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Abstract. The adenosine triphosphate-sensitive K™
(Katp) channels are gated by several metabolites,
whereas the gating mechanism remains unclear.
Kir6.2, a pore-forming subunit of the K otp channels,
has all machineries for ligand binding and channel
gating. In Kir6.2, His175 is the protonation site and
Thr71 and Cys166 are involved in channel gating.
Here, we show how individual subunits act in proton
binding and channel gating by selectively disrupting
functional subunits using these residues. All homo-
meric dimers and tetramers showed pH sensitivity
similar to the monomeric channels. Concatenated
construction of wild type with disrupted subunits re-
vealed that none of these residues had a dominant-
negative effect on the proton-dependent channel gat-
ing. Subunit action in proton binding was almost
identical to that for channel gating involving Cys166,
suggesting a one-to-one coupling from the C terminus
to the M2 helix. This was significantly different from
the effect of T71Y heteromultimers, suggesting dis-
tinct contributions of M1 and M2 helices to channel
gating. Subunits underwent concerted rather than
independent action. Two wild-type subunits appeared
to act as a functional dimer in both cis and trans
configurations. The understanding of Katp channel
gating by intracellular pH has a profound impact on
cellular responses to metabolic stress as a significant
drop in intracellular pH is more frequently seen under
a number of physiological and pathophysiological
conditions than a sole decrease in intracellular ATP
levels.
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Introduction

The adenosine triphosphate-sensitive K (Katp)
channels play a role in cellular responses to metabolic
status (Ashcroft & Gribble, 1998; Seino, 1999). The
Ka1p channel is an octamer consisting of four pore-
lining Kir6.x subunits and four peripheral SURx
subunits. Each Kir6.x subunit has two membrane-
spanning helices (M1, M2) and a pore-forming (P)
loop. The Katp channel activity is controlled by
ATP, adenosine diphosphate (ADP) and phospho-
lipids (Ashcroft & Gribble, 1998; Seino, 1999). In
addition, these channels are gated by intracellular
protons (Davies, 1990). The pH-dependent activation
of Katp channels has a profound impact on cellular
function and responses to metabolic stress as a sig-
nificant drop in intracellular pH (pH;) is more fre-
quently seen under a number of physiological and
pathophysiological conditions than a sole decrease in
intracellular ATP levels (Davies et al., 1991). The
protonation site has been identified to be His175 in
the C terminus of Kir6.2 (Fig. 1E,F) (Xu et al.,
2001a, b), allowing further studies of pH-dependent
channel gating. Several other amino acid residues are
known to be critical for Kir6.2 channel gating.
Cys166 in the M2 region (Fig. 1E,F) is one of them,
mutation of which to serine or alanine eliminates
KaTp channel gating by multiple channel regulators
including ATP, protons and sulfonylurea (Trapp
et al., 1998; Piao et al., 2001). A threonine residue
(Thr71) located at the boundary of the M1 and N
terminus (Fig. 1E,F) has a similar effect. Mutation of
Thr71 to a bulky amino acid (phenylalanine, tyrosine
or arginine) abolishes channel gating by both ATP
and protons (Piao et al., 2001; Cui et al., 2003). The
ubiquitous effects on channel sensitivity to more than
one ligand molecule indicate that Cys166 and Thr71
participate in channel gating rather than ligand
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Fig. 1. Effect of hypercapnic acidosis on monomeric Kir6.2 channels and structural alignment of Kir6.2 with KirBacl.1 channel. Whole-cell
currents were studied in two-electrode voltage clamp in Xenopus oocytes that received an injection of wt Kir6.2AC36 or its mutants. A series
of voltage commands (from —160 to 140 m} with 20-m¥ increments at a holding potential of 0 m¥) were applied to the cells in a bath
solution containing 90 mm K *. (4) Under this condition, clear inward rectifying currents were seen in the oocyte 3 days after injection of wt
Kir6.2AC36. These currents were strongly and reversibly activated when the cell was exposed to 15% CO,. Similar experiments were
performed on H175K (B), C166S (C) and T71Y (D), all of which lost pH sensitivity. The currents instead were inhibited during CO,
exposure. Calibration: 200 ms/2 pA for 4, B; 200 ms/4 pA for the rest. (E) Schematic transmembrane topology of the Kir6.2 channel. (F)
Structural alignment of Kir6.2 with the KirBacl.l channel shown in side view of two adjacent subunits, with each panel rotated by ~90°
clockwise in extracellular view. The relative locations of Thr71 (red), Cys166 (green) and His175 (blue) are labeled at the corresponding

positions of Phe63, Leul44 and Argl53 of the KirBacl.l channel.

binding (Trapp et al., 1998; Piao et al., 2001; Cui
et al., 2003).

In contrast to the rich information on amino
acid residues and protein domains in Ktp channel
sensitivities to specific ligand molecules, the channel
gating mechanisms are still elusive. Since site-specific
mutation of either Hisl75, Cysl166 or Thr71 is suf-
ficient to disrupt the proton-dependent gating of the
homomeric Kir6.2 channel, it is possible that these
identified residues can be used to target the proton
binding and channel gating in a given number of
subunits. Such studies may yield information about
how proton binding to the C terminus is coupled to
membrane helices and may shed insight into ligand
binding, channel gating, binding-gating coupling,
subunit coordination, cooperativity, dominant-neg-
ative effect and minimal requirement of functional
subunits for channel gating. Therefore, we per-
formed this study by disrupting functional subunits
using these residues. To simplify our experimental
subjects, we used Kir6.2 with 36 amino acids trun-
cated at the C terminus, i.e., Kir6.2AC36, because it
expresses ATP- and pH-dependent currents without
the SUR subunit (Tucker et al., 1997; Xu et al.,
2001a, b) and the SUR subunit is not required for
pH sensitivity (Xu et al., 2001a; Wu et al., 2002).
The pH-dependent Kir6.2 channel gating was

studied in whole-cell recordings using 15% CO,. We
did not perform single-channel studies because
acidic pH causes rapid Kir6.2 channel rundown in
excised patches (Wu et al., 2002; Li et al. 2005). We
have previously characterized the CO, effect on in-
tra- and extracellular pH (Zhu et al., 2000; Xu et al.,
2000, 2001a) and shown that the whole-cell voltage
clamp can yield information on pH-dependent
channel gating (Piao et al., 2001; Wang et al., 2005a;
Xu et al., 2000).

Methods

Frog oocytes were obtained from Xenopus laevis as described pre-
viously (Zhu et al., 2000; Xu et al., 2000, 2001a). In brief, frogs
were anesthetized by bathing in 0.3% 3-aminobenzoic acid ethyl
ester. A few lobes of ovaries were removed after a small abdominal
incision (~5 mm). Then, the surgical incision was closed and the
frogs were allowed to recover from the anesthesia. Oocytes were
treated with 0.5 mg/mL of collagenase (type I; Sigma, St. Louis,
MO) in OR2 solution (in mm: NaCl 82, KCl 2, MgCl, 1 and 4-[2-
hydroxyethyl]-1-piperazineethanesulfonic acid [HEPES] 5, pH 7.4)
for 90 min at room temperature. After 10-20 washes (2 min each)
of the oocytes with the OR2 solution, cDNAs (25-50 ng in 50 nL
water) were injected. The oocytes were then incubated at 18°C in
ND-96 solution, containing (in mm) NaCl 96, KCI 2, MgCl, 1,
CaCl, 1.8, HEPES 5 and sodium pyruvate 2.5, with 100 mg/liter
geneticin added (pH 7.4).
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Whole-cell currents were studied 2—4 days after injection using
an amplifier (Geneclamp 500; Axon Instruments, Foster City, CA)
at room temperature (~24°C). Experiments were performed in a
semiclosed recording chamber (BSC-HT; Medical System, Green-
vale, NY). The bath solution contained (in mm) KCI 90, MgCl, 3
and HEPES 5 (pH 7.4). At baseline, the chamber was ventilated
with atmospheric air. Exposure of the oocytes to CO, was carried
out by switching to a perfusate that had been bubbled for at least
30 min with a gas mixture containing 15% CO, balanced with 21%
0, and 64% N, and superfused with the same gas. The high sol-
ubility of CO, resulted in a detectable change in intra- or extra-
cellular acidification as fast as 10 s in these oocytes. At steady level,
pH, was lowered to 6.58 £ 0.13 (n = 6) as shown in our previous
studies (Zhu et al., 2000; Xu et al., 2000, 2001a).

Mouse Kir6.2 (mBIR, Genbank accession D50581) cDNA
was generously provided by Dr. S. Seino (Kobe University, Kobe,
Japan). The cDNA was subcloned to a eukaryotic expression
vector (pcDNA3.1; Invitrogen, Carlsbad, CA) and used for
Xenopus oocyte expression without cRNA synthesis. To construct
the dimeric and tetrameric concatemers, a cassette was constructed
with a BamHI restriction site introduced at the 5 end and a Bgl/II
site introduced at the 3" end of the Kir6.2 open reading frame using
polymerase chain reaction. Based on the cassette, site-specific
mutations of Hisl75 to lysine and the stop codon to serine were
then prepared using a site-directed mutagenesis kit (Stratagene, La
Jolla, CA). The cDNA of wild-type (wt) Kir6.2 without stop codon
was linearized with restriction enzyme Bg/Il. The mutant cDNA of
H175K with stop codon was digested with restriction enzymes
BamHI and Bgl/lIl. The isolated mutant H175K fragment was then
ligated to the linearized wt Kir6.2 to form the dimeric wt-H175K.
There are three amino acids (Ser-Arg-Ser) created between each
monomer as linker. The concatenated dimers wt-wt and His175K-
His175K were constructed using the same strategy. The mutations
were confirmed by DNA sequencing. Based on the single or double
peaks at codon 175 (CAT vs. AAG), homomeric or heteromeric
dimers were confirmed.

The cohesive ends of the BamHI and Bg/Il sites are comple-
mentary, which allows mutual DNA ligation. Since both restriction
sites were lost after ligation, the dimer still contained only one
BamHLI site upstream of the start codon and a Bg/Il site down-
stream of the stop codon. This allowed us to construct the con-
catenated tetrameric channel using the same strategy. To do so, a
second set of dimers was constructed with the stop codon elimi-
nated, which was joined with another dimer with stop codon.
Various tetrameric concatemers were constructed using the com-
bination of two sets of dimers. The correct orientation of the
constructs was confirmed by DNA sequencing, and the appropriate
size was proved by isolating the tetramer using two restriction
enzymes. Using the same method, other dimeric and tetrameric
concatemers with the T71Y or C166S mutation were constructed.

Dimeric and tetrameric concatemers with one subunit carry-
ing the G132S mutation were also constructed. Since this domi-
nant-negative mutation is known to produce nonfunctional
channels, whether the constructs were assembled randomly was
tested.

Instead of absolute currents, percentage changes in the cur-
rent amplitude with CO, exposure were used for data presentation
because the current amplitude varied with the time span of channel
expression in Xenopus oocytes (Xu et al., 2001b). Predictions of
independent and concerted actions of individual subunits were
performed using two classes of models. Data were firstly normal-
ized between the maximum channel activation of the channel with
four wt subunits as 0.99 and the minimum CO, response with four
disrupted subunits as 0.01. Standard errors of constructs were
normalized proportionally to their mean values. The activation for
channels with one, two or three wt subunits was scaled to the range
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0.01-0.99. No free parameters were needed. The model of Monod,
Wyman & Changeux (1965; see also Liu et al., 1998; Ulens &
Siegelbaum, 2003) describes the transition of channel activity be-
tween the resting and activated states in a single concerted con-
formational change. The allosteric equilibrium constant for the
channel with no functional subunit is defined as L,. The sponta-
neous channel activation is described as Py, = 1/(1 + Ly). Factor
L, was calculated using the normalized activation of the channel
without wt subunit. The dissociation constants for the ligand
binding to the channel at rest state T and activated state R refer to
Kt and Kg. f'is a factor that stabilizes the channel in the open
state, with /' = Kg/K+. With a saturation concentration of ligands,
the channel with n functional subunits shifts the open equilibrium
from a closed to an open state with a factor of /. Therefore, the
maximum channel activation with » functional subunits is
Prax = 1/(1 + Ly f"), with n = 1-4. The factor f was calculated
using the normalized activation of the channel with four wt
subunits as the L, was known. With the same equation, the nor-
malized current activation was predicted for channels with one, two
or three wt subunits by setting the » number. The Hodgkin-Huxley
model describes independent transition of all subunits between the
activation and rest states (Hodgkin & Huxley, 1952; Liu et al.,
1998; Ulens & Siegelbaum, 2003). The channel is open only when
all four subunits are in the open state. The activity of four subunits
of the channel is a parallel rather than serial event. Channel acti-
vation is calculated by assuming that the probability for a func-
tional subunit to be in the active state is m, in the presence of a
given concentration of protons, and the probability for a mutant
subunit to be in the active state is m,. The channel with four
functional subunits in the open state gives Praxua) = (ma)*.
The probability for a channel with no functional subunits yields
Prax(o) = (mo)*. The channel with n functional subunits in the
open state is shown as Praxy = (1,)" (mo)® =™ with n = 1-4.
Parameters m, and m, were obtained based on the normalized
activation of channels with zero and four wt subunits, respectively.
Prediction of current activation for channels with one, two and
three wt subunits was then obtained with the same equation.

Data are presented as means =+ standard error (SE). Analysis
of variance or Student’s 7-test was used. Differences of CO, and pH
effects before vs. during exposures were considered to be statisti-
cally significant at P < 0.05.

Results

PROTON-DEPENDENT GATING OF MONOMERIC AND
TaNDEM-DIMERIC K1R6.2 CHANNELS

Kir6.2AC36 was expressed in Xenopus oocytes. The
whole-cell currents were recorded as reported previ-
ously (Tucker et al., 1997; Xu et al., 2001a). The
Kir6.2 currents showed strong inward rectification,
with the current amplitude averaging 2.1 £ 0.4 pA
(n = 14, measured at —160 mV). Injection of the
vector alone did not yield inward rectification cur-
rents. Exposure of the oocyte to 15% CO, produced
strong and reversible activation of the inward recti-
fying currents (Fig. 1A). The effect was mediated by
pH rather than molecular CO, as intracellular, but
not extracellular, acidification to the same levels as
seen during CO, exposure produced the same degrees
of channel activation (Xu et al., 2001a). The pro-
ton sensor for the acid-induced activation has been
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demonstrated to be Hisl75 in our previous studies
(Xuetal., 2001a, b; Wu et al., 2002). Mutation of this
residue to alanine or lysine (H175A, H175K) totally
eliminated the CO, effect on the whole-cell currents,
and the channel was inhibited during acidification
(Table 1 and Fig. 1B). Cysl66 and Thr71 are two
nontitratable sites that are also critical for the pH
sensitivity of the Kir6.2 channel. Mutation of Cys166
to serine and Thr71 to tyrosine has been reported to
stabilize the channel at open conformation (Trapp
et al., 1998; Cui et al., 2003), and the mutant channels
were no longer sensitive to acidification (Piao et al.,
2001; Cui et al., 2003). Instead, the C166S and T71Y
mutant channels were inhibited during acidosis by
135 £ 11% (n=9) and 50 £ 1.3% (n = 59),
respectively (Table 1, Fig. 1C, D).

To determine how the proton sensor in each
subunit contributes to the pH-dependent channel
gating, three dimeric concatemers were constructed
based on Kir6.2AC36 (referring to wt in the present
study) and HI175K, i.e., wt-wt, wt-H175K and
H175K-H175K. All of the dimers expressed inward
rectification currents with amplitude of 1.4-7.2 pA
(Table 1 and Fig. 2A-C). Exposure of the oocytes to
15% CO, led to activation of the wt-wt channel by
123.3 + 82% (n = 8) similar to the homomeric
Kir6.2AC36 (Fig. 2H). Like the monomeric H175K
channel, the dimeric H175K-H175K totally lost
channel activation by CO,. Instead, the channel was
inhibited during hypercapnic acidosis (Table 1 and
Fig. 2C,H). The heteromeric wt-H175K was stimu-
lated by 30.5 £ 1.6% (n = 5) during CO, exposure
(Table 1 and Fig. 2B,H).

The dimeric T71Y-T71Y and C166S-C166S
behaved like their monomeric counterparts, which
were both inhibited to the same degree during CO,
exposure as monomeric T71Y and C166S (Table 1
and Fig. 2E,G,H). In contrast, the heteromeric
wt-C166S was activated to about the same level as
wt-H175K when exposed to 15% CO, (Table 1 and
Fig. 2D,H). The stimulatory effect of CO, was dou-
bled and reached 74.1 £ 9.4% (n = 5) in the het-
eromeric wt-T71Y (Table 1 and Fig. 2F,H). The
partial pH sensitivity of the heteromeric channels
indicates that neither His175, Cys166 nor Thr71 had
a dominant-negative effect.

STOICHIOMETRY OF PROTON BINDING

To understand the subunit stoichiometry for the
proton binding, tetrameric concatemers were con-
structed with the wt and H175-disrupted subunits.
The channels with two functional subunits located at
adjacent and diagonal positions were named cis and
trans 2wt-2 HI175K, respectively. All concatenated
tetrameric constructs were functionally expressed
with properties such as inward rectification, cur-
rent amplitude and time-dependent activation and
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Table 1. CO, sensitivity of all Kir6.2 constructs

Construct WBL current (pA)  CO, effect (%)
Monomer
Kir6.2AC36 2.1 £ 04 (14) 130.3 £ 12.2 (14)
H175K 9.1 £ 3.0(6) -18.6 £ 2.7 (6)
C166S 14.1 £ 2.4 (9) —135 + 149
T71Y 9.1 £ 3.1(5 =50 £ 1.3(5)
Tandem dimer
wt-wt 1.4 £ 0.2 (8) 1233 + 8.2 (8)
wt-H175K 42 + 04 (7) 30.5 £ 1.6 (5)
H175K-H175K 72 £ 1.0(5) -19.2 £ 0.9 (5)
wt-C166S 83 £ 3.5(4) 35.6 £ 6.9 (4)
C166S-C166S 134 + 1.3 (5) —13.1 £ 1.6 (5)
wt-T71Y 3.9 £ 0.4 (5 74.1 £ 9.4 (5)
T71Y-T71Y 2.5 £ 045 -55 £ 1.8 (5)
Tandem tetramer
4wt 1.4 £ 0.1 4) 120.4 + 9.9 (4)
H175K
3wt-H175K 2.7 £ 0.5 (10) 58.1 £ 4.2 (6)
trans 2wt-2H175K 1.7 £ 0.2 (11) 259 £ 1.4 (11)
Cis 2wt-2H175K 22 +£02(9 245 £ 22(9)
Wt-3H175K 7.5 £ 0.6 (8) -8.6 £ 1.6 (8)
4H175K 34 + 0.3(7) =240 £ 2.7(7)
C166S
3wt-C166S 23 + 034 65.1 £ 9.7 (4)
trans 2wt-2C166S 3.0 £ 04 (5 35.7 £ 24 (5)
Cis 2wt-2C166S 39 £ 04 (5 36.3 £ 4.4 (5)
Wt-3C166S 19.0 + 3.7 (4) -09 + 0.5(4)
4C166S 142 + 0.9 (4) —15.6 + 1.6 (4)
T71Y
3wt-T71Y 2.8 £ 0.6 (6) 90.1 + 6.1 (6)
trans 2wt-2T71Y 29 + 04 (11) 68.9 + 6.6 (11)
Cis 2wt-2T71Y 6.8 + 1.1 (9) 61.6 £ 3.4 (9)
Wt-3T71Y 58 £ 134 16.1 £ 1.2 (4)
4T71Y 34 + 04 (6) —3.8 + 2.8 (6)

All mutant channels were constructed on Kir6.2AC36. WBL,
whole-cell baseline; m, mutant. Data are presented as means =+ SE,
with number of observation in parentheses.

inactivation kinetics, indistinguishable from the
monomeric and dimeric wt channels (Fig. 3). Also
similar to the wt channel was the pH sensitivity of
4wt, which was augmented by 120.4 £ 9.9% (n = 4,
P > 0.05) during 15% CO, exposure (Fig. 3A and
Table 1). Disruption of one functional subunit
caused a loss of pH sensitivity by ~50% in 3wt-
H175K (Fig. 3B). Both cis and trans 2wt-2 H175K
were activated moderately by acidic pH by ~25%,
levels that did not show any statistical difference be-
tween these two configurations (P > 0.05, n = 8)
(Fig. 3C,D and Table 1) With three subunits dis-
rupted, wt-3H175K became completely insensitive to
hypercapnic acidosis and was even slightly inhibited
during CO, exposure (Fig. 3E). Like its monomeric
and dimeric counterparts, 4H175K was inhibited by
24.0 £ 2.7% (n = 7) during CO, exposure (Fig. 3F).
This inhibition is known to be caused by protonation
of three histidine residues located further down-
stream of H175 (His186, His193 and His216) (Xu
et al., 2001b). Since these histidine residues exist in all
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constructs, we tentatively considered the small inhi-
bition produced to be constant and removed it from
background when performing current normalization
(see below).

STOICHIOMETRY OF CHANNEL GATING

In contrast to Hisl75, Cysl66 and Tyr71 are not
titratable, and their role in the pH sensitivity of
the Kir6.2 channel is very likely related to chan-
nel gating or the coupling of ligand binding to
channel gating. To understand the stoichiometry of
channel gating, therefore, we constructed tetrameric
concatemers using C166S and T71Y to disrupt
functional subunits. Baseline properties of the con-
catenated tetramers with C166S-disrupted subunits
were almost the same as the monomeric and dimeric
channels of C166S. Similar to H175K subunit
disruption, tetrameric concatemers with CI166S-
disrupted subunits showed graded losses of pH sen-
sitivity. Disruption of one functional subunit reduced
the pH-dependent channel activation to 65.1 + 9.7%
(n = 4) (Fig. 4B). With two subunits disrupted, trans
2wt-2C166S was still augmented by 35.7 + 2.4%
(n = 5), which was almost identical to the level of
cis 2wt-2C166S channel activation (Fig. 4C,D and

currents of monomeric and
dimeric Kir6.2 channel and
its mutants. Data are
presented as means + SE
! (n = 4-3).

Table 1). Also similar to the HI175K constructs,
wt-3C166S and 4C166S were slightly and markedly
inhibited during CO, exposure, respectively (Fig. 4-
E,F and Table 1). These results suggest that the
channel gating stoichiometry revealed with C166S
subunit disruption is similar to that produced with
H175K.

Tetrameric concatemers with T71Y-disrupted
subunits showed a pattern similar to C166S con-
structs. Although trans 2wt-2T71Y had slightly
higher pH sensitivity than cis, the difference was
statistically insignificant (P > 0.05). These concate-
mers were more sensitive to pH than the H175K and
C166S constructs. 3wt-T71Y was augmented by
90.1 = 6.1% (n = 6) during CO, exposure, which
was significantly higher than that of H175K and
C166S (P < 0.05) (Fig. 5B). Also more strongly
activated were the trans and cis 2wt-2T71Y con-
structs (Fig. 5C,D and Table 1). wt-3T71Y remained
activated, while 4T71Y was modestly inhibited with
hypercapnia (Fig. SE,F and Table 1).

SUBUNIT COOPERATIVITY AND COORDINATION

To reveal subunit cooperativity, the percentage
channel activation was plotted against number of
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Fig. 3. CO, sensitivity of H175K concatenated tetramers. (4) The concatenated tetramer with four wt subunits (4wt) was augmented by
hypercapnic acidosis to the same degree as its monomeric and dimeric counterparts. (B) 3wt-H175K was stimulated during CO, exposure.
(C,D) Trans 2wt-2H175K responded to CO; similarly as cis 2wt-2H175K. (E) wt-3H175K lost its CO, sensitivity. (F) 4H175K was inhibited
with CO, exposure. Calibration: 200 ms/2 pA for A4; 200 ms/3 pA for the rest.

disrupted subunits. The inhibition seen in 4H175K,
4C166S and 4T71Y was normalized to 0.01; and the
maximum activation was normalized to 0.99. Data
plots were then compared to two classes of models
with and without cooperativity (see Methods). The
Hodgkin-Huxley (HH) model describes channel gat-
ing produced by independent action of individual
subunits (Hodgkin & Huxley, 1952; Liu et al., 1998;
Ulens & Siegelbaum, 2003), whereas the Monod-
Wyman-Changeux (MWC) model describes positive
cooperativity, in which four subunits undergo a single
concerted transition between channel opening and
closure (Monod et al., 1965; Liu et al., 1998; Ulens &
Siegelbaum, 2003). All H175K, C166S and T71Y
constructs resembled the MWC model but not the
HH model (Fig. 6B-D), suggesting the existence of
positive cooperativity for proton-dependent Kir6.2
channel gating. The normalized activation of the
constructs with H175K mutation was compared with
the corresponding constructs carrying C166S or
T71Y mutations. Significant differences were found
between all H175K and T71Y tetramers except
4H175K and 4T71Y (P < 0.05) but not between
H175K and C166S constructions (P > 0.05).

Introduction of the first functional subunit had a
rather small effect on pH sensitivity. Such an effect
was much more evident with the joining by the sec-
ond functional subunit. Indeed, the channels gained
about 30% pH sensitivity with two functional su-
bunits (Fig. 6A). This was more evident for the T71Y
constructs. Although two functional subunits enabled
significant pH sensitivity, the full-scale channel gating
by intracellular protons required all four subunits
(Fig. 6A). The step increases in pH sensitivity also
suggest special subunit coordination. The increase in
pH sensitivity mostly occurred with the introduction
of the second and fourth subunits except 4T71Y
(Fig. 6E,F). Thus, these observations suggest that the
subunits may work as two pairs of functional dimers
in pH-dependent channel gating.

CONCATEMERS WITH A DOMINANT-NEGATIVE M UTATION

To address if the concatemers can be assembled
randomly, we tested two tandem tetrameric channels
that carried the G132S dominant-negative mutation
in the first and last subunits and a tandem dimer with
this mutation in the N-terminal subunit. Each con-
struct was tested in >120 Xenopus oocytes (two
experiments with >60 cells in each). No detectable
inward rectifier currents were seen in these oocytes,
indicating that these Kir6.2 concatemers do not form
a tetrameric channel by a random subunit assembly.

Discussion

In this study, we have demonstrated the subunit
stoichiometry of Kir6.2 channel gating by selectively
disrupting proton-binding and channel-gating mech-
anisms. Our data have shown that such a channel
gating by a specific ligand molecule requires all four
subunits although two of them can produce signifi-
cant pH sensitivity. There is strong positive cooper-
ativity among subunits in proton binding and channel
gating. The subunit stoichiometry for proton binding
is almost identical to that for channel gating at the
M2 helix, suggesting one-to-one coupling between
these two areas.

CHANNEL SENSITIVITY TO PH;

While most Kir channels (Kirl.l1, Kirl.2, Kir2.3,
Kir2.4, Kir4.1, Kir4.2 and the heteromeric Kir4.1-
Kir5.1) are inhibited by acidic pH, K s1p channels are
activated, followed by strong inhibition, by intracel-
lular acidification (Tsai et al., 1995; Fakler et al.,
1996; Yang & Jiang, 1999; Hughes et al., 2000; Zhu
et al., 2000; Yang et al., 2000; Xu et al., 2000,
2001a,b; Pessia et al., 2001; Wu et al., 2002). The
channel inhibition is not seen in whole-cell recording
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and has been shown to be related to channel rundown
(Xu et al., 2001a, b). Therefore, the channel activa-
tion by acidic pH is an important regulatory mech-
anism of channels. In fact, pH sensitivity has been
shown to allow the channels to regulate skeletal
muscle excitability and vascular tone (Wang et al.,
2003; Santa et al., 2003). We have previously shown
that the pH sensitivity of Katp channels is an
inherent property that depends on the Kir6 but not
the SUR1 subunit (Xu et al., 2001a). More impor-
tantly, we have identified the protonation site
(His175) in the Kir6.2 subunit (Xu et al., 2001b). The
fact that Hisl175 is the only protonation site in the
Kir6.2 subunit has allowed us to further identify
critical protein domains and amino acid residues that
play a role in channel gating but not in proton
binding (Piao et al., 2001; Cui et al., 2003). These
include Cysl166 and Thr71, both of which are in-
volved in Kir6.2 channel gating by multiple ligand
molecules (Trapp et al., 1998; Piao et al., 2001; Cui
et al., 2003; Wu et al., 2004).

o

ProToN BINDING V'S. CHANNEL GATING

The demonstration of specific sites that play a critical
role in ligand binding and channel gating makes it
possible to study subunit stoichiometry for these
channel functions. Although we have recently shown
subunit stoichiometry for Kirl.1 channel gating using

CO,. (F) 4 T71Y was
inhibited during CO,
exposure. Calibration: 100
ms/4 pA for 4, B; 200 ms/
3 pA for E; 200 ms/6 pA for
the rest.

K80M to disrupt individual subunits (Wang et al.,
2005a), there are still uncertainties as to whether
Lys80 in Kirl.l is a protonation site, a site for
channel gating or both. Therefore, Kir6.2 with the
well-defined proton sensor (His175) and gating sites
(Cysl166 and Thr71) appears more helpful to under-
stand ligand-binding, channel-gating and binding-
gating coupling. By selectively disrupting proton
binding in a given number of subunits, we have seen
graded losses of pH sensitivity with a decrease in wt
subunits. The stoichiometric pattern is quite similar
to that revealed by channel gating disruption with the
C166S mutation. The similarity as well as the close
location of these two residues suggest that the con-
formational change produced by proton binding to
His175 is directly coupled to the M2 membrane
helices, where Cys166 is located. Although the T71Y
constructs also show stepwise reductions in pH sen-
sitivity, the degree is significantly less for every con-
catenated construct than for H175K and C1668S.
These results suggest that the conformational change
produced by protonation of a C-terminal residue is
also coupled to the base of the N terminus or the M1
helix, whose conformational change is equally
important for channel gating. The later coupling
seems indirect and may involve signal amplification
as the CO, responses of every T71Y construct are
significantly greater than those of C166S and H175K.
Recent studies in CNG, Kir and Kv channels have
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Fig. 6. Subunit coordination and cooperativity in pH-dependent Kir6.2 channel gating. (A4) Percentage effect of 15% CO, on concatenated
tetramers. Data of each construct were obtained as a ratio of the currents before and after CO, exposure and are presented as means =+ SE
(n = 4-11). (B-D) Plots of current activation vs. number of wt subunits. Open square, data prediction based on the HH model; open
diamond, prediction with the MWC model (see text for details). (B) Plot of tetrameric H175K (solid circle) closely resembles the MWC
model. Similar results are seen in the C166S (C) and T71Y plots (D). Data points and points predicted with models are linked with a straight
line without further data fitting. Up triangle, cis tetramers; down triangle, heteromeric dimers. Note the log scale of the y axis.
(E-G). Percentage changes in current activation in the presence of different numbers of wt subunits. Stepwise changes in normalized current
activation were obtained as the difference of one construct from another with one more functional subunit. Although the introduction of
every new wt subunit leads to a leap in channel activation, greater effects were seen with the second one. Similar effects were also seen with

the fourth wt subunit except for 4T71Y.

shown that protein domains near the membrane-
spanning sequences play an important role in channel
gating (Varnum & Zagotta, 1997; Meera et al., 1997;
Drain, Li & Wang, 1998; Schulte et al., 1999; Minor
et al., 2000; Qu et al., 2000). During the gating pro-
cess, these protein domains may move or interact
with each other, leading to a change in protein con-
formation and channel activity. Certain physical
interaction between these intracellular termini as well

as between M1 and M2 has been demonstrated
(Tucker & Ashcroft, 1999; Wang et al., 2005b). Such
interaction has been shown not only to affect channel
opening and closure but also to determine how the
channel-gating movement proceeds (Wang et al.,
2005b). Therefore, it is possible that proton binding
to the C terminus initiates a cascade of conforma-
tional changes involving the C terminus, N terminus
and their linked membrane helices.
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COOPERATIVITY AND COORDINATION

These studies allow us to have a close look at several
stoichiometric mechanisms that have not been seen
previously in the monomeric channels. First, neither
His175, Cys166 nor Thr71 has a dominant-negative
effect, although mutation of any of them completely
eliminates the pH-dependent Kir6.2 gating (Trapp
et al., 1998; Piao et al., 2001; Xu et al., 2001b; Cui
et al., 2003). Second, there is extensive positive coo-
perativity among the subunits for proton binding as
well as channel gating. Such a positive cooperativity
is consistent with previous studies on the wt channel
showing a high value of the Hill coefficient in excised
patches (Xu et al., 2001a, b). In the close vicinity of
Cys166, another residue, Thr171, has been found to
play an important role in Kir6.2 channel gating
(Drain, Geng & Li, 2004). Coinjection of T171A and
wt cRNAs reveals that Thr171 forms an inhibition
gate and its movements requires the concerted, rather
than independent, action of all four Thr171 regions
(Drain et al., 2004), which is consistent with our
finding in C166S constructs. Third, subunits appear
to be coordinated in functional dimers during chan-
nel gating. The existence of functional dimers, which
is in agreement with several previous studies in other
tetrameric ion channels (Liu et al., 1998; Ulens &
Siegelbaum, 2003; Wang et al., 2005a), seems to lead
to higher pH sensitivity and greater response in
channel activity to acidic pH. Fourth, two subunits in
trans configuration may interact as a functional dimer
similar to those in cis configuration, which is also
consistent with our previous observations in the
Kirl.1 channel (Wang et al., 2005a). Finally, the pH-
dependent gating can be fulfilled by two functional
subunits, although the full pH sensitivity requires all
four subunits in the channel. With such subunit
coordination and cooperativity, the pH-dependent
Kir6.2 channel gating can be largely preserved even
with disruptions of one or two functional subunits.

FUNCTIONAL IMPLICATION

The K o1p channels are inhibited by intracellular ATP
and stimulated by intracellular acidification. While
decreases in pH; and ATP occur in several patho-
physiological conditions with hypoxic ischemia and
metabolic stress, a drop in pH is more frequently seen
than sole energy depletion in striated muscles, sug-
gesting that regulation of Ktp channel activity by
pH may be more important for channel activity con-
trol. Therefore, understanding Katp channel gating
by pH; should have a profound impact not only on
muscle activity and cardiovascular function but also
on cardiac responses to metabolic stresses as well as
the aftermath of such stresses in the cardiovascular
system. The information about Ktp channel gating
may indeed lead to therapeutic intervention of Krp
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channels activity by targeting the channel-gating
mechanism. In this regard, our current studies appear
to constitute a remarkable step toward the control
and manipulation of Ktp channels.

We are grateful to Dr. Susumu Seino at Kobe University in Japan
for the gift of Kir6.2 cDNA. This work was supported by the
National Institutes of Health (HL067890).
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