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Summary. A problem often confronted in analyses of charge-
carrying transport processes in vivo lies in identifying porter-
specific component currents and their dependence on membrane
potential. Frequently, current-voltage (I-V)—or more precisely,
difference-current-voltage (dI-V)—relations, both for primary
and for secondary transport processes, have been extracted from
the overall membrane current-voltage profiles by subtracting cur-
rents measured before and after experimental manipulations ex-
pected to alter the porter characteristics only. This paper exam-
ines the consequences of current subtraction within the context
of a generalized kinetic carrier model for Class I transport mech-
anisms (U.-P. Hansen, D. Gradmann, D. Sanders and C.L.
Slayman, 1981, J. Membrane Biol. 63:165-190). Attention is fo-
cused primarily on dI-V profiles associated with ion-driven sec-
ondary transport for which external solute concentrations usu-
ally serve as the experimental variable, but precisely analogous
results and the same conclusions are indicated in relation to
studies of primary electrogenesis. The model comprises a single
transport loop linking » (3 or more) discrete states of a carrier
‘molecule.” State transitions include one membrane charge-
transport step and one solute-binding step. Fundamental proper-
ties of dI-V relations are derived analytically for all n-state for-
mulations by analogy to common experimental designs.
Additional features are revealed through analysis of a “‘reduced’’
2-state empirical form, and numerical examples, computed using
this and a ‘‘minimum’’ 4-state formulation, illustrate dI-V curves
under principle limiting conditions. Class I models generate a
wide range of dI-V profiles which can accommodate essentially
all of the data now extant for primary and secondary transport
systems, including difference current relations showing regions
of negative slope conductance. The particular features exhibited
by the curves depend on the relative magnitudes and orderings of
reaction rate constants within the transport loop. Two distinct
classes of dI-V curves result which reflect the relative rates of
membrane charge transit and carrier recycling steps. Also evi-
dent in difference current relations are contributions from ‘hid-
den’ carrier states not directly associated with charge transloca-
tion in circumstances which can give rise to observations of
counterflow or exchange diffusion. Conductance-voltage rela-
tions provide a semi-quantitative means to obtaining pairs of
empirical rate parameters. It is demonstrated that d/-V relations
cannot yield directly meaningful transport reversal potentials in
most common experimental situations. Well-defined arrange-
ments of reaction constants are shown to give dI-V curves which
exhibit little or no voltage sensitivity and finite currents over
many tens to hundreds of millivolts including the true reversal

potential. Furthermore, difference currents show apparent
Michaelian kinetics with solute concentration at a/l membrane
potentials. These findings bring into question several previous
reports of reversal potentials, stoichiometries and apparent cur-
rent-source behavior based primarily on difference current anal-
ysis. They also provide a coherent explanation for anomolous
and shallow conductances and paradoxical situations in which
charge stoichiometry varies with membrane potential.
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Introduction

It is now generally recognized that the vast majority
of membrane transport processes in living cells in-
volve the movement of charge. In prokaryotes, re-
dox-driven (proton) transport provides the primary
driving force for metabolite uptake (Foster & Fil-
lingame, 1979). In eukaryotes primary electrochem-
ical gradients of Na® in animals and H* in plants
and fungi are generated by the Na*®, K*- and H*-
ATPases, respectively (Skou & Norby, 1979; Ben-
trup, 1980; Goffeau & Slayman, 1981). Likewise,
coupling solute uptake to the downhill movement of
Na™ or H* in “‘active’” transport generally also en-
tails charge flow (Epstein, 1976; Eddy, 1978; West,
1980). This pattern is true for the translocation of
neutral metabolites, such as sugars (Komor & Tan-
ner, 1974, 1980; Kinne, 1976; Hansen & Slayman,
1978; Kaczorowski et al., 1980), as well as for
charged species, including amino acids (Lanyi,
1978; Felle, 1981a; Page & West, 1981; Sanders et
al., 1983; Jung et al., 1984; Johannes & Felle, 1985),
nucleotide precursors (Reichert et al., 1975), and
inorganic ions (Lanyi & MacDonald, 1976; Sanders,
1980a,b; Milanick & Gunn, 1982; Blatt et al., 1984;
Lass & Ullrich-Eberius, 1984; Ullrich-Eberius et
al., 1984).
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Understanding the contribution of the mem-
brane electric field to solute translocation is thus
fundamental and has provided impetus to incorpo-
rate the electrical parameter into a general descrip-
tion of vectorial enzyme kinetics. From the kinetic
viewpoint, membrane potential (inside negative) en-
ters into each of these processes either as a “‘prod-
uct,”” in the case of primary electrogenesis, or as a
“‘substrate’” for secondary transport. Transmem-
brane charge flux (current), in turn, is the electrical
counterpart to transport velocity. Finkelstein (1964)
first introduced voltage using a diffusion paradigm,
and more recent models have developed around
concepts of pores (Lauger, 1979, 1980) and carriers
(Lauger & Stark, 1970; Chapman et al., 1979, 1983;
Hansen et al., 1981; Chapman, 1982). In general, all
of these models are competent to account for the
primary feature of charge translocators, that of cur-
rent saturation observed in the steady state at volt-
age extremes. Applications of one formulation
(Hansen et al., 1981; Sanders et al., 1984), in partic-
ular, have yielded simple kinetic interpretations for
postulates such as ion wells (Mitchell, 1969; Komor
& Tanner, 1980; Maloney, 1982), stoichiometry
changes (LeBlanc et al., 1980) and carrier-mediated
“‘leakage’’ (Eddy, 1980). Furthermore, statistically
optimizing experimentally derived current-voltage
data have indicated sites for principle rate-limiting
steps associated with electrogenic H* transport in
Neurospora and Cl~ transport in Acetabularia
(Gradmann et al., 1982).

For the majority of steady-state current-voltage
(I-V) studies carried out to date, however, the fun-
damental difficulty has been in simply extracting,
from the overall I-V relations of the biological mem-
branes, the I-V characteristics specific to a single
transport process. This problem has been most
acutely felt in studies of plant cells and microorgan-
isms for which, unlike most animal tissues (¢f. Mar-
mor, 1971; Kostyuk et al., 1972; Mandel & Curran,
1973; Fuchs et al., 1977; Roy & Okada, 1978;
Goudeau et al., 1982; see also Chapman et al.,
1979), voltage spans of 200 to 300 mV are generally
accessible (Gradmann, 1975; Gradmann et al., 1978;
Felle, 19814, 1982), and from which a correspond-
ing degree of kinetic information might be gained.

The most common approach to extracting
I-V relations is current subtraction which yields
transport-specific difference-current-voltage (dI-V)
curves. Conceptually as well as experimentally the
approach is straightforward. Whole membrane I-V
relations are determined by conventional voltage-
clamp techniques both in the presence and absence
of a porter-specific modifier (e.g., a substrate or in-
hibitor). The difference between the two curves is
then obtained across the available voltage spectrum
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by subtracting the respective currents at every
membrane potential. Difference I-V characteristics
derived in this fashion have been used to character-
ize both primary electrogenic ion pumps and sec-
ondary transport of organic and inorganic solutes in
the fungus Neurospora (Gradmann et al., 1978;
Hansen & Slayman, 1978; Sanders et al., 1983;
Blatt et al., 1984; Blatt & Slayman, 1986), the giant
algae Acetabularia (Gradmann, 1975) and Chara
(Walker et al., 1979; Beilby & Walker, 1981; Beilby,
1984; Kishimoto et al., 1984; Takeuchi et al., 1985),
and a liverwort, Riccia (Felle, 1980, 1981a,b; Jo-
hannes & Felle, 1985). Current subtractions of
steady-state I-V curves have also been used to ex-
tract voltage-dependent features for active Na*
transport in snail neurones (Kostyuk et al., 1972), a
putative K* conductance in L-cells (Roy & Okada,
1978), and ionic components of transcellular path-
ways in frog skin (Fuchs et al., 1977; Goudeau et
al., 1982).

Now, there are two main assumptions which
underly current subtraction. The first and most ob-
vious prerequisite is that current passage through
the porter in question only should change during the
course of modifier treatment—specifically over the
time frame in which I-V scans are performed.
Clearly, if secondary conductance changes accom-
pany the treatment, current subtraction will not
eliminate their component I-V characteristics in the
difference curve. Consequently, most studies of
this kind have been carried out over short time in-
tervals (Gradmann et al., 1978, 1982; Sanders et al.,
1983; Blatt et al., 1984; Blatt & Slayman, 1986),
although the point has been stretched to extremes in
at Jeast one study of the Chara proton pump (Kishi-
moto et al., 1984; Takeuchi et al., 1985). [An impor-
tant corollary to this assumption for inhibitor stud-
ies is that the drugs used are specific for the porter.
This criterion is met in practice with ouabain inhibi-
tion of the Na*, K*-ATPase in animal tissues (Skou
& Norby, 1979; Karlish & Stein, 1982).]

It is the second, and more subtle assumption
which will be the focus of this paper. This assump-
tion states that changes in the I-V characteristic of
the porter in question brought about during experi-
mental manipulations are proportional across the
entire voltage spectrum. It is often tacitly accepted
that in the absence of substrate or presence of inhib-
itor no current flows through the porter at any volt-
age. Chapman et al. (1983) have criticized the use of
cyanide to extract dI-V relations for the Neuros-
pora H* pump (Gradmann et al., 1978) on this
ground, and the same critique applies to analogous
studies of Chara (Beilby, 1984; Kishimoto et al.,
1984; Takeuchi et al., 1985; and see Keifer &
Spanswick, 1979; Reid & Walker, 1983) and Riccia
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(Felle, 1981b). They note that respiratory blockade
can be expected to increase ADP and P; levels, and
promote operation of the transport cycle in the re-
verse direction. Current subtraction in this instance
need not yield a reversal potential (Ey.ps) at all.

The problems associated with characterizing
primary proton transport are unique, but the ques-
tion arises whether similar difficulties might be en-
countered generally, even when transport activity
can be controlled directly through solute additions.
This paper examines empirical difference I-V meth-
ods and the underlying concept of proportional cur-
rents as commonly applied in analyzing primary and
secondary transport mechanisms. I begin by formu-
lating a set of steady-state kinetic equations which
describe dI-V relations, and by providing examples
of dI-V curves under the principle limiting condi-
tions and in relation to several published works.
Difference-current-voltage relations can provide ki-
netic information important in identifying major
rate-limiting steps in a transport cycle. I show, too,
that current subtractions alone cannot yield mean-
ingful reversal potentials under most common ex-
perimental conditions.

The Model

INITIAL ASSUMPTIONS AND THE CARRIER MODEL

As a basis for formal treatment, d/-V relations can
be developed within the context of reaction-kinetic
carrier models. I have drawn on the formalism of
Hansen et al. (1981) and Sanders et al., (1984), and
in keeping with their definitions and conventions I
shall limit the discussion to Class I transport mecha-
nisms: those having a single transport loop, in one
arm of which the carrier transits the membrane as a
charged, and in the other as a neutral species. For
the purpose of current-voltage analysis, all such
models, regardless of the total number of reaction
steps contained, can be reduced to a 2-state form in
which all voltage-independent steps are lumped to-
gether.

It is from this point that the present discussion
will depart. However, a satisfactory treatment of
the effects of transport modifiers on /-V behavior
and dI-V characteristics requires that reaction steps
directly affected (e.g. in solute binding/debinding)
are included in the scheme explicitly. For this pur-
pose the minimum model contains 4 carrier states,
which allows for situations in which charge transit
steps and the modified (binding/debinding) steps are
either adjacent to each other or are separated by
intermediate transitions. Interconversions between
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Fig. 1. Models for cotransport of solute (§) with a driver ion
(H*). (A) Minimum representation of the carrier cycle with the
solute-binding step N;-N, included explicitly, but its kinetic
proximity to the charge-transit steps N--N, undefined. The tran-
sition N{-N; subsumes interior solute and driver ion debinding
steps and membrane transit of the unloaded carrier. {8) Reduced
representation of the 4-state model (4) with all charge-indepen-
dent steps lumped in the reaction constants ;, and «,;

2- and 4-state models (and generally within the fam-
ily of Class I mechanisms) are facilitated by equiva-
lences of related reaction constants and groups of
reaction constants, and present a means to inter-
preting rate parameters derived empirically from
I-V and dI-V characteristics (see Table | in Hansen
et al., 1981).

Figure 1 illustrates both models in the context
of secondary transport coupled to the movement of
a driver ion. For the empirical 2-state form, the
lumped reaction constants «;, and k,; subsume bind-
ing and debinding steps both for the transported sol-
ute and for the driver ion on either side of the mem-
brane. In the 4-state model solute binding and
debinding occur in the reaction steps ks3q and kg,
respectively, with external solute concentration ap-
pearing explicitly as k34[S1,(=kss), where k34 is the
specific reaction rate constant for solute binding (5,
= ki, when [S], = 1). Membrane transit of the neun-
tral form of the carrier complex, as well as intracel-
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lular binding/debinding of solute and driver ion will
be treated as constants in the following discussion
and are lumped in the reaction constants k;; and &;;.
Exterior driver ion binding/debinding steps, which
will also be assumed constant, are included in the
lumped rate parameters k4 and k4, but again could
just as easily be included in the reaction steps be-
tween carrier states N; and N;. For situations in
which driver ion concentration is varied and solute
concentrations remain constant, interpretation of
the reaction steps associated with solute and driver
ion binding/debinding are simply reversed.

Within the carrier cycles of both models voltage
sensitivity is restricted to membrane transit of the
charged carrier (Lauger & Stark, 1970). The reac-
tion constants &p» and k,; for the 4-state model and
k;, and k,; for the 2-state model incorporate a com-
ponent for the electric field across the membrane
paralleling carrier movement which, as a first ap-
proach, will be assigned to a symmetric Eyring bar-
rier within the membrane. Hence, by analogy with
the solute binding step, the specific rate constants
are defined by

ki = ki, exp(zul2),  ky = K8, exp(—zu/2) (la,b)
and
ki, = ki, exp(zul2), ko = ko; exp(—zu/2) (2a,b)

in which z is the net charge on the carrier during
transit and u is the reduced membrane potential,
defined as FAY/RT. (Here F, R and T have their
usual meanings. Ay is taken as the measured mem-
brane potential relative to the cell exterior. The
factor 2 places the Eyring barrier symetrically
within the membrane.)

In the subsequent discussion it is assumed that
the carrier 1s positively charged when loaded (for-
ward operation of the carrier cycles in Fig. 1 in the
counterclockwise direction), but precisely analo-
gous equations and identical results are obtained if
the unloaded carrier is assumed to be negatively
charged. Likewise, identical arguments can be de-
veloped for electrogenic systems which function
normally to move positive charge out of the cell.
The consequences of current subtraction in the lat-
ter case may be seen through symmetry consider-
ations to give results equivalent to those described
below, but rotated about the current and voltage
axes with respect to the equilibrium potential for
charge transit (see below).

Formally, all n-state models are derived from
the corresponding n — 1 steady-state rate equations
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and one equation defining carrier conservation. The
ensemble of equations can be expressed in matrix
notation (see Hansen et al., 1981; Sanders et al.,
1984) as

M.V, = NI, (3)

where N is the total carrier density. For the 4-state
model, the matrix My and the vectors V,, and I, are
defined by

1 )] 1 1 N, 1 {4a)
—(kiy + kyy) kz k3 0 N2 2 N- 0 (4b)
ki —(tka + k) O kq Ny 0 (4¢)
0 kaa ki ~(ka + ks) Ny 0]. (4d)

[The so-called *‘reserve factors,”” which bring into
account the contributions of unknown intermediate
steps in the carrier cycle (Hansen et al., 1981), have
been omitted here for clarity. Distortions which un-
known steps introduce into the individual reaction
constants in practice affect the partitioning of the
rate products between the carrier state densities
and the reaction constants (see Sanders et al., 1984)
and are of no consequence to the immediate discus-
sion. I return to the effects of hidden carrier states
in relating results obtained below with the 4-state
model to those of the empirical 2-state model in
which exterior solute binding must be subsumed
within the lumped constant «;,.]

The determinant solutions to each of these
equations is

N; = ['M,|[/IM,| (5)

forj = 1,2, ... n and where |'M,| denotes the
determinant obtained by substituting the vector I,
for the jth column of M,. The steady-state expres-
sion for the net current i through the porter is sim-
ply the difference between the unidirectional fluxes
through the voltage-sensitive arm of the carrier
cycle

i = ZF(k12N1 - klez) (6)

and hence substituting the corresponding carrier
state equations (Eq. 5) into Eq. (6) gives

(il M| — ko1 [PML))

i = zFN
M. |

N

as the general n-state solution for the true steady-
state current as a function of voltage. Expanding
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this equation yields, for the empirical 2-state form,

i = sFN kioK()i - koiKin (8)
Tt kiu + kai + Kio + Koi

where the empirical constants k;, and k,; are treated
equivalently to their n-state counterparts k;, and
kz. For the 4-state model Eq. (7) yields

kizkaskasksy — kykizksaka _—
karkalkss + k3p) + kaikas(kas + kay)
+ kppksithss + ki) + koksakis + kip)
+ kpka(key + kaz) + kaskoa(krz + ki)
+ kaskio(ksr + ksa) + ksakiz(ka + kog)

i=zFN

THE CONSEQUENCE OF CURRENT SUBTRACTION

In formulating difference current equations for n-
state models, precisely the same strategy is followed
as is applied experimentally. Accordingly, I have
made the following assumptions: (i) Under all ex-
perimental conditions considered the transport sys-
tem is at steady-state (dN;/dt = 0). (ii) The total
amount of carrier within the cycle remains con-
stant. (iii) All reaction steps are physically discrete,
and experimental changes in membrane potential
and solute concentration outside affect only those
steps directly involved in membrane charge transit
and solute binding, respectively. (iv) The net
steady-state current across the membrane unrelated
to the transport system remains constant at all volt-
ages.

Assumptions (i) and (ii) are normally met in
practice when current measurements (under voltage
clamp) are carried out over tens or hundreds of mil-
liseconds, and when the interval between succes-
sive clamp cycles (with/without added solute) is
short. The third assumption is the simplest concep-
tually in which to view effects of varying ‘‘sub-
strate’’ (solute and membrane potential) conditions
for the porter. The fourth assumption ensures that
dI-V relations obtained by current subtraction are
consequent solely of changes in transporter cur-
rents (see Introduction), and for computational pur-
poses means that the I-V relations of the porter only
need be considered.

Current subtraction, then, implies that at every
membrane potential the net transporter-specific dif-
ference current
Ai = it — [

(10)
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where the superscripts — and + will be used to
denote the conditions without and with added sol-
ute, respectively. Substituting Eq. (7) into the right-
hand side and rearranging terms then gives

o] '™ (ML | — ™™ (ML [}
+ kol "M, M| — PMIM, [}

Ai = zFN -
M, [[M, |

(n

as the general solution for the difference current for
all n-state formulations. Sadly, the significance of
Eq. (11) is not immediately evident, but it can be
summarized verbally. The denominator is the sum
of n* terms, including terms containing [S], and
[S15, and each term is the product of 2(n — 1) reac-
tion constants. In the numerator all cross products
(exactly half) cancel, except those which carry a
positive sign and include the term [S], and those
which carry a negative sign and include the term
[S15. As aresult, the quantity ([S], — [S].) factors
out leaving, in the numerator, the sum of n* terms
where, again, each term is the product of 2(n — 1)
reaction constants. Expansion of Eq. (11) thus
yields for the empirical 2-state model

ko7 exp(—zu) + ki, exp(zul2)k,;
+ ko exp(—zul2)k,i + kikS

Ai = zZFN(kiy — Kib)

M |[M; |
(12a)
where
IM; |[M| = ki explzu) + kii exp(—zu)
+ ki, exp(zu/2)Qu, + ki + k1)
+ ko exp(—zul2) 2k, + Kip + ki) + 2k{k0;
+ KoKy T Kig) + Kigkiy + Ko (12b)
and for the 4-state model
koakasks {6 exp(zu)hng + ka)
+ ki, exp(zu/2)k;
U2y + kaa) + kDakSi(kys + k)
+ kyskp{5 exp
(—zi)hys + ks)ks
+ kap) + K51 exp(—zul2)
kakaz(kis + k3y)
+ kSikDhs (ka3 + kg + kay)
. } + Keks
Ai = ZFNISS T ~ IST) Kha)} (13a)

My v
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where

M| = kT, exp(zul2){[S 1, kSalkas + kaz) + k3y(kys
+ kay + kag) + kyskaa} + Kk3) exp(—zul2X{[S 15 K54
(kg + kp3) + (kay + kp)(kiz + ka))} + [S1okSuks
(kyy + k) + kaskoa(kis + k3y) (13b)

IM3| = k%, exp(zul2{[S 15 Kutkas + ksp) + kar(kay
+ kg + kya) + kaskaal + K8y exp(—zul2){[S 15 ks
(kgy + ki3) + (kas + ka)(kis + kap)} + [S15Kakis
(kpa + kap) + kaskaa(krs + kap) (13¢)

and the voltage (exponential) terms are now in-
cluded explicitly.

Since the ratio of the sums and products of the
rate constants will always be a positive value (and
remembering that z > 0), it is clear that the sign of
the resulting difference current must depend on the
factor ([S1, — [S1). In other words, current sub-
tractions carried out under conditions in which sol-
ute concentration [or more generally, in which the
transport cycle (see above)] is modified asymmetri-
cally yields an apparent inward (negative) current
at all finite membrane potentials. As a corollary to
this conclusion, it is clear that any attempt to deter-
mine the reversal potential for a transport system
by seeking the point at which the dI-V curve crosses
the voltage axis will de doomed to failure or, worse
still, may give wholly erroneous results. These
points will be taken up in greater depth in the Exam-
ples and Discussion below.

IDENTIFYING RATE-LIMITING STEPS
IN A REACTION CYCLE

While current subtraction cannot be expected to
give meaningful transport reversal potentials when
the thermodynamic constraints on transport are af-
fected, dI-V relations are capable of providing infor-
mation as to the dominant rate-limiting reaction se-
quence(s) in the carrier cycle. 1 examine the
primary characteristics associated with dI-V curves
in this section. Additional features are introduced in
the Examples.

The most obvious characteristic exhibited by
dI-V curves relates to the relative rates of the
charge-dependent uvs. charge-independent reac-
tions. To illustrate this point it is necessary to ex-
amine the slope, or ‘‘conductance,”” of the dI-V
curve. [Normally conductance has a precise physi-
cal meaning (in simplest terms, equivalent to 1/R,
where R is electrical resistance) related to the
movement of charge through a membrane or porter.
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This meaning is lost in the context of current sub-
traction, but I shall retain the term, denoted as g,
with reference to the empirically derived relation-
ships.] Now, an important prediction of Class I
transport mechanisms (and indeed of any transport
model which shows current saturation at voltage
extremes) is the occurrence of a single or of paired
conductance maxima in the transporter conduc-
tance-voltage curve. Beilby illustrates this predic-
tion and two possible outcomes for hypothetical I-V
curves (1984, Fig. 13), and similar g-V relations can
be visualized by mentally plotting, as a function of
voltage, the instantaneous slopes for the hypotheti-
cal I-V curves published in Hansen et al. (1981, Fig.
5). The number (1 or 2) of conductance maxima
reflects the number of ‘‘bends’ in the I-V curve,
which in turn depends on the relative rates of reac-
tion steps in the charge-dependent and charge-inde-
pendent arms of the carrier cycle. In general, when
the inequality

(kg)kZi)l/Z > Kio + Koi (14)

holds, the I-V curve behaves as a simple hyperbo-
loic tangent function and gives a single conductance
maximum only; when the inequality fails (mem-
brane charge transit slow in relation to binding/de-
binding steps and uncharged carrier transit) the
slope of the I-V curve drops at voltages near the
reversal potential for the voltage-sensitive limb of
the reaction cycle (=E,, see below) and two con-
ductance peaks may be observed.

An analogous set of criteria applies to g-V rela-
tions, with the distinction that dI-V derived conduc-
tances may drop below zero when the inequality
(14) does not hold. Several of the g-V relations in-
cluded with each of the examples below exhibit this
behavior, and a formal demonstration follows. The
conductance g is obtained by differentiating Eq.
(12) with respect to Ay, and after rearranging terms
gives

_ 2N,

- Kin) ) K
J 2RT

(MM

(15a)

where |M; ||[Mj| is defined by the identity (12b) and

K = k2 exp(3zul2)k,; + 2k3kS; exp(zu)
+ exp(zu/28kG ko Bk, + Kig + ki) — ko,
+ k2{Kio + Kib) + Kokibki)} + k3 exp(—3zul
(ko + Kip + Kip) + 2exp(—zu)lkSikE, + k57
(Koi(Kio + Kiy) + Kigkiy, + K3)} + exp(—zu/2)
{2hEThE (1or + Kip + Kip) + Koico; + KoK

+ Kip) + Koikigkio)} + 4keZKE. (15b)
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Again the exponential (voltage) terms are included
explicitly for clarity. Notice that the difference in
K;, NOW carries a positive sign. When «;, and «,,; are
very small [so that (k%,k0:)"? > ki, + K, all products
of these constants drop out. Equation (15) then sim-
plifies to

ki ko explzu) .
_ PPNk, — ki) T kko! exp(—zu) + 2Kk
&= RT (ky, expl(zu/2)

o

+ k5 exp(—zu/2))* (16)

for which the ratio of the reaction constants equals %
and g = Zmax, the conductance maximum, when

RT
explzu) = kyilks, or Ay = E. = F In(kii/ki)  (17)

and goes to 0 at large positive and negative volt-
ages. Hence g .., in this case also identifies the em-
pirical ratio k§;/k3,.

The identities of Eq. (17) define the reversal
potential for the voltage-sensitive limb of the reac-
tion cycle (E., Hansen et al., 1981) and have a par-
ticular significance for dI-V relations which I take
up shortly. For the moment, they allow the axial
transformation

F
u=v+ I%—TEC, (18)

Now in the other limiting case, when «;, and «,; are
large [(kiko)'? 3 K, + k], and for potentials near
0 (v = —zFEJ/RT, or AY = E.), Eq. (15) reduces to

ki C exp(—zul2)
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where

(19b)

_ .3 2, - + +o-
C=kKut Koi(Kio + Kio) + KoiKioKio-

In this case, the ratio of reaction constant sums and
products, and hence g, equals zero when u = 0 (Ays
= E,), carries a negative sign at positive potentials
and a positive sign at negative potentials. Now, it is
the g-V inflection point which identifies the empiri-
cal ratio k5i/k,.

Current subtractions, in many cases, should
also permit an estimate for the empirical constant
k;,- For saturating negative voltages Eq. (12) re-
duces to

Ai = Ai_g = ZFN(Kjy — Kip) (20)

which, for small values of «;,, approximates the true
transporter current at saturating negative voltages,
i_sa (see Hansen et al., 1981). In this context, it is
worth noting that i, (=zFNk,;), the transporter
current at saturating positive voltages, has no
equivalent in dI-V relations. From Eq. (12) it can be
seen that at large positive voltages Aiisy = 0. A
similar set of relationships can be derived from Eqs.
(9) and (13), in which case

- kagkysksy

L zZFN k34(k24 T k|3) (2])
+ kai(kas + kaz + kaz) + kogkas

S kiskasky

R 22

+ (kgp + kas)kis + ksp)

_ _ Z’F?N(ki, = Ki) — ki, exp(zu/2)
# 2RT (IMz|[M3 1) and, for [S], = 0, the difference currents at saturat-
' (19a)  ing voltages
i kaakazks,
Aivy = — 2ukaak
Fosat aFN kyi(kas + kap + kos) + kaskas + (kailkas + ki + kos) + kaskos (23)
(15 kakay + kaa)
) kizka
Ai gy = ~2FN : 24
osat 2k kg + ki + (kiz + ks)lkas + ko) 24)
[S17k3,

Including solute binding explicitly shows that cir-
cumstances can be found in which Ai,, is nonzero.
Note that both at negative and at positive saturating

voltages the difference currents nonetheless carry a
negative sign.
It is also of some interest that Eqs. (23), (24),
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and indeed Eq. (13), include terms with [S], in the
denominator. Minor rearrangements of Eqs. (23)
and (24), and more lengthy algebraic manipulation
of Eq. (13), result in the familiar Michaelis-Menten
formulation where, in this case, Ai = —Al.[S]/
([S1, + K,..), and Al.« and K,, are sums, products
and ratios of reaction constants. It follows that dif-
ference currents measured at any one membrane
potential will behave in a ‘sensible’ and simple
Michaelian fashion, regardless of the voltage dis-
placement from E.,s. This point is, in fact, a re-
statement of the previous conclusion that in the

-300 -225 -150

Fig. 2. I-V and dI-V relations consequent on modifying a princi-
ple rate-limiting reaction. Computations with the 2-state model.
Currents in this and all subsequent figures arbitrarily scaled by a
factor of 10. (A) Parameter values for I-V curves (a) and (b) in the
inset, upper left, mimic solute addition. dI-V curve {(¢) = (b) —
(a). Inset, lower right: same curves on expanded scales. Eyaps:
—118 mV (a), 0 mV (b). Difference currents deviate from I-V
curve (b) over the entire voltage-sensitive portion of the curve.
(B) Conditions and curves (a)-(c) as in (A), but «;, raised
stepwise over one order of magnitude to mimic the effect of
varying solute concentrations. Curves: (¢) = (d) — (a), k;, = 3,
Eians = 30mV; (2) = (f) — (@), ki, = 10, Eyyns = 59. Inset, lower
right: same curves on expanded axes. (C) g-V relations (arbitrary
units) for dI-V curves (¢), (¢) and (g) in (B). The location of the
conductance peak is unaffected by changing «;,

difference currents kinetic behavior alone—now
with respect to the chemical parameters—will not
reveal the thermodynamic constraints on the por-
ter.

Examples

NUMERICAL CONSIDERATIONS

In assigning numerical values to the reaction con-
stants for each of the examples below, I have placed
no restrictions on the site(s) of energetic transitions.
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This accords with Hill and Eisenberg’s (1981) pro-
posal that such transitions may be dissociated from
solute passage through the reaction cycle. The
only stipulation was that at equilibrium the ratio of
the products of forward and reverse reaction con-
stants was equal to 1. In addition I began, by anal-
ogy to several known transporters and common ex-
perimental situations (Belkhode & Scholefield,
1969; Hajjar et al., 1970; Pall, 1971; Morrison &
Lichtstein, 1976; Giaquinta, 1980; Sanders;
1980a,b; Sanders & Hansen, 1981; Blatt et al., 1984;
Lass & Ullrich-Eberius, 1984; Ullrich-Eberius et
al., 1984; Rodriguez-Narvarro & Ramos, 1984; Ro-
driguez-Navarro et al., 1986), with the understand-
ing that [S]; is finite (if small) and that [S]; > [S], in

the absence of added solute—in other words, that .

the transport system is not irreversible at all mem-
brane potentials. Finally, for all of the examples
below the valence, z = 1. Similar results can be
obtained for higher valencies; only the voltage
spread is compressed (by the factor z).

For consistency between sets of computations,
the reaction constants for each example were
poised initially to give Einys = —120 mV and [S],
(k;, or k3s) was then increased 100-fold (Eyns = 0
mV), or more in some cases. Otherwise, as much as
possible individual reaction constants were set to
unity for ease in computation. (The absolute values
of the individual constants chosen in no way affect
the features of the resulting dI-V relations, except
as scalars; rather, it is the relative value of each
constant in relation to the others, and the manner in
which these relations change which dictate the out-
come.) Most computations were carried out with
the aid of a microcomputer. Equations (8), (9), (12)
and (13) were used to generate the I-V and dI-V
curves. g-V relations were obtained by Lagrangian
interpolation and differentiation.

SOoLUTE ADDITION MODIFIES
A RATE-LIMITING REACTION

The simplest case occurs when membrane transit of
the charged carrier is rapid compared with all other
reaction steps [(kLk2)Y? > ki, + k,]. The trans-
porter I-V relations follow single hyperbolic tangent
functions and the difference currents mirror this be-
havior below the voltage axis. The curves in Fig. 24
and 2B were calculated using the empirical 2-state
model. The ‘control’ ([S],, dotted line) and ‘plus
solute’ ([S]), dashed lines) I-V, and dI-V (solid
lines, =dashed lines — dotted line) characteristics
for each computation are shown. Under these con-
ditions Eq. (12) reduces to

99

koi
Ai = zZFN(kj — Kiy) - A (25)

+ ko

which goes to zFN(k;, — ki) and zero monotoni-
cally at infinite negative and positive membrane po-
tentials, respectively.

Two additional features are apparent in dI-V
curves described by Eq. (25). First, the half-maxi-
mal difference current, Aiy, = zFN(ki, — Kip)/2, oc-
curs when Ay = E. (Eq. 17). The peak conductance,
g max, OCcurs at this potential as well (Eqgs. (16), (17)
and Fig. 2C). E. thus establishes the axial (voltage)
symmetry for the dI-V characteristic. Significantly,
the voltage symmetry is independent of changes in
the reaction constants k;, and k,;. As a result, modi-
fying «;, (and in most cases [S],, but see below)
over a range of values yields a family of dI-V curves
which, on appropriate scaling with respect to the
current axis, are superimposable (see Fig. 2B). In
other words, the voltage displacement of the dI-V
curve is independent of the choices for S, and
((S1s — [ST).

The second feature of curves in this category
relates to the slope and spread of voltage-dependent
regions in dI-V relations. From Eq. (16), the peak
conductance reduces to

__ ZFN(Ki, — Kio)
gmax - 4RT (26)
which gives a (peak) slope conductance of zFN(«,
— k)/2(=Aiyp) per 51 mV for z = 1. The same con-
clusion can be drawn from Egs. (24)-(27) of Hansen
et al. (1981) which, together with Eq. (18) and the
axial translation
i=1-Aip_ (27)
also give the characteristic voltage displacement re-
quired to give a half-maximal displacement of the
difference current from Aip

(A¢ — E.) = 28/z (in mV). (28)

Precisely the same relationship is obtained for half-
saturating currents in the I-V characteristics (Eq.
(28), Hansen et al., 1981) and the same tests, applied
to the I-V relations, may be adopted now for the
difference currents. Hence, if g,.x approximates
Aiypp per 51 mV, Egs. (16), (25) and (26) apply and z
= 1. Higher conductances require greater charge
stoichiometries, and appreciably lower conduc-
tances imply that the initial assumption (kLk5)"2 >
K, + K, 1S not valid. Of course, these distinctions
can be made only if dI-V relations exhibit a region of
voltage sensitivity and Ai_g, is known.
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Fig. 3. I-V and dI-V relations consequent on modifying a domi-
nant fast reaction. Computations with the 2-state model. Parame-
ter values for the I-V curves (a) and (b) in the inset, upper left,
mimic solute addition. dI-V curve (¢) = (b) — (a). Inset, lower
right: same curves on expanded axes. Eys: — 18 mV (@), 0 mV
(b). Note that the difference currents match the voltage-sensitive
region of I-V curve (b) closely at potentials negative of Eip,
(compare with Fig. 2). (B) Conditions as in (A), but «;, raised
stepwise over one order of magnitude to mimic varying solute
concentrations. Subtractions carrier out as in (4) and Fig. 2B.
Curves: (a) Kig = 15 Etrans =0 l’l’lV, (b) Kip = 37 Etrans =30 mV, (C)
Ko = 10, Eyans = 59 mV. Corresponding I-V profiles omitted for
clarity. (C) g-V relations (arbitrary units) for dI-V curves (a)-(c)
in (B). E.(=0 mV) defines the negative-going inflection point and
is insensitive to changes in «;,. Secondary, positive-going inflec-

tions appear near +250 mV and are associated with the current
= k,, INCreasing k;,

minima at these potentials in (B). For «;, =
affects the voltage span of the dI-V curve noticeably, as is most
clearly evident in the small positive shift between g-V curves of

this second inflection point

compared with membrane transit of the charged
carrier [(k%k5:)"? % ki, + k,;]. Then dI-V characteris-

One additional point bears mentioning. As an
inspection of Fig. 24 and 2B shows, dI-V curves of
this type will invariably overestimate (toward more
positive potentials) the true Ei,,, when extrapo- -
lated to the voltage axis. (For a primary electro-
genic system operating to move positive charge out
of a cell the sign of the error is reversed.) Of course,

as the frue positive saturation current for the porter
decreases (i, > k,) extrapolations of difference

current relations will approach the true Eiqps.

SOoLUTE ADDITION MODIFIES
A DOMINANT FAST REACTION

The second limiting case arises when binding, de-
binding and uncharged carrier transit steps are rapid

tics can reveal a second region of negative (inward-

going) current, as shown in Fig. 3A between ca. 100
and 400 mV. Conductance-voltage relations now
cross the voltage axis, going positive to negative
with increasing (more positive) Ay, when Ay = E.
(Eq. 19). Again, E, determines the voltage symme-
try for the difference currents, and the voltage dis-
placement of the dI-V profile is largely independent
of «;, (Figs. 3B,C).

Intermediate situations, too, are easily found,
some of which are illustrated in Fig. 4A,B. A sharp
transition occurs over a narrow range of values for
the ratio r = (k;, + Ko)/(k3k5)"? when the g-V char-
acteristic passes from a simple bell shape to curves
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Fig. 4. diI-V dependence on the relative rates of charge-dependent and charge-independent transitions. Computations with the 2-state
model. Conditions as in Figs. 24 and 3A, except that &, and k;; are varied over 4 orders of magnitude as listed in the Table. dI-V (A) and
corresponding gV (B) curves show a marked transition when (k},k;;)"* = «;, + ;. Conductances plotted in arbitrary units

in which g drops below zero (see Fig. 4A,B and
Table). Numerical treatments also indicate that for »
> 1, a 10-fold increase in r is accompanied by an
increase in the conductance peak-to-peak (positive-
negative) voltage spread, s = 4u/z (see Table). In
practical terms, when r = 100 and z = 1 the princi-
ple voltage-dependent features in the difference
currents are spread over more than 600 mV.
Equations (12) and (15) and the curves illus-
trated in Figs. 2—-4 approximate dI-V behavior for
Class I transport systems as long as the carrier bulk
resides in states defined by Ny + N,. A broader
range of dI-V curve shapes can be accommodated,
however, when solute binding and debinding steps,
and additional carrier states, are included explicitly.
The remaining examples described below examine
in greater depth primarily those situations in which
k%, and k¢; (specifically, their n-state equivalents £f,
and k3;) are not large. Following Table 2 of Hansen
et al. (1981) as a guide to limiting situations, I have
selected four of the most interesting cases which
illustrate the qualitative scope of dI-V profiles be-
yond those in Figs. 2-4, and which have important
experimental implications. As will be seen shortly,
only under restricted conditions is it reasonable to
assume, as I have above, that the empirical reaction
constant «;, alone is affected by external solute
changes.
In each case, I began with the reaction con-
stants poised so that on ‘adding’ solute (and for Ay
= E.) the bulk of the carrier was distributed sym-

Table. dI-V parameter dependence on inherent rates of charge-
sensitive vs. charge-insensitive reactions®

“)

Curve kS, ko r

a 1000 0.002 —
b 10 0.2 —
c 3 0.67 —
d 1 2.0 —
<] 0.3 6.67 142
f 0.1 20 236
g 0.01 200 472
ht 0.001 2000 708

2 Data for the curves in Fig. 44 and 4B. «;,, k,; = 1 (‘plus solute’)
and &}, = k; throughout. Parameters r and 5, defined in the text,
provide convenient indices to the relative rates of charge-sensi-
tive and -insensitive carrier transitions, and to the voltage-sensi-
tive span of the dI-V relations, respectively. § was determined
here, and in all subsequent figures, by numerical differentiation

of the g-V relations.
b Curve not shown in Fig. 4.

metrically about the solute binding step. (Shifting
the carrier bulk away from the carrier states N, and
N, associated directly with membrane charge tran-
sit introduces additional states functionally into the
reaction cycle.) Then by altering subsets of reaction
constants while maintaining Ei.,s ‘plus solute’ and
the change in ki [=([S1S — [S1,)k%] constant for
each dI-V curve, it was possible to shift the carrier
distribution between selected states and thereby
construct sets of related curves. This approach had
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Fig. 5. I-V and dI-V dependence on membrane transit of the uncharged carrier. k;; and 43 increased in parallel over 2 orders of
magnitude. (A) dI-V curves with parameter values as shown in the inset, upper left. Inset, lower right: corresponding ‘plus solute’ [-V
curves. For ks; > ki4 the dI-V relations recurve toward the voltage axis at large positive potentials. [Decreasing k5 and k5, reduces Ai g
in relation to curve (a) without a qualitative change in the dI-V profile (not shown).] Note that Ai.,, and i, are affected inversely.
(B) Corresponding -V curves (arbitrary units) showing the resultant secondary inflection point (compare with Fig. 3C). No effect
either on E. or on the dI-V voltage-sensitive span (g-V maximum-minimum span § = 405 mV, between ca. —200 and +200 mV) is

evident

the effect of scaling results within each set of curves
and between sets for comparing the changes both in
I-V and dI-V relations. (The same operation was
carried out in deriving the curves in Fig. 4. It should
be recognized that the families of I-V and dI-V rela-
tions illustrated in Fig. 5~8, as in Fig. 4, are not the
consequence of sequential solute ‘additions,” but
might be observed only on introducing a third ex-
perimental dimension such as modulating trans-li-
gand concentrations.)

ProOXIMITY OF MEMBRANE CHARGE TRANSIT
TO SOLUTE DEBINDING

The outcome of parallel changes in the lumped reac-
tion constants kj; and k3; are shown in Fig. 5. In-
creasing the rate of carrier recycling (and binding/
debinding on the membrane interior) has the effect
of increasing iy, in the I-V while decreasing Ai. .
in the dI-V relations of the porter. No change is
observed either in i_g or in Ai . Since in this
case, kyy > kg and the relationship &3 > k31, ke, ka3,
[S1.k3% is retained while k3; becomes very large in
relation to [S],k3; and kys, for the porter I-V rela-
tions Eqgs. (21) and (22) reduce to

o ks
Lysw = 2FN 1+ (ks + ksg)ksy’
R k42
= 2F
s = N e (T T Farlkrs)

(29a,b)
and for the dI-V characteristic Eqgs. (23) and (24)
simplify to

ka3
1+ ks /[STHkS,’

. _ k42
Al—sat - ZFN 1+ (k43 + k42)/[S]:kg4

Ai+sa‘ = _ZFN

(30a,b)

Hence, both i_, and Ai_g remain independent of
ki; and ks, (in the former case, as long as k3 /k3 is
constant). i, increases as a function of ([S1,k%; +
k43)ks; in the denominator, and Ai. g, decreases as a
tunction of k3;/[S1,k3: in the denominator. The ra-
tios of k3, and [S1.4% have the effect of scaling the
positive saturation currents in relation to the corre-
sponding negative currents. This leads to the con-
clusion that for small values of k3; operation of the
reaction cycle in the reverse direction (clockwise) is
also affected by solute changes outside. In other
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Fig. 6. I-V and dI-V dependence on proximity of the loaded carrier to the membrane charge-transit step. ks and ky; increased in parallel
over 2 orders of magnitude. (A) dI-V curves with parameter values as shown in the inset, upper left. Inset, lower right: corresponding
‘plus solute’ I-V curves. i, and i, increase in parallel as carrier state N, is functionally removed from the transport loop, but A7,
and Ai_, are affected inversely. (B) g-V profiles (arbitrary units) for dI-V curves in (4). Note the 120 mV-positive shift in the apparent
E, and small increase in the dI-V voltage-sensitive span (§ = 405 mV (g), 450 mV ()

words, the kinetic effect of solute addition is distrib-
uted between changes in carrier cycling in both di-
rections.

From Fig. 5A and 5B it can be seen that changes
in dI-V relations are restricted to Ai. . Neither the
g maximum or minimum displacements, nor the V-
axis crossover point, are affected. In terms of the 2-
state model, the effect of a hidden carrier state,
occurring between carrier recycling and solute load-
ing, appears in the empirical reaction constants k;,
and k,; only (compare with Fig. 3). It is of some
interest, too, that the transporter in this case is
likely to exhibit counterflow or exchange diffusion
(see Sanders et al., 1984).

PrROXIMITY TO MEMBRANE CHARGE TRANSIT
OF SOLUTE BINDING

Increasing the forward and reverse reaction con-
stants k4 and k43 in concert when ky, is large results
in parallel increases in both i, and i_g, in the I-V
characteristics, but antiparallel changes in the cor-
responding currents for the dI-V curves (Fig. 64).

Formally, the effect on the difference current at
large negative potentials results from the occur-
rence of ks in both numerator and denominator of
Eq. (24), which leads to an upper limit on Ai_g, of
—zFN/2. Equation (23), however, contains k4, in the
numerator and k%; in the denominator, and thus
goes to zero as the reaction constant becomes large.

Intuitively, it can be seen that increases in &y,
and ky; shift the steady-state distribution of carrier
out of state N, and into state N;, thus effectively
eliminating the former from the loading/unloading
arm of the cycle. Under these conditions, changes
in the product [S],43, affect N, directly, leading to
so-called ‘‘transfer’” effects (Hansen et al., 1981):
changes in carrier reloading appear displaced onto
the charge-dependent limb of the reaction cycle.
These circumstances will give rise to apparent ki-
netic equivalence of chemical and electrical driving
forces (Hansen et al., 1981), observed both in pri-
mary and secondary transport processes (¢f. Ko-
mor et al., 1979; Komor & Tanner, 1980; Maloney
& Schattschneider, 1980; Maloney, 1982).

Of particular interest is the effect the reaction
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constants have on the V-axis crossover in the g-V
relations shown in Fig. 6B. Remember that for small
values of k%, and k9, this point is defined by E. (=0
mV in the example). Increasing kg and kg3 over 2
orders of magnitude shifts the inflection point by
+120 mV. Simultaneously, Ai_,,; and the g maxi-
mum rise, while Al and the g minimum decrease
in magnitude. In other words, roughly half the
change associated with the sum of the constants ks
and k3 is displaced onto the charge-sensitive limb of
the reaction cycle and leads to an apparent 100-fold
increase in the ratio of empirical reaction constants
Silkss .
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Fig. 7. I-V and dI-V dependence on loading of the solute-bound
carrier state N,. k., increased and ky; decreased over 2 orders of
magnitude. (A) dI-V curves with parameter values as shown in
the upper left. Inset, lower right: corresponding ‘plus solute’ /-V
curves. Current magnitudes at saturating voltages are affected
similarly in the I-V and dI-V relations. I-V curve (¢) indicates that
the porter is largely irreversible. (B) g-V profiles (arbitrary units)
for the dI-V curves in A. The predominant effects of loading
carrier state N, are a shift in the apparent E. (=120 mV (« to ¢))
and an increase in the dI-V voltage-sensitive span (5 = 405 mV
(a), 488 mV (¢)). (C) dI-V curves (¢, d and ¢) plotted on expanded
axes. The corresponding “plus solute’ /-V curve (dotted line) is
included for ¢ and shows the large voltage range near E,,,, over
which the difference curve departs from the I-V relation

C dI/zFN

DEBINDING-RATE-LIMITED REVERSE CYCLING

Figure 7 shows the effect of modifying the exterior
debinding step k43 inversely with the reverse recy-
cling step k4 on the current and conductance pro-
files. Increasing k4 and decreasing k43 when k3; and
k4, are small has the predominant effect of increas-
ing i_ga, Ai_sa, and the overall spread of the volt-
age-dependent regions in the I-V and dI-V charac-
teristics, while reducing i, and Ai,g,. The effects
on the currents at saturating membrane potentials
result from the presence of the products [S],k34 k24
in the denominator of i and ks ki3 in the denomi-
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Fig. 8. I-V and dI-V dependence on hidden carrier states when membrane charge transit is inherently fast. ky; varied inversely with &g,
over 2 orders of magnitude. (4) dI-V curves with parameter values shown in the upper left. Inset, lower right: corresponding ‘plus
solute’ I-V curves. The primary effect, both in the I-V and dI-V relations, of loading carrier states N5 and N, is on the currents at
saturating negative voltages. Arrangements of reaction constants which strongly favor state N, yield dI-V profiles with a negative slope
conductance only (curves ¢ and ). (B) g-V relations (arbitrary units) for the d/-V curves in (4). The apparent E, shifts by ca. 30 mV for

each 10-fold change in &;

nator of i, (Eqgs. 21, 22), and of the terms [S],4%
and k4; in the denominator ratios for both Ai_, and
Al (Egs. 23, 24).

More interesting is the increased voltage spread
of the I-V and dI-V (see Fig. 7A,B) relations which
can be understood in terms of an overall increase in
the corresponding sum of empirical constants «;, +
Kk,; relative to the charge-dependent steps {see Han-
sen et al., 1981, Table 1). Also apparent are de-
creases in the ratio k%/k{, between 1 and 0.01 as
evidenced by shifts in the inflection points for the g-
V curves in Fig. 7B. There is nothing unusual in this
situation. With k24 > [S]ok§4, k42 > k43 the carrier
merely shows a pronounced tendency to reside on
the outside of the membrane in the absence of a
transmembrane electrical gradient. The modifica-
tions imposed may be seen, in contrast to the pre-
vious examples, to raise the solute binding constant
(for a given [S],) at the expense of reverse cycle
operation. Increasing k4, in turn, affects the empiri-
cal ratios k5;/k%, and (k;, + koi)/(kSko)V2.

Qualitatively similar voltage spans are achieved
by shifting the carrier bulk between N; and N, with
appropriate weightings of &3, ky and kg (or 434);
only the midpoint, defining the empirical ratio
koi/kg, , is shifted along the voltage axis. Hence, it is
clear that taken segmentally (even over a broad

voltage span, say 250 mV, typical of studies in plant
cells and fungi) current subtractions in any of these
instances could mislead the experimenter to con-
clude that the porter operates as a current source
far from equilibrium when the E.., 1S in fact very
near (see Fig. 7C). Misconceptions of this sort can
lead to seemingly paradoxical situations when flux
and electrical data are compared, and 1 return to
this point in the Discussion.

RAPID MEMBRANE CHARGE TRANSIT AND THE
CONSEQUENCE OF HIDDEN CARRIER STATES

The circumstances described above are not the only
ones yielding dI-V characteristics which parallel the
voltage axis near E.ns. Arrangements of reaction
constants which favor carrier states N3 and N, will
show apparent negative (inward) currents at all
membrane potentials when k{, and 43, are large as
well. The I-V and dI-V curves in Fig. 8 were ob-
tained by setting these reaction constants to 10® and
shifting the carrier bulk ‘plus solute’ between states
N; + N, and N; + N4 by modifying the forward
reaction constants &5 and k4 inversely. This manip-
ulation has the effect of scaling the dI-V relations
according to Ai,, while maintaining Ei.,s constant.
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The dI-V curves show that solute ‘addition’ af-
fects operation of the transporter proportionately
less in the forward direction as carrier is shifted into
N, in the steady state. Analogous variations in the
currents at saturating membrane potentials are ob-
served when 4§, and &3, are small (compare condi-
tions for the solid curves in Figs. 54A-7A with 8A4);
but now the dI-V relations are capable of showing
little or no voltage-dependence at any membrane
potential when the solute-loaded carrier state on the
membrane exterior is heavily weighted.

Discussion

VOLTAGE SENSITIVITY AND E,, .

The most important conclusion to be drawn from
the analytical treatment and examples above is that
subtraction of steady-state I-V relations obtained
through common experimental manipulations can-
not yield meaningful transport reversal potentials
directly. Specifically, this conclusion applies to
conditions in which transport is modified asymmet-
rically with respect to reversible operation of the
porter. Subtractions can give sensible reversal po-
tentials—and dI-V characteristics which cross the
voltage axis—when treatments inactivate or func-
tionally remove transporter form the membrane.
[Amiloride inhibition has been used in this fashion

in studies of frog skin (Fuchs et al., 1977; Goudeau

et al., 1982) to extract transcellular Na* currents.
Likewise, ouabain binding to the animal Na*,K*-
ATPase, which affects charge movements in both
directions (Skou & Norby, 1979; Karlish & Stein,
1982), meets this criterion.] Kinetically, porter inac-
tivation appears as a change in the scalar N and
does not affect E.,;. Hence, the second assump-
tion of proportionally altered currents outlined in
the Introduction is met.

Difference-current-voltage relations cannot be
expected to cross the voltage axis, however, when
experimental modifications affect the net electro-
chemical driving force for transport. Such modifica-
tions include changes in transported solute (or
driver ion) concentrations on one side of the mem-
brane or, in the case of primary electrogenic
ATPases, cytoplasmic ATP/ADP ratios. To date, an
unambiguous demonstration of this point appears in
a single study of potassium-proton cotransport in
Neurospora (Blatt et al., 1984; Blatt & Slayman,
1986, and manuscript in preparation). In this case,
potassium difference relations constructed from I-V
curves gathered in the absence and presence of mi-
cromolar K* not only failed to cross the voltage
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axis at the predicted Ex_y (near —50 mV), but
showed large and increasingly negative (inward)
currents at more positive potentials. These dI-V
profiles are unmistakably of the type shown in Figs.
3 and 5. Additionally, Hansen and Slayman (1978)
have noted that dI-V curves for H*-glucose cotran-
sport in Neurospora failed to extrapolate to sensible
reversal potentials and, analogous to the fungal K*-
H* porter, Beilby (1984, and personal communica-
tions) has observed that dI-V characteristics for the
Chara proton pump consistently show increasingly
positive (outward) currents at membrane potentials
negative of —300 to —350 mV.

Apart from these observations, dI-V relations
both for primary and secondary transport systems
have generally revealed nothing unusual, presum-
ably because the reversal potentials expected in
most instances were situated well negative (Grad-
mann et al., 1978; Hansen et al., 1981) or positive
(Walker et al., 1979; Felle, 1980, 1981a, 1982;
Beilby & Walker, 1981; Sanders et al., Johannes &
Felle, 1985) of the voltage ranges accessible to elec-
trophysiological examination. Frequently, some de-
gree of voltage dependence has been deduced from
the difference currents, and extrapolating such
curves to the voltage axis has often enough revealed
‘reasonable’ reversal potentials. In retrospect, how-
ever, such estimates must be treated with caution;
reversal potentials obtained by this means are likely
to be in error by tens, or perhaps hundreds of milli-
volts, even when voltage spans include a region of
true voltage insensitivity. As a corollary to this
point, it must be concluded, too, that dI-V relations
which clearly cross the voltage axis (Roy & Okada,
1978; Beilby, 1984; Kishimoto et al., 1984; Ta-
keuchi et al., 1985) include spurious currents from
other membrane processes also affected by the ex-
perimental treatment.

Equally uninformative are situations in which
the transporter appears to behave as a current
source across the available voltage spectrum (Han-
sen & Slayman, 1978; Felle, 1981a,b, 1982; Sanders
et al., 1983; Johannes & Felle, 1985). Difference
current relations are readily derived which roughly
parallel the voltage axis, over spans of 200 mV or
more, precisely in the region of the true E,.,,, (cf.
Figs. 3, 4 and 7). (Much broader regions of apparent
voltage insensitivity are possible, too, if some de-
gree of asymmetry is introduced into the Eyring
barrier, so that e.g. ky; = k{, exp(dzu) and ky =
k31 exp((8 — 1)zu), where 0 < 8 < 1.) Furthermore,
as rearrangements of Eqs. (13), (23) and (24) show,
difference currents exhibit simple Michaelian kinet-
ics with solute concentration at all membrane po-
tentials. Thus, without complementary data from
flux and biochemical (Hansen & Slayman, 1978) or
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ion-sensitive electrode (Blatt et al., 1984; Rodri-
guez-Navarro et al., 1986) measurements, such fea-
tureless dI-V relations cannot be taken to indicate
that the porter operates far from equilibrium.

CHARGE STOICHIOMETRIES
AND CHEMICAL FLUXES

Difference current relations can also give rise to
charge stoichiometries which vary with membrane
potential, or to flux and electrical measurements
which do not agree at all. A case in point is the H*-
glucose transporter of Neurospora. Hansen and
Slayman (1978) observed that the influx of glucose
dropped 20-fold under depolarizing conditions, de-
spite the difference currents which, near 0 mV, indi-
cated that sugar uptake should have been reduced
by no more than 50% compared with measurements
carried out in the normal potential range of —150 to
—200 mV. A certain estimate of the E.,s was not
possible in this instance (although it undoubtedly
was situated positive of 0 mV), but similar studies
with the nonmetabolizable analog 3-0-methyl glu-
cose showed surprisingly little change in the dI-V
relations as the solute accumulated in the cells.

Both sets of observations are most likely mani-
festations of the same problem: near E,,,, differ-
ence currents deviate from the true I-V characteris-
tic for the porter. Difference current relations for
glucose transport (Figs. 2 and 3, Hansen & Slay-
man, 1978) are readily accommodated by curves of
the sort shown in Fig. 7 above, which would ac-
count also for the paradoxical drop in flux measure-
ments at low potentials compared with the differ-
ence currents. Likewise, dI-V relations are easily
reconstructed for 3-0-methyl glucose transport to
give comparably long regions of voltage sensitivity.
The curves in Fig. 9 have been scaled to give cur-
rents at ca. —40 mV equivalent to those for 3-0-
methyl glucose transport shortly after solute addi-
tion. Eg.,s values in the fitted I-V curves are
comparable to those Hansen and Slayman esti-
mated from tracer flux measurements. Extrapolat-
ing the fitted dI-V curves also overestimates Eiys,
as was concluded for the experimental curves. [The
small discrepancies apparent between modeled and
experimental dI-V curves are consistent with the
linearizing effect of point-clamping cylindrical cells
(Smith, 1984).]

By the same token, charge stoichiometries de-
termined near E. .. are likely to overestimate the
true charge/chemical flux ratio. Subtracting cur-
rents over a broad voltage range may ensure, if the
principle features of the dI-V characteristic can be
determined, that the flux conditions chosen are suffi-
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Fig. 9. Published and fitted dI-V curves for 3-0-methyl glucose
transport in Neurospora. Heavy solid lines: data from Hansen
and Slayman (1978, Fig. 5) redrawn for 0.5 and 2.5 mm 3-0-
methyl glucose 30 sec after sugar additions. Light solid and
dashed lines: fitted dI-V curves. Also shown is the ‘plus solute’
fitted I-V curve for the upper set of difference current relations.
Eans fitted and experimental (estimated), respectively: upper
curves, +30 and +35 mV; lower curves, +69 and +76 mV.
Values for the 4-state reaction constants ‘minus solute’: k9, =
0.3, k3 = 3, ki3 = 200, ky; = 100, kyy = 50, ks = 0.05, k3y =
0.0001, ks = 0.002; ks (“plus solute’) increased to 0.03 for the
upper I-V and dI-V curves, and to 0.15 for the lower dI-V curve
before scaling to the experimental data (scale factor, N = 1078
mol m~?%)

ciently removed from equilibrium that /-V and dlI-
V characteristics coincide. The alternative of volt-
age clamping at a single potential throughout
experimental manipulations (Jung et al., 1984)
avoids this problem, but the resultant currents can-
not be compared directly with chemical flux mea-
surements obtained from nonvoltage-clamped cell
suspensions. In practice, determining charge stoi-
chiometries over a range of solute and/or driver ion
concentrations provides a test against possible er-
rors introduced by current subtractions (Rodriguez-
Navarro et al., 1986).

EXTRACTING EMPIRICAL CONSTANTS
FROM EXPERIMENTAL DATA

Despite these cautionary notes, difference current
relations can reveal considerable information about
the kinetic properties of a transport system. The
primary characteristics exhibited by dI-V curves
have direct counterparts in their parent I-V curves
in association with all four empirical reaction con-
stants (Eqs. (12), (14)-(19), (25)~(28)). Two features
only distinguish difference current relations. The
first, relating to transport reversal potentials dis-
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cussed above, implies that the products of forward
and reverse reaction constants cannot be equated.
The second is that subtraction alone cannot yield a
value for the voltage-saturated current associated
with reverse operation of the porter, «,; (or x;, in the
case of primary transport systems). To obtain ;,,
conditions can be chosen for which Ai_g, closely
approximates i_g,, but the remaining empirical con-
stants are extractable in parameter ratios only. As a
result, values for k%, k;, ., and E,.,,; must be re-
solved by statistically optimizing sets of dI-V
curves obtained under well-defined conditions (cf.
Gradmann et al., 1982).

Current subtractions, however, will implicate
contributions from hidden carrier states, which be-
come apparent in nonzero difference currents at
saturating potentials for reverse cycle operation
(Figs. 5-8 and accompanying discussions). This
fact is particularly important since carrier distribu-
tions involving hidden states removed from the V-
N, transition are likely to distort severely the appar-
ent energy input associated with membrane charge
transit. These circumstances are accommodated by
“‘upgrading’’ the model to include additional carrier
states, and by introducing new data such as might
be obtained through variations in trans-ligand con-
centrations (cf. Requena, 1978; Komor et al., 1979;
Sanders & Hansen, 1981; Beilby, 1984).

One important proviso applies to current sub-
straction and its analysis. Current measurements
must be carried out over a broad enough voltage
span to reveal the dominant features in the dI-V
relations. There is no hard and fast rule in this case,
but some guidelines can be set based on the exam-
ples outlined above. Practically speaking, at least
one region of voltage-saturated current and the E,-
associated conductance peak (or inflection point)
are needed to establish the relations between reac-
tion constants. Limiting spans for the voltage-de-
pendent regions of the curves thus dictate a mini-
mum sampling range near 300 mV if univalent
transport processes are to be examined, but this
value escalates rapidly when the possibility of slow
membrane charge transit is taken into consider-
ation.

Perhaps a better measure is gained from the
studies already alluded to in this paper. Then sam-
pling ranges of 300 mV, including the physiological
voltage spectrum, are clearly too short and spans of
400 mV marginal only. Extending the voltage limits
achieved experimentally is probably not a serious
problem, however. Recent technical advances have
enable routine examinations of I-V (and dI-V) pro-
viles in Chara (Beilby, 1984) and Neurospora (Blatt
et al., 1984; Blatt & Slayman, 1986) over membrane
potentials between —400 and +100 mV. Equivalent
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voltage spans have also been attained in at least one
higher plant cell type (Blatt, 1986), and there is good
reason to believe future studies will meet with a
similar degree of success.

I first realized the significance of subtracting currents in puzzling
over dI-V curves for potassium transport in Neurospora. I am
indebted to Dale Sanders (York) and Clifford Slayman (Yale) for
introducing me to the kinetic model. My special thanks, also, to
Mary Beilby for her enthusiasm, and to E.A.C. MacRobbie and
to my wife for their patient support while I was preparing the
manuscript.
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