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ABSTRACT The guard cell K™ channel KAT1, cloned from Arabidopsis thaliana, is activated by hyperpolarization and
regulated by a variety of physiological factors. Low internal pH accelerated the activation kinetics of the KAT1 channel
expressed in Xenopus oocytes with a pK of approximately 6, similar to guard cells in vivo. Mutations of histidine-118 located
in the putative cytoplasmic linker between the S2 and S3 segments profoundly affected the gating behavior and pH
dependence. At pH 7.2, substitution with a negatively charged amino acid (glutamate, aspartate) specifically slowed the
activation time course, whereas that with a positively charged amino acid (lysine, arginine) accelerated. These mutations did
not alter the channel’s deactivation time course or the gating behavior after the first opening. Introducing an uncharged amino
acid (alanine, asparagine) at position 118 did not have any obvious effect on the activation kinetics at pH 7.2. The charged
substitutions markedly decreased the sensitivity of the KAT1 channel to internal pH in the physiological range. We propose
a linear kinetic scheme to account for the KAT1 activation time course at the voltages where the opening transitions dominate.
Changes in one forward rate constant in the model adequately account for the effects of the mutations at position 118 in the
S2-S3 linker segment. These results provide a molecular and biophysical basis for the diversity in the activation kinetics of
inward rectifiers among different plant species.

INTRODUCTION

Plants carry out photosynthesis to convert,Gidd water al., 1998),skt2andskt3(Ehrhardt et al., 1997) from potato
into carbohydrates andOTo efficiently perform these vital Solanum tuberosuniKAT1 and KST1 represent guard cell
photochemical and biochemical reactions, stomatal valvek ™ uptake channels (GCKG,) (Cao et al., 1995; Naka-
in the epidermis of plant leaves must be able to open anthura et al., 1995; Dietrich et al., 1998), whereas AKT1 is
close to optimize the uptake of G@nd the loss of water present in the root to facilitate Kaccumulation and hence
vapor. Various species of plants differ in their stomatalplant growth (Lagarde et al., 1996; Hirsch et al., 1998).
movement kinetics, which are modulated by environmental Plant guard cells show robust electrical excitability, and
conditions and plant growth regulators, such as light, CO both kinetic and steady-state electrical properties are mod-
phytohormones, pH, and €& (Raschke, 1979). ulated to serve their physiological needs, such as osmotic
K™ ion fluxes across the guard-cell plasma membrandgegulation, growth, and movements (Thiel et al., 1992;
play an essential role in stomatal movement (Fischer, 1968f3radmann et al., 1993; Schroeder et al., 1994). For exam-
Two types of K" channels, hyperpolarization-activated K ple, in Vicia faba guard cells, the plant growth hormone
channels (K, K;, or inward-rectifying K™ channels [IRC]) auxin induces a train of action potentials (Blatt and Thiel,
and depolarization-activated'Kchannels (K, K., or out-  1994). The guard-cell action potentials are characterized by
ward rectifying K™ channels [ORC]), have been identified intracellular pH-dependent oscillations of the membrane
in many plant cells, including guard cells (e.g., Blatt, 1992 Potential negative to the activation threshold of thg K
1997; llan et al., 1994; Roelfsema and Prins, 1998). Geneghannel (Thiel et al., 1992; Roelfsema and Prins, 1998). The
encoding K, channels have been isolated from various p|¢’,1mamplitude and frequency of the electrical oscillations, which
sources:katl (Anderson et al., 1992)kat2 (Butt et al., differ notably in different plant species, at least in part,
1997),akt1(Sentenac et al., 1992)kt2andakt3(Cao et al., depend on the activation k_inetics of,Khannels (Mummert
1995; Ketchum and Slayman, 1996) fréxrabidopsis thali- and Gradmann, 1991; Thiel et al., 1992; Gradmann et al.,

ana kst1(Miiller-Riber et al., 1995)skt1(Zimmermann et 1993; Roelfsema and Prins, 1998). The GClgQguard
cell inward rectifiers) activation kinetics differ among var-

ious plant species (Fairley-Grenot and Assmann, 1993;
Hedrich and Dietrich, 1996; Dietrich et al., 1998; 'Bge-
mann et al., 1999b) and the diversity in the” Khannel

activation kinetics may contribute to the observed differ-
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Molecular and biophysical mechanisms of regulation of
GCKC1,, which, in turn, controls stomatal valves, have not
been clearly elucidated. Studies using heterologously ex-
pressed KAT1-like channels show that both extracellular
pH (pH,) and intracellular pH (ph may directly regulate
kinetic and steady-state properties of the channel activation
(Hedrich et al., 1995; Hoshi, 1995; ‘Mer-Rober et al.,
1995; Hoth et al., 1997; Hoth and Hedrich, 1999). The

external pH sensor for KST1 appears to involve two histi- 2 Oj’ ShaLsgoed §| gowed
dine residues located in the P-segment and the extracellular KAT1 o HE S 222 22T 222
S3-S4 linker segment (Hoth et al., 1997). In KATL, the KST1 EE Sho88w g’g 58S
extracellular pH sensitivity is mediated by an amino acid N e e 0 0w

residue in the I:I)_.S?gmﬁm (HOFh and He.dnfhd.1999)'h|7f?WeEIGURE 1 Diagram of the KAT1 channet subunit. All 14 histidine

pH; causes multiple ¢ anges_ in KAT1, including a shift in residues are labeled, and histidine-118 in the putative S2-S3 linker is

the steady-state macroscopic conductance—volt&§®)X  nighlighted. The amino acid residues of the KST1 channel equivalent to the

curve to a more positive voltage (Hoshi, 1995). Qualita-KAT1 histidine residues are aligned and shown below the diagram.

tively similar effects of pkihave been reported for the K

channels in native guard cells of broad b&afaba(Grabov

and Blatt, 1997). The oocytes for patch clamp experiments were prepared by mechani-
The present study focuses on the molecular and biophysally removing the vitelline membrane. lonic currents through KAT1 and

ical mechanisms underlying the pkegulation of the acti- <ST2 e’ip;]esse_d in O(ﬁyt? f{gglée”T“y run fijo"'_"’” ‘;]'_ dfgézasii” amp”tt“de
. S n n ; Tang an . revent or

vation kinetics of the cloned KAT1 channel. We show that"P°" Patch excision (Hoshi, 1995; Tang and Hoshi, 1999). To prevent o

. . . . slow the rundown process and facilitate data acquisition and yet have an
the activation time courseTf) of KATL is specifically  access to the intracellular compartment, we utilized the *bagel-like oocyte”

controlled by histidine-118 in the putative cytoplasmic approach to record the KAT1 and KST1 currents. In this protocol, we
S2-S3 linker through an electrostatic interaction. We pro<ompletely penetrated the oocyte with a pair of tweezers to form a large
pose a simple linear kinetic scheme to account for the KAT thole. The opening was typically greater than 50% of the oocyte diameter.

L . The strong positive pressure from the patch pipette before the seal forma-
activation where Changes in one forward rate constant Valuﬁ:"on cleared away the egg yolk and enabled the seal formation. Cell-

COUl(_j account for the effects of the mutations at pOSitip_nattached experiments were performed on these bagel-like oocytes and the
118 in the voltage range where the channel open probabilityath solution in the chamber was then changed to manipulate the “internal”
is saturated. Our results elucidate a molecular basis for theH. The reversal potential experiments carried out using different K

diversity in the activation kinetics of GCKGlamong dif- concentrations indicated that it was possible to effectively change the

ferent plant species which allows them to respond to Sudi_nternal ion concentrations (data not shown). Furthermore, the results

X X . obtained with these bagel-like oocytes were indistinguishable from those
den changes in the environmental conditions. obtained using the true excised patch configuration.

MATERIALS AND METHODS TABLE 1 KAT1 histidine mutations tested in this study. The

histidine residues, mutations and the electrophysiological
functionality are listed

Histidine residues in the KAT1 channel are illustrated in Fig. 1 and the ystidine

Construction of mutant channels

St ! — Chid ; ] Mutation Function
histidine mutations prepared in this study are listed in Table 1. These
mutants were constructed with the standard PCR-based mutagenesis proH050 A Yes
tocol as described previously (pez-Barneo et al., 1993) using the Pflm1 ~ H118 AN Yes
and Kpn1 sites in the KAT1 cDNA. The DNA segments amplified by PCR D, E Yes
were sequenced (Applied Biosystems, The University of lowa DNA Core R, K Yes
Facility, lowa City, IA). The KAT1 and KST1 cDNAs were linearized with ~ H210 N Yes
Mlul and Smal, respectively, and in-vitro transcribed using a T7 RNA A C PV No
polymerase kit (Ambion, Austin, TX). H267 S Yes
G,V No
H301 E Yes
. . H327 A311-366 No
Channel expression in oocytes H336 A311-366 No
Xenopus laevisocytes were surgically removed and treated with collage- H373 A345-410 No
) . . . H431 A411-677 No
nase type 1A (Sigma, St. Louis, MO) as described (Hoshi et al., 1990) H480 AABT—677 No
according to a protocol approved by the University of lowa Animal Care
. . ) . H482 A467-677 No
and Use Committee. The amount of RNA injected was varied to give
. . o H513 A513-552 Yes
desired current levels. The oocytes were incubated at 18°C in ND96 H616 A563-632 Yes
solution (in mM): 96 NaCl, 2 KCI, 1 MgGl 1.8 CaCl}, 5 HEPES, 2.5 H671 A635-677 Yes

sodium pyruvate, pH 7.6.
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Plant material and protoplast isolation RESULTS

The detailed protocols for the plant cell isolation were described elsewherénternal pH regulates the activation time course
(Bruggemann et al., 1999b). Briefly. thalianal. cv. Columbia Arabi- of KAT1 expressed in Xenopus oocytes and

dopsisStock Center, Columbus, OH) were grown in a growth chamber s . P P
with a light/dark cycle of 8/16 hr and a photon flux density of 3@@ol GCKC1;, in native Arabidopsis guard cells

m"2 s (HQL-TS 250 W/D; Osram, Whchen, Germany). The tempera- The activation time course of, of the KAT1 channel
ture was set at 22°C in the light and 16°C in the dark. The humidity rangquxpressed inKenopusoocytes is regulated by pHFigure

between 50 and 60%. Guard-cell protoplasts were enzymatically isolate Ash . lized ded
from 5- to 7-week-old leaves oA. thaliana according to the method shows representative normalized current traces recorde

developed foV. faba(Hedrich et al., 1990). at the pHvalues indicated. All the currents were elicited by
voltage pulses\(;) to —180 mV from a holding potential
(Vy) of 0 mV. T, was markedly faster at low pHhan at
high pH. Becausd , of the KAT1 channel is best described
by a sum of more than two exponentials (see later in this

Macroscopic and single-channel currents were recorded with an Axopatch
200A amplifier (Axon, Foster City, CA) or an EPC-9 patch-clamp ampli-
fier (HEKA, Lambrecht, Germany). Data acquisition was controlled by A ]
Pulse/PulseFit (HEKA) running on an Apple Power Macintosh computer
equipped with an ITC-16 AD/DA interface (Instrutech, Port Washington,
NY). The output of the clamp amplifier with the built-in filter at 5 kHz was
low-pass filtered through a Bessel filter unit (Frequency Devices, Haver-
hill, MA) at 2 kHz and typically digitized at 2.5 kHz. Some data were
filtered and digitized at different frequencies, however, the measured
parameters were not noticeably affected. For the single-channel current
analysis, the data were further filtered typically at 1 kHz using a Gaussian
filter implemented in IgorPro (Wavemetrics, Lake Oswego, OR).

Oocyte macroscopic currents were recorded with borosilicate pipettes
coated with dental wax, which had a typical resistance of-0.2 MQ
when filled with the solution described below. Macroscopic linear leak and
capacitative currents were subtracted using a modified p/n protocol as
implemented in Pulse. Single-channel KAT1 currents were recorded with
borosilicate pipettes coated with Sylgard (Dow Corning, Midland, Ml) and
their resistance was typically~®% MQ. For native guard-cell recordings,
pipettes were prepared from Kimax-51 glass (Kimble, Vineland, NY) and
coated with Sylgard. The command voltages were corrected off-line for
liquid-junction potentials (Neher, 1992). Experiments were performed at o4
room temperature (20—22°C).

The data were analyzed with custom routines implemented in IgorPro as

Electrophysiology and data analysis

I | pH
described (Avdonin et al., 1997). Macroscopic and single-channel currents C nternal p
were simulated using BigChannel (T. Hoshi and D. Perkins). 1.0 5 R ({) """"
3
o
g %
Solutions g 054
o
p=4
For oocyte recordings, the standard external (pipette) solution contained (in
mM): 140 KCI, 2 MgCl,, 10 HEPES, pH 7.2 adjusted witl-methylglu- €I>
camine (NMG). The bath/internal solution typically contained (in mM): 0.0 "'@ T | I I T T |
140 KCI, 11 EGTA, 2 MgCJ, 10 HEPES, pH 7.2 (NMG). Low and high 4 5 6 7 8 9 10 11
internal pH solutions had the same composition as the standard solution, internal pH

except that 10 mM MES replaced HEPES for pH 5.2 and pH 6.2 solutions

and that 30 mM MOPS and 30 mM CAPS replaced HEPES for the pH 8. 2FIGURE 2 pH dependence of KAT1 activation time coursa) Scaled

and pH 10.2 solutions, respectively. Some experiments were performegepresentative KAT1 currents from membrane patches recorded at different
using AMPSO (30 mM) at pH 10.2, and the results were indistinguishablepH, values as indicated. The currents were obtained from a bagel-like
from those obtained using CAPS. With MES, the optimal pH buffer rangeoocyte bathed in internal solutions with different pH at a pulse voltsgge (

is likely between pH 5 and 7. The lack of a better pH buffer for a lower of —180 mV. Pipette solution contained 140 mM KCI, pH 7.B) pH,
range necessitated the use of MES (30 mM) for pH 4.4. The low-ionicdependence of the half-activation timig . The t, 5 values are plotted
strength internal solution contained (in mM): 224 sucrose, 28 KCI, 1lagainst different pHtested. C) Henderson—-Hasselbalch plot of the nor-
EGTA, 2 MgCl, 10 HEPES, pH 7.2 (NMG). For guard-cell recordings, the malizedt, ~—pH, relations. The, 5 values at different pHare transformed
bath solution contained (in mM): 30 potassium gluconate, 1 GaEl 5.6 to the normalizedt, 5 values, which are calculated ag { — tgsmin/

(10 MES/Tris). The pipette solutions contained (in mM): 150 potassium(ty smax — to.smin- The meart, s at pH = 10.2 is taken ag, 5max (N = 5)
gluconate, 10 EGTA, 2 MgGl 1 ATP (Mg* salt), pH 5.5-8 (HEPES, and the mean, ;at pH = 4.4 is taken a&, g, (N = 3). Thedashedcurve
MES, MOPS/Tris where appropriate). The osmolarity was adjusted to 550epresents the titration curve of a single histidine residue £pl6.0) in
mosmol/kg with D-sorbitol. solution.
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section; also see Zei and Aldrich, 1998), we used the timdifferent pH (6.2 and 7.2) are compared in FigB3The
required for the current to reach 50% of the maximum valuemedian first latency at pH= 6.2 (31+ 10 ms,n = 3, —120
(to.5) as an operational measure to describe thede#ppen- mV) was markedly faster than that at pH 7.2 (327+ 50
dence ofT, (Hedrich et al., 1995). As shown in FigRthe  ms,n = 3, —120 mV). However, after the channel opened,
activation kinetics of the KAT1 channel was regulated bythe open and closed time distributions were very similar at
pH;, most notably in the pH range of 5.2 to 8.2. Thg, pH, = 6 (mean open duration: 16 2.2 ms, mean closed
values were more than three times greater gtp#8.2 than  duration: 3.2+ 0.6 ms,n = 4, —160 mV) and pH= 7.2
at pH = 5.2 and reached the maximum at;pH 9 and the  (mean open duration: 152 1.5 ms, mean closed duration:
minimum at pH = 5.2. We normalized the pHlependence 3.1+ 0.3 ms,n = 5, —160 mV). The results suggest that;pH
of t, 5 using the maximal and minimal values observed atdoes not affect the gating transitions after the channel opens.
the extreme pHvalues. The results obtained from different  KAT1 is mainly expressed in plant guard cells (Cao et al.,
experiments were fitted with the standard Henderson—Hast995; Nakamura et al., 1995), and it is likely to represent the
selbalch pH titration equation (Fig.@. The normalized dominant component of. thaliana GCKC1,,. At least
pH; dependence df s suggests that the overdl) had a pK  qualitatively, the native GCKGlof A. thalianais similar
value of 6.0, which is close to the value often reported forto the heterologously expressed KAT1 in many electrophys-
a free histidine in solution (Edsall and Wyman, 1958).iological properties, although some differences have been
These results suggest that an intracellular histidine residuebserved (Dietrich et al., 1998; Bygemann et al., 1999b).
might be responsible for the observed; pelgulation of the  We investigated whether the activation kinetics of GCKC1
KAT1 T,, although other mechanisms exist to account forof A. thalianais regulated by pHin a similar manner. Fig.
physiological processes having pK values near 6—7 (Coulte4 A shows representative current records from a native
et al., 1995; Fakler et al., 1996; Hoth et al., 1997).

Representative single-channel openings of the KAT1
channel obtained at two different pMalues are shown in A
Fig. 3A. Consistent with the macroscopic results, low; pH
accelerated the channel opening. The first latency distribu-
tions of the single-channel KAT1 openings obtained at two
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FIGURE 4 pH dependence of GCKGl activation time course.A)

Representative whole-cell GCK{;lcurrent traces recorded at196 mV

from two guard cell protoplasts at pH 7.4 and 5.5, respectively. Consistent

with a previous report (Blggemann et al., 1999b), the activation kinetics
Time (s) of the heterologously expressed KATL1 is faster than that of native

GCKCY,,. (For discussion, see Bygemann et al., 1999b). In this cagg;

FIGURE 3 Comparison of the first latency distributions for KAT1 at values were determined from 1500 ms sweeps, which still underestimate

different pH. (A) Representative single-channel KAT1 currents recorded atthet, s values especially at more alkali pH. However, when normalized, the

pH, = 7.2 (upper panél and 6.2 lower pane). The currents were elicited t, ~—pH relation of GCKC}, (seeB) is similar to that of KAT1 as shown

by Vi to —120 mV from a holding voltage of 0 mV every 12 s. Only the in Fig. 2C. (B) Henderson—Hasselbalch plot of the normalizgg-pH

initial 2-s segments are shown. Downward deflections indicate the openrelations of GCKC},. The normalization was done in the same way as in

ings. Leak and capacitative currents were subtracted. To slow rundowrFig. 2C. The solid curve represents the titration curve of an amino acid

ATP (3 mM) was added in the bath solutioB) (First-latency distributions  with a pK of 6.7 and thelashedcurve reflects that of a histidine residue

for the data shown in4). Each distribution was constructed from 40 sweeps. (KAT1) (pK = 6.0) in solution.
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guard cell protoplast at two pHvalues. As found with
KAT1 expressed in oocytes, low pHacceleratedT,
GCKCY,. The normalizedt, «—pH curves obtained from
several measurements (FigB#suggest that GCKGland
KAT1 are regulated by pHin a similar fashion. These
results further indicate that regulation of KAT1 by pld a
physiologically relevant phenomenon. It should be noted
that, although they are similarly regulated by;pH, of
KAT1 heterologously expressed in oocytes is faster than
that of GCKC1, (cf. Fig. 1 and Fig. 4; also see Byjgemann

et al., 1999b). It is not clear what accounts for this differ-
ence. Differential phosphorylation status (Tang and Hoshi,
1999) or the auxiliary subunits (Tang et al., 1996) could
potentially contribute to the slower kinetics of GCKG1

Normalized t s

Positively charged residues at position 118
accelerate the activation time course but render
the channel less pH-sensitive in the physiological
pH range Internal pH

The pH dependence of the KAT1 macroscopic activationFIGURE 5 Effects of charged amino acids at position 118 on activation
kinetics (Fig. ZC) suggests that histidine may be involved. time cogrse.A) Repn_’gsentativé’A_ for the channels with different amino
As illustrated in Fig. 1, most histidine residues are found in:’_‘|Cld residues at position 118 as indicatet.= —180 mV, pH = 7.2. )

. enderson—Hasselbalch plot of the normalizgg-pH relations for the
the cytoplasmic carboxyl segment of the KAT1 channelyiige and H118k mutants. Each point represents the mean of 3-5
protein. However, H513, H616, and H671 are not likely t0o measurements. For H118K and H118E, the,,..andt, s, values of wild
be involved because these residues can be deleted withowpe KAT1 were used because it was difficult to determine the extreme
any marked change in the activation kinetics (see;’r?'ut‘?ts ftf_’f these mut?nt CharllneIIS-tTdasredcu_r(;/e antﬁlo;tedcurvle are

e titration curves of a singie glutamate resiaue .3) or a lysine

_KAT]'A513_552' KATA563-632, and_KATA635_677 residue (pK= 10.8) in solugtiong, respectively. Hisﬁ:iine )titratior): curve
in Table 1; also see Marten and Hoshi, 1997, 1998). Theslid curve) is also plotted for comparison.
deletion mutants covering H327, H336, H373, H431, H480,
and H482 (KATNA311-366, KATNA345-410, KATA411—-
677, and KATNA467—-677) did not result in functional ex- their activation kinetics than the H118H channel but again
pression and their roles remain unknown (Table 1; also seeery similar to each other. These observations are consistent
Marten and Hoshi, 1997, 1998). H50, H210, H267, andwith the interpretation that the side chain charge status at
H301 could be replaced without affecting the activationposition 118 is a prominent determinant of KAT]..
kinetics either (data not shown). Thus, we hypothesized that The pH dependence df, in the H118 mutants is shown
histidine-118 located in the putative cytoplasmic S2—-S3n Fig. 5B usingt, 5 as the operational measure. Within the
linker segment might underlie the pldependence of the pH, range of 5.2 to 8.2, where H118H is very psé¢nsitive
KAT1 T,. According to this hypothesis, substitution of (see Fig. 2), neither H118E nor H118K showed any marked
H118 with a positively charged amino acid should acceler{pH, dependence. Activation time course of HL118E remained
ate T,, whereas a negatively charged amino acid shoulgslow and mostly independent of pland that of H118K
slow it. We replaced histidine-118 by a variety of chargedremained fast and also independent of pHhis pH range
amino acids as listed in Table 1 and all these mutants wer@~ig. 5B). These results suggest that the, pldpendence of
electrophysiologically functional. Normalized representa-H118H in the physiological pH range of 5.2 to 8.2 is
tive currents recorded from the wild type KAT1 (this chan- mediated by the charge status of H118 in the S2-S3 linker
nel will be referred to as H118H), H118K, H118R, H118D, segment. At the extreme pMalues, however, both H118E
and H118E channels at pH 7.2 in response to voltage and H118K exhibited some pkependence. For example,
pulses to—180 mV are shown in Fig. B. The H118K and H118ET, was noticeably and consistently faster at pH
H118R channels with a positively charged amino acid a#.2 than that at pH= 5.2, and H118KT, was slower at
position 118 activated markedly faster than the H118HpH, = 10.2 than at 8.2 (Fig. B). The pH dependence df,
channel at pH= 7.2. However,T, of H118K and H118R, atthe extreme pHalues may reflect pKs of the side chains
with two very different side chain structures (Richardsonin E and K, which are about 4.3 and 10.8 in solution,
and Richardson, 1989) but the same positive charge, wemespectively (Edsall and Wyman, 1958). Becatysg,;, for
virtually indistinguishable. The negatively charged aminoH118E and s,.,for H118K could not be obtained, the pH
acid mutants, H118D and H118E, were noticeably slower irdependence data were not confidently fitted with the Hend-
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erson—Hasselbalch formulation. However, using pK values
of 4.3 and 10.8, which are often described for the side
chains of E and K (Edsall and Wyman, 1958), the small pH
dependence of H118E and H118K could be approximated
(Fig. 5B). It is also possible that structural determinants
other than the amino acid at position 118 are involved in
regulating the small pHsensitivities of the H118E and
H118K mutant channels.

Position 118 may account for the difference in
activation kinetics of the KAT1 and
KST1 channels

0.5

KST1 is another member of the KAT family cloned from

potatoS. tuberosunf{Miiller-Rober et al., 1995). In native .

guard cells, GCKG| from potato (KST1 being the domi- 00 4"

nant component) activates more slowly than that fram 4 5 & 7 8 8 16 11

thaliana(Hedrich and Dietrich, 1996; Dietrich et al., 1998). Internal pH

A sequence analysis reveals that the overall amino acid

identity between KAT1 and KST1 is about 60% and manyFIGURE 6 Activation time course of H118H, H118E, and KSTA) (

primary structural domains that are believed to be invoh/e(ﬁcaled representative currents for H118H, H118E, and KST1 elicited at

in the channel gating, such as the S4 segment, are identicf'_aflgo mV, pH = 7.2. ©) Henderson-Hasselbaich plot of the normalized
; - 0.5—PpH relation for KST1. Each point represents the mean of 2—4 mea-

(::/lLIJ”er-RObEI‘ etal., 1995; 'l\lakamura et al-ul 1995). Neve(;'surements. Histidine titration curveldttedcurve) is plotted for compari-

theless, at the H118-equivalent position, a glutamate residusn.

(E) is found in KST1. The results that, of H118E is

slower and less piependent than that of H118H predict

Normalized t
o
w
]

. [P .~ pH; sensitivity. This model predicts that substitution of
that T, of KST1 with E at the H118-equivalent position histidine-118 with a noncharged amino acid residue should

Sthllgg bel\il)orvn\;ear“tzr;n t?:;gsgrllgseanijrmegz totmglzg;render KATLT, less sensitive to pHvithout markedly affect-
H118H, H118E, and KST1 measured at,pH 7.2 are ing T, around pKH = 7 because histidine may be neutral at this

compared in Fig. @, Consistent with the predictiory of pH. Normalized representative currents through H118H,

KST1 was slower than that of H118H and indistinguishabIeHllsN’ and HL18A recorded at180 mV and pki= 7.2 are

from that of H118E (Fig. &; also see Fig. 5 of Hedrich and compared in Fig. A As predicted,T, was not noticeably

o o ifferent among these channels (FigA, #ight, n = 5), sug-
Dietrich, 1996). Furthermore, the activation time course ofd : . . o ' .
KST1 was much less dependent on, plvan that of H118H gesting that the side chain charge status is indeed important in

but very similar to that of H118E. Within the physiological determining KATAT,. The H118A and HL18N, was stil

. ) dependent on ptbut to a lesser extent. Increasing;dtdm
pH; range (6.2 and 8.2), of KST1 was essentially inde- . e
pendent of pH(Fig. 6B. n — 2—4). At extreme lower pH 5.2 to 8.2 typically slowed H118lt 5 3—4-fold. However, the

as found with H118E, KSTI, accelerated (Fig. B). We SHangNFt)H ?Egn%%)lnﬁgfsi O?izleyaasotuht %a i:? lrdelactri]:r?g? n
also recorded the GCK(lcurrents from native guard cells 054 & - o oS

of potato andA. thalianaand confirmed the kinetic differ- HL18N was much less steeper than that of H118H and the

) normalized pHdependence could no longer be well described
ence between the two species (data not shown but see pridep 9

. o . Yy a simple Henderson—Hasselbalch formulation (Fi, 7
Hedrich and Dietrich, 1996; Dietrich et al., 1998). There- . L
fore, it is concluded that the KAT1 H118-equivalent posi- right). These results again indicate that the charge status at

N . ) . .~ position 118 contributes to the pkensitivity of the wildtype
tion in KST1 also playg an important role in determining KAT1 channel. The results suggest that additional mechanisms
KST1 T, and pH sensitivity.

may control the pHdependence of, because H118A and
H118N exhibited smaller and shallower but still noticeablg pH

dependence.
Noncharged amino acid residues at position 118 P

render the channel less pH; sensitive

The above results suggest that a positively charged amin%eac“.v.at'on kinetics is not affected by mutations
. . ) . aii position 118

acid accelerates whereas a negatively charged amino acid al

position 118 slows KATIT,, and that protonation/depro- The effect of the H118 mutations was specificlipand the

tonation of histidine-118 plays a major role in the KAT1 mutations did not affect the deactivation time courEga(.
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A . 80

100 ms

>
t,5 (Ms)

FIGURE 7 Activation time course of H118A and
H118N. (A) Comparison ofT, of H118H, H118A, and
H118N. Scaled representative current traces for H118H,
H118A, and H118N recorded at pH 7.2.VP = —180 o H N A
mV (left). Box plots ofty 5 for H118H, H118A, and
H118N (ight). (B) Effects of pH on the H118N mutant.
Representative current traces elicited-&t80 mV and
different pH (left). Normalizedt, s—pH relation for the
H118N channelr{ght). Thet, 5 values were normalized
to the mean value obtained at pH 10.2. Thesolid line

is a linear fit to the data without any theoretical signifi-
cance. For comparison, the histidine titration curve is
plotted.

20 —

Amino acid at #118

Normalized t, .

004"

Internal pH

Normalized representative tail currents of H118K, H118D,Mutations at position 118 alter the first latency

and H118N recorded at60 mV are compared in Fig.&  without affecting the transitions after opening
and they were indistinguishable. The voltage dependence of

the tail currents recorded from the H118H and other Hllé_Ne investigated the changgs in the K’A_‘Tl channel gating
mutant channels at gH= 7.2 is shown in Fig. 8. Because induced by the H118 mutations at the single-channel level.

the closing transitions near the open state play dominarfRePresentative single-channel openings of H118H and
roles in determiningp,, the results suggest that the H118 H118D are shown in Fig. 18. The most obvious difference

mutations do not affect these closing transitions of theP?€tween H118H and H118 mutants was their first latency
KAT1 channel. property. This is illustrated by the first latency distributions

of H118H and H118D in Fig. 18. Consistent with the

macroscopic current results presented earlier, the first la-
Steady-state activation properties are only tency distribution of H118D at-160 mV was markedly
slightly affected by mutations at position 118 slower than that of H118H. The average median first laten-

Although the H118 mutations have profound effects onCies for H118H and H118D were 96 17 ms (1 = 4) and
KAT1 T, (see Fig. 3), they only slightly altered the nor- 410 = 47 ms @1 = 4), respectively. Because the open
malized macroscopiG(V) provided that the hyperpolariza- Probability @) is nearly saturated at 160 mV (Fig. 9A),

tion epoch durations were sufficiently long. Representativéhe forward opening rate constants are expected to be much
macroscopic currents from H118H, H118R, and H1lispdreater than the backward closing rate constants (Zei and
elicited at various voltages and their macrosco@@/) Aldrich, 1998) Thus, the difference in the first Iatency
curves are shown in Fig. 9. As demonstrated in Figs. 5 anguggests that the H118 mutations specifically alter the for-
8 C, T, of H118D is markedly slower. However, the steady- ward opening transitions of the KAT1 channel. In contrast,
state macroscopi&(V) curves of the H118 mutants ob- after the channels opened, the gating properties of the H118
tained using hyperpolarization pulses5 s in duration —Mmutants were indistinguishable. The steady-spgtealues
closely resembled each other. The voltage dependence &r H118H and H118 mutants were calculated directly from
both the wild type and mutant channels was only slightlythe single-channel currents recorded in response to various
altered, and the macroscopi&(V) curves could be well Vvoltage steps, excluding the first latency closed events.
approximated by the fourth power of a Boltzmann functionFigure 10C shows that thep, values for different H118
with the half-activation voltageM,,) of —74 mV with an ~ mutants were very similar at all the voltages examined,
equivalent charge of 1.5,¢n = 13). The small shiftirG(V)  suggesting that the gating transitions after the channels open
found for the H118D mutant may be caused by hyperpolarare similar. Analysis of the open and closed durations also
izing pulses that were not sufficiently long enough for thesupports the idea that only the transitions leading up to the
channel activation to reach the steady state. first opening are affected by the H118 mutations. The open
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respectively. Similar results were observed for other H118
mutants (data not shown).

Single-channel current amplitudes are not
affected by the H118 mutations

Although the first latencies are affected by the charged
H118 mutations, the single-channel amplitudes of the H118
mutants (H118D, H118E, H118K, and H118R) were very
similar to that of the wild type KAT1 channel. This finding
can be seen in the representative single-channel currents
recorded from H118H and H118D shown in Fig. AONo
significant difference in the current amplitude is observed
among these different channefs € 5), indicating that the
ion-conduction properties are not affected by the H118
mutations.

w

0.1

Time constant (s)

0.01 —

-100 -50 0 50 100
Voltage (mV}
Changes in bulk ionic strength do not alter the

FIGURE 8 Deactivation of the H118H and H118 muta epresen- . . . .
" Rep activation kinetics

tative tail currents from H118N, H118D, and H118K. The currents were

recorded at+60 mV following prepulses te-180 mV to activate most of : .
the channels, pH= 7.2. At this voltage, T, can be fitted with a single The H118 mutation results show that a positively charged

exponential as indicated by the smooth curv) Comparison of the ~aMino acid at position 118, whether K, R, or protonated H,
deactivation time constant,)-voltage curves,,(V)) for the H118H  accelerated, to about the same extent, and that a nega-
and selected H118 mutant channels on semilogarithmic plot./ghev)  tively charged amino acid residue slows down the process.
relatiqns for the H118H and H1_18 mutgnts aF this; pddul(_j be well A noncharged amino acid, such as A or N, does not affect
g]((e(s).cgt;(.ed by a single-exponential function, with an equivalent chargel.A at pH = 7.2. These results suggest that the residue 118
may electrostatically interact with its effector site to regu-
late the channel opening transition. We examined this hy-
and closed duration histograms were constructed from regeothesis by manipulating the ionic strength of the internal
resentative single-channel currents recorded-460 mV  solution. Bulk electrostatic interactions are expected to be
from H118H and H118D (Fig. 11). These dwell-time dis- strengthened by lowering the ionic strength and weakened
tributions were nearly indistinguishable. The mean operby increasing the ionic strength. The macroscopic currents
durations were 15.2 1.5 ms o = 5) and 15.3= 1.6 ms of H118H and H118E were recorded in the solutions of
(n = 5), and the mean closed durations were8.0.3 (h = different ionic strength. Howeveif,, of both H118H and
5) ms and 3.1+ 0.2 ms ( = 5) for H118H and H118D, H118E at pH = 6.2 where H118 is expected to be proton-

A B

FIGURE 9 Steady-state macroscopic activation J
1.0 &

of the H118H and H118 mutantAf Macroscopic OE
current families from H118H, H118R, and H118D. H < g A D
The currents were recorded in response to\gss i - = 08 o R
from —60 to —180 mV in 10-mV increments and &L ° X K
then switched to+70 mV (H118H and H118D). 500 ms § O H
For H118R, the currents were recorded in response r 8 06 —4x1.5 & X N

to 4-sV from —60 to —180 mV in _10-mV incre- R 2 3;5:_7'4 nfv A &

ments and then te-50 mV. The time O current % 0.4 ’

amplitude of each tail current was obtained by a £

single-exponential fit.B) NormalizedG(V) curves L g 0.2

for the H118H and H118 mutant channels. These L

data could be reasonably approximated by a fourth B
power of Boltzmann function witN, s = —74 mV D 0.0, I T ] T i

andgq = 1.5 g (n = 13). -180 -160 -140 -120 -100 -80 -60
Voltage (mV)

-
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FIGURE 10 Effects of the amino acid at position 118

on the single-channel current®\)(Representative sin-
gle-channel currents for H118H and H118D that were ; ) |
elicited by a 60-s hyperpolarizing pulse 6160 mV Ll ‘ il i
from 0 mV, pH = 7.2. Downward deflections indicate 1pA ‘

the opening transitions. Note the prolonged first latency l | T T |
of the H118D channel.B) Comparison of the first 0 1 5 3 4
latency distributions for H118H and H118D. The first-
latency distribution shows the probability that the chan-

nel has opened for the first time by the time indicated. B
To construct the first latency distributions for H118H 1.0 — 1.0
and H118D, 56 and 78 hyperpolarization epochs were
used respectively.qQ) Comparison of the,(V) rela-
tions for H118H, H118D, and H118K. The data could
be approximated by a fourth power Boltzmann function
with Vy s = —87 mV andq = 1.5 g, Note the similarity

of these single-channel results and the macroscopic x
data as shown in Fig.B.

Time (s)

O

o
&)
1

obability
(=
(&)}
|
Open probability

— 0.0
0.0 I I I I 1 I I I I 1

0 1 2 3 4 5 -180 -160 -140 -120 -100
Time (s) Voltage (mV)

ated, was not markedly affected by the changes in the To determine whether the total global charge near the
internal solution ionic strength (data not shown). Thus, theamino acid residue 118 is important in determining the

electrostatic interactions in the bulk internal medium are notctivation kinetics, we constructed the H118Rx3 and

likely to be involved in the KAT1T, regulation by pH H118Dx3 mutants, where histidine-118 was replaced with

Manipulations of the bulk ionic strength, however, may notthree arginine or aspartate residues, respectively. Unfortu-
affect local electrostatic interactions in confined areas.  nately, these mutants did not functionally express.

A 60 — OPEN 60 — CLOSED

(,, o 50— ;

= =

] o -

8 s Y

3 S 30

o 9]

E £ 20 7

3 3
FIGURE 11 Comparison of the open and closed < < 104
time durations for H118H and H118DA) Open 0 N
and closed durations of the currents recorded from 0 T T T T 1 I ] T !
a single H118H channel as shown in Fig. AO -35 -30 -25 -20 -15 -1.0 -3.5 -3.0 -25 -2.0 -1.5
Both histograms could be well fitted by a single- B Log Duration (s) Log Duration (s}
exponential function.B) Open and closed dura- 60 60
tions of the currents recorded from a single H118D | 50 — ®
channel. The time constants estimateere sim- g ’qc‘J
ilar to those of the wild type KAT1 channel. 3 407 P

S 30 5

5] )

E 20 £

=3 >

Z 404 z

07 T T T T ! 0 | T 1
35 830 -25 -20 -15 -1.0 -3.5 -3.0 25 -2.0 -1.5
Log Duration (s) Log Duration (s}

Biophysical Journal 78(3) 1255-1269



1264 Tang et al.

Changes in one forward rate constant simulate and 2 s in Fig. 12\, right pane). The initial sigmoidal

the effects of mutations at position 118 activation characteristic was well described by Scheme 1
involving two sequential closed states (Fig.B2 However,

the wholeT, of KAT1 could not be well fit by a sum of two
exponentials because of the slow phasé& jn(Fig. 12A).

This slow component iff, is not likely to be caused by

e endogenous channels in oocytes because it was observed
regardless of the number of channels expressed (data not
shown). The presence of this slow phase suggests that, in
addition to the two closed states in Scheme 1, KAT1 may
ransverse additional closed states before opening. A similar

open durations of KAT1 could be well fitted with a single . .
exponential (Fig. 12; also see Zei and Aldrich, 1998: Tan observation regarding the slow component was also made
P 9. 15, » 1996, 181G Yo 707 and Aldrich (1998).

and Hoshi, 1999), suggesting that KATL has only one open To account for the slow activation component, the fol-

state. . . . .
. . . lowing model may be considered (Scheme 2), in which one
Second, KAT1T, follows a sigmoidal time course as additional closed state (C3) is included.

predicted by linear multiclosed-state models (Hoshi, 1995;

To account for the observed effects of the H118 mutation
on KATL1 activation, we propose a simple linear kinetic
scheme for the KAT1 activation time course, which is
constrained by our experimental results as discussed belovt\Fl
The main scope of this modeling process is to descfibe
of the KAT1 channel and how the H118 mutations may
modify the model parameters.

First, our single-channel current analysis revealed that th

Zei and Aldrich, 1998). This sigmoidal nature is illustrated ko k1o

in Fig. 12A using the normal and semilogarithmic time Co—Cl==02

axes. The simplest model to account for the sigmoidal delay k3ouk03 10 2

is given in Scheme 1. At 180 mV, the open probability is C3

saturated, and the backward closing rate constant values are SCHEME 2

likely to be negligible (Zei and Aldrich, 1998). Thus,

Scheme 1 has two free parametégg, andk . Scheme 2 postulates that the initial sigmoidal character-

istic of the current is primarily described by the two opening
co ]‘_& c1 ‘Li o rate constants,, (fast) andk,, (slow) and that the slow

k1o kx component is described by the delayed activation of the

channels that visited C3. The measured macroscopic KAT1

current and the current predicted by Scheme 2 with the rate
Third, as shown in Fig. 12, a prominent slow phase inconstants indicated are compared in Fig. 13. We attempted

KAT1 T, was observed (see the current betweéen 0.1  to fit the current time course by manipulating the values of

SCHEME 1

Zei &
-1 C .""\. /Aldrich

FIGURE 12 Comparison of the measured KAT1 cur-
rent and that predicted by the two-state and three-state S
models. ) Current time courses predicted by a simple ©
two state (closed-open) model, the three-state (closed-
closed-open) model and the Zei and Aldrich model "
(1998). The model parameters were adjusted to fit the T T T T
entire current time courséeft, linear time scaleright, B

semilogarithmic time scale. At time= 0, all the chan- 00— —
nels were assumed to be in C or CB) The sigmoidal
activation kinetics predicted by Scheme 1. The current
segment between time = 0 and the half-maximum
amplitude time as indicated by the dashed vertical line
was fitted with Scheme 1. The rate constant values used
are shown.
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N
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|
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the double-pulse reactivation experiments, and the results
using these two protocols were similar (data not shown).
The voltage dependence kf; andk;, was assumed to be
described by (V) = Ko1(0)* €XP@oy * VIKT) andk, (V) =
Ki20) * €XP@y, * VIKT) whereky; o, andk, 5o represent the
values ofk,, andk,,at 0 mV,z,, andz,, are their equivalent
charges, an&T = 25 mV. The estimated values &f,
(201) andk () (212) from a representative experiment were
N ———....-.__ 0.57 s'(—0.7 g) and 8 s* (—0.2 g), respectively (Fig.
0.001 0.01 04 ; 14 A). Although the values of the rate constants at 0 mV,
Time (s) Ko1(o) @nd kip, required small adjustments (typically,

. o 0.49-0.63 5" for kg (o) and 6.5-8 5* for ky5, N = 5),
FIGURE 13 Scheme 2 predictions. Activation time course of KAT1 as

predicted by Scheme 2. Several predictions of Scheme 2 using differer€Ir Voltage dependencey, (9-69 * 9-0_3-”_: 5) ar_]dzlz
parameter valueghin smooth lingsare also shown superimposed on the (0.19% 0.02,n = 5) showed little variation in the different

measured wild type KATT . The currents were simulated using the rate data sets analyzed. The valuekgf andks, were obtained
constant values as shown. At tirhe= O, all the channels were assumed to from the single-channel mean open and closed durations as
be in CO. None of the predicted currents adequately match the slovyascribed elsewhere (Tang and Hoshi, 1999). The higher
activation phase. value of ks, relative to the overallT, necessitates the
placement of C5 after the opening state. The valudg,of

i _ . ) Kz K34 @andk,; were manually adjusted so that the simu-
Kog andkso The best fit obtained using Scheme 2 is shownjgieq currents well matched the observed data as judged by
in Fig. 13, along vy|th those preo!|cted using other values foreye (refer to the Fig. 14 legend for the parameter value
kos andkso. The fit was not satisfactory regardless of the ;anges examined). We found that it was possible to simulate
values ofkys andks, (see the current between 0.1dahs in T, without assuming any voltage dependencekig kos,
Fig. 13). K43, OF ks, The model satisfactorily describes KATT, in

To adequately simulate the slow activation component o{hz range of-130 to—200 mV, wherep, is saturated, and
il (o) ’

the macroscopic KAT1 current, we found that one addi- » andk,, are assumed to be negligible.

tional closed state was necessary, as arranged in Scheme é'Using Scheme 4 with the parameters optimized to fit the

co 012202

Current (nA)

kop ” wild type KAT1 activation, it is possible to account for the
C0k~——’ C1k~——’02 effects of the H118 mutations by adjusting the value of a
kaoll ks ™ A single rate constant,,. We found that the effects of the
C3 H118 mutations could be simulated by adjustkgg, with-
kgt kas out altering its voltage dependencg. Specifically, to
4 describe the effects of H118D mutation in the voltage range
SCHEME 3 of —130 to—200 mV, ky; ) Was decreased by65%, from

_ _ _ 0.57 to 0.2 s* (n = 3), without changing its equivalent
To describe the single-channel KAT1 behavior such agharge. The measured and simulated macroscopic currents
the fast flickers (Zei and Aldrich, 1998; Tang and Hoshi, for the wild type and H118D channels at180 and—150
1999), a short-lived closed state (C5) was added to Schem@y are compared in Fig. 14. The similarity between the

3, generating the following model: measured and simulated data indicates that the model ade-
k k k quately approximates the effects of the H118 mutations
01 12 25 . . .
Co z C1 z 02 z c5 described in this study.
kaoli ks 2 52 Manipulations of the rate constants among C4, C3, and
C3 CO were not able to simulate the H118D’s effect, because
kgt ks changes in the values &g, ko, Ksg andk,; compromised
C4 the sigmoidal characteristic of the activation kinetics (data

not shown). Manipulations in the two rate constants in-
volved in the single-channel burst behaviky; andks,, did
Scheme 4 accounts for most of the observations reportedot simulate the effect of the H118D mutations, consistent
in this study. The currents simulated by the model at twowith the observation that the burst behavior was not altered
different voltages are shown in Fig. 24 The values oky,  in the H118D mutations (Figs. 1®and 11). Changes in the
and k;, were obtained by fitting Scheme 1 to the currentk;, value did not produce satisfactory results to simulate the
segment between the beginning and 50% of the maximaH118 data. Representative KAT1 wild type and H118D
amplitude at different voltages betweer?00 and—130  single-channel currents at-180 mV simulated using
mV (Fig. 12B). The value ok,, was also determined from Scheme 4 are shown in Fig. B4 The simulated data well

SCHEME 4
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FIGURE 14 Scheme 4 predictiongy)(Macroscopic H118H and H118D currents simulated by Scheme 4. The values of the rate constants used in this
simulation are shown. Different combinations of the rate constant vatlyg$0-90 S, ky;: 10-50 s2, kg, 2-10 $'%, andk,,: 2-10 s 1) were manually

tried to match the measured data. At titne 0, all the channels were assumed to be in CO. The KAT1 current sweeps record&80amV Upper panél

and —150 mV (ower pane) were also shown superimposed. At each voltage examined, the single-channel amplitude was adjusted to fit the steady-state
macroscopic current amplitudeB)(Single-channel H118H and H118D currents simulated by Scheme 4. The rate constants in upper paeéafded.

Note the prolonged first latency for H118H (fourth sweeppper panél. If the pulse duration is shorter (e.g., 1 s), the fourth sweep in the upper panel

and fifth sweep in the lower panel will be recorded as blank (null) sweeps. The first latency events for the H118D channel are evéswlengené]

also see Fig. 1@ for the latency difference between the recorded H118H and H118D currents). However, after the channel opens, the steady-state

single-channel kinetics is similar in H118H and H118D. The single channel conductance was set at 6 pS and the RMS noise of 0.1 pA was added to the
simulated outputs.

match the measured results, including some prolonged firdDISCUSSION
latency events in H118D. We also found that the accelerate .
activation time course in the H118K channel could also be>tomatal opening, Ky, channels and pH

simulated by increasing the value kg ) by ~190% with-  1he rhythmic openings and closures of stomata (Stalfel,
out a change in its voltage dependenoe=( 3, data not

1965) are regulated by light, CQevel, and humidity
shown). ) . (Raschke, 1979; Irving et al., 1991; Assmann, 1996). Intra-
In Scheme 4, CO, C1, 02, and C5 are required to describgy 5 ang- extracellular pH and hyperpolarization-acti-
the activation kinetics and the fast single-channel closures, . .
. . vated K" channels play pivotal roles in the stomatal open-
These states are well constrained by the experimental re- .
sults. C4 and C3, which sequentially communicated with 9 procegs. The r.hythm|c. movements of ;tomata are
CO0, are responsible for the slow activation component. Hov\?ccgmpgnled by o.scnlat.lons in phiduced by 'an mcreqsed
C4 and C3 communicate with the remaining states (CO, Clr,na,IIC acid synthesis (Irvmg et al.,.1991). An Increase In pH
02, C5) is less constrained in part because our ionic currenfictivates electrogenic T—lpL_lmp_s in the guard cell mem-
measurements are well suited for the states near the op&@ne, causing hyperpolarization to a level more negative
state, and those that are further away from the open state af@@n the reversal potential of 'Kselective channelss().
more difficult to study. For example, C4 and C3 could The resting potential of the guard cell is reported to be as
communicate directly and separately with CO, generating &€gative as about 250 mV when bathed in a solution with
branched scheme. Simulation using this branched schenfe millimolar K* outside (Thiel et al., 1992). At these
indicates that this model may also successfully simulate théxtreme negative voltages, extracellular Kns are driven
results (data not shown). However, we considered Schemisto the guard cells through GCKG1 This K™ uptake
4, a linear scheme, to be conceptually simpler than thisoupled with CI' uptake or an increase in malate anions
branched model and adopted Scheme 4 as the final model increases the cytosolic osmotic pressure, resulting in guard
this study. cell swelling and water influx.
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GCKC1,,, KAT1, and KST1 are up-regulated by protons GCKC1,, (Fig. 5; also see Dietrich et al., 1998) could be
from both the extra- and intracellular sides so that thecaused by formation of heteromultimeric channels involv-
channels open faster and more channels are open when phy different a-subunits in native plant cells (cf. Dreyer et
decreases (Blatt, 1992; Hedrich et al., 1995; Hoshi, 1995al., 1997). It is also possible th@ subunits (Tang et al.,
Miiller-Rober et al., 1995; Grabov and Blatt, 1997; Hoth et 1996) may contribute to regulation of the activation kinetics.
al., 1997; Dietrich et al., 1998; Roelfsema and Prins, 1998;

Briiggemann et al., 1999a; Hoth and Hedrich, 1999). This
pH regulation is physiologically relevant because both exintracellular pH; sensors have other components
tracellular and intracellular pH are known to change during

the stomatal movements (Irving et al., 1991; Edwards et al.(sjéJr Srgsl.trj]lzrssugggzztﬂ;?é dhzgglphee Z%g;s(')t;?g 118 in the
1994). Extracellular pH varies between 7.2 and 5.1 during.”, : 9 : W PIRTT.

stomatal opening (Edwards et al., 1994). A decreased p&ubstitution of H118 with other amino acids largely but not

before stomatal opening was also observed in guard cells ?iﬁ] tflit?rl,ytﬁgm'.:a::ﬁ tzebgt}d’iz(:]ngznnc de E?f :'hoe ZCt(Ia\:atllﬂolnlS
the orchid Paphiopedilum tonsun{lrving et al., 1991). INetics 1 P 9 W - HOwWever,

. alone does not account for all the observed effects ¢iopH
These changes in pHand are expected to affect : )
GCKC1, wr?ich in pturn a?‘f?cts the guard cell action the KAT1 channel (Hoshi, 1995). For example, lowering

potentials (Mummert and Gradmann, 1991; Thiel et al. PH; not only accelerates,, but also slowsTp, at a given

1992; Gradmann et al., 1993; Roelfsema and Prins, 1998 .Olrtagf(; ;h#]irgrag?tt.'C:'(ijr::t'z'r?%;Qshmfgg;c?ﬁg\?_' 118
Oscillations in the plant cell membrane potential play a urv positive direct h '

crucial role in the osmotic adjustments (Gradmann et a1 mutations, however, do not altdi, or the steady state

1993) that underlie stomatal activity, leaf movement, andG(V)' Thus, the H118 mutations alone do not account for

plant growth (Schroeder et al., 1994). Changes in the actit—he slowing ofT, of wildtype KAT1 channel by lowering

vation kinetics of GCKC}, are expected to noticeably af- P FL.Jrlthermore, the chgnnels with unchargeq amino acids
fect the amplitude and frequency of the guard-cell actionat po_;mon 1.18 (A, N). St.'” show small but r_10t|c_eable pH
potential. A simulation study suggests that even smalFeNsitivity (Fig. 7). This is unexpected considering that the

changes in ion channel kinetics may result in profound(:h"j“ﬁ'ne'S with K, R, E, or D at this position do not show
much pH dependence in the same range, and, currently,

changes in the plant cell membrane potential oscillatior{h . | lanation. Th idual pH vty |
(Mummert and Gradmann, 1991; Gradmann et al., 1993). €re Is no clear explanation. Tne residual pr Senstivity 1S
much less steep than that predicted by the simple Hender-
son—Hasselbalch formulation. Multiple'Hbinding sites on
Biophysical mechanism underlying the channel a single KAT1 channel, with cooperativity among them,
regulation by histidine-118 could produce such shallow pH dependence.

. . . . The single-channel analysis, which is well suited to an-
Thehmutr;\]nonsfof Hl%]S in the |82_8.3 I|r_1(lj<er sL(Jegmen_t, Wh'fhalyze the transitions near the open state, indicates that the
IS thought t(.). ace the cytop asmic side (Uozumi et a"gating properties of the KAT1 channel are not obviously
1998), specifically control_ the activation process of theaffected by the H118 mutations. The mean open and closed
KAT1 channel expressed iKenopusoocytes. The results

. . . ) . urations were essentially unaltered by the mutations. This
presented in this study are consistent with the idea thag Y y

protonation and deprotonation of H118 play an important p_ecificity of the H118 mutation is reminiscent of the spe-
role in regulation of KAT1T, by pH. The following cific effect of the KAT1 rundown mediated by PKA-medi-

observations suggest that the amino acid at position 11 ted phosphorylation and dephosphorylation (Tang and

) o i . oshi, 1999). PKA-mediated phosphorylation, either di-
interacts with its effector site(s) through electrostatic inter- - . o
actions. K and R, with chemically very different side Chainsrectly or indirectly, alters only the opening transitions of the

. . e AT1 channel before opening without affecting the channel
(Rlc_hardson and Rlchardso_n, .1989)' p_roduce S|m|Ia_r ac_cegroperties after it opens. Itis thus possible that histidine-118
eration. E and D produce similar slowing of the activation

kinetics. A and N do not cause any obvious chang@,4n and phosphorylation may affect the same effector site(s).

KST1 has a glutamate at the H118-equivalent position,
and its T, is similar to that of KAT1 H118E or H118D.
Together with the fact that GCKGdiffers markedly in its
activation kinetics among various plant species (FairleyBased on the single-channel analysis, the activation time
Grenot and Assmann, 1993; Hedrich and Dietrich, 1996course of KAT1 activation was modeled by a linear scheme
Dietrich et al., 1998; Brggemann et al., 1999b), it is likely with one open state, a short-lived closed state after the open
that GCKC1], in different plants may have different amino state, and three sequential closed states before the open state
acids at the KAT1 H118-equivalent positions. If that is the (Zei and Aldrich, 1998). This model successfully accounts
case, the quantitative difference in pkegulation of the for the main gating properties of the wildtype KAT1 chan-
KAT1 channel expressed in oocytes and the nativenel and its S4 mutants. The late slow phase of the macro-

Gating model for the KAT1 channel activation
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scopic currents and the blank sweeps seen in some firstatt, M. R, and G. Thiel. 1994. K channels of stomatal guard-cells:
latency distributions were out of the scope of their model. g!g‘é’_dgg control of the K inward-rectifier evoked by auxirPlant J.
We found that the slow activation component is readiIyBr_u'ggemr'm L.. P. Dietrich, D. Becker, I. Dreyer, K. Paime, and R
Qbserved in _th_e macroscopic activation t|m(_3 course. More Hegrich. 1999a. Channel-mediated high-affinity Kiptake into guard
importantly, it is enhanced in the H118D (Figs. 5 and 14) cells from Arabidopsis. Proc. Natl. Acad. Sci. US96:3298—-3302.
and H118E channels (Fig. 5). As suggested by Zei andriggemann, L., P. Dietrich, I. Dreyer, aénd R. Hedrich. 1999b. Pro-
; it ; nounced differences between the native hannels and KAT1 and
Aldrich (1998)’. addlt.lonal closed states branching from the KST1 a-subunit homomers of guard celBlanta. 207:370-376.
closed states in their linear scheme were necessary to 2§ﬂtt A.D., M. R. Blatt, and C. C. Anisworth. 1997. Expression, evolution
count for the slow compone.nt. We find that_tWO more closed” and genomic complexity of potassium ion channel generabidopsis
states are necessary to simulate KATZ including the thaliana. Plant Physiol. (Rockville)L50:652—660.
slow component (Fig. 14). Furthermore, changes in thecao, Y., J. M. Ward, W. B. Kelly, A. M. Ichida, R. F. Gaber, J. A.
value of one forward rate constant at 0 mV without affecting {IHERe T el it L o SR B e modulaton
its voltage erendence_ could simulate the effects of the contribute to the functional diversity of potassium channelsiabi-
H118 mutations onT, in the voltage range where the dopsis thaliana. Plant Physiol. (Rockville)09:1093-1106.
opening rate constants dominate. A positively charged ressoulter, K. L., F. Perier, C. M. Radeke, and C. A. Vandenberg. 1995.
idue at position 118 increases the rate constant value by i'g\fvgtr'gcraetgi’f‘i :r”gor:‘a‘;';z%agL‘;Cnar'l';agmgz; g'l‘ss_iqgggldl%”gam for the
about 190% (data not shown) and a negatively chargeg_ _ _ o B
. % (Fi ietrich, P., I. Dreyer, P. Wiesner, and R. Hedrich. 1998. Cation sensitivity
residue decreases the rate constant value-6%% (Fig. and kinetics of guard-cell potassium channels differ among species.
14). The proposed model adequately accounts for the Planta.205:277-287.
changes i, caused by the H118 mutations at the voltagesDreyer, 1., S. Antunes, T. Hoshi, B. Mar-Rober, K. Palme, O. Pongs, B.
ility i Reintanz, and R. Hedrich. 1997. Plant Khannel alpha-subunits as-
where'the open prpbabﬂny is nearl_y.saturated. However, the semble indiscriminatelyBiophys, J72:2143. 2150,
model’s applicability to more positive voltages where the . . . .
. " L Edsall, J. T., and J. Wyman. 1958. Biophysical Chemistry. Academic
closing transition rate constants are no longer negligible was peds New York.
out of the current modeling scope and remains uncertain. gqyards, M. C., G. N. Smith, and D. J. F. Bowling. 1994. Guard cells
In summary, we have shown that histidine-118 in the extrude protons prior to stomatal opening: A study using fluorescence
putative cytoplasmic S2-S3 linker specifically affed1;§ microscopy anql pH micro-electrodé. Exp. Bot.39:1541—154?. _
and contributes in part to the pfdiependence of KAT1 Ehrhardt,+T:, S. Zlmme_rmann,_ and B."Nar-Rober. 1997. As_somatlon of
. S . . plant K™ in channel is mediated by conserved C-termini and does not
expressed in oocytes. Activation time course of the wildtype Zftect channel assembIFEBS Lett409:166-170.
KATl_ anq various H118 mu_tam channels can _be mOdeIe(}airley-Grenot, K. A., and S. M. Assmann. 1993. Comparison 6f K
by adjusting the value of a single rate constant in a sequen- channel activation and deactivation in guard cells from a dicotyledon
tial linear scheme. These results provide a molecular and (l\ggfilfgbi%a”d a graminaceous monocotyled@e4 may} Planta.
biophysical basis for the diversity in the activation kinetics ' ' .
fi d tifiers amona different plant species WhiChFakIer, B., J. H. Schultz, J. Yang, U. Schulte, U."Bdke, H. P. Zenner,
or inwara recti ) g9 . p p v L LY. Jan, and J. P. Ruppersberg. 1996. Identification of a titratable
may reflect evolutionary adaptation for plants to survive in lysine residue that determines sensitivity of kidney potassium channels

Fischer, R. A. 1968. Stomatal opening: role of potassium uptake by guard
cells. Science160:784—785.
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