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ABSTRACT We present a procedure for determination of 11 system parameters of an ion transporter expressed in Xenopus
oocytes. The experiments consist of fast triangular voltage-clamp experiments in the presence and absence of external
substrate. A four-state enzymatic cycle operating between an external and an internal section of electrodiffusion is used for
analysis. The explicit example treats experiments with the fungal 2H1-NO�

3 symporter EnNRT, a member of the major
superfamily transporters. The results comprise a density of �150 fmol functional transporter molecules per oocyte, a gross
charge number zE � �0.3 of the empty binding site of the enzyme, individual rate constants for reorientation of the empty and
occupied binding site in the range of 5–500 s�1, electrical access sections between bulk solutions and reaction cycle of ;3%
inside and 15% outside, an increase of internal NO�

3 at the plasma membrane from ;0.5 to ;2 mM during exposure to external
NO�

3 , and KD � 0.3 mM3 inside and KD � 3 mM3 outside in binding the triplicate substrate (2H11NO�
3 ). The results compare well

with the known structure of the lactose permease, another major superfamily transporter.

INTRODUCTION

The operation of enzymes comprises a catalytic reaction

cycle of the active center and regulatory sites for appropriate

modulation of the activity. In ion-translocating proteins, the

corresponding mechanisms are called transport function and

gating function, and are usually sensitive to the trans-

membrane voltage V. Three classes of ion transporters are

distinguished: uniporters, cotransporters, and pumps.

Uniporters catalyze the transport of one charged substrate.

By arbitrary distinction uniporters with a fast transport func-

tion (turnover $106 s�1) are called channels and slow ones

carriers. The gating functions of channels are electrophys-

iologically investigated in great detail using a consistent

modeling approach of transitions between active (open) and

inactive (closed) states (1,2) In contrast, the models for the

transport function of channels vary between a series of

energy barriers (3) and enzymatic cycles (4,5) depending on

the actual observations. Very frequently, the shape of the

steady-state IV curve of a uniporter cannot readily be

assigned to a well-defined transport function. In these cases it

is common to assume linearity or independent electro-

diffusion for the sake of simplicity, even when the corres-

ponding assumptions are in obvious disagreement with the

experimental data.

In cotransporters the translocation of one substrate is

coupled to the translocation of a second substrate. The

turnover of cotransporters is much smaller than of channels

and cannot be determined, therefore, by observations of

individual protein molecules. Correspondingly, there are few

studies on the electrical properties of cotransporters (6).

Many cotransporters belong to the major facilitator super-

family (MSF) proteins that catalyze the transport of various

substrates and are characterized by 12 membrane spanning

domains. Amongst these proteins the H1-lactose symporter

from Escherichia coli has been investigated extremely well

with respect to structure and function (7), but not elec-

trophysiologically. On the other hand, the electrical proper-

ties of the 2H1-NO�
3 symporter EnNtr from the fungus

Emericella nidulans (8) are known to the extent that a steady-
state transport function and a gating function can be identi-

fied (9).

In pumps, ion translocation is coupled to a nontransport

reaction of metabolic nature, e.g., ATP hydrolysis in case of

the Na1/K1-ATPase in animals and the H1-ATPase in

plants, or of nonmetabolic nature such as excitation by light,

e.g., in case of bacteriorhodopsin (10).

Neither the transport function nor the gating function are

known for light-driven pumps. In contrast, the steady-state

transport function from several ATPases has been reported to

be sigmoid, i.e., displaying a V-independent saturation

current far from equilibrium (11–15). Non-steady-state ki-

netics of the pump transport function have been investigated

by sinewave analysis for a plant pump (16) and by pulse

relaxation analysis for the Na1/K1-ATPase (17). Also

V-gating of pumps is known (14).

The aim of this overview about electrical properties of ion-

translocating enzymes is to demonstrate the demand for a

unifying concept to describe the transport functions. It is

suggested that enzyme kinetics do provide such a concept,

where the four-state model of Läuger (4) can be used as a

basic formalism that may be simplified (11) or extended (18)

depending on the experimental data available.

Here we present an example how the kinetics of an ion-

translocating enzyme can be recorded and analyzed in
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considerable detail by electrophysiological experimentation

and corresponding enzyme kinetic analysis. We focused on

the known 2H1-NO�
3 symporter EnNtr from E. nidulans (8),

and used conventional equipment for studying electrical

properties of ion-transporting enzymes expressed in Xenopus
oocytes (19) as before (20,9). Less familiar may be the use of

triangular V-protocols (9,14,21–23) used here again, and our
presentation of enzyme kinetic relationships in current-

voltage coordinates (9,21,22).

In voltage-clamp studies there are numerous time-varying

driving functions (V-protocols) to record and analyze the

temporal behavior of ion transporters. Themost commonones

are rectangular steps, ramps, sinewaves, and d-pulses. The
benefits and drawbacks of triangular V-protocols compared

with those of more familiar functions are as follows.

The duration of rectangular steps is usually chosen to be

long enough that all induced changes come to an apparent

steady state. In case of investigating a large V-range, this
may add up to long observation times and consequently more

drift and/or fluctuations of the background. Furthermore,

longer exposure to extreme voltages cause instabilities. In

contrast, recordings of current-voltage-time relationships

with triangular V-protocols are at least 10 times faster and

require only short exposures to extreme V. However, the
shorter observation time is traded in for less precision.

Ramps are frequently used when the observation time is

short (24). With these records a wide V-range can be

investigated within a short time but often at the expense of

accuracy. Unfortunately, ramps are usually run only in one

direction. So the temporal component in nonlinear responses

cannot be identified unequivocally. If the ramps are run in the

reverse direction as well—as in triangular waves—the time-

variant component can be separated from the time-invariant

one (many electrophysiologists call the time-variant differ-

ence between the results from the two ramp directions

‘‘hysteresis’’; in contrast, the original physical meaning of

‘‘hysteresis’’, for instance in magnetism, is a time-invariant

residue after a temporal event).

Sinewaves of various frequencies provide the most

accurate way to analyze complicated temporal relationships

between the driving function and response in electrophys-

iology (25). However, this method requires linearity, i.e., the

results are only valid if the response upon a sinewave is also

a sinewave. And this condition does not apply for the whole

V-range of electrophysiological interest. To use this powerful
tool in nonlinear electrophysiology, one can apply large

V-steps and superimpose small sinewaves (16). This approach

is, however, much more time consuming again than a tri-

angular V-sweep, which, in principle, comprises all the infor-

mation as well, only with less precision and without all the

analytical software available for technical purposes.

The use of d-pulses (17) corresponds to the sinewave

analysis with respect to the deep understanding of the theory

and the requirement of linearity. Here, the response to one

pulse comprises the whole spectrum of sinewaves, with the

consequence again, that the benefit of shorter observation

time is lost at the expense of accuracy (signal/noise ratio)

compared to sinewave analysis. For this study, triangular

V-clamp turned out to be appropriate. In principle, we re-

corded the non-steady-state electrical properties I(V, t) of the
heterologously expressed enzyme of interest in the kilohertz

range within an unusually wide range of transmembrane

voltage (V) between �200 and 1100 mV, using V-clamp

techniques with fast, triangular V-protocols, to overcome the

steady-state instabilities of the oocyte membrane at large

deflections from the resting V. The experimental results have

been used to determine the parameters of a reaction kinetic

model.

In a previous study (9) the results from slower (60.1

Vs�1) triangular V-clamp on EnNtr in Xenopus oocytes have
already been analyzed with a similar model. There are, how-

ever, two major differences between that previous study and

this one:

First, in the previous approach two alternative model

versions have been distinguished, one with an electroneutral

binding site zE ¼ 0 and one with an electroneutral enzyme-

substrate complex (zE ¼ �zS, with zS being the charge of the
substrate); in contrast, for this study a gross charge number

zE is used, which may in principle assume any rational value,

like apparent gating charges in Boltzmann equations or Hill

coefficients in logistic functions. The impact of zE on the

shape of I(V) relationships (exponential rising or falling) has

already been pointed out in a theoretical note (23). Here, this

concept of zE is applied to experimental data the first time.

Second, in previous studies (9,22), steady-state kinetics,

Ia(V), have been assumed for the active enzymatic reaction

cycle, and non-steady-state properties I(V, t) ¼ Ia(V) pa(V, t)
of the recordings have been assigned to the temporal kinetics

pa(V, t) of the activity pa of the enzyme (V-gating). This was
appropriate as long as the V-protocol was slow compared to

the enzymatic cycle. In contrast, for this study the V-protocol
is much faster than V-gating (pa � const), and the observed

non-steady-state I(V, t) can be assigned to the temporal char-

acteristics of the active reaction cycle, Ia(V, t) directly.
Ultimate understanding of the function of a protein

requires a consistent model that quantitatively accounts for

both, structural and kinetic details. For this investigation the

crystal structure of EnNRT itself is not available. However,

because this enzyme is a member of the MSF transporter that

shares many structural properties, the kinetic information

from EnNRT presented here can be discussed with respect to

the structure of another MSF transporter, the lactose

permease of E. coli that is known in great detail (7). This

knowledge gave rise to a mechanistic model of the operation

of MSF transporters on a qualitative level. It seems to hold

not only for the translocation of lactose but also for alternate

substrates such as glycerole-3-phosphate (26). Therefore, the

numerical results presented here are considered to be rel-

evant for MSF transporters in general. The corresponding dis-

cussion will focus on the lactose permease.
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Fig. 1 A shows a simplified reaction cycle of this enzyme

according to Fig. 6 in Abramson et al. (7). One simplification

is lumping binding and release reactions of both substrates

on each side into two equilibria, because these reactions are

too fast to be resolved individually by electrophysiologi-

cal experiments. This simplification reduces the employed

number of states from six to four. The scheme in Fig. 1 A
considers the functional monomer with 12 membrane span-

ning domains as a pair of a C-terminal and an N-terminal

section, each represented by a rectangle comprising six

membrane spanning domains. There is one binding site for

the substrate S and the cosubstrate H1 about in the middle of

the protein that is also the approximate pivot point for

antiparallel conformational changes of the two sections,

causing the cavity between the two sections with the binding

sites to be open either to the inside or to the outside. The

number of critical amino acids has been reduced also to an

inner E (Glu325) and an outer E (Glu269) in the C-section, and

an R (Arg144) in the N-section. As for the nitrate-H1

symporter it would make immediate sense that NO�
3 , binds

to the positive residue of an Arg, and H1 to the negative

residue of Glu. During the conformational change of the

loaded binding site from external to internal orientation H1

changes its position from Glu269 to Glu325, and a salt bridge

is formed between Glu269 and Arg144 stabilizing the inward

oriented conformation. These changes correspond to the

transition between state 2 and state 1 in the formal reaction

cycle of Fig. 1 B. Corresponding relationships between the

physical model in Fig. 1 A and the kinetic model in Fig. 1 B
are evident. They will be used in the Discussion for a physical

interpretation of the numerical results. These comments are

an attempt to interpret and combine structural data with

electrophysiological data; they fulfill constraints from both

approaches, but must be regarded as reasonable interpreta-

tions rather than confirmations.

MATERIALS AND METHODS

Cells and experimental procedures

Xenopus oocytes have been obtained and treated as described previously (9).

To achieve good temporal resolution of the V-clamp experiments, low

resistance (,0.5 MV) pipettes were used for current injection. The clamp

currents were routinely low-pass filtered with 5 kHz by the four-pole Bessel

filter of the measuring device (DAGAN TEV-200), digitized at 40 kHz, and

sampled in intervals of typically 0.1–1 ms, depending on the slope of the

triangular V- protocol.

FIGURE 1 Model for analysis of DI(V, t) records of an ion-transporting

enzyme in a membrane with background conductance, obtained from I(V, t)

relationships of the membrane in presence and absence of external substrate.

(A) Simplified reaction scheme of the lactose transporter according to

Abramson et al. (7); (C andN) C- and N-terminus of monomeric protein; one

rectangle reflects half a monomer with six membrane-spanning domains

each. (Outer and inner E) Glu269 and Glu325, respectively; (R) Arg144. (B)

Reaction scheme of four-state enzymatic reaction cycle assuming fast

binding/release equilibrium, and a gross charge zE of empty binding site;

kinetic partitioning of total electrical distance (1) in sections di, dt, and do, of

internal access section, enzymatic transport cycle, and external access

section, respectively. (C) Steady-state I(V) relationships of model (Eq. 4)

with normalized currents (in s�1) and simplistic parameter configuration for

a uniporter for zS ¼ 1: Ntr ¼ 1 (one transporter molecule), zE ¼ 0, di and

do ¼ 0 (dt ¼ 1), rate constants k012; k
0
21; k

0
34; k

0
43 ¼ 1 s�1; K1 ¼ 1 mM�1,

ci ¼ 1 mM. (a) In absence of external substrate; (b) in presence of 1 mM

external substrate; currents Ic ¼ Ib � Ia. (D) Non-steady-state I(V, t)
relationships upon triangular V-protocol with slopes of 60.1 Vs�1, starting

from holding voltage V0 ¼ �50 mV, passing V1 ¼ �200 mV, V2 ¼ 1100

mV, and returning to V0. Assumed normalized membrane capacity is 1 V�1.

Small circles mark beginning of record and arrows mark temporal direction;

identification marks a, b, and c are the same as in panel C.
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Theoretical background

Performance and analysis of substrate-induced currents in V-clamp experi-

ments with triangular V-protocols have already been reported in some detail

(9,22,23). Nevertheless, some definitions and routines may be recalled

explicitly:

Fig. 1 B shows a four-state reaction cycle of an ion-translocating enzyme

(23) with one global binding site for the three substrate ions alternating its

orientation toward inside or outside in occupied form (states 1 and 2) or

empty (states 3 and 4). The four states have the occupancies p1 to p4 (p11 p2
1 p3 1 p4 ¼ 1). The empty states 3 and 4 have the gross charge number zE,

a rational number that reflects the charged residues in the vicinity of the

empty binding site. The charge of the substrate is an integer number zS that

will be the sum 2zH1 1 zNO3� ¼ 1 in the present case of a 2H1-NO�
3

symporter. So the states 1 and 2 of the loaded complex will have the charge

zC ¼ zE 1 1. One has to be aware that the transport cycle itself senses only

a portion dt of the entire transmembrane voltage V, and that the rest of the

voltage drop, di and do, takes place in the corresponding inner and outer

sections between bulk and binding sites (18,27). With this approach, the

actual binding/release reactions (k31/k13 inside, and k42/k24 outside) can be

assumed to sense only a negligible fraction of the transmembrane voltage

(V). So the rate constants k12, k21, k34, k43 for reorientation of the binding site

along the electric field are V-sensitive in the form

k12 ¼ k
0

12expðzCdtu=2Þ (1a)

k21 ¼ k021expð�zCdtu=2Þ (1b)

k34 ¼ k
0

34expðzEdtu=2Þ (1c)

k43 ¼ k
0

43expð�zEdtu=2Þ; (1d)

where the superscript 0 marks the particular rate constant at V ¼ 0, u ¼ VF/

(RT) is the normalized transmembrane voltage with the usual thermody-

namic meanings of F, R, and T, and the factor 1/2 in the exponents reflects

symmetry of the Eyring barrier (for the necessity of this assumption, see

Gradmann and Boyd (23)). Correspondingly, the electrical distances di and
do of the inner and outer access section (di1 do¼ 1� dt) affect the effective

substrate concentrations ci9 and co9 at the binding site inside and outside by

ci9 ¼ ci expðzdiuÞ (2a)

co9 ¼ coexpð�zdouÞ; (2b)

where ci and co are the inner and outer bulk concentration. The distinction

between c and c9 has to be made for the two substrates H1 and NO�
3

separately because of their different z (zH ¼ 11, zNO3 ¼ �1). So, the ratio

c9/c for H1 will be the inverse of c9/c for NO�
3 .

Binding and release of substrate are assumed to be fast reactions (k31, k13,

k42, k24 � k12, k21, k34, k43) in V-independent equilibrium, which can be

summarized by the stability constants (Fig. 1 B):

K1 ¼ K
0

1ci9 ¼ k
0

31 3 ci9=k13 (3a)

K2 ¼ K
0

2co9 ¼ k
0

42 3 co9=k24; (3b)

where the superscript 0 marks reference conditions (all c9 ¼ 1 mM) again.

Because microscopic reversibility dictates

K
0

2 ¼ K
0

1k
0

12k
0

43=ðk021k034Þ; (3c)

the reaction cycle is determined by five independent kinetic parameters (we

chose k012; k
0
21; k

0
34; k

0
43; and K

0
1 ) under reference conditions (1 mM substrate

concentrations and V ¼ 0 mV).

The steady-state I(V) current-voltage relationships of Ntr mol transporters

at different substrate concentrations ci, co, can be derived as

where V enters Eq. 4 via u by Eqs. 1 and 2, and ci, co by Eqs. 2 and 3.

Fig. 1 C shows (normalized by setting the scaling factors zSFN ¼ 1) two

I(V) curves of the model with a very simple parameter configuration, in the

absence (a) and presence (b) of external nitrate. Due to background currents,
these records are usually not available as such. The difference curve c ¼
DI(V), however, is frequently the available information, when experimental

I(V) relationships including background currents are recorded from

a biological membrane in the presence and absence of external substrate.

As mentioned in the Introduction, in these experimental systems, non-

steady-state properties I(V, t)¼ Ia(V)pa(V, t) with V-protocols slower than61

Vs�1 can be assigned toV-gating (9).WithV-protocols of61Vs�1 and faster,

however, the gating effects vanish (pa� const), and the temporal feature Ia(V,

t) of the active reaction cycle itself becomes more and more evident. This

feature behaves electrically as an extra capacitance with a conductance in

series, where the capacitance reflects a pool of mobile charges (certain states

of a transporter) in the membrane, and the serial conductance corresponds to

the mobility of these states in reorientation upon changes of the electric field

(16,28). Here we omit this intermediate formalism of linear circuitry and

describe the observed records directly with the non-steady-state behavior

Ia(V, t) of the active reaction cycle.

For experimental control and calculations of the temporal behavior, the

apparent ramps have actually been performed by a series of short (Dt # 1

ms) and small (DV ¼ 61 mV) V-steps. Current records were calculated

iteratively, starting from a steady-state current I0 at the holding V and adding

subsequent current increments

DIiðDtÞ ¼ ðIðViÞ � Ii�1Þexpð�Dt=tÞ; (5)

which result from the difference between the steady-state current I(Vi) for the

actual V and the preceding value Ii�1 of the actual current, the temporal

increment Dt of, e.g., 0.2 ms, and the time constant

t ¼ 1=ðk12 1 k21 1 k34 1 k43Þ; (6)

at the actual V (Eqs. 1a–1d). Equations 5 and 6 are used to describe the

temporal behavior of the reaction cycle.

Corresponding model calculations are shown in Fig. 1 D, with the same

system parameters and scenarios as in Fig. 1 C, only with much faster DV/Dt;

so the capacitive currents (vertical dashed traces) in the I(V, t) records

become evident, and—most important here—the bold DI(V, t) record, c,

reveals (after automatic elimination of all background features, in particular

of the membrane capacitance) the vertical separation of the two DI(V, t)

branches, recorded with positive or negative DV/Dt ramps.

Fits have been carried out using a ‘‘direct search’’ algorithm (29) with

common, small increments for all parameters, which turned out to be slow

but more successful than faster gradient methods (even Simplex) in avoiding

convergence to side minima, provided the start increment is small enough.

The programs for data analysis are written in Turbo-Pacal and are available

on request.

RESULTS AND DISCUSSION

Individual, fast DI(V, t) records

Fig. 2 shows the records of a typical voltage-clamp exper-

iment for determination of the turnover of EnNtr, function-

ally expressed in a Xenopus oocyte. The two top panels A
and B show the original time courses of the recorded V (A),
which follows the command voltage closely, and of the clamp

currents (B) in absence (A) and presence (B) of 60 mM NO�
3

IðV; ci; coÞ ¼ zSFNtr

K1k12k43 � K2k21k34
K1K2ðk12 1 k21Þ1K1ðk12 1 k43Þ1K2ðk21 1 k34Þ1 k34 1 k43

; (4)
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in the external medium. The prevailing currents in Fig. 2 B
are due to the background admittance of the oocyte mem-

brane, with more or less linear slopes, and almost vertical

offsets IC ¼ C(DV/Dt) due to the membrane capacitance. In

forming the difference B � A, the background electrical

properties of the oocyte membrane cancel out, and the small

difference current, B � A, comprises the EnNtr-mediated,

nitrate-induced DI(V, t). Compared with the individual curves

A and B, the differences B � A are small and more noisy, of

course; but the scatter is always smaller than the differences.

Capacitance

The very data of Fig. 2, A and B, are replotted in current/

voltage coordinates in Fig. 2 C, which allows a convenient

reading of the oocyte capacitance C¼ IC/(2jDV/Dtj)� (1700

nA)/(10 Vs�1)¼ 170 nF in this case of a DV/Dt change from
�5 Vs�1 to 15 Vs�1 (see also Schmitt and Koepsell (30)).

The capacitance indicates a membrane area of ;17 or 34

mm2, depending on whether for the membrane capacitance

a traditional value of 10 mFm�2 is assumed or an updated

one of ;5 mFm�2 (31).

Measuring ranges

According to common electrophysiological experience,

steady-state I(V) from Xenopus oocytes could be reproduced

well within a range from ;�150 to 150 mV. This V-range
has also been explored for studying the temporal character-

istics of V-gating of EnNtr using triangular V-protocols with
slopes of 60.1 Vs�1 (9). When using steeper slopes, the

V-gating phenomena disappeared at ;61.0 Vs�1, resulting

in virtual coincidence of the I(V, t) relationships when

recorded with positive or with negative slopes of the

command V. Exploring these apparent steady-state I(V)
relationships, we noticed still good reproducibility when the

V-range was extended to �200 and 1100 mV, where

genuine steady-state recordings are usually no longer stable.

Using even steeper slopes up to 610 Vs�1 revealed the

non-steady-state phenomena, which are the main subject of

this study. In an initial approach, these phenomena were

investigated in the conservative V-range from �120 to 150

mV. Because the kinetic analysis based exclusively on these

experiments showed some ambiguities, which are not further

discussed here, the wide V-range from �200 to 1100 mV

was routinely used for the main series of the experiments

presented here.

Preliminary recordings with even steeper slopes of 620

Vs�1 seemed to be biased by artifacts, immediately after the

changes of sign in DV/Dt. So, the dynamic range from62 to

610 Vs�1 explored here was limited at the lower end by the

apparent steady-state characteristics at 1 Vs�1, and at the

upper end by the present performance of the apparatus.

Fitting the model to the experimental data

Fits have been carried out to individual records such as in

Fig. 2 B, or to average data as shown in each panel of Fig. 3.
The most critical approach is a simultaneous fit of the model

with a common set of parameters to data sets from several

experimental conditions. Such a fit is given in the box in Fig.

FIGURE 2 Typical EnNtr-mediated, ½NO�
3 �o-induced DI(V, t) in Xenopus

oocytes, recorded with fast (here65 Vs�1), triangular V-protocol; bold, italic

numbers in every panel mark times (in ms) after start of triangularV-protocol.

(A) Time course of recorded V. (B) Current response of oocyte membrane in

absence (A) and presence (B) of 60 mM external NO�
3 ; dominated by RC

properties of oocyte membrane; B � A: remaining difference, DI(V, t), after

eliminating mutual current components in A and B by subtraction. (C) Same

data as in Fig. 2, A and B, replotted in I(V) coordinates, enabling easy reading

of capacity, and revealing basic kinetics ofB�A¼DI(V, t). (D) Upscaling of

DI(V, t) experimental data (points, moving averages from five samples) from

Fig. 2 C and fit (curve) by model in Fig. 1.
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3, where the data from three different triangular speeds are

described by the model with the very same parameters.

The difference of currents between the beginning and end

of a record is due to the start from steady-state conditions.

This difference would disappear under continuous periodic

cycles (22).

Depending on the start parameters, the fit increments, and

the duration of the fits, there is some variability of the nu-

merical results, of course, even when visual inspections of

the fits are equally satisfying, i.e., when the numerical im-

provements in the sum of the square differences are

significant but small. The data in Table 1 from three in-

dependent cells (a, b, c) and two different increments (10�3

for a, b, c and 10�4 for a9, b9, c9) convey a realistic

impression. Initially, k034 and K0
1 were fitted individually (a,

b, c) until their antiparallel impact became obvious. So the

subsequent fits (a9, b9, c9) were performed with K0
1 fixed at an

arbitrary value of 10 mM�3. Because the results of a and

b from data over the full V-range from �200 to 1100 mV

turned out to be very similar, they have been assumed to be

representative, and the rounded results of a were used as

reference ‘‘Refer’’ for further tests.

Solution c shows a more negative zE and smaller do than
in solutions a and b. This may indicate the position of

a negative charge in the outer access section. This conjunc-

tion may be accounted for in fit c by integration of this charge
and the external access section into the apparent parameters

zE and dt.

Underlaying I(V) and I(V, t)

The performed fits of the model to the DI(V, t) records

comprise calculations of the I(V, t) relationships in absence

and presence of external substrate, which can be understood

more easily than the resulting DI(V, t) records. For the

parameter configuration ‘‘Refer’’ in Table 2, Fig. 4 shows

these parent relationships for steady-state (Fig. 4 A) and for

non-steady-state conditions as under triangular V-clamp with

slopes of 65 Vs�1 (Fig. 4 B). These two graphs correspond

to the schematic Fig. 1, C and D, (without capacitive cur-

rents) in the ‘‘Theoretical background’’ section above.

Fig. 4 A shows the reconstructed steady-state currents of

the transporter (Eq. 4 with parameters in Table 3) in absence

(a) and presence (b) of external substrate with a typical

reversal of the sign at thermodynamic equilibrium in case b,
here at ESy � 120 mV. These reconstructed curves, which

are normally not recognized within the background currents,

can be interpreted in a straightforward way. Curve a indicates
substantial outward currents in the absence of external

substrate, i.e., loss of substrate NO�
3 (and H1) under control

conditions, which is usually not recognized within the

‘‘background’’ currents. These plots reflect the experimental

situation occurring when repetitive exposures to external

substrate cause substantial substrate concentrations in the

vicinity of the membrane inside, which do not entirely vanish

during the short periods of starvation.

FIGURE 3 Average data of n ¼ 8 DI(V, t) records as in Fig. 2 D from one

oocyte (a) recorded with different speed DV/Dt of triangular V-protocol as

marked in6Vs�1. (Solid and open symbols) Data from positive and negative

V-slope, respectively. (A) Quasi-steady-state, virtual coincidence of data

from positive and negative slope, not fitted. (Boxed B–D) Fitted by model in

Fig. 1 B with one common set of parameters as listed for cell a in Table 1.

TABLE 1 Fit analysis results from individual oocytes

Parameter/unit Ntr/fmol zE di/% do/% k012=s
�1 k021=s

�1 k034=s
�1 k043=s

�1 K0
1=ðmMÞ�3 ci0/mM ci1/mM

Start 100 0 10 10 10 100 100 100 10 1000 1000

a 150 �0.29 3 14 6.0 102 26 20 6.6 840 2530

a9 45 �0.43 1 18 23 580 74 39 10 1940 2290

b 120 �0.29 3 12 7.5 78 25 20 6.2 930 1590

b9 133 �0.40 0 18 9 540 3.8 18 10 80 120

c 510 �0.50 5 2 1.6 78 12 5 41 230 1850

c9 210 �0.38 22 1 4 390 11 16 10 450 4600

Parameter values found by fitting model in Fig. 1 B to average experimental data (a, n ¼ 8, C ¼ 170 nF; b, n ¼ 8, C ¼ 167 nF; c, n ¼ 4, C ¼ 180 nF); fit

increments are: a, b, c, 10�3; a9, b9, c9, 10�4; V-range, cells a and b from �200 to 1100 mV, cell c from �120 to 150 mV.
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In initial experiments (not illustrated), we were impressed

by the up to fivefold larger current responses DI0 of NO�
3

starved cells at a fixed holding V (e.g., �40 mV), when they

were exposed the first time to external NO�
3 , compared with

the series of reproducible responses DIn upon repetitive

exposures that are systematically analyzed here. However,

we were simultaneously puzzled by the finding that the

resulting DI0(V) curves did cross the V axis, which is con-

sidered to be thermodynamically ‘‘forbidden’’ for straight-

forward systems. In an earlier attempt (not published) we

assigned this forbidden behavior to the operation of a second,

allosteric (external) NO�
3 binding site, which has to be

occupied for the transporter to be active. In accord with our

previous conclusions about transinhibition (9) the present

analysis shows, however, that such an additional activation

site does not have to be assumed. This can be explained by

Fig.4 A. If the internal NO�
3 concentration in the vicinity of

the transporter is close to zero (before repetitive exposures),

the control current a without charge supply would be zero at

all V; and during exposure to external NO�
3 , the internal NO

�
3

concentration (next to the membrane) rises substantially

before the subsequent measurements are carried out in

a quasisteady state. In this situation, when both external and

internal [NO�
3 ] have changed from 0 to � 0, the DI(V) and

I(V) curves are identical and will cross the V axis at the

equilibrium voltage of the transporter. In other words, the

statement ‘‘DI(V) curves induced by a change in external

substrate don’t cross the V axis’’ holds only for constant

internal substrate. In reality, however, (local and temporal)

changes of internal substrate concentrations may be sub-

stantial; and these changes are also subject to the analysis

presented herein (last two columns in Table 1).

In fitting the model to the experimental data upon

repetitive exposures it turned out that k034 and K0
1 cannot be

well determined simultaneously because of complementary

effects. This k034 � K0
1 ambiguity at certain parameter

configurations has been pointed out before (22). It can be

solved, however, by the prime responses DI0 (DI0/DIn ¼ 2.8

6 0.3 SE, n ¼ 5). With the notion of virtual absence of

internal NO�
3 , K1 vanishes, and with large K2—the applied

external [NO�
3 ] of 60 mM is three times higher than KM � 20

mM (9,20)—Eq. 4 degenerates to DI0 ¼ zSNtrFk34k21/(k34 1
k21). With DIn � �60 nA at the holding voltage Vh � �30

mV (Fig. 4 A (c)) and DI0/DIn � 3, DI0 is;�180 nA. So k34
� 14.3 s�1 at Vh can be isolated from the degenerated Eq. 4

with k21 ¼ k021expðzCdtu=2Þ � 75 s�1 at Vh (zS ¼ 1, F �
105 Asmol�1, Table 2, Refer, gives k021 � 100 s�1; zC � 0.7,

dt � 0.8, Ntr � 150 fmol). This k34 � 14.3 s�1 at Vh and Eq.

1c yields the desired k034 � 13 s�1 and consequently

K0
1 � 3:5 mM�3ðKD1 ¼ 1=K0

1 � 0:3mM3Þ as well as

K0
2 � 0:35 mM�3 by Eq. 3c (KD2 ¼ 1=K0

2 � 3mM3). In

conclusion, all system parameters can be identified. The

corresponding, complete numerical solution with revised

values for k034 and K0
1 is listed in Table 3. It allows the

determination of an asymmetry ratio ras ¼ k21k
0
43=ðk012k034Þ

� 25, which indicates that in the absence of a driving force,

the binding site of the transporter is preferentially oriented

toward the interior side of the membrane.

The I(V) curve b in Fig. 4 A shows exponential increases

of currents with large V-deflections from equilibrium at both

ends—steeper in the positive V-range than in the negative

TABLE 2 Fit analysis for refit a

Parameter/unit Ntr/fmol zE di/% do/% k012=s
�1 k021=s

�1 k034=s
�1 k043=s

�1 K0
1=ðmMÞ�3 ci0/mM ci1/mM

Start 75 10.20 1.5 7 3.0 200 12.5 40 7 400 5000

Refer 150 �0.30 3.0 14 6.0 100 25 20 7 800 2500

Found 172 �0.29 2.1 14 5.2 98 26 24 7 620 2750

Refit reference solution a from Table 1 with rounded parameters (Refer), using start parameters in row marked ‘‘Start’’, differing by factor 2 or 0.5 from

reference values in row marked ‘‘Refer’’; K1 fixed; start increment 10�5, stop after 480 min with increment 10�6; fitted values in row marked ‘‘Found’’ agree

well with the values of the reference solution in row ‘‘Refer’’.

FIGURE 4 Reconstructed, electrodynamic properties of EnNtr, calculated

by model in Fig. 1 with parameter set a in Table 2. Scenarios a, b, and c are

the same as in Fig. 1, B andC. (a) No external NO�
3 ; (b) with 60mM external

NO�
3 ; (c) current differences b � a; steady-state (jDV/Dtj � 1 Vs 1). (A)

Steady-state. (B) Non-steady-state example (DV/Dt ¼ 65 Vs 1).
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one. These exponential characteristics are numerically

reflected by �1 , zE , 0 (more detailed discussion of zE
below).

Fig. 4 B shows the dynamic features of the modeled

transporter. Interestingly, the dynamic features are virtually

absent in the control record a (absence of external substrate).
This can be explained by focusing on state 2 in the model Fig.

1 B, Eq. 6, and the large values of k21 in Table 1. In the

absence of external substrate, state 2 will be depleted (occu-

pancy p2 ¼ 0); and k21 as by far the biggest of the four rate

constants, has the strongest impact on t. Because k21 affects
the currents in form of the rate p2k21, its impact will be

irrelevant at p2 ¼ 0. So in the absence of external substrate,

t¼ 1/(k121 k211 k341 k43) will degenerate to amuch larger

t0¼ 1/(k121 k341 k43), and the system becomes too slow to

respond noticeably to the rapid V-protocol.
Noting t � 1/k21, and k21 � 100e�0.28u (Eq. 1 Table 2,

Refer), the current relaxation in the negative V-range is

expected to be faster than in the positive V-range; this feature
is reflected by the observation that the separation of the

DI(V, t) between positive and negative DV/Dt slopes becomes

evident in the negative V-range only at steeper DV/Dt slopes
than in the positive V-range (Fig. 3). Correspondingly, in

Fig. 5 F the continuous trace representing doubled k21 shows
much less separation (faster relaxation toward steady state)

of the two branches at the left DV/Dt reversal compared to the

right one.

So, for the more obvious temporal effects in the positive

V-range, a prominent role of k21 might also be expected,

which turns out to be not true (compare Fig. 5, E and F). It is
not k21 but k12 that effectively increases the strong separation
of the two branches at the right DV/D reversal (see Fig. 5, E
and F) via an increase of the occupancy p2. This increase of
p2 (and p4) at positive V is a consequence of zE ¼ �0.3 and

a correspondingly zC ¼ 10.7, which leads to a stronger

accumulation of p2 and p4 via k12/k21 than their depletion via
k43/k34.

Test for ambiguities by refitting

Because of the limited accuracy due to the scatter of exper-

imental data, multiparameter fits suffer from the problem

whether a found solution is unique or a random member of

a family of solutions. In this context, the antiparallel effects of

k034 and K0
1 (9) have already been pointed out and will be

treated below again (e.g., Fig. 5 J). To search for still

undiscovered and maybe more complicated relationships of

this kind, the solution to be tested has been refitted with

start parameters, which differed by factor 2 or 0.5 from the

reference solution. The results for the paradigm A are listed in

Table 2, and show good agreement between the fitted

solution and the reference set ‘‘Refer’’ after a finite time of

calculations when all parameters appeared to converge toward

the reference values. This agreement excludes intrinsic

ambiguities of the model due to undiscovered relationships

between several parameters. It may be superfluous to state

that unsuitable start parameters may lead to different

‘‘solutions’’ of the (re-) fits, which can be rejected, however,

on the basis of larger s values and/or diverging parameter

values.

FIGURE 5 Impact of individual model parameters on shape of DI(V, t)
records; definitions in Fig. 1 B; calculations with 65 Vs�1 slopes of

V-protocol. The dotted lines give the reference calculated from the parameters

in Table 2, row ‘‘Refer’’. The Refer curves are identical in each panel. The

continuous line shows curves calculated with the same values except the one

that is indicated in the panel. This parameter is doubled with respect to Refer.

TABLE 3 Final fit analysis

Parameter/unit Ntr/fmol zE di/% do/% k012=s
�1 k021=s

�1 k034=s
�1 k043=s

�1 K >0
1 =ðmMÞ�3 ci0/mM ci1/mM

150 �0.3 3 14 6 100 13 20 3.5 800 2500

Revised parameter set from Table 1 a after elimination of k34-K1 ambiguity.
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Sensitivity analysis

Table 4 shows a numerical listing of the relative impact of

the individual parameters on the shape of the found DI(V, t)
function, normalized to the simple scaling effect of the

density Ntr (100%). This listing shows that at the present

parameter configuration, a percentage change in k012; for

instance, has a large impact on the shape, whereas, e.g.,

a change in di has little effect, which is not surprising in this

particular case, because the absolute di is already nearly

negligible. Furthermore, the similar entries (35) for k034 and

K0
1 in this table may appear coincidental or could indicate

parallel as well as antiparallel effects of these two parameters

on the shape of the DI(V, t). The graphical presentation (Fig.

5) of the specific effects of the individual parameters on the

shape of DI(V, t) allows a much more detailed perception of

the relationships. For example, the effects of doubling of k34
(Fig. 5 G) and of K1 (Fig. 5 I) can roughly be seen as

a counterclockwise (k34) and clockwise (K1) rotation about

a common pivot point (;0 mV and �60 nA) by about the

same angle, which causes compensation to virtual annihila-

tion in case of a common change by the same factor (Fig. 5 J).

Physical interpretation

Ntr

The numerical value of Ntr � 150 fmol and the capacitance

C � 170 nF can be used to estimate the density D ¼ Ntr/A of

Ntr functionally expressed transporters per area A of plasma

membrane of the oocyte. Using a conservative figure of the

specific capacitance cm ¼ 10 mFm�2 of biomembranes, the

determined capacity C of ;170 nF (Fig. 2) can be used

to estimate the membrane area of the tested oocyte as A ¼
C/cm ¼ 17 3 10�6 m2. So the density D ¼ Ntr/A will be 150

fmol/17 3 10�6 m2 � 10�8 mol m�2 or ;0.6 transporters

per membrane area unit of (10 nm)2 with the Avogadro

number NA � 6 3 1023 molecules per mol. Using a more

recent value of cm � 5 mFm�2 (31) would yield a smaller

density of ;0.3 functional transporters per (10 nm)2

membrane surface or ;3000 transporters per mm2. Similar

densities of heterologously expressed membrane proteins in

Xenopus oocytes have been reported (32), which confirms

the validity of our approach.

zE

The gross charge number zE � �0.3 of the empty binding

site (states 3 and 4 in Fig. 1 B) assigns a gross charge number

zC �10.7 to the loaded states 1 and 2 in Fig. 1 B. As shown

previously (22) this opposite sign introduces an opposite

V-dependence of the reorientation of the charged and of the

uncharged states. The consequence is that at increasing

voltages of either sign the reaction cycle becomes exponen-

tially faster by simultaneous increase of the reorientation

speed of the empty state in one direction (e.g., inside to

outside) and of the loaded state in the opposite direction

(correspondingly outside to inside). This will result in an

exponential increase of the current, I/I ref � exp(0.3u), for
large voltage deviations, limited in steepness by the smaller

amount (0.3) of the two corresponding charges (0.3 ¼ jzE ¼
�0.3j , 0.7 ¼ jzC ¼ 10.7j) in our case. The corresponding

shape of the steady state I(V) of the transporter (Fig. 4 A (b))
has already been pointed out, as well as the impact of zE
and zC on the temporal characteristics (Fig. 4 B) via the

V-dependent distribution of the four occupancies.

The structural equivalent of zE � �0.3 is some pre-

dominance of negative residues of the unoccupied binding

site, which corresponds to the simplified model in Fig. 1 A.

di, do

The apparent access distances di and do may reflect pore

sections. As mentioned above, these distances and zE may be

affected simultaneously, depending on the location of the

hypothetical border between access distance and reaction

cycle. The same relationship between zE and access distances
can explain the discrepancy of di, do� 10% found here and

do , di � 50% reported previously for the same enzyme (9),

because zE ¼ 0 was assumed in this previous study, whereas

zE � �0.3 is determined here.

In comparison to ion channels with rapid turnover ($106

s�1) of the selectivity filter (33,34), the present finding of

small di, do is consistent with the slower turnover (,103 s�1)

of the symporter under investigation, which amounts to

a larger voltage drop (electric distance) across the reaction

cycle compared to the access sections, because the electrical

access distances di, do are relative parameters with respect to

the voltage drop dtr across the enzymatic transport cycle (di
1 dtr 1 do ¼ 1).

With respect to the structure of MSF transporters, di , do
seems to reflect better electrical contact between the binding

site and the inner solution than with the outer one. This is

consistent with the structural notion that MSF transporters

are preferentially open to the inner side (7). This property is

also reflected by the ratio k021k
0
43=ðk012k034Þ � 25 (Table 3),

which points to a strong preference of opening toward the

internal side.

TABLE 4 Sensitivity analysis by percentage

Parameter/unit Ntr/fmol zE di/% do/% k012=s
�1 k021=s

�1 k034=s
�1 k043=s

�1 K0
1=ðmMÞ�3 ci0/mM ci1/mM

100 35 4 16 80 19 35 38 35 13 28

Numerical sensitivity analysis of solution a. Relative impact, 100 si/sNtr, of small (10%) change of individual parameter i on deviation si from reference

solution, compared to reference deviation sNtr (proportionality). For details see graphic analysis in Fig. 5.
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kij

Referring to the final parameter set in Table 3 and to Eq. 1,

the four V-sensitive rate constants amount to k12 � 6e0.28u

s�1, k21 � 100e�0.28u s�1, k34 � 13e�0.12u s�1, and k43 �
20e0.12u s�1. The prominent effects of k21 on the temporal

responses and of k12 on their amplitudes have already been

mentioned above (Fig. 4 B; Fig. 5, E and F). Maximum

turnover of the system at large V-displacements from equi-

librium is given by k34 (for import) and k43 (for export)

because these rate constants for reorientation of the empty

binding site have a weaker V-sensitivity (zE¼�0.3) than the

corresponding ones (k12 and k21) for the occupied binding

site (zC ¼ 0.7).

The impact of k021k
0
43=ðk012k034Þ � 25 on the preferential

opening of the cavity of MSF transporters to inside has

already been pointed out.

The reference stability constant of K0
1 � 3mM�3 corre-

sponds to an inner KD of 1/K1 � 0.3 mM nitrate at pHi ¼ 6.

This means that at physiological pHi ¼ 7.4 the internal

complex is very unstable confirming a low pKa of Glu
325 in

this state (7), and facilitating the unloading of the complex.

With the known parameters K0
1 ; k

0
12; k

0
21; k

0
34; k

0
43; Eq. 3c

yields an K0
2 � 0:3mM�3 corresponding to an external KD of

1/K2 � 3 mM nitrate at pHo ¼ 6.

ci0, ci1

The internal substrate concentrations, ci0 and ci1 in the

absence and presence of external NO�
3 —which are actually

product concentrations if the transporter is viewed as an

enzyme that catalyzes nitrate uptake—are treated here as

internal NO�
3 concentrations as if the concentration of

the cosubstrate [H1]i were constant. In reality, the inter-

nal substrate concentration of the symporter is ci ¼
½H1�2i 3 ½NO�

3 �i in mM3 or mM3. In other words, the listed

changes from ci0 to ci1 in Table 1 are only [NO
�
3 ]i changes in

part because of parallel and probably bigger changes in

½H1�2i :
This precautious remark on ci refers to local and temporal

conditions in the close vicinity of the membrane. It does

not apply for co because [H1]o is kept constant by the ex-

perimenter.

Alternative interpretation?

It has been mentioned that the nitrate induced DI(V, t)
recorded with fast V-protocols, has similarities with

capacitive currents. So one may ask whether the observed

phenomenon is, in fact, not due to the kinetics of the

enzymatic cycle but due to a nitrate-induced increase of the

membrane capacity itself, e.g., due to nitrate-induced fusion

of cytoplasmic vesicles with the plasma membrane. In this

case, the vertical displacement between DI(V, t) for positive
and negative DV/Dt, should be insensitive to V, because the
membrane capacitance is basically V-independent. This

possibility has to be rejected because in the recordings to

Fig. 3, B–D, this displacement increases with positive going

V, which indicates the effect of a very nonlinear device, i.e.,

exactly the proposed reaction cycle (Fig. 1 B) with its

V-sensitive rate constants (Eqs. 1a–1d), as demonstrated by

the good fits.

CONCLUSIONS

1. Fast, triangular V-protocols enable detailed electrophys-

iological investigations over a wider V-range than con-

ventional step/steady-state V-protocols.
2. Corresponding experimental data are adequate to de-

termine all 11 parameters of a general, reaction kinetic

model for nonlinear electrodynamics of ion translocation.

3. The method allows identification of the physical function

of ion transporters in considerable detail.

4. The kinetic characteristics of EnNRT determined here are

suitable to quantify mechanistic models of MSF trans-

porters.
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