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The Kinetic and Physical Basis of K, Channel Gating: Toward a Unified
Molecular Understanding
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ABSTRACT K,1p channels can be formed from Kir6.2 subunits with or without SUR1. The open-state stability of K,rp
channels can be increased or reduced by mutations throughout the Kir6.2 subunit, and is increased by application of PIP, to
the cytoplasmic membrane. Increase of open-state stability is manifested as an increase in the channel open probability in
the absence of ATP (Po,,,.) and a correlated decrease in sensitivity to inhibition by ATP. Single channel lifetime analyses were
performed on wild-type and 1154C mutant channels expressed with, and without, SUR1. Channel kinetics include a single,
invariant, open duration; an invariant, brief, closed duration; and longer closed events consisting of a “mixture of exponen-
tials,” which are prolonged in ATP and shortened after PIP, treatment. The steady-state and kinetic data cannot be accounted
for by assuming that ATP binds to the channel and causes a gate to close. Rather, we show that they can be explained by
models that assume the following regarding the gating behavior: 1) the channel undergoes ATP-insensitive transitions from
the open state to a short closed state (C;) and to a longer-lived closed state (C); 2) the C,, state is destabilized in the presence
of SURT; and 3) ATP can access this C, state, stabilizing it and thereby inhibiting macroscopic currents. The effect of PIP,
and mutations that stabilize the open state is then to shift the equilibrium of the “critical transition” from the open state to the
ATP-accessible C, state toward the O state, reducing accessibility of the C, state, and hence reducing ATP sensitivity.

INTRODUCTION

ATP-sensitive potassium (Kp) channels are inhibited by effect (Hilgemann and Ball, 1996; Fan and Makielski,
intracellular ATP and thus couple cellular metabolism t01997). The inhibitory effect of intracellular nucleotides on
membrane potential (Ashcroft, 1988; Nichols and LedererK 1 channels also depends on the number of phosphate
1991). Structurally unique among potassium channels, thegroups in the molecule (Ashcroft, 1988; Lederer and Ni-
are normally formed from an ATP-binding-cassette proteinchols, 1989), which might suggest that PEtivation and
(sulfonylurea receptor, SURx) and an inward rectifier ATP inhibition are related phenomena. Consistent with this
(Kir6.x) subunit (Aguilar-Bryan et al., 1995; Inagaki et al., hypothesis, PIPhas a profound effect on the sensitivity of
1995, 1996) with a 4:4 stoichiometry (Shyng and Nichols,SUR1+Kir6.2 channels to ATP inhibition (Shyng and Ni-
1997; Clement et al., 1997; Inagaki et al., 1997). The SURxhols, 1998; Baukrowitz et al., 1998). In the present study
subunit confers sensitivity of the channel to sulfonylureaswe have further examined the interaction of PaRd Kir6.2
MgADP, and potassium channel openers (Nichols et al.subunits. The results demonstrate thatRtfeluced channel
1996; Gribble et al., 1997; Shyng et al., 1997b). Multiple activation and desensitization to ATP is also observed for
structure-function analyses demonstrate that the Kir6.x subehannels formed from Kir6.2 subunits alone (Tucker et al.,
unit forms the pore and controls the hallmark inhibition by 1997; Baukrowitz et al., 1998), but with altered quantitative
ATP (Shyng et al., 1997a; Tucker et al., 1997, 1998; Drainresponses. Both PJRand multiple mutations of the Kir6.2
et al., 1998). However, the mechanism of this inhibitionchannel pore region affect the intrinsic stability of the
remains unclear. channel open state and the apparent affinity for ATP (Shyng
Recent reports indicate that membrane-bound phosphat al., 1997a; Tucker et al., 1998; Trapp et al., 1998; Drain
lipids bind to various inward rectifier K channels, stabi- et al., 1998). These findings indicate that, rather than caus-
lizing them in an active conformation (Hilgemann and Ball, ing closure of the K;r channel, the inhibitory action of
1996; Fan and Makielski, 1997; Huang et al., 1998) andATP is to stabilize a closed state. Consideration of these
Karp Cchannels are no exception in being activated by, PIP constraints suggests kinetic models that can account both
(Fan and Makielski, 1997; Hilgemann and Ball, 1996). Infor the behavior of K channels formed from Kir6.2
controlling K" channel activation, the more negatively subunits with or without SUR1, and the action of Ri#h
charged the phospholipid, the more potent is the activatinghe channels.
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FIGURE 1 M2 cysteine mutations can generate very ATP-insensitive

channels with very high open probability. Representative currents recorde
from inside-out membrane patches containing only a few (A) 113463[

+ SUR1, @) L157C[AC] + SURL, or €) L164C[AC] + SUR1 mutant

K atp Channels at-50 mV in K-INT solution (see Methods). Patches were
exposed to differing [ATP] as indicated

Expression of K,;p channels in COSm6 cells

COSmé cells were plated at a density-e2.5 X 10° cells per well (30 mm
six-well dishes) and cultured in Dulbecco’s Modified Eagle Medium plus
10 mM glucose (DMEM-HG), supplemented with fetal calf serum (FCS,
10%). The next day, cells were transfected by incubatiorifb at37°C

in DMEM containing 10% Nuserum, 0.4 mg/ml diethylaminoethyl-dex-
tran, 100 uM chloroquine, and 5ug each of pCMV6b-Kir6.2, pECE-

SUR1, and pECE-GFP (green fluorescent protein) cDNA. Cells werectr-A161C N/D
subsequently incubated for 2 min in phosphate-buffered salt solutiorcy-1162C N/D

containing DMSO (10%), and returned to DMEM-HG plus 10% FCS.

Patch-clamp measurements

Karp currents were assayed using patch-clamp measurements 2—4 da

after transfection. Experiments were made at room temperature, in a

oil-gate chamber which allowed the solution bathing the exposed surface a
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solution (see below). Microelectrodes were “sealed” onto cells that fluo-
resced green under UV illumination, by applying light suction to the rear
of the pipette. Inside-out patches were obtained by lifting the electrode and
then passing the electrode tip through the oil-gate. Membrane patches were
voltage-clamped with an Axopatch 1D or 200A patch-clamp (Axon Inc.,
Foster City, CA). The standard bath (intracellular) and pipette (extracel-
lular) solution used in these experiments (K-INT) had the following com-
position: 140 mM KCI, 10 mM K-HEPES, 1 mM K-EGTA, pH 7.3. PIP2
was bath sonicated in ice for 30 min before use. All currents were measured
at a membrane potential 650 mV (pipette voltage= +50 mV). Data
were normally filtered at 0.5—-20 kHz, signals were digitized at 22 or 88
kHz (Neurocorder, Neurodata, NY) and stored on video tape. Experiments
were replayed onto a chart recorder, or digitized into a microcomputer
using Axotape or Fetchex software (Axon Inc.). Off-line analysis was
performed using Fetchan, pSTAT, and Microsoft Excel programs. The
threshold for judging the open state was set at half the single channel
amplitude. Wherever possible, data are presented as m&# (standard
error of the mean). Microsoft Solver was used to fit data by a least-square
algorithm.

Model simulations

Probability density functions of kinetic models were calculated with Math-
cad software (MathSoft, Inc., Cambridge, MA) using matrix mathematics
as described by Colguhoun and Hawkes (1977, 1981, 1995). The proba-
bility density function of a set of states with k states is given by:

f(t) = Pexpt*Qan)( — Qaa)Ua 1)

Table 1 K,,, arp and Po,,, values (estimated from noise
analysis or single channels) for mutant Kir6.2 + SUR1
channels examined in this study (L164, R176 mutants), in
Shyng et al. (1997a, N160 mutants) and in Loussouarn et al.
(2000, Cysteine substitutions)

P0,ero = SE mean K, arp (uM) = SE
T 0.45+ 0.09 12+ 1.6
L164T 0.89+ 0.01 4,300
L164G 0.89= 0.03 3,600
L164A 0.87= 0.02 520
L164V 0.78= 0.04 7
R176A 0.01= 0.001 5
N160D 0.83= 0.01 46
N160A 0.76+ 0.02 6
N160E 0.83* 0.03 18
curl 0.88+ 0.02 1,060+ 10
Ctrl N/D 0.88+ 0.01 1,060+ 24
Ctr-N153C 0.88* 0.02 230+ 76
Ctrl-1154C 0.89= 0.01 330= 30
Ctrl-L157C N/D 0.89= 0.01 420+ 270
Ctr-M158C N/D 0.89+ 0.02 4,200+ 1300

0.88= 0.01 110+ 8

0.86= 0.03 33+ 6
Ctr-M163C N/D 0.90+ 0.02 190+ 54
Ctrl-L164C N/D 0.89= 0.01 >100,000
Ctrl-1167C N/D 0.88= 0.02 1,100+ 250
Ctr-M169C N/D 0.90+ 0.01 110+ 17
Ctrl-T171C 0.91+ 0.02 2,800+ 820
Erl-Q173C 0.88* 0.01 33+ 4

trl-H175C N/D 0.90* 0.03 24,500+ 4970

the isolated patch to be changed in 50 ms. Micropipettes were pulled frorAll channels were coexpressed with SUR1 subunits. WT refers to wild-

thin-walled glass (WPI Inc., New Haven, CT) on a horizontal puller (Sutter

type Kir6.2 construct. Ctrl refers to Kir6.2[C1668C36] background,

Instrument, Co., Novato, CA). Electrode resistance was typically 0.5-1with or without additional N160D mutation (N/D), or with cysteine (C)

MQ (5-10 MQ for single channel currents) when filled with K-INT

substitutions as indicated.
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A whereQ,, is a submatrix ofQ and is based on rate constanis,a 1 x k

row vector containing the probabilities of starting in each of the sfatesime
10 0, andu, is a kX 1 column vector whose elements are all 1. The expression
“exp(t*Qaa)” Was calculated using the spectral expansiog@f, .

RESULTS

3 Multiple M2 mutations desensitize the channel to
10 ATP and stabilize the channel open state

Recent evidence suggests that ATP may act by stabilizing a
v,vi .
closed state of the channel because changes in open prob-
m m g ability in zero ATP correlate with changes in apparent ATP
6 . sensitivity (Shyng et al., 1997a, Trapp et al., 1998; Koster et
10 al., 1999; Shyng and Nichols, 1998). In particular, system-
atic mutations of residues in the M2 region of Kir6.2 cause
wide variation of ATP sensitivity (Loussouarn et al., 2000).
Three such mutations shown in Fig. 1 generate channels that
are very insensitive to ATP, and have a very high open
10 ° probability in the absence of ATP (typically 0.8—0.9), with
: ! , ; : the channels being in a nearly continuously “bursting” state.
0 0.2 0.4 0.6 0.8 1 We estimated ATP sensitivity and R, (channel open
P, in absence of ATP probabjlity .in the absence pf ATP) from experiments Ii}<e
those in Fig. 1 from amplitude histograms, or by noise
analysis of patches containing a large number of channels.
Table 1 and Fig. 2A summarize the B, and Ky, atp
B estimates for each of the M2 mutant channels coexpressed
with SUR1. Although comparison of BgsKi, atp rela-
0 , tionships between isolated mutations is not particularly in-
formative, it is quite clear from the whole data set (Fig\)2
OWT + SUR1 that Pge,,and Ky, orp are correlated, i.e., ATP sensitivity
® WT[AC] + SUR1 depends on the open-state stability.

I'<1l2,ATP (M)

10

The effect of PIP, on ATP sensitivity and open
probability of K,1p channels formed of Kir6.2
subunits with or without SUR1

We have concentrated further analysis on wild-type Kir6.2
(full length: WT, or C-terminally truncated: WRC]) sub-

- units, and on the high open-state stability mutant
N Kir6.2[I154CAC] subunits (1154CAC]). We previously
\ModeIV demonstrated that PJPincreases PQ,, and K, otp Of
wild-type K, rp channels coexpressed with SUR1 (Shyng
and Nichols, 1998). Fig. 3 shows representative recordings
of currents generated by expression of WT] and

Kirzare (M)

10 1154CJAC] subunits with A), or without SUR1 B, C). In
‘ : : : » each case, application of BIReads to an increase of open
0 0.2 0.4 0.6 0.8 1 probability and to a decrease of ATP sensitivity (Shyng and
P, in absence of ATP Nichols, 1998; Baukrowitz et al., 1998). For WT, or

FIGURE 2 K, atpVersus Pg, . for coexpressed Kir6.2= SURL chan-
nels (data summarized with errors in Table B). large symbols represent
mean values for different Kir6.2 mutant construaipén squarescysteine  variation of K- (see text). B) Small symbols represent individual patches
substitutes onAC36,C166S background, Loussouarn et al., 2000, andfrom Kir6.2 (WT) + SUR1 ¢losed symbolsfrom Shyng and Nichols,
R176A, Shyng and Nichols, 1998&losed squaresN160x mutations,  1998) or Kir6.2MC25] (WT[AC]) + SURL1 ppen symbo)s before, and
Shyng et al., 1997apen circles1164x mutantspouble circle:wild-type with time after, exposure to PjPIndividual patches are connected by thin
Kir6.2; double square:154CJAC]). Superimposed smooth lines corre- lines. The heavy line represents predicted .Rversus K, Arp relation-
spond to predictions of Models Ill, V, and VI as indicated, with continuous ship calculated from Model V (see text).
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FIGURE 3 PIRB stimulates, and relieves ATP inhibition of, WAC] and
1154CJAC] currents, with and without SUR1 coexpressioi-C) Repre-
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WTI[AC] channels have a higher K ,tp but lower
Pa,. in the absence of SURL than in its presence (Fig, 4
Table 2; Tucker et al., 1997; Koster et al., 1999; Trapp et al.,
1998), such that the absence of SUR1 does not simply shift
the channels to a different position along the samg kv
Po, relationship. Table 2 and Fig. 4 combine multiple
data from the present study, as well as from Trapp et al.
(1998) and Tucker et al. (1998) to show that M2 mutations
expressed without SUR1 do nevertheless lie on a single
K1 ateP0erorelationship (Fig. 44), but one that is shifted
from that observed for SUR-coexpressed constructs (Fig. 2).
Also, as shown in Fig. 3, mg/ml PIR, does not affect the
ATP sensitivity of WTAC] without SUR1 channels to
nearly the same degree as VKJ]+SURL1 channels; the
Po,.,, does not rise to saturating levels, and there is only
~3-fold increase in K, rp However, for 1154CAC]
channels, which have a higher intrinsic open-state stability
(i.e., they are operating on the steeper part of thg kK
Po,. o relationship), stimulation by PJRloes lead to a rapid
saturation of open probability~0.9), and then a significant
loss of ATP sensitivity (Fig. D), Ky, arpincreasing from
2.8+ 0.6 mMto 18.3*= 6.0 mM after 11+ 3 min treatment
with PIP, (n = 3, Figs. 3 and 8B, open small circles

Single channel analyses of WT and 1154C
channels expressed with and without
SUR1 subunit

We have measured single channel currents from cells ex-
pressing WT subunits in the absence (Fig\)&nd presence
(Figs. 5B, 6) of SURL1. Figs. 5-7 also show Sigworth-Sine
(Sigworth and Sine, 1987) representations of closed- and
open-time histograms obtained from these recordings, after
Gaussian filtering at 3—4 kHz (see Note 1 at end of text).
As shown in numerous previous studies, wild-type
(WT+SURZ1) channel activity occurs in bursts. Single ex-
ponential functions would adequately describe the open-
and closed-time distributions within the burst. However, it
is clear that inter-burst closed-time distributions are more

sentative currents recorded from inside-out membrane patches containiqgomp|eX’ Consisting of a “mixture of exponentials”

WTI[AC] subunits with ), or without 8) SUR1, or 1154CAC] subunits
without SUR1 C). Currents were recorded at50 mV in K-INT solution
(see Methods). Patches were exposed to differing [ATP] pgénl PIP,
as indicated.@) Mean K, Arpfor Kir6.2[AC25] channels expressed with
or without SURL, and Kir6.2(C25, 1154C] without SURL1, before and after
5-12 min treatment with g/ml PIR, (mean* SE,n = 5-7 in each case).

(Colquhoun and Hawkes, 1995), and are not adequately
described by the sum of a small number of exponentials (not
shown). Therefore, we have not attempted to fit probability
density functions (pdfs) with the sums of exponential com-
ponents. The smooth lines superimposed on the experimen-
tal data in Figs. 5—7 are the predicted lifetime distributions

WT[AC] channels co-expressed with SUR1, the time cours®f the models described below.

of channel activation by PIPis variable from patch to

Open times show a single exponential distribution with

patch, and individual patches have quite variable open probnean~1 ms both for WT and 1154C single channel cur-

ability upon first isolation. Nevertheless, when the,£¢

rents in the presence, or absence, of SURL. Furthermore,

K12 atprelationship is plotted, the trajectory, after applica- this open time is not altered in the presence of ATP (Figs.
tion of PIR, is consistent from patch to patch and, 5, 7). After application of PIR the open probability of
moreover, follows the same trajectory as the relationshipVT+SUR1 channels increases considerably, but again, the
that is observed for multiple M2 mutations under ambientopen time is unaffected (Fig. 6). WT and WAIT] channel

conditions after patch excision (Fig.B).

closed-time distributions consist of at least two temporally

Biophysical Journal 78(5) 2334-2348
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FIGURE 4 K, atpVersus Pg,,for Kir6.2 subunits expressed without
SUR1 subunits (data summarized with errors in Table 2). l(arge
symbols represent differenAC] mutant constructs that demonstrate al-
tered ATP-independent open probabilitisgjares:data from Tucker et
al., 1998, and Trapp et al., 1998amond:Kir6.2[AC36,C166S, M158C]).
(B) Small symbols represent individual patches from WC] (closed
symbol} or 1154CJ[AC] (open symbo)s before and after exposure to BIP

Enkvetchakul et al.

Table 2 K, arp and Po,,, values (estimated from noise
analysis or single channels) for C-terminal truncated Kir6.2
channels expressed in the absence of SUR1

P0,ero = SE Mean K/, arp (uM)
ctrl 0.07+0.01 122
Ctrl-[C166S, 1154C] 0.73: 0.02 2,800
Ctrl-[C166S, M158C] 0.89- 0.02 >80,000
Ctrl* 0.11+ 0.03 106
Ctrl-1167M* 0.45+ 0.04 639
Ctrl-T171A* 0.43+0.12 7,710
Ctrl-E179Q* 0.10+ 0.01 296
ctrl-c1663 0.79+ 0.02 2,820
Ctrl-C166T 0.73+ 0.04 3,800
Ctrl-C166A" 0.82+ 0.03 6,100
Ctrl-C166M" 0.76+ 0.04 4,200
Ctrl-C166F 0.77+0.03 5,300
ctrl-c1e6Lt 0.38+ 0.05 584
Ctrl-C166V' 0.10+ 0.04 136

Ctrl refers to Kir6.2DC36] or Kir6.2[AC26] (Trapp et al., 1998) back-
ground, with other point mutations as indicated.

Values are from this study, in Tucker et al. (1998),* and in Trapp et al.
(1998)F

distinct components in the absence or presence of SUR1
(Figs. 5, 6). The shortest component (i.e., the intra-burst
closures) would be reasonably well-fit with a single expo-
nential with time constant-0.5 ms, again with or without
SUR1. Again, this intra-burst closed time is essentially
independent of [ATP] (Fig. B) and is unaffected by P}P
(Fig. 6). Consistently, the longer closed times appear as
“mixtures of exponentials,” i.e., single peaks in “Sigworth-
Sine” plots, but spread over much wider time distributions
than single exponentials, suggesting multiple overlapping
exponential components (Colquhoun and Hawkes, 1995).
These longer time components show a general trend of
lengthening in the presence of ATP (Fig. 5), and shortening
after PIR application (Fig. 6).

We have also obtained single channel patches of high
open-state stability 1154@[C] channels in the absence and
presence of SUR1. Inspection of the single channel records
indicates that in each case, channels are almost continuously
bursting in the absence of ATP (Fig. 7). As with WT
channels, open times are still monoexponential, and with the
same time constant;1 ms. In the absence of ATP, closed-
time distributions are dominated by a single short exponen-
tial of ~0.5 ms (Fig. 7). However, there is still a small
“second” component in the closed-time distributions, in the
presence and absence of SURL. In both cases the amplitude
of this component is increased, and the distribution shifted
to longer times, in the presence of high [ATP].

(only peak responses are shown for clarity). Individual patches are conln search of a unifying kinetic model of

nected by thin lines. Continuous linesAandB represent predicted Pg,
versus K, arprelationships calculated from Models 11, i¢avy, and VI

channel activity

in the absence of SUR1 (as indicated), together with the Model 11l rela-Many models have been put forward to explain various

tionship in the presence of SURdgshed taken from Fig. 2).

Biophysical Journal 78(5) 2334-2348
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A
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i
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°%273 2 4 0 10-4 3 2 14 0 1
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FIGURE 5 Representative single channel currents of d[[alone @) and WT + SUR1 @) channels at-50 mV at different time scales, as indicated
(left), together with Sigworth-Sine plots of closed- and open-lifetime distributingbtf. Channels are shown in the absence and presence of [ATP]. The

superimposed simulated probability density functions (pdfs) are predictions of kinetic Modelsinlcgrve, V (heavy curvg and VI (medium curve
described in the text.
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WT+SUR

Counts®® Counts®®
60, 60

3 2 -1 0 1
Log Closed Duration (s) Log Open Duration (s)

02s Log Closed Duration (s) Log Open Duration (s)

FIGURE 6 Representative single channel currents of a W3UR1 channel before and after application of P# —50 mV at different time scales,
as indicated |ft), together with Sigworth-Sine plots of closed- and open-lifetime distributidght].The superimposed simulated probability density
functions (pdfs) are predictions of kinetic Models Ithin curve, V (heavy curvg and VI (medium curvedescribed in the text.

1989; Nichols et al., 1991; Fan et al., 1990; Forestier et al., The simplest model that could account for the four crit-
1996; Alekseev et al., 1998; Trapp et al., 1998). None hagcal observations requires an ATP-independent closed state
thus far dealt with the interaction of RJwith the channel, (C;) in rapid equilibrium with the open state, and a longer
and many have not explicitly considered ATP binding, closed state (§) to provide inter-burst closed states (e.g.,
empirically describing only the apparent dependence of rat&lodel ).
constants on [ATP]. The following features require expla- C, > 0 C
nation in any kinetic model of channel behavior: 1) endog- 0

enous K1 channels are typically inhibited with a6 arp Model |

of ~10-40uM, and with best-fit Hill coefficients of be-
tween 1 and 2; 2) channel activity occurs in bursts, with
closed times having multi-exponential distributions; 3) the
brief closures are independent of ATP or RIBut longer

An indirect action of ATP could then be to shift the equi-
librium between the gand O-G states so as to prolong,C
An additional G state, accessed sequentially frog(€.g.,

S ) ) Model Il, cf. Alekseev et al., 1998) would then allow two
closures become longer still with increasing [ATP]; 4) chan- .
long closed states, as seems to be at least required by

nel open times are typically ATP-independent and have A etailed analyses of wild-type (Kir62SURx) channels
single exponential distribution. Recent structure-function e.g., Nichols et al., 1991: Alekseev et al., 1998; Drain et al

analyses raise another important consideration: channel a¢- . ) . i
tivity is conferred by the Kir6.2 subunit (Shyng et al., 998), and again, an undefined modulation of the equilib

S 2UE T T rium bet d Id prol losed ti in th
1997a; Tucker et al., 1997), but channel activity is signifi- flum between ¢ and G could prolong closed times in the

f ATP.
cantly modified by the presence of SUR1 subunits (e.g.,presence °

Tucker et al., 1997; Baukrowitz et al., 1998; John et al., CieCe 0« (G
1998). Thus, reasonable adjustments should additionally
allow any unified model to explain the kinetic behavior of
channels in the presence and absence of SURL. The addihe lack of any evidence for more than one open state
tional information obtained from PiRexperiments further within the burst (see, e.g., Figs. 5-7; Drain et al., 1998;
dictates that an appropriate model should also have specifitlekseev et al., 1998) obviates the need to invoke more than
steps that are dependent on, or modulated by, the bindingne open state and argues that simple linear schemes (like
of PIP,. Models | and Il) might be appropriate models to explore.

Model Il

Biophysical Journal 78(5) 2334-2348
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A 154C[AC]
Zero ATP

Counts®®

0 025 Log Closed Duration (s) Log Open Duration (s)
PA
5 mMATP
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i
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FIGURE 7 Representative single channel currents of I1A8T[alone @) and I1154CAC] + SUR1 @) channels at-50 mV at different time scales,

as indicated|éft), together with Sigworth-Sine plots of closed- and open-lifetime distributingkt]. Channels are shown in the absence and presence of

[ATP]. The superimposed simulated probability density functions (pdfs) are predictions of kinetic Mod&iglbdyrve, V (heavy curvg and VI (medium
curve described in the text.
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Indirectly coupled models predict steady-state Table 3 Rate constants used for simulations of WT channels
and kinetic data by the different kinetic models
keo koc Ko kig ko1 k

The present data, which include modulation of channels by, qe s (s (M IsYH (s (s (Sf(i)
PIP, and the effect of multiple mutations, indicate a strict " "

relationship between channel open probability and apparent'\'/I 173% 215? ig% 1:2; __ o
ATP sensitivity. Without constraining ATP binding to a 140 14 1504 664+ 8 13

particular kinetic step, Models | and Il do not predict any In all models, the intra-burst opening ratg.4) and closing rateskgcy)

specific relationship between ATP sensitivity and, &9 _ were 4500 5* and 610 5%, respectively, giving a saturating Rg, = 0.88.
The most reasonable explanation for the strong correlatiofhe above rate constants are for WT channels in the presence of SURL. In
of ATP sensitivity and open probability is that ATP must the absence of SUREg andk,, are increased 20-fold (i.e., to 500sand
bind to, or its “action” be only felt by, a closed state, i.e., 33:330 s*, respectively), in model lI(*)}koc andk, are increased, and
ATP acts to stabilize a closed stafhis conclusion puts a o IS decreased, &-fold (ie., to 785 4000 s*, and 16.7uM-s™,

itical . d dina ATP inhibiti b respectively), in model VIf; koc, kio andk,, are increased, ankh, is
critical constraint on understanding ATP inhibition, becaus€e reased, 7-fold (ie., to 985 4648 s, 93 s, and 21uM-s %,
it obviates a scenario in which ATP binds to the Channel,respectivmy)’ in model V|¢0‘ In Fig. 6, kCO is increased 2-fold in all
then causes the channel to close. This constraint suggest®dels, after PIPtreatment.
exploring models that include a critical transition between
the open state and a non-ATP-bound closed stafk (ke
the defined model (lll) below:

Single channel lifetimes for Model 11l (and others below)

' [ATPl koo kero were generated by matrix solution of the full kinetic
C, Cy O C schemes (see Methods), and are superimposed on measured
ko ko koct lifetime distributions in Figs. 5-7. Appropriate rate con-

stants were chosen within the constraints of steady-state
equilibrium constants to simulate lifetime distributions seen
PIP,, and numerous mutations (e.g., M2 mutations), “acti-in experiments (Figs. 5-7). Model Ill predicts a single, fast,
vate” channels by increasing Rq (Shyng et al., 1997a; open time and fast closed time, with a single, long, closed
Fan and Makielski, 1997; Shyng and Nichols, 1998; Tucketime in the absence of ATP. Only the long closed time is
et al., 1998; Drain et al., 1998; Koster et al., 1999; Lous-affected by ATP, becoming a longer “mixture of exponen-
souarn et al., 2000). Bg, is correlated in every case with tials” with a single peak (e.g., Fig. B). Model I predicts
change in ATP sensitivity (Figs. 2 and 4; see Note 2)reasonable lifetime distributions for WHSUR1 channels
implicating a mechanistic link between the two phenomena(Fig. 5 B) and the appropriate 20-fold increase @jkand
Such a link is provided in Model IlI, because ATP binds to k;o (see Table 3) in the absence of SURL gives rise to
state G. Hence, if PIB, or a mutation in M2, shifts the considerably more long closed times in the absence of
equilibrium of the G-O transition (equilibrium constant SUR1 (Fig. 5A). By increasing ko 2-fold, PIR; is predicted
Keo = Keokoo) toward the open state (i.e., away from to shorten the long closed-time distribution, in general
ATP-accessible states), then it both increaseg,fand agreement with observed lifetimes (Fig. 6).

reduces apparent ATP sensitivity. In Figs. 2 and 4, the For simulating lifetime distributions of 1154C mutants
P0,o,cK12atp relationships predicted by this defined with Model Il (Fig. 7), koc Was adjusted as shown in Table
model are superimposed on experimental data (the rat. Although Model Il successfully predicts fast intra-burst
constants are given in Table 3). We previously suggestedlosed- and open-time distributions, longer closed durations
that SUR1 acts to sensitize the Kir6.2 channels to ATPof both WT and 1154CAC] channels are not well accounted
(Shyng et al., 1997b). Adjustments to Model Ill suggest thaffor, with or without SUR1, and this discrepancy is particu-
the steady-state behavior of channels expressed witholarly severe in the absence of SUR1 (FigAY. Model llI
SURL1 (Fig. 4) can be accounted for by assuming that th@redicts single-exponential long closed distributions, at
closed-state gis energetically stabilized 20-fold, relative to leastin the absence of ATP (e.g., Fig#,% A), and not the

the O and G states, in the absence of SUR1. (i.e., SUR1‘mixture of exponentials” that is observed.

acts to destabilize this state). By stabilizing statgirCthe
absence of SUR1 (see Table 3), Model Il predicts that th
Po,e0and Ky jp orp0f WT[AC] channels shift from 0.69 and
15 uM, to 0.13, and 79:M, in the presence and absence of
SUR1, respectively, in good agreement with experimentaln addition to problems with reproducing single channel
data (Fig. 4). Moreover, as shown in Fig. 4, this singlelifetimes, Model Il predicts a sigmoidal steady-state
parameter adjustment shifts the whole, £eK,», sorpcurve  [ATP]-inhibition relationship, with Hill coefficient of 1, but

to that observed for mutant channels expressed withouhe relationship is not well described by a Hill equation,
SUR1 (Fig. 4). even raised to a power. Steady-state ATP sensitivity is

Model Il

(i(inetic and steady-state constraints indicate a
tetrameric model
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Table 4 Rate constants used for simulations of 1154C channels by the different kinetic models.

Model keo seCt Koc sect Ko pM ™ sect ki Sect ko, seCt ki sect
1 — 0.36 — — — —
\% — 0.27 — — — —
Vi — 0.25 — — — —

In all models, the intra-burst opening rate.{,) and closing rateskt,) were 4500 s* and 610 S?, respectively, giving a saturating Rg, = 0.88. Only
differences from wild-type are noted, i.e., rate constaft corresponding to 69-, 48-, and 56-fold increase in equilibrium constagt K the absence
of SURL1: rate constants were altered using the same scaling as for WT channels.

shallow at low [ATP] (H ~1) and considerably steeper Model IV) can be generated as a linear extension of Model IlI:
(approaching H= 4) at high [ATP] (Nichols et al., 1991,

reviewed in Ashcroft and Gribble, 1998). Fig. 8 shows ATP /ATP )TP /QTP

[ATP]-response relationships for WASUR1 channels, ob- ¢, 44 Ca Cz o Co
tained by rapid application of multiple [ATP]. The non-

sigmoidicity is clearly apparent, both for a single patch and Model IV

when multiple patches are averagets€t see Note 3). This i model reproduces appropriate steady-state [ATP]-in-

phenomenon, together with the complex kinetics of channefiion relationships (Fig. 8), but does not give any better
|nh!b|t|on and activation after [ATP] jumps,” can be ex- correlation of Pg.,, and Ky, arp than Model Il (not
p!amed by mOdeIS that' assume multiple ATP m0|eC.UI.eSshown). Moreover, it does not give any better prediction of
bind sequentially to stabilize closed states. Parameter flttlngne sinale channel kinetics of WT subunits with and without
of such models (Nichols et al., 1991) indicated that a four- URL gbecause '+ reduces to Model 11l in the absence of
site model may be appropriate. Two or three sequential ATI§TP Model IV still predicts a bi-exponential closed-time
binding steps do not provide adequate steepness at high ' = ™ S ) )
[ATP], and given the 4-fold stoichiometry of the channel d'St”bc:’t'g_”' ‘_’;’)h'(_:h Is clearly I;ljade%ua;te tl(\)/l elx_plam the O_b;
(Shyng and Nichols, 1997; Clement et al., 1997), two orSérved distributions (e.g., Figs. 5-7). Multi-exponential
three binding sites are unlikely. An appropriate model (e.g.!0ng closed states with a linear model would require addi-
tional ATP-independent closed states betwegna@d O.
We suggest instead a coupled model (V) involving four

independent subunits, each of which can occupy only three

0 <—> C¢

10—/ 08| ' distinct states. Model V assumes that each individual sub-
5 0.6 unit can be in either the open (O) or closed statg),(@nd
0.8+ 0.4 that a single ATP can bind to statg, @ generate state,C
0'5 for each subunit. The channel itself is open and conducting
@0-6" K107 Ky, K10 only when all four subunits are in the O state. Again, a
- separate fast closed state;@ accessed from the open
0.4- Model V o . e
Model IV channel, giving rise to the “intra-burst” kinetics:
02 N\ L Model I1l
il o 2a 3
\/ Cs C2 Ci= Co o = Ci
0 : : o= 4p 3p 2p B
10" 10° 10" 10° 10° 10 4y |8 3|8 291 & yid
FIGURE 8 Relative current (Irel)-[ATP] relationship from an inside-out C; = & - CGJG_ c 4_3_L c
patch from cells expressing WASUR1 channels, and averaged data from 3B 2B 5 -V
multiple patchesifise). For the averaged data, individual relationships 25 vl 28
were “normalized” to the K, ,rp in order to avoid the shallowing effect v v 2 V| 28
of Ky, arp variability from patch to patch. The error bars indicate 95%

o 2a
confidence limits for the mean, (Studentdistribution, assuming data are Clo == Co=—— Cs

normally distributed). Note that the relationship is well described by 2B p

Models IlI, IV, and V at low [ATP]. At higher [ATP], inhibition becomes 2y |35 v| 38 4

a considerably “steeper” function of [ATP], and is not well described by kot*[ATP]  koc kero
the single ATP binding site model (1) but requires multiple ATP binding & _ )

site models (IV and V). Model V lies within the 95% confidence limit for Crz B Crr Ci Co 0 Cr
all data points, whereas Model Il lies outside this limit for high [ATP]. k1o kco Koct

Solid lines in both graphs are the predictions for Models IlI, IV, and V as ¥ 4
indicated. Model IV assumes the same ATP-independent transitions as
Model II, and independent binding of ATP at each subunit, with binding Cis

constant= 20 uM. Model V
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The model, drawn above in full on the left (to show the mutations cause changes of ATP sensitivity ¢k rp) that
conformational changes of the whole channel), and on thare correlated with changes of channel open probability
right (to show the two transitions undergone by each inde{Pg,,) (Tables 1 and 2; Figs. 2 and 4). The same relation-
pendent subunit), is still governed only by the intra-burstship between K, rtpand P, is traversed, whether open
rate constants (openingc and closing: kcy) rate con-  probability is manipulated by PRreatment or by mutagen-
stants and by four other rate constats< koc, B = Ko esis (Fig. 2, 4). This relationship can be explained by
v = ko *[ATP], 6 = k;), but there are now a total of four alterations in the equilibrium of a critical transition {K)
overlapping inter-burst closed states in the absence of ATBetween the open (O) state and an ATP-accessible closed
(Cs—Cy), and 14 in the presence of ATP 4€C,5). This  (Cy) state (Shyng et al., 1997a). Hence we conclude that
independent subunit model is analogous to the model proATP does not directly cause channel closure, rathéP
posed by Zagotta et al. (1994) to explain voltage-dependerstabilizes a closed stat&his conclusion was also reached
gating of delayed rectifier K channels. With a single set of by Shyng et al. (1997a) and Trapp et al. (1998), based on
parameters (Table 3), Model V not only reproduces steadymutagenesis experiments, and can be inferred from the
state [ATP]-response curves (Fig. 8) and,r-P0e,  Study of Alekseev et al. (1998) based on their analysis of
relationships (Figs. 2, 4), in the presence and absence aingle channel events. These effects of FARd M2 muta-
SUR1, but also predicts multi-exponential closed-time distions (together with N-terminal truncations, Koster et al.,
tributions that are generally closer to the experimentallyl999), are analogous to those of mutations in cyclic nucle-
observed distributions, particularly channels without SUR1otide-activated ion channels that alter the activating effi-
(Figs. 5A, 7 A). cacy, but not the affinity, of cyclic nucleotides for these
However, this model still fails to account for the very channels. For example, Gordon and Zagotta (1995) demon-
long closed states that are observed with low frequency istrated that in chimeras between olfactory and rod cyclic
all channels and conditions (Figs. 5-7). Further complexitynucleotide gated channels, cyclic nucleotide activating po-
could be achieved by additional closed states. We suggegstncy could vary over 3 orders of magnitude. This variable
one final iteration (Model VI), which includes a longer potency is a consequence of shifts in the equilibrium of the
“inactivated” closed state (§; accessible from & Such a  allosteric conformational change between closed and open
model still accounts for all of the major considerations, butstates.
provides additional long closed channel components in all
pdfs, such as is apparent for wild-type channels (Fig. 5).
Although this model is still controlled by only four equilib- . .
rium constants, the total number of transitions (61, with 36The role °_f Sl_"R subunits in controlling
total states) makes simulation cumbersome, and reaches tﬁ@a"nel kinetics

limit of what is justified by the data. There exists a strong correlation between thg, ko and
4 Po,.;o fOr channels expressed both with and without, SUR1
kot[ATP]  koc Kcfo (Figs. 2, 4) but the relationship is different in the two cases.
Ci ko Co Koo 0 /koéf Cr The anomaly of a higher { ,rp and lower Pg,, for
kmj o Kir6.2 expressed in the absence of SURL1 than in its pres-
ence has been noted previously (Tucker et al., 1997; Drain
C et al., 1998; John et al., 1998), but the mechanistic basis
remains undetermined. The modeling in the present paper
Model VI provides a potential explanation. The two,ReK ;s atp

relationships for the coexpressed (Fig. 2) and homomeric

channels (Fig. 4) can be predicted by assuming that the
DISCUSSION presence of the SUR1 subunit destabilizes the ATP-un-
The mechanism of ATP inhibition and PIP, bound closed state (Cin each of t_he m_odels). In the
activation presence of S_URl, channels entering this state are more

likely to transit to the ATP bound state (hence lower
The Kurp channel is unique among potassium channels irK,,, orp in control), and to the open state (hence higher
that activity depends strongly on cytoplasmic [ATP]. Un- Po,,). In Model V, for instance, destabilization of statg C
derstanding this inhibition is a central question, and recenfw.r.t. states O and { is the only adjustment necessary to
studies have implicated the Kir6.2 subunit in controlling reproduce the essential effects of SUR1 on both the
ATP-sensitivity (Shyng et al., 1997a; Tucker et al., 1997,K,,, or5P0,, relationship and on single channel kinetics.
1998; Drain et al., 1998; John et al., 1998). These studieslthough there is presently no physical evidence to support
have not revealed the mechanism of ATP inhibition, al-or refute such a hypothetical effect of SUR1, it is concep-
though they have highlighted regions and residues (e.gtually simple to visualize the large SUR1 subunit somehow
R50, K185, 334-337) that are involved. A majority of physically destabilizing the closed {Cstate of Kir6.2.
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It is quite clear from the present studies that the effects ofensitivity. They identified two regions in the C-terminus
PIP, on Kir6.2 channels coexpressed with SUR1 and orthat help determine ATP sensitivity. The first included
truncated Kir6.2 channels expressed alone are qualitativelgesidues 171-182 at the end of M2, mutations in this region
similar, but quantitatively very different, as noted by Bauk- being associated with increased,Pgand further demon-
rowitz et al. (1998). In both cases the open-state stabilitystrating that mutations of this region alter the stability of the
increases, leading to increased open probability and reducemben channel. The second region included residues 334—
ATP sensitivity, but the 1154C mutant experiments are337 in the distal C-terminus. As with R50G and K185Q
necessary to conclusively demonstrate an increase ifTucker et al., 1998; Koster et al., 1999), mutations in this
K1 atpin channels expressed without SUR1. We have naegion were not associated with altered,R¢ consistent
ready explanation for the reduced effect of Pl channels  with an involvement in ATP binding, rather than control of
expressed without SUR1. One obvious possibility is thata “gate.” From these intense mutagenesis studies a picture
PIP, binding to SUR1 occurs and that this interaction en-emerges whereby ATP is likely to bind to residues in the
hances the direct action of RIPn Kir6.2. Clearly, the cytoplasmic N- and C-termini. Very recently, Tanabe et al.
interaction between SUR1 and Kir6.2 is complex, and morg1999) have provided direct evidence for binding of 8-azido
intense biochemical analyses will be required to fully ex-ATP to Kir6.2.
plain the kinetic effects of PIP

Comparison with other modeling studies
Comparison with other mutagenic

studies of Kir6.2 Several papers have attempted to model the complexities of

the response of kp channels to activating nucleotides and

During the course of this study several groups examined thpotassium channel openers (e.g., Fan et al., 1990; Forestier
effects of Kir6.2 mutations on control of ATP sensitivity. et al., 1996). However, only recently have attempts been
Tucker et al. (1998) introduced random mutations throughmade to model even ATP inhibition itself based on analysis
out the N- and C-terminal regions of Kir62C26]. They of single channel events (Alekseev et al., 1997, 1998; Trapp
demonstrated that mutations clustered between residues al., 1998; Drain et al.,, 1998). Qin and Noma (1988)
39-51 in the N-terminus region, and between 166-185 adleveloped the oil-gate chamber to examine the response to
the end of the M2 segment and beginning of the C-terminaktep changes of [ATP], in analogy to stepped voltage-clamp
region could significantly decrease ATP sensitivity of chan-analysis of voltage-gated channels. In these experiments
nels expressed without SUR1. Of these mutations, R50@here is a pronounced lag in the response to step decrease of
and K185Q reduced ATP sensitivity without changing theATP (Qin et al., 1989), and this is probably explained by
open probability in the absence of ATP (B9, suggesting diffusion limitations resulting from recession of the mem-
that these residues might actually reside within an ATPbrane in the electrode tip. Taking such limitations into
binding site. We have not examined such mutations in theccount requires complex analysis (Cannell and Nichols,
present study, but their effects could be accounted for in th&991; Nichols et al., 1991). Baukrowitz et al. (1998) esti-
models by assuming changes of the ATP binding)(or  mated apparent ATP on- and off-rates for inhibition using
unbinding (k) rate constants. Tucker et al. (1998) isolatedconcentration jumps on inside-out macro-patches. They did
mutations C166S, 1167M, and T171A, wherein decreasedot consider potential diffusion limitations, and interpreted
ATP sensitivity was associated with an increase ip,Bo their data with a very simplified two-state (active-inhibited)
Trapp et al. (1998) examined ATP sensitivity and gatingmodel. They concluded that PIBcts to reduce the apparent
behavior of multiple mutations at position 166, also show-on-rate of ATP but does not affect the off-rate. This is
ing that altered ATP sensitivity of M2 mutants is in every generally consistent with the predictions of the present
case associated with a change inRg(see Table 2, Fig. 4). models, in which a shift of the £O equilibrium toward the
Based on such results, Tucker et al. (1998) suggest that ti@ state would reduce accessibility of @nd reduce the
intracellular end of M2 may contribute to an intracellular macroscopic ATP inhibition rate. The activation rate would
gate governing access to the pore. However, mutations thée unaffected because it is dependent on the intrinsic ATP
alter Pg.,, and K, o1p are clearly found throughout the off-rate. Unfortunately, attempts to use photolysis of caged
M2 segment (Table 1). Rather than suggesting that a sp&TP to circumvent the problem of diffusion limitations
cific residue forms a “gate,” it may be more reasonable tohave thus far been fruitless (Nichols et al., 1990), but further
consider the whole of the M2 helix being the “gate,” and theefforts are warranted.
“gating process” (i.e., the &O transition) involving either In the first paper to examine & channel activity, Noma
rotation or tilting of the helices, or both, as proposed for the(1983) estimated the [ATP]-inhibition response relationship
gating of the bacterial KcsA channel (Perozo et al., 1998pf cardiac channels. He concluded, based on the steepness
see below). of this relationship, that more than one ATP molecule

Drain et al. (1998) also used a scanning mutagenesishould be involved in channel inhibition. Since that time,
strategy to examine the role of Kir6.2 in controlling ATP other studies have consistently shown that ATP sensitivity
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is best fit by a Hill coefficient of between 1 and 2 (see e.g.,full range, and so we cannot exclude the possibility suah
Ashcroft, 1988; Nichols and Lederer, 1991; Ashcroft andchannels may actually show ATP-insensitive openings.
Gribble, 1998). Nichols et al. (1991) considered the steep-

ness of the relationship explicitly, and as shown here for

recombinant WTSUR1 channels (Fig. 8), the relationship The physical basis of the critical transition

is not adequately explained by a simple Hill equation, event is clear that multiple mutations throughout the Kir6.2
with a coefficient greater than 1. The linear model of sybunit, including N-terminal truncations (Koster et al.,
Nichols et al. (1991) predicts a steady-state [ATP]-responsg99), regions in the C-terminal (Trapp et al., 1998; Tucker
relationship in which the limiting slope (Hill coefficient) et al., 1998; Shyng and Nichols, 1998; Drain et al., 1998),
approaches 1 at low [ATP], but approaches 4 at high [ATP]and throughout the M2 segment (Fig. 3; Shyng et al., 1997a;
A similar prediction arises from the present linear four-siteLoussouarn et al., 2000), as well as P(8hyng and Ni-
model (IV) and the concerted models (V, VI). As shown in chols, 1998; Baukrowitz et al., 1998)ll control what may
Fig. 8, these models predict the measured ATP sensitivity oforrespond kinetically to the same critical transition be-
Kir6.2+SUR1 channels better than single-site models (e.gtween the open state and the ATP-accessible closed state.
Model IlI). The physical reality of such a transition is unknown, but
Detailed analysis aBhakelKv channel gating by Zagotta disparate lines of evidence lead us to hypothesize the mo-
et al. (1994) suggests that independent gating motions décular basis. First, the crystal structure of the bacterial
each of the four channel subunits may be required for thé&csA channel indicates that the fourhelical M2 domains
channel to conduct. The parallel between these models arlihe the inner vestibule of the channel, forming an inverted
the present models (V, VI) is intriguing in raising the teepee, the four helices coming together at the point of the
possibility of common gating mechanisms. The cyclic nu-teepee to generate the internal entrance to the pore (Doyle et
cleotide-gated (CNG) channels are also structurally withir@l., 1998). In lieu of a crystal structure of mammalian
the potassium channel superfamily (Zagotta andnward rectifiers, systematic cysteine scanning of the M2
Siegelbaum, 1996), although they are non-selective anglomain in Kir6.2 reveals that this domain is alsochelix
show only very weak voltage-dependence. Neverthelesdvith similar structure to the corresponding KcsA domain
detailed kinetic analyses suggest gating schemes that afeoussouarn et al., 2000). Moreover, EPR analysis of the
conceptually similar to the one we propose here (e.g.M2 domain of KcsA reveals that the teepee-like structure
Karpen et al., 1988). Again, rapid transitions within a burst ©P€ns” during channel opening, moving the helices apart
are cyclic nucleotide-independent and closed times betwee€rozo et al., 1998). Motions of M2, making substituted
bursts are [ligand]-dependent (Matthews and Watanab&ysteines less accessible, also occur during gathg of K|r6.2
1987; Haynes and Yau, 1990; Taylor and Baylor, 1995;channels (L.o.ussouarn. gt al., 2000). We hypothe3|z<=T (Fig. 9),
Karpen et al., 1988). Recent data suggest that Iigand—indé_hat the “critical-transition” corresponds.t_o M2 helix mo-
pendent opening of these channels can occur (Picones afi@nS: such that the open channel, stabilized by,Pt@r-

Korenbrot, 1995; Tibbs et al., 1997) necessitating a moderI(;SpomljS tob.tlhe duot‘))erfﬂ; arrangemegt, an(:] ﬂlel Cloé’?d
in which the channel can open from any liganded or unlj-cnanne, stabilized by , corresponds to the “closed,

ganded state (Monod et al., 1965; Stryer, 1987). In théeepee-li!(e, arrangeme_nt. Thi; scenario proyide_s a ready
present study we have not considered such models (e. explanation for the steric requirement of Rlfeing in the

VIl), because there is as yet no evidence fog K channel Siembrane. It also provides an explanation why M2 muta-

opening at saturating [ATP]; analyses of single channelélons should have such profound effects on the equilibrium

(e.g., Figs. 5-7) do not indicate any dependence of opeﬁi trle gat'!ng transition, bepause .M2 itself is conceptually
. e “gate,” and such mutations will control the stability of
duration on [ATP].

the critical open- and closed-conformations of the M2

Co=—r O helices.
ATP\j ATP\J
NOTES
GO

1. Asin all kinetic analyses, the ability to identify discrete states is limited
Model VII by the recording bandwidth. Missed events can cause added exponential

. .. components, or the elimination of exponential components (Blatz and

At least for WT and other relatively low open-state stability magleby, 1986), in lifetime distributions. Cursory analysis of corrections
mutants, the effects of manipulating the open-state stabilityor missed events using the methods of Colguhoun and Hawkes (1995) for
on apparent ATP sensitivity requires that channels mus‘i':Ae ZIW?'TI‘I”“‘* \l;mb'efl‘; ";]d'cateks) th*’:‘t b”‘ifzcioij“!' a”(;*;l'”g'e ‘?tpe”'t,'t”r:es

enter a closed state before ATP can act. Very high opeq(— odels ll or V) would change by at most 2-fold (i.e., 0.3 log units), with

o . "~ longer closed-time components less affected. With an estimated dead-time

state stability mutants, e.g., L164C, are so ATP-insensitivgs <go s, any additional components should appear with time constant

that we cannot practically measure ATP sensitivity over a<160 us (Blatz and Magleby, 1986), well outside the long closed distri-
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