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Abstract. The permeation properties of KAT1, an in- tivity of these channels to Ksupports uptake of this
ward rectifying potassium channel from plant cells, werecation, which is required both as a major nutrient and for
investigated with different ions in the external medium. turgor-driven growth (Schroeder, Ward & Gassmann,
With either K*, NH; or methylammonium (MA) in the 1994). Generally, these plant inward rectifiers exhibit
external solution, the channel, expresseXX@mopusoo-  also considerable permeability to IjKSchroeder et al.,
cytes, appeared permeable to #nd, to a lesser extent, 1994), suggesting that at least a fraction of this essential
to NH; but not to the slightly bigger, methylated ana- nutrient also enters cellsa these channels (Venegoni et
logue of NH;, MA. Substituting NH for K* shifted the  al., 1996). On the other hand ions such as Cs and the
voltage dependency of channel activation further negaoften abundant Na both toxic in plants (Greenway &
tive and hastened activation kinetics. This suggests tha{lunns, 1980; Shenhan, Ribeiro-Neto & Sussman, 1993),
channel operation depends on the transported substratgre effectively excluded from the cells due to the low
In mixed solution (50 m K*, 50 mm MA) MA inhibited  permeability of the channels to these ions (Schroeder et
K* current in a voltage-independent manner. The maxiy| 1994).
mum block did not exceed 50% of the"Kurrent. In Understanding of the molecular mechanisms under-
contrast, when Niwas the permeant ion (SONMNH,  |ying channel selectivity has now been advanced by
50 mu MA) MA caused a voltage-dependent, slowly cloning and subsequent mutations of channel proteins
developing open channel block, achieving complete in-(Jan & Jan, 1992; Pongs, 1992). KAT1, an inward rec-
hibition at very negative voltages. The latter block COU|dtifying K* channel cloned fromArabidopsis thaliana
be partially overcome by the addition of'Hn the ex-  (Anderson et al., 1992) shares witH4&elective channels
ternal solution. The data support a model in which ions from animal cells a highly conserved amino acid motive
after entering the channel pore, compete with differenty the postulated pore region (H5) (Uozumi et al., 1995).
affinities for binding sites on their permeation pathway. The latter motive is believed to be crucial in determining
the selectivity of the channel (Jan & Jan, 1992; Pongs,
Key words: KAT1 — Potassium channel — Permeation 1992), since point mutations in the pore region of KAT1
— Block — Ammonium (NH) — Methylammonium  can profoundly alter the channel selectivity (Becker et
(MA) al., 1996; Nakamura, Anderson & Gaber, 1997).

While these data highlight the importance of specific
amino acid sequences in the pore region for selectivity,
they give no direct information about the mechanisms
which limit permeation. Thus, for example, it is not
clear if the amino acid sequence determines a steric bar-
rier for the permeant ion or if interaction of ions with
specific binding sites in the channel pore limits ion per-
S meation. These aspects of ion permeation have in the
Correspondence toA. Moroni past been extensively investigated in channels from ani-

Introduction

Inward rectifying channels provide plant cells with the
dominant pathway for passive uptake of cations. Selec
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Fig. 1. lon selectivity of inward currents in an oocyte injected with KAT1 RNA. Currents were evoked in response to hyperpolarizing pulses frc
a holding voltage of -50 mV. The solution bathing the oocytes obtaiAg®@ mv KCI, (B) 50 mv NH,CI, (C) 50 nm CH;NH;CI (MA). (D)
Steady-state currents shown &) ((B) and (C) are plotted as a function of applied voltagds). (lean steady-state current-voltage relation obtained
from 7 KAT1-expressing oocytes. The current measured‘imat<-120 mV was scaled to (=) unity and all the other currents compared to the latter.

mal cells by analyzing the flow of permeant ions in com- Materials and Methods
bination with other permeant or nonpermeant ions (Hagi-

wara et al., 1977; French & Shoukimas, 1985; Wu, 1992;
Hille, 1992). Following this approach, in the present CHANNEL EXPRESSION

_StUdy .perme.anon of Kand NH, through K_AT]' WaS  KAT1 cDNA was kindly provided by Prof. Gaber, Northwestern Uni-
investigated in the presence of the ammonium analogugersity (Evanston, IL). RNA was transcribed using T7 polymerase and
methylammonium (CENH3), an ion slightly bigger than  injected intoXenopusoocytes (46 nl per cell, fug/ul) as described by
NH; but generally impermeant to animalkhannels  Véry et al., 1995.

(Hille, 1975; French & Shoukimas, 1985). The steep
voltage dependence of methylammonium (MA) block in
KATL1, only found when ammonium is the permeant ion,
reveals the existence of binding site(s) within the perme'EIectrophysioIogicaI measurements were performed 2—7 days after the

ation pathway for which NEi competes less effectively oocyte injection. The whole-cell KATL currents were recorded using a
than K'. custom-made two-electrode voltage-clamp amplifier. Current-passing

ELECTROPHYSIOLOGY
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and voltage-recording electrodes were filled withu3KCl and had,
respectively, 0.541Q and 1.5-2m(} tip resistance in 100 m KCI. 1.00 o
Voltage-pulse protocols, data acquisition and data analysis were pel ’

formed using “pClamp” programme (Axon Instruments, Foster City, O m}
CA). Both membrane voltage and current were recorded. The oocytt

was continuously superfused (1 ml mthduring the experiment. All 5
experiments were performed at room temperature (20-25°C). 1

SOLUTIONS
0.75

Current reduction
1- (INH4J|K+)

The standard extracellular solution contained (in millimolar): 50 KC1
(or NH,CI), 50 LiCl, 1.8 CaC}, 1 MgCl, 5 Hepes/TRIS pH 7.4. Ad-
ditions of different MA concentrations were osmotically balanced by A ‘
correspondingly removing LiCl. LiCl has been chosen as a backgrounc E
cation because it does not carry any current through KAT1 channe

(Veéry et al., 1995). o
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+ +
KAT1 PassesK™, NH; BuT NOT METHYLAMMONIUM Fig. 2. Relative decrease in current obtained after replacifigvith

NH; as a permeant ion. Different symbols correspondhte 6 ex-

Figure 1 illustrates the current recorded from ofeno- periments from 5 injected oocytes. The reduction_in current is maximal
pusoocyte, expressing KAT1, during steps from a hold-&t moderate negative voltages and decreases with hyperpolarization.
ing voltage of =50 mV to increasingly negative voltages.
When the oocyte was bathed in 5aunK™ (Fig. 1A)
stepping to levels more negative than approximately —90-120 mV, for example, K substitution by NH reduced
mV evoked a typical current response, characterized by ¢éhe current by 95 + 8%n( = 6), whereas, at —160 mV,
slowly activating, inward current carried by KAT1 chan- the reduction was 63 + 4% (= 4).
nels (Schachtman et al., 1992) superimposed on a Changes in th&/V relation induced by replacement
smaller background instantaneous current. Although repf K* with NH; were analyzed from the fully activated
duced in amplitude, the same slowly activating currentcyrrent-voltage relations obtained in the presence of both
was observed when external” Kvas replaced by NI cations fiot showd. With 50 mv K* as a permeant ion,
(Fig. 1B). However, with MA in the bath the time- the reversal potential was -17.1 + 1.6 mN & 8), a
dependent component of the current was absent (Figsajue close to the expected equilibrium potential for po-
1C), indicating that KAT1 is impermeant to MA. Steady tassium (-18 mV) calculated assuming the intracellular
state current-voltage relations from the oocyte shown irk* concentration 100 m (Kubo et al., 1993); replacing
Fig. 1A, BandC are plotted in Fig. D. Similar current — k*ith 50 mv NH, shifted the reversal potential to —44
records were obtained in 7 other oocytes expressing 1 5 myv ( = 3). This indicates a lower permeability
KAT1; the data are summarized as normalized meary KAT1 to NH; in comparison to K (compareSchacht-
current-voltage relations in FigEl mann et al., 1992; Uozumi et al., 1995; Becker et al.,
1996) and suggests that the shift observed in Ithe
relation is related to the different permeability of the two
ions. To further analyze this effect, we have compared
the activation curves obtained under both ionic condi-
With ammonium as a permeant cation the following dif- tions. Figure 3 shows mean values from 6 experiments.
ferences from control currents in‘Kvere observed: (i) a Fitting the Boltzmann equation to experimental data,
decrease in the steady state current value over the entiggelded a negative shift of the mid-activation voltagg)(
voltage range; (ii) an apparent negative shift of thé  of 11 mV.
relation and of the current reversal potential of about 20  Analysis of activation kinetics, obtained from single
mV and (iii) apparent slower kinetics of activation of exponential fitting to current traces in the voltage range
NHj current, as compared to the current if. K of activation, also indicated a difference in channel gat-

Figure 2 illustrates that steady-state current reducing when NH, replaced K. Fig. 4 gives mean values of
tion (expressedsal — (\n4+/l+)) depends on voltage: at time-constants from 4 experiments and shows that re-

KAT1 SHows A REDUCED PERMEABILITY TO NH;
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Fig. 3. KAT1 activation curvesy..(E)) in (l) 50 mm K*- and (1) 50 nm NHZ-containing bath solutions, measured from tail current amplitudes.
Tail currents were recorded by stepping to —65 mV from different conditioning voltages. We were unable to obtain full activation of KAT1 chann
as this is likely to occur at voltages more negative than =180 mV, where an endogenous inward current activates randomly. Therefore data
6 experiments) were normalized td,a,, value that was obtained by fitting a Boltzmann equation to each set of data. Mean vabiasetplotted.

Best fits of the Boltzmann equation, = 1/{1 + exd(E - E;,)/S} (dotted lines) to the data yielded values Bf = -125 and -136 mV for the
half-maximum activation voltage in *Kand NH;, respectively.

placing NH; for K* leads to a slowing of activation METHYLAMMONIUM INHIBITS DIFFERENTLY K™ AND NHj
kinetics, shifting the time-constant-voltage curve by CURRENT
about 20 mV in the negative direction.

Block of MA on K Current

K* AND NH}; PERMEATE THE CHANNEL INDEPENDENTLY
The experiment illustrated in FigA&shows that addition

As shown by Hagiwara (1977) in echinoderm egg, theof 50 nm MA to a 50 nm K" solution inhibited the
inward rectifier membrane conductance can depend ogurrent as compared to that recorded in 5@ iKi" alone.
the mole fraction of two permeant ions in a peculiar way, The decrease of steady-staté ¢urrent was observed in
such that the conductivity decreases at intermediate coré oocytes (and the measured ratig./lI<+ ranged, at
centrations of either permeant ions (anomalous mole-140 mV, between 0.20 and 0.72). The mean values
fraction behavior). (xse) obtained from 6 experiments in 5 oocytes, were

To test whether K permeation through the KAT1 0.64 + 0.16, 0.57 + 0.07, 0.41 + 0.10 and 0.56 + 0.11 at
channel exhibits an anomalous mole-fraction depen-120, —-135, -140 and -165 mV, respectively. These
dence, we measured the inward currents through KATValues were not significantly differentP(> 0.05,
in the presence of either one of the two permeant ions )ANOVA), indicating no voltage-dependence of the inhi-
in the presence of both. Figure 5 illustrates that perfu-bition. The inhibition of K current by MA was fully
sion with K*/NH} equimolar mixtures, results in a con- reversible on washing out of the solutiodata not
ductance which is intermediate between the conductancghowr).
values in the presence of the two ions alone. This argues The time course of current activation was not
against an anomalous mole fraction behavior, suggestinghanged by the addition of MA. Fitting a double expo-
that K and NH; do not interact significantly in their nential to the current traced4ta not showpwe obtained
channel permeation. values for the fast component of activatien, of 106 +
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Fig. 5. Steady-state current-voltage relations from one oocyte injected
with KAT1 obtained at different molar fractions of‘Kindicated at the
end of each curve). The total concentratiof €Cy,+ was 50 nu.

Fig. 4. Time constantst) of KAT1 activating currents in Kand in
NH. Time constants approximated by a single exponential fit (least-
squares fitting) to activating currents. Data are mears® df 4 ex-
periments in three oocytes. Inset: the data are current responses for a

voltage step from a holding potential of =50 mV to =160 mV in the

same oocyte with 50 mK* or 50 mv NH in the bath. The currents  ting the amount of steady-state current inhibition, mea-

are scaled to the same ordinate and clearly show that tecdNkHent  sured at =160 mV, as a function of MA concentration.

is slower. The block of NH, current, as measured in 7 oocytes, was
nearly complete at 25 mMA. On the other hand the

10.7, 67 + 4.9, 37 + 5.7 msec in control and 112 + 8.4,Mmean block induced by MA onKcurrent did not exceed

74.6 + 458, 40.5 + 4.9 msec in the presence of MA, af20% even at the highest concentration tested (180 m
the voltages of -120, 140, and -165 respectivaly{ VA, data not showp
5, #se). These values were not significantly different

when a paired-test was performed at the significance T,e NaTURE OF THE MA BLOCK OF NH;, CURRENT
level of 0.05.

Block of MA on NH Current The MA—de.pendent block. of NHcurrent was further
analyzed with respect to time-, concentration- and volt-

As shown in Fig. 8, when MA (50 mv) was added to a age-dependence.

50 mv NHj solution the current passing through KAT1

was markedly inhibited in a characteristic time- and volt- open Channel Block

age-dependent manner.

In the presence of MA, the initi_al current activation The current traces obtained with Nids a permeant ion
was followed by a slower decay which became faster angqre fitted with the sum of two exponential equations
more pronounced at more negative voltages. Block oy, jn the absence and in the presence of MA. Analysis
the current at steady-state appeared strongly voltagess activation and block kinetics was based on the fol-
dependent increasing with hyperpolarization, as showty,\ing assumptions: (i) channel activation is described
in Fig. 6B. Comparative time- and voltage_-dependentby a fast ¢;, < 150 msec) and a slow{ > 400 msec)
block of NH; current by MA was observed in 12 other ,cess: (i) block occurs according to a single exponen-
experiments in 9 oocytes. The inhibition of MAon NH i/ time-course superimposed on the slow activation and
current was fully reversible on MA washoutigta not iy piock does not affect the fast channel activation
showr). process1,). The resulting time constants of the fast
Concentration Dependence of Block activation, in co_ntrql and in the presence of MA, qqd

sum of slow activation plus block, are plotted in Fig. 8 as
Figure 7 compares the concentration dependence of the function of membrane voltage. From the analysis it
block of MA on K" and NH, current, estimated by plot- appears that the fast time course of channel activation
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Fig. 6. Effect of the addition of MA on the currents carried by Knd NH; through KAT1. Holding potential =50 mVA) Current measured in
50 mv K* before and after addition of 50NmMA; lower panel shows/V relation obtained from steady-state current values reported at®ye. (
current measured in 50nNH} before and after addition of 50MmMA; lower panel showd/V relation obtained from steady-state current values

reported above.

was not affected by the addition of MA. Values fgrin

slower than the channel activation process, and it be-

the absence of MA were similar to those obtained in thecomes faster in an exponential fashion at more negative

presence of MA (Fig. 8, values forr, from the experi-

ment of Fig. ). In n = 4 similar experiments we ob-

voltages.
The concentration- and voltage-dependence of MA

tained mean e values forr, of 122.75 + 18.98, 84.25 block of NH; current are shown in Fig. 9. In Fig.A9

+12.28, 69.67 + 10.11 msec in control and 113 * 20.3,steady statd&/V relations are plotted for various concen-
79.25 +12.67, 47 £ 4.87 msec in the presence of MA, atrations of the blocking ion; the plots show that at each
the voltages of -120, -135, —-155 mV, respectively. MA concentration, the blocked fraction of current

These values were not significantly differe®t $ 0.05)

strongly depends on voltage, and increases at more nega

when a paired-Test was performed. The time constantstive voltages. FigureBshows dose-response curves ob-
for activation of NH; current, both in the absence and in tained from the data of Fig.A where the normalized
the presence of MA, were voltage-dependent and beeurrent valuesl{,,/l.onio) @re expressed as a function of
come faster at more negative voltages. This observatiothe MA concentration for different membrane voltages.
suggests that KAT1 channels are not blocked by MA inFitting the Hill equation to the data yielded a Hill coef-
the closed state. As proposed by Armstrong (1971) irficient always higher than 1.6éefigure legend). The
the case of the block of quaternary ammonium ions ofplots show that, particularly at the most negative voltages
squid axon potassium channel, the data in Fig. 8 agreased, MA is effectively blocking the current flow
with the assumption that the channel has to open firsthrough KAT1 channels at millimolar concentrations
before the blocking molecule can reach its binding site(EC5, = 5.8 mm at =165 mV and 18.9 at -137 mV).

(open channel block).

Figure 8 reportst, (sum of slow activation and posTion oF THEMA BLOCKING SITE INSIDE

block), as a function of voltagen(= 4). The slow time

THE CHANNEL

constant obtained in the presence of MA reveals a steep
voltage-dependence. Assuming constant slow activatiofhe finding that the early rate of activation of I§idur-
+ MA, the MA-generated block appears 10 to 20 timesrent is unaffected by the addition of MA (shown in Fig.
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8) suggests that the channels need to open before they & 1
blocked. The strong voltage-dependence of MA block is
indeed consistent with the idea that block proceeds dur
ing channel opening and needs the blocking MA mol-
ecule to enter the channel. This can be described by th
Woodhull model (1973), assuming that the blocking ion
enters the channel and runs a fraction of the electrica
field before reaching its blocking site. As a result the
block efficiency increases at more negative voltages beé
cause of the augmented probability that the inner block-z
ing site is occupied by the blocking ion.

To perform a quantitative analysis of the block we
have fitted the data with the Woodhull block model. Ac-
cording to this model, a simple relation exists between

1 '('MA/ Icontrol)

curre

/I/E/E

degree and blockade (measured as the ratio between r ——NH,
sidual current after blocki,,,, and blocked curreni- —A—K*

Imas | being control current) and membrane voltage, 0 . | : | . |
(DiFrancesco, 1982): 0 20 40 60
inr = 1n (ya/(l = Iya)) = 8ZEART/P - 1n MA)/K, MA (mM)

) ) ) ) Fig. 7. Concentration dependence of MA block orf Knd NH; cur-
whered is the fraction of the electrical field crossed by rents in KAT1-expressing oocytes. Lgh/loonmo) rEPresents the

MA ions before reaching the blocking site (“electrical” amount of current inhibited at —~160 mV. Open symbal§ 60 mv K*,
distance),K, the dissociation constant of the binding closed symbolsl) 50 mv NH;. Data are mean valuessb (n = 7).
reaction atE = 0 mV andR. TandF have their usual The data were jointly fitted with the velocity equatige€eDiscussion):
thermodynamic meanings. [MA]

Figure 10 shows semilog plots of the reactive block-v= " -
ing ratior = IyA/(l = Iya) @s a function of membrane k(1 +[KT V) + [MAKL +[K Ve
voltage €) _for an experiment in which MA was added at and yielded a value fax of 7.99 and equilibrium constants of 1.45 and
concentrations of 10, 25 and 50mtto a solution con-  7.88 fork, andk; respectively.
taining 50 nu NH;. At least in the far negative voltage
range, 1ir andE are linearly related and the slopes of the

fitting Ii_nes do not substantially depend on the MA con- v plottedvs. K* concentration. However, comparison
centration. The mean value dfvas 1.96+0.16{ = 5)  of the current levels measured in the same oocyte with 50
(seeDiscussion). mvm K* alone and with 50 m K* plus NH; and MA,
showed that K was unable to fully override the MA-
induced current block. In the presence of MA and NH
addition of 50 nm K™ led to a current which was, at -140
mV, only about 50% of the current in 50MmK™ alone.

. It should be noted that this is close to the fractional block
The unexpected finding that MA blocks NHurrents induced by 50 m MA on the KAT1 current in the

with higher efficiency and with different modalities than presence of 50 m K* (seeFig. 64). This confirms that

K* currents may suggest thaf Kkompetes more effec- K*, but not NH, is able to flow throu
: ; o ; I , , gh KAT1 channels
tively than NH; with MA for binding site(s) inside the in the presence of MA.

channel pore. Therefore, the differential blocking of K
and NH; currents may be due to the fact that Kan
more effectively remove or overcome the MA imposed
block. To test this hypothesis, oocytes were first ex-
posed to NH plus MA to block the channel. Then'K
was added at different concentrations. Figure 11 illus\we have found that KAT1 channels, expresseXémo-
trates that increasing concentrations of Were able to  pusoocytes, conduct Kions and to a lesser extent I§JH
progressively remove the block induced by MA, asions, but are impermeant to MA ions. At first glance this
shown by the increase in current at negative voltagesmay suggest that the ionic permeability through the
This was already apparent with the lowest oncen-  channel is simply related to the ionic size, sinceithe
tration added (3 m), and became more pronounced by smallest and MA the largest ion (Hille, 1973). However,
further increasing the Kconcentration. The insert of the action of the impermeant ion MA on*Kand NH;

Fig. 11 shows the amount of current measured at —14@urrents demonstrates an interaction of the cations with

PoTtassium REMOVES THE BLock oF MA ON
NH;; CURRENT

Discussion
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Fig. 8. Kinetics of KAT1 activation/block with

NH; as a permeant ion. KAT1 currents measured
in NH in the absence and in the presence of 50
mm MA were fitted with the sum of two

exponential equations. The resulting time constants
were considered to reflect; time constant of
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1, (activation)/ms

2000 —

1, (block)/ms
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rapid activation and, time constant of slow
activation plus MA-generated block, when MA
was present. Figuref8 time constants of rapid
current activation in the absence and in the
presence of MA (same data as in Fi@®)6The
presence of MA does not affeef. Figure &8:

time constantsg) obtained from NH currents in
the presence of 50 mMA (n = 5, including data
from (A)). Figure &: Current traces recorded in
the same oocyte before and after the addition of
MA, at two different voltages (=125 and -165
mV) are superimposed to illustrate the similarity
in activation kinetics. Figure3: NH} current

with MA block including best fit (dotted line) with
the sum of two exponentials.
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Fig. 9. Concentration- and voltage-dependence of block by MA onj; Nttrent. f) Steady-staté/V relation of 50 nw NHZ current (J) in the
presence of 3@), 10 (A), 25 (V) and 50 ) mm MA. (B) Dose-response curves obtained frof) lotting the normalized valug,a/l contro S
a function of [MA] at four different voltages (-165, =156, —145, and —137 mV). Fitting the Hill binding equatigR/lconro = 1/(1 + X/Ky)"
yielded Hill factors,n of: 1.98, 1.61, 1.7, 1.95 and, (mm): 5.8, 7.48, 17.8, 18.86 for —-165, —156, —145 and -137 mV, respectively.

specific sites inside the electrical field of the channelfrom the different kinetic properties of the KAT1 cur-

pore. Thus size-exclusion is not the only determinant forents carried by K and NH; ions. The most likely in-

ion permeation through KAT1. terpretation for this is that the gating process of the chan-
The first line of evidence supporting the view of nel depends upon the permeating ion species.

specific ion interaction with the channel protein stems  This interpretation could be questioned and the
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Fig. 10. Semilog plots of the relative blocking ratio= /(I = i) Fig. 11. Addition of K* restores inward current when added to an

as a function of membrane voltage for an experiment where MA wasP0cVte in which NH current was previPust blocked by MANV
added at concentrations of 10, 25 and 50 to a solution containing  "elation of currents measured in SGiNH; and 50 nm MA (blocked

50 mv NHZ. The slope of the fitted lines was: 0.0864, 0.0724 and Current.V) and after sequential addition of 10, 30 (A) and 100 ()

0.0788 for 10, 25 and 50 MMA, respectively. The calculatetiwere: mm K*. Also shown, for comparison, is the current measured in the
218. 1.83 and 1.99. Meahwas: 1.96 + 0.16. same oocyte in a solution containing 5&rK™ (O). The insert shows

the increase of inward current as a function of K

modification of current kinetics in the presence of NH

might be explained in the context of NHjenerated in- species is not unique to KAT1, but has been reported for
tracellular acidification (Cao et al., 1995; Burchardt & another plant cation channel (White, 1996).

Thelen, 1995). However, this scenario is unlikely for The absence of a significant anomalous mole-
two reasons: firstly, as with N we observed that ad- fraction behavior in K and NH; mixed solutions sug-
dition of MA led to an increase in leak current and mem-gests that K and NH; do not interfere with each other
brane depolarizatiord@ta not show)y two features com- when passing through KAT1, at least in the negative
monly attributed to cytoplasmic acidification induced by voltage range investigated.

ammonium compounds iXenopusoocytes (Burchardt Further support to the view that channel permeation
& Thelen, 1995). Although MA addition is likely to also involves interactions of the permeant ions with sites in-
cause some internal acidification, no apparent shift of theside the channel pore derives from the block df &d
current activation threshold or of activation kinetics is NH; currents by MA. An important finding of the pre-
observed in its presence. This suggests that thg-NH sent work is that the MA-dependent reduction of the;NH
evoked acidification in oocytes is not relevant for KAT1 current appears in many respects different from the block
gating. This observation agrees with the evidence thatpbserved when Kis the permeant ion. For example,
in a native K inward rectifier fromVicia fabaguard with K™ as permeant ion, the block reveals no apparent
cells, cytoplasmic acidification amplifies the inward cur- time- and voltage-dependence. Furthermore, the dose-
rent but does not modify the voltage-dependence of acresponse relation of Kcurrent reduction against MA
tivation kinetics (Blatt, 1992; Blatt & Armstrong, 1993). concentration yields a lower affinity and a significantly
Secondly, in single channel measurements of the KATlsmaller maximum block compared to that for [iur-
channel, it has been reported by Hoshi (1995) that acidirents. This implies that MA does not cause a steric hin-
fication of the cytoplasmic side causes a positive shift indrance for ion permeation through KAT1, since in the
the channel activation curve which is opposite to whatlatter case MA should inhibit Kcurrents as well as NH
was observed here in the presence of ;NHihus, the currents.

changes induced in current activation kinetics through ~ The MA-induced inhibition of NH current can be
KAT1 channels by N are likely to reflect primary explained in terms of an open channel block (Armstrong,
interactions of the permeant ion with the channel protein1971). The time course of current activation remains un-
A dependence of gating kinetics on the permeant ioraltered upon addition of MA, indicating that MA ions
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need to enter open channels before reaching the blockingntly. This differential block of MA can be explained by
site inside the electrical field of the channel pore. Thisassuming that Niicompetes less effectively than Kor
requires that the external mouth of the channel pore hathe MA binding site(s) inside the channel. Indeed, our
a minimum diametee=3.6 A (Hille, 1975) to allow the data clearly show that, as expected for competitive bind-
entrance of the large methylated ammonium ions. Theng to sites within the channel, addition of Ks able to
separation between the channel activation time courseestore a current through KAT1 channel after it has been
and block development is simplified by the fact that theblocked by MA ions. Hence, the role played by K
block kinetics are about ten times slower than the chanteleasing the block could be interpreted as that of an
nel activation kinetics. This indicates that the voltage-antagonist (inhibitor) of the MA-dependent -block of the
dependent block inside the pore is characterized by &lH; current. The differences between the MA-
slow association process. generated blocks of Kand NH; currents can thus be
Voltage-dependent open channel block of KAT1 hasdescribed by analogy with the inhibition of enzyme re-
already been described for Cas a blocking agent @actions. A simple model able to account for the results
(Schachtman et al., 1992; ¥eet al., 1994; Ichida & obtameq_lnvolves a mixed type |n_h|b|t|_on _vv_lt_h a partial
Schroeder, 1996). In contrast to block by MA,"@sock competitive _and pure nor_lcompet|t|ve |nh|b|.t|or.1 (Se_gel,
develops orders of magnitude faster and its kinetics havé97)- In this model, MA ions bind to their binding sites
not yet been resolved. The voltage-dependefittlisck |n_S|de thg pore and Klons are V|ewe'd as inhibitors of
of KAT1 channels can be explained by a single ion this reaction, according to the following scheme:
block, with 8 (see beloyw = 0.38 (Ichida & Schroeder, k.
1996). The substantial difference between the voltage ¢4 pMA= CMA |
dependence of Csand MA block of KAT1 channels

+
indicates two different ion block mechanisms and block- . N
. . K K
ing sites.
We characterized the block properties of MA on k1l okl

NH; current by use of the Woodhull (1973) model. As O . CK'+ MA(;kS CMAK' & O

expected from the apparent voltage-independence. MA

block of K" was not successfully fitted by this model

(data not shown On the other hand, MA block of NH ~ whereC denotes the channel binding sitdA the sub-

showed the predicted relation between degree of blockstrate and™ the inhibitor,k, andK; the respective equi-

age and membrane voltage but yielded a calculated valulérium constants. The facter is the factor by whictk

of & bigger than 1 (1.96), a physical impossibility. changes wheK" occupies the channel binding site. The
A block with similar properties in which MA (from conductive channel is denoted 6y and the inactive

the cytoplasmic side) generated a steep voltagechannel byl.

dependent block of NHcurrents but a shallow block of The velocity equation for this type of reaction is:
K™ currents was previously reported for animal &ut-
ward rectifiers (Hille, 1975; French & Shoukimas, 1985). , _ [MA]

Also in this case, fitting the Woodhull model to NH v ks (1+[K"]/k) +[MAT(L+[K]/ak)
current block, yielded a value fa@r bigger than 1 (1.6).
It is worth noting in this context that the plant inward The velocity equation was jointly fitted to the data sets
rectifier not only shares structural similarities with the for MA block of K* and NH; currents (Fig. 7) yielding
animal outward rectifier (Anderson et al., 1992) but alsoa value fora of 7.99, and equilibrium constants of 1.45
exhibits similar permeation/blocking features but with anand 7.88 fork, andk;, respectively.
inversed sideness. The successful description of the data suggest that
The finding that the block involves the equivalent of the MA block of KAT1 is generated inside the channel
moving a charge across more than 100 percent of thpore by a mixed type inhibition with partial competitive
membrane voltage, has been tentatively interpreted bgnd pure non competitive inhibition.
Hille (1975) as the moving of several charges across the  According to this scheme, KAT1 has two binding
membrane, suggesting also the possibility that more thasites which can be occupied by MA or'KThe C-K*
one MA ion is involved in the block. The contemporary complex will have a lower affinity for MA than the un-
presence of more than one ion inside the pore cannot thusccupied binding site. Furthermore, the channel con-
be explained by single-site theories, such as thelucts current when the site is occupied by MA anddt
Woodhull model, and calls for more complex models of by K* only. Therefore as long as'iis present, the chan-
the pore. nel will always be in a conductive state, which explains
Another aspect which emerges is the aforemenwhy the inhibition in the presence of'Ks never com-
tioned fact that MA blocks Kand NH;, currents differ-  plete. Furthermore, at any'kconcentration, a portion of
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the binding sites available for combination with MA will French, R.J., Shoukimas, J.J. 1985. An ion’s view of the potassium

exist in the lower affinity form C-K, so that the presence ~ channel.J. Gen. Physiol85:669-698

of K* lowers the affinity for block by MA. In the ab- Greenway H., Munns, R. 1980. Mecr_lanism of salt tolerance in non-

sence of any blocker both binding sites may be occupied NalophytesAnnu. Rev. Plant Physiog1:149-190

by K*. Hagiwara, S., Miyazaki, S., Krasne, S., Ciani, S. 1977. Anomalous
permeabilities of the egg cell membrane of starfish fATK" mix-
tures.J. Gen. Physiol70:269-281

Conclusions Hille, B. 1975. lon selectivity of Na and K channels of nerve mem-
brane.In: Membranes: A Series of Advances. G. Eisenman, editor,

The present data show that ions do not diffuse freerH_”VOIBS'lgg'zzfs_325" MarlcelfDekl_(teBINeW Ygrk S d edit
through the KAT1 channel but they interact apparently "'c; > -22<: 'onic channels of excitable membranes, Second edition.
. . L S Sinauer Associates, Sunderland, Massachusetts
with more than one site within the channel. lon binding . .
. . Hoshi, T. 1995. Regulation of voltage dependence of the KAT1 chan-
to these sites has profound effects on the gating of the

. nel by intracellular factors). Gen. Physiol105:309—-320
channel but also on the flow of other ions. Such a dem'lchida, A.M., Schroeder, J.I. 1996. Increased resistance to extracellular

onstration of ion-specific binding sites in the process of  cation block by mutation of the pore domain of theabidopsis
ion permeation agrees with the evidence derived from inward rectifying K* Channel KAT1.J. Membrane Biol151:53-62
single point mutations of KAT1 (Uozumi et al., 1995) jan, L.Y., Jan, Y.N. 1992. Structural elements involved in specific K
where it has been argued that the increased conductance channel functionsAnnu. Rev. Physiob4:537-555

to NH} in mutated KAT1 proteins was unlikely to arise Kubo, Y., Baldwin, J., Jan, Y.N., Jan, L.Y. 1993. Primary structure and

from a simple widening of the channel pore. functional expression of a mouse inward rectifier potassium chan-
nel. Nature 362:127-133
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