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A decrease in intracellular pH (pH,) inhibits whole-cell Kir4.1 currents. To understand
channel biophysical properties underlying this inhibition, single channel Kir4.1 currents
were studied in inside-out patches using symmetric concentrations of K™ applied to each side
of the plasma membrane. Under such conditions, inward rectifying currents were observed
in about 2 of 3 patches. At pH 74, these currents showed a single channel conductance of
22 pS with a channel open-state probability (P,,,,,) of ~0-9.

open

The effects of intracellular protons on macroscopic Kir4.1 currents were examined in giant
inside-out patches at various pH levels of internal solutions. Current amplitude increased
with a modest acidification (pH 7:0 and 6:6), and decreased with further reductions in pH;.
The Kir4.1 currents were completely suppressed at pH 5:4. These effects were fast and
reversible.

Low pH; inhibited P,

open

dependent manner with pK (midpoint pH value for channel inhibition) of 6-0 and 68,
respectively. At pH 58, P, was inhibited by 70% and single channel conductance

open

and enhanced single channel conductance in a concentration-

921

increased by 35 %. Washout brought both P,
to baseline levels.

open

and single channel conductance rapidly back

4. Theoretical currents were calculated using percentage changes in P, ., and single channel

open

conductance at each pH level tested. The trajectory of these currents is very close to that of
experimental currents recorded from giant patches. Thus, opposite effects of intracellular
protons on P, . and single channel conductance are demonstrated, which are likely to result

open

in changes of macroscopic Kir4.1 currents with low pH.

The inward rectifier K* (Kir) channels are responsible for
the maintenance of membrane potential and cellular
excitability (Nichols & Lopatin, 1997). These channels are
modulated by several membrane and cytosolic factors
including G  proteins, membrane potentials, second
messengers and hydrogen ions (Coulter et al. 1995; Tsai et
al. 1995; Cohen et al. 1996a,b; Fakler et al. 1996; Henry et
al. 1996; Chuang et al. 1997; Huang et al. 1998; Zhu et al.
1999). The modulation of Kir channels by protons is
significant, because changes in intra- and extracellular pH
oceur in a number of pathophysiological conditions during
which a corresponding alteration in membrane excitability
can be produced via these Kir channels. Indeed, there is
experimental evidence indicating certain Kir channels are
inhibited during hypercapnia and other types of acidosis
(Wang et al. 1990; Tto et al. 1992; Schlatter et al. 1994; Zhou
& Wingo 1994; Pineda & Aghajanian, 1997). Inhibition of
cloned Kir currents by pH has recently been demonstrated
in several members of Kirl, Kir2 and Kir4 families (Coulter
et al. 1995; Tsai et al. 1995; Fakler et al. 1996; Shuck et al.
1997; Qu et al. 1999; Pearson et al. 1999). Kirl.1 (ROMK1)

and Kirl.2 (ROMKZ2) channels are inhibited by a decrease
in intracellular pH (Tsai et al. 1995; Fakler et al. 1996; Choe
et al. 1997; McNicholas et al. 1998). This inhibition is
mediated by a suppression of channel open-state probability
(Pypen) Without affecting the single channel conductance
(Choe et al. 1997; McNicholas et al. 1998). A member of the
Kir2 subfamily, ie. Kir2.3 or HIR, is pH sensitive. An
inhibition of single channel conductance by extracellular pH
and suppression of both P, . and conductance by intra-
cellular pH account for the inhibition of whole-cell Kir2.3
currents (Coulter et al. 1995; Zhu et al. 1999). Low pH has
also been shown to inhibit Kir4.1 channels, which have a
high sequence similarity to ROMK channels including a
lysine residue involved in proton sensing (Fakler et al. 1996;
Shuck et al. 1997; Pearson et al. 1999). In contrast to ROMK
and Kir2.3 channels, the biophysical mechanisms
underlying Kir4.1 inhibition are not known (Shuck et al.
1997; Pearson et al. 1999). Moreover, there is a lack of
information regarding whether the pH-dependent inhibition
of Kir4.1 is an inherent property of the channel protein or a
result of the involvement of other intermediate molecules.
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We therefore performed these experiments to study the
effects of intracellular protons on single-channel Kir4.1
activity using cell-free excised patches.

METHODS

Oocytes from frogs (Xenopus laevis) were used in the present
studies. All experimental procedures were subject to the Animal
Welfare Assurance of Georgia State University (A97008). Frogs
were anaesthetized by bathing in 0-3% 3-aminobenzoic acid ethyl
ester. A few lobes of ovaries were removed after a small abdominal
incision (~5 mm). The surgical incision was closed and the frogs
were allowed to recover from the anaesthesia. Oocytes were
removed not more than three times from any animal, with
adequate time for healing between each procedure. Following the
last collection the frogs were killed by overexposure to the
anaesthetic. Xenopus oocytes were treated with 2 mg ml™ of
collagenase (Type I, Sigma Chemicals, St Louis, MO, USA) in OR2
solution containing (mm): NaCl, 82; KCl, 2; MgCl,, 1 and Hepes, 5;
pH 7-4) for 90 min at room temperature. Then, cDNAs (25—-50 ng
in 50 nl double distilled water) were injected into the oocytes. The
oocytes were then incubated at 18 °C in ND-96 solution containing
(mm): NaCl, 96; KCl, 2; MgCl,, 1; CaCl,, 1-8; Hepes, 5 and sodium
pyruvate, 2:5 with geneticin added (100 mg 17) (pH 7+4).

Brain Kir4.1 (BIRK10) ¢DNA was generously provided by
J. Adelman (Vollum Institute, Portland, OR, USA; Bond et al.
1994). A vector for eukaryotic expression (pcDNA3.1, Invitrogen
Inc., Carlsbad, CA, USA) was used to express Kird.l in the
Xenopus oocytes. The Kir4.1 cDNA was removed from the pBF
vector at EcoRI restriction sites, and subsequently subcloned into
corresponding EcoRI site in the pCDNA3.1. The orientation and
the flanking sequences were confirmed with DNA sequencing.

Patch clamp experiments were performed at room temperature
(24-27 °C) as described previously (Jiang et al. 1994; Zhu et al.
1999). In brief, fire-polished patch pipettes (2—4 M€2) were made
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Figure 1. Single channel conductance of Kir4.1 currents
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from 1:2 mm borosilicate capillary glass (Sutter P-97/PC puller).
Single channel currents were recorded from conventional inside-out
patches. Giant inside-out patches were also employed to study
macroscopic currents in cell-free conditions using recording
pipettes of 0:-5—1:0 M (Zhu et al. 1999). Current records were low-
pass filtered (2000 Hz, Bessel, 4-pole filter, —3 dB), digitized
(10 kHz, 12-bit resolution), and stored on computer disk for later
analysis (pCLAMP6, Axon Instruments). Junction potentials
between bath and pipette solutions were appropriately nulled
before seal formation.

Vitelline membranes of oocytes were mechanically removed after
being exposed to hypertonic solution (400 mosmol 1™*) for 5 min.
Recordings were performed on the stripped oocytes using a bath
solution containing (mm): KCl, 40; potassium gluconate, 75;
potassium fluoride, 5; sodium vanadate, 0-1; potassium
pyrophosphate, 10. EGTA, 1; adenosine diphosphate (ADP), 0-2;
Pipes, 10; glucose, 10; and spermine, 0-1; (FVPP solution,
pH 7-4). The pipette was filled with the same FVPP solution
(pH 7-4). Data analyses were made using Clampfit and Fetchan and
pStat software (Axon Instruments Inc.). Data were further filtered
(0-1000 Hz) with a Gaussian filter. This filtering causes events
shorter than 100 us to be ignored. No correction was attempted for
the missed events. Single channel conductance was measured as a
slope conductance with at least two voltage points. Py, was
calculated from 1 to 3 stretches of data with a total duration of
20—-60 s as described previously (Jiang et al. 1994, Zhu et al. 1999).
Mean open and closed times were measured from records with only
one active channel.

A parallel perfusion system was used to administer agents to
patches at a rate of ~1 ml min~ with no dead space (Zhu et al. 1999).
Low pH was produced by exposing patches to the same internal
FVPP solution that had been titrated to various pH levels using
gluconic acid, N-methyl-p-glucamine or KOH. Osmotic pressure was
adjusted to ~300 mosmol 1™ after pH titration. No significant
difference in single channel conductance was seen between N-
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A, single channel current was recorded from an inside-out patch using symmetric concentrations of K*
(150 mm) on each side of the patch at various membrane potentials (V). While there is no channel activity
at depolarizing potentials, an active channel is seen at hyperpolarizing V. Continuous line, open state;
dotted line, closed state. B, single channel conductance calculated from the channel in 4 is linear at
negative V. The straight line represents a slope conductance of 22 pS.
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methyl-p-glucamine and KOH titrations. Pipes buffer was used,
because of its appropriate buffering range and membrane
impermeability.

Data are presented as means +s.EM., (n being the number of
patches). Differences in means were tested with Student’s ¢ test and
were accepted as significant if P< 0-05.

RESULTS

Expressions of Kir currents were first identified in the two-
electrode voltage-clamp mode in which inward rectifying
currents as large as 20 uA were frequently seen. These
currents were clearly different from oocyte endogenous
currents that averaged 16 + 8:2% (mean + s.EM., n=15)
with an injection of the expression vector in 50 nl H,O.
Inside-out patches were subsequently obtained from these
oocytes. These patches were exposed to symmetric
concentrations of K* (150 mm) on each side of the plasma
Command potentials from —140mV to
+100 mV were applied to these patches. When inward
rectifying currents were seen, the slope conductance was
measured (Fig. 1). These inward rectifying Kir4.1 currents
had a single channel conductance of 215 + 0-5 pS (n = 16)
and were observed in most (~2 of 3) patches. Other single
channel properties were studied in patches with only one
active channel. These channels showed a high baseline
channel open-state probability (Py,., 0896 £ 0:005, n=4;
pH 7-4, membrane potential —120 mV) with long periods
of opening and short periods of closures (Fig. 2). The mean
open time of these Kir4.l currents was 70:8 + 1:5ms
(n=4), and the mean closed time was 12:8 + 1:6 ms
(n=4). Bursting activity was not observed.

membranes.

Figure 2. Single channel activity of Kir4.1
currents

A, single channel activity was recorded from
another inside-out patch under the same
conditions as in Fig. 1. Although no channel
opening was detected at a membrane potential
(V) level of 100 mV (not shown), this channel
showed a high channel activity at V,, of

—120 mV with P, at 0-887 (top). In long-
lasting openings, brief closures can be seen
which are better illustrated on extended time
scales (a, b). Traces a and b are obtained from
positions a and b indicated by lines below the
top trace, respectively. Calibration: 2 s for the
top trace and 100 ms for traces a and b; 2 pA
for all. Labels on the right side: ¢, closed state;
o0, open state. B, all points histogram of Kir4.1
currents shows channel openings at 2:5 pA at a
membrane potential of —120 mV. Data are
obtained from A as a stretch of recording of 20 s
which was fitted by Gaussian distributions with
peaks at 0-00 and 249 pA.
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The effect of intracellular pH (pH;) on macroscopic Kir
currents was studied using giant patches. At baseline
(pH 7-4), inward rectifying currents as large as 200 pA were
seen in these patches at a membrane potential of —100 mV.
Exposures of the internal surface of the patch membranes to
solutions with various pH levels produced a biphasic
response in these currents (Fig.34). The amplitude of
Kir4.1 currents increased with modest drops in pH;. Kir4.1
currents increased by 5+6% (n=06) at pH 70, and
15+ 5% (n=16) at pH 6:6. Further acidification to pH 6-2
or 58 led to a rapid reduction in these Kir4.1 currents. At
pH 54,
completely suppressed. The maximal effect of the inhibition
was reached within 30s. A complete recovery of the Kir
currents was seen if the exposure was not longer than

the inward rectifying Kir4.1 currents were

2 min, while long-lasting exposure led to only a partial
recovery. The relationship of current amplitude to various
pH, levels can be described using the Hill equation with pK
at 5:95 and a Hill coefficient (ny) of 2:7 (Fig. 3B). The effect
of protons on Kir4.l currents appeared to be voltage
independent, because the slope of affected currents
(obtained by subtraction of the remaining currents at
pH 58 from those at pH 7-4 and scaled to the same
amplitude of the baseline currents) was almost identical to
that of baseline currents (not shown).

In conventional inside-out patches, P, decreased with
pH; levels in a concentration-dependent manner (Fig. 4).
This inhibition was very different from that for the
macroscopic currents observed in giant patches. There was
no evident increase in Py, at pH 70 and 6:6. The
relationship of P, .. to pH; can be described with the same
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Figure 3. Effects of pH; on macroscopic

Kir4.1 currents
. . \ A, Kir4.1 currents were recorded from a

giant patch with equal concentrations of K*
(150 mm) on each side of the membrane.
Inward rectifying currents were seen at
pH 7-4 using a slope command potential
from +100 mV to —100 mV. When the pH
20pA in the internal solution was reduced to 66,
|_ the amplitude of these currents increased
100ms by 16 %. Further decreases in pH, caused
strong inhibitions of these currents. Inward
0 rectifying currents were totally suppressed
100 at pH 5-4. Washout led to a recovery of
these currents to the baseline level. Note
@ that 4 superimposed traces are shown in
each panel. B, the relationship of Kir4.1
a currents with pH;. Kir4.1 currents increase
with a modest intracellular acidification
(pH 6:6, 7-0), and are strongly inhibited by
further acidification. At pH 5:4—6-6, the
relationship of Kir4.1 currents (/) to pH;
/ can be expressed with the Hill equation
/ (continuous line): 1= 1/{1 + (pK/pH,)""},
where p K is the midpoint pH value for
channel inhibition, and ny the Hill
- coeflicient. The pK and ny; here are pH 5:95
and 27, respectively.

100mV
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Figure 4. Effects of pH on single channel activity
Concentration-dependent inhibition of single channel
activity by acidic pH. Single channel currents were
recorded from an inside-out patch under the same
conditions as Fig. 1. At a V,, of =120 mV, two active
channels were seen at pH; 74, both of which had a slope
conductance of 22 pS (top, Py, = 0-873). These currents

pHS5.8 were completely inhibited at pH; 5:4 (middle,
u I L ¢ Py pen = 0-000). Channel activity resumed after washout
. ' o (bottom, P, ., = 0-863). Labels on the right: ¢, closure; 1,
the first opening; 2, the second opening.
w L...._ 2sec
pH 5.4
19
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Figure 5. pH-dependent changes in macroscopic currents, P, ., and single channel conductance

Whereas P, ., (A, n=4) decreases with low pH;, the Kir4.1 currents (O, n = 5) increase with a modest

intracellular acidification (pH 6-6, 7:0), and are strongly inhibited by further acidification. At pH 5:4—6-6,

current response to low pH is almost the same as the P, both of which can be expressed with the same
Hill equation (continuous line): P, .. = 1/{1 + (pK/pH,)""}, where pK is the midpoint pH value for
channel inhibition, and ny the Hill coeflicient. The pK and ny here are pH 5:95 and 2:7, respectively. In
contrast to Py, single channel conductance (g, O, n = 5) increases with low pH;. Its change can be also

expressed using a Hill equation (dashed line) with pK 6:8 and ny 2+3. Based on the percentage changes in

conductance and P, ., theoretical currents (%) are calculated at each pH point using Ohm’s law and an

equation: [= iP,, N, where I is the macroscopic current, i single channel currents, and N the number of
channels. Data are presented as means + s.E.M.
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Figure 6. Augmentation of single channel conductance with intracellular acidification

Single channel current was recorded from an inside-out patch with symmetric K* concentrations (150 m)
applied to each side of the patch membrane. Ramp command potentials from 4+150 mV to —150 mV were
given to the patch every 2 s. The internal membrane was exposed to solutions at various pH levels. 4, under
such conditions, a single active channel was isolated at pH 7-4. This channel had a slope conductance of
23 pS as indicated by the straight line. B, at pH 7-0, the conductance of this channel increased to 28 pS.
C, the conductance became 34 pS at pH 6:6. D and E, the unitary conductance was stabilized at 33—34 pS
when the internal solutions were acidified to pH 6-2 and 5:8. F, washout (pH 7-4) led to a complete recovery
of the single channel conductance. Note that two superimposed traces are shown in each panel.
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Hill equation as for the macroscopic currents (pK 595, nyg
2:7) (Fig. 5). The inhibition of P,
channel mean open time and an increase in mean closed
time, (26°1 £+ 151 ms, 3444+ 21'9ms, n=4,

respectively, pH, 5:8).

was due to a decrease in

n=4;

Single channel conductance was also studied during low pH;.
Surprisingly, we found that a decrease in pH; augmented
single channel conductance instead of suppressing it (Fig. 6).
At the maximum effect of pH;, Kir4.l conductance was
enhanced by 35 % at pH 5:8 in comparison with its baseline
value at pH7-4 (Figs 5 and 6). The relationship of
conductance to pH can also be expressed with the Hill
equation with pK of 6:8 and ny; of 2:3 (Fig. 5).

Using the equation [= iP,,.,N (where [ ismacroscopic
current, i single channel current, and N is the number of
channels) and Ohm’s law, theoretical I was calculated at each
pH point according to percentage changes in P, .., and
single channel conductance. The calculated [ is fairly
consistent to the experimental I recorded from oocytes
(Fig.5), suggesting that the biphasic changes in the
macroscopic Kir4.1 currents are mediated by the pH effects

on P, ., and single channel conductance.

DISCUSSION

We have shown in these studies that brain Kir4.1 is
inhibited by strong acidification and enhanced by moderate
acidification. The inhibition is mediated by a suppression of
Pypen, Whereas the enhancement is due to an augmentation
of single channel conductance.

In cell-attached patches with 110 mm K* in the external
solutions, Kir4.1 has a single channel conductance of 12 pS
(Pessia et al. 1996). This level is much lower than we have
observed (22 pS) in inside-out patches with 150 mm K™ on
each side of the patch membrane. It is likely that the different
K™ concentrations used in these two separate studies caused
this effect. In addition to conductance, we have examined
several other single-channel properties of Kir4.1 such as
voltage dependence, P, .., substate conductance and
bursting activity. Kir4.1 has a high baseline activity with a
long mean open time and a short mean closed time.

Several members of the Kir4 family have been
demonstrated to be pH sensitive. Shuck et al. (1997) have
shown that intracellular acidification inhibits a Kir channel
cloned from the kidney (named Kir1.2) with a 97 % identity
to the brain Kir4.1. The pK value for this Kir channel is
pH 6-2 measured with extracellular acetate bufter (Shuck et
al. 1997), which is higher than that we have seen in brain
Kir4.1 (pK 5:95). What causes this difference is not clear. It
may be a result of different Kir4 species or the potential
controlling error of the pH, using extracellular acetic acid.
Kir4-2 cloned from liver is also pH sensitive (Pearson et al.
1999). It has a 64 % homology in its amino acid sequence to
brain Kir4.1, and is inhibited by 50 mm extracellular
bicarbonate, although its pK value is unknown (Pearson et
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al. 1999). In the present studies, we have employed excised
patches to have an easier access to the cytosolic side of
membranes and a better control of intracellular pH than
whole-cell recordings. We have found that intracellular
acidification produces a biphasic response in Kir4.1 currents.

In cell-free excised patches when cytosolic soluble factors are
generally washed out, we have seen the pH sensitivity of
Kir4.1. This observation suggests that the inhibition of the
Kir channels by low pH; is unlikely to be caused by changes
in concentrations of cytosolic soluble factors such as second
messengers and kinases. Channel phosphorylation does not
seem to be a reason for inhibition of Kir4.1 currents by
intracellular protons. Several blockers of phosphatase and
phosphodiesterase such as vanadate, fluoride and pyro-
phosphate were used in the intracellular solution. Also, there
was no Mg®" or ATP in this intracellular solution. Under
such conditions, the turnover of protein phosphorylation
and dephosphorylation should not occur during our
experimental period with low pH. Therefore, we believe that
amino acid sequences and their tertiary structures in Kir4.1
channel proteins are the molecular basis for the Kir4.1
inhibition during intracellular acidification, similar to the
effect of protons on Kirl.l, Kirl.2 and Kir2.3 channels
(Coulter et al. 1995; Tsai et al. 1995; Fakler et al. 1996; Choe
et al.1997; McNicholas et al. 1998; Qu et al. 1999).

A novel finding in our current experiments is the opposite
effect of protons on P, ., and single channel conductance of
Kir4.1. Before a complete inhibition of Kir4.1 currents
takes place with severe acidification, we have found that
Kir4.1 currents are enhanced with modest acidification. The
biophysical mechanisms for this biphasic response, that has
not been observed in other Kir channels, has been studied
in our current experiments at the single channel level. We
have shown that P, is inhibited by intracellular protons,
while low pH; enhances the single channel conductance of
Kir4.1. Using a simple mathematical equation and Ohm’s
law, we have calculated the theoretical currents based on
percentage changes in P, and conductance. We have
found that the calculated currents are fairly consistent with
the experimental currents recorded from the oocytes. Thus,
the biophysical basis for the biphasic change in macroscopic

currents is explained with our single channel data.

It is worth noting that Kir4.1 has a 53 % identity and 71 %
similarity in its amino acid sequence to the ROMKI1
channel. A lysine residue that has been demonstrated to be
critical in pH sensing in ROMK1 (i.e. Lys80) can be found
in Kir4.1 (Lys67). Both these two channels show only a
partial recovery from the pH inhibition when the exposure
period is long (Schulte et al. 1998). Although these two
channels have many such similarities, their pH sensitivity is
very different. In contrast to ROMK (pK ~6-8), Kir4.1
shows a pK value of only 6—6-2. These figures strongly
suggest that pH sensing is an inherent property of these Kir
channels and depends on their amino acid sequences and the
tertiary structures of the channel proteins.
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Although functions of the paradoxical responses of P,
and conductance to low pH remain to be understood, major
changes in K* currents occur at pH 58 to 7-0 through
Kir4.1 channels. This, plus the fact that Kir4.1 is
predominantly expressed in brainstem (Bredt et al. 1995),
seems to allow these channels to be involved in hypercapnia
in cells expressing Kir4.1. If these cells indeed have
synaptic connections with cardio-respiratory neuronal
networks, a change in P, levels in the cerebral spinal fluid
or the cerebral circulation may be coupled through these
corresponding change in membrane
excitability of cardio-respiratory neurons. Thus, the
understanding of Kir4.1 modulation by pH may contribute
to the understanding of their potential functions in CO, and
pH sensing in brainstem neurons.
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