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Abstract. We have applied enzyme kinetic analysis to
electrophysiological steady-state data of Zhou et al.
(Zhou, J.J., Trueman, L.J., Boorer, K.J., Theodou-
lou, F.L., Forde, B.G., Miller, A.J. 2000. A high-
affinity fungal nitrate carrier with two transport
mechanisms. J. Biol. Chem. 275:39894–9) and to new
current-voltage-time records from Xenopus oocytes
with functionally expressed NrtA (crnA) 2Hþ-NO�

3

symporter from Emericella (Aspergillus) nidulans.
Zhou et al. stressed two Michaelis-Menten (MM)
mechanisms to mediate the observed nitrate-induced
currents, INO�

3
. We show that a single straightforward

reaction cycle describes the data well, pointing out
that during exposure to external substrate, S =
(2H++NO�

3 )o, the product concentration inside,

[P] = ½Hþ�2i � ½NO�
3 �i, may rise substantially near the

plasma membrane, violating the condition [P] � [S]
for MM kinetics. Here, [P] and its changes during
experimentation are treated explicitly. K1/2 » 20 lM
for INO�

3
at pHo from Zhou et al. is confirmed. Ac-

cording to our analysis, NrtA operates between about
0.2 and 0.6 of the electrical distance in the membrane
(outside 0, inside 1). In absence of thermodynamic
gradients, the predominant orientation of the binding
site(s) is probably inwards. The activity of the enzyme
is sensitive to the transmembrane voltage, V, with an
apparent gating charge of +1.0 ± 0.5 for inactiva-
tion, and transition probabilities of 0.3–1.3 s�1 at
V = 0. This gating mode impedes loss of cellular
NO�

3 during depolarization.

Key words: Emericella nidulans — Kinetic dIVt
analysis — NrtA — Triangular V-clamp —
Xenopus oocytes

Introduction

Experimental data have recently been reported on
NO�

3 -induced changes of current-voltage relation-
ships, dIV, in Xenopus oocytes with functionally ex-
pressed NrtA (former crnA, Unkles et al., 1991; Glass
et al., 2002) high-affinity nitrate transporter from
Emericella (former Aspergillus) nidulans (Zhou et al.
2000). The dependence of these currents on the ex-
ternal NO�

3 concentration, ½NO�
3 �o, did not show

simple Michaelis-Menten kinetics, MM, but went
through a maximum around 100 lM [NO�

3 �o. This
behavior has been described by two MM, a normal,
‘high-affinity’ MM plus an inhibiting, ‘low-affinity’
MM (Zhou et al. 2000). A kinetic 6-state model was
proposed to account for this behavior. This model
was not treated numerically by corresponding fits.
The MM analysis is based on the assumption of
negligible ½NO�

3 �i, which has approximately been
confirmed for whole oocytes but not for the parti-
cular space next to the interior side of the plasma
membrane.

We have analyzed the data of Zhou et al. (2000)
and have extended their study with further experi-
ments. We present an ordinary 4-state model that
provides a quantitative description of the experi-
mental data in Fig. 4 of Zhou et al. (2000). To ac-
count for the apparent inhibition at high ½NO�

3 �o, we
assume transinhibition by a local increase of ½NO�

3 �i
at the interior site of the symporter during the ex-
perimental procedure.

Zhou et al. (2000) presented and analyzed their
experimental data as steady-state data without evi-
dence for time-invariant behavior. We examined this
point and found significant temporal changes of
½NO�

3 �-induced currents, INO�
3
, with respect to tem-

poral changes of ½NO�
3 �o. We also found relaxations

in the temporal response of INO�
3
upon changes of the
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transmembrane voltage, V. These relaxations reflect
the temporal behavior of the V-sensitive activity of
the transporter. This behavior is well known for ion
channels as ‘V-gating’. Qualitatively, Blatt et al. have
earlier (1997) noticed this V-sensitivity of a fungal
nitrate transporter. For Na+/glucose cotransporters
(SGLT), Wright et al. (1994) have assigned relaxa-
tions upon V-changes to specific conformational
changes within a 6-state reaction scheme. In the
present study the enzymatic cycle and its V-sensitivity
are treated as independent processes, because we lack
information about coupling of these processes in
NrtA.

Materials and Methods

PRODUCTION OF Emericella nidulans nrtA mRNA

The E. nidulans nitrate transporter gene, nrtA, formerly crnA, was

kindly given to us by Dr. J. Kinghorn. It was supplied as cDNA

with an N-terminal T7 fusion and a C-terminal His-tag in the

vector pET21a (Novagen, Madison, WI). In order to make mRNA

that would be stably expressed in Xenopus oocytes we subcloned

the coding sequence of nrtA into the vector pSP64TS (Paul Wil-

son). pSP64TS carries Xenopus globin-flanking sequences on either

side of a small polylinker, a polyA tail sequence and a phage SP6

promoter. The nrtA was amplified using PCR and the following

primers: Enid up, 5¢GGGTagatctGCCACCATGGACTTCGCC-

AAGCTGCTGGTAGC3¢ and Enid down, 5¢CGGCtctagaCT-

ACTCCCTCATCTGACTTTTCGGCAC3¢. Lower-case letters

indicate the BglII and XbaI sites, the consensus Kozak sequence is

underlined, and the stop and start codons are italicized. The PCR

fragment was cloned into the BglII and SpeI sites of vector

pSP64TS to generate pSP64TS-Enid (complete sequence of this

clone is available upon request).
MessengerRNA was made from pSP64TS-Enid linearized at

the EcoRI site, using the mMessage mMachine kit from Ambion

(Austin, TX). The mRNA was purified using NucAway Spin

Columns also from Ambion and stored in water at �20�C until use;

mRNA length and integrity were confirmed by formaldehyde

agarose gel electrophoresis (not shown).

PREPARATION, INJECTION, AND ELECTROPHYSIOLOGY

OF OOCYTES

Oocytes were handled according to Goldin (1992). Briefly, oocytes

were surgically removed from an adult female Xenopus laevis that

had been anaesthetized for 20 minutes in a 0.2% solution of MS-

222 (3-aminobenzoic acid ethyl ester; Sigma A 5040). They were

routinely kept in ND96 medium (96 mM NaCl, 2 mM KC1, 1.6

mM CaCl2, 1 mM MgC12, and 5 mM HEPES titrated to pH 6.5

with NaOH). For removal of their follicular membrane, the oo-

cytes were treated for 1 hour with collagenase (2 mg Type 1A;

Sigma C 9891) dissolved in 1 ml of Ca2+-free OR2 medium (82.5

mM NaCl, 2 mM KC1, 1 mM MgC12, 1 mM Na2HPO4, 5 mM

HEPES, pH 7.5 with NaOH). After the collagenase treatment the

eggs were transferred again to ND96 medium.
Oocytes were injected with 50 nl of mRNA containing 1 lg

mRNA/ll, using aDrummondNanoject II injecting system. Injected

oocytes were incubated in ND96 for three to five days on a rotary

shaker at 18�C before use. Water-injected oocytes used as controls

showed no significant inward currents induced by external nitrate.

Electrophysiological recordings of oocytes were made following

two-electrode voltage-clamp techniques (Stühmer, 1992), using a

Dagan TEV-200 voltage-clamp amplifier. Individual oocytes were

placed in a slight depression in a trough 6 mm wide by 6 mm deep

machined in a lucite block. A chosen test solution entered at one

end of the trough flowed over the oocyte, and entered a chamber at

the distal end of the trough where the solution was removed by

aspiration. A manifold in the block allowed a single solution to be

selected from six available solutions; any of the six could be se-

lected by an electrical switch that controlled a bank of solenoid

valves that controlled the flow from six reservoirs that fed the

system by gravity. The front of a new solution reached the oocyte

about two seconds after the solenoid valve was opened. External

medium for experiments was ND96 with or without NO�
3 . The flow

rate through the trough was about 0.5 ml Æ s�1.
The protocol of voltage control used in the voltage-clamp

procedure was a single, triangular wave that started at a specified

holding voltage, Vh, then descended to the minimum, V1, of the

investigated V range (here �150 mV), then ascended to the maxi-

mum, V2, of the V range (here +50 mV), and finally descended to

Vh again, which was usually �40 mV. The V protocol was executed

by steps of ±1 mV amplitude and 10 ms duration. Data were

sampled synchronously (100 Hz) and low-pass filtered with a 20 Hz

four-pole Bessel filter. Temporal changes of nonlinear current-

voltage relationships (IVt records) could be recorded in 4 s with this

protocol (for details see Gradmann and Boyd, 1999), thus avoiding

drift artifacts more efficiently than with conventional, longer step

protocols.

THEORY

Figure 1 illustrates the model used here. Figure 1A shows an or-

dinary cyclic 4-state reaction scheme for a transporter. States 1 and

3 denote states that can react with internal substrates, and states 2

and 4 denote states exposed to external substrates. Apparent rate

constants for binding reactions are k31 = k031½Hþ�02i ½NO�
3 �

0
i and

k42 = k042½Hþ�02o ½NO�
3 �

0
o, where the superscript 0 marks the funda-

mental rate constants when all substrate concentrations are speci-

fied at 1 mM, and c¢ the concentrations at the binding site of the

enzyme. The binding reactions and debinding reactions (k13 and

k24) are not marked explicitly because they are assumed to be much

faster than the translocation reactions, k12, k21, k34, and k43. They

are represented, therefore, by equilibrium constantsK1 = k31/k13 =

K0
1½Hþ�02i ½NO�

3 �
0
i and K2 = k42/k24 = K0

2½Hþ�02o ½NO�
3 �

0
o for state 1

and state 2, respectively, where the superscript 0 denotes reference

conditions again (all concentrations 1 mM).
In thermodynamic equilibrium under reference conditions (V=

0, and all substrate concentrations 1 mM, denoted by 0), micro-

scopic reversibility dictates: k012k
0
43K

0
1 ¼ k021k

0
34K

0
2. Thus only five of

the six parameters k012, k
0
21, k

0
34, k

0
43, K

0
1, and K0

2 are independent.

We have arbitrarily chosen the first five of this series to be inde-

pendent and K0
2 ¼ K0

1k
0
12k

0
43=k

0
21=k

0
34.

It should be recalled that, in principle, ion transporters are

enzymes with saturating turnover at large driving forces. In gen-

eral, this results in sigmoid IV relationships, which can be used to

determine seven independent system parameters when IV rela-

tionships are recorded at different substrate concentrations on both

sides (Gradmann et al. 1987). With our assumption k12, k21, k34,

k43 � k13, k31, k24, k42, the 4-state reaction cycle has only five

independent parameters. So, experimental steady-state IV record-

ings can be used to determine two additional system parameters,

which are described next.
Compared to the theoretical non-linearities of the reaction cycle

with one charge-carrying reaction step, many experimental results

show weaker V-induced non-linearities. This finding is explained by

partioning of the entire transmembrane voltage, V, amongst a se-
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ries of reaction steps with correspondingly weaker V-sensitivity,

such as a series of binding sites in a pore. Similarly but more

specific, Fig. 1B illustrates the assumption that V, as measured

between the two bulk phases, affects the transport cycle only by a

portion Dt (0 < Dt < 1), whereas Do and Di (Dt + Do + Di = 1) are

external and internal V portions, respectively, that affect the dif-

ference between the concentrations c of an ion with the charge z in

the bulk and c¢ immediately at the binding site of the translocating

reaction cycle:

c0o ¼ co expð�zDouÞ and ð1aÞ

c0i ¼ ci expðþzDiuÞ, ð1bÞ

where u = FV/(RT) is the reduced membrane voltage with R, F,

and T having their usual thermodynamic meanings. The electrical

distances Do and Di may reflect spatial differences through a con-

ducting pore between the membrane surface and the enzymatic

binding sites (Gradmann et al. 1997), or the effect of surface

charges (Kinraide 2001). In fact, simplification of the model by

assuming Do, Di = 0 and Dt = 1 (five instead of seven free para-

meters) yielded inferior fits (not shown).
As for the V-dependence of the reaction cycle, two theoretical

model versions can be discriminated: In model version 1, the empty

enzyme (states 3 and 4) is electroneutral and the charge number

z ¼ þ1 (two H+ and one NO�
3 ) is assigned to the loaded enzyme

(states 1 and 2). In model version 2, the empty states 3 and 4 are

assumed to be charged with z = �1, and the loaded states, 1 and 2,

to be neutral. In model version 1, V-dependence is introduced by

k12 ¼ k012 expðþDtu=2Þ, ð2aÞ

k21 ¼ k021 expð�Dtu=2Þ, ð2bÞ

where the factor 1/2 marks the assumption of a symmetrical Eyring

barrier. In model version 2, V-dependence of the reaction cycle is

given by

k34 ¼ k034 expðþDtu=2Þ, ð2cÞ

k43 ¼ k043 expð�Dtu=2Þ, ð2dÞ

and V-independent k12 and k21. The four steady-state occupancies,

p1 þ p2 þ p3 þ p4 ¼ 1, ð3Þ

can be determined from the four differential equations

dp1=dt ¼ �ðk12 þ k13Þp1 þ k21p2 þ k31p3 ð4aÞ

dp2=dt ¼ �ðk21 þ k24Þp2 þ k12p1 þ k42p4 ð4bÞ

dp3=dt ¼ �ðk32 þ k34Þp3 þ k13p1 þ k43p4 ð4cÞ

dp4=dt ¼ �ðk43 þ k42Þp4 þ k24p2 þ k34p3 ð4dÞ

With the above assumption (k12, k21, k34, k43, � k24, k41, k13, k31)

and the stability constants, K1 = k31/k13 and K2 = k42/k24, these

equations yield

p1 ¼ ðk21K1K2 þ k34K1Þ=den ð5aÞ

p2 ¼ ðk12K1K2 þ k43K2Þ=den ð5bÞ

p3 ¼ ðk21K2 þ k34Þ=den ð5cÞ

p4 ¼ ðk12K1 þ k43Þ=den ð5dÞ

with den ¼ k12K1ðK2 þ 1Þ þ k21K2ðK1 þ 1Þ þ k34ðK1 þ 1Þþ
k43ðK2 þ 1Þ: ð5eÞ

The current through the active reaction cycle corresponds to the

net translocation rate in counterclockwise direction

Ia ¼ p1k12 � p2k21, ð6Þ

for bothmodel versions 1 and 2. In principle, when the rate constants

khave their usual dimension of s�1, the right-hand side ofEq. 6 has to

be multiplied with the elementary charge, 1.6 · 10�19 As, a charge

number and a stoichiometric coefficient to yield the current through

an individual, active transporter molecule. Since we do not know

whether the recorded steady-state currents are due to a few trans-

porter molecules with1 large k values or many transporters with small

turnover,we simply leaveEq. 6 in its simple formandunderstand that

the k values have the dimension of nA, as the recorded currents do.
Preference of the orientation of the binding site towards the

external compartment compared to inside can be expressed for

reference conditions by an asymmetry ratio

rasy ¼ k012k
0
34= k021k

0
43

� �
: ð7Þ

We analyzed the apparent steady-state data of ½NO�
3 �o-induced

current-difference/voltage relationship, dIV, data from Zhou et al.

(2000) according to Maathuis et al. (1997).
Our additional data comprise not only an extension of the

positive voltage range from �30 mV (in Zhou et al. 2000) to +50

mV but also the dynamic behavior of the system. For recordings of

complete current-voltage-time relationships, we employed a trian-

gular voltage protocol (Gradmann & Boyd 1999) for voltage-clamp

Fig. 1. Definitions of model parameters used. (A) Enzymatic re-

action cycle for symport of NO�
3 with 2H+, where the concentra-

tions c¢ at the binding sites may differ from the concentrations c in

the bulk solutions; binding and debinding reactions are assumed to

be fast compared to translocation steps; superscripts on numbered

states mark charge number for model versions 1 and 2. (B) Hy-

pothetical voltage profile through the membrane, where the

transporter experiences only a fraction Dt < 1 of the entire voltage,

V, and the remaining portion (1 � Dt) is ascribed to an inner and an

outer portion Di and Do, respectively. (C) Definitions for formal

treatment of a simple mechanism for voltage-dependent changes of

the activity of an enzyme (V-gating).
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experiments, which enables one to record actual current-voltage-

time relationships within a few seconds. Such recordings allow a

detailed analysis of voltage-gating kinetics of transporters with

non-linear I-V relationships (Gradmann & Boyd 2000). For the

present purpose, a simple gating scheme is used for the symporter

with an active state (a) and an inactive one (i). The V-sensitive

transition probabilities for the transitions from the inactive state to

the active one and back are

kia ¼ k0ia � expðdiauÞ ð8aÞ

kai ¼ k0ai � expðdaiuÞ ð8bÞ

where k0 mark k at V = 0 again, and dia, dai are the voltage-

sensitivity coefficients for kia and kai, respectively. The relative ac-

tivity of the symporter is

pa ¼ 1=ð1þ kai=kiaÞ ð9Þ

and upon a change in voltage from V0 to V1, pa relaxes with the

gating time constant

sg ¼ 1=ðkia þ kaiÞ ð10Þ

with kia and kai at V1. For our purpose, sg has not been used

explicitly. Here, the temporal changes in pa have been calculated

iteratively for small time increments Dt using the differential

equation

dpa=dt ¼ �kai � pa þ kia � ð1� paÞ: ð11Þ

Explicitly, pa was calculated first by Eq. 9 for steady-state condi-

tions at the holding voltage; and for changing voltages, 1 mV steps

per time increment dt = 10 ms (as in the command voltage) were

used to calculate the actual activity pa,act = pa,prev + dpa iteratively

with the previous activity pa,prev and the changes dpa = (�kai Æ pa +
kia Æ (1 � pa)) Æ dt, using rearranged Equation 11 with the k-values

at the actual voltage.
The recorded current

I ¼ Ia � pa ð12Þ

is the product of the current Ia through the active reaction cycle

(Eq. 6) and the relative activity of the enzyme, i.e. the portion pa of

active molecules.
For the sake of convenience, external NO�

3 is simply considered

here as the substrate S and internal NO�
3 , as the product P of the

enzymatic process. More precisely, the concentration of the sub-

strate, [S], is not simply [NO�
3 ]o but [NO�

3 ]o Æ ½Hþ�2o, and the con-

centration of the product, [P], is [NO�
3 ]i Æ ½Hþ�2i . So, changes in

[NO�
3 ]i given here will be overestimates due to imperfect H+ buf-

fering. We have assumed a constant pHi of 7.4 according to Zhou

et al. (2000). Furthermore, the apparent [P] in our calculations does

certainly not reflect a uniform distribution within the whole volume

of the oocyte. We rather assume [P] is a local entity next to the

plasma membrane.
The model was fitted to experimental data by using pairs of

dIVt records taken before ([NO�
3 ]i,b) and during ([NO�

3 ]i,d) ex-

posure to external NO�
3 . Ordinary fits could converge to the un-

realistic configuration [NO�
3 ]i,d < [NO�

3 ]i,b. Therefore the

restriction [NO�
3 ]i,d > [NO�

3 ]i,b has been implemented in the fitting

routine. In some cases absolute [NO�
3 ]i data are presented; in other

cases accumulations

D½NO�
3 �i ¼ ½NO�

3 �i,d � ½NO�
3 �i,b ð13Þ

have been calculated for elimination of the history of [NO�
3 ]i,b. For

comparison of two dIVt records from conditions a and b, an

accumulation ratio

racc ¼ D½NO�
3 �i,a=D½NO�

3 �i,b ð14Þ

has been used for presentation.

Pairs of dIVt records were fit to the model by using a least

squares routine, as described by Gradmann et al. (1997). Fitting the

model to a pair of dIVt records required up to 5 hours calculation

time on a 1.2 GHz PC.
For calculations of the temporal changes of [NO�

3 ]i we started

with the differential equation

d½NO�
3 �i=dt ¼ kþ � ½NO�

3 �o � k� � ½NO�
3 �i, ð15Þ

where k+ is the global rate constant for NO�
3 uptake through the

symporter, and k� the sum of the rate constants for all

½Hþ�2i � ½NO�
3 �i decreasing processes, such as diffusion from the

membrane vicinity to the bulk interior, NO�
3 metabolism, release

through the symporter back into the external space, and H+ buf-

fering. From Eq. 15 we can derive [NO�
3 ]i(t), upon a) addition and

b) withdrawal of external [NO�
3 ]

½NO�
3 �iðtÞ ¼ð½NO�

3 �i;0 � ½NO�
3 �o � kþ=k�Þ

� ð1� expð�ðkþ þ k�ÞtÞ and ð16aÞ

½NO�
3 �iðtÞ ¼ ½NO�

3 �i;0 � expð�k�tÞ, ð16bÞ

where [NO�
3 ]i,0 is [NO�

3 ]i, at the time of stepwise addition (a) or

withdrawal (b) of external NO�
3 . For long incubations in external

NO�
3 , ½NO�

3 �i approaches the steady-state value ½NO�
3 �o � kþ=k�.

Fig. 2. Fit of model Fig. 1A, B to experimental data from Fig. 4 in

Zhou et al. (2000). (A) Empty circles: current changes at �30, �70,

�110 and �150 mV upon exposures to increasing [NO�
3 ]o com-

pared to control currents at [NO�
3 ]o = 0, pH 7. Filled circles (partly

or totally hidden behind symbols for measured points in cases of

part or total coincidence): fitted, [NO�
3 ]o-induced currents for all 72

data points (without data from 1 lM [NO�
3 ]o fitted parameters: one

[NO�
3 ]i value for each of the applied [NO�

3 ]o, and seven common

parameters as listed in Table 1 fit# 3. (B) Fitted [NO�
3 ]i values;

main result: loss of internal NO�
3 at low [NO�

3 ]o, and gain at high

[NO�
3 ]o.
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All calculations have been carried out with a PC using custom-

tailored programs written in Turbo Pascal. The software is avail-

able on request.

Results

REANALYSIS OF PREVIOUS STEADY-STATE dIV DATA

The data of [NO�
3 ]o-induced currents in Fig. 2 (from

Fig. 4 in Zhou et al. 2000) consist of a sequence of
nineteen current-voltage relationships, IV, each with
four measuring points at �30, �70, �110, and �150
mV respectively. In this series of experiments, in-
creasing [NO�

3 ]o were applied, separated by periods
of [NO�

3 ]o = 0. For each NO�
3 exposure and the

preceding control, a dIV relationship was recorded.
Zhou et al. (2000) did not show data about the
temporal behavior of the NO�

3 -induced currents,
INO�

3
. Consequently, they presented their results as

quasi steady-state data. So temporal changes of the
transporter activity, e.g., due to V-gating, have not
been considered by Zhou et al. (2000) nor by our
reanalysis of their data (Table 1).

In contrast to Zhou et al. (2000) we assume sig-
nificant changes of [NO�

3 ]i during the entire series of
recordings. Our analysis of their dIV curves for var-
ious [NO�

3 ]o comprises one [NO�
3 ]i for each dIV and

seven model parameters (see Table 1) that are com-
mon for all these dIV curves. The dIV data for 1 lM

[NO�
3 ]i of Zhou et al. (2000) are excluded from our

analysis because they spoil the fits to all dIV curves.
The agreement of our fitted points with their

values in Fig. 2A demonstrates that the model of Fig.
1 describes the experimental data quite well. The re-
sult that [NO�

3 ]i falls at low [NO�
3 ]o and rises at high

[NO�
3 ]o (Fig. 2B) confirms our initial conjecture. We

regard the initial decline of [NO�
3 ]i as a result of efflux

of NO�
3 at low external concentrations.

Theoretically, two model versions should be
discriminated: (i) Model version 1: the unloaded
binding site (states 3 and 4) is electroneutral, and the
loaded binding site (states 1 and 2) carry the charge
z=+1 (2 H+ + 1 NO�

3 ), or (ii) Model version 2: the
unloaded binding site carries the charge z = �1, and

the loaded site is electroneutral. More complicated
possibilities, e.g., that the loaded form has z = +2
and the unloaded z = +1, or of apparent non-integer
values, are not discussed here.

The error values in Table 1 indicate a preference
for model version 2. This preference is also expressed
by the stability of the fitted numerical values with
respect to the start values: The k values differ by only
6 ± 3% between fits 3 and 4, whilst for model version
1 these values vary by 18 ± 15%. The asymmetry
ratios are not dramatic. However the Di � Do seems
to be consistent in these results.

The preferred orientation of the binding site to-
wards outside or inside can be given by the asym-
metry ratio rasy in Eq. 7, which expresses the
orientation of the binding site at reference conditions:
rasy > 1: towards outside and rasy < 1 towards inside.
The better fits with model version 2 show an asym-
metry towards inside (Table 1).

Figure 3 illustrates the result of the dIV analysis
from the best fit (#3) in Table 1 for three selected (out
of the eighteen) experiments over the range from 10
lM to 20 mM [NO�

3 ]o in an extended V range. If
[NO�

3 ]i had been constant, the dotted curves for
[NO�

3 ]o = 0 should coincide, and no intersections
should occur, neither amongst the inferred IV curves
(normal) nor amongst the fitted dIV curves (bold).
This feature holds in Fig. 3 for [NO�

3 ]o 150 lM. For
larger [NO�

3 ]o, transinhibition of the inward currents
by an increase of [P] must be considered, i.e., a sub-
stantial increase of p1 by high [NO�

3 ]i will lower p2 +
p3 + p4 and thus the availability of empty binding
sites, p4, for association of external substrate.

The inferred IV curves in Fig. 3 (normal lines)
illustrate that at low voltages (e.g. between 0 and �70
mV) the positive currents through the symporter at
10 lM [NO�

3 ]o indicate loss of NO�
3 , and the negative

currents for [NO�
3 ]o of 100 lM mark uptake of NO�

3 .

ANALYSIS OF NEW dIVt RECORDS WITH EXTENDED

MODEL

Figure 4A shows examples of current records upon
exposing a singleXenopus oocyte withNrtA to various

Table 1. Comparison of various fits to the experimental data (open circles in Fig. 2)

# MV Reaction cycle V Profile

k012 k021 k034 k043 rasy K1 Di Do Error

nA nA nA nA 106 mM�3 10�3 10�3 nA

1 1 157 138 346 390 1.01 197 20 430 4.04

2 1 198 147 372 288 1.74 201 80 400 3.69

3 2 235 435 147 224 0.35 98 10 574 3.46

4 2 218 447 142 242 0.29 98 2 581 3.48

Four-state model as in Fig. 1 with seven free parameters in common; start parameters for odd (even) fit numbers: k012,k
0
21,k

0
34,k

0
43 = 300 (100)

nA; K1 = 300 (100) Æ 106 mM�3; Di, Do = 0.2. Model version (MV) 1: states 1 and 2 with z = 1, states 3 and 4 with z = 0; Model version 2:

states 1 and 2 with z = 0, states 3 and 4 with z = �1; asymmetry ratio rasy (Eq. 7); bold, results of #3 illustrated in Figs. 2 and 3.
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concentrations of external NO�
3 . In order to eliminate

possible drifts, the order of different [NO�
3 ]o was not

monotonic but random. This figure shows that in-
creasing [NO�

3 ]o causes increasing amplitudes aswell as
faster decline after the peak towards a lower steady-
state current. Series of this kind have been recorded
from several oocytes. The mean peak values (±SEM) of
an experiment with n=3 in such a series are displayed
in Fig. 4B in normal coordinates and in Fig. 4C as
Lineweaver-Burk plot, which follows normal Micha-
elis-Menten kinetics with a K1/2 of about 13 lM
[NO�

3 ]o.K1/2 (NO�
3 ) from four different oocytes varied

between 8 lMand 30 lM, and Imax between 20 nA and
100 nA at pHo = 6.5 and �40 mV holding voltage,
depending on the expression of NrtA and on the pre-
treatment of the cell with NO�

3 (see below). ThisK1/2 »
20 lM of our results agrees well with K1/2 » 25 lM of
Blatt et al. (1997) andK1/2»23lMinZhouet al. (2000).

For records of current-voltage-time relationships
of the oocyte membrane we performed V-clamp
experiments with triangular V protocol (Fig. 5A),
typically with a holding voltage, V0, of �40 mV, a
minimum voltage, V1, of �150 mV and a maximum
voltage, V2, of +50 mV. V changes took place in
steps of ±1 mV and durations of 10 ms. Figure 5B
shows examples of the current response in absence
(control) and presence of 300 lM external NO�

3 . The
discontinuities in the current responses at sudden
changes of the slope dV/dt are due to the membrane
capacitance of the oocyte.

Figure 6A shows the same data in IV coordi-
nates. It has been pointed out by Gradmann and

Boyd (1999) that the crossing points of the 8-shaped,
capacity-corrected, dIVt records indicate the equilib-
rium voltage of a predominant and V-sensitive ion
transporter. However, the records in Fig. 6A are not
corrected for the membrane capacitance. After this
correction, the obvious crossing points of the dIVt
records would be shifted to more positive voltages,
i.e., to about �30 mV, which probably corresponds
to the equilibrium voltage, ECl, of Cl� electrodiffu-
sion in Xenopus oocytes (Miledi & Woodward 1989).

The electrical properties of the [NO�
3 ]o-induced

event can be examined as the difference between the
two IVt records in Fig. 6A. The subtraction process
that yields the dIVt curve (Fig. 6B) removes details
common tobothoriginal curves that are not relevant to
this study, such as the capacitative effects and crossings
within the two parent IVt curves, and presents us with
the information of interest concerning the response of
the nitrate transporter to exposure to external nitrate.

An essential feature of dIVt curves is the vertical
width of the current loop, i.e., the current differences
between rising and falling voltage. These differences
mean that this major ion transporter (here NrtA) has
a V-sensitive activity, pa(V, t), which relaxes upon V
changes in the same temporal range as the applied V
protocol. Only in case of degenerated IVt relation-
ships would the currents from ascending and de-
scending V coincide, i.e., if the relaxation time
constants are much shorter or much longer than the
experimental procedure. Such temporal changes of V-
sensitive ion transporters–known as V-gating–are
commonly investigated in ion channels using V-pro-

Fig. 3. Three examples out of the eighteen

simultaneous fits of the model in Fig. 1A, B with

kinetic parameters as listed in Table 1, #3. V range

extended compared to measured range. Bold lines:

fits of difference-currents to data (marked points);

normal lines: inferred IV relationships for the

symporter at marked internal and external sub-

strate concentrations; dotted lines: inferred IV re-

lationships for the symporter at marked internal

substrate concentrations and zero [NO�
3 ]o; Ibold =

Inormal � Idotted.
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tocols with large V-steps, from which instantaneous
currents, steady-state currents, and temporal relaxa-
tions can be identified separately.

Our dIVt records from triangular V-protocols
can be acquired more quickly than with step proto-
cols, which is a benefit in case of drifting background
conductances. These records basically constitute the
complete current-voltage-time relationship of a
transporter such as the 2H+-NO�

3 symporter NrtA
from E. nidulans.

A complete analysis of dIVt records can be carried
out by fitting a detailed model to the data. Some qual-
itative features, however, can be immediately recog-
nized from inspectionof the dIVt records.For instance,
dIVt records, obtained by comparison of two IVt re-
cords in response to a change in substrate concentra-
tion, D[S], on one side of the membrane ([NO�

3 ]o in our

Fig. 4. Current response of Xenopus oocytes with NrtA upon ex-

posure to external NO�
3 . (A) Individual responses to various

[NO�
3 ]o (numbers below traces) at �40 mV holding voltage and

pHo = 6.5. 1 to 3 gaps (4 s) in3 individual original traces during IVt

recordings are closed here by interpolation. Numbers above traces:

time after start of series of experiments; note: (i) randomized se-

quence to eliminate possible drift, and (ii) faster relaxation after

peak with increasing [NO�
3 ]o. (B) Titration curve for [NO�

3 ]o-in-

duced peak currents: means ± SD (n = 3 for each point); results

from a series of experiments on one cell. (C) Lineweaver-Burk plot

of mean values from panel B, yielding an Imax of �80 nA and a K1/2

of 13 lM NO�
3 .

Fig. 5. Triangular voltage protocol (A) and current responses (B)

for current-voltage-time recordings of Xenopus oocyte with NrtA;

with (300 lM) and without (control) external NO�
3 ; pHo = 6.5;

recording close to current peak (see Fig. 4); discontinuities in I

records at kinks in time course of V are due to membrane capac-

itance.

Fig. 6. Results of Fig. 5 plotted in current/voltage diagram. (A)

Individual tracings with (points) and without (line) external NO�
3 ;

arrow indicates direction of measurements. (B) Current differences

from A: dIVt record of NO�
3 -induced currents.
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case), should not intersect with theV axis; i.e., the sign
of the D[S]-induced current change should be the same
at any V. This is the case in the example of Fig. 6B.

In the dIVt record of Fig. 6B, one can assess a
conductance increase at negative voltages because the
current is still rising after the sign change of the
voltage slope at �150 mV. Correspondingly, a con-
ductance decrease at positive voltages can be identi-
fied in Fig. 6B. Quantitatively, the dynamic
characteristics of this phenomenon can be described
by the gating factor pa in Eq. 12, which comprises
temporal relationships (Eq. 10) as well.

Figure 7 shows the effect of [NO�
3 ]o on the dIVt

records at pHo 6.5. The results of this titration ex-
periment are well fitted by the complete model in Fig.
1 (Eq. 12) with the parameters listed in Table 2A.
Qualitatively, we notice that the current amplitudes
rise less than proportionally with [NO�

3 ]o, and that
the width of the loop is significantly wider in the more
positive voltage range than in the more negative one.
Furthermore, the scatter of the experimental data
shows a consistent minimum around �30 mV, which
means that the scatter is mainly due to fluctuations of
the background Cl� currents, which vanish at ECl

around �30 mV (Miledi & Woodward 1989).
Figure 8 shows that the response of oocytes to

changes of external pH, as presented in the dIVt re-
cords following exposure to 10 lM NO�

3 (A) and 100
lM NO�

3 (B), is well described by the fits of the model
with the parameters listed in Table 2B#3 and 2C#3.
Corresponding to the saturation kinetics of the effect
of the concentration of the main substrate NO�

3 in Fig.
7, the model also accounts for the apparent saturation
kinetics of the cosubstrateH+, as found inFig. 8where
the currents rise less than proportionally with [H+]o

2.
In order to examine the assumption that [NO�

3 ]i
changed significantly during changes in [NO�

3 ]o, two

kinds of experiments were performed: (i) Analysis of
dIVt records before incubation and at different times
during incubation, which yield fitted [NO�

3 ]i values
for each dIVt (Fig. 9 and Table 2D), and (ii) contin-
uous current recordings at a constant holding voltage
during alternating periods of absence and presence of
100 lM external NO�

3 , when decreases and increases
of [NO�

3 ]i can be expected, respectively (Fig. 10 and
Table 3).

Figure 9 shows a simultaneous fit of the model to
two dIVt records recorded about 10 and 45 s after the
beginning of incubation with 100 lM external NO�

3 .
One common reference IVt record immediately be-
fore incubation has been subtracted from the two IVt
records. The numerical results of the fits are listed in
Table 2D. Here, the resulting data for racc » 4 are
physically realistic with respect to a 4.5 fold incuba-
tion time.

CLAMP-CURRENTS DURING PERIODS WITH AND

WITHOUT EXTERNAL NO�
3

According to our hypothesis of substantial changes in
[NO�

3 ]i, the decrease of INO�
3

that follows a peak,
upon addition of external NO�

3 (Fig. 4A), reflects
increasing transinhibition of INO�

3
by increasing

[NO�
3 ]i.

Fig. 7. Effect of [NO�
3 ]o on NO�

3 -induced dIVt records from

Xenopus oocytes with NrtA at pHo = 6.5. Three sets of experi-

mental data for different [NO�
3 ]o with n = 6 experiments for each

set: means (points) and ± SEM (vertical bars); curves fitted by the

model in Fig. 1 with parameters listed in Table 2A fit #1.

Fig. 8. Effect of pHo on NO�
3 -induced dIVt records from Xenopus

oocytes with NrtA. Induction by exposure to 10 (A) and 100 (B) lM

external NO�
3 . Points: experimental data; curves fitted by the model

in Fig. 1 with parameters listed in Table 2B fit #3 (A), and Table 2C

fit #1 (B).

116 J. Boyd et al.: Kinetics of Fungal 2Hþ-NO�
3 Symporter



[NO�
3 ]i(t), following alternating periods of pres-

ence and absence of external NO�
3 (Fig. 10A), is cal-

culated by Eqs. 16a, b and illustrated in Fig. 10B,
together with the time course of INO�

3
as the oocyte

responds to inhibitionby [NO�
3 ]i (Fig. 10C; dashed line,

theoretical; continuous line, observed as in Fig. 4A).
The time course of [NO�

3 ]i, following alternating
periods of presence and absence of external NO�

3

(Fig. 10A), is calculated by Eqs. 16a, b and illustrated
in Fig. 10B, together with the response of INO�

3
to

inhibition by [NO�
3 ]i (Fig. 10C; continuous line, ob-

served as in Fig. 4A; dashed lines, theoretical). Sev-
eral parameters, defined in Fig. 10C, allow
determination of the time constants s� = 1/k� and
s+ = 1/(k+ + k�), using the relationships given by
the inset in Fig. 10C, where k+ and k� are, respec-
tively, the rate constants for the cellular uptake and
decrease of nitrate.

INO�
3
has been recorded over a series of exposures

to 100 lM external NO�
3 for various times t1, with

following periods of recovery, t2, also of variable
duration. The individual events have been analyzed
systematically according to Fig. 10, and are listed in
Table 3. The average s� » 10 min, corresponding to k�
= 1/s� » 0.0017 s�1, reflects the decay of a local ac-
cumulation of 2H+ + NO�

3 inside near the mem-
brane (i) into the bulk volume of the cell, (ii) into the
N metabolism, and (iii) back through the symporter.

Clearly, subsummation of all these processes under
only one rate constant, k�, is a coarse approach. With
k� » 0.0017 s�1 and the average s+ » 1 min (Table 3),
we obtain an apparent k+= 1/s+�k� » 0.015 s�1 for
uptake through the symporter at 100 lM external
NO�

3 . With the assumption that the apparent k+ rises
and falls proportionally with [NO�

3 ]o, the velocity of
the exponential decrease of INO�

3
from the peak I0

toward I1, with the time constant s+ = 1/(k+ + k�),
should also rise and fall proportionately with [NO�

3 ]o.
This behavior is confirmed by the results in Fig. 4A.

According to our hypothesis of INO�
3
inhibition

by internal NO�
3 , this inhibition should rise with the

time t1 of the preceding exposure and fall with the
time t2 of the succeeding recovery. Therefore the in-
hibition should rise with t1/t2 up to maximum inhi-
bition, which is reached at I1. In our series of
experiments with exposures to [NO�

3 ]o of 100 lM, I1
was 27 ± 8% of Imax (Table 3). Based on the data
from Table 3, Fig. 11 illustrates these relationships
between I0, t1/t2, Imax, and I1.

The results of the kinetic analysis can be used for
further calculations and cross-examinations. For in-
stance, k+ » 0.015 s�1 at 100 lM external NO�

3 , and
k� » 0.0017 s�1, yield a steady-state [NO�

3 ]i =
[NO�

3 ]o k+/k� » 1 mM, which is roughly confirmed by
the data in the inset of Fig. 9 ([NO�

3 ]i » 0.5 mM after
45 s incubation and subject to further increase to-

Table 2. Fits of model in Fig. 1 to dIVt records

# MV Active reaction cycle V Profile V Gating [NO�
3 ]i Error

k012 k021 k034 k043 rasy K1 Di Do k0ia dia k0ai dai racc
nA nA nA nA 106 mM�3 10�3 10�3 10�3 s�1 10�3 10�3 s�1 10�3 nA

A, Fig. 7: a b

1 1 90 186 301 2417 0.06 381 440 5 131 1130 100 �475 16 82 3.47

2 1 134 313 435 19375 0.01 364 470 16 181 930 64 �209 18 102 3.49

3 2 1085 4065 63 485 0.03 24 626 15 729 29 576 �751 6 12 4.98

4 2 10590 834 183 667 3.48 6.8 349 68 186 891 26 �36 98 71 3.49

B, Fig. 8A: c

1 1 906 195 243 353 3.20 945 568 432 226 43 265 �297 9.9 3.36

2 1 1005 1427 178 2598 0.05 430 422 363 250 48 187 �209 10.1 3.43

3 2 248 134 236 1884 0.23 2754 360 75 369 13 378 �226 9.0 3.20

4 2 3876 445 795 917 7.55 541 552 448 558 27 167 �104 9.9 3.37

C, Fig. 8B: c

1 1 3162 119 6718 5736 22.7 107 493 226 1028 7 551 �216 10.3 7.83

2 1 1966 110 3339 6382 34.2 97 483 243 649 17 463 �242 10.3 7.99

3 2 6870 371 1591 1167 13.6 113 203 192 1577 20 616 �180 10.4 7.88

4 2 9761 536 1313 3824 53.0 37 357 146 2352 15 516 �157 10.2 7.86

D, Fig. 9: d

1 1 3242 58 543 448 67.7 1477 198 341 256 743 252 �435 4.4 4.938

2 1 645 175 1867 1013 6.79 3873 323 160 274 725 39 �5 4.8 4.95

3 2 3559 361 59 1103 0.53 602 337 109 234 793 211 �456 3.9 4.936

4 2 2131 213 1688 96 176 1008 172 167 244 758 218 �497 4.4 5.09

Start parameters for odd (even) #: k012, k
0
21, k

0
34, k

0
43 = 300 (1000) nA; K1 = 300 (100) Æ 106 mM�3; Di, Do = 0.3 (0.1) or 0; k0ai, k

0
ia = 0.3

(0.1) s�1; dai, dia = 0.3 (0.1); [NO�
3 ]i,b, [NO�

3 ]i,d = 100 lM; Model version (MV) 1: states 1, 2 with z = 1 and 3, 4 with z = 0; MV 2: states 1,

2 with z = 0 and 3, 4 with z = �1; asymmetry ratio rasy, Eq. 7; accumulation ratio racc, Eq. 14; a: racc,30 lM/3 lM; b: racc, 300 lM/3 lM;

c: racc, pH 6.5/pH 7.5; d: racc, 45 s/10 s; bold: best fits.
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wards the steady-state level). The apparent steady-
state accumulation [NO�

3 ]i/[ NO�
3 ]o = k+/k� » 10 is,

however, much smaller than the theoretical, thermo-
dynamic equilibrium ratio [NO�

3 ]i/[NO�
3 ]o = ([H+]o/

[H+]i)
2 Æ exp(VhF/(RT)) » 300 at pHo = 6.5, pHi =

7.4, and the holding voltage Vh = �40 mV. This
discrepancy may reflect the fact that the theoretical
accumulation ratio holds for a thermodynamic
equilibrium, whereas the apparent accumulation ratio
is a steady-state feature. In this case, the portion of
k� due to NO�

3 outward release through the sym-
porter is only about 3%, and the portion of k� at-
tributable to N-metabolism and NO�

3 diffusion to the
bulk interior is almost 100%.

Discussion

The results presented here strongly support the idea
that NrtA-mediated uptake of NO�

3 in Xenopus
oocytes can easily result in increased concentrations
of [NO�

3 ]i that result in transinhibition of NrtA-
mediated INO�

3
. This interpretation employs a

straightforward enzymatic reaction cycle for 2H+-
NO�

3 symport and does not require an extra inhibit-
ing site, as has been proposed by Zhou et al. (2000).

The portion of the oocyte volume associated with
these [NO�

3 ]i changes must be only a fraction of the
whole cell volume, in which [NO�

3 ]i does not seem to
change substantially following exposures to external
NO�

3 . For a first appraisal of this situation we assume
an oocyte volume, Voo, of about 10

�9 m3, and an INO�
3

of 100 nA (e.g., Fig. 2), corresponding to an uptake
rate J = I/F of 10�12 mol s�1 with the Faraday con-
stant F » 105 As mol�1, and a total [NO�

3 ]i increase of
d[NO�

3 ]i,tot/dt = J/Voo » 10�3 mol Æ m�3 s�1 = 1 lM

s�1. The inset in Fig. 9 shows d[NO�
3 ]i/dt 10 lM s�1,

indicating that the fitted [NO�
3 ]i values in this study

reflect a compartment of about 10% of the total cell
volume, at the inner side of the plasma membrane.

In general, the good fits in this investigation seem
to validate the model. However, some details deserve
to be commented upon. One aim of this study was to
possibly discriminate between the two model versions
1 and 2. Table 1 seems to point to a preference of
model 2 because it provided the better fits and stable
solutions, i.e., solutions that are insensitive to the
magnitude of the start parameters. However, this
preference could not clearly be confirmed by the
corresponding results in Table 2.

A more significant difference between the seven
model parameters for the transport process in Table 1
and Table 2 is found in the parameters Di and Do,
which characterize the voltage profile: Di � Do, in
Table 1 and Di  Do in Table 2 with similar Dt � 0.5
in both tables. The results indicate that the apparent
differences between Di and Do do not correlate with
the model versions 1 and 2, as they might do theo-
retically. We rather interpret this discrepancy be-
tween Tables 1 and 2 the following way:

In the model for the results in Table 1, the non-
linearity of the steady-state IV relationships is a fea-
ture of the fully active transport system. In contrast,
the model for Table 2 comprises the additional gating

Fig. 9. Inhibiting effect of prolonged exposure to NO�
3 on NO�

3 -

induced dIVt records from Xenopus oocytes with NrtA. Descrip-

tion of effect by increasing [NO�
3 ]i (more precisely: ½NO�

3 �i � ½Hþ�2i ).
Points: experimental data; curves fitted by model in Fig. 1 with

parameters listed in Table 1C fit #3; inset: numerical result of fit for

increase of internal substrate.

Fig. 10. Definitions of parameters for analysis of series of current

records during alternating exposures to 0 and 100 lM external

NO�
3 . Numerical data correspond to example in Fig. 4A at pHo =

6.5 and �40 mV holding voltage. (A) Protocol of NO�
3 exposure.

(B). Hypothetical time course of inhibiting [NO�
3 ]i (more precisely:

½NO�
3 �i � ½Hþ�2i ). (C) Schematic time course of current record. Ef-

flux (of NO�
3 + 2H+) ignored; dotted lines at I0 and I2 mark

idealized time course, compared to more realistic wash-in and-out

kinetics (solid curve); dashed lines mark maximum effect Imax (after

complete recovery) and extrapolation to steady-state, I1.
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factor pa (in Eq. 12), which has a non-linear steady-
state V-sensitivity of its own. Therefore, we conclude
that Di  Do in Table 2 reflects the ‘true’ voltage
profile of the active transport process, and that the
apparent Di � Do, in Table 1 is due to disregarding
the V-dependent gating factor pa.

Because the model with gating (Eq. 12) is more
realistic, we focus on the results in Table 2 to extract
some physical features of the transporter.

1. The shape of the voltage profile with Di � 0.4,
Dt � 0.5, Do � 0.1, means that the transporter expe-
riences about 50% of the electric field, and that the
catalytic process takes place more in the external than
in the internal portion of the plasmalemma.

2. From the four best fits (bold) three asymmetry
ratios are <1. This may indicate that–in the absence
of V- and substrate gradients–the binding site of the
transporter is preferentially oriented to the internal
side of the membrane. However, the statistical sup-
port for this observation is poor.

3. As for gating, the apparent gating charge
zg =dia � dai is positive for inactivation throughout,
and the ratio k0ia=k

0
ai is about 1 with k0 values of

several 100 s�1. This means that the transporter is
active at negative and inactive at positive voltages
with half activity around V = 0, and relaxation times
(Eq. 10) of a few ms.

Although V-gating of ion channels is a major
subject of electrophysiology, little is known about V-
gating of other ion transporters. As for 2H+-anion
symporters, our results confirm the increasing slope
of the IV curve of the of 2H+-Cl� symporter in
Chara (Beilby & Walker 1981) and for the nitrate
transporter in Neurospora (Blatt et al. 1997). The
inactivation of anion symporters at positive voltages
may have the physiological benefit of avoiding loss of
anions (here NO�

3 ) through the symporter in case of

electroosmotic stress, i.e., in situations of small
(negative) resting voltage when the generation of
electrochemical energy (proton-motive force) no
longer satisfies the consumers.

The results in Fig. 9, Table 3 and Fig. 11 strongly
support the straightforward hypothesis of transinhi-
bition of NO�

3 uptake through NrtA by internal NO�
3 .

It is recalled that the complete substrate of NrtA is not
NO�

3 only, but 2H+ +NO�
3 . This means that the role

of [NO�
3 ] discussed here applies equally for [H+]2 ,

i.e., changes of pHi could not only have the stoichio-
metric2 effect discussed above, but internal H+ might
alternatively inhibit NrtA by an allosteric mechanism.
A variety of alternative explanations exists that are
more complicated than the model presented here, but
they are without rigorous experimental support.

As for the mechanism and velocity of the sponta-
neous decay of local NO�

3 accumulations inside, we

Table 3. Series of current events induced by exposure to 100 lM NO�
3 for various durations, t1, and recovery times, t2, before next event;

experimental data and temporal analysis

Event I0/Imax
1 I1/Imax I2/Imax I1/Imax t1 t2 s+ s�

s s s s

1 0.59 0.50 0.41 0.30 72 2400 67 –

2 1.00 0.67 0.32 0.30 220 72 38 234

3 0.50 0.41 0.35 0.32 43 264 35 517

4 0.61 0.50 0.50 0.32 31 330 50 1096

5 0.63 0.52 0.47 0.26 43 60 68 –

6 0.47 0.41 0.31 0.22 20 38 87 371

7 0.41 0.32 0.28 0.26 67 91 26 890

8 0.35 0.30 0.22 0.24 91 163 49 337

9 0.50 0.43 0.28 0.22 94 148 77 514

10 0.46 0.41 0.24 0.30 103 3600 103 –

11 1.00 0.82 0.54 0.30 113 115 81 346

12 0.67 0.59 0.54 0.30 36 120 98 727

13 0.61 0.54 0.39 0.30 100 – 94 –

Mean 67 558

±SD ±27 ±287

1 Imax = �18 nA in this particular experiment. For definitions, see Fig. 10.

Fig. 11. Effect of preceding exposure times, t1, and recovery times,

t2, on peaks of relative currents, I0/Imax, upon exposure to 100 lM

external NO�
3 ; data from Table 3.
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assume diffusion impeded by cytoplasmic obstacles,
especially endomembranes. For a crude numerical es-
timate, we assume diffusion velocities of good electro-
lytes around 1 lm per ms, corresponding to 0.1 mm in
10 s; so, after occurrence of a local accumulation near
themembrane, thebulk concentration inoocyteswith1
mmdiameter would still be far from being equilibrated
after 10 s. Since diffusion is not free but sloweddownby
cytoplasmic structures, probably bymore than a factor
of 10, our results of s� in the 100 s range (Table 3)
support the simple hypothesis of diffusion-mediated
decay of local product accumulations.

In a wider physiological context, one may ask
why similar accumulation of substrate has not been
reported from other symporters, especially the Na+/
glucose transporter, SGLT (for review see Wright
et al. 1994), which can mediate currents up to 1 lA
when expressed in Xenopus oocytes. A reason for this
discrepancy may be that glucose is more rapidly
metabolized than NO�

3 . Another possibility is that
the absolute concentrations ½P� ¼ ½H�2i ½NO�

3 �i of Nrt
are very small compared with the [P] of SGLT (Na
and glucose), so for a given flux, the relative changes
of [P] will be much larger for Nrt compared to SGLT.
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