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Abstract. High-affinity nitrate transport was examined monK,, andJ,,,, values around 2pm and 75 pmol N@

in intact hyphae ofNeurospora crassaising electro- cm %sec?, respectively, and combined measurements of
physiological recordings to characterize the response giH, and [NG;], showed a net uptake of approx. I H
the plasma membrane to N@hallenge and to quantify with each N@ anion. Analysis of the N@current dem-
transport activity. The N@associated membrane cur- onstrated a pronounced voltage sensitivity within the
rent was determined using a three electrode voltag@ormal physiological range between —300 and -100 mV
clamp to bring membrane voltage under experimentahs well as interactions between the kinetic parameters of
control and to compensate for current dissipation alongnembrane voltage, pHand [NG;],. Increasing the
the longitudinal cell axis. Nitrate transport was evidentbathing pH from 5.5 to 8.0 reduced the current and the
in hyphae transferred to NEfree, N-limited medium for  associated membrane depolarizations 2- to 4-fold. At a
15 hr, and in hyphae grown in the absence of a nitrogerconstant pH of 6.1, driving the membrane voltage from
source after a single 2-min exposure to 0@ NO3.  —-350 to —150 mV resulted in an approx. 3-fold reduction
In the latter, induction showed a latency of 40—-80 minin the maximum current and a 5-fold rise in the apparent
and rose in scalar fashion with full transport activity affinity for NO3. By contrast, the same depolarization
measurable approx. 100 min after first exposure tg;NO effected an approx. 20% fall in th€ , for transport as a

it was marked by the appearance of a pronounced serunction in [H"],. These, and additional results are con-
sitivity of membrane voltage to extracellular §@ddi-  sistent with a charge-coupling stoichiometry of 2{iger
tions which, after induction, resulted in reversible mem-NOj3; anion transported across the membrane, and impli-
brane depolarizations of (+)54—-85 mV in the presence otate a carrier cycle in which NChinding is kinetically

50 um NOg3; and it was suppressed when [ldas pres- adjacent to the rate-limiting step of membrane charge
ent during the first, inductive exposure to §lOVoltage transit. The data concur with previous studies demon-
clamp measurements carried out immediately before andtrating a pronounced voltage-dependence to high-
following NO; additions showed that the Neevoked affinity NO3 transport system iArabidopsisand under-
depolarizations were the consequence of an inwardline the importance of voltage as a kinetic factor control-
directed current that appeared in parallel with the depoling NO3 transport; finally, they distinguish metabolite
larizations across the entire range of accessible voltagegpression of N@transport induction from its sensitivity
(400 to +100 mV). Measurements of NOptake using to metabolic blockade and competition with the uptake
NO3-selective macroelectrodes indicated a charge stoief other substrates that draw on membrane voltage as &
chiometry for NG transport of 1(+):1(N@) with com-  kinetic substrate.
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nitrogen status of plants, algae and fungi (Ullrich, 1987).Blatt, 1995). Nonetheless, they leave as many issues un-
In every case, high-affinity transport of N@ manifest addressed, notably the relationship between the voltage-
under N-limiting conditions and shares similar charac- dependence of NDuptake, its probable kinetic suppres-
teristics: the capacity for NDscavenging is generally sion by metabolites which may themselves influence
evident — or is greatly enhanced — following §@x- membrane voltage (Ullrich et al.,, 1984; Deane-
posures (Schloemer & Garrett, 1974; Doddema, Hofstrdrummond, 1985; Henriksen, Bloom & Spanswick,
& Feenstra, 1978; Tischner et al., 1993; MacKown,1990), and the depression of §@ansport induction by
1987; Glass et al., 1990; Meharg & Blatt, 1995). Induc-the same metabolites (Goldsmith et al., 1973; Doddema
tion of NO; transport is sensitive to inhibitors of protein €t al., 1978; Clarkson et al., 1989; Rufty, Jr. et al., 1990;
synthesis (Heimer & Filner, 1970; Schloemer & Garrett, Tischner et al., 1993; Henriksen & Spanswick, 1993).
1974) and is marked by often complex metabolite represindeed, external Niias well as a range of amino acids,
sion (Goldsmith et al., 1973; Doddema et al., 1978;notably glutamine and asparagine, are known to influ-
Clarkson, Saker & Purves, 1989; Rufty, Jr. Mackown & €nce the induction of NDtransport (Ullrich et al.,

Israel, 1990; Tischner et al., 1993; Henriksen & Span-1984; Lee & Drew, 198%; Heimer & Filn.er, 1976;
swick, 1993). Finally, once induced, transport exhibits G0ldsmith et al., 1973 Privalle et al., 1989; Schloemer

an apparent affinity for NQ typically in the range of & Garrett, 1974). Yet these compounds, especially
20-50um (Heimer & Filner, 1970; Schloemer & Garrett, NHa, may also affect NQuptake once the transporter is
1974: Rao & Rains, 1976; Goyal & Huffaker, 1986: induced, simply by virtue of the fact that they draw on a

Ullrich, 1987; MacKown, 1987; Meharg & Blatt, 1995). omMmon “SU_bIStfate” for transport, namely the mem-
Early studies established a requirement for energ)prane potential.

input, demonstrating that NDuptake is sensitive to To address these questions, we have examined the

metabolic poisons and uncouplers, and subsequent Wogigc\fver:i'gﬁc;g; I\leg)g(r)aénsgfo rtulgr:tri]ti\tzsgg:rl:ﬁjﬁrw;t?gr?_c)n
has supported, albeit indirectly, a coupling of Nttans- ' 9 yorq

port with H* movement across the plasma membraneATP- and ion-coupled transport is already to hand. This

. : . . paper explores the energetic requirements fog lé@ns-
(RHa%n;Le:?iinzlInf9r’761'9|;?),ddsecrrr]1§%&m$(;Ifan?srrfg’?;'gl\;i,— port, its voltage- and Hdependent kinetic characteris-

] . ' tics following induction by N-starvation. Additionally,
g:sl;goe)et al., 1990; Ulirich & Novacky, 1990; Glass et al., we outline experiments directed to characterizingzNO

. transport induction ilNeurosporaand especially to the
Strong support for coupling to the movement of two P poraa P y

. effects of one metabolite, N)lon its expression distinct
H™ has come from recent voltage-clamp analyses 0§NO .oy any action on membrane voltage. The results dem-
transport across root hairs @rabidopsis(Meharg &

MY onstrate, among others, that the effect of Nt trans-
Blatt, 1995). However, these data have also h'gh“ghtecborter induction is separable from its impact on mem-

features of high-affinity N@transport that distinguish it |)r5ne voltage and NDtransport in fully-induced hy-
from the majority of H-coupled transporters previously phae.

identified either in plants or fungi. Proton-coupled trans-

port of amino acids (Schwab & Komor, 1978; Felle,

1981, Sanders, Slogman & Paul, 1983), sugars (Schwafaterials and Methods

& Komor, 1978), and of the inorganic anionGSanders

& Hansen, 1981; Beilby & Walker, 1981) in large mea-

sure have shown only limited sensitivity to membraneCeLL GROWTH AND HANDLING

voltage. By contrast, in the root hairs N®@ansport dis-

played a pronounced voltage dependence within thehe wild-type strain 74A oNeurospora crassabtained from Profes-
physiological voltage range. Furthermore, kinetic analy-sor Fincham (Genetics, Cambridge) was used throughout these experi-
sis indicated a simple, first-order dependence Ggh H ments. Cultures were maintained on _slants of Vogel's medium with
binding for transport despite coupling with two*f(Me- 2% glucose and with NHas the sole nitrogen source [AmVM (Rod-

S S . riguez-Navarro et al., 19863epeTable]. Cells for (chemical) flux mea-
harg & Blatt, 1995)’ pointing to a kinetic isolation of surements were grown from the N-starved tissue to give a mycelial

rate-limiting cation ("D'binding analogous to .ion' suspension of cells (Slayman & Tatum, 1968; Slayman & Slayman,
coupled K transporters ilNeurosporaandCharawhich ~ 1974).

also entail two cation-binding steps (Blatt et al., 1987, To obtain satisfactory growth, both of these preparations and

McCulloch, Beilby & Walker, 1990). mycelia for electrical recordings were subcultured on media containing
These results have demonstrated that membranfis o Jo2 e 0 B or 1o the sart of

voltage can limit NQ FranSport and explain _Why ND experiments. Mycelial suspension cultures were prepared by innocu-

!thake should be restricted ‘_at neuFral to alkaline pH, eveﬂiting 25 ml AmVM medium a1 x 1 conidia/ml in flasks that were

in the face of a Iargg electrical driving force (Ullrich & then maintained on a rotary shaker (120 cycles/min) at 26°C. The

Novacky, 1981; Ullrich & Novacky, 1990; Meharg & cultures were removed after 24 hr, filtered ontqué HA Millipore
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Table. Composition of growth medfaand experimental buffers (val- byshire, UK), Sigma Chemical (St. Louis, MO) or from BDH Ltd.
ues in ) (Poole, Dorset, UK).

AmVM -NVM NitVM K */C&*-MES
FLUX EXPERIMENTS

Na* o° 0 0.1 0
K* 0.3 0.3 0.3 2 After harvesting, all cultures were resuspended rQ¢*-MES buffer
NH,* 40 0 0 0 (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
Ca22+ 0.1 0.1 0.1 13 NO; concentration in the bath was monitored continuously using a
M? 038 0.8 0.8 0 Corning NG;-selective membrane electrode (against a 100 m
Cl _ 0.5 0 0 0 NaNO,/100 mv KCI electrolyte) and Delta 250 plON meter (Corning,
2832_ 8 8 (()) 8 %18 % NY) connected to a strip chart recorder. An Ag|AgCI|1M KCI halfcell
4 : : : served as the reference, and connection to the bath was made with a 2%
Phosphate 15 15 15 0 agar bridge containing 50 mK,SO,. Nitrate was added as the Na
Citrate 8.4 8.4 8.4 0 salt, and N@ uptake monitored as its disappearance from the bath.
MES 0 0 0 5 Electrode calibrations were carried out in the flux buffer as described
Sucrose (%) 2 2 2 Oor2 by Wegmann et al. (1984), both in the absence and presence of 50 mM
pH 5.8 5.8 5.8 6.1 K,SO,. The NG;-selective electrodes routinely gave slopes of (-)53—

55 mV/[NQ;] decade at N@ concentrations of 1§ M and above.
aModified from the “N” minimal medium of Vogel (1956) and con- Between 10° and 10° m NOj the signal generally decayed to (-)15-

taining the same trace elements and biotin. 20 mV/[NG;3] decade both in the presence and absence S0

b Designation means no added salt, except for,N@ which case  additions.

concentrations were always below measurable legelaMaterials and For comparison with intracellular recordings only initial rates of
Methods). uptake were used when [Ny 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-
Ciﬁrldry weight &2.54), and corresponding surface areas were deter-
ined from the average cylindrical cell diameter ofu#n, given a
surface/volume ratiofol x 10* cm?/cm® (Slayman & Tatum, 1968;
Slayman & Slayman, 1974; Rodriguez-Navarro et al., 1986).

filters (Millipore, Poole), and washed thoroughly with -NVM medium
before being resuspensed in NitVM.

Shaking cultures were harvested by filtration as before, washe
with K*C&*-MES buffer (Table) — comprising 5 m 2[N-morpho-
linolethane sulphonic acid (MES) titrated to pH 6.1 using Ca(9OH)
(IC&™] D1 mw) with 0.2 mu K* added as K-MES titrated to pH 6.1 In some experiments Hrelease was followed simultaneously

— and resuspended in the same buffer plus 1% glucose. Growth Wa%iih measurement of net uptake of NQ@sing a commercial pH-

recliuced on I|rrl13|t|ng ngjrogen, anrt]:i IlttIeKJfEthelrslnr::reasgdln ﬁ\lll WeIgNtor o6 crode (Corning pH-Microcombination) and second strip-chart re-
volume was observedifta not showh After r, residual NQwas corder. Inthese experiments, the reference solution of the pH electrode

=10 pM in cultures transferred to NitVM gnd was esgentlally undetect-was replaced with 100 mK,SO, at the glass frit to avoid Clinter-
able in cultures transferred to -NVM using either microelectrode (be-;, o and 100 m KCI layered above to maintain reversibility. A

low) or photochemical assays (Goldsmith et al., 1973). At final har- K*Ca*-MES buffer was used. but at a buffer concentration of Os5 m
vest, cells in shaking cultures were largely unbranched filaments, 3_%vith the additions of 1 m K éO and CaSQ This low-pH buffer

. . . 2 4 4
pm in diameter and 80-20Gm in length. served both to minimize errors from G@bsorption and to increase the

. - ) . o
Electrlcql recordings were carrle.d outusing hthae grown on 1 /Osensitivity of the H measurements by reducing the buffer capacity.
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 wasg\||cROELECTRODES
innoculated on a -NVM agar plate. After a further 24-hr growth,

blocks of agar containing the leading edge of hyphal growth were|ntracellular recordings were obtained using a combination of single-
removed and mounted for electrical recording. and double-barrelled microelectrodes (Blatt, 1991, 1992; Meharg,
The preferred experimental buffer was®&*-MES, as Ct has  Maurousset & Blatt, 1994). Microelectrodes (barrels) were filled with

been suggested to interfere with N@ptake (Deane-Drummond & 200 nm K*-acetate, pH 7.2., to minimize salt leakage and salt-loading
Glass, 1982) and several anions are known to interfere with the sens@{tifacts associated with the Thnion (Blatt & Slayman, 1983; Blatt,
(methyltridodecylammonium nitrate) of NiGelective electrodes (Ull- - 1987) without imposing a significant acid or alkaline load (Blatt &
rich, 1987; Wegmann et al., 1984). In some experiments the MESarmstrong, 1993). Connection to the amplifier headstage was via a 1
buffer was replaced with ACES (N-[2acetamide]-2-aminoethane sul-y KCI|Ag-AgCl halfcell, and a matching halfcell énl M KCl-agar

fonic acid; pK, 6.8), HEPES (N-[2-hydroxyethyl]piperazine*N  pridge served as the reference (bath) electrode.
[2-ethane] sulfonic acid; pK7.4), and EPPES (N-[2-hydroxyethyl]-

piperazine-NH3-propane] sulfonic acid; pK8.0) titrated to the pks

with KOH and Ca(OH) to give [K*] = 2 mm and [C&"] 01 mw. ELECTRICAL

Electrical measurements at pH 5.5 were obtained HC#*-MES

buffer, but with the MES concentration raised to give the same cationAll experiments were carried out in fast-flowing buffer solutions (ap-
concentrations. Ammonium was added during experiments ag NH prox. 10 chamber volumes/min). Mechanical, electrical and software
MES from a 20 nu stock solution (20 mm MES buffer, titrated to pH  design have been described in detail (Blatt, 1987, 1990, 1991), with the
6.1 with NH,OH; final [NHZ] = 10 mm). All chemicals were analyti-  addition that a second, single-barrelled microelectrode was placed in
cal grade or better, and were obtained from Fluka (Glossop, Derthe adjacent cell of the same hypha. Thus, recordings routinely en-
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Fig. 2. Induction of NG; transport inNeurosporafollows a single
exposure to N@ Time course for induction taken frofi o3 at —250
0- r+————r——————————————— mV following 2-min inductive pulses of 10@m NO3 att = 0 min and
F PSR SRR N 1 normalized to measurements at time points at 100-150 min thereafter.
- Data points shown are from 6 hyphae in 10 #§*/Ca*-MES pH 6.1,
r 9 1 including data from Fig. 1@). Curves are best, 5th-order polynomial
6~ . fittings for induction time course taken from the membrane voltage
; response to NQin all experiments (solid curve) and the corresponding
4r 4 7 95% prediction interval (dotted curves). Note the roughly equivalent
r , ] induction time courses also when hyphae were subsequently challengec
2F 7 with NO3 only after 78 min [J) and 118 min ¢).

™
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t /min NUMERICAL ANALYSIS

Fig. 1. NOj3 transport activity is expressed following a brief exposure Data analysis was carried out by nonlinear, least-squares (Marquardt,
to NO3. Data from onéNeurosporahypha in 10 nw K*/C&*-MES, pH 1963) and, where appropriate, results are reported as the mean + SE o
6.1, challenged periodically with 1Qom NO3. (A) Membrane voltage  (n) observations.

traces recorded during N@xposures at times indicated on right. VVolt-

ages in mV on left. Additions of 10@m NOj indicated by stippled bars

below each trace. Carats mark times of voltage clamp scans (maskegeagylts

from traces). Scale: vertical, 50 mV; horizontal, 3 miB) Time course

for NO3 transport induction determined as the current difference,

dlnos determined at 250 mV under voltage clamp £ N@ee also  General ELECTRICAL CHARACTERISTICS oFNOj3

Fig. 3). TRANSPORT INN-STARVED CELLS

tailed two impalements, the double-barrelled microelectrode belngExpreSS|on of NQ transport actl\/'ty |nNeurosp0ra’
used to pass current and record voltage. Membrane potentials me irown on NH{ as a nitrogen source and N-starved over

sured both by the simple microelectrode and by the voltage-recordin 5h f dt . . to th .
barrel of the double-barrelled microelectrode were logged on a r, Was_ c_)un 0 reqL_nre prl_or_exposure 0 the ar_1|0n
Kipp/Zonen BD1200 two-pen strip-chart recorder (Kipp/Zonen, Mals- @Nd full activity was attained within a three-hour period

feld, FRG). thereafter $§ee also(Schloemer & Garrett, 1974)]. Fig-
Current-voltage (V) relations were determined under voltage ure 1 details the response of one hypha to;N®er a
clamp by a three-electrode method (Meharg & Blatt, 1995) with the period of more than 6 hrsge alsoFig. 2). Following
voltagt_e clamp under micropro_ct_essolr control using a WyeScigiite impalement, adding 10@v NOj3 (2.8 min) had no effect
amplifier and wLAB analog/digital interface and software (Wye- on membrane voltage (FigA). or on total membrane

Science, Wye, Kent, UK). The clamp comparator utilized the voltage t und It | t sh A similar lack
recorded near the point of current injection, and voltage deflections incurrent under voltage ¢ am_pQ S OW')" o similar lac
the adjacent cell were used to correct for axial current dissipationOf €ffect was observed during two additional challenges

(Gradmann et al., 1978). Steady-stht¥ relations were recorded by (<2 min each) over the next 40 min. After 58 min a
clamping cells to a bipolar staircase of command voltages (Meharg &ourth exposure to 10Gwm NOj resulted n a 6 mV
Blatt, 1995; Blatt, 1987; Blatt et al., 1987). Steps alternated POSitiVQdepolarization and, when the membrane was clamped to
and negative from the free-running membrane potendgl(typically -250 mV near the free-running voltage, yielded a small
20 bipolar pulse-pairs of 200 msec duration) and were separated b¥1nd inward-directed current (FigBL Sut;sequent expo- ’

equivalent periods when the membrane was clamped,toThe cur- o
rent signal was filtered by a 6-pole Butterworth filter at 1 kHz (-3dB) sures to NQ showed both membrane dep0|ar'zatlons

before sampling, and currents and voltages were recorded during th@nd .the associated CU”_'elm increased to maxima after ap:
final 10-msec of each pulse. proximately 2 hr, remaining roughly constant thereafter
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(Fig. 1B). Similar results were obtained in separate ex-each clamp voltage by subtracting the control current
periments with 20 hyphaa¢t showd. Induction of the recorded before NDaddition from the corresponding
NOj3 current was achieved with initial exposures to 100currents determined in the presence of the anion. Two
pM NOj; as short as 2 min; it could be suppressed withassumptions underlie the approach in this case: (i) the
concurrent, but not subsequent exposures tg, K$¢e  effect of NG; addition should be limited primarily to the
Fig. 7); and neither the lag time nor the rate at which thespecific transport process of interest, and (i) in the ab-
transport activity appeared were sensitive to subsequerence of NQ outside, current associated with forward
NOj; challenge (Fig. 2). operation of the transporter should be zero. These con-
Once induced, challenge beurosporawith as little  ditions were met for short-term exposures toN@n its
as 6 M NO; resulted in rapid membrane depolariza- ahsence, the principle components of the current-voltage
tions, and the steady-state changevjpincreased with  (|_v) relationships were accounted for by the character-
the concentration of NDpresent in the bath. On wash- jstics of theNeurosporaH*-ATPase and a nonlinear leak
ing the NG; from the bathV,,, recovered its initial value,  conductance (Blatt et al., 1990; Slayman, Bertl & Blatt,
although complete repolarization generally required 5—%_994; Blatt & Slayman, 1987). Also, following brief ex-
m@n when. exposures were prolonged for more than 2‘3posures (<3 min) to NPthe membrané-V character-
min (cf. Figs. 1 and 3). Such delays in recovery wereigiics normally recovered to the control state on NO
found to be independent of superfusion ralt@ not  \ashout ot showi. Thus, the initial depolarization in
shown. These characteristics suggested a compound g \yas reasonably accounted for as a direct result of

sponse to NQ@following the longer exposures, much as g hqirate addition and its consequence in engaging the
previously inferred from observations of N@voked kinetics for NG transport

voltage changes in maiz&€jmnobiumand Lemna(Ull- Ei ;
: ) : ) gure 3 shows the effects of adding 12-100
rich & Novacky, 1981, Ullrich & Novacky, 1990; Mc- NO3; on total membrane current (Fig.AB recorded

Clure_et al., 1990). Challenges_ with IS'G". subseque_nt from one Neurosporahypha, and the difference cur-
experiments were therefore limited to periods of 3 min or - .
rent-voltage §1-V) characteristics derived from each af-

less whenever possible. ter subtracting the control currents recorded in the ab-
sence of N@ (Fig. 3B). The inset (Fig. 8, above

VoLTAGE DEPENDENCE OF THENO3-EVOKED CURRENT shows the free-running membrane voltage trace recordec
before, during and after exposure to 1Q6 NO3. At

Voltage recordings such as those shown in Fig. 1 indi{his, @nd the other Npconcentrations membrane depo-

cated that adding Npengendered a significant current larization was associated with a downward (negative-
to depolarize/,. Because a significant body of evidence 90in9) shift in the membrane-V curve (Fig. 3Y). NO;
— albeit, largely indirect [butsee (Eddy & Hopkins, additions led to an increase in membrane conductance,

1985)] — already pointed to ion-driven mechanisms fornotably at voltages negative of -150 mV, but had little
NOj3 transport in other fungi, algae and higher-plantseffect or even reduced the overall membrane conduc-
(seelntroduction) and to an energy-dependence foNO tance at voltages positive-going from this value, indicat-
uptake inNeurospora(Schloemer & Garrett, 1974), we ing a voltage-dependence to the N€urrent (Fig. B).
chose to examine the characteristics of thezd@oked ~ Thus, for 100um NO3, subtraction yielded a NDdif-
current directly, making use of a three-electrode voltagderence currenlye,, of (-)10.6 A cm™ at =350 mV
clamp (Meharg & Blatt, 1995; Gradmann et al., 1978).which was reduced to (-)3.2A cm™® at -150
Measurements carried out in this way would yield a de-mV. Qualitatively comparable responses were observed
scription of the N@-evoked current at each clamp volt- at each NQ concentration, with lower concentrations
age, so obviating difficulties in quantification entailed by resulting in correspondingly smaller changes in the total
changes of free-running membrane potential on addingnembrand—V characteristic (Fig. 8) and NG; differ-
NO3, and would allow direct comparison with NO ence currents (Fig.B. Similar results were obtained in
(chemical) flux measurements in determining the apparall 34 cells subjected to voltage clamp analysis under
ent charge stoichiometry for NQransport. these conditions, and when the order of additions was
For this purpose, steady-state current across the hyeversed. A meardlyo, of 8.3 + 0.8 pA cm™? was
phal plasma membrane was recorded at interval®btained at a clamp voltage of —200 mV when bathed
throughout these experiments before, during and aftein 5 mv C&*-MES/0.2 mu K*-MES, pH 6.1, with 100
exposures to N@ In each case, the membrane wasum NO;3.
driven in discrete steps over the widest possible voltage It was notable that NQadditions in every case gave
range, nominally to voltages between -400 and +10®I-V curves showing anncreasein the magnitude of
mV. In order to estimate the NE@nduced currents, in- inward-directed current, even at the most positive-going
dependent of other transport activity at tNeurospora clamp voltagesdf. Fig. 3B). On a basis of thermody-
membrane, difference current8l were calculated at namic considerations alone, currents associated with
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NO3 transport at these external NQroncentrations
might be expected terossthe voltage axis at equilib-
rium potentials near 0 to +50 mV, assuming an internal
pH near 7.5 and [NG); = 1 mm, with transport coupled

to 2H" (Zhen et al., 1991; Miller & Zhen, 1991). That
the NG;-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 Nand any puta-
tive cotransported ion are likely to be finite and experi-
mental manipulation of adding NQself 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 tta¢-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 NO3 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 a
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
NO3 depletion from liquid suspension cultures in
K*/Ca&*-MES, pH 6.1 after stepwise additions of §@
the suspensions, and chemical flux was calculated from
the rate of depletion to 90% of the initial NQ&oncen-
tration added, correcting for background NéXflux as
recorded in the absence of added ]Né&nd, following
exposures to 10Qm NOj3, after washing and resuspend-
ing the cells in fresh buffer without ND

Figure 4 summarizes the results of parallel measure-
ments in 6 independent experiments, including voltage

Fig. 3. NOz-evoked current ilfNeurosporashows appreciable voltage clamp data from 23 cells, calculated on a common basis

sensitivity within the normal physiological voltage range. Steady-state

current-voltagelV) and difference-current-voltag8l¢V) curves as a
function of NG; concentration in the bath. Data from oNeurospora
hypha @) |-V curves determined at time points befofe) (@nd during
challenge with 12um (), 25 um (A), 50 pv (H) and 100um (@)
NO;3 against a background of ®C&*-MES buffer, pH 6.1 NQ con-

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 K, of 23 + 4 um andJ,,, 0f 72

+ 6 pmol cnm®sec™ for the chemical uptake. Measure-

centrations indicated on lefinset: Membrane voltage response to 100 ments Of8|N03! determined at the free-running mem-

wM NOj addition. Voltages indicated in mV. Times bfV scans in-
dicated by carats and cross-referenced by symbol td-tWecurves.
Scale: 25 mV and 2 minB) 31-V curves derived by subtracting cur-
rents recorded before, from those recorded during Exposures irA
and including additional data for @M NO3. NO3 concentrations in-
dicated on left. Note the different current scale.

brane potential in N@Q closely followed the chemical
flux. Separate fittings to the current data gave values
statistically indistinguishable from the chemical uptake
measurements. For the current, e and J, ., values
were 27 + 4um and 86 + 5 peq cifsec?, respectively.
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1780 & Clarkson, 1988@), 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
460 0 reasons — and because GlProved to be a very poor
substitute for N@ in electrical measurementdt
showr) — we question arguments (Deane-Drummond &
Glass, 1983a,b; Deane-Drummond, 1985) thagN@-
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
420 NO;3 uptake with H movements across the plasma mem-
brane. InNeurosporathe H-ATPase predominates
10 charge balance during nutrient transport (Gradmann et
oL J J . . ‘ oy al., 1978; Slayman et al., 1994); however, the net effect
0 20 40 60 80 100 120 of H" movement on pElmust ultimately depend on the
[NO,] /uM H* balance associated with the current flux between nu-
trient transport and the HATPase. So it was antici-
Fig. 4. Equivalence of NQ transport current and net (chemical) O pated that NQ transport should be paralleled by a com-
uptake rate inNeurosporaat the free-running membrane potential. parable uptake of H assuming that ND uptake was
Currents Q) in units of peq crPsec* determined alyo, at the  coupled with 2H and balanced by 1 Hvia the H'-
free-running membrane potential in the presence of NGt uptake ATPase.
rate @) calculated from the initial rate of epletion from the bath -
foIIov:r)1g additions éeeFig. 5). Current Izjlgja ’3vere pooled from 34 For these measureme.ms N_—starved suspension cul
cells; Uptake measurements were from 6 independent experimenté.ure cells were used after mdUCt_'on for N®ansport as
Data shown are means * SE. The solid curve is the result of nonlineaP€fore, but were resuspended in 0.5 K*/Ca*-MES
least-squares fitting of the uptake data to a hyperbolic tangent (Michabuffer with added KSO, and CaSQand adjusted to pH
elis) function. Fitting parameter, 23 + 4 uM; Jo, 72 £ 6 pmol 5.5 (seeMaterial and Methods) to minimize interference
cm?sec™. Comparable data were obtained 8f,,, yielding param-  from dissolved CQ External pH was recorded with a
etersiKy, 27 + 4 pM; 8lma, 86 + 5 peq crifsec. semi-micro pH combination electrode. The results of
one of three experiments in Fig. 5 are shown with the
[NO3] scale extended at a constant slope based on con-
Since NG flux was recorded as net uptake, one centrations above 1fim and therefore indicate an ap-
caveat to these measurements is that a significarg NOparent [NG], of approx. 5um in the absence of ND
efflux could give falsely low measure of (chemical) IO Measurements were initiated by additions of 1,000 and
uptake. In that case, the fraction of coupled charge inthen 500 nmol N@ to the suspension (upward step of
flux would be reduced, conceivably even to zero. Uni-NO3-electrode signal) and show that the subsequent dis-
directional flux measurements are not straightforward forappearance of NDfrom the bath was accompanied by
NO;3 (Lee & Clarkson, 1986). Nonetheless, a significantan alkalinization of the bath. The initial gHivas recov-
contribution of N@ efflux to the net uptake measure- ered on addition of 1,500 nmol HCI at the end of the
ments can be discounted for at least three reasons: (8xperiment. Similar results were obtained in each ex-
measurements of background [BIQin the absence of periment, giving a mean ratio of NNH" based on net
added N@ (not shown failed to show any measureable uptake of 1.08 + 0.7 and, taken together with the data in
NO; efflux either before or, most significantly, after 10- Fig. 4, imply a charge-coupling stoichiometry of 1:1 and
min exposure to 10 NO3; (ii) an estimation of the  with 2H":1NO; transported.
possible rise in [N@]; under these conditions, assuming
an uptake rate of 50 pmol ¢ifsec* and an initial [NG];
of z_ero, shows thaF it could rquwe 20 min O.r more tolIt may be argued, by analogy with the comparative Ndx and
achieve cytoplasmic concentra‘uons. of N@pical of electrical measurements of Fig. 4, that these data do not take account of
N-replete cells (Zhen et al., 1991; Miller & Zhen, 1991; charge balance via Kin addition to H efflux (Eddy & Hopkins,
King, Siddigi & Glass, 1992); finally, (iii) membrane 1985). However, previous work has shown that that under nutrient
depolarizations and increases in membrane conductanegrvation — when membrane voltage is high — #oes not play a
associated with a time-dependent build-up of Cytop|assignificapt part in char_ge balance (Rodri_g_uez—Navarro et ‘al., 1986).
mic anion concentration (Blatt & Slayman, 1983) were Indeed, in these experiments, even Naditions of 0.1 m still left

. . . V,, well-negative ¢eeFigs. 1 and 3) of any reasonable value By
not observed in these experiments. Fig. 1). Indeed, [approx. —100 mV in 2 m K- for [K*], = 150 mv (Slayman & Tatum,

even_ if it is assumed that I\gOafqux accounted_for ap- 1968; Rodriguez-Navarro et al., 1986)]. So, the driving force fér K
prOXImat_ely 20% of the uptake measured in the N-flux would still be inward and a passive'kfflux could not account for
starved tissue (Deane-Drummond & Glass, 1#883e  the outward current balancing N@ptake.
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Fig. 5. Equivalence of net (chemical) NGand H
L O B B | ] uptake in simultaneous recordings of [fl@and
pH, bathingNeurosporasuspension culture cells.
Measurements carried out after induction for NO
transport and resuspension in 0.5 m
K*/Ca*-MES buffer at pH 5.5 with KSO, and
pH 1 CasQ added (final [K] = 2 mw, [C&"] = 1
: mwm). External pH was recorded with a semi-micro
551 pH combination electrode with Clomitted from
) _ 7T the reference. The [Nf) scale shown is extended
NO3 i S from the slope at concentrations above i@ and
therefore indicates an apparent [§JQof approx.
5 pMm in the absence of ND Measurements were
initiated by additions of 1,000 nmol, and then 500
nmol NG; to the suspension (upward steps of
1 NO;-electrode signal) and disappearance ofNO
1000 nmol NO,” 500 nmol NO,” 1500 nmol H 1 and H from the bath followed over time. Titration
. of the pH with HCI thereafter indicated a N®I*
uptake ratio of 1.04 based on net uptake and of
1.02 based on initial uptake rate. Similar results
t /sec were obtained in two other experiments.
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NOj3-TRANSPORT CURRENT IS UNAFFECTED BY ence of NaCN and SHAM a second challenge withNO
METABOLIC BLOCKADE OR NH; gave less than a +10 mV change\ip, Voltage-clamp
recordings obtained in the absence of NQO,[)
The arguments favoring energization by ion-couplingyielded characteristics typical of HATPase inhibition
aside, N@ in Neurospora(Schloemer & Garrett, 1974) by ATP withdrawal in cyanide (Slayman et al., 1994;
— as in higher plants (Heimer & Filner, 1970; Rao & Gradmann et al., 1978), including a marked reduction in
Rains, 1976; Glass et al., 1990) — is acutely sensitive tanembrane conductance most notable at voltages nega
metabolic poisons and uncouplers which might suggest &ive of approx. =100 mV. Comparison of voltage-clamp
more immediate link to ATP and metabolic energy out-data gathered immediately prior to, and during the first
put. However, these, and additional observations ofxposure to N@ (O, @) showed the familiar downward
short-term metabolite repression or competition (Rao &shift of thel-V curve in NG; (Fig. 6A). Significantly, a
Rains, 1976; Breteler & Nissen, 1982; Deane-second challenge with N{rarried out in the presence of
Drummond & Glass, 1982; Ullrich et al., 1984; Deane- NaCN and SHAM evoked a similar pattern of response
Drummond, 1985; Ullrich & Novacky, 1990; Hawkins & in the current characteristic, l), with NO; addition
Lewis, 1993) might also be understood as an effect meleading to a downward shift in membrane current that
diated through changes in membrane voltage and a cowas most prominent at more negative-going voltages
responding kinetic restriction on uptake, given the volt-(Fig. 64). Current subtractions (Fig.Bj) confirmed this
age dependence of the NQ@urrent (Fig. 3). Indeed, minimal effect on NQ transport current, demonstrating
similar patterns of behavior are well-known for ion- only a small reduction in the magnitude &ify, at any
driven transporters, notably for'ttoupled K transport  one voltage. Thus, despite the considerable change in
in Neurospora(Blatt et al., 1987), that exhibit profound membrane conductance and the shape of the whole-cel
kinetic dependencies on membrane voltage. I-V relations under metabolic blockade, the effect on the
To explore the effect of metabolic blockade system-NO; 8-V curve was small and limited essentially to a
atically, we carried out a series of voltage-clamp experi-change in amplitude. These features of the;NOrrent,
ments of the type shown in Fig. 3, reasoning that ifNO and their juxtaposition with inhibitor action on the back-
transport depended primarily on membrane voltage —ground of membrane currents, argue in favor of an indi-
and so, only indirectly on ATP hydrolysis — then under rect action mediated through a reduction in electrical
voltage clamp the N@transport current should be un- driving force.
affected by metabolic poisons. The data in Fig. 6 are A similar conclusion was drawn from studies with
from one cell and show that metabolic blockade led to arthe NG; metabolite NH. In these experiments, fully
extensive and rapid depolarization of the membrane voltinduced hyphae were challenged with 100 NOj3 in
age, from -245 mV to a stable value around —100 mVthe absence, and again in the presence of 0.1-@5 m
(Fig. 6A, inse). In this experiment, prior addition of NH;. Figure 7 shows the results from one experiment
NOj; evoked an approx. +30 mV shift i, from =234  with 0.1 mm NHj, close to theK; reported for inhibition
mV to a value close to —200 mV; however, in the pres-of NO3 uptake (Schloemer & Garrett, 1974). In this
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Fig. 6. NOj transport current ilNeurosporgpersists in the presence of Fig. 7. Ammonium blocks NQ transport current of fully inducedeu-

metabolic blockade with NaCN apd salicylhydroxamic acid. Steady- rosporahyphae through membrane depolarization without altering the
state curre_nt—voltagel-(V) and dlfference—current-voltag@lev) intrinsic kinetic characteristics of the current. Data from one hypha in
curves obtained from onleurosporshypha before and during expo- 14 1 K*/C2*-MES pH 6.1, challenged with 10m NOj in the

A4, 3

sure to _l mn Na(_tN and_ 0.4 m salicylhydroxa_lmic acidA) I-V curves absence, and presence of 100 NH;. (A) Whole-cell, steady-stateV
determl_n_edhat time pomtsf k;]efor@l anlc_j durl_ng o) _exrrJlo_sure 10100 o ans carried out + NDbefore O, ®) and after (1, M) adding NH,
M NO; in the absence of the metabolic poisons, in their preséiife (| <et- Membrane voltage trace, voltages indicated in mV. Additions of

and after further addition of 10Qm NO; (M). Inset: Free-running i+ (gtinpled bars) and Nf(horizontal-striped bar) indicated above.
membrane potential traces with voltages indicated in mV. Carats '”d"Carats mark times df-V scans (masked from trace), cross-referenced

cate times ofl-V scans (masked from trace) and cross-referenced byt0 I-V curves by symbol. Scale: vertical, 40 mV; horizontal, 3 mB). (
symbol. Scale: vertical, 50 mV; horizontal, 3 min. Vertical shaded barNOg transport currentply,, derived by current subtractions of the

indicates exposure period for NaCN + salicylhydroxamic acid; Strippedwhole-cell currents + NQin A and cross-referenced by symbol.
bars indicate exposure periods for @ 8I-V curves for NQ trans-

port recorded during NDexposure, before®) and during metabolic

blockade W). Note the different current scale from conditions) in the presence of NHHowever, current

subtraction over the entire range of clamp voltages
showed virtually no change in the NGI-V character-
case, the hypha was challenged with 300 NOj first istic (Fig. 7). Similar results were obtained in 4 other
alone, and subsequently in the presence ofNAdding ~ €xperiments and gave a mean inhibition by N# 32 +
NO3 on its own resulted in a membrane depolarization 0f5% at the free-running voltage, a value close to the 25%
+38 mV (Fig. 7, inse} and downward shift in the reduction observed by Schloemer and Garrett (1974) in
whole-celll-V curve (Fig. A, compare curve® and®)  UPtake measurements carried out on (nonvoltage-
which, on current subtraction, yielded the characteristicclamped)Neurosporain suspension cultures. However,
NOj; current (Fig. B). Adding NH;, following NO; gtastiandard clamp voltage of —200 mV t_heg\@rrent
washout, evoked a much larger inward current and conin NH4 was 102 + 6% of that recorded in the control.
sequent depolarization (Slayman, 1977), marked in thé! Other words, Ni inhibition of the NG current could
whole-cell -V curve by an approx. 3-fold increase in be acco_unt_ed for entirely as a consequence of membrane
slope (conductance) across the accessible voltage sped€pPolarization.
trum [compard-V curves in the absence of NQO,)].
Against this added background conductance, the depa<inetic INTERACTION OF [NO3],, [H*], AND V,,
larization on the second addition of N@vas reduced to
+12 mV. Furthermore, a 31% reduction of fl@ptake  From the preceding experiments it is evident that any
was also indicated under free-running (nonvoltage-clampneasurement of NDtransport — whether as a differ-
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ence current £N@ net or isotopic (unidirectional) flux [ ' ' ‘ ' ‘ ' '
— will be influenced by five kinetic variables: [NZ),,
[NO3]i, V., and, assuming cotransport with*Halso
[H*], and [H];. Only two of these variables, [Nf), and
[H'],, 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 ar
short-term and the initial rates of transport are used ir-z
guantitation. However, unlesg,, 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 tha
NOj; transport is voltage sensitive over the normal physi-
ological voltage range (Figs. 3 and 6).

Our previous studies dkrabidopsisroot hairs dem-
onstrated the facility of the electrophysiological ap-
proach for analysing high-affinity NDtransport (Me-
harg & Blatt, 1995), and a comparison with the features
of the NG current in Neurospora(cf. Figs. 3 and 6) 0oL — ' : ! : ! : ! .
underscored some similarities in the voltage sensitivities
of the currents. Thus, one objective of the present ex PH,
periments was to develop an explicit kinetic model for

the transporter nlNeurosporaand to place this model in independent of changes in membrane voltage. Difference currents cal-

context with the that for N@transport inArabidopsis.  cyjated for 100um NO; exposures with the membrane clamped to
To obtain the broadest range of data for modelling, €x--300 mv @ee inseit Data are pooled from 6 experiments, with dif-
periments were carried out similar to those illustrated inference currents normalized to common measurements g gHrom
Figs. 3 and 6, but Varying both extracellular 5]@1(] pH. each cell. The dat_a were fitt_ed by Igast-_squares to the Henderson-
Analyses were generally restricted, however, to Compar_Hasseralch equatl'on (solid line), which yielded an apparent @K

ing currents recorded from the same cell in order to6.92ir0.05.Inset.leference—current—voltag@(—\/) curves as a func-

d . . itud b tion of H* concentration in the bath. Data from oNeurosporehypha
accommodate variations In current magnitudes etweegha”enged with 10Qumm NO3. Curves are for NQ exposure at pl

measurements (up to 2-fold on a cell-by-cell basis). Thes 1 (solid line), pH 6.8 (long dashed line) and pH .4 (short dashed
possibility of changes in pHand [NG;]; was minimized  line). Values taken at —300 mV indicated by vertical dotted line and
by limiting NO3 exposures to short pulses, just long arrows. pH values indicated on left.
enough to encompass full membrane depolarizatee (
Fig. 3), and control measurements were run under a set of
standard conditions for [N§), and pH, throughout each effect of extracellular pH is given in Fig. 20 For the
set of measurements as a check against any endogenamsalyses shown, values of the Bl@ifference current,
variation or kinetic adaptation during a sequence oENO 3y, were recorded from one cell near the negative
challenges. voltage extreme (—350 mV) and at each of three different
The simplest result to describe was that of the dif-pH, values, and then subjected to nonlinear least-squares
ference currendlyo, at a fixed [NG], and V,, The fitting to a Michaelis function with [N@],. As seen,
results shown in Fig. 8 were carried out with additions ofboth Michaelis parameterk, and 8lyo, max derived
100 uMm NO3 and were pooled from 5 cells after normal- from this analysis, were altered by pidonsistent with
izing to measurements in pHb.5. The data show that its behavior as a “linear mixed-type activator” (Segel,
the current was enhanced at acidpi¥ith an apparent 1993): increasing [H, from 0.16 to 3.2um (from pH,
maximum near pki5.5-6.0. Also consistent with a ki- 6.8 to 5.5) caused a limited increase 8hyo, max but
netic dependence on'HexposingNeurosporehyphae to  showed a substantial effect on tke, for NO3 which
10 mv Na'-butyrate, sufficient to acidify the cytoplas- decreased, consistent witrca. 4-fold rise in affinity for
mic pH approx. 0.5 units (Sanders & Slayman, 1982),NO;. Hence the current, like net NQuptake (Schlo-
reduced the NQ current by 30-40% at all clamp volt- emer & Garrett, 1974; Rao & Rains, 1976), was reduced
ages (Fig. 9). at alkaline pH, but in this case the effect was demon-
For reasons discussed later, the most useful inforstrably independent of any effect of gtén the mem-
mation was to be obtained at the kinetic extremes, undebrane voltage.
conditions of near-saturating [H,, [NO3], and saturat- Previous studies (Sanders et al., 1984; Blatt, 1986;
ing (negative)V,,. A more detailed presentation of the Blatt et al., 1987; McCulloch et al., 1990; Slayman et al.,

No, (tela

« 05

-
o

Fig. 8. Extracellular pH affects the NPPevoked current iltNeurospora
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independent of changes in membrane voltage. Membrane voltage re-

sponse A) and difference currentsB} determined for 10Qum NO3 Fig. 10. Kinetic interaction between parameters of [NQ [H*], and
exposures in one hyphae in the absencd and presence®) of membrane voltage ifNeurospora.(A) Proton concentration-depen-
intracellular H load from 10 nm Na"-butyrate added at pH6.1. () dence of the kinetic paramete® (., Ky,) for 3lyo, at extreme nega-
Voltage traces (in mV on left) with periods of exposure to 200NO3 tive voltage. Currents determined at —350 mV as described in Fig. 3 at
(stippled bars), 10 m Na*-butyrate (diagonally-striped bar), and times [NO3], between 6 and 10w and fitted by nonlinear least-squares
of I-V scans (carats, cross-reference@toy symbol) indicated. Scale:  (Marquardt, 1963) to a Michaelis function. The parameters resulting
vertical, 50 mV; horizontal, 3 min. Hloading and its effect on H from this and similar analyses at three different,pidlues are plotted
ATPase and background leak conductanoes $howpaccount forthe  as a function of [H],. (B) Voltage dependence of kinetic parameters
transients on Nabutyrate addition and washout (Sanders & Slayman, (8 ma. Ky for 3lyo, at pH, 6.1. Results derived from analyses as in
1982). B) Difference-current characteristics determined as in Fig. 3(A), but as a function of clamp voltageC) Voltage dependence of

from measurements in the absen€® @nd presence®) of intracel- kinetic parametersd(ma, Km) for 8lyo, at 200 um [NO3],. Results
lular H* load from 10 nw Na'-butyrate. Comparable results were ob- derived from analyses as i, but for [H*], as a function of clamp
tained in 3 additional experiments. voltage.

1994) have indicated that, in discriminating between al-3lyo, were determined in turn at one of several common
ternative reaction cycle models, the influence of mem-clamp voltages and used to construct families of Micha-
brane voltage on transport kinetics is often more infor-elis plots as functions either of [Nf), or [H], as before.
mative than the effects of changing either substrate or  The Michaelis parameters derived from these analy-
driver-ion (H") concentrations. Therefore, kinetic analy- ses show that the action of membrane voltage over
ses were also carried out to examine the effecdpbn  [NO;3],, again, was distributed between the maximum
transport first with [NQ], and then with [H], as the current and the apparent affinity of the transporter for
primary variable. Figure 1 summarizes the effect of NOj. Increasing-negativ¥,,, like [H*],, acted as a “lin-
Vim 0N K, and 8lyo, max for [NO3],. These measure- ear mixed-type activator” (Segel, 1993) of transport with
ments were carried out at near-saturating, 515) with  respect to NQ concentration, and between approx. —150
[NO3], as the independent variable. FigureCléhows and -350 mV led to a 4-fold increase &, and an
the results of comparable measurements, but carried oatpprox. 3-fold decrease K, By contrast, with respect
at near-saturating [Ng), (200 pm) with [H*], as the to [H'], (pH, varied between 5.5 and 7.4) the analyses
independent variable. In each of these cases, values ohcovered a parallel action &, on 8l ., andK, (Fig.
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10C)% In this case, increasing the electrical driving argument for the transport of NOcoupled with the
force across the membrane effected a rise in the maximovement of 2H.
mum transport current. It also consistently led to a small
decrease in the apparent affinity of the transporter far H
This latter, and counter-intuitive result implicated the KINETIC DEPENDENCE ONMEMBRANE VOLTAGE
rate-limiting H'-binding step at a position in the trans-
port cycle that is kinetically remote from membrane Although in principle voltage sensitivity is a common
charge transit. The juxtaposition of these observationsfeature of all rheogenic transport processes, high-affinity
and their relation to the characteristics for Nttansport  NOj transport — inNeurosporaas inArabidopsis(Me-
in Arabidopsis(Meharg & Blatt, 1995), prompted the harg & Blatt, 1995) — is unusual among anion trans-
examination of ordered binding models presented belowporters as it is for Frcoupled transport processes gen-
erally — simply because its region of steep voltage de-
pendence is situated within the normal range of
Discussion physiological membrane potentials. In most othéer H
coupled systems known to date transport currents have
High-affinity NO3 transport in fungi, as in higher-plants appeared largely voltage-insensitive (Hansen & Slay-
and algae, is energetically unfavorable and requires thanan, 1978; Felle, 1981, Beilby & Walker, 1981; Sanders
the cells draw upon a metabolic input to achieve NO & Hansen, 1981; Sanders et al., 1983), consistent with
uptake. The consensus holds that N@®ansport is  equilibrium potentials situated well-positive of these po-
coupled to the primary electrochemical potential gradiententials [butsee (Blatt, 1986)]. An important conse-
for H* (Ap,) in walled eukaryotic cells. Nonetheless, quence for NQ transport inNeurosporas that uptake of
the significance of membrane depolarizations upon adthe anion will be strongly influenced by factors which
dition of NO; — their implications for metabolic depen- affect the free-running membrane voltage. From Figs. 3,
dence, competing ion and inhibitor sensitivites — has6 and 7 it is clear that shifting the membrane positive-
remained only poorly defined, and evidence that coulagoing from —300 to ~150 mV can reduce the §N€urrent
speak directly to the charge-coupling ratio for M@ans- by 50-70% under constant [N and pH.
port or its dependence ol has generally remained One consequence of this voltage dependence is that
elusive. factors that influence the free-running membrane poten-
The results presented here, and our previous studidgéal must thereby also affect NDuptake, albeit indi-
with Arabidopsisroot hairs (Meharg & Blatt, 1995), rectly. It is precisely this “functional coupling” that
highlight the common and pivotal role of the voltage probably accounts for the sensitivity of N@ansport to
parameter in dictating the kinetic characteristics for;NO metabolic poisoning with cyanide (Glass et al., 1990;
transport. ForNeurospora,voltage clamp recordings Schloemer & Garrett, 1974; Rao & Rains, 1976). Treat-
identified a marked dependence of the N@urrent on  ment with NaCN and salicylhydroxamic acid led to a
membrane potential (Figs. 3 and 6-9), and exposed thpronounced depolarization of tiNeurosporanembrane
sensitivity of the current to pHand pH, distinct from  but had little effect on the NDcurrent, as could be
pH-dependent changes W,, (Figs. 8 and 9). Finally, demonstrated when the voltage clamp was used to
comparative flux and electrical measurements yielded &maintain” the membrane potential (Fig. 6). Much the
1(+):1(NG;) charge-coupling stoichiometry for uptake, same conclusion can be drawn from experiments with
indicating that 2 positive charges must transit the memNH} (Fig. 7), which has been reported to interfere with
brane with each N anion, and concurrent measure- NO3 uptake (Goldsmith et al., 1973; Deane-Drummond,
ments of net Fl and NG; transport showed that uptake at 1985; Henriksen et al., 1990; Henriksen & Spanswick,
micromolar NG concentrations was accompanied by a1993), and the explanation should apply equally to the
net influx of roughly an equivalent number of HGiven  response of N@ uptake to other transported solutes
that the dominant pathway for charge efflux balancingagainst which the transporter must “compete” for the
noncapacitative, inward-directed currents is th& H electrical driving force. Indeed, there are reports that
ATPase (Slayman & Gradmann, 1975; Slayman et al.jons such as Cl(Deane-Drummond & Glass, 1982; Ull-
1994) taken together these results offer a compellingich & Novacky, 1990; Hawkins & Lewis, 1993), €&
(Doddema & Telkamp, 1979), and even Nand K
(Smith, 1973; Jackson et al., 1976; Eddy & Hopkins,
o ) _ 1985; Hawkins & Lewis, 1993) interact with NQrans-
While it could be supposed that, if coupled with the transport of,2H port or regulate its activity. Yet these solutes, equally,

the current should follow as a function of TH, empirically better iy L. -
results were obtained when the current was plotted as a simple, rathe ill influence the membrane potential in their transport

than as a non-unitary power of driver-ion concentration and the obserI ereb)/ a.ffeCtmg NQUPtake accordlngly — but by vir-
vation is entirely consistent with transport rate limited in only one of tue of its inherent kinetic dependence on membrane volt-

the two, putative F-binding steps eeDiscussion). age rather than any direct interaction with the N@ns-
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porter itself. In short, for the transport-competent cells aelling should yield quite a different picture for the fungal

primary level of control on N@Q uptake is probably me- transporter.

diated through its endogenous kinetic dependence on Essentially all of the kinetic properties of the §O

membrane voltage rather than by exogenous regulatoriransport currents ifNeurosporaandArabidopsiscan be

interactions with metabolites. 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

KINETIC CONTROL AND METABOLITE SUPPRESSION conceived in kinetic terms, and no explicit physical as-

ARE SEPARABLE sumptions were made, other than to propose that the
transported ions traverse the membrane by reacting with

By contrast with its kinetic behavior in NHthe induc-  a specific carrier molecule which is, itself, confined to

tion of NOj transport showed a profound sensitivity to the membrane. Each model was reduced to the mini-

the metabolite. We found that very short exposures tanum number of pseudo first-order reaction steps permit-

extracellular N@ were sufficient to trigger induction, ted by the data, without identification a priori of any

and that the process could be suppressed if; Mids  rate-limiting reaction steps (Gradmann, Kleiber & Han-

present at the same time. Because the electrical analyseen, 1987), and the voltage parameter was incorporatec

allow us to rule out a low level of NDtransport activity  in a single reaction step as a symmetric Eyring barrier

in these instances, and because even a brief exposure (icduger, 1991; Lager & Stark, 1970) so that

NOj was sufficient to express the transport activity 40 to

80 min later (Figs. 1 and 2), the observations suggest tha, , = k3,62

extracellular N@ must trigger an inductive signal cas-

cade independent of a minimum cytoplasmic Né@n-  and [1a,4

centration. This conclusion also accords with the appar-

ent insensitivity of the induction process to subsequenk,, = k3,e™*?

NOj; exposures. Similar interpretations have been sug-

gested by Redinbaugh and Campbell (1991), MacKownwhere u= VF/RT, V is the membrane voltage, and F, R

and McClure (1988) and Tischner et al. (1993), althoughand T have their usual meanings.

the longer inductive exposures to @nd especially the The minimal kinetic model that is physically con-

background of NQ uptake in these previous studies left sistent with a cotransport system for §lénd two mono-

open a question about the requirement for cytoplasmigalent ce-ions (H*) comprises eight carrier states and

NOs. In toto, the data point to a highly concerted sig- sixteen rate constants which describe the sequential bind-

nalling sequence regulating NQransporter expression, ing of substrate and edons on one side of the membrane

distinct from the endogenous kinetic control of trans-and their debinding on the other si¢geeFig. 11). The

porter activity in the membrane. complete equation associated with tifgnd any other
cyclic) cotransport model takes a general form where the

transport current
KINETIC DISTINCTIONS OF THE FUNGAL

NO3 TRANSPORTER klzllel_k21|2Mm|

M (2]

The juxtaposition of the N®currents inNeurosporaand
@rak?[!dopsm_do;as ralseAistlhquesr':lon sbmat thelrlllmlderlylrtl)gin which | is the currentm is the total number of states
dme |cfequnt/ﬁ1 enclf. doug da roaf trp])ara N catn eexplicitly included in the modelM,,| is the determinant

rawn from the voltage-cependence o e;NfDrrens or the characteristic matrix of coefficients for that
from the plant and fungal cell types, a careful analysis o

th L inN 4 both Gtati model, |M,,| is the determinant for the adjusted matrix of
€ current iniNeurosporauncovered both quUantitalive . qtficiants excluding thgh state [ = 1 or 2, associated
and qualitative differences including, on average,

Awith b harge transit), the rath JJ/[M,,| is th
larger NG; current in the N-starvetlleurosporaand an ith membrane charge transit), the ratld /My is the

i » . hift 1o it it h terisi total carrier in thejth state N; or N,), z is the charge
apparent negative-going shift [0 11s voltage charactenstiGy,,, o q per forward turnover of the carrier cycle, dnd
[Fig. 3; compare with Fig. 5 of Meharg and Blatt (1995)]. - ;

L L has its usual meaning.
Most significant, however, kinetic analyses showed that
membrane voltage increased,,,, and decreased,,
with respect to H (linear-mixed activator), while affect- SELECTING A REACTION SCHEME
ing bothal, ., and K., in parallel with respect to ND
(hyperbolic-mixed activator) irArabidopsis.We could Because it is conceivable for membrane charge transit to
deduce the reverse dependencies for the curreNeir  occur in association with either the bound or unbound
rospora(Fig. 10) and, hence, suspected that kinetic mod+ransporter, two variants of the reaction scheme in Fig.
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Ky~ K11, or NO;), Fig. 11. Carrier.cyc'le for the NQFrapsporter.
Forward operation in each case is in the
counter-clockwise direction as illustrated) (The

k= Kk, or NOJI.  explicit, eight-state model with all possible
binding/debinding orderings for Hand NG

k,= K, or NO;) indigated. Statesl,; an_d NZ denote the_ loaded
carrier states on the inside and outside of the

membrane, respectively, while stafdgandNg

comprise recycling of the unloaded carrier across
the membrane. All intervening steps entail
binding/debinding of F or NO;3 inside and

outside. B) Model | (seetext): pseudo-5-state

model equivalent with membrane charge transit

assigned to the loaded carrier € +1). (C)

Model Il (seetext): pseudo-5-state model

equivalent with membrane charge transit assigned

to the unloaded carriez(= -1).

11A must be considered. Model | (Fig. BL assumes cancel, but the general expression is hon-Michaelian ex-
that the transporter itself is uncharged and assigns theept under certain, well-defined circumstances, notably
charge transit step to the fully loaded arm of the cyclewhen the transport difference curredit is calculated
Model Il (Fig. 11C) postulates that the unloaded trans- (Blatt, 1986; Blatt et al., 1987). Each equation includes
porter carries a net charge of -1 across the membranerms in [NG],, [H*], and V, and further simplifies
during carrier recycling and that the loaded carrier iswhen saturating conditions in each of these parameters
electrically neutral. Each model actually entails nineare considered in turn. The resulting subfamilies of
possible reaction cycles, taking into account the differentequations include a single product term in the numerator
combinations of ordered binding and release, but thesand terms in the denominator which factor to give a sum
sequence permutations are reduced to three in the pseudd products in the substrate (or co-ion) concentration
five-state (lumped) forms, reflecting the fact that ourtermed and a second sum of products in a constant term.
experiments did not examine the effects of [NCand  Thus Model I(L), with NG binding last before mem-
[H']; in quantitative terms and can provide no informa- brane charge transit, reduces to
tion about ion binding inside the cell. The corresponding
reaction cycles are shown on the right in Fig. 11 and | G lNO3T K€% kpg
follow the conventions of Hansen et al. (1981), SanderS N~ - W2, L0 U2
et al. (1984), Blatt (1986) and Gradmann et al. (1987) PN KEINGS] ok + 2,0
where theks denote simple reaction constants andibe
indicate the lumped constants that subsume multipleand after minor rearranaement of terms. gives the Mi-
steps. Reaction constants which contain ion-concen-h ’I' 9 9
tration terms are expanded at the far right in Fig. 11 chaelis parameters
Thus, each model may be further subdivided dependinq o —u2
on the order of binding outside, that is either with the _max _ 1€ Kis 4
binding of NG; first [Models I(F) and II(F)], last [Mod- —FN k3,2 + k3,6 % + kqp [44
els I(L) and II(L)], or mid between the two Hoinding OV 2 4 k0.2
steps [Models I(M) and I1I(M)]. _ K€ Ko THo€ | Kag a5

For both Models | and II, all of the matrices in Eq.  K,e¥?+ k3™ ? + Ky [4b]
2 and its congeners represent linear combinations of the
reaction constants. Many of the terms in the numeratoA complete summary of the relevant equations and Mi-

+Kqg)
o w2 —w/2
+ KK+ K gKo€

(3]
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chaelis parameters for saturating substrate and co-ioout in
concentration will be found in Meharg and Blatt (1995, © )
Table 2). For comparison with the models depicted in N N

Fig. 11, forward operation of the transporter occurs in the NO3 §
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 <. N,
fore given less weight in this analysis. Also, as in the H' A
case ofArabidopsigMeharg & Blatt, 1995), functions in \

[H*], were potentially non-Michaelian, simply because

— .

mmNo;

H* binding was necessarily assigned to two steps. Thu N
equations become Michaelian in Tl when the reaction TN
constant for reverse (clockwise) transit through one ol \ \f
these steps is very small. In keeping with the apparen 1
Michaelian behavior of the data we incorporated this N
assumption, thereafter including the “missing” reaction 1

constants in the size orderings as appropriate. Fig. 12. Reaction kinetic cycle for th&leurosporaNO3 transporter.

Line weights drawn to convey the relative magnitudes for the reaction
constants. Key features are: (i) overall rate limitation in the forward
IDENTIFYING KINETICALLY CONSISTENTMODELS (counter-clockwise) direction by membrane transit of the charged (un-
loaded) carrier (reaction constagdy); (ii) rate dominance of the bind-
Within the limiting conditions stipulated for two of the ing/debinding steps inside the cell, determined by the lump constants
families of equations derived from Eq 2, each set of datgtz7 2"« (iil) kinetic proximity of NO; and rate-limiting H binding
in Fia. 10 describes Michaelian parametairs. . andK steps outs_ld_e_to membrgne charge tra_n5|t; (iv) kinetic isolation o}‘ N_O
In F1g. . . . +p ax m and rate-limiting H binding steps outside from each other. Details in
determined either in [Ng),, [H'],, or membrane volt- ¢ text.
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 ofwhich is summarized schematically in Fig. 12 with the

reaction constants which are internally consistent anqelative size ordering of reaction constants indicated by
which satisfy the pattern @ ., andK,, behaviorin Fig.  the line weight of the arrows.

10, that is which predict an increase and/or decrease in
each of the parameters with voltage under each of the
limiting conditions. IMPLICATIONS OF THE MODEL AND COMPARISON WITH
Examining the parameter equations (Meharg &NO3; TRANSPORT INARABIDOPSIS
Blatt, 1995) shows that both of the models in all binding
order combinations will account for the data in Fig. 10. The characteristics of the model in Fig. 12 highlight sev-
In every case, orderings of reaction constants can beral prominent features which, despite obvious differ-
found which give a parallel increase &f,,,, andK,,as  ences to the NQtransporter ofArabidopsis,mark the
functions in [H] with increasing (negative) membrane close kinetic juxtaposition of the two transport processes:
voltage. However, only Models I(L) and II(F) — both (i) Like the Arabidopsissystem, theNeurospora
with NOj3 binding adjacent to the charge transfer steptransporter is predicted to carry a net negative charge in
across the membrane — give combinations of reactiorits unloaded form; overall balance of the rate-dominant
constants for whictK,,, may decrease with (negative) and rate-limiting reaction steps is weighted in favor of
membrane voltage consistent with Fig.BLOOf these, the loaded (uncharged) carrier outside and rapid equili-
only model II(F) satisfies the experimental data withoutbration with the unloaded carrier inside the membrane;
internal inconsistencies. Model I(L), by contrast, re-and, in the forward (counter-clockwise) direction, mem-
quires thatk3, >> k3, kg for K, to decrease with in- brane transit of the charged (unloaded) carrier is slow
creasing negative voltage, but dictates orderings wjth  and rate-limiting at zero membrane voltage and, thus,
> k3, > ki, or K3, >> k7, kqg for I, to increase under bestows on the overall reaction cycle a strong voltage
the same conditions [Table 2 columns 2 and 3, rows &ependence over the entire physiological rargfeHig.
and 9; (Meharg & Blatt, 1995)]. Taking account of all 3). Also, the voltage-dependent step, itself, is biased
reaction constant orderings entailed by the data of Fig. 1@vith the ratio k%¢k3, < 1, so that the carrier must be
in conjunction with the several Michaelis parameter“drawn” across the membrane by depleting stdig
equations gives the minimal overall ordering through substrate binding outside. This characteristic is
a necessary consequence of the asymmetry in reactior
Koy >> Koy > k3642 > Ko™ 72, Ky, >> Kyg [5]  flow in the cyclevs.that of charge movement, and has
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the effect of conferring on the carrier cycle a strongwas suggested fokrabidopsis. This behavior was actu-
interaction between [Nf), and membrane voltagsde ally observed in the present studseéFig. 104).

Fig. 10B). In conclusion, these analyses highlight the strong
(i) Analogous to the situation for Nptransport in  dependence of NDtransport inNeurosporaon mem-
Arabidopsisweightings of the rate constarks, andk,,  brane voltage as a kinetic parameter and its interaction

suggest that only one of the twoHbinding/debinding  with extracellular H. Our results demonstrate that volt-

steps contributes to the steady-state kinetic characteristige-dependent restriction of the transport kinetics can

for transport inNeurospora.Thus the model accommo- account fully for the actions of metabolic blockade with

dates a simple Michaelian dependence ofjjHdespite ~ Cyanide and of the metabolite NHYet, while it is clear

the prediction that NQ uptake is stoichiometrically that the voltage parameter is central to the endogenous

coupled to the influx oftwo H*. kinetic regulation of NQ uptake, this level of control
(i) As with NO3 transport inArabidopsis, the speaks only to cells induqed forthe transport system and

lumped reaction constanis,,, and k.-, that subsume Not the process of induction itself.

NO;z and H binding/debinding inside the cell, are among

the fastest steps in theurosporacarrier cycle. The This work was aided by equipment grants from the Royal Society and

overall effect is to bring the Hbinding (N,=N,) and the University of London Central Research Fund, and was supported by

membrane charge-transiN{=Ng) steps sufficiently AFRC Research Grant PG32/530 to MRE.
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