state 1998; Loussouarn et al., 2000; Trapp et al., 1998: Tucker et
al., 1998).
Received for publication 8 March 2000 and in final form 21 April 2000. We recently S.howed that pplnt .mUtatlon 1182Q Pf the
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and ligand-dependent gating, suggesting a primary role ir EPC-9 (HEKA Elektronik, Lambrecht/Pfalz, Germany) instruments,
the gating step per se and not in an ATP binding step (Draiﬂpw-pass filtered with an 8-pole Bessel filter (Frequency Devices, Haver-

. _ : _hill, MA) at a corner frequency of 2 or 4 kHz, and sampled at 20 kHz using
etal., 1998; Tucker et al,, 1998). The N-terminal cytoplas HEKA PULSE v.8.0 (HEKA Elektronik, Lambrecht/Pfalz, Germany). We

mic segment of K6.2 also is clearly involved (Babenko et iy ot correct for leak currents (as determined after complete rundown or
al., 1999b; Koster et al., 1999; Proks et al., 1999) and Cafhhibition with saturating toloutamide or ATP), which were typicati0

interact with the C-terminal cytoplasmic domain of@2  pA, always=5% of the macroscopic j&p currents.

(Tucker and Ashcroft, 1999). Here we tested for a role of

1182 in the gating step by characterizing 1182Q and all other

substitutions at this position that express. We determine®ata analysis

the effect of each of these substitutions both on ATP'AnaIysis and display were done using TAC v.4.0 (Bruxton, Inc., Seattle,
dependent inhibition gating as measured Ky and on  waA), IGOR Pro v.3.1 (WaveMetrics, Inc., Lake Oswego, OR), and Page-
ligand-independent gating as measured by appropriate simaker v.6.5 (Adobe Systems, Inc., San Jose, CA). Dose-response mea-
gle-channel kinetic parameters. Our results support modefirements were fit to the Hill equatioff],,, = 11 + ([ATPYK;)™1},

h . - . A where [ATP] is the concentration of ATR|,,.the fractional current at the
in which substitutions at 1182 disrupt ATP inhibition, not by indicated [ATP] relative to that in the same solution in the absence of

d_iS_rUpting the gating step_that cpntrqls _burSt'imerburSt _tranadded ATP, (.., was defined as the average of measurements taken before
sitions, but rather by acting primarily in an ATP binding and after current measurements in the presence of [ARPhe [ATP] at
step, a step that links it to the inhibition gate, or both. Onewhich inhibition is half-maximal, andy, the slope factor, or Hill coeffi-
possibility supported by the results presented here is th&fent. Data are presented as meaiSEM. For Hill plots of data from the

. . s S . utant K,rp channels with very larg&; values, we sety, = 1.0, a
isoleucine at position 182 plays an indispensable role in égasonable constraint given that whenpwas treated as a free variable, we

linkage mechanism between ATP binding and gating that ig,,ng oy = 1.0 = 0.1 for the wild-type channel and,, = 1.0 = 0.3 for

strongly engaged in the presence, but not in the absence, af our less severely affectes; mutant channels. Single-channel current

bound ATP. events were detected using the time of the half-amplitude of transitions
between current levels with TAC v.4.0 (Bruxton, Inc., Seattle, WA).
Durations were corrected for missed events during construction of duration

histograms based on the filter corner frequency of the recording by the
MATERIALS AND METHOD

S ODS method of Colquhoun and Sigworth (1995). Duration analysis was done
Mutagenesis with TAC-FIT v4.0 (Bruxton, Inc., Seattle, WA), which uses the transfor-

mations of Sigworth and Sine (1987) to construct and fit duration histo-
Mouse K;6.2 and SURL cloned from th8HC9 cell line as previously  grams. Boxplots were constructed using IgorPro v3.14.
reported (Drain et al., 1998) were used in this study. The trunca@2b
channel of Tucker et al. (1997) and the substitutions at position 182 in this
background were constructed by a variation of the polymerase Cha"hESULTS
reaction (PCR) overlap extension technique. For the substitutions at posi-

tion 182, we synthesized a single pool of mutagenic primers containingpn the absence of ATP and at80 mV, the wild—type Kop
XXG/C at the 182 codon together with a silent restriction reporter site,

. . ‘channel alternates between an active bursting state and an
where X represents any of the four nucleotides, which were present in . . . .
equimolar concentrations (Reidharr-Olson et al., 1991). Thirty random/Nactive 'nterbur_St state, a behavior we refer to as ligand-
independent mutagenic primer-containing clones were selected as thosedependent gating. For the example shown in Fig. 1, the
containing the restriction reporter site, and sequenced. Fourteen differemhean burst time was 2& 5 ms and the mean interburst
substitutions at 182 were obtained in this way. The remaining five SUbStl-Closed time was 15 4 ms. Within each burst the channel
tutlo_ns at 182 were cpnstructed separately using similar methods anpapidly interconverts between its single open state and a
confirmed by sequencing. . .

brief closed state. The mean open time was%.5.1 ms

and the mean brief closed time was 6:4.04 ms. Thus, in
Expression in oocytes and electrophysiology the absence of ligand, when rundown is minimal, the frac-

, L _ o tion of time the K,1p channel spends in the bursti<.65.

Preparation and injection ofenopusoocytes, patch pipette fabrication, ithi burst. the fracti fti the ch | dsinth
and recording techniques were as described (Drain et al., 1994, 1998}’.\/I In a burst, the Iraction ortime the channél spends in the

Briefly, macroscopic and single-channel currents were recorded with th@P€en state is-0.8. Overall, the open probability of the
inside-out patch configuration at80 mV with the following pipette and ~ wild-type channel in the absence of ligand typically ranges

bath solutions, unless indicated otherwise. Pipette solution (in mM): 15(Getween 0.5 and 0.8, the variability due at least in part to
KCI, 10 NaCl, 1 CaCJ, 10 EGTA, and 10 HEPES, pH 74 0.05. Bath rundown (Trube and Hescheler 1984)

solution: same as pipette solution but with 1.3 MgATP. Constant perfusion
of the cytoplasmic face of patches was performed using a custom-made The AC26 truncated channel (TUCker etal, 1997) when

eight-sewer pipe syringe-pressurized system. Recordings were always b&Xpressed _in the absence Of_SUR Qxhibits long interburst
gun within one minute after excision with the patch pipette partially and short intraburst closed times similar to those of the
inserted into one of the sewer pipes. ATP was added as the magnesium S@lﬁild-type channel. However, its burst and open times are

to minimize rundown (Trube and Hescheler, 1984) and no other ”ga”d%ignificantly shorter (Drain et al., 1998; Tucker et al., 1998)
were added until after the ATP dose response data were obtained. Exper- .
iments showing rundown, characterized by a sudden significant decrease PPt due to the truncation &C26, but due to the absence of

channel open probability, were discarded. Patch clamp currents were the SUR (Babenko et al., 1999a; Lorenz et al., 1998). For

amplified with Axopatch 200A (Axon Instruments, Inc., Foster City, CA) the truncated\C26 channel (without SUR), the mean burst
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magnitude from~0.10 to 0.90. Accordingly, the interburst
SUR1+K,6.2 Wild-Type Po, osre= 0.66 intervals became infrequent, but remained comparable in
m duration to those of wild-type. Evidently, bursts that were
L 500 oo dramatically abbreviated by_the absence of SUR can be
S e T restored to very long duration by the T171A mutation.
BN T ST 1 T s TN Ve WA T These results indicate that the T171A mutation, which de-
creases the ATP-dependent gating of the wild-type channel

10
meee by nearly 40-fold as assessed By, also greatly slows
ligand-independent gating, suggesting a role for T171 in the
K 6.2AC26 alone P 0.07 gating step leading to the inactive interburst state. The

results demonstrate that gating in the absence of ATP can be
MN strongly altered by mutations originally selected for their
e e 500 msec ability to alter ATP-dependent inhibition gating, suggesting

A i e i the two gat!ng processes share a common meghan.lsm.
. L We previously reported that a point mutation in the

10 msec vicinity of T171, 1182Q, when expressed in the wild-type
K,6.2 background together with SUR1, virtually eliminated
K 6.24C26:T171A P _o7a ATP-dependent inhibition gating of the channel as mea-

— sured byK; (Drain et al., 1998). Here, we expand on that

W finding by characterizing th&; for ATP inhibition and the

: T 500 msec ligand-independent single-channel gating properties of the
SO, S A WL 15 substitutions at 1182 in the truncatd€26 channel that
10 mre expressed channel activity in the absence of SUR. Unless
otherwise indicated, we describe here mutations at 182
FIGURE 1 Comparison of the gating kinetics in the absence of ATP ofstudied in this truncatedC26 background expressed with-
three classes of p channels. &) Wild-type channel exhibits a relatively gyt SUR, which we refer to as 1182C26 mutant channels,
high open probability Ro) in the absence of ATP, characterized by long and compare them to the otherwise wild-type truncated

bursts, comprising many brief openings, separated by long interburs .
intervals. B) TruncatedAC26 channel without SUR1 exhibits a relatively BCZG control channel expressed without SUR.

low P in the absence of ATP, characterized by short bursts of one to a few

openings, separated by long interburst interva®) Truncated AC26 o . B

channel with the T171A substitution without SUR1 exhibits very High Substitutions at position 182 in truncated

in the absence of ATP. The bursts of the T174826 channel without AC26 channels strongly disrupt

SUR1 were longer than those of wild-type with SUR. All recordings in this ATP-dependent inhibition

and subsequent figures were made-&0 mV in symmetrical 150 mM

KCl as permeant ion. For details see Materials and Methods. Fig. 2 shows macroscopic current responses of four differ-

ent 182AC26 mutant channels to the indicated doses of

intracellular ATP. TheAC26 control channels, which have
duration was only 1.7&: 0.06 ms and the mean open time the wild-type isoleucine at position 182, were strongly in-
was only 0.83+ 0.05 ms. Thus, in the absence of ligand, thehibited by 0.2 mM ATP and almost completely by 2 mM.
fraction of time the truncatedC26 channel spends in the The 1182QAC26 channels, representative of the class of
burst state was-0.10. The truncatedC26 channel typi- mutants whose ATP-dependent gating is most disrupted,
cally opens only once, twice, or three times before exitingwere only weakly inhibited by 5 mM and moderately in-
the burst. The dramatic reduction of mean burst duratiorhibited by 10 mM. The [182I14C26 channels, representa-
from 28 to 1.7 ms suggests that the absence of SUR shiftsve of the less disrupted class of mutants, were weakly
the ligand-independent gating equilibrium in favor of theinhibited by 2 mM and moderately by 5 mM. The [182A/
inactive interburst state through a greatly enhanced rate a€C26 channels, representative of the least disrupted class of
spontaneous, ligand-independent transition to the inactivenutants, were moderately inhibited by 2 mM and strongly
interburst state (Drain et al., 1998). by 5 mM.

As previously shown, the shift in the ligand-independent Fig. 3 shows fits of the Hill equation to dose-response
gating equilibrium of K.6.2AC26 can be dramatically re- data fromAC26 control channels as well as from several
versed by a point mutation at position 171, as well as atepresentative 18RC26 mutant channels. For th®C26
neighboring positions in the C-terminal third of the M2 control channel wild-type at this position, tKewas 0.19+
transmembrane segment of@&2 (Drain et al., 1998; Trapp 0.02 mM ATP. Even for the least effective mutation at this
et al., 1998; Tucker et al., 1998). In the example revisitedposition, 1182A, theK; was 2.21+ 0.12 mM, an 11.6-fold
here, T171A in the truncatedC26 channel increased the increase. More dramatic shifts in tig were found for all
fraction of time in the burst state by nearly an order of14 other substitutions at position 182. For 1182L (where a

10 msec
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A. 1182/AC26 1.0 —~
Control ATP (mM)

2 0.2 0.1 0.2 2

1/1max

0.5 1

1182Q/AC26

0.0-

: 0.01 041 i 10 100
C.  1182L/AC26 ATP (mM)

5 2 01 2 5

FIGURE 3 Substitutions at position 182 of truncata@26 channels
result in rightward shifts of the dose-response curve for ATP inhibition.
Current in the presence of the ATP concentration indicated o tnés
relative to that in the absence of ATP was plotted for the 182 substituted
AC26 channels. Data points were fit to the Hill plot to obtain the half-

D.  1182A/AC26 maximal ATP concentration in mM for the inhibition, &. Slope factors
for the fits ranged from 1.& 0.1 to 1.3% 0.1. The fractional inhibition at
5 2 Lo 2 5 a given concentration is indicated in the plot as follo®s:AC26 control

channels if = 6); W, I1182A/AC26 channelsn( = 5); ¥, 1182L/AC26
channelsif = 6); and ¢, 1182QAC26 channelsn = 5). Mean* SEM.

10 pA 28 Single-channel behavior, in the absence of ATP,
of truncated AC26 channels with substitutions at

FIGURE 2 Effect of substitutions at position 182 on channel inhibition position 182

by intracellular ATP. A) The truncated\C26 channel without SUR1 with . i
the wild-type isoleucinel residue at position 182, which serves as the 1€ truncatedAC26 control channel exhibits dramatically

control for most of the experiments here, shows half-maximal inhibition byabbreviated burst durations, reflecting accelerated (com-
0.2 mM ATP, and nearly complete inhibition by 2 mMB)(The 1182Q/  pared to wild-type) transition to the inactive interburst state.
_AC_Z(_S_channel, which shows little if any inhibition by 5_m|\_/|, and_minor However, Iigand-independent gating typical quKZ chan-
!nh!b!t!on by 10 mM, represeqts the class of 182_subs_t|tut|ons_W|Fh ATPneIS with SUR (i.e., longer bursts) can be restored to the
inhibition most disrupted. Notice that channels with this substitution run ! i o .
down slightly, despite the best precautior®) The 1182LAC26 channel, AC26 control channels by certain substitutions at position
which shows minor inhibition by 2 mM and nearly half-inhibition by 5mM, 171. T171A, for example, slows down transition to the
represents the class of 182 substitutions with ATP inhibition less disruptedinactive interburst to rates comparable to those 96,@
(D) The I1182AAC26 channel,whic_h shqws_ n_e_arly half-maximal inhibition channels with SUR. To explain these results we have pro-
by 2 mM, and more than half-maximal inhibition by 5 mM, represents the . . L
class of 182 substitutions with ATP inhibition least disrupted. posed tha_t the gate controlling the burst-interburst transition
operates in both the absence and presence of bound ATP
(Drain et al., 1998). In the absence of bound ATP, the gate
hydrogen and a methyl group are swapped between adjacecibses relatively infrequently, as reflected in the relatively
carbons), th&; was 6.22+ 0.37, a 32.7-fold increase. For rare transitions from the active burst to the inactive inter-
1182Q, theK; was 12.25+ 0.90 mM, a 65-fold increase. burst intervals. Bound ATP has the effect of greatly accel-
1182Q was originally selected in full-length ;8.2 ex- erating this pre-existing gating mechanism. The T171A
pressed with SUR1 for its ability to increakg from 0.12  mutation has the opposite effect, greatly slowing gating to
to = 10 mM (Drain et al., 1998). Thus, the strong effect of the inactive interburst state, with or without ATP present, as
this mutation orK; was maintained in the truncatéd-26  reflected in the dramatically prolonged burst durations of
channel expressed without SUR1. For I118AQ26, thekK; the truncated\C26 channels. Because the mutation’s effect
determinations were difficult at least in part because thes observed independent of the presence of ATP, it likely
channels are largely refractory to ATP up to the maximumdisrupts primarily the gating step per se, and not other steps
tested 10 mM. Although variable, th& values for 182W  such as ligand binding.
were always=15 mM ATP, representing an increasel In contrast, we found that, of the 15 substitutions for 1182
of over 80-fold. in the truncatedC26 background that expressed functional
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channels, all greatly impaired ATP inhibition, yet none at the 182 position, th&; for ATP inhibition, and the open
restored the long bursts typical of wild-type gating. Rather probability (o) in the absence of ATP. The latter are
all substitutions at position 182 in truncata€26 channels convenient indicators of ligand-dependent and ligand-inde-
preserved the short-burst gating characteristic of the othependent gating, respectively. The top record illustrates the
wise wild-type truncatedC26 channel. Fig. 4 shows rep- brief bursts and frequent interbursts characteristic of the
resentative single-channel records in the absence of ATP fdruncatedAC26 control channel. For comparison, the bot-
all substitutions at 182 oAC26 that expressed channel tom record demonstrates that T171A greatly lengthens the
activity. Each record is labeled with the amino acid residueburst times of the truncatelC26 channel, to approximate

1182/AC26 Contro! |ATP O 19 mM Pooare 0-09
CTeTT T T

1182W/AC26 152 mM 0.04
FIGURE 4 Substitutions at position ' u y ] » U I U
182 generally fail to restore long-dura-
tion bursts of activity to the truncated 1182Q/AC26 12.2mM
AC26 channel. Representative single-‘w v pre V""W' WMWWW
channel current records are shown with
the single-letter abbreviation for the 1182R/AC26 10.5 mM 0.05
amino acid residue substituted XC26 WWMW 4 “[ “"“‘U“'w
indicated, as well as the resultirg
and open probabilityRo) in the ab-  [1825/AC26 10.1 mM 0.05
sence of ATP. The top trace is from a PR "'IH A ;WWWWW
channel with the wild-type residue | at
position 182. These control channels
had a relatively lowK; of 0.2 mM and 182K/AC26 10.0 MM
a low P, in the absence of ATP of W ' H ‘ ‘ ’ ’ v I N
0.09. For comparison, the channel
yielding the bottom trace also has the 1182T/AC26 6.5 mM
wild-type | residue at 182, but has in Ww - “""”"’" e er”
addition the T171A mutation, the latter
of which disrupts both ATP-dependent |182L/AC26 6.0 mM .
inhibition gating K; of 6.6 mM, a 35- »M-\ m»-qn MW ﬂ nm m nmm oot i
fold increase) and ligand-independent T ” WN w “J U
gating Po in the absence of ATP of 1182E/AC26 » 50 mM 0.08
0.80, an 11-fold increase). Notice that,
while the substitutions at position 182 ' ' I ” “' W \ * | ' WN ! m v W u
greatly increase thi; for ATP inhibi-
tion—in five cases more so than 1182M/AC26 4.7 mM 0.05
T171A does—they, unlike T171A, do
not increase the ligand-independent
open probability of the channePg in 1182Y/AC26 42 mM 0.04
the absence of ATE= 0.14, compara- * m - g ] . ¥ W
ble to the AC26 rather than to the v W
AC26/T171A control) K; values were  |18oP/AC26 4.0 mM 0.05
determined as in Fig. 3. For bokh and 1 Mt : b e ety - - .
Po values,n = 4 for each determina- w U I T M { ‘ V w u H [ W
tion.

T171A/AC26 6.6 mM

50 ms
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those of the full-length, wild-type K channel (compare

with Fig. 1). The other records are for the 18226 mutant A 1182K/AC26

channels, all in the absence of ATP. They clearly show that

substitutions at 182 preserve the frequent gating to the 17/20 patches:

inactive interbursts characteristic of tA€26 control chan-

nel. This holds true always for 13 substitutions at 182, and M& ” N u u | U I J'
almost always for the remaining two. (Exceptions are de-

scribed below.) Thus, 15 substitutions at position 182 in- 3/20 patches:

creased; =10-fold, ten substitutions=25-fold, five sub-

stitutions =50-fold, yet all caused=1.13-fold increases in Wiwmwwmmwwww

mean burst time, open time, or open probability.

1182R/AC26
Positively charged substitutions at position 182 B

can alter ligand-independent gating

For two of the substitutions at 182, we found rare exceptions 12/14 patches:
to the general statement above. The two positively charged 1 i i mmmmrr
substitutions, 182K and 182R, each increakedby >50- ""‘m v Ww | N
fold and usually had little if any effect on ligand-indepen-
dent gating parameters. Occasional patches, however, eX~y 4 4 patches:
hibited the long bursts typical of 6.2 channels with SUR :

(Fig. 5). In 3 of 20 patches of 182KL€26 channels and in WWWWWWMWWML
2 of 14 patches of 182R/L26 channels, long bursts of
openings were observed, comparable in duration to those of
the 171AAC26 and wild-type K;r channels in the absence

of ATP. This rare behavior was not analyzed further.

50 ms

FIGURE 5 Exceptional restoration of long bursts of channel activity in

. . . the absence of ATP was observed only in positively charged substitutions
Slngle-channel kinetics of the 1182Q/AC26 at 182. Q) Of 20 single-channel 1182KWC26 patches, 17 exhibited the low

channel in the absence of ATP P, in the absence of ATP and short-duration bursts of one to few openings

. L .. characteristic of the\C26 control; however, three patches exhibited the
To quantify the effects of substitutions at position 182 c’nhigh Po in the absence of ATP and long-duration bursts of openings

ligand-independent gating, in particular whether they hacharacteristic of the T171AC26 channel. A representative segment from
any effect on the transition rate from the active burst state tone of these rare, long-duration burst patches for the 1182&6 channel
: : w Py in the absence of ATP and short-duration bursts characteristic of
of Ope.n' both intraburst and interburst closed, and burSfCZG control; however, two exhibited the hif, in the absence of ATP
dwell times of an |182QX_CZ§.Chann.el and ACZ.G control and long-duration bursts of openings characteristic of the T1IXCA6
channel. We found no significant differences in the meanshannel. A representative segment from one of these two rare, long-
of these four parameters. This is in contrast to the dramatiduration burst patches for the 1182226 channel is shown. For each
difference in burst duration and nearly nonexistent inactivaranel, numbers indicate the fraction of oocytes having single-channel
interburst times found for the T171AC26 channel. The patches which in the absence of ATP exhibited bursts of the short-duration
- . " .7 orlong-duration class, respectively.
results indicate that, in contrast to the T171A substitution,
the 1182Q substitution had little effect on the ligand-inde-
pendent single-channel gating of the truncat&tl6 chan-
nel, despite the 65-fold effect of 1182Q on th& for = compares the range of mean values for all 15 of the 1182X/
ligand-dependent inhibition. AC26 mutant channels with the range of individual mea-
surements for the 118226 control and T171AYC26

. . channels. Clearly, substitutions at 182 greatly increased the
Comparison of gating parameters for 182/AC26 K; over a wide range, with a median value similar to that for
and T171A/AC26 channels the T171A mutation (Fig. 7). Yet, substitutions at 182
In Fig. 7, we compare six characteristics (tefor ATP  exhibited no significant differences from 118226 control
inhibition and five single-channel gating parameters meain gating properties in the absence of ATP. For all 15
sured in the absence of ATP) of the 1182026 mutant substitutions at position 182, the range of open probabilities,
channels with those of the truncated 118226 control and openings per burst, burst times, open times, and closed
T171A/AC26 channels. For each characteristic, the panelimes (Fig. 7,B—F, respectively) were not significantly
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Closed Inactive
FIGURE 6 Comparison of ligand- Intraburst Interburst

independent single-channel kinetic  channel OpenTimes Times  Times Burst Times
properties of the 1182Q@/C26 and . . . .
T171A/AC26 channels, with those of  |182/AC26

AC26 control. Histograms of open Control

times, intraburst and interburst closed Counts

times and burst times are shown for

each channel. The logarithmic time-

axis used for the histograms yields a

fitted probability density function

with peaked components. The posi-

tion of the peak along th& axis of

the peak corresponds to the compo-

nent's time constant. To facilitate
comparisons, vertical lines indicate

the characteristic time constant for

the exponential terms of the truncated

AC26 control channel. The mean [182Q/AC26
burst times for the truncatedC26

control, the [1182QAC26, and
T171A/AC26 channels were 1.76

0.06, 1.58+ 0.02, and 19.5+ 0.5

ms, respectively. The mean open

times were 0.83t 0.06, 0.73* 0.04,

and 1.38+ 0.02 ms, respectively.

The mean brief, intraburst closed

times were 0.42- 0.02, 0.40+ 0.02,

and 0.42+ 0.02 ms, respectively.
Moreover, whereas the long inactive
interburst times of the 1182QC26 T171A/AC26
channel (mean duration 145 2.0

ms) andAC26 control channel (14.1

ms *= 0.7 ms) contributed approxi-

mately half the closed events, the

long inactive interburst events were

nearly nonexistent in the T171A/

AC26 channel. The duration histo-

grams shown are representative of

five similar experiments for each

type of channel.

il 10 100 1 10 100 1. 10 100
Duration (ms}) :

different from those for the truncated 1182226 control. residue at position 182. Th&C26 control channel, repre-
This is in sharp contrast to the T171¥Z26 channel, whose sented by “I” in the plot, combines a relatively Idy value
open probability, openings per burst, burst times, and opewith a low mean burst duration. All 15 of the 1188226
times increased dramatically (Fig. B--F), reflecting strik-  mutant channels combine a range of highvalues with

ing effects on ligand-independent gating by the T171Ashort and largely uniform mean burst times. The T171A/
mutation, consistent with previous conclusions (Drain et al. AC26 channel, represented by “T171A,” combines a gh
1998; Tucker et al., 1998). value with a high mean burst duration. The visual display
emphasizes the lack of effect of substitutions at position 182
on ligand-independent burst times, compared to the T171A

Comparison of changes in K; and burst duration mutation.

in the absence of ATP for 182 substitutions in the

truncated K;,6.2AC26
The essential effects of 182 substitutions on the truncategi82 substitution in the_ wild-type K"6'.2/S.UR1
channel also strongly increases K; with little

AC26 channel are visually summarized in Fig. 8, where theeffect on liaand-independent aatin
mean burst time in the absence of ATP is plotted against the 9 P 9 9
K; for each of the 18AC26 mutants. Each mutant is rep- Initially, we were surprised by the general lack of experi-

resented by the single-letter symbol for the amino acidmental support for tight linkage between the gating mech-
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FIGURE 7 Ranges oiK; and ligand-independent g S 044
single-channel parameter values for the 182 substitu- NN 8—
tions. Ranges of each parameter are shown by box | 2
plots. Measurements from the 15 substitutions at 182
studied here are pooled together and designated 0 = 0.0- S B
1182X/AC26, and compared with those of the 1182/
AC26 control and the T171ALC26 channel.f) K; for
ATP inhibition. The mearK; values of the 15 mutants  C D _
at position 182 covered a wide distribution with a ]
median similar to that for T171A, and over 30-fold ~ 20 ® 20
higher than that for the 118&C26 control. TheK; of e 1S
15 mM for the 1182W substitution (an 80-fold in- @ _ g;"
crease) is an outlier off the top of the plot, and not 2 £
shown. B—F) Distributions of various ligand-indepen- £ 4o+ = C o4
dent single-channel parameters. For every parameter, 2 ° g
the 1182XAC26 mutant values were not significantly o E o -
different from the corresponding 1182C26 control - - = =
values. For every parameter except closed times, the 0- 0-
1182X/AC26 mutant values are significantly less than
the corresponding T171AL26 values, except for the
mean intraburst closed timepanel B. Each box E 144 F 14—
covers the central half of the data with a line through '
the box at the median value. The single lines that o ) @ g ]
extend vertically up and down from the box cover all g 1.0 & 1.0
but outliers of the data. The shaded region associated g 7 g B
with each box approximates the 95% confidence in- € 08 % % F 0.8
terval of the median value. ‘; il § B
5]
& 04- S 0.4+ = B =
0.0- 0.0~
182X/ 182/ T171A/ 182X/ 182/ T171A/
AC26 AC26 AC26 AC26 AC26 AC26
anism and other components underlying{K channel in- We tested whether linkage from 1182 to the gating mech-

hibition by ATP. We had reasoned that even substitutions oanism might depend on full-length ;8.2 or SUR1 by
residues that are not directly part of the gating mechanisnstudying the 1182Q substitution in a wild-type background.
would nevertheless frequently alter gating via such tightrig. 9 shows that 1182Q in the full-length,&.2 with SUR1,
linkage. In a strictly linked system, changes in the equilib-as in the truncated subunit without SUR1, has little or no
rium position of the gate might be expected to follow effect on ligand independent gating. 1182Q, which results in
changes at the site, including those arising from mutationgjrtyal elimination of ATP inhibition K, >10 mM; Drain et
isolated by their increase i, for ATP inhibition, regard- al., 1998), did not affect the ligand-independent activity of

less of the absence or presence of ligand. So far, we fing,, wild-type channel with SUR1 as measuredryin the
little evidence for this _no_t only from results of §ub_st|tut_|ons absence of ATP. Thus, 1182Q in both the,&2AC26
at 182, but also from similar results of 22 substitutions in the

334 region of K6.2AC26 without SUR (unpublished re- channel and the full-length }6.2 + SUR1 channel dramat-
sults, Li, Geng aﬁd Drain). However, common to all theic:ally disrupts ATP inhibition without altering ligand-inde-

substitution experiments in the 182 and 334 regions is th@endent gating. The results are inconsistent with a linkage
AC26 mutation and the absence of SUR. Perhaps the lack §téchanism that always couples the ATP binding site to the
linkage to the gating mechanism in the absence of ligand igWhibition gate in the presence of SUR, but not in its
not a general property of substitutions at 1182 or G334, buibsence. Rather, the results suggest a ligand-dependent link-
rather an artifact due to the truncation of@&2 or to the age mechanism that likely operates in the wild-type as well
absence of SUR. as the truncated channel (see below).
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: SUR1 + K 6.2::1182Q Po,OATP = 0.67
. T171A
m .
£ :
~ 10 .
O :
~ , : ' 500 msec
® | :
=] .
m b .
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(B 1 .
o :
= v L
: M e R
100 msec
' AL | A A
0.1 1 10 FIGURE 9 Mutation of 1182 in the wild-type ¥6.2/SUR1 background
K Arp (mM) strongly disrupts ATP-dependent gating as measurdq] layth little effect

on ligand-independent gating. Single-channel record segment of the chan-
nel formed by co-expression of SUR1 ang&<2::1182Q. Five seconds of
FIGURE 8 Ligand-independent burst times of 118226 channels are  recording are shown together with the first segment greatly expanded
independent of ligand-dependent gating as measure byr ATP. The  pelow. The data are from a 138-s record taken immediately after patch
letters are the single-letter abbreviations for the amino acid substitutions ayxcision into 0 ATP during which the channel exhibited no rundown,
182 studied in theAC26 channel and are plotted with coordinates repre- measured as time-dependent loss of activity. The open probability of the
senting the values for mean burst time &QdThe corresponding values for - channel in this recording was 0.67, which is indistinguishable from that of
T171A are also plotted for reference. TKgvalues for 1182AC26 control the wild-type Kyp channel. The 1182Q mutation in the wild-type, &2
and its substitutions at 182 cover a wide range from 0.19 to over 15 mMpackground with SUR1 results in over a 1000-fold loss in ATP inhibition,
ATP, whereas the average mean burst times cover a narrow range frogbmpared to wild-type control (Drain et al., 1998). Thus, mutation of 1182
1.46 to 1.92 ms. For T171A, th€ is 6.6 mM and the average mean burst iy the wild-type K,6.2 background co-expressed with SURL virtually
time is dramatically longer at 19.5 ms. eliminates ligand-dependent gating with little or no effect on ligand-
independent gating. The results are representative of experiments of all 11
single-channel patches studied from six oocytes expressjBRKI182Q
+ SUR1.
DISCUSSION

::i?(lzle-ltj;rl)r;eAa"lFP"-?:h?l:itIi(gg.z is indispensable for pendent burst and open durations. In the full-length wild-
type K;6.2 background expressed with SUR1, T171A in-
All 15 substitutions that express at position 1824E26  crease; by 40-fold (Drain et al., 1998). In the truncated
decreased ATP-dependent gating with no effect on ligandAC26 expressed without SUR1, T171A had the additional
independent gating. The alanine substitution, which had thetriking effect of restoring long bursts, increasing burst
least effect on ATP-dependent gating, nevertheless deduration 10-fold or more compared to T1AQ26 (Drain et
creased it by over 10-fold. At the other extreme arginineal., 1998; Tucker et al., 1998). This change in bitrand
lysine, serine, and tryptophan each decreased ATP-depethe ligand-independent gating equilibrium of theC26
dent inhibition by 50-fold or more. Each of 15 substitutions channel is explained in part if T171A slows the transition
at position 1182 therefore increased tKe by 10-fold or  rate from the active burst to the inactive interburst state
more, but none slowed ligand-independent gating of theegardless of the presence of ATP. In the wild-type channel,
channel to the interburst states, with rare exceptions disATP at low concentration likely predominantly stabilizes
cussed below. The increaskgdfor ATP inhibition for all 15  channels that have already entered the inactive interburst
of the 1182 substitutions taken together indicates no othestate. At higher concentration, ATP also likely first binds to
residue, including leucine, substituted well, and we con-+he burst state and greatly accelerates the transition from the
clude that isoleucine is indispensable for wild-type inhibi- active burst to the inactive interburst state.
tion.

Positively charged residues at 182 can alter
The effect on ligand independent gating of ligand-independent gating

substitutions at 182 sharply contrasts that at 171 Whereas the indispensable role for 1182 in ATP inhibition

The lack of effect of 118K, mutations on ligand-indepen- as part of the gating mechanism is excluded, the exceptional
dent gating is in sharp contrast to the effect of the T171Abehavior of the 1182K and 1182R substitutions indicates
mutation, which increases boti and mean ligand-inde- residues at 182 can alter, and therefore must provide linkage
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to, the gating mechanism. In 3 of 20 patches with 1188826  (Baukrowitz et al., 1998). A recent report on the role of the
channels and in 2 of 14 patches with 1182R26 channels, neighboring residue K185 in channel inhibition by ATP
long-bursting gating kinetics dominated the current recordsconcluded that ATP does not interact with the side chain of
It may be of significance that altered ligand-independent185, but an interaction with the backbone or an indirect
gating was limited to channels with positively chargedinteraction of this residue with ATP remains possible
substitutions at position 182. Plausibly, the 182 region(Reimann et al., 1999). An alternative hypothesis that com-
moves into proximity of charged or polar environmentspines all the results is that PJRand the residues of this
during the burst-interburst gating transitions. There is evitegion all together do not directly contact ATP in the
dence for such pore domains contributed by residues frorBinding reaction but rather, as shown here for positively
the second transmembrane domain M2 to T171A p8.R  charged residues at 182, mediate the linkage between ATP
(Drain et al., 1998; Loussouarn et al., 2000; Shyng et al.hinding and the gating mechanism.

1997b; Trapp et al., 1998; Tucker et al., 1998). The com- Thys far our results do not distinguish between a role for
munication between charged residues at 182 and gating i g2 in the linkage of the ATP binding site to the gating
the absence of ATP may rgflect a tight. linkage i.nteractionmechanism or the ATP binding mechanism itself. On one
between 1182 and the gating mechanism that is engageghng, if the K,;p channel tightly links the conformations of
only during occupancy of the binding site by ATP in the ji5 gating states and ATP binding site (“ligand-independent

wild-type channel. o _ _ linkage”), then either 1182 substitutions disrupt the initial
The effect of charged substitutions on ligand-independeny;,ing reaction with ATP or cleanly sever this linkage to

gating distinguishes 1182 from other positions implicated inexplain the general lack of effect on gating. On the other

ATP inhibition that are distal to T171 in the C-terminal hand, if linkage is engaged only when ATP binds (‘ligand-
cytoplasmic tail of K6.2. Although mutational analysis is depe’ndent linkage”), then a linkage role fits well with the

?hoe:ta}ﬁccrce)r;spézt(tahg tfg?S:Tcgsffrll.ggtsoltr'logjgl S}:ﬁr}.rg%tst'oqsare effect of charged substitutions on ligand-independent
. : i INNIbI with ig gating, and a role in the binding mechanism could not be
independent gating unaltered, without exception. For examyz,

ple, K185Q inAC26 without SUR1 increasei by 40-fold discerned from these data. The latter ligand-dependent link-

(Tucker et al., 1997, 1998), without a Iigand-independenfage mechanism is favored, as it explains the general lack of

gating change (Tucker et al., 1998). Other neighboringeffect by 182 and distal mutations on gating in the absence

mutations E1790 and Q173A in the truncate@26 chan- of ligand as well as the rare effects of the positively charged

nel without SUR increased th€; more modestly, almost substitutions _at 182.In sgpport ofa Iigand-_depgndent link-
threefold, with little or no change in Iigand-independentage mechanism  underlying A channel inhibition by

gating. Position 182 therefore is unique so far in not beingo‘TP_’ one of the _strongeé(iy aTp Mutations, 1182Q, was
part of the gating mechanism, but being able to provide awudied in the wild-type 6.2 background co-expressed

linkage to it when positively charged side chains occupy theVith SURL. As is the case in the truncated&2AC26
position. background expressed alone, the 1182Q mutation strongly

disrupted ATP inhibition but left ligand-independent gating

indistinguishable from its wild-type counterpart. The results
1182 neighbors a residue implicated in importantly indicate that the lack of effect of 1182 substi-
phosphoinositide-stimulated K rp channel activity  tution on linkage and gating mechanisms is not somehow

Fan and Makielski (1997) demonstrated that phosphoinosidue to the absence of SUR. We conclude that the lack of
tide stimulation was less effective when,&2 contained e_:ffect of 1182 substitutions on Ilgand-_mdependen_t gating
the R176A/R177A double mutation compared to wild—type.!'ke_W_ r_eflects the nature of the mechanism underlying ATP
Subsequently, the application of phosphoinositides wa#hibition of the K,r» channel, and not the absence of an
shown to attenuate &p channel inhibition by ATP, dem- essential component of the linkage mechanism conferred by
onstrating functional antagonism between stimulation bySUR.

phosphoinositides and inhibition by ATP (Baukrowitz etal., Other regions of the |y channel are likely to play an
1998; Shyng and Nichols, 1998; Fan and Makielski, 1999)_essential role in the ATP binding site. Mutations in the 334
Fan and Makielski (1999) proposed a speculative mechaegion of K;6.2 can dramatically disrupt ATP-dependent
nism in which the phosphates of phosphoinositides and ATRating with little or no effect on ligand-independent gating
compete at the inhibitory ATP binding site. They suggestedDrain et al., 1998). The 334 region of the C-terminus
that “the region T171-1182,” which includes the putative includes an ATP-binding motif FX that is highly con-
phosphoinositide binding site associated with increasingerved in the intracellular ATP-binding loop of ion-motive
ligand-independent gating to the burst state, might alsé\TPases (Mcintosh et al., 1996). The presence of this motif
include the inhibitory ATP binding site. The ATP site, together with the lack of effect on ligand-independent gat-
however, is unlikely to include position 176 because theing make the 334 region a candidate for being part of the
substitution R176A had little or no effect on ATP inhibition inhibitory ATP binding site.
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