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Abstract. High-affinity nitrate transport was examined 
in intact root hair cells of Arabidopsis thaliana using 
electrophysiological recordings to characterise the re- 
sponse of the plasma membrane to NO 3 challenge and to 
quantify transport activity. The NO~-associated mem- 
brane current was determined using a three-electrode 
voltage clamp to bring membrane voltage under experi- 
mental control and to compensate for current dissipation 
along the longitudinal cell axis. Nitrate transport was 
evident in the roots of seedlings grown in the absence of 
a nitrogen source, but only 4-6 days postgermination. 
In 6-day-old seedlings, additions of 5-100 gM NO~ to the 
bathing medium resulted in membrane depolarizations of 
8-43 mV, and membrane voltage (Vm) recovered on 
washing NO~ from the bath. Voltage clamp measure- 
ments carried out immediately before and following NOj  
additions showed that the NO~-evoked depolarizations 
were the consequence of an inward-directed current that 
appeared across the entire range of accessible voltages 
(-300 to +50 mV). Both membrane depolarizations and 
NOj-evoked currents recorded at the free-running volt- 
age displayed quasi-Michaelian kinetics, with apparent 
values for K m of 23 + 6 and 44 + 11 gM, respectively and, 
for the current, a maximum of 5.1 + 0.9 gA cm -2. The 
NO 3 current showed a pronounced voltage sensitivity 
within the normal physiological range between -250 and 
-100 mV, as could be demonstrated under voltage 
clamp, and increasing the bathing pH from 6.1 to 7.4-8.0 
reduced the current and the associated membrane depo- 
larizations 3- to 8-fold. Analyses showed a well-defined 
interaction between the kinetic variables of membrane 
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voltage, pH o and [NO~] o. At a constant pH o of 6.1, de- 
polarization from -250 to -150 mV resulted in an ap- 
proximate 3-fold reduction in the maximum current but a 
10% rise in the apparent affinity for NO 3. By contrast, 
the same depolarization effected an approximate 20% 
fall in the K m for transport as a function in [H+]o . These, 
and additional characteristics of the transport current im- 
plicate a carrier cycle in which NO~ binding is kineti- 
cally isolated from the rate-limiting step of membrane 
charge transit, and they indicate a charge-coupling stoi- 
chiometry of 2(H § per NO 3 anion transported across the 
membrane. The results concur with previous studies 
showing a high-affinity NO 3 transport system in Arabi- 
dopsis that is inducible following a period of nitrogen- 
limiting growth, but they underline the importance of 
voltage as a kinetic factor controlling NO~ transport at 
the plant plasma membrane. 
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Introduction 

The capacity for active transport of NO 3 is a feature 
common to higher plants, algae and fungi and plays an 
important role in maintaining the nitrogen status of the 
cell, notably under N-limiting conditions (Ullrich, 1987). 
The gross characteristics of these NO~ scavenging sys- 
tems are similar among all walled eukaryotes: high- 
affinity NO~ transport is generally evident--or is greatly 
enhanced--following NO 3 exposures (Schloemer & 
Garrett, 1974; Doddema et al., 1978; MacKown, 1987; 
Glass et al., 1990; Tischner et al., 1993) and exhibits 
often complex metabolite repression (Goldsmith et al., 
1973; Doddema et al., 1978; Clarkson et al., 1989; Rufty, 
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Jr. et al., 1990; Henriksen & Spanswick, 1993; Tischner 
et al., 1993); the induction process, itself, is sensitive to 
inhibitors of protein synthesis (Schloemer & Garrett, 
1974; Heimer & Filner, 1970); and once induced, trans- 
port exhibits an apparent affinity for NO 3 typically in the 
range of 20-100 gM (Heimer & Filner, 1970; Schloemer 
& Garrett, 1974; Rao & Rains, 1976; MacKown, 1987; 
Ullrich, 1987; Goyal & Huffaker, 1986). 

Compelling, if indirect evidence points to the cou- 
pling of high-affinity NO~ uptake with H § analogous to 
the H+-cotransport systems of plants and fungi for inor- 
ganic anions (Beilby & Walker, 1981; Sanders & 
Hansen, 1981) and K § (Rodriguez-Navarro et al., 1986; 
Blatt & Slayman, 1987; Blatt et al., 1987), as well as for 
organic solutes such as sugars (Hansen & Slayman, 
1978; Schwab & Komor, 1978; Bush, 1990) and amino 
acids (Sanders et al., 1983; McCutcheon & Bown, 1987; 
Li & Bush, 1990). Like the transport of these solutes, 
high-affinity uptake of NO~ can occur against its con- 
centration gradient and membrane voltages that can ex- 
ceed (-)200 mV (net electrochemical potential equiva- 
lent to a concentration gradient for the anion of 104-105) 
(Ullrich & Novacky, 1990; Ullrich & Novacky, 1981); 
NO 3 uptake is sensitive to metabolic poisons and uncou- 
plers (Heimer & Filner, 1970; Rao & Rains, 1976; Glass 
et al., 1990); in many species, including Arabidopsis, 
NO 3 uptake is markedly pH dependent (Rao & Rains, 
1976; Doddema & Telkamp, 1979; Fuggi, 1985; Ullrich 
and Novacky, 1990) and, where simultaneous measure- 
ments with net H § flux have been feasible, can be shown 
to entail roughly a stoichiometric (1:1) uptake of H + 
(Eddy & Hopkins, 1975); finally, NOj transport is asso- 
ciated with membrane depolarization (Ullrich & No- 
vacky, 1981; McClure et al., 1990; Ullrich & Novacky, 
1990), indicating a movement of positive charge with 
NO 3 across the plasma membrane. Thus, the overall 
consensus is of NO~ flux coupled to the movement of at 
least two H § with charge balance maintained by electro- 
genic H + extrusion via the H+-ATPase of the plasma 
membrane. 

The current situation, nonetheless, leaves as many 
questions unanswered. Electrophysiological studies, 
which have concentrated on changes in membrane volt- 
age in response to extracellular NO~ additions, may not 
relate quantitatively to NO 3 flux because displacements 
of membrane potential are subject to the background of 
other currents in the membrane (Blatt et al., 1987; Blatt, 
1986; Sanders, 1990). Furthermore, voltage recordings 
have shown an often complex time course to the mem- 
brane depolarizations, including subsequent recoveries 
that occur over 5-15 min even in the presence of NO~ 
(Ullrich & Novacky, 1981; McClure et al., 1990). The 
situation is further complicated, since NO~-evoked de- 
polarizations may be subject to the prevailing ionic con- 
ditions and extracellular pH. It has been argued that the 
"recovery" phase reflects activation of the H+-ATPase 

(McClure et al., 1990) and that other inorganic ions may 
interact with the NO 3 transporter (Ullrich et al., 1984; 
Ullrich & Novacky, 1990). Nonetheless, these observa- 
tions must raise some doubt about the utility of such 
measurements when restricted to voltage deflections 
alone. 

Fundamentally at issue is the kinetic contribution of 
the membrane potential itself. Implicit to transmem- 
brane charge transport is the movement of charge across 
the membrane electrical field and, hence, a dependence 
on the membrane potential. Indeed, from a kinetic stand- 
point membrane potential is the electrical analogue of 
substrate concentration. Thus, membrane depolarization 
can limit uptake when the endogenous transport kinetics 
are sufficiently voltage sensitive (Blatt & Slayman, 
1987; Blatt et al., 1987; McCulloch et al., 1990). This 
possibility alone might account for NO~ transport inter- 
actions with other ions, metabolites and pH which may, 
themselves, influence the membrane potential (Ullrich et 
al., 1984; Deane-Drummond, 1985; Henriksen et al., 
1990). 

To address these questions necessitates the use of 
voltage clamp techniques to bring membrane voltage un- 
der experimental control and to quantify the membrane 
current associated with NO~ transport. Yet, in work with 
higher plants, the difficulty of this approach lies in its 
requirement for a well-defined cell (or, more precisely, 
"electrical") geometry. With few exceptions, quantita- 
tive analyses of ATP-dependent and ion-coupled trans- 
port have been limited to simple, tractable cell prepara- 
tions, notably the giant algae and the fungus Neurospora. 
For work with higher plants, the root hair offers one 
alternative, and a previous study demonstrated the fea- 
sibility of voltage clamp measurements using root hairs 
from intact roots of young Arabidopsis seedlings (Me- 
harg et al., 1994). The present paper extends this work to 
explore the voltage-dependent characteristics of NO~ 
transport in Arabidopsis root hairs. The data show that 
NO~ uptake occurs in concert with the movement of 
positive charge across the membrane and indicate a 
charge-coupling stoichiometry of 2(+):lNO~. They 
demonstrate a pronounced voltage dependence to the 
transport current. Finally, the results show that external 
pH acts on the inherent kinetics for transport independent 
of any effects on the free-running membrane potential 
and consistent with transport coupling to H § 

Material and Methods 

PLANT GROWTH AND EXPERIMENTAL PROTOCOL 

Seedlings of A. thaliana L. cv. Landberg erecta were grown from seed 
affixed to lengths of glass coverslips with a pressure-sensitive, silicone 
medical adhesive (no. 355, Dow Corning, Midland, MI). The cover- 
slips were placed in a minimal salts solution containing 5 mM Ca 2+- 
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MES/K§ (5 mM 2-[N-morpholino]ethane sulfonic acid titrated to 
pH 6.1 with Ca(OH)> final [Ca 2+] = 1 mM, plus 0.2 mM of the same 
buffer titrated to pH 6.1 with KOH, final [K § = 0.1 raM) and the seeds 
allowed to germinate under a controlled environment of 25~ with a 
16:8 hr day:night cycle. The coverslips were placed at an angle and 
immersed in Ca>-MES/K+-MES buffer sufficient to wet the seed, but 
so that evaporation would draw the surface of the solution down the 
coverslip and avoid submerging the young roots. 

For experiments, coverslips were transferred directly to the base 
of a chamber, open on two sides with a coverglass top (Meharg et al., 
1994; Blatt, 1991), thus avoiding any disturbance to the young roots. 
The chamber was filled with CaZ+-MES/K+-MES buffer. Manipula- 
tions were observed under brightfield using a Leitz Orthopan micro- 
scope (Leitz, Wetzlar) fitted with 10• and 40x long-working distance 
objectives. Root hair dimensions and electrode placements were de- 
termined using a calibrated eyepiece micrometer. Measurements were 
carried out as described previously (Meharg et al., 1994) under fast 
solution flow (10 ml/min, -20  chamber volumes/min) using a gravity 
feed and spent solution was removed by aspiration. The Ca2+-MES/ 
K+-MES solution was used as the standard test buffer for experiments 
at pHo 6.1. For measurements at pHo 7.4 and 8.0, MES was replaced 
with HEPES (pK a 7.4) and HEPPS (pK a 8.0) titrated to their respective 
pKas as before. Nitrate was added, as required, either as NaNO 3 or 

KNO3. 

MICROELECTRODES 

Recordings were obtained using a three-electrode method by combin- 
ing impalements with single- and double-barrelled microelectrodes 
(Blatt, 1991; Meharg et al., 1994). One impalement, with a double- 
barrelled microelectrode, was used to record voltage and pass current 
and a second impalement, with a separate single-barrelled microelec- 
trode, was used to record voltage at a distance of 100-200 gin, either 
near the base of the cell or toward its tip. Current-passing and voltage- 
recording barrels/electrodes were filled with 100 mM K+-acetate, pH 
7.5, to minimize salt leakage and salt-loading artifacts associated with 
the C1- anion (Blatt & Slayman, 1983; Blatt, 1987a) without imposing 
a significant acid or alkaline load (Bla t t& Armstrong, 1993), and 
microelectrodes were coated with paraffin to reduce electrode capaci- 
tance. Connection to the amplifier headstage was via a 1 M KC1/Ag- 
AgC1 halfcell, and a matching halfcell and 1 M KCL-2% agar bridge 
served as the reference (bath) electrode. 

ELECTRICAL 

Mechanical, electricai and software design have been described in de- 
tail (Blatt, 1987b; Blatt, 1991; Meharg et al., 1994). Free-running 
membrane voltages were recorded on a Kipp-Zonen 1202 2-pen strip 
chart recorder (Metrabyte, Berks.). Current-voltage (/-V) relations 
were determined by the three-electrode method with the voltage clamp 
under microprocessor control using a WyeScience gP amplifier and 
gLAB analog/digital interface and software (WyeScience, Wye, Kent). 
Steady-state I - V  relations were recorded by clamping cells to a bipolar 
staircase of command voltages (Blatt, 1987b). Steps alternated positive 
and negative from the free-running membrane potential, V m (typically 
20 bipolar pulse-pairs) and were separated by equivalent periods when 
the membrane was clamped to V m. The current signal was filtered by 
a 6-pole Butterworth filter at 1 kHz (-3dB) before sampling, and cur- 
rents and voltages were recorded during the final 10 msec of each 
pulse. The clamp comparator utilized the voltage recorded at the point 
of current injection (fiVo); voltage deflections at the second microelec- 
trode (5V1) were used to determine the space constant ()~) of the root 

hair and obtain Ira, the membrane current corrected for axial current 
dissipation, these calculations being carried out automatically under 
software control (WyeScience). The space constant and membrane 
current were determined by a linear cable approximation, where 

)v = x-ln(SVo/~V 1) and (1) 

I,,, = I o . l n ( S V o / S V  1)lxx, (2) 

where x is the distance between microelectrodes, I o is the (uncorrected) 
clamp current, and rc has its usual meaning. No attempt was made to 
compensate for the series resistance (Rs)  to ground (Hodgkin et al., 
1952). Estimates for R s indicated that it was unlikely to pose a serious 
problem in measurements of clamp potential. 

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. Difference-current-voltage (8/-V) curves were de- 
rived by subtracting whole-membrane/-V relations after polynomial 
fitting as described in the Results. Current-voltage characteristics and 
stoichiometries for NOj transport were determined by fitting families 
of 6/-V curves (obtained over a range of [NO 3]o) to an explicit reaction- 
kinetic carrier model (Eq. 4, see  Results). The number of free param- 
eters was minimised by holding all but two or three in common. 
Otherwise, the relevant parameter products were constrained between 
curves to ratios (_+50%) consistent with the differences in [NO3] o and 
giving a maximum of two free parameters per 81-V curve. Fittings 
were carried out using modified Marquardt-Levenberg or Simplex al- 
gorithms (Press et al ,  1986; Marquardt, 1963; Nelder & Mead, 1965). 
Simplex approach is highly opportunistic, but robust so long as the 
initial parameter estimates are nondegenerate. As a check against early 
convergence or local minima, fittings were routinely restarted at least 
three and occasionally 4-6 t imes--with secondary estimates chosen 
randomly within a range 101- to 103-fold above and below the previ- 
ously fitted value--until  trials converged on a common set of param~ 
eters. For additional details on the model, see  the Results. 

CHEMICALS AND SOLUTIONS 

The pH buffers  were f rom Sigma Chemical  Co. (St. Louis,  
MO). Otherwise, all chemicais were Analytical Grade from BDH Ltd. 
(Poole, Dorset, UK). Solutions were made up in water freshly double- 
distilled over Pyrex glass. 

Results 

NO 3 TRANSPORT INDUCTION AND ITS EFFECT ON 

MEMBRANE VOLTAGE 

Arabidopsis seedlings grown in CaZ+-MES/K+-MES 
buffer received no additional nitrogen beyond what was 
available from the seed reserve. Under these conditions 
plants could be maintained for 10-12 days from germi- 
nation, with shoots developing the first true leaves and 
roots growing to lengths of 3-4 cm. Seedling growth 
was noticeably retarded after 7-8 days, by comparison 
with plants grown in the presence of added NaNO 3 or on 
a nutrient repleat (Hoagland's salts) medium (Salisbury 
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Fig. 1. Response of the free-running membrane potential of Arabidopsis root hair cells to NO~ exposures. Data from three separate experiments 
with cells bathed in Ca2+-MES/K+-MES, pH 6.1 and NO 3 added as the Na § salt. Exposures to NO 3 in gM concentrations indicated by the time bars 
above each trace. Voltages by the traces are in mV. Scale: 20 mV (vertical), 5 rain (horizontal). Symbols and carats in trace B cross-reference with 
Fig. 3 and mark times of voltage-clamp scans (masked from trace) were run. 

& Ross, 1984). The appearance of high-affinity trans- 
port activity for NO 3 was monitored on successive days 
from day 3 after germination when the first root hairs 
were sufficiently developed for multiple impalements 
and voltage clamp studies. However no transport activ- 
ity was evident, as could be ascertained by electrical 
recordings, before day 4 from germination and uniformly 
high activities were evident only by day 6 (data not 
shown). At this stage in growth, the Arabidopsis seed- 
lings yielded a high density of root hairs often well in 
excess of 0.5 cm. Therefore, all subsequent experiments 
were carried out on 6-day-old seedlings. 

For seedlings grown in the absence of added N, 
free-running membrane potentials (Vm) recorded in the 
Ca2+-MES/K+-MES buffer were -192 + 12 (n = 22) and 
significantly more negative than those recorded from 
plants grown on N-replete media (Meharg et al., 1994). 
Nutrient starvation frequently augments free-running 
membrane potentials (Ullrich & Novacky, 1981; Rod- 
riguez-Navarro et al., 1986; Blatt et al., 1987; Newman 
et al., 1987; Sanders, 1990), although in this instance the 
observation may not have been exclusively related to the 
N-depleted state of the root hairs. Adding NO 3 to the 
medium bathing 6-day, but not 3-day (and frequently 
4-day) old seedlings, evoked an immediate depolariza- 
tion of the membrane, with measurable changes evident 
even in 5 gM NO~ (Fig. 1C). The voltage response was 

fully reversible provided that NO~ exposures were brief 
(Fig. 1B, C). However, prolonging exposures to NO3 for 
more than 2-3 rain lead to a spontaneous recovery of the 
potential in the presence of NO~ (Fig. 1A, C), and sub- 
sequent washing of NO~ from the bath was marked by a 
secondary overshoot (negative-going) and recovery of 
V m (Fig. 1A), in a manner characteristic of responses to 
NO 3 in many tissues (Ullrich & Novacky, 1981; Mc- 
Clure et al., 1990). Comparable results were obtained in 
all 26 cells challenged with NaNO 3. 

Voltage recordings such as the one shown in Fig. 1C 
indicated that the depolarizations initially evoked by 
NO 3 described a hyperbolic function of the anion con- 
centration. Because any current carried by a coupled 
NO~ transporter should saturate as the NO 3 concentra- 
tion becomes nonlimiting, the associated voltage dis- 
placements might also be expected to show quasi- 
Michaelian behavior. The data in Fig. 2 confirm this 
expectation: a plot of voltage changes recorded from 
cells exposed to a range of NO~ concentrations showed 
that the depolarizations were well-fitted with an apparent 
K m of 23 + 6 gM, comparable with values obtained from 
Lemna (Ullrich & Novacky, 1981) and Zea (McClure et 
al., 1990), and in NO~ uptake measurements from Ara- 
bidopsis (Doddema & Telkamp, 1979), wheat (Goyal & 
Huffaker, 1986), barley (Rao & Rains, 1976) and to- 
bacco (Heimer & Filner, 1970). 
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Fig. 2. Membrane depolarization in Arabidopsis root hair cells evoked 
by NO~ as a function of NO~ concentration in the bath. Steady-state 
voltage changes recorded in the first 2 min exposure to NO 3 (see Fig. 
1). Data points were pooled from 22 cells and are shown as means + sE. 
The continuous curve is the result of nonlinear least-squares fitting to 
a hyperbolic tangent (Michaelis) function. Fitting parameters: Km, 23 -+ 
6 [~M; ~V . . . .  34 + 4 mV. 

VOLTAGE-DEPENDENT CHARACTERISTICS OF THE 

NO3-Ev0KED CURRENT 

One difficulty with analyses such as illustrated in Fig. 2 
is that it ignores any possible voltage dependence to the 
overall membrane conductance or to the NO~-evoked 
current itself. Membrane depolarization inevitably re- 
flects the balance of current, in this case through NO~- 
dependent and NO~-independent pathways. So, on the 
basis of voltage measurements alone, the transport sys- 
tem might seem to approach substrate saturation if de- 
polarizations placed the membrane in a voltage range of 
relative high background (NO~-independent) conduc- 
tance. The membrane conductance of Arabidopsis root 
hairs can show an appreciable voltage dependence (Me- 
harg et al., 1994). Thus, the membrane current charac- 
teristics underlying these depolarizations were examined 
under voltage clamp, both to check against such kinetic 
"distortion" and to establish the voltage dependence of 
the NO~-evoked current itself. 

To this end, steady-state currents across the root hair 
membrane were recorded at voltages between -300 and 
+50 mV and at intervals throughout these experiments 
before, during and after exposures to NO~. In order to 
estimate the NO3-induced currents, independent of other 
transport functions at the root hair membrane, difference 
currents (8/) were calculated by subtracting the control 
I-V curve recorded before NO~ addition from the corre- 
sponding I-V curve determined in the presence of NO~. 

Two assumptions underlie this technique: (i) the effects 
of substrate (in this case NO3) addition should be limited 
primarily, if not exclusively, to the transport system be- 
ing studied; and (ii) in the absence of substrate ([NO~] o 
_= 0) current associated with forward operation of the 
transport system (NO~ uptake) should be everywhere 
zero. 

These conditions were reasonably met here for 
short-term exposures to NO~. In the absence of added 
NO 3, the major components of the control I-V relation- 
ship were well-accommodated by the characteristics for 
a H+-ATPase with a charge stoichiometry of I(H+): 
I(ATP) and a nonlinear leak, manifest as the rising out- 
ward current at strong depolarizations (R. Blatt and A. 
Meharg, manuscript in preparation). Furthermore, fol- 
lowing brief exposures (<2 min) to NO 3 the membrane 
I-V characteristics commonly recovered to the control 
state. The data in Fig. 3 and the corresponding voltage 
trace (Fig. 1B, cross-referenced by symbol) are typical. 
Membrane depolarization in NO~ was associated with a 
downward (negative-going) shift in the membrane I-V 
curve which was evident across the accessible voltage 
spectrum (Fig. 3A) and, on washing NO 3 from the bath, 
both membrane voltage (Fig. 1B) and current (Fig. 3A) 
recovered. Thus, in toto the measurements accounted for 
the initial depolarization as the direct result of substrate 
(NO3) addition and its consequence in engaging the en- 
dogenous kinetics for transport. 

Figure 3 also shows qualitative changes to the mem- 
brane L V characteristic in NO 3. Notably, NO~ addition 
increased membrane conductance at voltages negative of 
-100 mV but had little effect or even reduced the overall 
membrane conductance at voltages near and positive of 
this value. The effect is characteristic of an evoked, volt- 
age-dependent current, and this expectation was con- 
firmed by current subtraction. The difference current 
evoked by NO~ is indicated by the shading (Fig. 3A) and 
the resulting ~LV relation is plotted in Fig. 3B. In this 
particular trial, the current decreased in magnitude from 
approx. (-)18 gA cm -2 at -300 mV to a minimum of 2.6 
gA cm -2 around -50 mV. Comparable results were ob- 
tained in all 18 cells subjected to voltage clamp analysis 
(see also Fig. 4), with a mean current of 7.8 + 1.4 gA 
cm -2 at a common voltage o f - 2 0 0  mV when bathed in 
100 ~tM NO 3 and Ca2+-MES/K+-MES buffer at pH 6.1. 

Remarkably, in every case NOj additions yielded 
6I-V curves showing an appreciable increase in inward- 
directed current--and an apparent negative slope to the 
curve--at potentials positive-going from -100 mV to 
+50 mV (see Fig. 3B). This behavior stands out against 
the anticipated situation for transport equilibrium, since 
the current would be expected to cross the voltage axis 
around +20 mV for a cell bathed in 100 ~tM NO'~ at pH 
6.1, assuming an approximate internal pH of 7.5, [NO3]  i 

_-- 1 m~ (Miller & Zhen, 1991; Zhen et al., 1991) and a 
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Fig. 3. Steady-state current-voltage (/-V) and difference-current- 
voltage (6I-V) curves obtained from one Arabidopsis root hair cell. (A) 
I-V curves determined at time points before (O),  during (O) and after 
(V) exposure to 100 p.M NO~. Vertical shading corresponds to the ~I-V 
curve in B, and the voltage trace for the recordings is shown in Fig. lB. 
The arrow (V m in NO~) indicates the NO 3 difference current at the 
free-running potential in NO~. (B) The 81-V curve derived by subtract- 
ing currents recorded before, from those recorded during NO 3 exposure 
(continuous curve). Note the different current scale from A. The dotted 
and dashed curves are the results of nonlinear least-squares fitting of 
the data to Eq. 6 as detailed in the text. The dotted curve indicates the 
fitted 5I-V characteristic; the broken curve is the predicted (true) I-V 
characteristic for the transporter. Fitting parameters with 100 gM NO 3 
(in s 1): koOi, 0.42; ko~ 4.55; klo, 0.53; kol, 18.2; Er~ v, +28 mV. The first 
two parameters were held in common +NO3; z was held to a value 
of -1.  

coupling to 2H § It is, nonetheless, a predictable conse- 
quence of current subtraction and arises simply because 
the experimental manipulations (NO 3 addition/with- 
drawal) themselves affect the thermodynamic constraints 
on transport (Blatt, 1986). Cytoplasmic concentrations 
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120  

Fig. 4. Nitrate transport current at the free-running membrane potential 
in Arabidopsis root hair cells as a function of NO~ concentration in the 
bath. Currents pooled from 15 cells, determined as the difference be- 
tween I-V curves calculated at the free-running potential in NO 3 (see 
arrow, Fig. 3). Data shown are means + SE. The solid curve is the result 
of nonlinear least-squares fitting to a hyperbolic tangent (Michaelis) 
function. Fitting parameters: K,~ 44 + 13 gM; ~Imax, 5.1 -+ 0.8 ~IA cm -2. 

of both substrate and putative driver ion can be assumed 
to have been appreciable at all times in these experi- 
ments, and driving the membrane to extreme positive 
voltages would, thus, produce a current through the 
transport system even when extracellular NO~ was zero. 
In other words, in this voltage range both the control and 
test I -V curves must contain a component of NO 3 trans- 
port current. So, simple I -V subtraction will give nega- 
tive currents and negative slopes in this voltage range 
(Blatt, 1986). Fortunately, for practical purposes the 
6I-V data in the present experiments contain negligible 
subtraction error at voltages near and negative of -100 
mV. Detailed fittings can be obtained over a wider volt- 
age range by explicit use of the difference current equa- 
tions (see Discussion and Blatt, 1986) to estimate the true 
current positive o f -100  mV, and this is indicated by the 
dashed line in Fig. 3B. We return to the significance of 
these 6I-V curves in the Discussion. 

KINETIC INTERACTION OF NO;, PH o AND V m 

Data such as shown in Fig. 3 can be related directly to 
more conventional flux measurements of net (chemical) 
ion uptake, which are necessarily carried out without 
control of the membrane voltage. In this case, compar- 
ison must be based on difference currents calculated at 
the free-running potential (Vm) in the presence of NO 3. 
The relevant current is indicated by the arrow for the data 
in Fig. 3A and a summary of the results for measure- 
ments carried out at a constant pH o 6.1 are shown in Fig. 
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4. Kinetic analysis of the pooled currents at pH o 6.1 
yielded an apparent 8Imax of 5.1 + 0.8 gA cm -2 and K m 
of 44 + 13 gM. The latter value points to a somewhat 
lower affinity for NO 3 than indicated by the depolariza- 
tion analysis (above) but offers a more satisfactory de- 
scription of the transporter, being stoichiometrically re- 
lated to the true chemical flux. 

The Michaelis parameters above are a starting point 
for comparative analyses, but do not extend our under- 
standing of NO 3 transport in themselves. Because free- 
running membrane potentials in the N-starved root hair 
cells range between approx. -250 and -100 mV, mea- 
surements of NO 3 transport will inevitably be subject to 
the kinetic variables of [NO~] o, [NO3]i ,  Vm, and assum- 
ing cotransport with H § also [H+]o and [H+]i . In most 
transport experiments only two of these variables, 
[NO~] o and [H+]o are controlled directly. The cytoplas- 
mic chemical concentrations may be considered constant 
in short term (initial rate) assays. However, V m in most 
instances is wholly uncontrolled. Analyses such as illus- 
trated in Fig. 3, make clear the effect of V m on the NO~- 
evoked current within the normal range of free-running 
potentials. So, without explicit knowledge of the con- 
comitant voltage changes, a comprehensive understand- 
ing is not possible for the behaviour of high-affinity NO 3 
transport, its dependence on substrate or its interaction 
with other (competing) transport activities at the plasma 
membrane. 

To take account of the electrical variable, difference- 
current analyses were carried out as illustrated in Fig. 3 
over a range of NO 3 concentrations and at external pH 
values 6.1, 7.4 and 8.0. Analyses were generally re- 
stricted, however, to comparing currents recorded from 
the same cell in order to accommodate variations in cur- 
rent magnitudes between measurements (up to 2-fold on 
a cell-by-cell basis). Also, because of difficulties in 
maintaining stable recordings at the more alkaline pH 
values and over longer times, the measurements were 
limited to challenge with 100 gM NOj  at the two addi- 
tional [H§ . The currents recorded from one root hair 
challenged with 5-100 btu NO 3 at pH o 6.1 are shown in 
Fig. 5, and a comparable set of measurements carried out 
with a constant [NO3] o over the three pH o values is 
shown in Fig. 6. The 8I-V curves are included in Fig. 5B 
and cross-referenced to Fig. 5A by symbol. Qualitatively 
comparable results were obtained in all experiments, and 
when the sequence of NO~ additions was reversed. An- 
alogous results were also obtained in three cells chal- 
lenged with 1 rnM NO 3, although at this higher concen- 
tration 8I-V curves were flattened (data not shown). Ad- 
ding 100 btM NOj  resulted in the characteristic inward- 
going current, and exposures to lower concentrations of 
NO~ yielded analogous 8I-V characteristics, albeit with 
smaller currents at any one voltage. Increasing [NO~] o 
also had a qualitative effect on the 5I-V curves, shifting 
the minimum in the current magnitude approximate 20 
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Fig. g. Steady-state current-voltage (I-V) and difference-current- 
voltage (~I-V) curves as a function of NO~ concentration in the bath. 
Data from one Arabidopsis root hair cell. (A) I-V curves determined at 
time points before (Q)) and during challenge with 25 btM (0 ) ,  50 btM 
(V) and 100 g g  (11) NO~. (B) 5I-V curves derived by subtracting 
currents recorded before, from those recorded during NO~ exposures 
(see Fig. 3), cross-referenced to (A) by symbol and including additional 
data for 5 btM NO 3. Note the different current scales. 

mV to more negative voltages over this concentration 
range. Reducing [H+]o, likewise, affected the current in- 
dependent of the membrane voltage--reducing tl)e NO 3- 
evoked current at any one clamp potential--but also af- 
fected the ~I-V profile by shifting the minimum in the 
current magnitude to more positive voltages (Fig. 6). 

To bring these observations into a quantitative con- 
text, it is necessary to consider each independent variable 
separately. The simplest result to describe is the NOj 
current dependence on pH o at a fixed potential and 
[NO~] o. The data in Fig. 7 are for a clamp voltage of 
-250 mV and in 100 gM NO 3 outside, including data 
from Fig. 6. The figure was assembled with data from 
three cells (symbols) after normalizing currents to the 
values recorded at pHo 6.1, and clearly shows that raising 



- 2 ;  
6I / # A  c m  

:.2.- 2.~. 50 

v / m y  

pit g.O -250 . . . . . . . . . .  tSO--Z-2-----:--250:==:~-- 
:2225222 .......................................... 

7.4 

I //zA ern -2 
50 

6 . 1  / e -  I 
B lO 

v / ~ v  o - ~ , ' *  ~- '~  
, I , b ~ & ~  I~ 

oooo.-y-  o., t; o 

-2  

\ 

- 6  

-10  

1 . 2  i 

Fig. 6. Steady-state difference-current-voltage (tI-V) curves as a func- 
tion of H + concentration in the bath. Data from one Arabidopsis root 
hair cell challenged with 100 gM NO~. Curves are for NO~ exposures 
at pHo 6.1 (continuous line), pHo 7.4 (dotted line) and pHo 8.0 (broken 
line). Inset: I-V data (Q), -NO3; ~ ,  +NO3) and 5I-V curve for NO 3 

challenge at pH o 6.1. 

1.0 

.~ 0 . 8  

0.6 

0 . 4  
I 

0.2 

I I P 

6 7 8 

p t I  

0.0 

56 A.A. Meharg and M.R. Blatt: NO~ Transport in Arabidopsis 

Fig, 7. Dependence of NO 3 transport current on pH o. Difference cur- 
rents calculated for 100 gM NO 3 exposures with the membrane 
clamped to -250 mV (see Fig. 3). Data are pooled from three experi- 
ments (symbols), with difference currents normalised to common mea- 
surements at pHo 6.1 from each cell. 
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taken from (A). 

tributes as a co-(driver-)ion for NO~ transport, a kineti- 
cally more meaningful view of  this interaction can be 
obtained on transforming the data to derive the Michealis 
parameters for [H+]o at each of  several membrane volt- 
ages. Empirically best results were obtained treating the 
current as a function of [H§ rather than as a nonunitary 
power of  the concentration I, and Lineweaver-Burke 
plots for these data are shown in Fig. 8 along with the 
resulting values for K m and 8Ima x at voltages between 

pH o reduced the NO3-evoked current so that at pH o 8.0 
it was practically zero. 

As noted above, the results in Fig. 6 also implicate 
an effect of [H§ on the inherent voltage dependence of 
the current, in that reducing [H+]o--increasing pH o from 
6.1 to 7.4-8.0--shif ted the apparent 8I minimum from 
about -100  mV to - 5 0  mV. If  we assume that H § con- 

1 If~ from the current voltage response associated with NO~ transport, 
we deduce that at least two H + are transported with the anion, then it 
might be anticipated that the cm-rent should follow a power function of 
[H+]. That is, for 2 H + transport rate might depend on ([H+]o) z (Segel, 
1993). As will be seen from the kinetic considerations that follow 
(DISCUSSION), the current characteristics are entirely consistent with 
transport rate-limiting in only one of two H+-binding steps. 
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-280 and -140 mV. By analogy with inhibitors of ordi- 
nary enzymes (Segel, 1993), it is apparent that mem- 
brane voltage behaved as a "linear mixed-type activa- 
tor" with respect to [H+]o: increasing (negative) voltage 
over this range lead to roughly a 3-fold rise in the max- 
imum transport rate (current) and an approx. 20% in- 
crease in the apparent affinity for H +. 

Figure 9 summarizes the corresponding analysis car- 
ried out for NO~ as the substrate with pH o held constant 
at 6.1. In this case, quite a different picture emerged, 
indicating that membrane voltage acted on 8Ima • and K m 

in parallel. Again, by analogy with conventional en- 
zyme kinetics (Segel, 1993), the behaviour was like a 
"hyperbolic mixed-type activator": both the maximal 
velocity of transport and the apparent K m for NO~ in- 
creased together with (negative) voltage. This counter- 
intuitive observation suggested that NO~ binding should 
be kinetically remote from the charge transit step within 

the transport cycle, and we explore this point further in 
the Discussion below. 

Discussion 

It has generally been recognised that high-affinity NO~ 
uptake in higher plants and algae, as well as in flmgi, is 
energetically unfavorable and requires that the cells of 
these tissues expend metabolic energy in the process. 
Membrane depolarizations have commonly been associ- 
ated with NO~ uptake, pointing to a net influx of ]positive 
charge that must accompany the anion, and supporting 
the view that NO 3 transport is coupled to the movement 
of at least two positive charges (H +) into the cell. Along 
with the depolarizations recorded from Arabidopsis (Fig. 
1), similar results have been described for NO~ transport 
in Limnobium (Ullrich & Novacky, 1990), Lemna (Ull- 
rich & Novacky, 1981), Zea mays (McClure et al., 1990), 
and Hordeum (Glass et al., 1992) among other species. 

By contrast, the implication of these depolarizations 
for the kinetics of NO~ transport has less often been 
appreciated. Our recordings underline the importance of 
the voltage parameter in assessing the characteristics for 
NO~ transport, its co-ion and--by inference--its meta- 
bolic, competing ion and inhibitor dependencies. Volt- 
age clamp measurements exposed a significant sensitiv- 
ity to voltage in the current (Figs. 3, 5, 6 and 9) while 
demonstrating an action of pH o on the current indepen- 
dent of any change in membrane voltage (Figs. 6-8). 
This latter characteristic of the current and its insensitiv- 
ity to other cations, notably Na § argues strongly in fa- 
vour of a direct coupling of H § to drive NO 3 uptake. 

It is significant, too, that the voltage dependence of 
the NO 3 current distinguishes it from the majority of 
currents previously identified in association with high- 
affinity transporters in plants or fungi. Proton-coupled 
transport of CI- (Beilby & Walker, 1981; Sanders & 
Hansen, 1981), amino acids (Schwab & Komor, 1978; 
Sanders et al., 1983; Felle, 1981) and sugars (Sclhwab & 
Komor, 1978), in large measure, have displayed only 
limited voltage sensitivities within the physiologically 
accessible voltage range. Instead, the characteristics for 
NO~ transport appear more closely allied to the K+-H + 
symport of Neurospora (Blatt & Slayman, 1987; Blatt et 
al., 1987) and, at least superficially, to Na+-K + ,currents 
in Chara (McCulloch et al., 1990). Thus, NO 3 transport 
is significantly affected by the prevailing membrane po- 
tential within the relatively narrow range of voltages be- 
tween -300 and -100 mV, and the current displays a 
minimum (conductance inflection) to the ~I-V profile 
(Figs. 3, 5 and 6) at more positive-going voltages. Two 
questions arise, then: the first pertains to the charge stoi- 
chiometry and, hence, the coupling ratio of driver ions 
(H § transported with each NO~ anion; the second, and 
related issue concerns the nature of the kinetic interac- 
tion between NO~, H § and the current. 
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A direct answer to the question of charge stoichi- 
ometry would entail comparing measured current equi- 
libria with those predicted from a knowledge of the NO~ 
and H + concentrations on both sides of the membrane, or 
would require comparing chemical (radiotracer) flux and 
current under identical conditions. The latter option is 
not practicable for single cells in a complex tissue such 
as the higher-plant root, simply because of uncertainties 
about the relative contribution of the root hair population 
to macroscopic NOj (chemical) uptake and because of 
the microscopic variability in transport current evident 
between root hairs (see Results). Likewise, the 6I-V re- 
lations in this instance do not yield equilibrium potentials 
directly because the currents were derived by manipulat- 
ing substrate concentrations. However, recognising the 
limitations of current subtraction, features of the ~I-V 

curves nonetheless can provide important clues to the 
charge stoichiometry and to the underlying kinetic prop- 
erties for NO 3 transport. 

KINETIC DEPENDENCE ON MEMBRANE VOLTAGE AND 
CHARGE STOICHIOMETRY FOR NO 3 TRANSPORT 

Virtually all of the kinetic properties of the high-affinity 
NO 3 transport current can be described by a few cyclic 
reaction models. To keep these models as simple and 
general as possible, no explicit physical assumptions 
need be made other than to propose that the transported 
ions traverse the membrane by reacting with a specific 
carrier molecule which is confined to the cell membrane. 
The models are conceived entirely in kinetic terms and 
may be reduced to the minimum number of pseudo first- 
order reaction steps that the experimental data will per- 
mit. No a priori assumption is made to identify rate- 
limiting reaction steps (Gradmann et al., 1987; Blatt et 
al., 1987). Finally, voltage dependence is introduced, 
following L~iuger and Stark, [1970; see also L~iuger, 
1991], by assuming that transmembrane charge transit 
occurs in a single reaction step across a symmetric Ey- 
ring barrier according to the equations 

k12 = k~2e zu/2 [3a] 
k21 -- k~l e-zu/2 [3b] 

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

The minimal kinetic model that is physically 
consistent with a cotransport system for NO~ and two 
monovalent co-ions (H § comprises eight carrier states 
and fourteen rate constants which describe the sequential 
binding of substrate and co-ions on one side of the mem- 
brane and their debinding on the other side (see Fig. 10). 
Still higher coupling ratios entail correspondingly greater 
numbers of carrier states and co-ion (H § binding/ 
debinding steps. The complete equation associated with 

any one of these cotransport models takes a general form 
where the transport current 

k1211Mml-k2112Mm I 
I = - z F  I M m I (4) 

in which I is the current, m is the total number of states 
explicitly included in the model, IM,,,I is the determinant 
for the characteristic matrix of coefficients for that 
model, [JM m] is the determinant for the adjusted matrix of 
coefficients excluding the jth state (j = 1 or 2, associated 
with membrane charge transit), the ratio [JMml/lMm[ is the 
total carrier in the jth state (N 1 or N2), z is the charge 
moved per forward turnover of the carrier cycle, and F 
has its usual meaning. 

From the standpoint of voltage clamp measure- 
ments, only the flux through the voltage-dependent tran- 
sition is assayed directly; the remaining (electrically si- 
lent) reaction steps are indistinguishable from one an- 
other without additional information. So, for 6I -V  
analyses, these may be subsumed within the single pair 
of pseudoreaction constants No and ~:oi. Equation 4 then 
reduces to give 

kiol(oi - koilr 
I - z F N  ki ~ + ko i + l(io n t- l(oi (5) 

where kio and kio are the pseudo-2-state equivalents of ka2 
and k21 , and N is a scalar relating the current to the total 
number of carriers in the membrane. Accordingly, the 
NO3-associated difference current 

51 ~ I+NO3 -- / N O  3 

[ k~roK"oi- k~orq" o 
= z F N  - ,--7-7-, - ~ 7 - - ,  

[kio + koi + No + l(oi 

kiol~oi - koiKio ] 

-  io oi+ 
] (6) 

where the subscripts + N O  3 and prime constants refer to 
the transport current and reaction constants in the pres- 
ence of external NO~. 

Two predictions fall immediately out of an analyti- 
cal treatment of the steady-state carrier kinetics (Blatt, 
1986). First, modifying carrier loading (e.g., by adding 
NO 3) will give a biphasic dependence of ~I on voltage 
and negative slope (conductance) only when experimen- 
tal manipulations affect a rate-dominant reaction step, 
that is when membrane charge transit is rate-limiting. 
In this case, the relative magnitudes of the charge-transit 
(kio , kio ) and carrier recycling (No, ~oi) limbs of the re- 
action cycle can be indexed by the voltage span de- 
scribed by the slopes (positive-negative) of the 8I-V re- 
lation. Second, ~I-V curves will display--independent 
of the parent I -V  relations--an axis of symmetry about 
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the equi l ib r ium potential  for the voltage sensit ive l imb of 
the react ion cycle 

R T  
E c = - -  ln(k~176 (7) 

z F  

that coincides with the ~ I - V  m i n i m a  [conductance inflec-  
tion; see also (Blatt et al., 1990)] such as evident  in  Figs. 
3 and 5. Furthermore,  these same characteristics can be 
called to account  for the charge carried per reaction cycle 
when  combined  with addit ional  informat ion  about  pro- 

port ional  changes in one or more  of the reaction steps, 
such as conta ined in a family  of  8 1 - V  curves gathered 
over a series of def ined substrate concentrat ions.  

Now for NO~ transport,  at least one addit ional  driver 
ion must  accompany  the anion to account  for the NO~- 
e v o k e d  cur ren t  and  m e m b r a n e  depo la r i za t ions ;  bu t  
higher  coupl ing ratios with 2(+) charges (three driver 
ions) or more  transported per NO 3 are also possible. Se- 
lect ing be tween  plausible  charge stoichiometries thus re- 
duces to f inding the best approximat ion of  the pseudo- 
2-state model  to families of  8 I - V  curves by statistical 
minimiza t ion .  To this end, numer ica l  analyses were car- 



60 

- 2  
6I / / z A  c m  

V / m V  
i I i I i I 

>" / \  ~ I / . A  o~-~ 

- 1 0  

5O 

- 1 0  

Fig. 11. Arabidopsis NO 3 transport response to extracellular NO~ con- 
centration. Nonlinear least-squares fitting of Eq. 6 to data of Fig. 5 
shown as the solid curves. Dotted curves are the experimental g)I-V 
relations. Joint fitting was carried out as described in the text, with k~ 
ko~ Kio and ~ i  held in common between data sets,/cOo ' constrained to 
equal k~ and the remaining parameters constrained to give ratios of 
reaction constants consistent within a factor of 2 of the experimentally 
imposed changes in [NO31 o [ E ~  = RT/zF. ln(k~176 Parameter 
values held in common (s 1): kOo, 0.21; ko~ 5.45; No, 12.98; ~coi, 
8 .37 .10  -6. Parameter values constrained in ratios (s-~), 5 gM NO3: k~ ', 
3.59; ~o, 3.01; ~z'~, 2.22; 25 gM NO3: k~ ', 5.46; r~o, 0.98; ~ i ,  5.97; 50 
gM NO~: k~ ', 6.54; r~o, 0.48; ~Coj, 8.51; 100 gM NO3: k~ ', 8.19; ~o, 
0.20; ~;oi, 10.58. Predicted equilibrium potentials (Ere ., in mV) for 5, 
25, 50 and 100 JIM NO~: -77, -36, -14, +7. These values are consistent 
with an intracellular NO 3 concentration of approx. 1.5 mM [see also 
(Zhen et al., 1991; Miller & Zhen, 1991)]. Inset: Comparison of fittings 
for 100 gM NO~ with z constrained to -1  (continued curve) and - 2  
(broken curve). The dotted curve is the experimental 8I-V relation. 

ried out by least-squares, fitting families of 5/-V curves 
jointly while constraining the charge factor z and all but 

I one or a few of the reaction constants (k~o, k" i, v~o, ~;oi, 
kio, koi, ~;io and ~oi) to common values between 5I-V 
curves. To accommodate the differences between exper- 
imental conditions as [NO~] o was varied, the ratios of 
reaction constants associated with each NO~ treatment 

t t (k~o k'oi, No and ~:oi) were constrained proportionally 
with respect to the reaction constants for the other 
curves. Numerical values, variable and joint, were then 
sought by sequential adjustments using Marquardt- 
Levenberg (Marquardt, 1963) or Simplex (Nelder & 
Mead, 1965) algorithms (see Material and Methods). 
Figure 11 shows the results of fittings to the ~I-V curves 
shown in Fig. 5 and these are included in Table 1. Cor- 
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Table 1. Kinetic analysis of Arabidopsis NO 3 transport 6I-V relations 

Parameter Value 

Fitted 

k~o'/s -1 0.26 _+ 0.08 
koOit/S I 7.54 + 0.82 

~c~o/s -~ 0.14+0.11 
~o/s -~ 14.8 -+3.1 

Derived: 

Erev/mV 31 -+ 8 
i ~at/gA cm -2 14.8 + 3.1 

Results are means + sE of 4 sets of joint analyses for currents recorded 
with 5-100 ~M N O  3 as  detailed in the text. Values shown are for 100 

g~  NO3. 

responding analyses are included with the data in Fig. 3. 
Satisfactory approximations to the experimental ~I-V 
profiles with integer values for z were realized in every 
case only when z was constrained to a value of 1 (see 
Table 1). [The statistical treatment, in this case, does not 
of itself distinguish between models with charge carried 
by the loaded (z = +1) vs. unloaded carrier (z = -1), and 
equivalent fittings were obtained in each case. For rea- 
sons outlined below we have assigned the charge to the 
unloaded carrier.] The inset to Fig. 11 includes the best 
result obtained with z constrained to 2. Visually equiv- 
alent, but statistically better fittings were obtained when 
z was held in common between curves in any one family 
but otherwise allowed to vary freely. Even in these cir- 
cumstances, however, values for z fell close to unity 
[0.96 + 0.03 n = 4; range, 0.92-1.03]. In short, the char- 
acteristics of the NO~ gI-V profile accommodate quanti- 
tative description only with a single charge transported 
per carrier cycle with each NOj ion. 

SELECTING A MINIMAL REACTION SCHEME 

Although the ~I-V curve, of itself, relates directly only to 
the process of membrane charge transit, considerably 
more detail can be obtained when additional information 
([NO~] and [H+]) is taken into account. From the mini- 
mal kinetic model for 2H+-NO~ cotransport, two variants 
of this scheme may be considered, as diagrammed on the 
left in Fig. 10. Model I supposes the "carrier" molecule 
itself to be electrically neutral, so that the charges trans- 
ported are the bound ions; model II accounts for the 
alternative case for which the unbound carrier molecule 
is charged (-1) and bears this charge across the mem- 
brane during carrier recycling. Taking account of sub- 
strate and co-ion binding order, each of these models 
actually comprises nine possible reaction sequences. 
However, because the experiments were not designed to 
m a n i p u l a t e  [NO3] i or pHi---indeed, these parameters 
may be assumed constant--the data include little infor- 
mation about the (binding/debinding) reaction steps at 
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the inner surface of the membrane. So, the number of 
sequence permutations for each model can be reduced to 
three by lumping these steps with recycling of the un- 
charged carrier complex to give a pseudo-five-state 
model (Fig. 10, right-hand column). These reduced 
models follow the convention of Hansen et al. (1981), 
Sanders et al. (1984), Blatt (1986) and Gradmann et al. 
(1987) and are labeled accordingly: the k's designate 
simple reaction constants and the ~:'s designate the 
lumped constants that subsume multiple steps. Reaction 
constants which contain either voltage or ion-concen- 
tration terms are expanded at the far right in Fig. 10. 

For Model I, membrane charge transit occurs in the 
transition N~ ~ N 2, while in Model II charge movement 
occurs in the step between N 7 and N 8. Equation 4 holds 
in the latter case, because the steady-state assumption 
ensures that the net flux between N 7 and N 8 must equal 
that between N 1 and N 2. In either case, all of the matri- 
ces in Eq. 4 and its congeners represent linear combina- 
tions of the reaction constants. Many of the terms in the 
numerator cancel, but the general expression is non- 
Michaelian except under certain, well-defined circum- 
stances, notably when the difference current 8I, rather 
than the simple cotransport current, is calculated (Blatt, 
1986; Blatt et al., 1987). Now the data presented in Figs. 
8 and 9 describe sets of saturation (Michaelis) curves for 
which the maximal current (Ira=0 and Michaelis constant 
(Kin), determined as functions of substrate concentration 
[NOj] o and [H+]o, are shown to be characteristic func- 
tions of the membrane voltage Vm. From a practical 
standpoint, the challenge thus is initially of identifying 
conditions which permit applying simplifying assump- 
tions to the otherwise unwieldy Eq. 4. 

The two limiting conditions that meet this criterion 
are of saturating negative membrane voltage and satu- 
rating substrate or co-ion concentration. Each of these 
conditions yields a simplified current equation with 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 term and a second 
sum of products in a constant term. Thus Model I(L), 
that is with NO 3 binding last before membrane charge 
transit, reduces to give: 

I k~2[NO3]ok~le-u/2KlS  
(8) o - o u/2 o -u/2 

- F N  k42[NOs]o( k 12 e + k z l e  + Kts)  + 

~24k~2 eu/2 + K18k~l e-u~2 

which, after minor rearrangement of terms, gives the 
Michaelis parameters 

Im a x k~ l g-U/ 2 N l 8 

- F N  ~q2e-~ u/2 + k~le-,/2 + ~;lS 
(9) 

k~ + k~le-u/2K18 
K m -  l o  u/2 l o  -u/2 

K12e Jr- K21g Jr- ~18 
(10) 

Table 2 summarizes the Michaelis parameters for each of 
the two models in Fig. 10 and the six different orderings 
for substrate (NO~) and co-ion (H +) binding subsumed 
within them. The data address only conditions of satu- 
rating substrate and co-ion concentration, so Table 2 
omits the third condition of saturating-negative, mem- 
brane voltage. In every case, forward operation of the 
transporter, as depicted by the models (Fig. 10), occurs in 
the counter-clockwise direction. Note that for functions 
in [H+]o the current equation is non-Michaelian, reflect- 
ing the compound dependence on H § binding, but be- 
comes Michaelian in [H+]o when the reaction constant 
for reverse (clockwise) transit through one of these steps 
is very small. We assume Michaelian behavior in these 
instances, and have included the "missing" reaction 
constants in the size orderings in each case below. 

IDENTIFYING COMPETENT MODELS 

The problem of discriminating between the models in 
Fig. 10 reduces to one of finding a single set of condi- 
tions, defined by the size ordering of reaction constants 
in Table 2, which are internally consistent and which 
satisfy the pattern of/max and K m behavior in Figs. 8 and 
9. Examining Table 2 shows that both of the models in 
all binding order combinations will account for the data 
in Fig. 9. In every case, orderings of reaction constants 
can be found which give a parallel increase of/max and 
K m as functions in [NO~] with increasing (negative) 
membrane voltage. By contrast, for all but a few of the 
cases, no size ordering of reaction constants will yield, 
with increasing (negative) membrane voltage, a decrease 
in K m as functions in [H+]. Only Models I(M) and 
II(M)--with NO~ binding second-to-last before charge 
transfer across the membrane--and Model II(L) give 
combinations of reaction constants for which K m will 
decrease with (negative) membrane voltage consistent 
with Fig. 8. 

Of these three, Models I(M) and II(L) entail incon- 
sistencies in the ordering of reaction constants. To ac- 
commodate the voltage-dependence of K m in [H +] (Fig. 

1,.o -u/2 8), Model II(L) requires that K[72 >~ K27, K78e , 

k~7 eu/2, k~6[H+]o, k~4[H+]o >> k68 (Table 2 column 4, row 
18). However, this ordering conflicts with that required 
for K m in [NO3] to increase with (negative) voltage (Ta- 
ble 2 column 2, row 17), and shows a weak inconsistency 
with the corresponding orderings for/max, both in [NO~] 
and in [H § (Table 2 columns 3 and 5, row 17). A similar 
set of conflicts is found in the ordering requirements for 
Model I(M) to accommodate the data. Only Model 
II(M) yields a single set of ordered reaction constants 
that are internally consistent and satisfy the data of Figs. 
8 and 9. Taking account of all requirements gives the 
minimal overall ordering 

1~72 , k~7 eu/2, k~4[NO3] o > k~2[H+]o, 1~27 
>> k~se -u/2, k~6[H+]o >~ k24 [11] 
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out in 

O ~ O 

NO~ 
1 1  .e.+ 

n + ~'-,N4 

Fig. 12. Reaction kinetic cycle for Arabidopsis NO~ transporter. Line 
weights drawn to convey the relative magnitudes for the reaction con- 
stants. Key features are: (i) overall rate limitation in the forward 
(counter-clockwise) direction by membrane transit of the charged (un- 
loaded) carrier (reaction constant k~8); (ii) rate dominance of the bind- 
ing/debinding steps inside the cell, determined by the lumped constants 
K~27 and n72; (iii) kinetic isolation of NO~ binding outside from mem- 
brane charge transit. Details in the text. 

CHARACTERISTICS AND IMPLICATIONS OF THE MODEL 

A summary of Model II(M) and its characteristics are 
given schematically in Fig. 12. The relative size order- 
ing of reaction constants is indicated by the weight of the 
arrows and highlights a number of prominent features as 
well as offering several experimentally testable predic- 
tions. 

(i) Overall, the balance of rate-dominant to rate- 
limiting reaction steps is weighted in favor of the loaded 
(uncharged) carrier. In the forward (counter-clockwise) 
direction, membrane transit of the charged (unloaded) 
carrier is sufficiently slow to be rate-limiting at zero 
membrane voltage and, thus, bestows on the overall re- 
action cycle a strong voltage dependence over the entire 
physiological range (see Figs. 3 and 5). The voltage- 
dependent step, itself, is biased with the ratio k~8/k~7 < 1, 
so that the carrier must be "drawn" across the mem- 
brane by depleting state N 8 through H § binding outside. 
This characteristic is a necessary consequence of the 
asymmetry in reaction flow in the cycle vs. that of charge 
movement. It also weights the carrier cycle in favor of a 
strong interaction between [H§ and membrane voltage 
(see below). 

(ii) The lumped reaction constants ~72 and ~:27, that 
subsume NO~ and H + binding/debinding inside the cell, 
are among the fastest steps in the carrier cycle. The tran- 
sition is biased somewhat to the bound state of the carrier 
and, as a consequence, NO~ transport is expected to 

show a sensitivity to ligand concentrations inside the 
cell. This prediction is consistent with observations that 
cytoplasmic acid loads significantly reduce the capacity 
for NO~ transport in induced cells (A. Meharg and M. 
Blatt, manuscript in preparation), and it may also impli- 
cate a role for cytoplasmic [NO3] in modulating the ac- 
tivity of the transport system (Ullrich, 1987). 

(iii) NO~-binding, characterised by the reaction con- 
stant product k~4[NO~]o, is kinetically isolated from the 
voltage-dependent transition N 7 ~ N 8 by a single, slow 
H+-binding step. It is this step that confers the profound 
pHo-dependence to NO~ transport in Arabidopsis (Figs. 
6-8), and it accounts for the correspondingly large neg- 
ative slope and currents observed near zero and at posi- 
tive clamp voltages in Figs. 3, 5 and 6; see also (Blatt, 
1986). The placement of NO 3 binding between the two 
H+-binding steps, slow and fast, leads to the prediction 
that [H+]o should have a significant effect on the K m of 
the transporter for NO~, but with little influence on the 
maximum transport rate because NO~-binding itself is a 
dominant fast reaction in the forward direction. These 
characteristics alone may account for the widely varying 
reports of the pHo-sensitivity for NO3 transport (Rao & 
Rains, 1976; Doddema & Telkamp, 1979; Fuggi, 1985; 
Ullrich & Novacky, 1990), which have been based on 
measurements at a single [NO~] o only. Finally, the ap- 
position of H+-binding with membrane charge transit and 
the dominant reaction constant k~te u/2 should give rise to 
an apparent equivalence between electrical and chemical 
([H+]) driving forces. Again, although not put to the test 
in the present study, such behavior has been described 
for a number of H§ or H § transporting electro- 
enzymes, including the K+-H § symporter of Neurospora 
(Blatt et al., 1987) and the H+-ATPases of Neurospora 
[see (Hansen et al., 1981)] and Chara (Blatt et al., 1990). 
It has been ascribed to a "proton-conducting well" 
structure (Mitchell, 1969), nonetheless the behavior is 
readily accommodated within this simple reaction- 
kinetic scheme [see also (Hansen et al., 1981; Blatt et al., 
1987; Blatt et al., 1990)]. 

One final point bears mentioning in relation to the 
effects of membrane voltage on NO 3 transport activity. 
Although in principle voltage sensitivity is a common 
feature of all rheogenic transport processes, high-affinity 
NO~ transport--at least in Arabidopsis--is unusual 
amongst anion transporters as it is for H+-coupled trans- 
port processes generally: its region of steep voltage de- 
pendence is situated within the normal range of physio- 
logical membrane potentials. In most other H§ 
systems known to date transport currents have appeared 
largely voltage-insensitive (Hansen & Slayman, 1978; 
Beilby & Walker, 1981; Felle, 1981; Sanders & Hansen, 
1981; Sanders et al., 1983), consistent with equilibrium 
potentials situated well-positive of the normal range of 
membrane potentials [but see (Blatt, 1986)]. An impor- 
tant consequence for NO3 transport is that uptake of the 
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anion must  be strongly inf luenced  by factors which  af- 

fect  the prevai l ing m e m b r a n e  vol tage.  F r o m  Figs. 3 -5  it 

is clear  that shift ing the m e m b r a n e  pos i t ive-going  f rom 

- 2 0 0  to - 1 0 0  m V  can reduce  the N O  5 current  by 7 0 -  

80% under  constant  [NO3] o and p H  o. This  behav ior  pro- 
v ides  a s imple,  and quant i ta t ively consis tent  explanat ion  

for the sensi t ivi ty of  N O  3 transport  to metabol ic  inhibi-  
tors such as cyanide  and azide (Rao & Rains,  1976; 

Sch loemer  & Garrett ,  1974; Glass et al., 1990) which  
genera l ly  depo la r i ze  plant  and funga l  p l a sma  m e m -  

branes. Fur thermore ,  the explanat ion may  apply to the 

response  o f  N O  3 uptake  to o ther  t ranspor ted  solutes 

against  which  the transporter  must  " c o m p e t e "  for the 

electr ical  dr iv ing force.  There  are numerous  reports that 

anions such as C1- (Ull r ich & Novacky ,  1990; Hawkins  

& Lewis ,  1993) as we l l  as n i t rogenous  compounds ,  

i n c l u d i n g  NH~- ( G o l d s m i t h  et  a l . ,  1973;  D e a n e -  
Drummond ,  1985; Henr iksen  et al., 1990; Henr iksen  & 

Spanswick,  1993), may  interfere with N O  3 transport or 

regulate  its activity. Yet  these solutes, equally,  wil l  draw 

on and depolar ise  the membrane  potential ,  thereby re- 
ducing NO~ u p t a k e - - b u t  by vir tue o f  its inherent  kinet ic  

dependence  on m e m b r a n e  vol tage  rather than any direct  

in te rac t ion  wi th  the N O  3 t ranspor ter  i tself.  W h e t h e r  

such an interpretat ion is jus t i f ied now awaits  exper imen-  

tal testing. 
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