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ABSTRACT High-affinity potassium uptake in Neurospo-
ra occurs by symport with protons [Km (apparent) = l5,uM at
pH 5.8], for which a large inward gradient (-400 mV) is
generated by the H+-extruding ATPase of the plasma mem-
brane. Operating in parallel, the two transport systems yield a
net 1:1 exchange ofK4 for cytoplasmic H+. Since this exchange
could play a role in cytoplasmic pH (pHj) regulation, the
coordinated functioning of the K+-H+ symport and H+ pump
has been examined during acid stress. Cytoplasmic acid loads
were imposed by injection and by exposure to extracellular
permeant weak acid. Multibarrelled microelectrodes were used
to monitor membrane potential (Vyi), pHi, and the cur-
rent-voltage (I-V) characteristics of the cells. The behaviors of
the H4 pump and K+-H+ symport were resolved, respectively,
by fitting whole membrane I-V curves to an explicit kinetic
model of the Neurospora membrane and by subtracting I-V
curves obtained in the absence from those obtained in the
presence of 5-200 ,uM K4 outside. Proton pumping accelerates
nearly in proportion with the cytoplasmic H4 concentration,
but pHi recovery from imposed acid loads is dependent on
micromolar K4 outside. Potassium import via the symport
leads to a measurable alkalinization of the cytoplasm in
accordance with stoichiometric (1:1) K'/HI exchange. Potas-
sium transport is accelerated at low pH1, but in a manner
consistent with its inherent voltage sensitivity and changes in
V. resulting from an increased rate of H4 extrusion by the
pump. The primary response to acid stress thus rests with the
H4 pump, but K+ transport introduces an essential kinetic
"valve" that can regulate net H4 export.

A feature common to all living cells is the ability to maintain
cytoplasmic pH (pHi) nearly constant in the face of a
continuous acid load. Normal metabolic processes ensure
that most cells are net acid producers (1). In the short term
and for small acid loads, chemical buffering of proteins and
other cytoplasmic components will stabilize pHi; but in the
long term, metabolic acid production implies cellular mech-
anisms for net export of H+.

In animal cells, for which membrane transport is coupled
primarily to Na4 gradients generated by the Na+/K+-
ATPase, acid export generally is accomplished by transport-
mediated exchange of Na+ for H4 and Cl- for HCO- (2). By
contrast, the transport economies of eukaryotic cells with
walls and of prokaryotes are generally based on the electro-
chemical potential difference for protons (7'H+), a fact that
has fueled arguments (3) that primary H4 pumps could
regulate pHi. Conceivable, too, are circumstances in which
"the demonstrated task of maintaining a large /H+ and the
postulated task of regulating pHi could not be accomplished
by the same ion pump" (4). In fact, it is now known that

bacteria control pHi via membrane transporters that are
distinct from the proton pumps (5, 6).
For plants and fungi, the notion that H' pumping alone can

account for pHi control remains at issue (7-9). In the best
documented example, Neurospora, acid loading stimulates
the H' pump, but pump activity does not appear essential for
stabilizing pHi (8). The situation is complicated further by
widespread observations of net H' export associated with
K4/H' exchange and its stimulation under acid stress in
higher plants (10), algae (11), and yeast (12). Cytoplasmic
alkalinization is frequently (13, 14) though not always (15)
observed during K+ uptake, at least with 10-100 mM extra-
cellular K+ (Ks). K4/H' exchange is most evident, howev-
er, in cells partially depleted of K+. These cells exhibit low
values for pHi (16) and apparent Michaelis constants of 10-30
tkM for K+ import (10, 17). Initially it was held that acid loads
might stimulate an electroneutral K4/H' exchange system
necessarily fueled by ATP hydrolysis to drive both H4 and
K+ against their respective thermodynamic gradients (18).
The notion of an H+/K+-ATPase, however, has remained
unconvincing (see ref. 19 for a review). So, in plants and
fungi, the mechanism by which potassium is "actively"
transported and its role in pH1 homeostasis have remained
open questions.

Recently, a high-affinity transport system was identified in
Neurospora that carries K+ inward in cotransport with H+
(19), analogous to one bacterial system (20). Transporter
activity was observed after a period of K+ starvation, and the
porter was capable of supporting cytoplasmic K4 levels of
60-100 mM with 2-10 ,uM K'. Charge balance was main-
tained by the electrogenic H4 pump, giving rise to a net
exchange of K' for intracellular H4 (Hr) as measured
extracellularly. The possibility that such a K+-H+ symport
could account for much of the K4 transport behavior of
higher plants, algae, and fungi raises the issue of its role in
regulating pHi. In this paper we examine the relationships
between pHi, K+-H+ cotransport, and the H+ pump in
Neurospora, with emphasis placed on the physiological
consequences of cytoplasmic acid loading. Our results show
that in K+-depleted cells, primary H+ pumping and parallel,
secondarily coupled K+ movements are competent to main-
tain pHi near neutrality.

MATERIALS AND METHODS
Cells and Protocol. Spherical cells of the normally mycelial

fungus Neurospora, wild-type RL21a, were grown in ammo-
nium phosphate-containing Vogel's medium (initial K+ con-
centration, 0.3 mM) with 1% glucose and 18% ethylene glycol
for 3 days (19). On harvesting, the cells (diameters, 15-20

Abbreviations: pHi, intracellular pH; Ko, extracellular potassium;
Vm, membrane potential; I-V, current-voltage (relationship); AI-V,
difference current-voltage (relationship); H+, intracellular H+.
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,um) were washed free of ethylene glycol and resuspended in
K+-free buffer containing 10 mM Mes [2-N-(morpho-
lino)ethanesulfonic acid] titrated to pH 5.8 with Ca(OH)2
(Ca2+-Mes; K+ concentration, 0.5-0.8 MxM). Electrical mea-
surements were carried out in continuously flowing solution,
and K2SO4 was added by rapid secondary flow (19). Acetate,
when present, was added as the free acid titrated to pH 5.8
with Ca(OH)2.

Electrodes, pH Measurement, and H' Injection. Multibar-
relled microelectrodes were manufactured and used as pre-
viously described (22). For pHi measurements, three-bar-
relled electrodes were made to include one barrel containing
tri-(n-dodecyl)amine, a pH-sensitive, ion-exchanger (Fluka,
Buchs, Switzerland). Polyvinyl chloride (10% wt/vol) stabi-
lized the exchanger against cell-turgor pressure. Calibrations
were carried out in 20 mM sodium phosphate buffers with
(and without) 50mM KCl. Electrodes were selected that gave
>54 mV per pH unit (pH 5-8) and 90% response times < 15
s. The remaining two barrels were filled with 50 mM KOAc
(pH 7.1) and were used for voltage-clamping and recording.
For H+ injections four-barrelled electrodes were used, of
which one barrel was filled with 10 mM H2SO4 and one with
20 mM KOAc. These barrels were connected by Ag-Ag-
ClJKCl half cells to a custom-made iontophoresis unit.

Current-Voltage (I-V) Measurements and Kinetic Analysis.
The I-V characteristic of the plasma membrane was deter-
mined by computer-controlled voltage clamp using the two-
electrode method. I-V curves obtained with and without K+
were used to obtain the difference [AI-VI curves for K+-H+
cotransport by current subtraction over the entire voltage
span (26). Ionic (chemical) fluxes occurring in non-voltage-
clamped cells could be referenced directly to the current
difference at Vm in K+. In addition, I-V curves recorded in
the absence of K+ were decomposed into "pump" and
"leak" components, assumed to function electrically in
parallel (4, 24). The nonlinear leak was described empirically
by a composite Goldman relation defined by a "permeabil-
ity" (PL) and an equilibrium potential (EL). The H+ pump was
represented as a three-state carrier cycle in which all reaction
steps not directly associated with membrane charge transit or
H+ binding were lumped together. Hence, the pump (carrier
density N) comprised three pairs (forward and backward) of
reaction constants, two each describing membrane charge
transit (k12, k21), H+ loading/unloading (k31,k13), and the
lumped voltage-independent steps (K23, K32). Voltage depen-
dence was assigned to a symmetric Eyring barrier (21) so that
k12 = k7°2exp(zFVm/2R1) and k21 = kO21exp(-zFVm/2R7),
where kO2 and k21 are the rate constants at zero membrane
potential (Vm = 0) and z (=1), F, R, and T have their usual
meanings. Full equations for the total membrane (im), leak
(i), and pump (ip) currents were

im = ip + iL, [1]

where

F2 1 - exp(-F(Vm-EL)/R1)
RT= 1"-PLCiVm
RT 1 - exp(-FVm/R7)
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FIG. 1. Membrane potential and pHi traces from one cell in 10
mM Ca2+-Mes, pH 5.8. The voltage scale applies to the Vm traces
only. Cytoplasmic alkalinization was evident only in the presence of
K: (50 AM; , addition; I , subtraction) in this and all other
experiments. Initial 0.06 pH-unit acid drift followed the first removal
of K: (the time in K+-free medium between K: exposures shown
was 12.6 min). The slight downward displacement of the pHi trace in
K: reflects a 0.1% gain mismatch between amplifiers.

All parameters (k°2, k12, k13, k31, K23, K32, PL, and EL) were
found by least-squares fitting of Eq. 1 jointly to sets of I-V
curves obtained at intervals during acid loading and washout.

RESULTS

pHi in K+-Starved Cells and Its Response to K+ Transport.
The cytoplasmic pH recorded on impalement of K+-starved
spherical cells [7.02 ± 0.06 (n = 10)] was about 0.2 pH unit
lower than reported for K+-replete Neurospora (8). Re-
sponses of pHi and Vm to 50 ,uM K' are shown in Fig. 1. K'
elicited large and rapid positive shifts in Vm associated with
current through the K+-H+ symport (19). After prolonged
exposure to K', Vm recovered only partially on initial
transition to K+-free buffer (see also Fig. 2). In Ca2+-Mes
buffer alone, pHi remained constant or, immediately after K+
washout, decreased slowly. Addition of 50 ,M K' resulted
in a steady 0.019 ± 0.008 pH unit per min increase in pHi (n
= 8; the longest single period in K' was 17.8 min).
Charge Stoichiometry of K+/Hj Exchange. In establishing

a charge stoichiometry for K+ transport of two positive
charges per K+ [2(+):1(K+)], Rodriguez-Navarro et al. (19)
found K+ efflux was <20% of the cation influx for 5-200 AM
K+. So it was expected that the same charge stoichiometry
would hold for K+/H+ exchange: 2(+) charges [and 1(K+)]
should enter the cell for each H+ exported (net). Buffering of
pH, precluded directly comparing K+ transport currents
(obtained by current subtraction) with net H+ movements.
Instead, simultaneous I-V and pHi recordings were used to
calculate the pH-buffering capacity, ,, of the cytoplasm
assuming a charge stoichiometry of 2(+):1(H+); the result

k12K23k31 - k21K32k13
=FNk12(K23 + K32 + k3l) + k21(13 + k31 + K32) + k13(K23 + K32) + k3jK23

and Ci is the intracellular concentration of a putative leakage then could be compared with indeF
cation. tional estimates of 8 by using the

[3]

pendent and more conven-
e Henderson-Hasselbalch
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FIG. 2. Membrane potential Vm and iontophoresis current Iio, traces during acid loading and washout. Positive current (shaded, 45-pA
injection) released HOAc and negative current (150-pA backing) released K2SO4 into the cell. t and I below Vm trace, addition and subtraction,
respectively, of 50 AuM K4+; arrowheads above Vm trace mark I-V scans (duration, 6.4 s). I-V scans a-f refer to Figs. 3-5. At Io, the backing
current was switched off as a check against voltage offset in Vm. The acid load was 0.13 pmol of H' (assumed transport number, 0.5; diffusional
contributions were ignored) and K+ import was 0.14 pmol (mean symport current, 2.1 AuA cm-2 cell surface area, 1464 Zm2); these values were
estimated by integrating Ii. and the symport current over time. From the cell volume (5.3 pl), a cytoplasmic buffering capacity of 34-36 mM
H+ per pH unit was obtained.

equation and pHi recorded from the same cell exposed to
permeant weak acid (2, 8).
For measurements based on external weak acid loading, 5

mM acetate (pKa = 4.77) was used because propionate and
butyrate (4, 8) introduced large, voltage-gated conductances
in spherical cells. Control experiments showed that acetate
did not stimulate respiration in the cells beyond that expected
from its effect on pHi and hence on H+-ATPase turnover rate
(25). Also, continuous injections of KOAc (pH 7.1) over

10-30 min had no measurable effect on the membrane I-V
characteristic.
Experiments with two cells were carried out combining

both approaches to estimate j3. The first cell yielded values
of 157 (symport current) and 152 mM H' (weak acid) per pH
unit; in the second cell, exposure to acetate was bracketed by
current measurements that gave 40 and 45 mM H+ per pH
unit. Acetate loading gave 41 mM H+ per pH unit. The
3.5-fold difference in ,B between cells was surprising at first,
but records from an additional five cells indicated a wide
spread in buffer capacities (137 + 25; range of 61-202 mM H+
per pH unit). Within this range, the values accorded with
known effects of carbon starvation in Neurospora (D. Sand-
ers, personal communication). By contrast, disparities be-
tween measurements from the individual cells (worst case,
10% of the acetate-derived values) were well within the 20%
margin set by K+ efflux. The results thus supported the
2(+):1(H+) relationship on which the calculations were based
and the underlying assumption of K+ import in cotransport
with H+.
Response of K+ Transport to pHi. One outstanding feature

of K+-H+ cotransport is its voltage-dependence. In micro-
molar K0+ the transport velocity (current) increases roughly
10-fold as the membrane hyperpolarizes (voltage increases
negatively) from -100 to -300 mV, precisely over the normal
physiological voltage range. Consequently, there are two
ways in which pH1 might affect K+ transport: (i) pH1 might
regulate transport directly by altering the symport kinetics, or
(ii) it might influence transport rates indirectly-within ex-
isting kinetic bounds-through acid-induced changes in Vm.
To address both possibilities at once, we acid-loaded single

spherical cells by iontophoretic injection of H+ (co-injected
anion OAc-) in the absence of K: and then let the cells
recover in micromolar K+. Whole membrane I-V curves,
obtained at intervals throughout each experiment, were used
to extract the voltage-dependent kinetic features of the
H+-pump and K+-H+ symport. Technical considerations
prohibited combining pHi recording and iontophoretic injec-
tions; but analogous experiments with pH microelectrodes,

carried out by acid loading with 5 mM OAc- in the bathing
medium, indicated He-pump stimulation to be quantitatively
consistent with simple He-substrate enhancement (see ref. 4
and Fig. 5). So, the pump I-V characteristic could be used to
index changes in pHi on injection. The experiments with
acetate also gave results with respect to K+ transport that
were similar to those obtained by acid injections (see below)
when measurements in the presence and absence of the weak
acid were compared.

Figs. 2-5 show the results of an acid load/washout cycle
from one cell (H+-injected twice previously over 1.2 hr). For
clarity, analyses for acid washout only are illustrated.
(Preinjection control I-V curves and fittings were superim-
posable with the I-V data of curves e/f and are included in
Fig. 3 Inset along with data from the preceding load/washout
cycle.) Acid injection (Fig. 2) shifted Vm from -301 to -323
mV. Both potential and associated membrane I-V profiles
(see below) were retained in the absence of KO+ (7.8 min; and
in the preceding load/washout cycle, 11.3 min), even with a

150-pA backing current applied subsequently to prevent
diffusional H' leakage from the electrode.t Addition of 50
AtM K' restored Vm and the I-V profile (recorded in K+-free
buffer) to their preinjection levels in about 13.7 min.
Potassium transport was stimulated per se by H+ injection

in the otherwise non-voltage-clamped cell. Symport current
at Vm prevailing in the presence of K+ increased 2.3-fold,
declining subsequently as pHi recovered (Fig. 3). Even so,
essentially all of the effect of acid loading on the symport
could be attributed to changes in Vm. No appreciable differ-
ences in the voltage-dependent kinetic (Al-V) characteristic
for K+ transport were seen during acid loading or washout
(Fig. 4).
By contrast, fitting whole membrane I-V curves taken in

Kg-free buffer to Eq. 1 showed a marked displacement of the
pump I-V characteristic, which recovered during K+ expo-
sure (Fig. 5). Especially satisfying was the fact that the best
fittings in this and three other experiments (also two cells
acid-loaded with acetate) were obtained by varying one

tEstimates of HI diffusion based on electrode geometry and resis-
tance (27, 28) suggested a leakage rate of 0. 1-0.2 fmol s-1, for which
the backing current [1.6 feq s-1 (eq = equivalents)] would have
compensated amply. However, pump I-V curves in this and one
other experiment indicated a slow decrease in pHi initially after K:
removal (see also Fig. 1). Since K:j accelerates HI extrusion and
hence ATP consumption by the HI pump, one likely source of acid
is metabolic CO2. Nonetheless, recovery from HI injection was
greatly accelerated by micromolar K:.

Vm
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FIG. 3. Whole membrane I-V curves recorded during acid
washout (Fig. 2) without (curves a, d, and f) and with (curves b, c,
and e) 50 ,uM KSO+. Curves a, d, and f were fitted to E1q. 1 (see Fig.
5). A, Prevailing symport currents at Vm. (Inset) Pump (A) and
symport (e) currents at Vm, normalized and plotted against the acid
load. Pump current and relative pHi [= -log(k3j/k3j,,njta)] were from
the corresponding data in Fig. 5; a control ofpHi = 7.0 was assumed.
Preinjection currents were 1.61 (pump) and 1.25 (symport) .AAcm2.
Points from the preceding load/washout cycle are included in the
analysis.
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FIG. 5. H' pump response during acid washout and to known
acid loads. Fitted pump curves a, d, and frefer to those in Fig. 3. Data
with recorded pHi were taken from one oftwo separate cells exposed
to 5 mM acetate. Unaffected parameters of the acetate loaded cell are
shown in parentheses: PL, 4.69 x 10-' (5.67 x 10-') cm s-1; EL, -84
(-87) mV; Ic?2, 2.48 X 104 (8.06 x 104) s-1; k92, 1.24 x 10-3 (1.88 x
10-3) 51; K23, 10.6 (12.6) S-1; K32, 0.11 (4.03) s-1; k13, 2.64 X 103 (211)
s-1. Affected parameter and related functions are as follows:

Curve
or
pHi

Membrane
potential,
mV

Equilibrium
potential,
mV

Saturating
current,
,uA cm-2

k3l
(=k3?,[H]i),

S-1

a -323 -443 9.17 67.7
d -308 -413 6.96 20.5
f -302 -402 5.76 12.8

6.61 -301 -424 10.82 24.4
6.98 -297 -406 9.43 12.0
7.06 -286 -401 8.93 9.81
7.10 -283 -396 8.57 8.58

Slope(ic3, V.S pH).
coefficient, 0.993).

was 10.89 per [Hf]i decade (regression

reaction constant only, k3l, which represents H' binding at
the cytoplasmic surface ofthe membrane. For the experiment
illustrated, the fitting indicated a -41 mV shift in the pump
equilibrium potential (24), a 5.3-fold rise in the reaction
constant 4i3, and, hence, a -0.72-unit (acid) shift in pH,
([H+]i/[H+]iinitiad = k31/k3l,initig) on injection. Furthermore,
the fitted pump current balanced the sum of the leak and
K+-H' symport currents at Vm prevailing in the presence of
Ko' (the error was <3% of the sum; see Figs. 3-5). So,
changes in Vm both during acid loading and during washout
in the presence of Ko' were accounted for quantitatively by
pHi-dependent modulation of pump kinetics,

-400 -200

c-d
b-a IK+' pA Cm-2
e-f

200

Vm, mV

-4

FIG. 4. K+-H' symport response during acid washout. AI-V
curves were obtained by subtraction (b-a, c-d, e-f) using 4th-order
spline interpolation of the data sets in Fig. 3. Failure of the curves to
cross the voltage axis at the symport equilibrium potential (about
-85 to -50 mV) is a consequence of subtraction and does not affect
interpretation of the curves at more negative potentials (26).

DISCUSSION

Controlling Net HI Export Under Acid Stress. The results
presented above identify a simple transport loop, comprising
electrogenic H' pumping in parallel with secondary 1gH+-
coupled transport, and its role in pHi recovery from acid
stress in nonanimal eukaryotic cells. The primary response to
acid loading rests firmly with the H' pump. The observed
increase in pump activity is kinetically consistent with the
increase in free solute (Hg+) concentration for translocation
and constitutes an overall rise in the rate of H' movement
through the pump at the prevailing Vm. Nonetheless, the
efficacy of this response is severely restricted without exter-
nal K+; it is current circulation through the K+-H' symport
that results in a net H' export and that provides a primary
level of control on its rate in these experiments. A central
feature of the transport loop, therefore, lies in stress-related
operational coupling of pump and symport. To understand
each component and its role in pH, recovery, it is necessary
to examine the kinetic features of the two transport systems,
both in relation to each other and in relation to the Ne-
rospora membrane as a whole.
Membrane potential, in addition to the chemical substrates

K+ and H', plays a key role in the kinetic behavior of the H'
pump and K+-H' symport. Pump velocity (current) is
voltage-dependent and declines over the physiological volt-
age range at potentials negative of -100 mV. One important
consequence of this fact is that increasing pump activity
against a constant leak conductance drives Im to more
negative values (until pump and leak currents are once again
equal) and thereby limits the extent to which pump velocity
may rise with [He]j. This behavior underlines the inadequacy
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of stimulating the H' pump alone: the pump is unable to keep
pace with large proton loads (see Fig. 3 Inset). Then, too, the
leak itself may reflect a finite conductance to H' (29). So,
accelerating the pump might do little more than increase the
rate of H' return via the leak.
By contrast, linking current circulation through the pump

with K+-H' cotransport clearly is a successful means to cope
with acid stress for at least three reasons. First and foremost,
the K+-H' symport defines an "open circuit" in proton
circulation through the membrane; parallel operation of
symport and pump yields net H' export (K+/H' exchange),
even though K+ uptake is coupled mechanistically to H'
reentry. Second, the symport is strongly depolarizing. In the
presence of micromolar K+, Vm is shifted far positive and,
consequently, the H' pump is less compromised by its own
voltage sensitivity.
The relationship between pump and symport is still more

subtle, however, and the third point relates to the voltage-
dependence of K+-H+ cotransport itself. Membrane poten-
tial exerts its most pronounced effects on pump and symport
over the same voltage range, but the two currents are
inversely related: increasing Vm (negative) increases sym-
port current. Furthermore, symport current is a nonlinear
function of voltage; symport conductance increases with
negative voltage (the maximum in 50 AM K+ is near -250
mV). Together, these features compensate for the voltage-
limited response of the pump (Fig. 3 Inset) and introduce a
voltage-dependent, kinetic "valve" on net H' export. As the
cytoplasmic acid load rises and Vm increases (inside negative)
with H+-pump activity, both total current circulation through
the membrane and the proportion of that current associated
with net H+ export increase (compare leak and symport
profiles, Figs. 4 and 5), even without a direct effect of pHi on
K+-H+ symport kinetics.

Implications for K+ Transport and Homeostasis. H+
pump/K+-H+ symport coordination provides a coherent
framework unifying many observations of pHi-dependent K+
transport and of K+-stimulated H+ pumping in plants, algae,
and fungi. It also raises fundamental questions relating to
transport control, pHi and Kj+ homeostasis. Significantly, the
Neurospora K+-H+ symport is relatively insensitive to
internal ligand (H+ and K+) concentrations (Fig. 4; also ref.
19). Kinetic sensitivity to pHi would compromise any role of
the symport in pHi homeostasis.

It is important now to examine whether, in K+-replete
cells, the symport is activated under acid stress. The previous
study (4) of Neurospora during acid-loading implicated a
pHi-mediated and time-dependent change in the leak con-
ductance. At the time, demonstrating transport-dependent
recovery from acid stress was not possible, and high-affinity
K+ transport was not suspected. Leakage of organic acid
anions out of the cell to balance charge movement through
the pump was the favored explanation, but in retrospect
activation of K+-H+ cotransport is conceivable. Similarities
in the conductance-voltage profiles for pump and symport
mean that the latter might have been mistakenly attributed to
the pump in curve fitting.
An equally important issue relates to K+ circulation

through the membrane. If K+/H+ exchange is a common
means for pHi control, K+ import implies a separate mech-
anism for K+ export in K+-replete cells. There is limited

evidence for ion-coupled K+ transport in yeast, which could
fill this role (12, 23). However, in the present context, K+
export is unlikely to occur either by simple diffusion (uniport)
or by exchange for H+. Either mechanism would lead to futile
circulation of both cations through the membrane and would
defeat any function in pHi homeostasis.
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