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Abstract. KAT1 is a cloned voltage-gated ‘Kchannel  variation as a function of the mole fraction. This phe-
from the plantArabidopsis thaliana.., which displays nomenon is known as thenomalousMole Fraction Ef-
an inward rectification reminiscent of ‘anomalous’ rec- fect (AMFE) (seeHille, 1992; Aidley & Stanfield, 1996).
tification of thei; pacemaker current recorded in animal Analyses of such effects have led to different permeation
cells. Macroscopic conductance of KAT1 expressed inmodels (Hille, 1975; Hille & Schwarz, 1978; Wagoner &
Xenopusoocytes was 5-fold less in pure Risolution  Oxford, 1987; Shumaker & MacKinnon, 1990; Mironov,
than in pure K solution, and negligible in pure Na 1992; Armstrong & Neyton, 1992; Miller, 1996; Dang &
solution. Experiments in different ¥Na" or K'/Rb"  McCleskey, 1998; Kiss et al., 1998; Lester & Dough-
mixtures revealed deviations from the principle of inde-terty, 1998; Nonner, Chen & Eisenberg, 1998). In com-
pendence and notably two anomalous effects of the K pination with results of mutagenesis (especially in the
Rb" mole fraction (i.e., the ratio [K/([K*]+[Rb™])).  P-domain), these models help in understanding structural
First, the KAT1 deactivation time constant was bothand functional relationships of the permeation pathway
voltage- and mole fraction-dependent (a so-called ‘foof(yool & Schwarz, 1996). A multi-ion single-file con-
in the door’ effect was thus observed in KAT1 channel). duction scheme is the common feature of most of these
Second, when plotted against thé/Rb" mole fraction,  models (but see for example the model of Nonner et al.
KAT1 conductance values passed through a minimum¢1998) in which the multi-on single-file conduction is not
This minimum is more important for two pore mutants of necessary to explain AMFE). Finally, it is worth noting
KAT1 (T259S and T260S) that displayed an increase inthat the very first structural data following the crystalli-
Pro/Pc. These results are consistent with the idea thakation of the pore region of a*Kchannel (KcsA) led to
KAT1 conduction requires several ions to be presenthe demonstration of the multi-ion single-file occupancy
simultaneously within the pore. Therefore, this atypical(Doyle et al., 1998).
‘green’ member of the Shaker superfamily of khan- The multi-ion nature of many animal ion channels
nels further shows itself to be an interesting model ashas been proposed for*Kchannels (Hagiwara & Taka-
well for permeation as for gating mechanism studies. hashi, 1974; Hagiwara et al., 1977; Hille & Schwarz,
1978; Eisenman, Latorre & Miller, 1986; Begenisich &
Key words: Rubidium — anomalous mole fraction ef- Smith, 1984; Heginbotham & MacKinnon, 1993;rBe
fect — foot in the door — channel deactivation — per- Cornejo & Begenisich, 1994; Wollmuth, 1995; Stampe
meation —Arabidopsis thaliana & Begenisich, 1996; Mienville & Clay, 1997), Ga
channels (Hess & Tsien, 1984; Campbell, Rasmusson &
, Strauss, 1988; Friel & Tsien, 1989; Yang et al., 1993),
Introduction Na" channels (Cahalan & Begenisich, 1976) and ClI

. channels (Tabcharani et al., 1993).
For some channels, the analysis of conductance of two . plant ion channels, AMFE was shown for native

permeant ions reveals that the conductance passgs- channels located on the plasma membran€iudra

through a minimum instead of displaying & monotonic . lina (Tester, 1988) and on cytoplasmic droplets of
Nitella (Draber, Schultze & Hansen, 1991).

. The voltage-gated plant Kchannels cloned and

Correspondence tdB. Lacombe characterized so far (Chad et al., 1996) display some
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hallmarks of theShakersuperfamily of K channels amedium containing (in m): 82.5 NaCl, 2 KCI, 1 MgC}, 5 HEPES-
(Schroeder, Ward & Gassman, 1994; Jan & Jan, 1997»IaOH (pH 7.4). Stage V and VI oocytes were selected and placed in
having six putative transmembrane segments (S1 to SGi"med'“m containing in m: 96 NaCl, 2 KCl, 1.8 MgQ, 1 Cacl, 2.5

. - . . a-pyruvate, 5 HEPES-NaOH (pH 7.4) supplemented with 5emig:
mCIUdmg a hlghly charged S4 segment (be“eved to be %entamicin. Oocytes were injected with 30 ng of KAT1 cRNA in 50 nl

voltage-sensor), and, between S5 and S6, the highly cOrserile water. Control oocytes were injected with 50 nl of deionized
served P (or H5) domain assumed to form part of theyater.

pore. As with their animal counterparts, those ‘green’
members of the Shaker superfamily have been found tg
assemble as tetramers of thesubunits (Daram et al., =-ECTROPHYSIOLOGY

1997); as well, heterotetramers may assemble in V'VQ/\IhoIe-ceII currents were recorded using the two-electrode voltage-
(Dreyer et al., 1997). The plant*Kchannel, KAT1, clamp technique, 3 to 7 days after injection. During recording, oocytes
cloned by functional complementation of a yeast mutantyere continuously perfused with bath solution containing (im)m.00
defective in K uptake (Anderson et al., 1992), was the of KCI + XCI (X being either N& or Rb"), 1.8 CaC}, 1 MgCl, 5

first plant potassium channel that could be expressed andEPES-NaOH (pH 7.4). All experiments were performed at room
characterized inXenopusoocytes (Schachtman et al., temperature '(20—2'2°C). Current-pass_ing apd voltage-recording elec-
1992: \/ery et al., 1994: Hedrich et al., 1995: Hoshi, trodes were filled with 31 KCl and had tip resistances of 0.5 to M8

! . . ' and 1 to 2uQ) respectively in 100 m KCI. Correction was made for
1995; Vay et al., 1995) and then in other EXPressIon, qitage drop through the series resistance to ground (through the bath

systems (yeast, Bertl et aI_., _1995; afBTtQinsec_t cell line, ~ and the reference electrode) by using a voltage-recording microelec-
Marten et al., 1996). A striking feature of this channel istrode in the bath close to the oocyte; the potential of this bath electrode

its inward rectification of current, reminiscent of that of was subtracted from the one of intracellular electrodes in the amplifier,
the recently cloned (Santoro et al., 1997, 1998pace- allowing a real-time correction of series resistance to ground. The

maker channel (Mayer & Westbrook, 1983 DiFranceSCOvoltage—clamp amplifier was an Axoclamp 2A (Axon Instruments, Fos-
et al., 1986; McCormick & Pape 19’90) ’ ter City, CA) interfaced with a TL1 DMA Interface (Axon Instruments)

! ., toalBM PC-compatible computer. Voltage-pulse protocol application
Saturation of KAT1 conductance was shown with (seeFig. 1A, left), data acquisition and data analyses were performed

increasing external K concentration (Hedrich et al., using pClamp (Axon Instruments) and Sigmaplot (Jandel Scientific,

1995; Hoshi, 1995; Vi et al., 1995). This deviation Erkrath, Germany). A linear component was subtracted from the re-

from the independence principle (Hodgkin & Huxley, corded data to correct for leak current.

1952) indicates that binding interactions occur between All c_hemicals were purchased from Sigma Chemical, except for

conducting ions and the pore. A voltage-dependeiit CsRPC! Which was from Merck (Darmstadt, Germany).

block of KAT1 has been reported (Weet al., 1994;

Hedrich et al., 1995; Uy et al., 1995) providing further Steapy-sTATE CURRENT ANALYSIS

support for the idea that ions can bind to the pore. Fur-

thermore, the relative distance of the*G:inding site The following expression of the current carried by two permeant mono-

across the electrical field (Woodhull, 1973) depended oryalent cationsK™ andX®) can be derived from the Goldman-Hodgkin-

K* concentration and exceeded unity in some conditions®% (GHK) model:

this suggested that more than one ion may be present . . . .

simultaneously within the pore and that some competi—lG“K_EAI'E_";')ES;;< E%Jr PuXeImexpAE) - (P K5+ Py X W

tion between K and C$ binding may occur (Becker et -

al., 1996). where,A is F/(R.T), F, R and T having their usual meaning is the
The hypothesis of KAT1 multi-ion occupancy is in- membrane potential, and whek§ and X; (resp.K’ andX) are the

vestigated further in the present paper. Mixtures 6f K external (resp. interna_li‘+ andX" concentrations, anBy andPy are

and RB were used to demonstrate that AMFE is evidenthe absolute permeability fot" and X".

in wild-type KAT1 (Ggy/Gy = 0.2, Vay et al., 1995 From the Goldman equation for reversal potentigL,),

Uozumi et al., 1995), and even more pronounced inP + N . .
’ ' KPPy X = (P KE+ Py X2) - (eXp(— Epey - A) 2
T259S and T260S MutantS4,/Gy = 0.6, Becker etal,, © kKo + P X - (expl= B, @
1996)- Combining Eg. 1 and Eq. 2, yields:
. lonk = EFA[P - KS+ Py - XC]-
Materials and Methods [1-exp(A.(E-E,e,))/[1-exp(A.E)] 3)
When E tends towards = the 2 last terms tend towards 1 ahgl,«
PREPARATION OF XENOPUSOOCYTES tends towards:
In vitro cRNA synthesis and oocyte injection were performed as de-I_, = EF.A(Py - K{ + Py - X)) =E.G, (4)

scribed in Vey et al. (1995). Briefly, oocytes obtained surgically from
anesthetizedXenopuswere defolliculated ¥ a 1 hr collagenase-  whereG,; is the so-called ‘limit inward conductance’ (¥eet al., 1995).
treatment (1 mgnl™?, type IA, Sigma Chemical, Saint-Louis, MO) in  In other words, the graphic representation of Eq. 3 is a curve that, at
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Fig. 1. Voltage and current traces recorded on KAT1-expressing oocytes. In this example, the bathing solution contaimed iK@l, 90 NaCl,

1.8 CaCl, 1 MgCl,, 5 HEPES, pH 7.4.A) Voltage-clamp protocol (leftseetext) and currents (right) recorded in an oocyte injected with 30 ng
of KAT1 cRNA. The horizontal dashed line corresponds to zero currents. Steady-state currents were sampled (right upward arrow, open circ
the end of the protocol for further analysie€Fig. 2B). Deactivating currents (recorded after the activating prepulse at =160 mV: dotted frame
and so-called “tail” currents (deactivating currents when coming back to the holding potential: full-line frame) are shown with an expanded sc
in (B) and (C, top) respectively.B) Deactivating currents were fitted by a single exponential kinetics: the 2 lines (arrows) represent the fit of th
current recorded at —140 and —100 mV. Initial values of this current obtained on each idealized trace were taken as the instantaneous KAT1 ¢
and used to graphically determine the reversal potential of KAT1 cursestéxt). (C) Initial value of tail currentsi(,) was sampled 15 msec after
the end of phase Il (symbol and upward arrow in the top figure) and plotted against the voltage of the preceding pliéeelBtienship (bottom
figure) was assumed to obey a two-state Boltzmann law (dotted cseegext).

infinitely negative values oE, is asymptotic to a straight line crossing Results
the origin of axes with a slope equal &.
As previously shown by Hoshi (1995) and iyeet al. (1995), We used a double-pulse voltage-clamp protocol (FAg. 1

KAT1 behaves like a voltage-gated channel in which the open statdeft) consisting of 20 successive episodes. The holding
proba_bility is increased by hyperpolariza_tion. It fc_)llows that, aF finite potential was —40 mV, which is in the range of the rest-
nf?at'vfhvilues f‘the KATL n:agrgsco’gcl‘t:u"em"s only?fr"f“:t'on ing potential of control oocytes and below the range of
Ol Tor Tt can be approximated by & Boflzmann equation: steady-state activation of KAT1 current (ieet al.,
1995). During the first pulse (duration 1 sec, phase ),
the membrane potential was clamped to —160 mV (for all
episodes). Then during the second pulse (duration 2 sec
phase Il), the membrane potential was clamped to a value

I =lgnk/(1+expzy -A(E-Eas0))) (5)

where E,5, is the half-activation potential ang, is the equivalent
gating charge ¢fHille, 1992). Finally, the following equation was

used to simulate KAT1 steady-state current: in the range of 180 mV to +10 mV (incremented by 10
mV between successive episodes). Typical current
I =[G/(1+expz,- A~ (E-Eng9))] -E - [1-eXHA(E-E ) J[1 traces elicited by this voltage-clamp protocol are shown
—expAB)] 6) in Fig. 1A (right).

During phase I, a substantial fraction of KAT1 chan-

whereG,, Z, et Es, are adjustable parameters. Adjustments are donen€ls was activated. This allowed us to record, at the
by Marquardt-Levenberg algorithm (least square fitting). beginning of phase I, the peak curreritowing through
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0.8 ] contained (in m1): 1.8 CaCl}, 1 MgCl,, 5 HEPES, pH 7.4 as a background,
and 100 of either K (open circle), Rb (open square) or Na(closed triangle)
(the same symbols are usedAn B andC). (A) KAT1 deactivation time
0.6 - constant f). Values ofr were obtained by a single decaying exponential fit
X (least squares fitting) to KAT1 deactivating currerdge€Fig. 1B). T data are
30 presented as meansb (n = 4) with a logarithmic scale. The solid line is a
0.4 - linear fit to the datageetext). B) KAT1 steady-state current. The symbols
figure values of the steady-state KAT1 currein{seeFig. 1A). The parameters
02 _ of Eq. 6 GeeMaterial and Methods) were adjusted tolfitThe full line and the
dashed line curves show respectively the calculated voltage-dependeince of
andlgyk (Which is the current predicted by the Goldman-Hodgkin-Katz
0.0 - - theory). C) KAT1 activation level at steady-state. A two-state Boltzmann
| 1 | relation (dotted lineseeEq. 6) modeled thé/l 5, « ratio. Symbols represent the
-300 -200 -100 0 100 data obtained from 4 different oocytes.

E (mV)

these channels at different potentials. The capacitanc&995; Vey et al., 1995). Here, this latter phenomenon
artifact was found to be complete after 15 msec, therewas characterized by analyzing the deactivating currents
fore values ofi were sampled at 15 msec after the be-recorded upon return to holding potential, after phase II.
ginning of phase Il. Data were plotted against membrand hese tail currents( Fig. 1C, top) were found to decay
potential ot shown to determine the reversal potential exponentially with a time constant that was independent
of the KAT1 current. When the phase Il potential was of the initial current amplitudent showi. This initial
more positive than the phase | potential, a decay of the value {,,) depended strongly on the membrane potential
current was observed that could be fitted by a singleduring phase Il (Fig. €, bottom). Data were fitted by a
exponential as shown in FigBY(traces recorded at -140 Boltzman equationif, = imaf[1 + exply - F - (E -
and —100 mV). E.s0/R/T)], dotted curve); with values for the adjustable
During phase I, the transition from peak current ( parameters of the model being,,, = 603 nA,z, =
towards steady-state curreh)as recorded, and values 1.74 andE,sy = —141.5 mV.
of | were sampled at the end of phase Il (symbol and  Using the voltage-clamp protocol described above,
upward arrow, Fig. A right). Plotting | data against we compared KAT1 currents recorded when bath solu-
membrane potential (Fig.B} showed the strong inward tion was 100 nu RbCl or 100 nv KCI or 100 nm NacCl.
rectification of KAT1 channels, which was previously As shown in Fig. A, 7 increased exponentially with
ascribed to voltage-gating (Hedrich et al., 1995; Hoshi,decreasing voltage from —80 to -120 mV in all 3 solu-
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tions. Whilet was approximately the same in all 3 so- monotonically as a function of KNa" mole fraction, but
lutions at —80 mVy was significantly higher in pure Rb  not with respect to the ®KRb" mole fraction (Figs. 8
than in pure K or pure N4 solution at -120 mV (Fig. and D, resp.). A minimum was reached for a’/Rb"
2A). Lower steady-state current was observed in purenole fraction of ca. 0.25. It is worth noting that replac-
Rb" (and much more lower in pure Kjgthan in pure K ing 50 mm of the non-permeant Naby 50 mm of the
solution (Fig. B). Analyzing the steady-statéV plots permeant Rb decreased relative and G, values by 4
(seeMethods section) allowed us to derive limiting in- fold (50 mv K™ was present in both cases, Fig& &nd
ward conductance value§( slope of dotted lines at D).

infinite negative voltage in Fig.B) and voltage-gating Finally, we studied KAT1 mutants which were re-
parameters of KAT1 channels (FigCR The ratio ofG,  Ported for an increase®,,/Px relatively to the wild type

in pure RB solution toG, in pure K* solution was 0.16 (Becker et al., 1996). Accordingly, these mutants dis-
+0.03 = 5, Fig. D; 0.14 in the example shown in Played a ca. 0.6 relative current (or relati) in pure
Fig. 28). The ratio ofG, in pure N4 solution toG, in  RD" solution (Figs. 4 andB) much higher than the ca.
pure K solution was 0.019 + 0.002n(= 3, Fig. D; 0.2 _value obtained for the W|Iql-type (F_lgscaind D).
0.017 in the example shown in FigBR These data are In either of these mutants, a point mutation affect a threo-

in agreement with previous reports (Schachtman et alNin€ residue (T259 or T260) in the P domain. Itis worth
1992: Uozumi et al., 1995; \fg et al., 1995). Gating noting that T259 in the KAT1 P domain is at the same

+Rp relative position than T441 in the Shaker P domain (Fig.
4C). Yool & Schwarz (1996) demonstrated that the
single mutation T441S, which increaseg RP« (Yool
& Schwarz, 1991), allowed an AMFE on reversal poten-
tial to be observed in mixtures of'kand NH,. Both the

-1.47 £+ 5 mV,n = 9). As previously shown and dis- .
cussed in detail (U et al., 1995), these gating param- T259S a}nd T260S mutants on KATl displayed AMFE
on relativel and relativeG, which were more pro-

eters, here derived from steady-state current analyses : .
(Fig. 2C), are close to those derived from deactivatingnounced than those displayed by the wild-type (compare

current analyses (Fig.Q) Figs. 4A and 4B to Figs. 3C and 3D); however, no
In further experiments we recorded KAT1 currentsAMFE on reversal potential could be seedata not

in mixtures of K" ions with either Na or Rb" ions. In show).
the following, data are expressed as a function oNa"

or K*/Rb" mole fraction (i.e., the ratio [R/([K'] +  Discussion
[RE™)) or [K*/([K*] + [Na™]), Figs. 3 and 4).

No AMFE was observed regarding the reversal po-The apility of RE ions to carry current through the'K
tential, which varied according to the Goldman- sejective channel KAT1 (Fig.B) allowed us to search
Hodgkin-Katz model (Fig. 8). for anomalous mole fraction effects (AMFE) in mixtures

Thert Value, WhiCh, in pure N&asolution was close of K and RB. Also, para||e| experiments were per-
to that in pure K solution (Fig. 2) showed little depen-  formed in mixtures with K and the non-permeant Ka
dence on R/Na" mole fraction at any tested membrane jon (Fig. 2B).
potential eeFig. 3B) for ~120 mV and -80 mV, close Compared to K, Rb" decreased the KAT1 deacti-
and open squares resp.). A similar pattern was observeghtion rate while Na did not (Figs. 2 and 3B). Inter-
in K*/Rb" mixtures at -80 mV (Fig. B, open circles). actions between permeant ions and channel gating were
Conversely, upon hyperpolarizations in the =80 to —120first reported in acetylcholine receptor channels (Van
mV range displayed increasingly non monotonic varia- Helden, Hamill & Gage, 1977; Ascher, Marty & Neild,
tion in function of the K/Rb* mole fraction éeeclose  1978), and then in several kinds of Khannels (Hagi-
circles in Fig. 8 for —120 mV, condition of maximal wara & Yoshii, 1979; Swenson & Armstrong, 1981; Ca-
variation oft between pure Kand pure Rbin Fig. 2A). halan et al., 1985; Matteson & Swenson, 1986; Hu, Ya-
Thet value reached a maximum for<8.3 K'/Rb" mole  mamoto & Kao, 1989; Spruce, Standen & Stanfield,
fraction. For up to 0.7 K/Rb" mole fractions,r was  1989; Demo & Yellen, 1992; Clay, 1996), and a
closer to that in pure Rithan to that in pure Ksolution.  channels (Eckert & Chad, 1984; Nelson, French & Krue-

The value ofl at =150 mV and theG, estimate ger, 1984; Chesnoy-Marchais, 1985). A voltage-
obtained in each tested"®Na" or K'/Rb" mixture were  dependent effect of Rbon 1 (Fig. 2A) is believed to
compared to those in pure*Ksolution. The averaged involve an interacting site which should be located
data are plotted as relative current (i.e., relative chordvithin the membrane electric field (Matteson & Swen-
conductance) or relativ@, against the K/Na" or K/Rb"  son, 1986; Sala & Matteson, 1991). This is known as the
mole fraction (Figs. 8 and D, resp.). Relativel and  ‘foot in the door effect’ or ‘occupancy hypothesis’ (Yeh
relative G, displayed similar variations. They varied & Armstrong, 1978; Swenson & Armstrong, 1981). Itis

parameters were not significantly different in pure
(zg = 1.62+£0.20E,50 = -150 £+ 4 mV,n = 9) or N&'
(zg = L.71 £ 0.25F,50 = -149 £ 8 mV,n = 3) from
those in pure K solution ¢, = 1.53 + 0.23,E,50 =
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Fig. 3. Effect of K'/Rb" and K'/Na" mole fraction on some KAT1 features. KAT1 currents were recorded in oocytes perfused by solution
containing a total monovalent cation concentration of 100 with different proportions of K and N& (square) or K and RE (circle). lonic
conditions were tested in series on the same oocyte. Results are presented asm@as 4 oocytes). ) Dependence of reversal potentig] ()

of KAT1 current on K/Rb* mole fraction.E,,, values were obtained as described in FiB. The symbols represent the data as meam fn =

4 oocytes). The dashed line correspondg,tg = (R T/F). In[(RK, - PryPx + KZ)/K], using parameters as followRly, andK? were respectively
Rb" and K" external concentratiof;” was the internak™ concentration, calculated & = 100 eXp(-Ecvk100° F/(R* T)) (in mM, E ¢ k100b€ING
E,v in 100 mv KCI solution); Pg,/P was the RE vs. K* permeability ratio, calculated @,/Px = eXp[E evro105 Ereviiod * F/(R - T)]. (B)
Dependence of KAT1 deactivating time constantdqn K*/Na® and K/Rb* mole fraction.r values were obtained as in FigA 2t either —-80 mV
(open symbols) or =120 mV (closed symbol€}) Dependence of KAT1 current on"Na” and K'/Rb" mole fraction. The ‘relative current’ is the
ratio between the current at =150 mV at a given mole fraction and that measured in‘psotution. O) Dependence of KAT1 conductance on
K*/Na" and K/Rb" mole fraction. The ‘relative conductance’ is the ratio between the limit inward conductaee#éterials and Methods)
calculated at a given mole fraction and that calculated in pdredtution. The data marked by * ifCf and ©) are significantly different than the
value obtained in 0.0 mole fraction solutionR 0.01 (Student's test).
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Fig. 4. Effect of K*/Rb" and K'/Na* mole fraction on conductance of KAT1 pore mutants. Currents were recorded in oocytes perfused by solutio
containing a total monovalent cation concentration of 100with different proportions K and RH. lonic conditions were tested in series on the
same oocyte. Results are presented as mesar(t = 4 oocytes). ) Dependence of current through KAT1 pore mutants 6fRK™ mole fraction.

The ‘relative current’ is the ratio between the current at =150 mV at a given mole fraction and that measured ihsmintidh. 8) Dependence

of conductance of KAT1 pore mutants ori/Rb™ mole fraction. The ‘relative conductance’ is the ratio between the limit inward conductseee (
Materials and Methods) calculated at a given mole fraction and that calculated in psmution. C) Alignment of amino-acid sequences of the
pore regions (GYGD in boldface) of KAT1 (Anderson et al., 1992) and Shaker-A (Tempel et al., 1987). Stars indicate the KAT1 mutants (T2
and T260S; Becker et al., 1996) presently studied, and the ShA mutant (T441S) studied by Yool & Schwarz (1996).

assumed that when an ion is present in the pore, it preactivated K channel (Hu et al., 1989) and a ATP-
vents channel closing, thus increasing the mean opehlockable K channel (Ashcroft, Kakei & Kelly, 1989)
time (Spruce et al., 1989; Demo & Yellen, 1992) andled to suggest that Rbbinds more tightly to the pore
slowing the deactivation rate of macroscopic currentthan does K. For KAT1 channel, this hypothesis is fur-
(Matteson & Swenson, 1986; Sala & Matteson, 1991).ther supported by the inhibition of Kcurrent by RB

It is therefore expected that the more tightly an ion in-(Fig. 3C).

teracts with the pore, the more the deactivation is slowed. A K*/Rb" AMFE is shown on KAT1 deactivation
In this framework, taking K as reference, the slowing rate in Fig. 8. The fact thatr in K*/Rb* mixtures was
effect of RB on the deactivation of KAT1 may originate close tor in pure R suggests that most KAT1 channels
from higher affinity binding or longer residence within were occupied by Rhions. It is therefore expected that
the pore of RB. On the contrary, as KAT1 deactivation in K*/Rb" mixtures the KAT1 conductance was mainly
rate was essentially independent of thé/Ma" mole  due to R (see below To our knowledge such an
fraction (Fig. B), it can be assumed that Naither does AMFE on channel deactivation rate has not been previ-
not enter the pore or binds to it no more tightly thah K ously reported.

Although the mean relative permeability coefficient AMFE on channel conductance is usually described
Pru/Pk (derived from reversal potential) is close to 0.35, from single channel recordings. KAT1 single channel
the mean relative conductanGg,/G is only 0.2 (Figs. conductance, however, was shown to be only 5 pS in
2B, 3C and D). Similar findings regarding a €a  symmetrical 100 to 150 mK* (Hoshi, 1995; Hedrich et
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al., 1995). From the data on macroscopic KAT1 currentpore, ions interact successively with one or several sites.
(Fig. 2B), it can be assumed that, in pure symmetricallt is believed that at least one energy barrier cannot be
Rb*, KAT1 single channel conductance would fall in the passed by an ion without some interaction involving an-
1 pS range, and even less in som&Rb" mixtures.  other ion within the pore. Anomalous mole fraction ef-
Therefore, we preferred to investigate AMFE on KAT1 fects are thought to originate from the different efficien-
conductance by analyzing the macroscopic current. Acies of various permeant species in relieving a neighbor-
simple method was the comparison of steady-state cuing ion.
rent recorded at a given potential (i.e., plotting chord  Without deriving a quantitative energy barrier model
conductancevs. mole fraction, see F|gs 3 and 4\) for the KAT1 pore, the fO”OWing conduction scheme can
In the case of V0|tage-gated channels, the gat|ng maye proposed to prOVide a qualitative Understanding of the
depend on ionic conditions or on point mutations, soAMFE discussed above. In pure”i§olution, the weak
chord conductance analyses may be misleading. Therddteractions between ions and the pore allow the maxi-
fore, we made parallel analyses on the so-called macrgum KAT1 conductance, whereas in pure'Rblutions,
scopic ‘limit inward conductance@, Figs. D and 48). c_onductance |s_decreased becausé mtﬁzracts more

G, values were derived from analyzing data with the ightly than K" with the pore. In low K/Rb" mole frac-
help of the Goldman-Hodgkin-Katz model. In this tion solu.t|ons, an open che_mnel is more likely tq be pen-
model, interactions between a given ion and the channéftrated first by a Rbion. Itis observed, at least in some
are crudely viewed as friction: this is expressed byRge 10 K'/Rb™ mole fraction solutions, that conductance
coefficients (Eqgs. 1 to 4), which are expected to be contan lge_ Ies_s than in pure Rboluﬂo_n._ In such cases, once
stants, independent of the concentration of their relate RB" ion is bound to the pore, it is assume(_j that It can
ion and also of other ions. The GHK model was often € much more easily relieved (and freed in the inner

reported to predict satisfactorily current-voltage rela’[ionsmolJth of the pore) if the second penetrating ion is an-

in K* channels provided thatd hocvalues ofP, were other R than if it is a K'. Our present data on KAT1

considered for different ionic concentrations (e.g., Gold-SnggeSt that this phenomenon would be worsened in both

. ) . . T259S and T260S mutants compared to the wild type.
stein et al., 1996; Duprat et al., 1997; Leonoudakis et al., Sharing not only structural homologies with the pre-

1998).‘ Therefore, N given 1onic qondltlons (whE_nn ._dicted structure of the Shaker channel, KAT1 displays
equations (1) to (4) is the only variable), the reI""tlons’h'ppermeation properties which are similar to those of ani-

of current to voltage predicted by the GHK model was, N al members of the Shaker superfamily: selective per-

practice, reliable. For example, Duprat et al. (1997) PrOmeability to K* over RY, anomalous mole fraction ef-
posed thatd hocvalues ofP,

0 > 0fPy corresponded 10 a con- facts on conductance, and ionic influences on deactiva-
stant permeability coefficient scaled by a factor to takeyjon rates. However, the KAT1 channel also displays
account of the sensitivity of conductance to external K unique features: it rectifies inwardly, it does not inacti-
In our analyses, th&, parameter concatenates ion Con-yate and enables slowly activating currents, which can be
centrations andad hoc permeability coefficients. The easjly studied in oocytes. Furthermore, as KAT1 can
agreement between voltage-gating parametgfsaid  complement yeastSaccharomyces cerevisjastrains
E.so obtained by this method (Fig.J and those ob-  gefective in K uptake, mutants of interest can easily be
tained independently by analyzing deactivating currentscreened by phenotype (Uozumi et al., 1995; Becker et
(Fig. 1C) validatesa posteriorithe use of the above Eq. 6. al., 1996). The present paper is the first report of evi-
We did not observe an AMFE on reversal potential dence for a multi-ion conducting scheme for KAT1, sup-
in mixtures of K and RB (Fig. 3A). A similar absence porting the view that this channel is an interesting model
of effect has been described for the Shaker H4 channdbr studies on ionic interaction with permeation and gat-
(Heginbotham & MacKinnon, 1993) which displays an ing mechanisms.
AMFE for single channel conductance but not for rever-
sal potential of macroscopic current. The/Rb” AMFE Dr. D. Becker and Prof. R. Hedrich (University of Waburg, Ger-
on KAT1 channel conductance shown in Fig€.@andD,  many) kindly provided the KAT1 mutants. We are very grateful to Dr.
as well as in the KAT1 pore mutants (Fig. 4), strongly J. Neyton (ENS/CNRS, Paris, France) and Dr. A. Yool (University of
supports the multi-ion nature of this channel. The S|OW|yArizona, Tucson, AZ) for helpful discussions and Dr. S. Staunton
permeating Rb ion therefore behaves as a permeant('NRA Montpellier) for English corrections. We thank Dr. X. Sarda for
blocker of KAT1 channel. help with cRNA preparation. B. Lacombe was funded by the INRA.
With some exceptionséelntroduction), the models
which have been discussed in the literature to explain thé&lote Added in Proof
AMFE share two main assumptions: first, several ions
can occupy the pore at the same time (i.e., ‘multi-ionDuring the reviewing process, KAT1 was demonstrated
pore behavior’) and second, these ions go through thé be a multi-ion channel by another experimental ap-
pore in single file. During their progress through the proach (Moroni, A., Bardella, L., Thiel, G. 1998. The
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impermeant ion methylammonium blocks' &nd Nl—E Doyle, D.A., Morais Cabral, J., Pfuetzner, R.A., Kuo, A., Gulbis, J.M.,
currents through KAT1 channel differentially: evidence ~ Cohen, S.L., Chait, B.T., MacKinnon, R. 1998. The structure of the
for ion interaction in channel permeatioh.Membrane potassium channel: molecular basis of ¢gonduction and selectiv-

. ) ity. Science280:69-77
Biol. 16325_35) Draber, S., Schultze, R., Hansen, U.P. 1991. Patch-clamp studies on the

anomalous mole fraction effect of the"Khannel in the cytoplas-
mic droplets ofNitella: an attempt to distinguish between a multi-
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