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Abstract. High-affinity nitrate transport was examined
in intact hyphae ofNeurospora crassausing electro-
physiological recordings to characterize the response of
the plasma membrane to NO−

3 challenge and to quantify
transport activity. The NO−3-associated membrane cur-
rent was determined using a three electrode voltage
clamp to bring membrane voltage under experimental
control and to compensate for current dissipation along
the longitudinal cell axis. Nitrate transport was evident
in hyphae transferred to NO−3-free, N-limited medium for
15 hr, and in hyphae grown in the absence of a nitrogen
source after a single 2-min exposure to 100mM NO−

3.
In the latter, induction showed a latency of 40–80 min
and rose in scalar fashion with full transport activity
measurable approx. 100 min after first exposure to NO−

3;
it was marked by the appearance of a pronounced sen-
sitivity of membrane voltage to extracellular NO−

3 addi-
tions which, after induction, resulted in reversible mem-
brane depolarizations of (+)54–85 mV in the presence of
50 mM NO−

3; and it was suppressed when NH4
+ was pres-

ent during the first, inductive exposure to NO−
3. Voltage

clamp measurements carried out immediately before and
following NO−

3 additions showed that the NO−
3-evoked

depolarizations were the consequence of an inward-
directed current that appeared in parallel with the depo-
larizations across the entire range of accessible voltages
(−400 to +100 mV). Measurements of NO−

3 uptake using
NO−

3-selective macroelectrodes indicated a charge stoi-
chiometry for NO−

3 transport of 1(+):1(NO−3) with com-

monKm andJmaxvalues around 25mM and 75 pmol NO−3
cm−2sec−1, respectively, and combined measurements of
pHo and [NO−

3]o showed a net uptake of approx. 1 H+

with each NO−
3 anion. Analysis of the NO−3 current dem-

onstrated a pronounced voltage sensitivity within the
normal physiological range between −300 and −100 mV
as well as interactions between the kinetic parameters of
membrane voltage, pHo and [NO−

3]o. Increasing the
bathing pH from 5.5 to 8.0 reduced the current and the
associated membrane depolarizations 2- to 4-fold. At a
constant pHo of 6.1, driving the membrane voltage from
−350 to −150 mV resulted in an approx. 3-fold reduction
in the maximum current and a 5-fold rise in the apparent
affinity for NO−

3. By contrast, the same depolarization
effected an approx. 20% fall in theKm for transport as a
function in [H+]o. These, and additional results are con-
sistent with a charge-coupling stoichiometry of 2(H+) per
NO−

3 anion transported across the membrane, and impli-
cate a carrier cycle in which NO−3 binding is kinetically
adjacent to the rate-limiting step of membrane charge
transit. The data concur with previous studies demon-
strating a pronounced voltage-dependence to high-
affinity NO−

3 transport system inArabidopsis,and under-
line the importance of voltage as a kinetic factor control-
ling NO−

3 transport; finally, they distinguish metabolite
repression of NO−3 transport induction from its sensitivity
to metabolic blockade and competition with the uptake
of other substrates that draw on membrane voltage as a
kinetic substrate.
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Introduction

Nitrate uptake, its reduction to nitrite and subsequently to
ammonium play an important role in maintaining the
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nitrogen status of plants, algae and fungi (Ullrich, 1987).
In every case, high-affinity transport of NO−

3 is manifest
under N-limiting conditions and shares similar charac-
teristics: the capacity for NO−3 scavenging is generally
evident — or is greatly enhanced — following NO−

3 ex-
posures (Schloemer & Garrett, 1974; Doddema, Hofstra
& Feenstra, 1978; Tischner et al., 1993; MacKown,
1987; Glass et al., 1990; Meharg & Blatt, 1995). Induc-
tion of NO−

3 transport is sensitive to inhibitors of protein
synthesis (Heimer & Filner, 1970; Schloemer & Garrett,
1974) and is marked by often complex metabolite repres-
sion (Goldsmith et al., 1973; Doddema et al., 1978;
Clarkson, Saker & Purves, 1989; Rufty, Jr. Mackown &
Israel, 1990; Tischner et al., 1993; Henriksen & Span-
swick, 1993). Finally, once induced, transport exhibits
an apparent affinity for NO−3 typically in the range of
20–50mM (Heimer & Filner, 1970; Schloemer & Garrett,
1974; Rao & Rains, 1976; Goyal & Huffaker, 1986;
Ullrich, 1987; MacKown, 1987; Meharg & Blatt, 1995).

Early studies established a requirement for energy
input, demonstrating that NO−3 uptake is sensitive to
metabolic poisons and uncouplers, and subsequent work
has supported, albeit indirectly, a coupling of NO−

3 trans-
port with H+ movement across the plasma membrane
(Heimer & Filner, 1970; Schloemer & Garrett, 1974;
Rao & Rains, 1976; Doddema & Telkamp, 1979; Mc-
Clure et al., 1990; Ullrich & Novacky, 1990; Glass et al.,
1990).

Strong support for coupling to the movement of two
H+ has come from recent voltage-clamp analyses of NO−

3

transport across root hairs ofArabidopsis(Meharg &
Blatt, 1995). However, these data have also highlighted
features of high-affinity NO−3 transport that distinguish it
from the majority of H+-coupled transporters previously
identified either in plants or fungi. Proton-coupled trans-
port of amino acids (Schwab & Komor, 1978; Felle,
1981; Sanders, Slogman & Paul, 1983), sugars (Schwab
& Komor, 1978), and of the inorganic anion Cl− (Sanders
& Hansen, 1981; Beilby & Walker, 1981) in large mea-
sure have shown only limited sensitivity to membrane
voltage. By contrast, in the root hairs NO−

3 transport dis-
played a pronounced voltage dependence within the
physiological voltage range. Furthermore, kinetic analy-
sis indicated a simple, first-order dependence on H+

binding for transport despite coupling with two H+ (Me-
harg & Blatt, 1995), pointing to a kinetic isolation of
rate-limiting cation (H+)-binding analogous to ion-
coupled K+ transporters inNeurosporaandCharawhich
also entail two cation-binding steps (Blatt et al., 1987;
McCulloch, Beilby & Walker, 1990).

These results have demonstrated that membrane
voltage can limit NO−3 transport and explain why NO−3
uptake should be restricted at neutral to alkaline pH, even
in the face of a large electrical driving force (Ullrich &
Novacky, 1981; Ullrich & Novacky, 1990; Meharg &

Blatt, 1995). Nonetheless, they leave as many issues un-
addressed, notably the relationship between the voltage-
dependence of NO−3 uptake, its probable kinetic suppres-
sion by metabolites which may themselves influence
membrane voltage (Ullrich et al., 1984; Deane-
Drummond, 1985; Henriksen, Bloom & Spanswick,
1990), and the depression of NO−

3 transport induction by
the same metabolites (Goldsmith et al., 1973; Doddema
et al., 1978; Clarkson et al., 1989; Rufty, Jr. et al., 1990;
Tischner et al., 1993; Henriksen & Spanswick, 1993).
Indeed, external NH4

+ as well as a range of amino acids,
notably glutamine and asparagine, are known to influ-
ence the induction of NO−3 transport (Ullrich et al.,
1984b; Lee & Drew, 1989b; Heimer & Filner, 1970b;
Goldsmith et al., 1973b; Privalle et al., 1989; Schloemer
& Garrett, 1974b). Yet these compounds, especially
NH4

+, may also affect NO−3 uptake once the transporter is
induced, simply by virtue of the fact that they draw on a
common ‘‘substrate’’ for transport, namely the mem-
brane potential.

To address these questions, we have examined the
characteristics of NO−3 transport in the fungusNeurospo-
ra, for which a large body of quantitative information on
ATP- and ion-coupled transport is already to hand. This
paper explores the energetic requirements for NO−

3 trans-
port, its voltage- and H+-dependent kinetic characteris-
tics following induction by N-starvation. Additionally,
we outline experiments directed to characterizing NO−

3

transport induction inNeurospora,and especially to the
effects of one metabolite, NH4

+, on its expression distinct
from any action on membrane voltage. The results dem-
onstrate, among others, that the effect of NH4

+ on trans-
porter induction is separable from its impact on mem-
brane voltage and NO−3 transport in fully-induced hy-
phae.

Materials and Methods

CELL GROWTH AND HANDLING

The wild-type strain 74A ofNeurospora crassaobtained from Profes-
sor Fincham (Genetics, Cambridge) was used throughout these experi-
ments. Cultures were maintained on slants of Vogel’s medium with
2% glucose and with NH4

+ as the sole nitrogen source [AmVM (Rod-
riguez-Navarro et al., 1986);seeTable]. Cells for (chemical) flux mea-
surements were grown from the N-starved tissue to give a mycelial
suspension of cells (Slayman & Tatum, 1968; Slayman & Slayman,
1974).

To obtain satisfactory growth, both of these preparations and
mycelia for electrical recordings were subcultured on media containing
NH4

+ and transferred to nominally N-free media (-NVM or NitVM to
induce the transport system;see Table) 15 hr prior to the start of
experiments. Mycelial suspension cultures were prepared by innocu-
lating 25 ml AmVM medium at 1 × 106 conidia/ml in flasks that were
then maintained on a rotary shaker (120 cycles/min) at 26°C. The
cultures were removed after 24 hr, filtered onto 5mm HA Millipore
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filters (Millipore, Poole), and washed thoroughly with -NVM medium
before being resuspensed in NitVM.

Shaking cultures were harvested by filtration as before, washed
with K+Ca2+-MES buffer (Table) — comprising 5 mM 2[N-morpho-
lino]ethane sulphonic acid (MES) titrated to pH 6.1 using Ca(OH)2

([Ca2+] ∼ 1 mM) with 0.2 mM K+ added as K+-MES titrated to pH 6.1
— and resuspended in the same buffer plus 1% glucose. Growth was
reduced on limiting nitrogen, and little further increase in cell weight or
volume was observed (data not shown). After 15 hr, residual NO−3 was
≈10 mM in cultures transferred to NitVM and was essentially undetect-
able in cultures transferred to −NVM using either microelectrode (be-
low) or photochemical assays (Goldsmith et al., 1973). At final har-
vest, cells in shaking cultures were largely unbranched filaments, 3–5
mm in diameter and 80–200mm in length.

Electrical recordings were carried out using hyphae grown on 1%
Bactoagar (Difco Laboratories, Detroit, MI). For this purpose, subcul-
tures were made from agar plugs innoculated on AmVM agar plates
and were grown at 26°C for 24 hr before a second agar plug was
innoculated on a −NVM agar plate. After a further 24-hr growth,
blocks of agar containing the leading edge of hyphal growth were
removed and mounted for electrical recording.

The preferred experimental buffer was K+Ca2+-MES, as Cl− has
been suggested to interfere with NO−

3 uptake (Deane-Drummond &
Glass, 1982) and several anions are known to interfere with the sensor
(methyltridodecylammonium nitrate) of NO−3 selective electrodes (Ull-
rich, 1987; Wegmann et al., 1984). In some experiments the MES
buffer was replaced with ACES (N-[2acetamide]-2-aminoethane sul-
fonic acid; pKa 6.8), HEPES (N-[2-hydroxyethyl]piperazine-N8-
[2-ethane] sulfonic acid; pKa 7.4), and EPPES (N-[2-hydroxyethyl]-
piperazine-N8-[3-propane] sulfonic acid; pKa 8.0) titrated to the pKas
with KOH and Ca(OH)2 to give [K+] 4 2 mM and [Ca2+] ∼ 1 mM.
Electrical measurements at pH 5.5 were obtained in K+Ca2+-MES
buffer, but with the MES concentration raised to give the same cation
concentrations. Ammonium was added during experiments as NH4

+-
MES from a 20 mM stock solution (20 mM MES buffer, titrated to pH
6.1 with NH4OH; final [NH4

+] 4 10 mM). All chemicals were analyti-
cal grade or better, and were obtained from Fluka (Glossop, Der-

byshire, UK), Sigma Chemical (St. Louis, MO) or from BDH Ltd.
(Poole, Dorset, UK).

FLUX EXPERIMENTS

After harvesting, all cultures were resuspended in K+/Ca2+-MES buffer
(densities of 0.1–1.0 mg dry weight/ml) and preincubated for 20–30
min with gentle agitation by aeration in a water-bath at 25°C. Free
NO−

3 concentration in the bath was monitored continuously using a
Corning NO−

3-selective membrane electrode (against a 100 mM

NaNO3/100 mM KCl electrolyte) and Delta 250 pION meter (Corning,
NY) connected to a strip chart recorder. An Ag|AgCl|1M KCl halfcell
served as the reference, and connection to the bath was made with a 2%
agar bridge containing 50 mM K2SO4. Nitrate was added as the Na+

salt, and NO−3 uptake monitored as its disappearance from the bath.
Electrode calibrations were carried out in the flux buffer as described
by Wegmann et al. (1984), both in the absence and presence of 50 mM
K2SO4. The NO−

3-selective electrodes routinely gave slopes of (−)53–
55 mV/[NO−

3] decade at NO−3 concentrations of 10−5 M and above.
Between 10−5 and 10−6 M NO−

3 the signal generally decayed to (−)15–
20 mV/[NO−

3] decade both in the presence and absence of K2SO4

additions.
For comparison with intracellular recordings only initial rates of

uptake were used when [NO−
3]o was within 90% of the maximum

following each addition and flux was normalized to the cell surface
area. Following experiments, suspension culture cells were filtered,
rinsed with distilled water, dried overnight at 95°C and weighed. Cy-
toplasmic volumes were calculated from the ratio of intracellular wa-
ter/dry weight (42.54), and corresponding surface areas were deter-
mined from the average cylindrical cell diameter of 4mm, given a
surface/volume ratio of 1 × 104 cm2/cm3 (Slayman & Tatum, 1968;
Slayman & Slayman, 1974; Rodriguez-Navarro et al., 1986).

In some experiments H+ release was followed simultaneously
with measurement of net uptake of NO−

3 using a commercial pH-
electrode (Corning pH-Microcombination) and second strip-chart re-
corder. In these experiments, the reference solution of the pH electrode
was replaced with 100 mM K2SO4 at the glass frit to avoid Cl− inter-
ference and 100 mM KCl layered above to maintain reversibility. A
K+Ca2+-MES buffer was used, but at a buffer concentration of 0.5 mM

with the additions of 1 mM K2SO4 and CaSO4. This low-pH buffer
served both to minimize errors from CO2 absorption and to increase the
sensitivity of the H+ measurements by reducing the buffer capacity.

MICROELECTRODES

Intracellular recordings were obtained using a combination of single-
and double-barrelled microelectrodes (Blatt, 1991, 1992; Meharg,
Maurousset & Blatt, 1994). Microelectrodes (barrels) were filled with
200 mM K+-acetate, pH 7.2., to minimize salt leakage and salt-loading
artifacts associated with the Cl− anion (Blatt & Slayman, 1983; Blatt,
1987a) without imposing a significant acid or alkaline load (Blatt &
Armstrong, 1993). Connection to the amplifier headstage was via a 1
M KCl|Ag-AgCl halfcell, and a matching halfcell and 1 M KCl-agar
bridge served as the reference (bath) electrode.

ELECTRICAL

All experiments were carried out in fast-flowing buffer solutions (ap-
prox. 10 chamber volumes/min). Mechanical, electrical and software
design have been described in detail (Blatt, 1987, 1990, 1991), with the
addition that a second, single-barrelled microelectrode was placed in
the adjacent cell of the same hypha. Thus, recordings routinely en-

Table. Composition of growth mediaa and experimental buffers (val-
ues in mM)

AmVM -NVM NitVM K +/Ca2+-MES

Na+ 0b 0 0.1 0
K+ 0.3 0.3 0.3 2
NH4

+ 40 0 0 0

Ca2+ 0.1 0.1 0.1 1.3
Mg2+ 0.8 0.8 0.8 0
Cl− 0.5 0 0 0
NO3

− 0 0 0.1 0
SO4

2− 0.8 0.8 0.8 0

Phosphate 15 15 15 0
Citrate 8.4 8.4 8.4 0
MES 0 0 0 5
Sucrose (%) 2 2 2 0 or 2
pH 5.8 5.8 5.8 6.1

a Modified from the ‘‘N’’ minimal medium of Vogel (1956) and con-
taining the same trace elements and biotin.
b Designation means no added salt, except for NO3

− in which case
concentrations were always below measurable levels (seeMaterials and
Methods).

61M.R. Blatt et al.: Kinetics of NO−3-H+ Cotransport inNeurospora



tailed two impalements, the double-barrelled microelectrode being
used to pass current and record voltage. Membrane potentials mea-
sured both by the simple microelectrode and by the voltage-recording
barrel of the double-barrelled microelectrode were logged on a
Kipp/Zonen BD1200 two-pen strip-chart recorder (Kipp/Zonen, Mals-
feld, FRG).

Current-voltage (I–V) relations were determined under voltage
clamp by a three-electrode method (Meharg & Blatt, 1995) with the
voltage clamp under microprocessor control using a WyeSciencemP
amplifier and mLAB analog/digital interface and software (Wye-
Science, Wye, Kent, UK). The clamp comparator utilized the voltage
recorded near the point of current injection, and voltage deflections in
the adjacent cell were used to correct for axial current dissipation
(Gradmann et al., 1978). Steady-stateI–V relations were recorded by
clamping cells to a bipolar staircase of command voltages (Meharg &
Blatt, 1995; Blatt, 1987; Blatt et al., 1987). Steps alternated positive
and negative from the free-running membrane potential,Vm (typically
20 bipolar pulse-pairs of 200 msec duration) and were separated by
equivalent periods when the membrane was clamped toVm. The cur-
rent signal was filtered by a 6-pole Butterworth filter at 1 kHz (-3dB)
before sampling, and currents and voltages were recorded during the
final 10-msec of each pulse.

NUMERICAL ANALYSIS

Data analysis was carried out by nonlinear, least-squares (Marquardt,
1963) and, where appropriate, results are reported as the mean ± SE of
(n) observations.

Results

GENERAL ELECTRICAL CHARACTERISTICS OFNO−
3

TRANSPORT IN N-STARVED CELLS

Expression of NO−3 transport activity inNeurospora,
grown on NH4

+ as a nitrogen source and N-starved over
15 hr, was found to require prior exposure to the anion
and full activity was attained within a three-hour period
thereafter [see also(Schloemer & Garrett, 1974)]. Fig-
ure 1 details the response of one hypha to NO−

3 over a
period of more than 6 hr (see alsoFig. 2). Following
impalement, adding 100mM NO−

3 (2.8 min) had no effect
on membrane voltage (Fig. 1A) or on total membrane
current under voltage clamp (not shown). A similar lack
of effect was observed during two additional challenges
(<2 min each) over the next 40 min. After 58 min a
fourth exposure to 100mM NO−

3 resulted in a 6 mV
depolarization and, when the membrane was clamped to
−250 mV near the free-running voltage, yielded a small,
and inward-directed current (Fig. 1B). Subsequent expo-
sures to NO−3 showed both membrane depolarizations
and the associated current increased to maxima after ap-
proximately 2 hr, remaining roughly constant thereafter

Fig. 1. NO−
3 transport activity is expressed following a brief exposure

to NO−
3. Data from oneNeurosporahypha in 10 mM K+/Ca2+-MES, pH

6.1, challenged periodically with 100mM NO−
3. (A) Membrane voltage

traces recorded during NO−3 exposures at times indicated on right. Volt-
ages in mV on left. Additions of 100mM NO−

3 indicated by stippled bars
below each trace. Carats mark times of voltage clamp scans (masked
from traces). Scale: vertical, 50 mV; horizontal, 3 min. (B) Time course
for NO−

3 transport induction determined as the current difference,
dINO3, determined at −250 mV under voltage clamp ± NO−

3 (see also
Fig. 3).

Fig. 2. Induction of NO−
3 transport inNeurosporafollows a single

exposure to NO−3. Time course for induction taken fromdINO3 at −250
mV following 2-min inductive pulses of 100mM NO−

3 at t4 0 min and
normalized to measurements at time points at 100–150 min thereafter.
Data points shown are from 6 hyphae in 10 mM K+/Ca2+-MES pH 6.1,
including data from Fig. 1 (d). Curves are best, 5th-order polynomial
fittings for induction time course taken from the membrane voltage
response to NO−3 in all experiments (solid curve) and the corresponding
95% prediction interval (dotted curves). Note the roughly equivalent
induction time courses also when hyphae were subsequently challenged
with NO−

3 only after 78 min (h) and 118 min (L).
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(Fig. 1B). Similar results were obtained in separate ex-
periments with 20 hyphae (not shown). Induction of the
NO−

3 current was achieved with initial exposures to 100
mM NO−

3 as short as 2 min; it could be suppressed with
concurrent, but not subsequent exposures to NH4

+ (see
Fig. 7); and neither the lag time nor the rate at which the
transport activity appeared were sensitive to subsequent
NO−

3 challenge (Fig. 2).
Once induced, challenge ofNeurosporawith as little

as 6 mM NO−
3 resulted in rapid membrane depolariza-

tions, and the steady-state change inVm increased with
the concentration of NO−3 present in the bath. On wash-
ing the NO−

3 from the bath,Vm recovered its initial value,
although complete repolarization generally required 5–8
min when exposures were prolonged for more than 2–3
min (cf. Figs. 1 and 3). Such delays in recovery were
found to be independent of superfusion rate (data not
shown). These characteristics suggested a compound re-
sponse to NO−3 following the longer exposures, much as
previously inferred from observations of NO−

3-evoked
voltage changes in maize,Limnobiumand Lemna(Ull-
rich & Novacky, 1981; Ullrich & Novacky, 1990; Mc-
Clure et al., 1990). Challenges with NO−

3 in subsequent
experiments were therefore limited to periods of 3 min or
less whenever possible.

VOLTAGE DEPENDENCE OF THENO−
3-EVOKED CURRENT

Voltage recordings such as those shown in Fig. 1 indi-
cated that adding NO−3 engendered a significant current
to depolarizeVm. Because a significant body of evidence
— albeit, largely indirect [butsee (Eddy & Hopkins,
1985)] — already pointed to ion-driven mechanisms for
NO−

3 transport in other fungi, algae and higher-plants
(seeIntroduction) and to an energy-dependence for NO−

3

uptake inNeurospora(Schloemer & Garrett, 1974), we
chose to examine the characteristics of the NO−

3-evoked
current directly, making use of a three-electrode voltage
clamp (Meharg & Blatt, 1995; Gradmann et al., 1978).
Measurements carried out in this way would yield a de-
scription of the NO−3-evoked current at each clamp volt-
age, so obviating difficulties in quantification entailed by
changes of free-running membrane potential on adding
NO−

3, and would allow direct comparison with NO−
3

(chemical) flux measurements in determining the appar-
ent charge stoichiometry for NO−3 transport.

For this purpose, steady-state current across the hy-
phal plasma membrane was recorded at intervals
throughout these experiments before, during and after
exposures to NO−3. In each case, the membrane was
driven in discrete steps over the widest possible voltage
range, nominally to voltages between −400 and +100
mV. In order to estimate the NO−3-induced currents, in-
dependent of other transport activity at theNeurospora
membrane, difference currents (dI) were calculated at

each clamp voltage by subtracting the control current
recorded before NO−3 addition from the corresponding
currents determined in the presence of the anion. Two
assumptions underlie the approach in this case: (i) the
effect of NO−

3 addition should be limited primarily to the
specific transport process of interest, and (ii) in the ab-
sence of NO−3 outside, current associated with forward
operation of the transporter should be zero. These con-
ditions were met for short-term exposures to NO−

3. In its
absence, the principle components of the current-voltage
(I–V) relationships were accounted for by the character-
istics of theNeurosporaH+-ATPase and a nonlinear leak
conductance (Blatt et al., 1990; Slayman, Bertl & Blatt,
1994; Blatt & Slayman, 1987). Also, following brief ex-
posures (<3 min) to NO−3 the membraneI–V character-
istics normally recovered to the control state on NO−

3

washout (not shown). Thus, the initial depolarization in
NO−

3 was reasonably accounted for as a direct result of
substrate addition and its consequence in engaging the
kinetics for NO−

3 transport.
Figure 3 shows the effects of adding 12–100mM

NO−
3 on total membrane current (Fig. 3A) recorded

from one Neurosporahypha, and the difference cur-
rent-voltage (dI–V) characteristics derived from each af-
ter subtracting the control currents recorded in the ab-
sence of NO−3 (Fig. 3B). The inset (Fig. 3A, above)
shows the free-running membrane voltage trace recorded
before, during and after exposure to 100mM NO−

3. At
this, and the other NO−3 concentrations membrane depo-
larization was associated with a downward (negative-
going) shift in the membraneI–V curve (Fig. 3A). NO−

3

additions led to an increase in membrane conductance,
notably at voltages negative of −150 mV, but had little
effect or even reduced the overall membrane conduc-
tance at voltages positive-going from this value, indicat-
ing a voltage-dependence to the NO−

3 current (Fig. 3B).
Thus, for 100mM NO−

3, subtraction yielded a NO−3 dif-
ference current,dINO3

, of (−)10.6mA cm−2 at −350 mV
which was reduced to (−)3.2mA cm−2 at −150
mV. Qualitatively comparable responses were observed
at each NO−3 concentration, with lower concentrations
resulting in correspondingly smaller changes in the total
membraneI–V characteristic (Fig. 3A) and NO−

3 differ-
ence currents (Fig. 3B). Similar results were obtained in
all 34 cells subjected to voltage clamp analysis under
these conditions, and when the order of additions was
reversed. A meandINO3

of 8.3 ± 0.8 mA cm−2 was
obtained at a clamp voltage of −200 mV when bathed
in 5 mM Ca2+-MES/0.2 mM K+-MES, pH 6.1, with 100
mM NO−

3.
It was notable that NO−3 additions in every case gave

dI–V curves showing anincreasein the magnitude of
inward-directed current, even at the most positive-going
clamp voltages (cf. Fig. 3B). On a basis of thermody-
namic considerations alone, currents associated with
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NO−
3 transport at these external NO−

3 concentrations
might be expected tocross the voltage axis at equilib-
rium potentials near 0 to +50 mV, assuming an internal
pH near 7.5 and [NO−3] i ≈ 1 mM, with transport coupled
to 2H+ (Zhen et al., 1991; Miller & Zhen, 1991). That
the NO−

3-evoked current failed to cross — or even ap-
proach — the voltage axis, is nonetheless a predictable
consequence of current subtraction and arises simply be-
cause cytoplasmic concentrations of NO−

3 and any puta-
tive cotransported ion are likely to be finite and experi-
mental manipulation of adding NO−3 itself thus affects the
thermodynamic constraints on transport (Blatt, 1986).
True estimates of the transport current in this case can be
obtained by explicit use of the difference current equa-
tions, but for practical purposes thedI–V data in these
experiments contained negligible subtraction error at
voltages near and negative to −100 mV (Blatt, 1986).
These points have been developed previously (Meharg &
Blatt, 1995) and are addressed in the Discussion.

CHARGE STOICHIOMETRY FOR NO−
3 TRANSPORT

Data such as shown in Fig. 3 can be related directly to
conventional flux measurements of net (chemical) ion
uptake, and these were carried out in parallel experi-
ments. Chemical flux measurements are necessarily ob-
tained without control of the membrane voltage, so com-
parisons were based on difference currents calculated at
the free-running membrane potential in the presence of
NO−

3. Net uptake of the anion was recorded using extra-
cellular macroelectrodes to follow the time course of
NO−

3 depletion from liquid suspension cultures in
K+/Ca2+-MES, pH 6.1 after stepwise additions of NO−

3 to
the suspensions, and chemical flux was calculated from
the rate of depletion to 90% of the initial NO−

3 concen-
tration added, correcting for background NO−

3 efflux as
recorded in the absence of added NO−

3 and, following
exposures to 100mM NO−

3, after washing and resuspend-
ing the cells in fresh buffer without NO−3.

Figure 4 summarizes the results of parallel measure-
ments in 6 independent experiments, including voltage
clamp data from 23 cells, calculated on a common basis
of cell surface area. The data for net chemical uptake are
shown together with the curve for the best fitting to a
simple hyperbolic (Michaelis-Menten) saturation func-
tion. The data yielded aKm of 23 ± 4mM andJmax of 72
± 6 pmol cm−2sec−1 for the chemical uptake. Measure-
ments of dINO3

, determined at the free-running mem-
brane potential in NO−3, closely followed the chemical
flux. Separate fittings to the current data gave values
statistically indistinguishable from the chemical uptake
measurements. For the current, theKm andJmax values
were 27 ± 4mM and 86 ± 5 peq cm−2sec−1, respectively.

Fig. 3. NO−
3-evoked current inNeurosporashows appreciable voltage

sensitivity within the normal physiological voltage range. Steady-state
current-voltage (I–V) and difference-current-voltage (dI–V) curves as a
function of NO−

3 concentration in the bath. Data from oneNeurospora
hypha (A) I–V curves determined at time points before (s) and during
challenge with 12mM (l), 25 mM (m), 50 mM (j) and 100mM (d)
NO−

3 against a background of K+/Ca2+-MES buffer, pH 6.1 NO−3 con-
centrations indicated on left.Inset:Membrane voltage response to 100
mM NO−

3 addition. Voltages indicated in mV. Times ofI–V scans in-
dicated by carats and cross-referenced by symbol to theI–V curves.
Scale: 25 mV and 2 min. (B) dI–V curves derived by subtracting cur-
rents recorded before, from those recorded during NO−

3 exposures inA
and including additional data for 6mM NO−

3. NO−
3 concentrations in-

dicated on left. Note the different current scale.
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Since NO−
3 flux was recorded as net uptake, one

caveat to these measurements is that a significant NO−
3

efflux could give falsely low measure of (chemical) NO−
3

uptake. In that case, the fraction of coupled charge in-
flux would be reduced, conceivably even to zero. Uni-
directional flux measurements are not straightforward for
NO−

3 (Lee & Clarkson, 1986). Nonetheless, a significant
contribution of NO−

3 efflux to the net uptake measure-
ments can be discounted for at least three reasons: (i)
measurements of background [NO−

3]o in the absence of
added NO−3 (not shown) failed to show any measureable
NO−

3 efflux either before or, most significantly, after 10-
min exposure to 100mM NO−

3; (ii) an estimation of the
possible rise in [NO−3] i under these conditions, assuming
an uptake rate of 50 pmol cm−2sec−1 and an initial [NO−

3] i

of zero, shows that it could require 20 min or more to
achieve cytoplasmic concentrations of NO−

3 typical of
N-replete cells (Zhen et al., 1991; Miller & Zhen, 1991;
King, Siddiqi & Glass, 1992); finally, (iii) membrane
depolarizations and increases in membrane conductance
associated with a time-dependent build-up of cytoplas-
mic anion concentration (Blatt & Slayman, 1983) were
not observed in these experiments (cf. Fig. 1). Indeed,
even if it is assumed that NO−3 efflux accounted for ap-
proximately 20% of the uptake measured in the N-
starved tissue (Deane-Drummond & Glass, 1983a; Lee

& Clarkson, 1986a), the difference would not signifi-
cantly alter the relationship apparent between the chemi-
cal flux and current in the data of Fig. 4. For similar
reasons — and because ClO4

− proved to be a very poor
substitute for NO−3 in electrical measurements (not
shown) — we question arguments (Deane-Drummond &
Glass, 1983a,b; Deane-Drummond, 1985) that NO−

3 up-
take may be regulated by control of passive efflux rather
than modulation of the uptake process itself.

In addition, experiments were carried out to relate
NO−

3 uptake with H+ movements across the plasma mem-
brane. In Neurospora the H+-ATPase predominates
charge balance during nutrient transport (Gradmann et
al., 1978; Slayman et al., 1994); however, the net effect
of H+ movement on pHo must ultimately depend on the
H+ balance associated with the current flux between nu-
trient transport and the H+-ATPase. So it was antici-
pated that NO−3 transport should be paralleled by a com-
parable uptake of H+, assuming that NO−3 uptake was
coupled with 2H+ and balanced by 1 H+ via the H+-
ATPase.

For these measurements N-starved suspension cul-
ture cells were used after induction for NO−

3 transport as
before, but were resuspended in 0.5 mM K+/Ca2+-MES
buffer with added K2SO4 and CaSO4 and adjusted to pH
5.5 (seeMaterial and Methods) to minimize interference
from dissolved CO2. External pH was recorded with a
semi-micro pH combination electrode. The results of
one of three experiments in Fig. 5 are shown with the
[NO−

3] scale extended at a constant slope based on con-
centrations above 10mM and therefore indicate an ap-
parent [NO−

3]o of approx. 5mM in the absence of NO−3.
Measurements were initiated by additions of 1,000 and
then 500 nmol NO−3 to the suspension (upward step of
NO−

3-electrode signal) and show that the subsequent dis-
appearance of NO−3 from the bath was accompanied by
an alkalinization of the bath. The initial pHo was recov-
ered on addition of 1,500 nmol HCl at the end of the
experiment. Similar results were obtained in each ex-
periment, giving a mean ratio of NO−3:H+ based on net
uptake of 1.08 ± 0.7 and, taken together with the data in
Fig. 4, imply a charge-coupling stoichiometry of 1:1 and
with 2H+:1NO−

3 transported.1

1 It may be argued, by analogy with the comparative NO−
3 flux and

electrical measurements of Fig. 4, that these data do not take account of
charge balance via K+ in addition to H+ efflux (Eddy & Hopkins,
1985). However, previous work has shown that that under nutrient
starvation — when membrane voltage is high — K+ does not play a
significant part in charge balance (Rodriguez-Navarro et al., 1986).
Indeed, in these experiments, even NO−

3 additions of 0.1 mM still left
Vm well-negative (seeFigs. 1 and 3) of any reasonable value forEk

[approx. −100 mV in 2 mM K+ for [K+] i ≈ 150 mM (Slayman & Tatum,
1968; Rodriguez-Navarro et al., 1986)]. So, the driving force for K+

flux would still be inward and a passive K+ efflux could not account for
the outward current balancing NO−

3 uptake.

Fig. 4. Equivalence of NO−3 transport current and net (chemical) NO−
3

uptake rate inNeurosporaat the free-running membrane potential.
Currents (s) in units of peq cm−2sec−1 determined asdINO3

at the
free-running membrane potential in the presence of NO−

3. Net uptake
rate (d) calculated from the initial rate of NO−3 depletion from the bath
following additions (seeFig. 5). Current data were pooled from 34
cells; Uptake measurements were from 6 independent experiments.
Data shown are means ± SE. The solid curve is the result of nonlinear
least-squares fitting of the uptake data to a hyperbolic tangent (Micha-
elis) function. Fitting parameters:Km, 23 ± 4 mM; Jmax, 72 ± 6 pmol
cm−2sec−1. Comparable data were obtained fordINO3

, yielding param-
eters:Km, 27 ± 4 mM; dImax, 86 ± 5 peq cm−2sec−1.
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NO−
3-TRANSPORTCURRENT IS UNAFFECTED BY

METABOLIC BLOCKADE OR NH4
+

The arguments favoring energization by ion-coupling
aside, NO−

3 in Neurospora(Schloemer & Garrett, 1974)
— as in higher plants (Heimer & Filner, 1970; Rao &
Rains, 1976; Glass et al., 1990) — is acutely sensitive to
metabolic poisons and uncouplers which might suggest a
more immediate link to ATP and metabolic energy out-
put. However, these, and additional observations of
short-term metabolite repression or competition (Rao &
Rains, 1976; Breteler & Nissen, 1982; Deane-
Drummond & Glass, 1982; Ullrich et al., 1984; Deane-
Drummond, 1985; Ullrich & Novacky, 1990; Hawkins &
Lewis, 1993) might also be understood as an effect me-
diated through changes in membrane voltage and a cor-
responding kinetic restriction on uptake, given the volt-
age dependence of the NO−

3 current (Fig. 3). Indeed,
similar patterns of behavior are well-known for ion-
driven transporters, notably for H+-coupled K+ transport
in Neurospora(Blatt et al., 1987), that exhibit profound
kinetic dependencies on membrane voltage.

To explore the effect of metabolic blockade system-
atically, we carried out a series of voltage-clamp experi-
ments of the type shown in Fig. 3, reasoning that if NO−

3

transport depended primarily on membrane voltage —
and so, only indirectly on ATP hydrolysis — then under
voltage clamp the NO−3 transport current should be un-
affected by metabolic poisons. The data in Fig. 6 are
from one cell and show that metabolic blockade led to an
extensive and rapid depolarization of the membrane volt-
age, from −245 mV to a stable value around −100 mV
(Fig. 6A, inset). In this experiment, prior addition of
NO−

3 evoked an approx. +30 mV shift inVm from −234
mV to a value close to −200 mV; however, in the pres-

ence of NaCN and SHAM a second challenge with NO−
3

gave less than a +10 mV change inVm. Voltage-clamp
recordings obtained in the absence of NO−

3 (s,h)
yielded characteristics typical of H+-ATPase inhibition
by ATP withdrawal in cyanide (Slayman et al., 1994;
Gradmann et al., 1978), including a marked reduction in
membrane conductance most notable at voltages nega-
tive of approx. −100 mV. Comparison of voltage-clamp
data gathered immediately prior to, and during the first
exposure to NO−3 (s, d) showed the familiar downward
shift of theI–V curve in NO−

3 (Fig. 6A). Significantly, a
second challenge with NO−3 carried out in the presence of
NaCN and SHAM evoked a similar pattern of response
in the current characteristic (h, j), with NO−

3 addition
leading to a downward shift in membrane current that
was most prominent at more negative-going voltages
(Fig. 6A). Current subtractions (Fig. 6B) confirmed this
minimal effect on NO−3 transport current, demonstrating
only a small reduction in the magnitude ofdINO3

at any
one voltage. Thus, despite the considerable change in
membrane conductance and the shape of the whole-cell
I–V relations under metabolic blockade, the effect on the
NO−

3 dI–V curve was small and limited essentially to a
change in amplitude. These features of the NO−

3 current,
and their juxtaposition with inhibitor action on the back-
ground of membrane currents, argue in favor of an indi-
rect action mediated through a reduction in electrical
driving force.

A similar conclusion was drawn from studies with
the NO−

3 metabolite NH4
+. In these experiments, fully

induced hyphae were challenged with 100mM NO−
3 in

the absence, and again in the presence of 0.1–0.5 mM

NH4
+. Figure 7 shows the results from one experiment

with 0.1 mM NH4
+, close to theKi reported for inhibition

of NO−
3 uptake (Schloemer & Garrett, 1974). In this

Fig. 5. Equivalence of net (chemical) NO−3 and H+

uptake in simultaneous recordings of [NO−
3]o and

pHo bathingNeurosporasuspension culture cells.
Measurements carried out after induction for NO−

3

transport and resuspension in 0.5 mM

K+/Ca2+-MES buffer at pH 5.5 with K2SO4 and
CaSO4 added (final [K+] 4 2 mM, [Ca2+] 4 1
mM). External pH was recorded with a semi-micro
pH combination electrode with Cl− omitted from
the reference. The [NO−3] scale shown is extended
from the slope at concentrations above 10mM and
therefore indicates an apparent [NO−

3]o of approx.
5 mM in the absence of NO−3. Measurements were
initiated by additions of 1,000 nmol, and then 500
nmol NO−

3 to the suspension (upward steps of
NO−

3-electrode signal) and disappearance of NO−
3

and H+ from the bath followed over time. Titration
of the pH with HCl thereafter indicated a NO−

3:H+

uptake ratio of 1.04 based on net uptake and of
1.02 based on initial uptake rate. Similar results
were obtained in two other experiments.
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case, the hypha was challenged with 100mM NO−
3 first

alone, and subsequently in the presence of NH4
+. Adding

NO−
3 on its own resulted in a membrane depolarization of

+38 mV (Fig. 7A, inset) and downward shift in the
whole-cellI–V curve (Fig. 7A, compare curvess andd)
which, on current subtraction, yielded the characteristic
NO−

3 current (Fig. 7B). Adding NH4
+, following NO−

3

washout, evoked a much larger inward current and con-
sequent depolarization (Slayman, 1977), marked in the
whole-cell I–V curve by an approx. 3-fold increase in
slope (conductance) across the accessible voltage spec-
trum [compareI–V curves in the absence of NO−

3 (s,h)].
Against this added background conductance, the depo-
larization on the second addition of NO−

3 was reduced to
+12 mV. Furthermore, a 31% reduction of NO−

3 uptake
was also indicated under free-running (nonvoltage-clamp

conditions) in the presence of NH4
+. However, current

subtraction over the entire range of clamp voltages
showed virtually no change in the NO−

3 dI–V character-
istic (Fig. 7B). Similar results were obtained in 4 other
experiments and gave a mean inhibition by NH4

+ of 32 ±
5% at the free-running voltage, a value close to the 25%
reduction observed by Schloemer and Garrett (1974) in
uptake measurements carried out on (nonvoltage-
clamped)Neurosporain suspension cultures. However,
at a standard clamp voltage of −200 mV the NO−

3 current
in NH4

+ was 102 ± 6% of that recorded in the control.
In other words, NH4

+ inhibition of the NO−
3 current could

be accounted for entirely as a consequence of membrane
depolarization.

KINETIC INTERACTION OF [NO−
3]o, [H+]o AND Vm

From the preceding experiments it is evident that any
measurement of NO−3 transport — whether as a differ-

Fig. 6. NO−
3 transport current inNeurosporapersists in the presence of

metabolic blockade with NaCN and salicylhydroxamic acid. Steady-
state current-voltage (I–V) and difference-current-voltage (dI–V)
curves obtained from oneNeurosporahypha before and during expo-
sure to 1 mM NaCN and 0.4 mM salicylhydroxamic acid. (A) I–V curves
determined at time points before (s) and during (d) exposure to 100
mM NO−

3 in the absence of the metabolic poisons, in their presence (h)
and after further addition of 100mM NO−

3 (j). Inset: Free-running
membrane potential traces with voltages indicated in mV. Carats indi-
cate times ofI–V scans (masked from trace) and cross-referenced by
symbol. Scale: vertical, 50 mV; horizontal, 3 min. Vertical shaded bar
indicates exposure period for NaCN + salicylhydroxamic acid; stripped
bars indicate exposure periods for NO−

3. B dI–V curves for NO−
3 trans-

port recorded during NO−3 exposure, before (d) and during metabolic
blockade (j). Note the different current scale fromA.

Fig. 7. Ammonium blocks NO−3 transport current of fully inducedNeu-
rosporahyphae through membrane depolarization without altering the
intrinsic kinetic characteristics of the current. Data from one hypha in
10 mM K+/Ca2+-MES pH 6.1, challenged with 100mM NO−

3 in the
absence, and presence of 100mM NH4

+. (A) Whole-cell, steady-stateI–V
scans carried out ± NO−3 before (s, d) and after (h, j) adding NH4

+.
Inset:Membrane voltage trace, voltages indicated in mV. Additions of
NH4

+ (stippled bars) and NH4
+ (horizontal-striped bar) indicated above.

Carats mark times ofI–V scans (masked from trace), cross-referenced
to I–V curves by symbol. Scale: vertical, 40 mV; horizontal, 3 min. (B)
NO−

3 transport current,dINO3
, derived by current subtractions of the

whole-cell currents ± NO−3 in A and cross-referenced by symbol.
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ence current ±NO−3, net or isotopic (unidirectional) flux
— will be influenced by five kinetic variables: [NO−3]o,
[NO−

3] i, Vm and, assuming cotransport with H+, also
[H+]o and [H+] i. Only two of these variables, [NO−3]o and
[H+]o, are controlled in flux experiments when measure-
ments are carried out without clamping the membrane
voltage. The intracellular concentrations may be as-
sumed to be constant, provided that the experiments are
short-term and the initial rates of transport are used in
quantitation. However, unlessVm is brought under ex-
perimental control using a voltage clamp, the resulting
kinetic detail will not be sufficient for a comprehensive
modelling of the transport process, especially given that
NO−

3 transport is voltage sensitive over the normal physi-
ological voltage range (Figs. 3 and 6).

Our previous studies ofArabidopsisroot hairs dem-
onstrated the facility of the electrophysiological ap-
proach for analysing high-affinity NO−3 transport (Me-
harg & Blatt, 1995), and a comparison with the features
of the NO−

3 current in Neurospora(cf. Figs. 3 and 6)
underscored some similarities in the voltage sensitivities
of the currents. Thus, one objective of the present ex-
periments was to develop an explicit kinetic model for
the transporter inNeurosporaand to place this model in
context with the that for NO−3 transport inArabidopsis.
To obtain the broadest range of data for modelling, ex-
periments were carried out similar to those illustrated in
Figs. 3 and 6, but varying both extracellular NO−

3 and pH.
Analyses were generally restricted, however, to compar-
ing currents recorded from the same cell in order to
accommodate variations in current magnitudes between
measurements (up to 2-fold on a cell-by-cell basis). The
possibility of changes in pHi and [NO−

3] i was minimized
by limiting NO−

3 exposures to short pulses, just long
enough to encompass full membrane depolarization (see
Fig. 3), and control measurements were run under a set of
standard conditions for [NO−3]o and pHo throughout each
set of measurements as a check against any endogenous
variation or kinetic adaptation during a sequence of NO−

3

challenges.
The simplest result to describe was that of the dif-

ference currentdINO3
at a fixed [NO−

3]o and Vm. The
results shown in Fig. 8 were carried out with additions of
100mM NO−

3 and were pooled from 5 cells after normal-
izing to measurements in pHo 5.5. The data show that
the current was enhanced at acid pHo, with an apparent
maximum near pHo 5.5–6.0. Also consistent with a ki-
netic dependence on H+, exposingNeurosporahyphae to
10 mM Na+-butyrate, sufficient to acidify the cytoplas-
mic pH approx. 0.5 units (Sanders & Slayman, 1982),
reduced the NO−3 current by 30–40% at all clamp volt-
ages (Fig. 9).

For reasons discussed later, the most useful infor-
mation was to be obtained at the kinetic extremes, under
conditions of near-saturating [H+]o, [NO−

3]o and saturat-
ing (negative)Vm. A more detailed presentation of the

effect of extracellular pH is given in Fig. 10A. For the
analyses shown, values of the NO−

3 difference current,
dINO3

, were recorded from one cell near the negative
voltage extreme (−350 mV) and at each of three different
pHo values, and then subjected to nonlinear least-squares
fitting to a Michaelis function with [NO−3]o. As seen,
both Michaelis parametersKm and dINO3,max, derived
from this analysis, were altered by pHo consistent with
its behavior as a ‘‘linear mixed-type activator’’ (Segel,
1993): increasing [H+]o from 0.16 to 3.2mM (from pHo

6.8 to 5.5) caused a limited increase indINO3,max, but
showed a substantial effect on theKm for NO−

3 which
decreased, consistent with aca.4-fold rise in affinity for
NO−

3. Hence the current, like net NO−3 uptake (Schlo-
emer & Garrett, 1974; Rao & Rains, 1976), was reduced
at alkaline pHo, but in this case the effect was demon-
strably independent of any effect of pHo on the mem-
brane voltage.

Previous studies (Sanders et al., 1984; Blatt, 1986;
Blatt et al., 1987; McCulloch et al., 1990; Slayman et al.,

Fig. 8. Extracellular pH affects the NO−3-evoked current inNeurospora
independent of changes in membrane voltage. Difference currents cal-
culated for 100mM NO−

3 exposures with the membrane clamped to
−300 mV (see insert). Data are pooled from 6 experiments, with dif-
ference currents normalized to common measurements at pHo 5.5 from
each cell. The data were fitted by least-squares to the Henderson-
Hasselbalch equation (solid line), which yielded an apparent pKa of
6.92 ± 0.05.Inset:Difference-current-voltage (dI–V) curves as a func-
tion of H+ concentration in the bath. Data from oneNeurosporahypha
challenged with 100mmM NO−

3. Curves are for NO−3 exposure at pHo
6.1 (solid line), pHo 6.8 (long dashed line) and pHo 7.4 (short dashed
line). Values taken at −300 mV indicated by vertical dotted line and
arrows. pH values indicated on left.
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1994) have indicated that, in discriminating between al-
ternative reaction cycle models, the influence of mem-
brane voltage on transport kinetics is often more infor-
mative than the effects of changing either substrate or
driver-ion (H+) concentrations. Therefore, kinetic analy-
ses were also carried out to examine the effects ofVm on
transport first with [NO−

3]o and then with [H+]o as the
primary variable. Figure 10B summarizes the effect of
Vm on Km and dINO3,max for [NO−

3]o. These measure-
ments were carried out at near-saturating pHo (5.5) with
[NO3

−]o as the independent variable. Figure 10C shows
the results of comparable measurements, but carried out
at near-saturating [NO−3]o (200 mM) with [H+]o as the
independent variable. In each of these cases, values of

dINO3
were determined in turn at one of several common

clamp voltages and used to construct families of Micha-
elis plots as functions either of [NO−3]o or [H+]o as before.

The Michaelis parameters derived from these analy-
ses show that the action of membrane voltage over
[NO−

3]o, again, was distributed between the maximum
current and the apparent affinity of the transporter for
NO−

3. Increasing-negativeVm, like [H+]o, acted as a ‘‘lin-
ear mixed-type activator’’ (Segel, 1993) of transport with
respect to NO−3 concentration, and between approx. −150
and −350 mV led to a 4-fold increase indImax and an
approx. 3-fold decrease inKm. By contrast, with respect
to [H+]o (pHo varied between 5.5 and 7.4) the analyses
uncovered a parallel action ofVm on dImax andKm (Fig.

Fig. 9. Intracellular pH affects the NO−3-evoked current inNeurospora
independent of changes in membrane voltage. Membrane voltage re-
sponse (A) and difference currents (B) determined for 100mM NO−

3

exposures in one hyphae in the absence (s) and presence (d) of
intracellular H+ load from 10 mM Na+-butyrate added at pHo 6.1. (A)
Voltage traces (in mV on left) with periods of exposure to 100mM NO−

3

(stippled bars), 10 mM Na+-butyrate (diagonally-striped bar), and times
of I–V scans (carats, cross-referenced toB by symbol) indicated. Scale:
vertical, 50 mV; horizontal, 3 min. H+ loading and its effect on H+-
ATPase and background leak conductances (not shown) account for the
transients on Na+-butyrate addition and washout (Sanders & Slayman,
1982). (B) Difference-current characteristics determined as in Fig. 3
from measurements in the absence (s) and presence (d) of intracel-
lular H+ load from 10 mM Na+-butyrate. Comparable results were ob-
tained in 3 additional experiments.

Fig. 10. Kinetic interaction between parameters of [NO−
3]o, [H+]o and

membrane voltage inNeurospora.(A) Proton concentration-depen-
dence of the kinetic parameters (dImax, Km) for dINO3

at extreme nega-
tive voltage. Currents determined at −350 mV as described in Fig. 3 at
[NO−

3]o between 6 and 100mM and fitted by nonlinear least-squares
(Marquardt, 1963) to a Michaelis function. The parameters resulting
from this and similar analyses at three different pHo values are plotted
as a function of [H+]o. (B) Voltage dependence of kinetic parameters
(dImax, Km) for dINO3

at pHo 6.1. Results derived from analyses as in
(A), but as a function of clamp voltage. (C) Voltage dependence of
kinetic parameters (dImax, Km) for dINO3

at 200 mM [NO−
3]o. Results

derived from analyses as inB, but for [H+]o as a function of clamp
voltage.
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10C)2. In this case, increasing the electrical driving
force across the membrane effected a rise in the maxi-
mum transport current. It also consistently led to a small
decrease in the apparent affinity of the transporter for H+.
This latter, and counter-intuitive result implicated the
rate-limiting H+-binding step at a position in the trans-
port cycle that is kinetically remote from membrane
charge transit. The juxtaposition of these observations,
and their relation to the characteristics for NO−

3 transport
in Arabidopsis(Meharg & Blatt, 1995), prompted the
examination of ordered binding models presented below.

Discussion

High-affinity NO−
3 transport in fungi, as in higher-plants

and algae, is energetically unfavorable and requires that
the cells draw upon a metabolic input to achieve NO−

3

uptake. The consensus holds that NO−
3 transport is

coupled to the primary electrochemical potential gradient
for H+ (DmH) in walled eukaryotic cells. Nonetheless,
the significance of membrane depolarizations upon ad-
dition of NO−

3 — their implications for metabolic depen-
dence, competing ion and inhibitor sensitivities — has
remained only poorly defined, and evidence that could
speak directly to the charge-coupling ratio for NO−

3 trans-
port or its dependence onDmH has generally remained
elusive.

The results presented here, and our previous studies
with Arabidopsis root hairs (Meharg & Blatt, 1995),
highlight the common and pivotal role of the voltage
parameter in dictating the kinetic characteristics for NO−

3

transport. ForNeurospora,voltage clamp recordings
identified a marked dependence of the NO−

3 current on
membrane potential (Figs. 3 and 6–9), and exposed the
sensitivity of the current to pHi and pHo distinct from
pH-dependent changes inVm (Figs. 8 and 9). Finally,
comparative flux and electrical measurements yielded a
1(+):1(NO−

3) charge-coupling stoichiometry for uptake,
indicating that 2 positive charges must transit the mem-
brane with each NO−3 anion, and concurrent measure-
ments of net H+ and NO−

3 transport showed that uptake at
micromolar NO−

3 concentrations was accompanied by a
net influx of roughly an equivalent number of H+. Given
that the dominant pathway for charge efflux balancing
noncapacitative, inward-directed currents is the H+-
ATPase (Slayman & Gradmann, 1975; Slayman et al.,
1994) taken together these results offer a compelling

argument for the transport of NO−3 coupled with the
movement of 2H+.

KINETIC DEPENDENCE ONMEMBRANE VOLTAGE

Although in principle voltage sensitivity is a common
feature of all rheogenic transport processes, high-affinity
NO−

3 transport — inNeurosporaas inArabidopsis(Me-
harg & Blatt, 1995) — is unusual among anion trans-
porters as it is for H+-coupled transport processes gen-
erally — simply because its region of steep voltage de-
pendence is situated within the normal range of
physiological membrane potentials. In most other H+-
coupled systems known to date transport currents have
appeared largely voltage-insensitive (Hansen & Slay-
man, 1978; Felle, 1981; Beilby & Walker, 1981; Sanders
& Hansen, 1981; Sanders et al., 1983), consistent with
equilibrium potentials situated well-positive of these po-
tentials [but see (Blatt, 1986)]. An important conse-
quence for NO−3 transport inNeurosporais that uptake of
the anion will be strongly influenced by factors which
affect the free-running membrane voltage. From Figs. 3,
6 and 7 it is clear that shifting the membrane positive-
going from −300 to −150 mV can reduce the NO−

3 current
by 50–70% under constant [NO−

3]o and pHo.
One consequence of this voltage dependence is that

factors that influence the free-running membrane poten-
tial must thereby also affect NO−3 uptake, albeit indi-
rectly. It is precisely this ‘‘functional coupling’’ that
probably accounts for the sensitivity of NO−

3 transport to
metabolic poisoning with cyanide (Glass et al., 1990;
Schloemer & Garrett, 1974; Rao & Rains, 1976). Treat-
ment with NaCN and salicylhydroxamic acid led to a
pronounced depolarization of theNeurosporamembrane
but had little effect on the NO−3 current, as could be
demonstrated when the voltage clamp was used to
‘‘maintain’’ the membrane potential (Fig. 6). Much the
same conclusion can be drawn from experiments with
NH4

+ (Fig. 7), which has been reported to interfere with
NO−

3 uptake (Goldsmith et al., 1973; Deane-Drummond,
1985; Henriksen et al., 1990; Henriksen & Spanswick,
1993), and the explanation should apply equally to the
response of NO−3 uptake to other transported solutes
against which the transporter must ‘‘compete’’ for the
electrical driving force. Indeed, there are reports that
ions such as Cl− (Deane-Drummond & Glass, 1982; Ull-
rich & Novacky, 1990; Hawkins & Lewis, 1993), Ca2+

(Doddema & Telkamp, 1979), and even Na+ and K+

(Smith, 1973; Jackson et al., 1976; Eddy & Hopkins,
1985; Hawkins & Lewis, 1993) interact with NO−3 trans-
port or regulate its activity. Yet these solutes, equally,
will influence the membrane potential in their transport
thereby affecting NO−3 uptake accordingly — but by vir-
tue of its inherent kinetic dependence on membrane volt-
age rather than any direct interaction with the NO−

3 trans-

2 While it could be supposed that, if coupled with the transport of 2H+,
the current should follow as a function of [H+]o

2, empirically better
results were obtained when the current was plotted as a simple, rather
than as a non-unitary power of driver-ion concentration and the obser-
vation is entirely consistent with transport rate limited in only one of
the two, putative H+-binding steps (seeDiscussion).
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porter itself. In short, for the transport-competent cells a
primary level of control on NO−3 uptake is probably me-
diated through its endogenous kinetic dependence on
membrane voltage rather than by exogenous regulatory
interactions with metabolites.

KINETIC CONTROL AND METABOLITE SUPPRESSION

ARE SEPARABLE

By contrast with its kinetic behavior in NH4
+, the induc-

tion of NO−
3 transport showed a profound sensitivity to

the metabolite. We found that very short exposures to
extracellular NO−3 were sufficient to trigger induction,
and that the process could be suppressed if NH4

+ was
present at the same time. Because the electrical analyses
allow us to rule out a low level of NO−3 transport activity
in these instances, and because even a brief exposure to
NO−

3 was sufficient to express the transport activity 40 to
80 min later (Figs. 1 and 2), the observations suggest that
extracellular NO−3 must trigger an inductive signal cas-
cade independent of a minimum cytoplasmic NO−

3 con-
centration. This conclusion also accords with the appar-
ent insensitivity of the induction process to subsequent
NO−

3 exposures. Similar interpretations have been sug-
gested by Redinbaugh and Campbell (1991), MacKown
and McClure (1988) and Tischner et al. (1993), although
the longer inductive exposures to NO−

3 and especially the
background of NO−3 uptake in these previous studies left
open a question about the requirement for cytoplasmic
NO−

3. In toto, the data point to a highly concerted sig-
nalling sequence regulating NO−

3 transporter expression,
distinct from the endogenous kinetic control of trans-
porter activity in the membrane.

KINETIC DISTINCTIONS OF THEFUNGAL

NO−
3 TRANSPORTER

The juxtaposition of the NO−3 currents inNeurosporaand
Arabidopsisdoes raise a question about their underlying
kinetic equivalence. Although a broad parallel can be
drawn from the voltage-dependence of the NO−

3 currents
from the plant and fungal cell types, a careful analysis of
the current inNeurosporauncovered both quantitative
and qualitative differences including, on average, a
larger NO−

3 current in the N-starvedNeurosporaand an
apparent negative-going shift to its voltage characteristic
[Fig. 3; compare with Fig. 5 of Meharg and Blatt (1995)].
Most significant, however, kinetic analyses showed that
membrane voltage increaseddImax and decreasedKm

with respect to H+ (linear-mixed activator), while affect-
ing both dImax and Km in parallel with respect to NO−3
(hyperbolic-mixed activator) inArabidopsis.We could
deduce the reverse dependencies for the current inNeu-
rospora(Fig. 10) and, hence, suspected that kinetic mod-

elling should yield quite a different picture for the fungal
transporter.

Essentially all of the kinetic properties of the NO−
3

transport currents inNeurosporaandArabidopsiscan be
described by a common set of cyclic reaction models,
and we therefore subjected these data to a similar analy-
sis as before (Meharg & Blatt, 1995). The models were
conceived in kinetic terms, and no explicit physical as-
sumptions were made, other than to propose that the
transported ions traverse the membrane by reacting with
a specific carrier molecule which is, itself, confined to
the membrane. Each model was reduced to the mini-
mum number of pseudo first-order reaction steps permit-
ted by the data, without identification a priori of any
rate-limiting reaction steps (Gradmann, Kleiber & Han-
sen, 1987), and the voltage parameter was incorporated
in a single reaction step as a symmetric Eyring barrier
(Läuger, 1991; La¨uger & Stark, 1970) so that

k12 = k12
o ezu/2

and

k21 = k21
o e−zu/2

[1a,b]

where u= VF/RT, V is the membrane voltage, and F, R
and T have their usual meanings.

The minimal kinetic model that is physically con-
sistent with a cotransport system for NO3

− and two mono-
valent co−ions (H+) comprises eight carrier states and
sixteen rate constants which describe the sequential bind-
ing of substrate and co−ions on one side of the membrane
and their debinding on the other side(seeFig. 11). The
complete equation associated with this(and any other
cyclic) cotransport model takes a general form where the
transport current

I = −zF
k12|

1Mm|−k21|
2Mm|

|Mm| [2]

in which I is the current,m is the total number of states
explicitly included in the model, |Mm| is the determinant
for the characteristic matrix of coefficients for that
model, |jMm| is the determinant for the adjusted matrix of
coefficients excluding thejth state (j 4 1 or 2, associated
with membrane charge transit), the ratio |jMm|/|Mm| is the
total carrier in thejth state (N1 or N2), z is the charge
moved per forward turnover of the carrier cycle, andF
has its usual meaning.

SELECTING A REACTION SCHEME

Because it is conceivable for membrane charge transit to
occur in association with either the bound or unbound
transporter, two variants of the reaction scheme in Fig.
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11A must be considered. Model I (Fig. 11B) assumes
that the transporter itself is uncharged and assigns the
charge transit step to the fully loaded arm of the cycle.
Model II (Fig. 11C) postulates that the unloaded trans-
porter carries a net charge of −1 across the membrane
during carrier recycling and that the loaded carrier is
electrically neutral. Each model actually entails nine
possible reaction cycles, taking into account the different
combinations of ordered binding and release, but these
sequence permutations are reduced to three in the pseudo
five-state (lumped) forms, reflecting the fact that our
experiments did not examine the effects of [NO−

3] i and
[H+] i in quantitative terms and can provide no informa-
tion about ion binding inside the cell. The corresponding
reaction cycles are shown on the right in Fig. 11 and
follow the conventions of Hansen et al. (1981), Sanders
et al. (1984), Blatt (1986) and Gradmann et al. (1987)
where theks denote simple reaction constants and theks
indicate the lumped constants that subsume multiple
steps. Reaction constants which contain ion-concen-
tration terms are expanded at the far right in Fig. 11.
Thus, each model may be further subdivided depending
on the order of binding outside, that is either with the
binding of NO−

3 first [Models I(F) and II(F)], last [Mod-
els I(L) and II(L)], or mid between the two H+ binding
steps [Models I(M) and II(M)].

For both Models I and II, all of the matrices in Eq.
2 and its congeners represent linear combinations of the
reaction constants. Many of the terms in the numerator

cancel, but the general expression is non-Michaelian ex-
cept under certain, well-defined circumstances, notably
when the transport difference currentdI is calculated
(Blatt, 1986; Blatt et al., 1987). Each equation includes
terms in [NO−

3]o, [H+]o and V, and further simplifies
when saturating conditions in each of these parameters
are considered in turn. The resulting subfamilies of
equations include a single product term in the numerator
and terms in the denominator which factor to give a sum
of products in the substrate (or co-ion) concentration
termed and a second sum of products in a constant term.
Thus Model I(L), with NO−

3 binding last before mem-
brane charge transit, reduces to

I

−FN
4

k42
o @NO3

−#ok21
o e−u/2 k18

k42
o @NO3

−# o~k12
o eu/2 + k21

o e−u/2 + k18!
+ k24k12

o eu/2+ k18k21
o e−u/2 [3]

and, after minor rearrangement of terms, gives the Mi-
chaelis parameters

Imax

−FN
=

k21
o e−u/2k18

k21
o eu/2 + k21

o e−u/2 + k18
[4a]

Km =
k12

o eu/2k24 + k21
o e−u/2 k18

k12
o eu/2 + k21

o e−u/2 + k18
[4b]

A complete summary of the relevant equations and Mi-

Fig. 11. Carrier cycle for the NO−3 transporter.
Forward operation in each case is in the
counter-clockwise direction as illustrated. (A) The
explicit, eight-state model with all possible
binding/debinding orderings for H+ and NO−

3

indicated. StatesN1 andN2 denote the loaded
carrier states on the inside and outside of the
membrane, respectively, while statesN7 andN8

comprise recycling of the unloaded carrier across
the membrane. All intervening steps entail
binding/debinding of H+ or NO−

3 inside and
outside. (B) Model I (seetext): pseudo-5-state
model equivalent with membrane charge transit
assigned to the loaded carrier (z 4 +1). (C)
Model II (seetext): pseudo-5-state model
equivalent with membrane charge transit assigned
to the unloaded carrier (z 4 −1).
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chaelis parameters for saturating substrate and co-ion
concentration will be found in Meharg and Blatt (1995,
Table 2). For comparison with the models depicted in
Fig. 11, forward operation of the transporter occurs in the
counter-clockwise direction. Note that the data in Fig.
10A probably do not satisfy the limiting condition of
saturating negative membrane voltage, and were there-
fore given less weight in this analysis. Also, as in the
case ofArabidopsis(Meharg & Blatt, 1995), functions in
[H+]o were potentially non-Michaelian, simply because
H+ binding was necessarily assigned to two steps. The
equations become Michaelian in [H+]o when the reaction
constant for reverse (clockwise) transit through one of
these steps is very small. In keeping with the apparent
Michaelian behavior of the data we incorporated this
assumption, thereafter including the ‘‘missing’’ reaction
constants in the size orderings as appropriate.

IDENTIFYING KINETICALLY CONSISTENTMODELS

Within the limiting conditions stipulated for two of the
families of equations derived from Eq 2, each set of data
in Fig. 10 describes Michaelian parametersdImaxandKm,
determined either in [NO−3]o, [H+]o, or membrane volt-
age. Thus, the problem of discriminating between the
models in Fig. 11 reduced to one of finding a single set
of conditions, defined by the predicted size ordering of
reaction constants which are internally consistent and
which satisfy the pattern ofdImaxandKm behavior in Fig.
10, that is which predict an increase and/or decrease in
each of the parameters with voltage under each of the
limiting conditions.

Examining the parameter equations (Meharg &
Blatt, 1995) shows that both of the models in all binding
order combinations will account for the data in Fig. 10.
In every case, orderings of reaction constants can be
found which give a parallel increase ofdImax andKm as
functions in [H+] with increasing (negative) membrane
voltage. However, only Models I(L) and II(F) — both
with NO−

3 binding adjacent to the charge transfer step
across the membrane — give combinations of reaction
constants for whichKm may decrease with (negative)
membrane voltage consistent with Fig. 10B. Of these,
only model II(F) satisfies the experimental data without
internal inconsistencies. Model I(L), by contrast, re-
quires thatko

21 >> ko
12, k18 for Km to decrease with in-

creasing negative voltage, but dictates orderings withk18

> ko
21 > ko

12 or ko
21 >> ko

12, k18 for Imax to increase under
the same conditions [Table 2 columns 2 and 3, rows 8
and 9; (Meharg & Blatt, 1995)]. Taking account of all
reaction constant orderings entailed by the data of Fig. 10
in conjunction with the several Michaelis parameter
equations gives the minimal overall ordering

k27 >> k72 > ko
87e

u/2 > ko
78e

−u/2, k24 >> k46 [5]

which is summarized schematically in Fig. 12 with the
relative size ordering of reaction constants indicated by
the line weight of the arrows.

IMPLICATIONS OF THE MODEL AND COMPARISON WITH

NO−
3 TRANSPORT INARABIDOPSIS

The characteristics of the model in Fig. 12 highlight sev-
eral prominent features which, despite obvious differ-
ences to the NO−3 transporter ofArabidopsis,mark the
close kinetic juxtaposition of the two transport processes:

(i) Like the Arabidopsissystem, theNeurospora
transporter is predicted to carry a net negative charge in
its unloaded form; overall balance of the rate-dominant
and rate-limiting reaction steps is weighted in favor of
the loaded (uncharged) carrier outside and rapid equili-
bration with the unloaded carrier inside the membrane;
and, in the forward (counter-clockwise) direction, mem-
brane transit of the charged (unloaded) carrier is slow
and rate-limiting at zero membrane voltage and, thus,
bestows on the overall reaction cycle a strong voltage
dependence over the entire physiological range (cf. Fig.
3). Also, the voltage-dependent step, itself, is biased
with the ratio ko

78/k
o
87 < 1, so that the carrier must be

‘‘drawn’’ across the membrane by depleting stateN8

through substrate binding outside. This characteristic is
a necessary consequence of the asymmetry in reaction
flow in the cyclevs. that of charge movement, and has

Fig. 12. Reaction kinetic cycle for theNeurosporaNO−
3 transporter.

Line weights drawn to convey the relative magnitudes for the reaction
constants. Key features are: (i) overall rate limitation in the forward
(counter-clockwise) direction by membrane transit of the charged (un-
loaded) carrier (reaction constantko

78); (ii) rate dominance of the bind-
ing/debinding steps inside the cell, determined by the lump constants
k27 andk72; (iii) kinetic proximity of NO−

3 and rate-limiting H+ binding
steps outside to membrane charge transit; (iv) kinetic isolation of NO−

3

and rate-limiting H+ binding steps outside from each other. Details in
the text.
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the effect of conferring on the carrier cycle a strong
interaction between [NO−3]o and membrane voltage (see
Fig. 10B).

(ii) Analogous to the situation for NO−3 transport in
Arabidopsis,weightings of the rate constantsk24 andk46

suggest that only one of the two H+ binding/debinding
steps contributes to the steady-state kinetic characteristic
for transport inNeurospora.Thus the model accommo-
dates a simple Michaelian dependence on [H+]o, despite
the prediction that NO−3 uptake is stoichiometrically
coupled to the influx oftwo H+.

(iii) As with NO−
3 transport inArabidopsis, the

lumped reaction constantsk72, and k27, that subsume
NO−

3 and H+ binding/debinding inside the cell, are among
the fastest steps in theNeurosporacarrier cycle. The
overall effect is to bring the H+-binding (N4⇀↽N2) and
membrane charge-transit (N7⇀↽N8) steps sufficiently
close kinetically that they interact (Fig. 10C). Such be-
havior has been described for a number of H+-coupled or
H+ transporting electroenzymes, including the K+–H+

symporter ofNeurospora(Blatt et al., 1987) and the
H+-ATPases ofNeurospora[see(Hansen et al., 1981)]
and Chara (Blatt et al., 1990). Although it has been
ascribed to a ‘‘proton-conducting well’’ structure
(Mitchell, 1969), the behavior is readily accommodated
within this simple reaction-kinetic scheme [see also
(Blatt et al., 1987; Hansen et al., 1981; Blatt et al.,
1990)]. Note that unlike theArabidopsistransporter, the
N2

←→N7 transition in Neurosporais biased toward the
unbound state of the carrier (N7). One expectation is that
NO−

3 transport inNeurospora,by contrast with theAra-
bidopsistransporter, should be comparatively insensitive
to ligand concentrations inside the cell. Nonetheless,
sincek72 andk27 represent the lumped reaction steps for
debinding of NO−

3 and two H+ a specific prediction is
more difficult. We noted that cytoplasmic acid loads re-
duced the capacity for NO−3 transport in the induced cells
(Fig. 9), so implicating a role for cytoplasmic [H+] in
modulating the activity of the transport system (Ullrich,
1987).

(iv) Finally, the anticipated interactions between
chemical substrates outside the cell are at least qualita-
tively similar, despite the differences in predicted H+-
and NO−

3-binding orders between the two cell types. The
NO−

3-binding step inNeurospora(ko
86 [NO−

3]o) is kineti-
cally isolated from the rate-limiting H+-binding transi-
tion N4⇀↽N2 by a H+-binding step that is heavily biased
in the forward direction. This transition confers the pro-
found pHo-dependence to NO−3 transport at intermediate
voltages inNeurospora(Fig. 8), like that of theN8⇀↽N6

transition inArabidopsis(Meharg & Blatt, 1995). How-
ever, the intervening (‘‘near-irreversible’’) H+-binding
step predicts a minimum effect of [H+]o on transport and
NO−

3 binding at the most negative membrane voltages, as

was suggested forArabidopsis.This behavior was actu-
ally observed in the present study (seeFig. 10A).

In conclusion, these analyses highlight the strong
dependence of NO−3 transport inNeurosporaon mem-
brane voltage as a kinetic parameter and its interaction
with extracellular H+. Our results demonstrate that volt-
age-dependent restriction of the transport kinetics can
account fully for the actions of metabolic blockade with
cyanide and of the metabolite NH4

+. Yet, while it is clear
that the voltage parameter is central to the endogenous
kinetic regulation of NO−3 uptake, this level of control
speaks only to cells induced for the transport system and
not the process of induction itself.

This work was aided by equipment grants from the Royal Society and
the University of London Central Research Fund, and was supported by
AFRC Research Grant PG32/530 to MRB.
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