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Abstract Membrane currents, as non-linear functions of
membrane voltage, V, and time, ¢, can be recorded
quickly by triangular V protocols. From the differences,
dI(V,t), of these relationships upon addition of a puta-
tive substrate of a charge-translocating membrane pro-
tein, the I(V,¢) relationships of the transporter itself can
be determined. These relationships likely comprise a
steady-state component, I,(FV), of the active transporter,
and a dynamic component, p,(V,f), of its V- and time-
dependent activity, p,. Here, the steady-state component
is modeled by a central reaction cycle, which senses a
fraction d, of the total V, whereas 1-0,, can be assigned
to an inner and outer pore section with J; and d,,
respectively (6;+ .+, = 1). For the enzymatic cycle,
fast binding/debinding is assumed, plus V-sensitive and -
insensitive reaction steps which may become rate limit-
ing for charge translocation. At given substrate
concentrations, /,(V) is defined by eight independent
system parameters, including a coefficient for the barrier
shape of charge translocation. In ordinary cases, the
behavior of p,(V.,f) can be described by two rate
constants (for activation and inactivation) and their
respective V-sensitivity coefficients. Here, the effects of
the individual system parameters on I(V,?) from trian-
gular V-clamp experiments are investigated systemati-
cally. The results are illustrated by panels of typical
curve shapes for non-gated and gated transporters to
enable a first classification of mechanisms. We demon-
strate that all system parameters can be determined
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fairly well by fitting the model to “‘experimental’ data of
known origin. Applicability of the model to channels,
pumps and cotransporters is discussed.
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Introduction

Ton transporting proteins can be considered as enzymes
catalyzing translocation of ions through lipid membranes
between the two bulk solutions, inside (;) and outside ()
of a cytoplasmic compartment. In a special biochemical
sense, enzymes break and form covalent bonds. Al-
though this function does not strictly apply in general for
ion transporters, their substrates are, in fact, debound
and bound from and to hydronic water in the two bulk
solutions before and after the main translocation step(s).

Kinetic aspects of many ion transporters have been
worked out from the electrophysiological point of view,
focusing on conductances (e.g. Neher and Stevens 1977;
Liuger 1980, 1995; Bernéche and Roux 2001; Morais-
Cabral et al. 2001). In contrast, saturation currents at
large voltage deviations from equilibrium, which corre-
spond to saturation velocities in classical enzyme kinet-
ics, have not been studied with comparable effort,
mostly because such saturation phenomena are not ob-
served routinely by electrophysiologists. Nevertheless, in
a general sense, ion transporters are enzymes and en-
zyme kinetics can therefore be assumed to apply for their
operation in general, even for ion channels (Eisenberg
1990), which are mistakenly viewed sometimes as purely
electrical devices in contrast to the metabolic devices of
familiar enzymes. The subsummation of ion transport-
ers, in particular ion channels, as enzymes requires some
adjustments of focus and terminology:

Whereas in traditional enzyme kinetics, substrate and
product have different structures and names, they differ
just by location in the case of ion transporters. For



instance, depending on the sign of the thermodynamic
gradient, a given internal substance S;, which can be
processed by a certain transporter, will be substrate in
case of efflux and product in the case of influx.

Furthermore, electrophysiologists have coined many
expressions with equivalent meanings in traditional en-
zyme kinetics, e.g. channel (high-turnover uniporter),
carrier (low-turnover transporter), open (active), closed
(inactive), gating (activation/deactivation), current
(velocity), conductance (activity), uniporter (ordinary
enzyme), pump (metabolic cosubstrate), cotransport
(cosubstrate is also translocated).

In addition, the standard experimental configurations
for traditional enzyme Kkinetics consist of excess sub-
strate concentration, cs, compared to the concentration
of the product,cp (cs/cp> >1; key word: Michaelis—
Menten), whereas internal and externalcg of ion trans-
porters are usually kept in the same range to ensure
osmotically and thermodynamically well-defined condi-
tions (key word: Nernst). In a superficial sense, elec-
trophysiologists tend to focus on thermodynamic
aspects and biochemists on kinetic ones. For an
exhaustive analysis, however, thermodynamic and
kinetic features must be considered equally well.

An important matter is the driving force. This is the
substrate concentration in traditional enzyme Kkinetics.
However, for ion transporters it is the electrochemical
activity, consisting of an electrical component and a
concentration term. This circumstance provides the
possibility to obtain more experimental information
about the system by changing the two components of the
driving force systematically. Simplified, changing a
concentration resolves a binding step, changing the
voltage resolves the charge translocation, and saturation
is defined by intramolecular steps of the reaction cycle,
which are not affected by the voltage nor by the sub-
strate concentrations.

In previous reports (e.g. Gradmann et al. 1987, 1997),
the algorithms have been presented for solving this in-
verse problem, i.e. to determine the parameters (here the
rate constants) of the active system from I(}) curves
recorded at various configurations of substrate concen-
trations.

The physiological currents I are, however, not only
determined by the currents 7, through the active trans-
porter, but as well by the active portion p, of the whole
population — or in microscopic terms the probability of
an individual transporter molecule to be active:

I =1Lp, (1)

The activity p, may, in turn, depend on V as well.
This can be expected in general for membrane-spanning
enzymes, because any charged residue is likely to cause
voltage-dependent conformational changes in time with
more or less expressed effects on the activity.

These changes in p,(V,t) are usually obtained from
current recordings upon rectangular voltage changes
(step protocols). Relatively long times are required for
I(V,1) recordings with complete [ relaxations after each
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V step. In order to minimize disturbances of I(V,f) re-
cords due to fluctuations and/or drifts of the electrical
membrane properties, one can use triangular )’ protocols
which allow complete I(V,f) recordings in a much
shorter time (Gradmann and Boyd 1999, 2000; Boyd
et al. 2003).

In many experiments the operation of a transporter is
documented by changes of the electrical characteristics
of the membrane upon changing the external concen-
tration of a putative substrate (e.g. Fingerle and Grad-
mann 1982). The difference of the electrical
characteristics of the membrane —dI(V") steady-state and
dI(V,t) dynamic — between the two concentration con-
ditions can be used to determine the electrical charac-
teristics of the transporter itself. This has been
demonstrated in individual cases for steady-state (Ma-
athuis et al. 1997) and for dynamic (Boyd et al. 2003)
conditions. Warning: (unidirectional) dI(V,f) records
obtained by adding substrate outside are not identical
with (net) I(V,7) records of the transport itself.

This study presents a systematic overview about the
possibilities and limits to obtain the kinetic system
parameters of ion transporters using dI(V,t) records
from V-clamp experiments with triangular voltage pro-
tocols.

In general, I(V') relationships of ion transport are
non-linear. In order to discuss these non-linearities, we
recall the general I(J') equation of steady-state ion
transport through an enzyme with an internal and an
external charged state (occupancies p; and p, with-
pitpo = 1), one reversible reaction step (k;, and k;) of
charge translocation, and a pair of global rate constants
(ki and k,;) which represent the V-independent parts of
the reaction cycle (Hansen et al. 1981):

kioKoi — koiKio

I,(u) = ze
d( ) kio+koi+Kio+Koi

(2)

with the normalized membrane voltage u = VF/(RT),
where F, R, and T have their usual thermodynamic
meanings, the charge number z of the transported sub-
strate, and the elementary charge e; the voltage sensi-
tivity of 7, is given by the rate constants k;, = k;’e™/>
and ko; = koi’e **?, where the superscript ° marks the
value of the rate constants at zero voltage, and 1/2 in the
exponents marks a symmetric Eyring barrier.

In order to simplify the discussion of curvature, we
normalize Eq. (2) by setting z = 1, e = 1, express rate
constants as well as currents in dimensionless units, and
assume symmetry for the moment: k., = ko' = k°,
and x;, = Ko; = k = 1. So Eq. (2) becomes:

koeu/2 _ koefu/2
L(u) =75 W2 1 J0a—u/2 (3)
kVet/? 4 kY +2
If kK> >1, Eq.(3) degenerates to I(u) = sinh(u/2),
where the current reaches half saturation at u;, = In(3),
corresponding to In(3)RT/F~27 mV.

The other extreme, k° < <1 marks the behavior of a
symmetric Eyring barrier where the current rises
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exponentially with moderate voltages, and half saturation
as well as maximum slope are reached at u;, = 2 In(2/
k°), from where on the current approaches saturation.

In comparison, the I(¥) relationship for k°> >1 has
just one inclination point in the origin, whereas for
k° < <1 there are three: one in the origin and two at +u;»
and —u,». In many experimental records, u,» cannot be
identified within the investigated voltage range. However,
saturation is indicated in several experiments.

In principle, several mechanisms may limit the
exponential increase. The simplest one, diffusion limi-
tation, had earlier been excluded (Hille 1995), but has
gained acceptance again in case of highly conductive K ©
channels (Bernéche and Roux, 2001; Morais-Cabral
et al. 2001). In the case of diffusion limitation, saturation
currents at < <0 and V> >0 are proportional to the
substrate concentration in the source compartment.
Another mechanism, known as “‘fast block”, becomes
effective when at increasing voltages non-transported
ions with higher charge than the transported one (e.g.
Ca’" or Cs™ compared to K *; Klieber and Gradmann
1993) compete for the binding site more and more. This
mechanism can be identified by its dependence on the
concentration of the competing ions and by the fact that
it does not come to rest at saturation currents but pro-
ceeds to complete suppression of the currents at large
voltages. In enzymatic terms, this mechanism reflects
competitive inhibition, where the electric component of
the electrochemical activity of the non-transported
competitor exceeds that of the transported substrate.

The third mechanism which counteracts exponential
current increase with V is classical Michaelis—Menten
saturation of enzymatic turnover by intrinsic properties
of the enzyme itself. It corresponds to x;, and k; in
Eq. (2) for given substrate concentrations inside (¢;) and
outside (¢,). Calculations below will show the effect of ¢;
and ¢, on the curvatures of the I(V') curves according to
Eq. (2). For the discussion of these curves the “relative
steepness’’, ki koi/KioKoi, has been introduced by Hansen
et al. (1981). In terms of the simplified version of Eq. (3),
there is a range of k° between k< <1 and k> >1
where the shape of the I(V) curves undergoes a transi-
tion between showing one and three inclination points.
In this range of k° in Eq. (3) or ki, koi’/Kiokoi in the
general version of Eq. (2), the shape of the I(V) curves
can have a quasi-linear appearance over a relatively wide
V' range, which may account for experimental I(}')
curves with apparently little curvature.

The more familiar way, however, to account for weak
curvatures in experimental I(}') curves is dividing the
single charge-translocating reaction step, described by-
kio = kiole™? and ko = kole ™2 in Eq. (2), into a
series of i = 1 ... n steps which are affected by corre-
spondingly smaller fractions 6;(0 <§;<1, Z; = 1) of the
entire voltage u. Let us assume the charge translocation
from i to o in Eq. (2) is divided by an intermediate state
M at the electrical distance 6 = 0.5 of the membrane. So
the global rate constants k;," = kimkmo/(knii + ko) and
ko' = kombkwmi/(kmi T hkmo), as  functions of  the

individual rate constants kv = kinvle 4,

ke ™™, kv = kole™, and kom = kom'e ™4, will
assume values of k;,” = kipe™* and ko =
at large positive and negative voltages, respectively. We
note smaller voltage sensitivity coefficients d;,” = z/4
and dyf = —z/4 in ki, = kio"exp(diy/u) and ko = -
koi’exp(dyiu) compared with di, = z/2 and dy; = —z/2
of the one-step rate constants ki, = kio exp(diou)
andk,; = kolexp(dou). In conclusion, dividing the
charge translocation step in substeps will result in
smaller amounts of the voltage sensitivity coefficients d,
which means more linear /(V') curves. Correspondingly,
weak curvatures in I/(}') records indicate several serial
steps for charge translocation.

However, the algebraically convenient assumption of
equal steps is not justified without good reasons. In con-
trast, biological ion transporters are usually divided into
pore-like sections (e.g. “mouths” in channels and F
particles in ATPases) with large k° values, and rate lim-
iting catalytic sections with small k° values, such as a
selectivity filter of low conductance channels and F,
particles in ATPases (Junge et al. 1997). Of course, the
pores are not homogeneous and the charge translocating
step of the catalytic cycle may comprise a series of indi-
vidual substeps again (Bernéche and Roux 2001; Morais-
Cabral et al. 2001). However such details will hardly show
upin the electrophysiological behavior of the total system.

With these considerations, we have developed a
general model (Fig. 1) for gated ion transporters with a
limited number (12) of independent system parameters
(equilibrium constants, rate constants and their voltage
sensitivity coefficients) which can be determined by fit-
ting the model to experimental/(V,?) relationships.

Materials and methods

Theory

Figure 1A shows an ordinary cyclic four-state reaction scheme for
a transporter. Uneven state numbers denote states, which are ori-
ented to the internal, cytoplasmic compartment and even numbers
correspondingly denote orientation to the periplasmic space out-
side. Apparent rate constants for binding reactions are k3; =
k3loc’; and k4 = k420c'0, where the superscript O marks the rate
constants at reference conditions when all substrate concentrations
are 1 mM, and ¢’ is the concentrations (in mM) at the binding site
of the enzyme. The binding reactions (ks;, k4) and debinding
reactions (ky3, kp4) are not marked explicitly because they are as-
sumed to be much faster than the translocation reactions,
k12,k>1,k34 and k43. They are represented, therefore, by equilibrium
COnStal’ltSKl = k}]/k]_}, = Klo(,‘,i and K2 = k42/k24 = KZOC,O for
state 1 and state 2, respectively, where the superscript ° denotes
reference conditions (¢ = 1 mM) again.

In thermodynamic equilibrium under reference conditions
(V = 0,c = ¢ = 1 mM, denoted by %), microscopic reversibility
dictates: k12°%43°K,° = k»;°%k34°K>°. Thus only five of the six
parameters k120, kot k340, k43°, K, and K" are independent. We
have arbitrarilg chosen the first five of this series to be independent
and Ky° = K\"k12°kas® (k2 %k3s?).

Figure 1B illustrates the assumption that the entire transmem-
brane voltage,V, as measured between the two bulk phases, affects
the transport cycle only by a portion d.(0 < o, < 1), whereas J, and
0i(0yt+ 0o+ 0; = 1) mark an external and an internal ¥ portion,
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Fig. 1A—C Definition of model parameters used. A Enzymatic
reaction cycle for an ion transporter, where the concentrationsc” at
the binding sites may differ from the concentrations ¢ in the bulk
solutions; binding and debinding reactions are assumed to be fast
compared to translocation steps. B Hypothetical voltage profile
through the membrane, where the transporter experiences only a
fraction 0, <1 of the entire voltage, V/, and the remaining portion
(1-0,) is ascribed to an inner and an outer portion, ¢; and J,,
respectively. C Definitions for formal treatment of a simple
mechanism for voltage-dependent changes of the activity of an
enzyme (V' gating)

respectively, which determines the difference between the concen-
trations ¢ of an ion with the charge z in the bulk and ¢’ immediately
at the binding site of the translocating reaction cycle:

¢l = coexp(—zdou); ¢ = ciexp(zdiu) 4)

The electrical distances J, and J; may reflect spatial differences
through a conducting pore between the membrane surface and the
enzymatic binding sites (Gradmann et al. 1997) and/or the effect of
surface charges (Kinraide 2001). This formalism corresponds to the
assumptions that charge translocation occurs by three major voltage-
dependent steps in series, where the first and the last reflect fast
equilibrations by electrodiffusion, and the central enzymatic cycle is
rate limiting.

As for the V' dependence of the enzymatic cycle, two theoretical
model versions can be discriminated. For the corresponding con-
siderations we assume a substrate with the charge number z = +1.
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In model version 1 (MV1), the empty enzyme (states 3 and 4) is
electroneutral and the charge number z = +1 is assigned to the
loaded enzyme (states 1 and 2). In model version 2 (MV2), 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 MV1, ¥ dependence is
introduced by:

kio = k), exp(zdyu); ko = k3, exp(z(d, — 1)u) (5)
where z = 1 is the charge number of the translocated species and
d, (0<d,<1) is the distance of the peak of the Eyring barrier with
respect to its width (inside 0, outside 1). In MV2, I dependence of
the reaction cycle is given by:

kss = kg exp(zdyu); kaz = ki exp(z(dy — 1)u) (6)
with z = -1, and V-independent k|, and k»,.

The four steady-state occupancies:
pr+p+p3+ps=1 (7)

can be determined from the four differential equations:

dp1/dt = — (ki + k13)p1 + ka1 p2 + ka1ps (®)
dpa/dt = — (ka1 + kaa)p2 + kiop1 + kaopa 9)
dps/dt = —(ks1 + kaq)p3 + kisp1 + kaspa (10)
dps/dt = —(kas + ka3)pa + koaps + ksaps (11)

With the above aSSumptiOn (k12,k21,k34,k43 < <k14,k41,k23,k32 )
and the stability constants, K| = k3;/kj3 and Ky = kgo/koy (use of
stability constants 1/Kp is sometimes more comfortable than dis-
sociation constants Kp), these equations yield:

p1 = Fi/den; py =F/den; py=F;/den; ps=Fy/den (12)

with:

F =Ki(knKs 4+ k3s), Fr = Ky(kioKi + kaz), F3 = kioKi + ks, Fj
=k Ky + k3a

(13)

and:

den=F +FH+F+F (14)

The current through the active reaction cycle corresponds to the
net translocation rate in counterclockwise direction:

(15)

for both MV1 and MV2. The equality of Eq. (15) is a consequence
of mass conservation (Eq. 7) in the steady state: in the closed
reaction cycle, the net circulation must be the same everywhere.

In principle, when the rate constants k have their usual
dimension of s™', the right-hand side of Eq. (15) has to be multi-
plied with the elementary charge, 1.6x10'® A's, a charge number
and a stoichiometric coefficient to yield the current through an
individual, active transporter molecule (compare Eq. 2). Since we
do not know whether the recorded steady-state currents are due to
a few transporter molecules with large & values or many trans-
porters with small turnover, we simply leave Eq. (15) in its simple
form and understand that the k values and the currents are
normalized parameters without dimension. For V< <0 and
V> >0, Eq. (15) degenerates to simple expressions for the positive
and negative saturation currents:

Ier = k43/K2 and [s, = k34/K1

Iy = piki2 — pakar = pakas — p3ksa

(16)

respectively. Equations (16) mean that Is is independent of ¢;, and
Is. is independent of c¢,.

For complete, dynamic current—voltage—time relationships, the
steady-state currents 7, of the active transporter have to be multi-
plied by the actual activity p, (Eq. 1). For the present purpose, a
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gating scheme is used 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:
kig = kD exp(diqu); ki = kO exp(dyiue) (17)
respectively, where the superscript ® marks the value of k at zero
voltage again, and d;, and d,; are voltage sensitivity coefficients for
ki, and ky;, respectively. These voltage sensitivity coefficients for
gating have opposite sign and add up to the apparent gating
charge, z, = dia—d,i = dgzgp, 1.€. activation/inactivation by dis-
placement of a mobile gating domain with the true charge z,, along
the distance 6, (0 <J,<1) through the entire electrical field (= 1)
of the membrane.
The steady-state activity of the transporter is:

pazl/(lJrkai/kia) (18)

and upon a change in voltage from V, toV, p, relaxes with the
gating time constant:

Tg = 1/(kia + kai)

with ki, and k,; atV;. In the present study, 7, is not used explicitly.
Here, the temporal changes in p, have been calculated iteratively
for small time increments d¢ using the differential equation:

(19)

dpa/dt = —kaipa + kia (1 — pa) (20)

Explicitly, p, was calculated first by Eq. (18) for steady-state
conditions at a start voltage (e.g. 0 mV); for changing voltages,
2 mV steps per time intervals dz = 10 ms were used to calculate
the actual activity, paacc = Paprev T dpa, iteratively with the previ-
ous activity p, prev and the changes dp, = (—Kuipa +kia(1-pa))dz,
using rearranged Eq. (20) with the k values at the actual voltage.

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

The model calculations presented here are designed to
correspond to the experiments when a transporter of
interest is identified and characterized by recordings of
the electrical properties of the membrane in the absence
and presence of the putative substrate with an assumed
z = 1 in the experimental bath medium: first, /, at
oo = 0, and second, I; at ¢,; > 0. The two records are
assumed to take place within such a short time that the
internal substrate concentration ¢; does not change sig-
nificantly. We also assume that the investigated mem-
brane has some background electrical properties which
do not change between the first and the second experi-
ment. So in the first experiment, the contribution of the
currents through the transporter of interest is not
known; and the experimental information about the
transporter has to be taken from the current differences,
dI = I,—1,, between the two experiments. In the pre-
sented examples these difference records are shown as
bold curves, and the two parent records, from ¢,g = 0
and c,; >0, as curves with fine and normal thicknesses,
respectively. For steady-state conditions, the three cor-
responding (V') curves do not intersect with each other,
because an increase of ¢, will cause an increased influx at
all voltages. Before considering gating, we focus first on
steady-state conditions of the transport cycle.

Steady-state conditions of the transport cycle

For reference purposes (Fig. 2C), numerically very
simple configurations have been chosen (symbols as
marked in Fig. 1A, B; numerical values listed in Table 1,
line 1):

1. 6o, 6; = 0. This means é,, = 1 and effect of the full
transmembrane voltage on the catalytic reaction cy-
cle.

2. All rate constants = 1 at J = 0.

3. Both apparent stability constants, K;, K, = 1 at ¢,
¢, = 1; K independent, K, determined.

4. dz = 0.5, i.e. symmetric Eyring barrier for the charge
translocating reaction step.

5.¢ =1, coo = 0, before ¢, = 1.

From the reference records in Fig. 2C, some obvious
relationships can readily be explained by Egs. (13)to (15).

MV1 MV2
charged loaded free ©
states

o A P B
10 e /" 7
A
C K 1 O(CO =0) D
Reference o o
=1 =
1.0 " //'/ V/mV
Y40 P 240 S
e ///7 _\\F_ /
dl=11-1
-1
E F

Fig. 2A-F Impact of velocity (descending order) of charge trans-
locating reactions K at V=0, k2%, k" in MV1 (left column,
electroneutral binding site and charged (z = 1) enzyme—substrate
complex), and ks, ka3’ in MV2 (right column, charged (z = —1)
binding site and electroneutral enzyme-substrate complex), com-
pared to velocity of limiting, electroneutral reaction steps: k34, ka3
(MV1), and ki,, kr; (MV2), on the shape of steady-state (1)
curvesat¢; = land ¢, = 0(lp) or ¢, = 1 (1)), respectively, and on
difference currents dI = I,—I,. Explicit labelling of tracings and
coordinates in reference panel C; analogous relationships in
unlabeled panels. System parameters listed in Table 1



Table 1 Parameter configurations of model in Fig. 1 used for
analysis of steady-state currents I,(}) of active transporter;
definitions in Fig. 1; ¢, >0 after ¢, = 0

No. Klo O 0o dp k120 k210 k340 k430 ¢ ¢o1 Figure
MVl MV2
1 1 0 0 051 1 1 1 1 1 2C,3A 2D, 4A
21 0 0 0510 10 1 1 1 1 2A
31 0 0 0501 0.1 1 1 1 1 2E
4 1 0 0 051 1 10 10 1 1 2B
51 0 0 051 1 01 01 1 1 2F
6 10 0 0 051 1 1 1 1 1 3B 4B
7 010 0 051 1 1 1 1 1 3C 4C
8 1 050 051 1 1 1 1 1 3D 4D
9 1 0 05051 1 1 1 1 1 3E 4E
101 0 0 091 1 1 1 1 1 3F 4F
11 1 0 0 011 1 1 1 1 1 3G 4G
12 1 0 0 0510 1 1 1 1 1 3H 4H
131 0 0 0501 1 1 1 1 1 31 41
14 1 0 0 051 10 1 1 1 1 3] 4]
IS5 1 0 0 051 0.1 1 1 1 1 3K 4K
16 1 0 0 051 1 10 1 1 1 3L 4L
17 1 0 0 051 1 0.1 1 1 1 3M M
I8 1 0 0 051 1 1 10 1 1 3N 4N
19 1 0 0 051 1 1 01 1 1 30 40
201 0 0 051 1 1 1 10 1 3P 4P
21 1 0 0 051 1 1 1 0.1 1 3Q 4Q
22 1 0 0 051 1 1 1 1 10 3R 4R
231 0 0 051 1 1 1 1 0.1 3S 4S

The fine I, curve (¢, = 0) shows no inward currents, of
course. Its I+ = 1 reflects Eq. (15) with p; = 0 in the
case of ¢, = 0. The short-circuit current of 0.25 by
Eq. (15) becomes evident when we recognize the occu-
pancies p; = 1/4, p, = 0/4, p; = 2/4, and p, = 1/4 in
Eq (13) for K2 = 0, and klz, k217 k34, k43, Kl = 1.

The symmetrical I; curve (¢, = 1) of normal thick-
ness has to pass the origin for thermodynamic reasons
(no current in the absence of driving forces) and shows
saturation currents of +0.5, reflecting the 50 : 50 equi-
librium between the occupied and empty states of the
binding site. With a little bit of algebra it can be derived
from Egs. (13) — (15) that the shapes of the [, and I
curves are identical. The two curves are only displaced
from each other by 0.25 in the vertical direction, and in
the horizontal direction by u = 2 In(3), corresponding
to about +55 mV. So the maximum slope of the 7, curve
is in the origin and that of the /; curve at about 55 mV.
This means that the difference curve rises at 0, falls at
+55 mV, and has its maximum in between.

These relationships hold for that model version where
the free binding site has the charge number z = 0 and
the loaded one z = +1, which has arbitrarily been
chosen as MV1, in contrast to MV2 where the charge of
the free binding site is z = —1, and that of the loaded
one z = 0.

The behavior of MV2 with corresponding reference
parameter values (Fig. 2D) differs from that of MVI
fundamentally, in so far as I of MV2 does not change
with ¢,. As a consequence, the c¢,-induced, steady-state
dI(V') curves of MV2 will approach zero current for
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positive V. However, this approach is not necessarily
monotonic (Fig. 2F).

Figure 2 demonstrates the steepness effect of the rel-
ative magnitude of the rate constants of the V-sensitive
reaction steps (k», k»1 in left column with M V1, and k34,
k43 in right column with MV2) as compared with the V-
insensitive reaction steps, which are normalized to unity
(ks4, k43 in MV1, and ky», ko in MV2). The reference
configurations with V-dependent k values = l at ) = 0
(k%) are shown in the middle pair of plots (C and D),
whereas the upper and lower pairs show the impact of
the k° values, which are an order of magnitude larger (A
and B) and smaller (E and F), respectively.

The examples in Fig. 2 illustrate the effects of catal-
ysis (lowering an energy barrier, corresponding to an
increase of the forward and backward reaction by a
common factor) and allosteric inhibition (elevating an
energy barrier, corresponding to a decrease of the for-
ward and backward reaction by a common factor)
within the charge translocating and electroneutral parts
of the reaction cycle. For example, the change of shape
of the d/ curve from Fig. 2C to Fig. 2A may reflect
catalysis of the charge translocating step (common in-
crease of ki, and k,; by a factor of 10) or allosteric
inhibition within the electroneutral part (e.g. common
decrease of k34 and k43 by a factor of 10); the change of
the absolute currents (increase or decrease) will tell, of
course, which of the two possibilities is true.

We note that the /; curves (middle traces of normal
thickness in each plot) are identical in both model ver-
sions for the symmetric configuration of rate constants
and concentrations, and that they approach saturation
faster with increasing k° values. By the same token, the
smaller the k° values, the wider the ¥ range in which the
V-dependent reaction steps are rate limiting and shape
forming for the I(V) curve with their exponential V'
dependence (Egs. 5, 6).

For a qualitative interpretation of experimental d/(V")
records it is interesting to note that each d/(V') curve in
Fig. 2 (lower, and bold curves) has its special shape. As
for MV1, dIs . and d/g. approach finite, negative values.
In the intermediate V' range, d/ passes a minimum, for
large k° values (Fig. 2A), and a maximum for small k°
values (Fig. 2C, E), which broadens with decreasing
kvalues.

It has already pointed out that Is approaches zero
in MV2. Here, large k° values cause a sigmoid d(})
curve (Fig. 2B). Moderate k° values (Fig. 2D) result in a
monotonic dI(V) curve with three inclination points;
small k° values cause an N-shaped (non-monotonic)
dI(V') curve (Fig. 2F). If under experimental conditions
the accessible V' range is not as wide as in Fig. 2, the
dI(V') curve of the type in Fig. 2F may show only a
maximum and could be misinterpreted, therefore, to be
of the type in Fig. 2C or Fig. 2E. However additional
tests (see below) allow an unequivocal assignment to
MV1 or MV2 also in such cases.

Figs. 3 and 4 show the effects of individual model
parameters on the shape of the steady-state /(V') curves
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Fig. 3A-S Impact of individual B C
; Model 1 -
system parameters in MV1 on -0 K9=10 K0 =0.1 P
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of Iy, I, and dI in MV1 and MV2, respectively. For
reference purposes, the panels A in Figs. 3 and 4 cor-
respond to the reference plots in Fig. 2C and Fig. 2D,
with the default parameter configuration in Table 1, line
1. It would be long-winded to discuss each of the 36
plots explicitly. Only some qualitative features can be
pointed out.

Model version 1

Let us focus on MV1 (Fig. 3) first, and note some
observations.

1.

2.

None of the examples of this model version shows
an N-shaped d/(V') curve.

The dI currents in the far negative V" range reflect
inward currents, whereas in the far positive V range,
the d/ currents reflect suppression of outward
currents.

. Each example shows a characteristic d/(V') curve,

except Fig. 3B and Fig. 3M which are similar,
although not identical.

R S
co=10 co=0.1 e
e
-

4. Figure 3B and Fig. 3C show the effect of the equi-

librium constant for binding under reference
conditions (V' = 0, and 1 mM substrate concen-
trations). An increase (Fig. 3B) reduces the avail-
ability of empty binding sites (inhibition of outward
current upon addition of external substrate), and a
decrease (Fig. 3C) stimulates it correspondingly.
The shapes of the I; curves corresgond to a large
(Fig. 3B) and a small (Fig. 3C) £ in Eq. (3). In
other words, large stability constants for the
charged states exert more weight on the voltage-
dependent part of the reaction cycle, so it will be less
rate limiting.

. Figures 3D and Fig. 3E demonstrate (i) that the

curvatures of the I(V) curves become less pro-
nounced, of course, when the reaction cycle is
exposed to only a fraction (here 50%) of the total V,
and (ii) that the position of the active site (reaction
cycle) of the enzyme within the electric field of the
membrane causes an asymmetric flattening of the
parent /(V') curves. For instance, the [; curve of
Fig. 3D shows less curvature at negative than at



403

Fig. 4A-S Impact of individual Model 2 A Wy B C
system parameters in MV2 on wm =-1 Ref. 0— Py 0—
shape of steady-state I(V) E -0 L K7 =10 K=01
curve; standard (if not labelled *ES = > /
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reference panel A; analogous
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positive V, when the transporter is located in the
external half of the electric field. Interestingly, the d/
curve in Fig. 3E approaches zero, just as in MV2
(Fig. 4). The reason for this atypical behavior of d/
in Fig. 3E is vanishing of ¢’, (Eq. 4) at large positive
voltages.

. Similarly, the asymmetry of the Eyring barrier
(Eq. 5) affects the curvatures of the I(V) curves
differently in the positive and in the negative bran-
ches. For example, a peak distance d, of 0.9 in
Fig. 3F means that k,, which is proportional to the
unidirectional outward current, is more affected
than ky; for the inward current. Correspondingly,
the 7; curve shows a strong curvature for the out-
ward current (positive) and a weak curvature for
inward currents. Alternatively, the small slope of the
Iy curve in Fig. 3G reflects the small voltage-sensi-
tivity coefficient d, = 0.1 for the outward current.

With respect to the reference d/ curve with a sym-
metrical Eyring barrier (d, = 0.5) in Fig. 3A, the
asymmetry of the Eyring barrier in Fig. 3F and
Fig. 3G is reflected in the experimental d/ curves by
the asymmetric shapes by which the current changes
from its peak (minimum inward current) to its final
level, —0.5 at V< <0 andV'> >0.

. The following discussion of the impact of the indi-

vidual rate constants ki», k»;, k34 and k43 on the
shape of the (V) curves (Fig. 3H to Fig. 30) cannot
be carried out without corresponding changes of the
dependent stability constant:
K3 = K{kDkas [ (K3 kss) (21)
Since under reference conditions, when all rate con-

stantsas well as K, are 1, the I; curves have to pass the
origin for thermodynamic reasons, a tentative accel-
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10.

1.

eration of the reaction cycle in counterclockwise
direction, e.g. by k;,°, has to be compensated by a
corresponding increase of K> which points in the
clockwise direction. So the indicated changes of
individual rate constants in Fig. 3H to Fig. 30 are
accompanied by corresponding changes of K>’, i.e.
parallel in the case of k1,” and k43, and antiparallel
in the case of k»;° and k4.

. Correspondingly, acceleration (retardation) of the

charge translocating step k;, in Fig. 3H (Fig. 3I)
puts more (less) weight on the charged state 2,
simultaneously by k|, and by K,, which results in a
very large (small) slope for I, and I;. The charac-
teristics of the bold d/ curve in Fig. 3H for 10-fold
k1> (and K5), compared to the reference configu-
ration in Fig. 3A, comprises large but not very V-
sensitive currents that stretch from -0.5 for
V<<0 to =09 for V> >0, and show three
inflection points in between. The d/ curve for small
k1> (Fig. 31) is similar to that of Fig. 3C but sat-
urates only at —0.5 for V'< <0.

The effects of changes in k,; are not equivalent,
nor even symmetrical to the corresponding chan-
ges in kj, discussed in the previous paragraph,
because changes in k»; go along with inverse
changes in the stability constant K,. Correspond-
ingly, the increase of k,; (and simultaneous de-
crease of K5) causes a sigmoid d/ curve (Fig. 3J),
which saturates much earlier and faster for V'< <0
than the d/ curve in Fig. 31. Finally, a decreasedk,,
(and simultaneously increased K,) results in a
similar, bell-shaped d7 curve (Fig. 3K) as in the
reference case (Fig. 3A), but asymmetric due to a
saturation value of —0.9 at V> >0, compared with
a symmetric one of —0.5 in Fig. 3A.

As for the V-insensitive reactions with k34 and ky3,
the saturation currents /5. and /g are determined
by these rate constants together with the stability
constants K; and K, (Eq. 16). Correspondingly, /5.
of I in Fig. 3L and Is; of I in Fig. 3N curves as
well as the (always negative) d/ currents exceed the
standard I coordinates of 1 of these plots of
Fig. 3. We note that the d/ curve for decreased k43
in Fig. 30 is very similar to the d/ curve in Fig. 31
for decreased kj». A major reason for this simi-
larity is the common effect of a simultaneous de-
crease in K, in these two cases. A similar
relationship can be identified if we compare
Fig. 3K and Fig. 3M. The strongest similarity,
however, exists between Fig. 3B and Fig. 3M.
Closer inspection shows that this similarity is not
an identity. Nevertheless, the small differences
cannot be used to assign experimental data of this
type to one of the two configurations.

Whereas the preceding cases refer to intrinsic fea-
tures of the reaction cycle, the following effects of
different ¢; and ¢, are under the control of the
experimenter. There is a simple pattern in the
changes of the d/ curves upon rising or lowering c;

or ¢, with respect to the reference situation
(Fig. 3A): larger (smaller) ¢; values cause d/ to
saturate at larger (smaller) amounts at V< <0,
and vice versa, larger (smaller) ¢, values cause d/
to saturate at larger (smaller) amounts at V"> >0
(Fig. 3P to Fig. 3S). In many cases, changes in ¢;
are of mere academic interest because they are
difficult if not impossible to be performed in living
cells. However, changes inc, are usually well under
the control of the experimenter.

Model version 2

Figure 4 shows the properties of this model version. It
has already been pointed out that the common and
characteristic feature is d/ = 0 for V> >0. Also char-
acteristic, but not throughout for MV2, is a V' range
where the d/(V) curve has a negative slope between po-
sitive slopes, which causes an N-shape (panels B, G, H,
K, M, and P in Fig. 4). One can discuss and understand
the individual panels qualitatively again by the same
rules that have been applied to MV1 (Fig. 3), especially
by considering the distribution of impact between the V-
sensitive part of the reaction cycle (here states 3 and 4)
and the V-insensitive one (here states 1 and 2). Within the
examples shown in Fig. 4, considerable similarities in the
shapes of the d/ curves can be seen in several panels such
as A/O/R, B/M, C/I, D/R, and L/P/S.

Important for the experimenter is the behavior of d/
upon changing concentrations ¢,: in this MV2 the sat-
urating amount of d/ = 0 is independent of ¢,, of
course, but for V< <0 it rises and falls with increasing
and decreasing c,, respectively. In contrast, MV1 shows
the opposite behavior of the saturating d/ for large V'
displacements from 0 (Fig. 3R, S). Here, d/ is indepen-
dent of ¢, at V< <0, but rises and falls in parallel with
increasing and decreasing ¢, at V> >0.

Summarizing the results from Fig. 3 and Fig. 4, we
note that, in general, typical features of the reaction
system are reflected by typical qualitative phenomena in
the observable steady-state I(})) curves. So it is not
subtleties but remarkable differences already in the d/
records by which intrinsic properties of the model can be
identified. In principle, all details are implied in the
above equations, but the collection of examples in the
two figures (Fig. 3 and Fig. 4) may enable a first and
quick assignment of experimental observations to basic
properties of the system.

Dynamic gating

For dynamic conditions (definitions in Fig. 1C, same
steady-state parameters as before) the additional refer-
ence parameters (Table 2, line 2) are: symmetric
k' = ki, = 0.0l sTlat ¥V = 0, corresponding to
relaxation times © = 1/(kny+ ki), ° = Tmax = 30 s at
V' = 0, which are larger than the time ¢, (here, 4.8~5 s)



for recording an I(V,f) relationship. The V-sensitivity
coefficients d,; = —di, = 0.5 mean an apparent gating
charge z, = di,—d,; = —1 and a symmetric Eyring
barrier for V-gated inactivation.

The temporal and V-sensitive behavior of p, in
Eq. (1) is defined for the simple two-state (active and
inactive) scheme in Fig. 1C by Egs. (18)—(20). The
behavior of p, of a simple inward rectifier
0>z, = diy—d,; = —1) during triangular V-clamp
experiments is illustrated in Fig. 5. The five tracings A to
E are calculated for a symmetric Eyring barrier (Eq. 17)
with dy; = 0.5, d, = —0.5, and k° = k,* = k;,". The
rate constants k0 = ki,° = k° of 0.001-10 s7!, as listed
in Table 2, lines 1 to 5, correspond to relaxation time
constants ° = 1/2k% at ¥ =0 of 500 to 0.05s,
respectively. In Fig. 5, these time constants are given as
1%/t, values with respect to our standard time 7,~5 s of a
recording cycle. The results for different k° at constant 7,
equally reflect the effect of different recording speeds for
a given k°. The width between the upper and lower p,
values of a tracing in Fig. 5 marks the modulation depth
(1_pa,lower/pa,upper) ata given V.

For all tracings in Fig. 5 the maximum modulation
depth is at V' = 0, because the smaller one of the two
temporal differences between the upper and lower values
has a maximum there, under the actual conditions. As
for the individual tracings with different 7°/z,, the mod-
ulation depth is a maximum function. At the reference
voltage, V' = 0, the modulation depth is only a few
percent in tracing A with t°/#.° = 100, when the changes
inp, are too slow to follow the fast V' protocol. Down to
1°/t, = 10 (tracing Fig. 5B), the modulation depth rises
roughly in proportion to falling t°/7,, and shows a range
of almost constant modulation depth of about 30%
between —120 mV and + 120 mV (except the disconti-
nuity a V' = 0 between the start and end of the record at
1°/t, = 1 (Fig. 5C), the modulation depth has almost its
theoretical maximum of 1.0. For even smaller 7°/z,
(tracings D and E), the modulation depth decreases
again due to contraction of the p,(V,¢) tracings in the V
direction. The absolute levels of p, fall quickly from
about 0.9 at —60 mV to about 0.1 at +60 mV in the
nearly saturating case (Fig. SE) with /7, = 0.01.

Table 2 Parameter configurations for analysis of V- and time-
dependent activation/inactivation (V-gating) of transporters; defi-
nitions in Fig. 1C

No. kai()(sil) kiao(571) TO (S) dai dia Figure
1 0.001 0.001 500 +05 -05 5A
2 0.01 0.01 50 +05 -05 5B, 6A
3 0.1 0.1 5 +05 -05 5C
4 1.0 1.0 0.5 +0.5 =05 5D
5 10 10 0.05 +05 -05 SE
6 0.05 0.05 10 +05 -05 6B
7 0.05 0.01 17 +0.5 -05 6C
8 0.01 0.05 17 +05 -05 6D
9 0.01 0.01 50 +04 -0.6 6E
10 0.01 0.01 50 +0.6 -04 6G
11 0.01 0.01 50 -0.5 +0.5 ©6H
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Fig. 5§ Impact of recording time,z,, of triangularV-clamp experi-
ments, compared to magnitude of rate constants for V' gating
(expressed as relaxation time t° = 1/(2k°) at ¥V = 0), on shape of
V- and time-dependent activity p,(V,f) from triangular V-clam
experiments, plotted in p,(V) coordinates; here, the same values k°
at V' =0 for k;j, (activation) and k, (inactivation); example
configuration for inward rectifier with voltage-sensitivity coeffi-
cients di, = —0.5 and d,; = 0.5, respectively, amounting to an
apparent gating charge z, = di,—d,; of -1

The combined V' dependencies of the two non-linear
expressions of I, (Eq. 15, Figs. 2, 3, 4) and p, (Egs. 17,
18, 19, Fig. 5) have been calculated from the complete
I(V,?) relationships (Eq. 1, in Fig. 6); we use the refer-
ence steady-state model with the default parameters as in
Fig. 2C = 3A for I, in Eq. (1), and the p,(V,f) curve B
with 7%, = 10 in Fig. 5 for gating (Fig. 6A, Table 2,
line 2).

The corresponding V' protocols are indicated as an
inset in the lower left quadrant of each panel of Fig. 6.
In the upper left quadrants, the numerical configuration
for the gating process are listed, and in the lower right
quadrants are the time courses of p, during the partic-
ular experiment. The temporal order of the results of the
hypothetical V-clamp experiments is marked by arrows.
The three records in each main panel of Fig. 6 comprise
again a fine tracing I, for ¢; = 1 and ¢, = 0, a normal
one I; for ¢ = 1 and ¢, = 1, and a bold one for
dI = I,-1I,.

For an interpretation of the plots in Fig. 6 we start
with a comparison of Iy with changing p, in Fig. 6A, and
Iy with constant p, = 1 in Fig. 3A. Under the given
conditions (k;,° = k', Vo = 0), P equals 1/(1+kai0/
ki) = 0.5 at the beginning of the experiment; this
means that I, in Eq. (16) (Fig. 6A) starts with 0.5 of
I, = 0.25 in Fig. 3A, i.e. 0.125. Since with the given V'
protocol, Vmoves first to V<0, p, will rise from 0.5
towards 1 until V; is reached. During the following
ascending branch of V from V1 <0 to V>, >0, p, will first
slow down its increase then keep a certain level for some
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Fig. 6A-H Impact of gating
parameters ki,, ki, dia, dy; and
Vprotocol on I(V,t) and dI(V,t)
from triangular V-clamp
experiments with a V-gated
transporter having a reference
steady-state I,(V) of the fully
active enzyme, as listed in
Table 1, line 2; main panels
comprise subpanels of a central
1(V,t), numerical configuration
(upper left), schematic V'
protocol (lower left), and p,(V,t)
plots (lower right). Explicit
labelling of tracings and
coordinates in reference panel
A; analog relationships in
unlabeled panels. Parameters
listed in Table 1
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time and decrease continuously from its maximum be-
tween 0.5 and 1.0 in the V range around V' = 0. Upon
the second sign change at , = +240 mV, the decrease
of p, slows down and p, reaches a minimum below 0.5,
from where it rises towards the final p, = 0.5at V. = 0
(not visible in the given presentation).

As for the /) tracing in Fig. 6A, the behavior of p, is
identical to that of I, but its I, characteristics differ
significantly from that of I, (Fig. 3A). We note that the
loop of the I, tracing at V> 0 is wider at than the loop of
the 7, tracing. This is not a gating effect but a simple
scaling effect corresponding to the different /s values of
the active transport cycle at ¢, = 0 and ¢, = 1 (see
Fig. 2C = 3A). Nevertheless, these different widths
determine the sign and amplitude of the width of the
bold tracing d/ = I,—1I,. We recall that I(V,t) tracings of
a V-gated transporter from triangular V-clamp experi-
ments show an internal crossing at the reversal voltage
of the transport process (Gradmann and Boyd 1999). In
our case, this crossing takes place at V' = 0 for I;, and
never for 1.

It might appear puzzling that the d/curves in Fig. 6
do not show internal crossing, although at least one of
the parent I(V,t) records (both would if ¢, were not be
totally absent but only reduced in the control experiment
Iy) does intersect at the reversal voltage. This feature of
d/ explains the uniform negative sign of the di,
(Fig. 3A) and the missing intersections in the p,(V.?)
insets (0<p,<1). The effects of the individual para-
meters of the gating scheme (Fig. 1 C) are illustrated by
separate panels in Fig. 6, where panel A with its simple
parameter configuration (Table 2, line 2) serves as a
reference. Figure 6B with respect to Fig. 6A reflects the
differences in recording/gating time, t°/7, = 10 and 7%
t, = 100 in Fig. 5B and Fig. 5C. With increasing
velocity of activation/inactivation, the loops become
progressively wider for a given recording speed, i.e. the
modulation depth reaches almost to 100% at some
V> 0. Corresponding effects of even smaller and larger
1°/t, ratios can readily be derived from Fig. 3A and
Fig. 5, and are not illustrated explicitly.

An increase of only k;, (Fig. 6C), which would cor-
respond to a decrease of the mean closed time in channel
kinetics, causes an upscaling of the parent /(V,¢) curves
Ip and I; (mean activity increased) with an apparent
increase of the modulation depth in the positive V' range
from about 25% (Fig. 5A, inset) to about 50% (Fig. 6C,
inset), whereas in the negative J range the modulation
depth decreases slightly from about 25% to about 20%.
However, equivalent changes in modulation depth upon
a sole increase of k,; (Fig. 6D) cannot be confirmed.
Here, the effect of increased k,; corresponds to a
downscaling of the I(V,t) curves compared to Fig. 6B,
which would correspond to a decreased mean lifetime of
the active state.

The electrical distance of the barrier peak d;
(0 <d,;<1) from the internal border of the gating barrier
(width = 1) has a significant effect on the I(V,f) re-
cords. Whereas the reference curve (Fig. 6A) with a
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symmetric barrier (d,; = 0.5, di, = —0.5) shows about
the same modulation depth of 25% in the positive and
negative V' ranges, a 10% shift of the barrier peak to-
wards the inside (d,; = 0.4, d, = —0.6, Fig. 6E) causes
the modulation depth to increase significantly in the
negative Jrange and to decrease in the positive V'range
correspondingly (see Fig. 6E, inset). A consequence of
this asymmetry is that in this case the final current d/
becomes more negative than df in the beginning of the
experiment (reason: corresponding behavior of I, be-
cause of /1 = 0 at V' = 0, at start and end).

The corresponding effects take place if the barrier
beak is located 10% out of the middle towards the
external side (Fig. 6F). Here the width of the loop
(modulation depth of p, in inset) is markedly increased
in the positive V' range and correspondingly decreased in
the negative one.

This localization of the barrier peak by the asym-
metry of the modulation depth at V'< <0 and V> >0,
appears to be very convenient. It is pointed out, how-
ever, that the d/ curves and the p,(V,f) insets of Fig. 6C
and Fig. 6F are similar. So if the experimental data
show a larger modulation depth in the positive V range
compared to the negative one, additional criteria must
be used to decide whether this effect is due to an in-
creased k;, (Fig. 6C) or due to a barrier peak in the
external half of the electric field (Fig. 6F). In our case,
the former shows more curvature in the positive loop.

The sign of the apparent gating charge (zg = di,—
dai>0: outward rectification; z, = di,—d,; <0: inward
rectification) can be assessed quite easily by the behavior
of the I(V,t) curves in the vicinity of V| and/orV, when
the slope dV/dt¢ changes its sign. For instance, around
the sign change at V>0, the incident currents I, and I,
of the inward rectifier under consideration will always
exceed the reflected currents, and vice versa. Because of
Io> 1, the incident dI = I;—-1I, of the inward rectifier
will be more negative than the reflected d/ around the
sign change at V"> 0. Figure 6G shows the correspond-
ing properties of an outward rectifier that differs from
the reference model (Fig. 6A) only by the sign of the
gating charge.

Finally, Fig. 6H illustrates that the order of the V'
protocol (starting with negative or positive dV/d¢ slope)
has only a minor effect on the results. Actually, the small
differences between Fig. 6A and Fig. 6H would vanish
completely if not the first cycle of the triangular V
protocol were considered but a following one.

Determination of system parameters

A good model should not only be able to describe
experimental phenomena with a unique set of parame-
ters. In several cases (Gradmann and Boyd 2000; Boyd
et al. 2003) we obtained apparently suitable sets of
parameters for some transporters by fitting the model to
experimental data. Some reasons for the validity of the
solutions have been provided. However, it has not been
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Fig. 7A-D Identification of model parameters by fit of model to
hypothetical set of data. A Points: “true” data generated with
model parameters x, as listed in Table 3 (columns a, b), and two
different ¢, >0 (¢, = 1, small df points; ¢, = 5, large dI points);
experimental: dV/dt slopes: +£02Vs™; Vo =0mV, V; =
-240 mV, V, = +240 mV; superimposed gaussian noise:
o = 0.1; 480 data points per sweep (whole cycle); curves: fitted
records. B Fit protocol; temporal development of individual model
parameters in the course of the fit; details of numeric configuration
and algorithm in text; note: non-monotonic approximations.
C Protocol of magnitude of fit increment dx common to the
approximation of every parameter. D monotonic convergence of
mean square error, g, from initial 4.03 to o <a

demonstrated explicitly that the solutions are unique.
Here, this problem is examined the following way.
Hypothetical dI(V,f) data (points in Fig. 7A) are gen-
erated by the model with an original, “true” set of
parameters xo, (Table 2C) and some superimposed
gaussian noise g,. Then another set with different values
x1; has been chosen as start parameters for a least-
squares fit routine with the goal to adjust the parameter
set x iteratively to describe the “experimental” data well.
Fits were only considered to be good if they converged

to a final mean square deviation ¢ below the superim-
posed noise (o < gg). In cases when x; differed too much
from X, (e.g. by an order of magnitude and more), the fit
routine converged to ¢>ag, with an irrelevant set of
parameters. The critical question about acceptable fits
(0 <0g) was whether they converge towards the correct
parameter setx,. Alternatively, if the model has more
independent system parameters than observable ones,
the fits are expected to converge to ambiguous families
of solutions where, for example, only some ratios be-
tween parameters are defined by the experimental data
but the individual parameters may diverge. Acceptable
fits with the presented model do not lead to such
ambiguities but converge to a parameter set x which
reflects the original set x, within the limits of the scatter.
Figure 7B shows the history of such a fit with the 12
independent system parameters of the model.

Our experiences with various fit algorithms showed
that fast algorithms with gradient-related fit increments
(e.g. Marquardt—Levenberg, Simplex) do not yield as
reliable results as the direct and slower algorithm of
Hookes and Jeeves (1961), which runs repeatedly
through all parameters with a fixed increment dx, and is
reduced to 50% each time the fit does not improve
anymore (Fig. 7C). The fit stops when dx becomes
smaller than a given limit, e.g. 1x107° in the example of
Fig. 7. Starting with too large dx causes the fits to
converge towards unacceptability (¢ > ay).

For the present example (Fig. 7), the system param-
eters xo (Table 3, column b) have been chosen arbitrarily
(sort of reflecting the order of listing), but # 1 to keep
the system non-degenerated by ambiguities. The choice
of the start parameters for the fit (Table 3, column c)
also followed an arbitrary pattern (similar distances in a
logarithmic scale for convenient labelling in Fig. 7B).

Table 3 Protocol of fit in Fig. 7; column a: model parameters;
column b (x): original values; column ¢ (X ¢/ X0): arbitrary factors
of initial deviation from original (“‘true”) parameters used to define
start parameters for fit; column d (xg): fitted parameter values;
column e (xg/xo—1): deviations between fitted and “true” param-
eters, given in %. Gaussian noise of gy = 0.1 was added to theo-
retical model currents; mean deviation ¢ between fitted data and
noisy model data was 4.033 at the start and 0.099 at the end of the
fit

a b [¢ d e
X0 Xstart/Xo Xfit (xse/x0—1) (%)

5; 0.1 6 0.091 -9
o 0.2 1/6 0.201 0.5
ki2° 3 5 2.900 -3.3
ko 4 1/5 3.807 -4.8
ks 5 4 6.467 29.3
kay 6 1/4 6.051 0.9
K° 7 3 9.083 29.8
d, 0.5 1/3 0.504 0.8
ki 0.1 2 0.106 6.0
kail 0.2 1/2 0.203 1.5
diy 0.3 1.5 0.293 -2.3
dyi -0.4 1/1.5 -0.397 -0.8
o 0.10 4.033 0.099 -




Visually, the fit in Fig. 7A looks perfect. Figure 7B and
Table 3 (column e), however, show that the individual
parameters are found with different accuracies. For in-
stance, the location d, = 0.5 of the energy barrier for
charge translocation and k43 = 6 which determines I
have been found with an accuracy below 1%, although
the scatter go = 0.1 was 2.5% of the entire y-scale. On
the other hand, ks, and K;° are both found with an
accuracy of 30% only, and without a tendency to con-
verge to a better accuracy with additional iterations
(right half of Fig. 7B). This parallel deviation reflects the
finding in Fig. 3 that K,° (panel B) and k34 (panel M)
can have very similar effects on I,(V). Altogether, Fig. 7
shows that the 12 parameters of the model can be
identified with fair accuracy and low ambiguity from
noisy current records from V-clamp experiments per-
formed with a triangular J protocol.

In the present example, two dI(V,f) recordings for-
¢o = 1 and 5 have been generated and analyzed. In
principle, one d/(V,7) may be sufficient for a fair deter-
mination (reconstruction) of the system parameters x.
However, initial attempts to do so yielded no convincing
results (data not shown); possibly very small initial dx
and correspondingly very long computation times are
necessary to obtain fits with ¢ <o, from a single dI(V,7)
recording. It is recommended, therefore, to use several
dI(V.,t) recordings with different ¢,>0, for reliable
determination of the 12 system parameters.

Figure 8 shows that the fits which are based on the
experimental d/(V,t), do not only describe the experi-
mental data fairly well (Fig. 7A) but lead to very good
approximations of the individual functions (V)
(Fig. 8A) and p.(V,r) (Fig. 8B), which act together in
generating the final function dI(V,f) via Eq. (1). The
systematic deviations between original and fitted data,

VimV 240

240

240 VimV 240

Fig. 8 “True” and inferred I,(V) (A) and p,(V,t) (B), plotted in
I,(V) and p,(V) coordinates, respectively, as intermediate relation-
ships for the fit in Fig. 7; curves fitted; dots (hardly visible)
“measured”
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which cancel each other to yield the perfect fits with
g<ay (Fig. 7A, Table 3, column d), are very small;
apparently, there are no families but individual func-
tions of I,(V) and p,(V,f) that account for the good fit by
the product I,p, in Eq. (1).

Discussion

The results show that the presented model with all its
simplifications can describe a large variety of electrical
properties of ion translocating processes. The question
is, however, whether the model in its general form is
adequate to describe the electrical properties of specific
transporters, which are more complicated. Before this
question will be answered with respect to transporters of
known properties, some apparent restrictions of the
model should be addressed.

Charge relations of the transporter

For the sake of simplicity, the charge relations of the
transporter have been treated here in a very crude way by
discriminating only the two model versions MV1 and
MV2. In reality, the charge relationships between trans-
porter and ion are much more complicated and comprise
multiple sites, resulting in non-integer effects on the
translocated ion. In principle, these relationships might be
treated by an extension of the presented model, in which
the apparent charge zy, of the binding site varies not only
between 0 and —1, but can assume any rational number.
The considerable differences between the two model ver-
sions MV1 and MV2, presented here, indicate that the
additional system parameter zy, could be fitted as well.

Temporal resolution of the enzymatic cycle

Another simplification of our model is to assume that
the enzymatic transport cycle is fast compared with the
recording cycle. This assumption is realistic with respect
to previous applications of the triangular V' clamp
(Gradmann and Boyd 1999; Boyd et al. 2003) in the
range of a second, compared with usual turnover num-
bers of ion transporters in the range of 100 s™' and
higher. As long as this steady-state assumption holds,
the results about the enzymatic cycle will not depend on
the recording speed, and we cannot say whether we are
investigating many slow transporters or a few fast ones.
This question would be answered, however, if the mea-
suring velocity became approximately as fast as the
transport cycle. In this case the apparent kinetic prop-
erties of the transport cycle will depend on the recording
speed. Corresponding investigations of an ion pump
have already been performed with fast sinusoidal V'
protocols (Tittor et al. 1983); they should be equally
successful with fast triangular ones.
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Fast binding/debinding

The assumption that the translocation steps are slow
compared with the binding/debinding reactions (k1», k>,
k34, k43 << k13, k31, k24, k42 in Flg IA) leads to the con-
venient introduction of the stability constants K; and K.
The inverse proportionalities of /s and Kin Eq. (14) allow
one to read from Ig versus 1/c plots whether the assump-
tion of fast binding and debinding holds. Let us focus on
Is, for a moment. If we operate at high ¢;, to ensure
ky = k3% > >1, Is, will cease its proportional rise
with 1/c, through ks = k4¢; in K> = ka/krs when
ks = kar'c; becomes comparably small as k4s. In fact,
for very small ¢,, Is;+ will reach a maximum of k4.
Gradmann et al. (1987) have presented algebraic details
and practical instructions for determining all eight rate
constants of the four-state model from steady-state 1(})
relationships at various ¢; and ¢,, in cases when the
assumption of fast binding/debinding does not apply.

More complicated gating schemes

The two-state gating scheme used here is also a severe
simplification, a first approach. Reaction schemes with
many more states and non-integer, rational numbers of
apparent gating charges are necessary to describe the
observed details of J-gating of ion channels appropri-
ately (Zagotta et al. 1994; Jiang et al. 2003). In principle,
gating models having more states and reaction steps
with specificl” sensitivities can also be assessed and
analyzed by V-clamp experiments with triangular V'
protocols (Gradmann and Boyd 1999; Boyd et al. 2003).
However, the resolution with the fast triangular V pro-
tocol is not as good as the resolution with conventional
but time-consuming V-step routines, with step dura-
tions, which allow even the slowest relaxation process to
come to an apparent rest.

Channels

The velocity of a triangular V-clamp has been used to
resolve the gating properties of K “and Cl~ conductances
(probably channels) during electrical excitations in the
marine diatom Coscinodiscus wailesii (Gradmann and
Boyd 2000), which takes place in the temporal range of a
second.

It is popular to distinguish channels as high turnover
uniporters from low throughput carriers, whereby the
kinetics of carriers are usually assigned to reaction
schemes with conformational changes such as the four-
state model in the center of Fig. 1A, and channels are
assigned to pores with a rigid structure even in the
selectivity filter. The latter aspect is supported by
“...absence of any significant activation free energy
barrier...” for K" conduction through K" channels
(Bernéche and Roux 2001), which is meant relative to
diffusion. In absolute terms, however, the movement of

K™ through the selectivity filter does carry out a well-
defined reaction cycle with a series of correspondingly
small and flexible energy barriers (Bernéche and Roux
2001; Morais-Cabral et al. 2001). This can be presented
in a simplified four-state model (fig. 5 in Morais-Cabral
et al. 2001) similar to the one in Fig. 1A here. Are these
barriers really insignificant for the electrophysiologist?
They correspond to high conduction near the limits of
diffusion (Berneche and Roux 2001; Morais-Cabral et al.
2001), and may be detected electrophysiologically if
saturation currents at V< <0 or V> >0 are investi-
gated. In case of strict diffusion limitation, these currents
must be proportional to the substrate concentrationcs in
the source compartment. If these saturation currents rise
less than proportionally withcg, limitation by the enzy-
matic reaction cycle (vpax in traditional Michaelis—
Menten kinetics) of the selectivity is likely to take place.

Electrophysiological data from animal cells and
artificial membranes are usually restricted to a rather
narrow J range, so V saturation of membrane currents
is mostly out of experimental reach in these systems.
From plant membranes, however, which can be inves-
tigated over a much wider V' range, enzymatic V'
saturation of currents through active K channels has
been reported (Gradmann et al. 1987; Klieber and
Gradmann 1993).

Ion pumps

Hansen et al. (1981) have presented an approach for the
reaction kinetic treatment of steady-state /(}) curves of
electrogenic ion pumps. The central reaction scheme in
their study is the cyclic four-state model for ion trans-
port (Lduger 1980), which is frequently under-rated as a
“carrier” model, but is used here again (Fig. 1A) in its
original and general meaning. Interestingly, triangular
V-clamp experiments on marine diatoms have revealed
V-gating (including its kinetic characteristics) of an
electrogenic ion pump (Gradmann and Boyd 2000).

Cotransporters

Cotransport is accomplished by several families of pro-
teins, such as the monomeric proteins of the major
facilitator superfamily (MFS) with generally 12 mem-
brane-spanning helices. The lactose permease of E. coli
is maybe its biochemically best analyzed member, with a
detailed reaction scheme of its operation derived from its
3D structure (Abramson et al. 2003). This reaction
scheme corresponds to that in Fig. 1A when the (fast)
serial binding/debinding steps of the two substrates (H "
and S) inside and outside are lumped as corresponding
equilibrium constants K; and K,, and the actual trans-
location steps reflect crucial conformational changes.
The most detailed application of the methods presented
here has recently been worked out for the kinetic char-
acterization of another MFS protein, the 2H™-



NO; symporter from the fungus Emericella nidulans
(Boyd et al. 2003). In this experimental investigation, the
theory for the applied analysis was kept very short,
prompting us to present a deeper and more general,
theoretical background of the corresponding methods in
more detail by this study.
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