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ABSTRACT A mutant in the plasma membrane H*-
ATPase gene of the yeast Saccharomyces cerevisiae with a
reduced H*-ATPase activity, when examined at the single-
channel level with the patch-clamp technique, was found to
exhibit K* channels activated by intracellular application of
ATP. In the parent strain, the same channel, identified by its
conductance and selectivity, is not activated by ATP. This
activity in the mutant is blocked by the ATPase inhibitor
N,N'-dicyclohexylcarbodiimide. ADP and the ATP analog aden-
osine 5'-[y-[>S]thio]triphosphate do not activate the channel.
These findings suggest a tight physical coupling between the
plasma membrane ATPase and the K* channel.

The plasma membrane ATPase of yeast is a 100-kDa essential
protein that functions as an electrogenic proton pump (1, 2),
playing a major role in the regulation of intracellular pH and
membrane potential. DNA sequence analysis (3) of the PMAI
gene that encodes this H*-ATPase has shown its homology
to various H*/K*, Na*/K*, and Ca?*-ATPases. Several
lines of evidence (1, 2) suggest that the proton pump is
indirectly coupled to a K*-transport system. The transport
system responsible for potassium uptake in yeast is known to
have multiple affinities (4), and we seek to determine the role
played in this process by the recently observed voltage-gated
potassium channels (5). We report here patch-clamp exper-
iments (6) on mutant yeast that reveal an unexpected inter-
action between a voltage-gated K* channel and the proton-
pumping ATPase.

Recently McCusker et al. (7) isolated a large number of
mutations in PMAI, the plasma membrane ATPase gene in
the yeast Saccharomyces cerevisiae. The mutations were
isolated by their resistance to hygromycin B. The ATPase
activity of the pmal mutants is reduced by as much as 75%.
These mutants are highly pleiotropic, exhibiting pH, osmotic,
and cold sensitivity. Three severely affected mutants, includ-
ing the pmal-105 mutant discussed here, were unable to grow
at pH 3.5 or with NH,*. These severe phenotypes are
suppressed by adding 50 mM KCl, but not by NaCl, to the
medium. Further analysis has shown that pmal mutant cells
have reduced membrane potentials (8). The PMAI-encoded
protein probably functions as a dimer or higher-order struc-
ture because the 53 pmal mutants display a complex pattern
of intragenic complementation. Some combinations of pmal
alleles complement for hygromycin B resistance (7), whereas
others exhibit negative complementation, such that a diploid
heterozygous for two mutant proteins is unable to grow (H.
Cooper and J.E.H., unpublished work).
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RESULTS

The pmal-105 mutation exhibits a 65% reduction in ATPase
activity (7). Biochemical analysis shows that the mutant
protein is present in the plasma membrane at wild-type levels
but exhibits an altered pH optimum, insensitivity to vanadate
inhibition, and altered K, for ATP (D. S. Perlin, J.H.McC.
and J.E.H., unpublished work). The mutant results from a
base substitution of Ser-368 to phenylalanine (S. Harris and
J.E.H., unpublished results).

K* channels in the pmal-105 mutant exhibit a surprising
activation induced by micromolar concentrations of intracel-
lular ATP. The K* channel of the Pma™ parent strain, as well
as that of other wild-type strains, does not exhibit the same
sensitivity. Perfusion of two inside—out patches of pmal-105
with ADP (1 mM) and two patches with the ATP analog
adenosine 5'-[y-[>3S]thio]triphosphate (1 mM) for 5 min did
not activate the channel. In these experiments the same
patches were perfused with 200 uM ATP before and after the
analogs, clearly activating the channels.

Fig. 1 shows a typical record of patch-clamp currents for
the mutant pmal-105 before and after adding ATP. Perfusion
of the patch with micromolar concentrations of ATP in-
creases channel activity at both positive and negative volt-
ages. This effect is reversible, as shown in Figs. 1 C and E,
where ATP is removed from the perfusate. The ATP-
activated channels of the mutant are blocked by N,N'-
dicyclohexylcarbodiimide (DCCD) (20 uM), a proton-pump
inhibitor, in <10 sec (Fig. 2). Inside—out patches of the Pma*
parent strain perfused for 5 min with increasing ATP con-
centrations (10 uM, 20 uM, 50 uM, 100 uM, and S mM) fail
to exhibit activation (Fig. 4) and are not blocked by DCCD.

Single-channel records and current-voltage curves in the
absence of ATP are shown for mutant and parent strain in
Fig. 3, showing unit conductance of 17 pS. Rapid flickering
of a large number of open channels in a patch, produced by
ATP concentrations of 50 uM or more, makes it difficult to
resolve individual events. To further compare the channels in
the wild-type and mutant strains, we constructed a library of
isolated events for voltages between —120 and +120 mV. The
isolated events show four distinct values of conductance: 17,
34, 49, and 67 pS. These values are multiples of the single-
channel conductance of the K* channel identified in both the
mutant and the parent strain Pma*. The channel observed in
the pmal-105 mutant, therefore, has approximately the same
conductance as the voltage-gated K* channel reported by
Gustin et al. (5) for the wild type. The channel reported here,
however, is activated by both depolarizing and hyperpolar-

Abbreviation: DCCD, N,N'-dicyclohexylcarbodiimide.
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Fic. 1. Activation of K* channels by ATP in the pmal-105 strain Y55-307. Pipette solution (solution 1, outside) is 150 mM KCl/5 mM

NaCl/1.5 mM MgCl,/1.5 mM CaCl,/100 mM sorbitol/5 mM Hepes/50 uM ATP or 10 uM ATP (as indicated), pH 7.2. Traces: A, baseline noise;
B, channels are activated by perfusion with 10 uM ATP/solution 1; C, activity decreased after ATP washout; D, activity recovered after perfusing
with 50 uM ATP/solution 1; E, baseline noise recovered after ATP washout; F, activity regained with 50 uM ATP. Pipette voltage, 59 mV.

izing voltages in excess of 100 mV. The two-sided gating is,
however, similar to that of the gated K* channel recently
seen in plant guard cells (9).

The probability of a channel being open as a function of
voltage was measured for both the mutant and the parent
strain by two separate procedures that gave identical results.
When individual channel events could not be resolved be-
cause of excessive activity of several flickering channels, we
used the mean current in response to voltage steps and the
steady-state noise to establish the probability of a channel
being open as a function of voltage. This analysis, which is
detailed in the Appendix, shows that the voltage-dependent
probability of being in the open state saturates at high voltage
to a maximum value of <0.1, as is suggested by the single-
channel records of Fig. 3. This approach, in turn, requires the
channel activation kinetics to have both a voltage-dependent
and a voltage-independent component.

Fig. 4 shows voltage-clamp records for the wild-type chan-
nels without ATP and with 1 mM ATP in the bathing medium.

DCCD

Onset of channel activity coincides with increase in membrane
noise. The probability of being in the open state is obtained
from these data by measuring the normalized voltage-
dependent conductance and also by analyzing the current-
noise variance. Computer averaging over hundreds of these
records for five different experiments yields the voltage-
dependent open-state probability in Fig. 4C, which shows no
discernible difference without or with ATP (0.1 mM). Similar
results were obtained on three separate patches.

Fig. 5 shows the response of a typical membrane patch of
the pmal-105 mutant to various concentrations of ATP (0,
100, 500, and 1000 uM). Fig. S A-D shows that the voltage
region of intense channel-gating activity is shifted to lower
values of voltage as ATP concentration is increased in the
medium. The open-state probability is plotted in Fig. SE for
the two extreme ATP concentrations—0 and 1 mM. As a
consequence of ATP addition, the probability curve is shifted
to lower values of membrane potential by =50 mV. A similar
shift was obtained in five separate patches.
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Fi1G. 2. Stepwise relaxation of patch current after DCCD application. The horizontal lines represent the single-channel conductance at the

given potential. Ionic solutions and voltage are the same as in Fig. 1. The signal has been averaged over intervals of 10 msec. In this case, four
channels are blocked by 20 uM DCCD in 10 mM ATP. At 120 mV DCCD blocks an average of 10 channels in a patch. Currents of 10-20 pA
are typically induced in the patches by increasing pipette voltage to 100 mV in either the positive or negative direction. The patch current has
rectification properties that parallel the gating of the individual channels. Therefore, this current results from the action of an average of 5-10
channels in the patch. The stepwise relaxation of the average current after the addition of DCCD proceeds in jumps equal to the unit
single-channel current.
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Fi1G. 3. (A) Single-channel events for the pmal-105 mutant.
Pipette solution = external solution = solution 1 as in Fig. 1 with no
ATP. (B) Single-channel events for the parent strain Pma*. Pipette
solution is solution 1. External solution is 5 mM KCl/140 mM
NaCl/1.5 mM MgCl,/1.5 mM CaCl,/100 mM sorbitol/S mM Hepes,
pH 7.2. (C) I-V curves generated by the pmal-105 mutant and the
parent strain Pma*, which show a conductance of 17 pS (pmal-105)
with solution 1 inside and outside the pipette (a), and 13 pS (Pma™)
(b) and an interpolated reversal potential of —58 mV with solution 1
inside and solution 2 (10 mM KCl/140 mM NaCl/1.5 mM CaCl,/1.5
mM MgCl,/100 mM sorbitol/S mM Hepes, pH 7.2) outside the
pipette.

DISCUSSION

These experiments show how a mutation in the gene that
codes for the plasma membrane ATPase affects the gating of
a voltage-gated K* channel. The pmal-105 mutation exhibits
two effects related to ATP—decreased plasma-membrane
ATPase activity, and ATP-dependent gating of the K* chan-
nel. In the absence of ATP, the gating and unit conductance
of the channel are the same as in Pma™.
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F1G.4. Effect of ATP on the parent strain Pma™. Solution 1 both
inside and outside the pipette. (A) Typical sequence of positive
(pipette) and negative voltage steps from —120 to 140 mV in the
inside—out configuration produces the currents shown here. No ATP
in the bathing media. The normal gating of the channel is evident for
voltages, V< —100mV or V> 100 mV. (B) Same as in A, except that
the external bath contains 1 mM ATP. No significant difference is
detected when compared with A. (C) By using a procedure detailed
in the Appendix, the ratio of the probability of being open to its
asymptotic value (R) is calculated. O, R for both hyperpolarizing and
depolarizing voltages when ATP concentration is zero; m, R for ATP
concentration of 100 uM. The lines are the analytical fits to the
function p(V) = pa(1/{1 + (1 — pa)exp—[B(V — Vo)I}), with p, = 0.1,
B=0.115(mV)~!, and V, = 120 mV (see Appendix). Each data point
was obtained by computer averaging of ten traces of 1-sec duration
for each voltage; digitization rate was 3 kHz.

The pmal mutation is known to affect ATPase activity and
occurs at a 10-amino acid separation from the phosphorylation
site. How this mutation might exert an indirect effect on the
voltage-sensitive K* channel can be envisioned. For example,
the altered ATP binding at the densely packed ATPase sites
might lead to altered membrane surface-charge density in the
vicinity of the channels. Surface-charge shift would be con-
sistent with the altered K, of the highly charged ATP but is not
consistent with our findings that high concentrations of ATP
analogs do not activate the channel and that ATP has no effect
on the gating of the channel in the parent strain.

In addition, ATP shifts the probability-of-opening curve to
lower absolute values of potential at both positive and
negative voltages. This result would not be expected for a
surface-charge effect, regardless of whether the two gating
regions stem from two separate channels or from different
open states of the same channel because the ATP binding is
only at one surface of the membrane. Shifting of the open-
state probability with voltage, as a function of ATP concen-
tration, follows Michaelis—Menten kinetics with half satura-
tion around 500 uM, which is very close to the altered K, for
the mutant pmal-105.
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FiG. 5. Effect of increasing ATP concentration in the mutant
pmal-105 K* channel. Pipette solution = 100 mM KCl/5 mM
NaCl/1.5 CaCl,/1.5 MgCl,/100 mM sorbitol/5 mM Hepes, pH =
7.3. Outside solution = 25 mM KCl/80 mM NaCl/1.5 CaCl,/1.5
MgCl,/100 sorbitol/10 mM Hepes, pH = 7.3. (A) No ATP in bath
solution. The different traces show the normal gating of the mutant
with increased positive voltage. This positive voltage corresponds to
a negative voltage with respect to ground when the cell membrane is
intact (hyperpolarizing voltage). (B) Outside of the cell is now
perfused with the same solution plus 100 uM ATP; the channel starts
gating at lower voltages. (C) Same as for B but with 500 uM ATP;
the voltage where the channel starts gating decreases further. (D)
ATP concentration increased to 1 mM; gating occurs at =50 mV. (E)
By using a procedure detailed in the Appendix, ratio of the proba-
bility of being open to its asymptotic value (R) is calculated. O, R for
both hyperpolarizing and depolarizing voltages when ATP concen-
tration is zero. Vo = 120 mV; m, R for an ATP concentration of 1 mM.
Vo = 60 mV. The lines are the analytical fits of the points to the
function p(V) = p.(1/{1 + (1 — paexp—[B(V — Vp)I}), with p, = 0.1
and B8 = 0.115 (mV) 1. Data points were again obtained by computer
averaging of ten traces of 1-sec duration for each voltage; digitization
rate was 3 kHz.

Alternatively, ATP-dependent perturbations could occur if
a K* channel, tightly surrounded by a cluster of H*-ATPase
molecules, were exposed to altered solution pH induced by
changes in ATPase activity. Solution pH changes are unlikely
for an excised inside—out patch of membrane, unless it has
been sucked deeply into the pipette.

Because the mutation in pmal-105 is specifically in the
PMAI gene, which codes for the ATPase, the effect on the
channels is not likely to come from ATP reception by an
autonomous channel, unless this, too, is coded by the same
gene. Although ATP has been shown to close K* channels of
animal cells (10, 11), ATP has not been shown to enhance
channel opening.

The possibility remains that the K* channel might actually
be some transiently induced pathway related to the multi-
meric ATPase itself. Although evidence exists fora H*/K*
electroneutral exchange mechanism (1, 10-12), such coupling
has been seen mainly at the membrane resting potential, for
which the wild-type K* channel is open only a short time.

Our observations might be combined with evidence that
purified ATPase from a different yeast, Schizosaccharomy-
ces pombe, transports K* coupled to ATP hydrolysis (13) to
support the idea that the K* channel resides in a protein
coded by the PMAI gene. However, even if this were so,
there is no evidence that potassium channels equal ATPase
sites in number; there appear to be far fewer potassium
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channels than pumps. Thus, either the channels affected by
the mutation are different membrane proteins that are merely
in proximity to the ATPases, or the observed potassium
channel events are caused by some ‘‘leaky’’ variant confor-
mation adopted by a small fraction of the ATPases.

If the plasma membrane ATPase in yeast, functioning as an
electrogenic pump, should also be the site of an inefficient
H*/K" transporter or a voltage-regulated K* channel, then
possibly the protein of the pmal-105 mutant fails to change
conformation as rapidly as the wild-type protein, allowing a
greater flux of K* into the cell. The increased K* influx may
explain our observation that the predominant effect of pmal-
105 and other pmal mutants is not to significantly reduce
proton efflux from the cell but to markedly reduce the cell
membrane potential (8). The strong homology between the
yeast PMAI gene and the H*/K* and Na*/K*-ATPases of
higher organisms suggests that they work similarly, but in
yeast the K* transporter function has been largely, but not
completely, decoupled from the proton pump. Indeed, one of
the mutants we have studied, pmal-114, has normal ATPase
activity but very low membrane potential (8).

APPENDIX

Noise Analysis of Channel-Gating Kinetics. Figs. 4 and 5
show voltage-clamp currents for membrane patches contain-
ing several channels. Channel gating is manifest in both the
steep region of voltage-dependent conductance and the cur-
rent-noise fluctuations. At each voltage the mean current and
current-noise variance were measured and fit to a self-
consistent scheme of voltage-dependent gating.

Under the assumption that the channels have a minimal
gating scheme of three states (two closed and one open) with
one transition being voltage dependent and the other not,
gating obeys the following rate equation:

closed (2) 22 closed (1) === open (0), m
wi(V) Wo1

where wy; are the transition rates as shown. The steady-state
probability of being in the open state is given by

p(V) = {1 + (wor/wioll + wia(V)/wa(V)I}L. 2]

Assuming the states separated by voltage-dependent transi-
tions are in a Boltzmann distribution in equilibrium, the
voltage-dependent rates are related by

wi(V)/war(V) = exp[—(Q/kT)V — Vo), 31

where Q is the effective gating charge and Vj is the potential
for which p is half maximum. Thus p(V) can be written as

p(V) = pafl + (1 — pa)exp[—(Q/kTXV — VoI} ', ]

where p, = wyo/(Wyo + woy) is the maximum probability of
being open.

For N independent, identical channels, the mean, (I), and
the variance, Vary(V), of the current fluctuations are given by

{I) = Ny(V — E)p, [5a]
Var(V) = (I> = {I)*) = N[y(V — E)I’)p(1 — p), [5b]

where v is the single-channel conductance, E is the reversal
potential, and p is the probability function given by Eq. 4.
The observed current variance can be used to obtain an
independent value for p,, the maximum probability of being
open. To do this, we use the observable quantity Vary(V)/(V
— E)? as a measure of the quantity F(V) = p(1 — p). At large
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depolarizations F(V) has an asymptotic value F, = p,(1 — p.),
so that from Eq. 5b we get

F(vV) _ pd-p) _ Vau(V)/(V - E)
FyV) p1-ps) Var(V¥/(V* - EY

where V* is the voltage at which the asymptotic value is
determined (V* = 140 mV).

The observed and calculated values of F(V)/F,(V) are
plotted in Fig. 6 as a function of membrane potential. A family
of curves is shown for varying values of p,. The experimental
data points are fit well by a value of p, < 0.1. The inset in Fig.
6 shows the fit of the function p(V)/p,(V), with p, = 0.1. The
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FiG. 6. Analysis of single-channel conductance using voltage-
dependent current noise. The voltage dependence of the current
noise is fit to the kinetic scheme of Eq. 1. This implies a functional
form for the variance, F(V) = pa(1 — pa){1 + exp[—B(V — Vo)IH1/{1
+ (1 — paexp[—B(V — Vp)I}). The parameter A represents the test
values for p,. The ratio of F(V)/F, is shown as a function of voltage.
0, Data obtained from mutant pmal-105. Three different curves for
values of p, = 0.9, 0.6, and 0.1 show that only small values of p, fit
the data. A good fit is obtained for p, = 0.1, 8 = 0.115 (mV) ™!, V,
= 120 mV. (Inset) Fit for the probability of being open, p(V) =
Pa(1/{1 + (1 — pa)exp[—B(V — V,l}), using the same parameter values
as those used to fit F(V).
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joint fit shows that the noise variance and the steady-state
probability of being in the open state follow the voltage
dependence expected for a three-state gating scheme such as
that of Eq. 1. Furthermore, at saturation of the voltage-
dependent rates, the individual channels are open only a
small fraction of the time, as suggested by the single-channel
data of Fig. 3.

To check that the noise does, indeed, emanate from several
channels of the type seen in the single-channel patches, we
calculate the ratio of variance-to-mean from the data of Fig.
6 as follows:

Var(V)/{IXV - E) = y(1 - p), 7

so that at each value of V, the ratio can be used to calculate
v. The result of this calculation for several values of V leads
to an estimate of the unitary conductance, y = 17 + 5 pS,
consistent with the single-channel determination.
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