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Abstract. Two inward-rectifier K channels, ROMK2 Key words: ROMK — IRK — Ammonium — Ru-
(Kirl.1b) and IRK1 (Kir2.1), were expressedXenopus bidium — Thallium

oocytes and their gating properties were studied in cell- _

attached membrane patches. The gating properties d&troduction

per+1ded st+rongly on the ion being conducted,(KH,",  permeation and gating are two of the most fundamental
RD", or TI), suggesting tight coupling between perme- properties of ion channels. Usually they are treated as
ation and gating. Mean open times were strongly depensenarate, independent characteristics, especially for volt-
dent on the nature of the conducted ion. For ROMK2 thege_gated ion channels, as in the classical analysis of the
order from the longest to the shortest times WaslRb"  gjectrical properties of the neuronal axon (Hodgkin &
>TI">NH,". ForIRK1 the sequence was'lk NH,">  pyjey, 1952). Gating of channels is thought to result
TI". In both cases the open times decreased MoNotoNkom conformational changes in the channel protein
cally as the membrane voltage was hyperpolarized. Bot{yhich can be triggered or influenced by changes in mem-
the absolute values and the voltage dependence of closggly e voltage, the presence of specific ligands, mechani-

times were dependent on the conducted speciegg siress or changes in the intracellular pH of‘Gaon-
ROMK2 showed a single closed state whose mean lifegentration. A number of recent studies, however, have

times were_blphasm funct|on§ of voltage. The maximagggested that the gating of channels can be strongly
were at various voltages for different ions. IRK1 had atisfiuenced by permeating ionséeDiscussion). In stud-
least two closed states whose lifetimes decreased mon@ss of the renal K channel ROMK2 (Kirl.1b), we sug-
tonically with K, increased monotonically with Tland  gested that permeant ions might actually trigger channel
were relat_|vely constant with NH as the (_:onducted ion. closures (Choe et al., 1998). This view was supported by
We explain the ion-dependence of gating by assumingyg observations. First, the rate of entry into a kinetically
that the ions bind to a site within the permeation path-qefined closed state was directly dependent on the cur-
way, resulting in a stable, ion-dependent, closed state gfon through the channel. Second, the rate of leaving this
the channel. The patterns of voltage-dependence ofjpsed state had a biphasic voltage dependence which
closed-state lifetimes, which are specific for different 5,14 pe explained if the re-opening were linked to the
ions, can be explained by variations in the rate at whichgyit of an jon from the pore in either direction. Because
the bound ions leave the pore toward the inside or thgne closed times were in the millisecond range, compared
outside of the cell. with the microsecond time scale for ion permeation, we
suggested that the site of interaction of ions with the
channel fluctuates between shallow energy (conducting)
and deep energy (blocked) states (Choe et al., 1998).
Most K* channels conduct three other monovalent
cations: NH", Rb", or TI*. In this report we have ex-
mdress for H. ChoéDepartment of Pharmacology and Insti tended our previous findings to include the effects of
tute of Cardiovascular Researcr?, Chonbuk National Uni\?eyrsity Medicaltsiisoenéo?r?WZT dcreacr}[:’]lfelrgcal:tllgr?hevlvel F\t]:\]{e (Ellfg ]-S)tut_:irlﬁg a
School, Chonju 560-182, South Korea single-channel kinetics of IRK1 (Kir2.1) for inward*K
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This channel has at least four closed states and one open_ [V . { y (_AU0+ 3 e~V> ‘ex <_AUi +9 eN)H‘l
state (Choe et al., 1999). The findings are interprete&C P kg T P kg T
using a kinetic model with a closed state that is stabilized @

by the bl_ndlng ofa permeant Catlon.WIthm a de_ep energlehere AU, and AU, represent energy barriers for dissociation of a
We"- This r_nOdeI can account for differences in the gat-pjociing ion toward the extracellular and cytoplasmic sides of the
ing properties of both channels observed when conducimembrane, respectivelgéeFig. 2B); V is the membrane voltagé;
ing different ions. andy; are the fractional electrical distances from the blocking site to the
energy barriers on the extracellular and cytoplasmic sides, respectively;
andv is a constant “prefactor.” The terms; V, kg and T have their
usual meanings. The assumed value dfffects estimates of the en-
ergy barrier heights and is difficult to determine independently
(Thompson & Begenisich, 2000). A 10-fold increase in the prefactor
corresponds to a 213,T increase in energy heights. Because we do not
EXPRESSION OFCHANNELS intend to estimate absolute values of the barrier heights but compare the
relative heights of energy profiles along the pores of ROMK2 and

Details were described previously (Choe et al. 2000). Briefly, cRNA .IRKl with d_lfferent permeant ions, the-value was .SEt t.0.2'8 x fas
in our previous paper (Choe et al., 1998). For simplicity, we assume

was synthesized using MMESSAGE mMACHINE kit (Ambion, Aus- ) .
y 9 ( thatd, and$; of ROMK2 and IRK1 are the same. In this analysis, they

tin, TX) and stored at =70°C before use. Stage V-VI oocytes of female ) 0 o ;
Xenopus laevisvere obtained by partial ovariectomy and defollicu- are each fixed at 30% of the transmembrane electric field, i.e., —0.3 for

lated. Oocytes were injected with cRNA and incubated at 19°C for 1.80 ;g:\/&g Igrﬁg foellogllvlnlggtgh; a_?_a':x'frg Zte elle Ctt;'gil c_ilshttan;:fet ?] df. Ke
to 4 days before measurements were made. Oocytes were subjectedlpo o€ y ) refore, only elgnts € nner

. A : j o and outer barriers are allowed to vary. This model was used to fit the
a hypertonic shrinking solution, thereby allowing the vitelline mem-

brane to be easily removed for patch-clamp measurements. g"r’]‘gas)'” Figs. & and 48-D, generating the solid lines¢efigure leg-

Previously we used a complicated equation to analyze the mean
open f,) times (Choe et al., 1998). This detailed analysis is not es-
PaTcH CLAMP sential in this study, hence we used the following simple equation to fit
the data in Figs. @ and £&:

Materials and Methods

Oocytes were bathed in a solution containing (im)m110 KCI, 2

CaCl, 1 MgCl, and 5 HEPES at pH 7.4. Patch-clamp pipettes wereTo = @ €Xp@ - V), @)
pulled from #7052 borosilicate glass (Richland Glass, Richland, NJ)

using a three-stage process and were coated with Sylgard. They weMgherea andp are two free parameters. Thecoefficient includes the
filled with solutions containing (in m): 110 KCl and 5 HEPES with 5 inverse of the effective concentration of permeant ions in the bath.
EDTA at pH 7.4. In some cases KCl| was substituted with,8H B is proportional to 1/KT.

RbCI, or TINO,. When TI was the major conducted ion, NOwas The voltage dependence of the open probabilRy) (vas fit by
substituted for Clin the bath solution. Replacing KCI with KNOn the Boltzmann function (Choe et al., 1998):

the pipette solution did not affect the conduction or gating properties of

the channel (Chepilko et al., 1995), suggesting that the effect of JINO b-p 4 1-Phin 3
is due to the substitution of Tlfor K. All experiments were per- o~ Fmin w-z,-e-V ®)
formed at room temperature (21-23°C). Pipette resistances were 1 to 3 1+ EXp<—kB T

MQ. Currents were recorded with a List EPC-7 patch-clamp amplifier

and stored, unfiltered, on videotape. For off-line analysis, using anyherep, . represents the minim#l,, w represents the energy increase
Atari-based data acquisition system (Instrutech, Mineola, NY), currenty; 1o system upon opening the channel in the absence of a membrane

records were replayed from videotape, filtered at 1 kHz, and Sample?)otential, andz, represents gating charge. This equation was used to
at 5 kHz. Missed events were corrected as in a previous paper (Cho&enerate the solid lines of FigsD2and 4.

etal., 1998). For analysis of NFidata at ~250 and ~300 mV and Rb All the fitting procedures were done using the “Solver” function,
data at ~300 mV of ROMK2, current records were filtered at 10 KHz , 1, it jn optimization function of Microsoft Excel. The symbols and
and sampled at 50 kHz, because very brief open times with larg&ne pars in the figures are mean and standard errors, respectively;
currents at those voltages distort channel gating kinetics at the standarrgpresems the number of experiments.

bandwidths. Construction of open- and closed-time histograms and

fitting with exponential distributions were carried using the TAC pro-

gram (Sigworth & Sine, 1987). Results

ROMK?2 channels exhibited two closed states, long and
brief, when conducting Kin the absence of divalent
Missed events correction in ROMK2 channel gating analysis was de-catlon chelator in the pipette solution (P-almer et fal"
. . 1997; Choe et al., 1998). When EDTA, a divalent cation
scribed previously (Choe et al., 1998). . . .
The closed+,) times were analyzed using the following equation chelator, was added to the pipette solution, a single
which were developed in the previous study (Choe et al., 1998) withclosed state was observed. This implies that the long

some modifications. closures are due to block by contaminant divalent cat-

DATA ANALYSIS
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ions, possibly B&" (Choe et al., 1998). We also have part to the fact that the mean closed times start to de-
suggested that the short closures are blocks elicited bgrease at less negative voltages (Fig).2
permeating potassium ions. Here we extend the study to  To see if these interactions were unique to ROMK,
three more conducted ions: NH Rb" and TI. Figure 1 ~ we also studied another representative inward rectifier
shows traces of inward currents through single ROMK2K™ channel, IRK1 (Kir2.1), which has much more com-
channels in the cell-attached mode wheh KH,", Rb", plicated gating kinetics although it is presumed to have
or TI" is the major conducted ion. Rlzurrents showed the same basic structure and membrane topology as
transient larger conductance levels just after a channdROMK2. As shown in Fig. 8, we measured K NH,*,
opening, which quickly relaxed to the major conductanceand TI" currents through IRK1 in the cell-attached mode.
state. This phenomenon was not further analyzed in thi§1* currents often relaxed downward after channel open-
study. With 5 nm EDTA in the pipette, all recordings ing, similar to R currents through ROMK2. Rhbcur-
showed a single closed state (Fi@)lnd one open state rents through IRK1 were too small to permit analysis of
(Figs. IC). The mean lifetimes of both the open and thethe kinetics (Choe et al., 2000). With*Kas the con-
closed states were different for the various ions. ducted ion, IRK1 had at least 3 closed states when there
The voltage dependence of mean closed times ofvas no divalent cation in the pipette solution (Choe et al.,
ROMK?2 with different conducted ions was complicated 1999). The very few longest (>1 sec) closur€®) with
(Fig. 2A). With K+ (@), ROMK2 had a biphasic voltage K*in Fig. 3B are not always observed and may be blocks
dependence, as was shown in the previous study (Choe By divalent cation(s) that are not chelated completely by
al., 1998). With Rb ((J) or NH,* (A) the mean closed EDTA (Choe et al., 1999). Only the 3 shortest closed
times were also biphasic but with distinct absolute valuestates C1, C2, andC3) were considered. The channel
and specific voltages at which the maxima are reachedalso had 3 closed states within the frequency range of the
In the case of T1(M), the mean closed time increased up system with NH* and 2 closed states with Ths the
to the most negative voltage we inspected (=160 mV)permeant ion (Fig. B). In all cases there was a single
Thus the nature of the permeant ions affects both th@pen state (Fig.B). As with ROMK2, the lifetimes of
rates of channel opening and the influence of voltage orthe open and closed states of IRK1 were strongly depen-
those rates. In our previous study (Choe et al., 1998), welent on the nature of the conducted ion.
developed a gating model (FigBpthat was based on the Next we applied the model that was used to explain
hypothesis that the short closures of ROMK2 gating in-the gating of ROMK2 to the observations of
volve trapping of potassium ions at or near the selectivityilRK1. Because IRK1 showed three closed time con-
filter. Here we used the same model to analyze the voltstants with K and NH," and two with TF, we assumed
age dependence of the closed times with the differenthat IRK1 can have 2 or more states with “trapped” cat-
conducted ions. According to this scheme, differences inons preventing current flow (Fig. 4A). In general, the
the absolute values of the closed times reflect differencesoltage dependence was similar for each of the closed
in the binding energies of the ions in the trapped statestates for a given ion, consistent with the idea that the
whereas differences in the voltage dependence refledifferent closures reflect similar molecular mechanisms.
differences in the relative rates at which the ions escap@&he closed states did not have the clear biphasic voltage
from the trapped state toward the extracellular and cytodependence that was seen for ROMK2. However, the
plasmic sides of the pore. The lines in FigA dre best log 7 vs. voltage relationships were clearly nonlinear,
fits to equation 1 and describe the data reasonably wellsuggesting a complex interaction with the electric field.
The parameters obtained from the fits are given in the~urthermore, the voltage dependence was opposite for
figure legend. different ions. Closed times decreased with hyperpolar-
The mean open times of ROMK2 with "K(@®), ization when K was the conducted ion (Fig.B}, but
NH,* (A), Rb" (O), and TI" (M) all decreased mono- increased when Tlwas conducted (Fig.) and had
tonically as membrane voltage was made more negativittle voltage dependence with NH (Fig. 4C). These
(Fig. 2C). Both the absolute value of the open time anddifferences can be accounted for by the ion-trapping
the degree of the voltage dependence depended on timeodel if trapped K exits the pore preferentially toward
ion being conducted. Figurel2shows the voltage de- the cytoplasm, while Tlexits more readily back to the
pendence of open probabilityP(). ROMK2 had the outer solution, and NiI has no preferred direction over
highestP, when conducting K (®). With Rb" (), P, this voltage range (-50 to —200 mV).
decreased at membrane voltages more negative than The mean open times of IRK1 were even more sen-
-120 mV. When NH" (A) or TI* (H) is the major sitive to the conducted ion than were those of ROMK2,
permeant ionP, decreased sharply at less negative volt-being decreased by >100-fold when" TH) rather than
ages. The shallow voltage dependence withas the K™ (@) is the cation in the pipette (Fig.&}. They de-
conducted ion is due in part to the weaker effect ofcreased monotonically as the membrane hyperpolarized,
hyperpolarization on mean open times (Fi€)2nd in  similar to those of ROMK2. FigureRshows the volt-
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Fig. 1. Single-channel inward currents through ROMK2 channel with different conducted ions in the cell-attacheddnhbdeard current traces

with different conducted ions. The pipette solution containedV6EDTA and 5 nu HEPES. Major ions in the pipette solutions were 110 KCI,

NH,CI, RbCI or TING, (from top to bottom). The bath solution contained 11@ #Cl to keep the membrane potential to 0 mV. Whefi Mas

the major ion in the pipette solution, the KCI in the bath solution was replaced with,KR@vnward deflections represent inward current. The
dotted lines indicate the closed state. The holding potentials are =100 mV, =100 mV, -120 mV, and -60 mV ki K Rb", and TI,
respectively. B) Closed-time histograms. A single closed state was observed with all four ions. The vertical arrows mark the time constants of the
closed states. Mean closed times are fér KO msec at —100 mV; for Ni, 1.4 msec at —100 mV; for Rb0.7 msec at =120 mV; for T] 1.5

msec at -60 mV.Q¢) Open-time histograms. All of the open time histograms have single open states. The vertical arrows mark the time constants
of the closed states. Mean open times are foy ¥6 msec at —=100 mV; for NH, 1.6 ms at =100 mV; for Rh 6.2 ms at =120 mV; for T}, 4.3

ms at -60 mV.
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Fig. 2. Voltage dependence of ROMK2 gatindy)(Mean closed times of ROMK2 as a function of voltage. With KIH,", and RB the voltage
dependence was biphasic with maxima at =90 mV, -180 mV, and -230 mV, respectively. Mean closed tinfés@tased monotonically as

the membrane potential became more negative. The solid lines are drawn using etjateNethods). The best-fit parameters are following:

for K* (@, n = 4), AU, = 12.1ksT and AU; = 14.2kgT; for NH," (A, n = 5), AU, = 11.7kgT and AU; = 15.9kgT; for Rb" (0, n = 3),

AU, = 10.7kgT and AU; = 15.0kgT; for TI* (W, n = 3), AU, = 12.2kgT and AU; = 15.8kgT. (B) The energy profile along the pore for a

deep energy-well model representing a closed state. Note that this is different from the shallow energy profile that represents the open conducting
state (Choe et al., 2000). When an ion is trapped in the deep energy well, it can escape to either the outside or the inside depending on the heights
of the energy barriers and the voltage difference across thenMéan open times of ROMK2 as a function of voltage. In all cases there is only

a single open state, and the voltage dependence is monotonic with positive slopes. The line is drawn according t8.ethmbest-fit parameters

are for K" (@,n = 4),a = 30,8 = 7; for NH,” (A, n = 5),a = 6,8 = 15;for Rb" (O, n = 3),a = 54,8 = 19; for TI" (W, n = 3),a =

8,B = 12. (D) Open probabilities of ROMK2 as a function of voltage. The line is drawn according to eqatidre fit parameters are for'K
(®,n=4),P,, =092,w = -2.33ksT, z, = 1.12; for NH," (A, n = 5), P, = 0.13,w = -3.97kgT, z, = 1.01; for R (0, n = 3), P,

= 0.20,w = -4.82kgT, z, = 0.65; for T (M, n = 3), P, = 0.14,w = -2.43KgT, 7, = 0.65.

age dependence of open probabilities of IRK1 with dif- Discussion

ferent conducted ions. With K(@®), P, was highest

throughout the voltage range tested. With NIiA) and  Although gating and permeation were originally consid-
TI™ (M), P, of IRK1 decreased steeply at negative volt- ered to be independent processes, in some channel types
ages. these phenomenon seem to be coupled. In many in-
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Fig. 3. Single-channel currents through IRK1 in the cell-attached ma¥envard current traces with different conducted ions. Conditions were

as described in Fig.A Downward deflections represent inward current. The dotted lines indicate the closed state. The holding potentials were —100
mV, =120 mV, and -100 mV for K NH,*, and TI, respectively. B) Closed-time histograms. In contrast to ROMK2, IRK1 had multiple closed

states: 4, 3, and 2 forKNH,*, and TI, respectively. The vertical arrows mark the time constants of the closed states. The very few longest closures
with K* are believed to be blocks by divalent cation(s) that were not chelated completely by EDTA (Choe et al., 1999). Only the 3 shortest closed
states were considered for KMean closed times are for'K0.2 msec (20%), 13 msec (49%), 60 msec (30%), and 7.0 sec (1%) at —100 mV; for

NH,*, 0.3 msec (13%), 11 msec (24%) and 67 msec (64%) at =120 mV; foBH msec (92%) and 33 msec (8%) at =100 m¥). Qpen-time
histograms. All of the histograms have single open states. The vertical arrows mark the time constants of the closed states. Mean open times are
for K*, 238 msec at =100 mV; for NH, 42 msec at —120 mV; for T 6 msec at =100 mV.
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Fig. 4. Voltage dependence of IRK1 gatingh)(Because there were at least three closed states Wiind NH," and two closed states with Tl

we assumed that IRK1 can have 2 or 3 separate closed conformations with separate energy wells indicated as C1, CB)awoli@ge (
dependence of mean closed times withdé conducted ion. There are 3 closed states designated from longest to shortest as C1, C2, and C3. The
lines are drawn using equatidn The best-fit parameters ame & 3): AU, ¢, = 16.6kgT, AU; ¢; = 18.3kgT, AU, ¢, = 14.5kgT, and AU, ¢,

= 16.5kgT. Mean closed times of C3 were not fit to the equation because there are data at only two voltages. As the membrane hyperpolarizes,
closed times of C3 decrease beyond our resolution lirgx.\(oltage dependence of mean closed times with,N&& conducted ion. There are 3

closed states as B. The lines are drawn using equatitnThe best-fit parameters amne € 3): AU, ; = 15.6kgT, AU, ; = 19.5ksT, AUy 0

= 15.5kgT, andAU; o, = 17.5ksT. Mean closed times of C3 were not fit to the equation because they are not well resolved in the histograms.
(D) Voltage dependence of mean closed time with &3 conducted ion. There are 2 closed states C1 and C2. The lines are drawn using equation

1. The vest-fit parameters ame & 3): AU, c; = 15.0kgT, AU, ¢y = 18.8kgT, AU, = 12.6ksT, andAU; -, = 18.3kgT. (E) Mean open times

of IRK1 as a function of voltage. In all cases, there was only a single open state, and the voltage dependence is monotonic with positive slopes.
The line is drawn according to equati@n The best-fit parameters are: fof K@, n = 3), « = 427, = 5; for NH,” (A, n = 3),a = 277,

= 17; for TI" (M, n = 3),a = 28,B = 16. (F) Open probabilities of IRK1 as a function of voltage. The lines are drawn using equatidre

best-fit parameters are: for'K®, n = 3), P, = 0.71,w = -2.89kgT, z, = 0.84; for NH," (A, n = 3), P, = 0.12,w = -5.27kgT, z, =

1.22; for TI" (W, n = 3), Py, = 0.09,w = -2.92kgT, 7, = 0.80.
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stances this coupling is seen as an inhibition of entry intowithin the pore by an ion. When different permeant ions
a closed or inactive state in the presence of a permeantere compared in the present study, the rate of closure
ion, or the acceleration of exit from such a state. This(inverse of open time in our cases) did not depend on the
kind of interaction has been observed in voltage-gated Kmagnitude of the current per se since the sequence for
channels (Swenson & Armstrong, 1981; Clay, 1986;provoking the closures (NFI > TI" > Rb" > K*) was
Pardo et al., 1992; Baukrowitz & Yellen, 1995; Levy & distinct from that for conductance (NH> K* > TI" >
Deutsch, 1996), Na channels (Townsend, 1997), and GRb") or permeability (Tf > K™ > Rb" >> NH,"; Choe et
channels (Richard & Miller, 1990; Pusch et al., 1995), asal., 2000). This suggests either that the occupancy of a
well as ligand-gated channels (Van Helden, Hamill & crucial site at which the closures are triggered is different
Gage, 1977; Ascher, Marty & Neild, 1978). It can often for specific ions, or that the triggering mechanism itself
be thought of as prevention of closure by a “foot-in-the-depends on the nature of the ion.

door” mechanism (Swenson & Armstrong, 1981) orasa  The nature of the conducted ion strongly affected
“knockout” of a blocking particle. both the absolute values and the nature of the voltage

In the case of ROMK2, K ions moving through the dependence of the closed times of ROMK2. The bipha-
pore appeared to elicit a closed or blocked state (Choe alic voltage dependence of the closed times seen with K
al., 1998). Entry into the short blocked state was accelwas also observed for NFiand for R, although in the
erated when the external K concentration was increasedatter case this became evident only at extreme voltages
Furthermore, the rate of re-opening of the channel wa§-300 mV). For Tf permeation, closed times increased
increased by both hyperpolarization or depolarizationmonotonically with hyperpolarization between 0 and
suggesting the removal of a blocking ion from the pore in—-150 mV. These patterns, as well as differences in the
either direction. The blocking times are much longerabsolute values of the closed times, can be explained by
than the normal transit time foa K ion through the assuming that (1) all permeant ions can become trapped
channel, suggesting that the ions become trapped withim the channels, (2) the rates of dissociation depend on
the pore. One possible mechanism for this trapping efthe nature of the bound ion and (3) relative rates of
fect is that the presence of the ion could trigger a con-dissociation toward the cytoplasm and extracellular
formational change in the channel that strengthens thepace are ion specific. Thus K ions reverse their domi-
ion-channel interaction, effectively converting the per-nant direction of exit at around —80 mV. Over the volt-
meant ion into a blocker. Similar schemes were put for-age range of 0 to —150 mV, the major dissociation route
ward to explain the effects of external Cl on the gating offor NH,*, Rb" and TI" is toward the extracellular space
CIC-0 Cl channels (Chen & Miller, 1996) and the effects and is therefore slowed by hyperpolarization. Reversal
of ions on the gating of voltage-dependent K channelof the voltage dependence for Rand NH,* is seen at
(Chapman, Van Dongen & Van Dongen, 1997). Also, alarger negative voltages, at which dissociation toward the
mechanism involving ion-induced conformational cytoplasm becomes dominant. Voltage dependence for
changes operating on a more rapid time scale was reFl* may also reverse at these voltages, but our data are
cently suggested to play a role in determining ion selecincomplete. The difference in the behavior of Kom-
tivity in K channels (Chapman & VanDongen, 2001). pared to the other permeant ions can be explained by a
Another possibility is that permeating ions have a limitedlower (by 1-2 kT) energy barrier for debinding toward
access to a more stable binding site; in most cases thie cytoplasmA4U;, Fig. 2B) and a slightly higher (by 0
transiting ions would bypass this site, but occasionallyto 1.5 kT) energy barrier for debinding toward the ex-
one would fall into it, creating the trapped state. tracellular spaceXU,, Fig. 2B). We should note, how-

In the present study we have extended the basic ideaver, that energy-well depths and barrier heights were the
of an ion-dependent variable energy well in two ways.only parameters allowed to vary. It is possible that
First, we examined the effects of different permeant catchanges in the positions of the bound ions within the
ions on the gating of ROMK2. Second, we extended theelectric field, which were fixed in our analysis, could
analysis to include the strong inward rectifier IRK1. also influence the ion-specific kinetics.

The mean open times for both ROMK2 and IRK1 In the case of IRK1, the presence of multiple closed
were remarkably sensitive to the permeant ion. Replacstates complicates the analysis. However, the character-
ing K™ as the major conducted ion by either [tbr TI* istic time constants seem to be affected in very similar
dramatically shortened mean open times (Figs.ahd ways by substitution of permeant ions as well as by
4E). In our earlier study (Choe et al., 1998), we showedchanging the membrane voltage. Thus, they may repre-
a strong correlation between rate of entering the closedent distinct closed states but the same basic mechanism
state and the voltage and concentration dependence of closure. The direction of the voltage dependence for
single-channel current. This implies that the channeldifferent ions might again reflect predominant routes of
could sense either the rate of ion flow through the pordon dissociation. For K, dissociation appears to be
or, perhaps more likely, the occupancy of a particular sitemainly toward the cytoplasm over the voltage range ex-
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amined, whereas for T,I the main direction would be tivation-dependent subconductance levels in the drkl K channel
outward toward the extracellular space. The case of Suggest a subunit basis for ion permeation and gaBigphys. J.
NH," is intermediate. A more quantitative assessment ofC hezzzof_ﬁ”gler C. 1996. Non-equilibrium gating and voltage de
;E}eu::;e;nog 322?%;:10:2 :Eg Eg)j;dlzgz[ﬁssls 'Sl'rf;%vg)ﬁglrle p(_-:tndence of the CIC-0 QI_ channél.Gen. PhysioI108:237—2§0

. . R Chepilko, S., Zhou, H., Sackin, H., Palmer, L.G. 1995. Permeation and
nation of decreased open times and increased closed gating properties of a cloned renal K+ channi. J. Physiol.
times with TI" leads to a sharp decrease in the open 268.C389-C401
probability with hyperpolarization. This effect may un- Choe, H., Paimer, L.G., Sackin, H. 1999. Structural determinants of
derlie a previous observation that K channels in skeletal gating in inward-rectifier K+ channel&iophys. J.76:1988-2003
muscle are inactivated by hyperpolarization with, Hut Cho_e, H., Sackinz H Palmer, _L.G. 1998. Permgation and gating of an
not with K+, as the main conducted ion (Stanfield et al., inwardly rectifying potas§|um channel. Evidence for a variable
1981). energy well.J. Gen. Physiol112:433-446

. . . . Choe, H., Sackin, H.S., Palmer, L.G. 2000. Permeation properties of
Several differences in the kinetics of ROMK and inward-rectifier potassium channels and their molecu[I)ar%etermi-
IRK1 can be readily explained by the model. First, the  nants.J. Gen. Physiol115:391-404
finding that the closed times of ROMK2 are shorter thanclay, J.R. 1986. Potassium ion accumulation slows the closing rate of
those of IRK1 indicates in the latter channel that the ions  potassium channels in squid axosophys. Soc50:197-200
bind more tightly within the pore in the blocked state. Hodgkin, A.L., Huxley, A.F. 1952. A quantitative description of mem-
Second, the various voItage-dependencies of IRK1 could brane current‘and the application to conduction and excitation in
result from distinct relative rates of exit of the ions from = "e"Ve-J: Physiol.117:500-544

. . Levy, D.I., Deutsch, C. 1996. A voltage-dependent role for iK
the pore in the blocked state toward either extracellular recovery from C-type inactivatiorBiophys. J71:3157-3166

space or the cytoplasm. Fma”y* '_[he mUIt'_ple Clos_edPaImer, L.G., Choe, H., Frindt, G. 1997. Is the secretory K channel in
states for IRK1 could represent different sites of ion  he rat CCT ROMK?Am. J. Physiol273F404-F410
trapping or different conformations of the trapped state Pardo, L.A., Heinemann, S.H., Terlau, H., Ludewig, U., Lorra, C.,
In conclusion, a simple hypothesis of permeant ion  Pongs, O., Stumer, W. 1992. Extracellular Kspecifically modu-
block can explain the distinctive gating patterns for con-  lates aratbrain KchannelProc. Nat. Acad. Sci. (USA)9:2466—
duction of K", NH,*, Rb", and TI" by ROMK2 and 2470 _ _
IRK1. The various magnitudes and voltage dependenPUSCh’ M., Ludewig, U., Reh_feldt, A., Jentsch, T.J. 1995. Gating of t‘he
. . . . . voltage-dependent chloride channel CIC-0 by the permeant anion.
cies of closed times with different conducted ions can be  \,iure373527-531
accounted for by quantitative differences within the samegichard, E., miller, C. 1990. Steady-state coupling of ion-channel con-
basic scheme. This idea can explain the coupling be- formations to a transmembrane ion gradiedtience247:1208—
tween ion permeation and gating observed in these and 1210
perhaps other channel types. Sigworth, F.J., Sine, S.M. 1987. Data transformations for improved
display and fitting of single-channel dwell-time histograrBso-
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