]
A novel method for the observation of membrane
transporter dynamics

Lyle W. Horn
Department of Physiology, Temple University School of Medicine, Philadelphia, Pennsylvania 19140 USA

ABSTRACT A new method is proposed for measuring the dynamic properties of a membrane transporter by means of steady-state fluxes.
Any voltage-sensitive transporter will give a flow of substrate in the presence of a steady-state periodic membrane potential. The periodic
steady-state flow, averaged over one period, is a flux that can be measured by traditional steady-state techniques, such as the
radioactive tracer method. The average flux, solely due to the periodic field, is described by a set of Lorentzian functions that depend on
the applied periodic field amplitude and frequency. The normal mode amplitudes and frequencies of these Lorentzians are model-inde-
pendent parameters of the transport mechanism. Measurement of the average flux as a function of the applied periodic frequency
permits determination of system relaxation times as the reciprocals of the midpoints of the Lorentzian curves, which in turn can be used
to estimate individual rate constants of specific models.

It was found by simulation of a six-state model of the electrogenic Na™* /glucose cotransporter, using published estimates of the model
rate constants, that the periodic field effects can be large and rich with measurable details that can be used to study the mechanism
thoroughly. The new method serves in this case to complement and expand on the information obtainable by means of the voltage
clamp method. It was also found by means of simulations of a nonelectrogenic six-state cotransporter model that experimentally
measurable effects are expected and that results can be used to distinguish among alternative kinetic models as well as to estimate
individual rate constants. The range of dynamic information available with this method is not accessible by voltage clamp or other

pre-steady-state methods presently in use.

INTRODUCTION

How can we obtain dynamic information about a me-
diated transport mechanism? Eigen and DeMaeyer (1)
pioneered the application of perturbation theory to
chemical reaction kinetics as a means for obtaining indi-
vidual rate constants of complex kinetic mechanisms.
Liuger’s group (2) applied Eigen’s concepts to ion car-
riers in cell membranes and pointed out that in principle
there is sufficient information in the amplitudes and
time constants of relaxation data to determine all the
rate constants of a transport mechanism. They focused
on time-dependent relaxations of the transporter and rec-
ognized that experimental data may not have sufficient
resolution to identify all of the characteristic time con-
stants of a mechanism. Recent theoretical articles (3, 4)
have shown how transport relaxation data of limited
time resolution might be analyzed in terms of rate equa-
tions simplified by assuming that only one or two reac-
tion steps are much slower than all others. The approach
at best can yield information only about those rate-con-
trolling steps. The analysis is limited to O-frans condi-
tions, and the key assumptions may not be applicable in
many systems. The most common method for measur-
ing transporter transients is the voltage clamp technique.
Many transporters may not be electrogenic, may not ex-
press in either their native cells or in model cells to levels
sufficient for good electrical signal to noise ratios, or may
have relaxation times that are too short for detection.
Alternative methods for studying transporter dynamics
are desirable that can complement or extend transient
current measurement techniques. This article presents
one alternative that may have broad application and
may be easier to apply than the traditional voltage clamp
method.

The new method requires only steady-state transport
measurements, admitting use of even the inherently
slow but easily applied tracer flux experiment. The trans-
porter need not be electrogenic, but it is required that at
least one step of the mechanism be sensitive to the mem-
brane potential. Voltage sensitivity of nonelectrogenic
systems may be due to high-field access sites for substrate
binding or the existence of a dipole moment that changes
with the conformation of the integral membrane protein
(5, 6). The essential concept of this new approach is that
the steady-state transport rate should be a function of the
frequency of an applied, periodic membrane potential
(6). Measured frequency response functions are charac-
teristic of the mechanism, model independent, and can
be used to determine all individual rate constants of spe-
cific kinetic models. It should be emphasized that, theo-
retically, the information contents of a pre-steady-state
experiment and a frequency response experiment are
identical. However, the frequency response method may
yield superior results for some preparations. This work
seeks to show that useful new information can be ob-
tained with the method even for the extremely difficult
case of a nonelectrogenic system and that such data can
serve to both discriminate among very similar transport
models and to define a specific one.

THEORY

General kinetics

Assume that we have a general transport mechanism
with N different states of the transporter and M different
substrates. Denote the probability of occurrence of any
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transporter state i by the mole fraction of that state C,.
The time dependence of carrier state probabilities is de-
scribed by the set of N first-order differential equations:

—kC), i=1,..., N, i#j, (1)
where Ci denotes the first derivative of C, with respect to
time, and k;; is either a true first-order rate constant or a
pseudo-first-order rate constant formed by subsuming
substrate concentration for the transition from state / to
state j. Application of the principle of conservation of
transporter reduces Eq. 1 to N — 1 equations of the gen-
eral matrix form (2):

. N-1
C+ 2 ACe=0Q;, i=1,...

k=1

s N—1, (2)

where the coefficients 4, and the inhomogeneous terms
Q, are functions of only the rate constants k;. General
analytic solutions of Eq. 2 are not possible, and numeri-
cal integration forward in time is extremely difficult and
often not feasible. This article focuses on periodic steady
states in which the general time-dependent form of Eq. 2
must be satisfied but where integration is not needed.

Any voltage-sensitive step of a transport reaction can
be represented as an equivalent charge displacement
through some fraction of the membrane dielectric (2, 5).
The rate constant for a voltage-sensitive step is then ex-
pressed as:

ki = kS exp{—Z;F¥,/RT}, (3)

where Z; is the equivalent charge displaced through
some fraction of the membrane dielectric for the transi-
tion from state i to state j, ¥, is the membrane potential,
k9 is the value of k;; when ¥, = 0, F is Faraday’s con-
stant, R is the universal gas constant, and 7 is the abso-
lute temperature.

It is assumed that the cell has a stable resting mem-
brane potential in the absence of any applied periodic
voltage that will be referred to as the “resting” or “DC”
potential, ¥. It is assumed that a periodic potential of
amplitude ¥, and frequency w can be superimposed
experimentally. Solution of Eq. 2 will yield the state prob-
abilities C; as periodic functions of «w and ¥, from
which fluxes can be calculated. The steady-state flux,
averaged over one period, will be a time-invariant quan-
tity that is also a function of w and ¥, (7). Measure-
ment of such fluxes as a function of w can be compared
with frequency responses predicted for specific kinetic
models to evaluate the feasibility of the model and to
estimate rate constants. Combined with DC steady-state
experiments, in which fluxes are measured as functions
of ¥, and substrate concentrations, the dynamic exper-
iments could yield reliable definitions of kinetic mecha-
nisms in terms of the rate constants.

The range of dynamic experiments that is possible is
large because frequency responses can be determined at
different substrate concentrations and ¥p.. Varying
substrate concentrations will affect pseudo-first-order
rate constants only, whereas varying ¥ will affect only
voltage-sensitive rate constants. The frequency response
will depend on all rate constants, so systematically vary-
ing a few at a time permits a sorting out of the reaction
steps and more reliable estimates of specific constants
under optimal conditions.

Application of theory

Astumian and Robertson (7, 8) analyzed cyclic reac-
tions having an arbitrary number of states and utilized a
small amplitude approximation to reach some powerful
conclusions with practical application. The small ampli-
tude approximation is that:

|ZijF‘I’AC/RT| = l%‘| <L 4)

The general periodic steady-state solution of Eq. 2 can be
expressed as a Fourier series whose coefficients are func-
tions of the «;;. If the «;; are small, then expansion of the
Fourier coefficients in powers of «;; permits all terms of
the expansion of power > 2 to be ignored. This quadratic
approximation will preserve most of the inherently non-
linear properties of Eqs. 2 and 3. The small amplitude
restriction is not severe. The flux, averaged over one pe-
riod, must be an even function of «;; (8) so that the first
neglected term in the quadratic approximation would be
proportional to a;} /64, whereas the quadratic term
would be proportional to a?/4. Thus, if the largest | o]
were 0.9, then each neglected term of the series expan-
sion would be <7% of the quadratic term. It should be
noted that Eq. 4 is independent of the DC resting poten-
tial and that the Z; are unknown parameters that must
be determined experimentally. It is not possible to know
in advance whether Eq. 4 is satisfied during a frequency
response experiment. The point can be checked directly,
however, because the amplitude of the frequency-depen-
dent part of the response must be proportional to ¥3,
(8)1f Eq. 4 holds. Such experiments also could be used to
estimate the Z;; (9).

The most important general conclusion derived from
the small amplitude approximation is that the average
flux from state i to state j, as a function of frequency, can
be described by a sum of Lorentzians (8):

N-1
Jy=J§ + 21 { B/ [l + (w/w)?1}, (5)
k=

where Ji¥ is the average flux when the applied frequency
w is infinite, B;;, are normal mode amplitudes propor-
tional to W3 that depend on the kJ and Z;;, and the w,
are the characteristic (or normal mode) frequencies of
the mechanism determined solely by the k. The w, are

the eigenvalues of the coefficient matrix whose elements
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are 4; in Eq. 2 (2, 5) and are the reciprocals of the relax-
ation time constants that might be detected in a pre-
steady-state experiment. The B;;, are determined from
the row and column eigenvectors of the unitary diagona-
lization matrix for 4;; and the forcing functions Q; (8).
This conclusion is independent of any specific kinetic
model so that Eq. 5 can be applied legitimately to any
frequency response experiment satisfying the small am-
plitude restriction. The w, and B, are general parame-
ters that can be measured at different substrate concen-
trations and ¥p’s. The number of normal modes that
can be detected in any experiment will depend on the
amplitude of each and the sensitivity of the flux measure-
ments. However, unlike the pre-steady-state approach,
this approach is independent of the instrumental time
resolution because all fluxes are measured in the steady
state. This report deals only with unidirectional isotopic
tracer influxes, for which Eq. 5 is applied to the product
release step of the mechanism.

The calculations in this article present the extra
steady-state tracer influx in the presence of a periodic
voltage as a percentage of the tracer influx at the DC
resting potential (when both ¥, = 0 and w = 0):

Fyj = 100[J (Wac # 0)/J5 (¥ac = 0) — 1] (6)

It is easier to check the order of magnitude of the AC
effect and to judge whether it can be measured reliably
using Fj;, and the magnitude range for the AC effects in
terms of F; will be the same for all possible experimental
conditions. A decision about the significance of an AC
effect can then be based on the accuracy with which the
DC flux can be measured. F;; < 0 indicates that the peri-
odic field inhibits influx relative to the DC state, whereas
F;; > 0 indicates stimulation.

FREQUENCY RESPONSE OF A SIX-STATE
TRANSPORTER

The electrogenic intestinal Na*/glucose transporter is
simulated first, using the model and rate constants re-
ported by Parent et al. (10) to show that the new method
can yield interesting and measurable results when ap-
plied to a well-known system. Then results are presented
for a nonelectrogenic system to demonstrate the kinds of
experimental data to be expected for a mechanism in
which measurement of transporter current transients
could be extremely difficult. A Fortran program was
written to generate the small amplitude solutions of Eq.
2 according to the algorithm of Robertson and Astumian
(8). The series expansion was taken to order 2. The key
step in the program involves the determination of the
eigenvalues and eigenvectors of the coefficient matrix
A;. The flux frequency response can then be calculated
directly from Eq. 5. Successful calculations require that

the eigenvalues be determined to =60 bit precision be-
cause the matrix A; can be extremely stiff due to the
large magnitude range of rate constants to be expected.

The computer program was tested in two ways. First, a
simple four-state model was simulated. Program results
were compared at each step of the algorithm with results
of a manual calculation. The two calculations agreed to
at least four significant figures. Second, the simulations
of Liu et al. (11) of a four-state representation of the
Na/K pump were reproduced to establish confidence
that the implementation of the solution algorithm is
equivalent to that of Astumian and collaborators. The
reliability and accuracy of the small amplitude approxi-
mation was checked by comparing steady-state fluxes
predicted by this method with those determined by nu-
merical integration forward in time of Eq. 2. The peri-
odic steady-state fluxes so predicted agreed to better than
10% when the parameter « was 0.5.

Case 1: the intestinal Na*/glucose
electrogenic cotransporter

Advantage has been taken of the high levels of expres-
sion of the rabbit intestinal Na*/glucose cotransporter
in X. laevis oocytes to observe transporter transients us-
ing electrical recording of transporter currents following
voltage-clamp steps (12). Only one transporter relax-
ation could be detected due to a large capacity transient.
The time constant ranged between 5 and 20 ms, depend-
ing on the ¥_ . Transients could only be observed in the
absence of the a-methyl-D-glucose (AMG) substrate.
These experiments provided the first direct measure-
ments of Na/glucose transporter transients and valuable
information about the system time scale, although they
were of limited scope and results could not be used for a
deduction of system rate constants. However, careful use
of both steady-state and transient data led Parent et al.
(10) to propose a preliminary six-state transport model
with rate constants for each state transition. The model
can reproduce the transient data fairly well. It assumes
that both Na ions bind before AMG, with mirror sym-
metry. The first Na binds extremely fast, so that the two
first-order Na association steps can be combined into
one second-order step. External Na binding and translo-
cation of the empty carrier are voltage sensitive. The
model is electrogenic.

The model of Parent et al. (10, 12) was used to simu-
late the frequency response of radioactive tracer AMG
influx. Their model is presented in Fig. 1. The number of
eigenvalues, w,, for this model is seven, including two for
the tracer steps. Fig. 2 shows the predicted frequency
responses of tracer AMG influx for DC steady-state ex-
perimental conditions similar to those used to derive the
preliminary model. The first point to note is that the
magnitudes of the responses are large and easily mea-
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FIGURE 1 Six-state model of the intestinal Na* /glucose cotransporter
(Case 1) as defined in Fig. 2 of Parent et al. (10). The notation con-
forms to this work. True rate constants at ¥ = 0 are specified next to
each state transition. The (1, 6), (2, 5), and (3, 4) transitions are
inward translocations. The voltage sensitivity parameters and all but
two rate constants were taken directly from Parent et al. (10). The
reported rate constants do not satisfy detailed balance, so k3, was de-
creased 10-fold and k% was reduced from 10 to 2.19 s~'. Rate con-
stants on the trans side of the membrane were chosen for adjustment to
ensure detailed balance because their published values have no direct
experimental support and only 0-trans experiments were reported and
simulated. The Na association rate is proportional to [Na}?2, so that the
pseudo-first-order rate constant for this step would subsume this factor.
It should be noted that the presence of a tracer of AMG requires the
introduction of two additional states (7 and 8) to the diagram that are
labeled with tracer. However, all true state transition rate constants for
the tracer steps are identical to those for the native substrate. The tracer
state connections are (2, 7), (7, 8), and (5, 8), which correspond to the
unlabeled state connections (2, 3), (3, 4), and (5, 4). The usual as-
sumption is made that the frans concentration of tracer AMG is zero.

sured. Depolarization enhances the response (Fig. 2 4).
None is observable at ¥, = =50 mV., At ¥pc = 0 mV,
only one term in Eq. 5 would be required to describe the
frequency response, with a normal mode frequency of
1.1 Hz (time constant 148 ms). Responses at +20 mV
would require at least three normal mode frequencies in
Eq. 5, namely 0.6, 7.1, and 17.8 Hz (time constants 249,
22.4, and 8.9 ms, respectively), whereas at ¥ = +50
mV the three normal mode frequencies would be about
the same as at +20 mV but the amplitudes would be
increased.

The effects of external AMG and Na concentrations
are shown in Fig. 2, B and C. Very large amplitude re-
sponses are seen at low substrate concentrations. When
external AMG is 0.1 mM (Fig. 2 B), which is similar to
the K, , for these conditions (12), three normal modes
are needed for Eq. 5 at 0.6, 3.8, and 218 Hz. Lowering
AMG to 0.01 mM has little effect on the normal mode
frequencies but enhances their amplitudes greatly. A sim-
ilar pattern occurs when only external Na concentration
is varied (Fig. 2 C). When the Na concentration is about
one-half the Na X ,, (12), three normal modes might be
observed at 0.6, 6.9, and 11.9 Hz, whereas reducing Na
further serves mainly to increase the magnitudes of the
normal modes.
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FIGURE 2 Frequency responses of the Na*/glucose cotransporter
model (Case 1) as specified in Fig. 1. The extra influx of tracer AMG
due only to the periodic field is presented as a percent of the DC influx
(Eq. 6). The frequency scale is logarithmic and is common to all three
graphs. O-trans substrate concentrations apply in all cases. ¥, (32
mV ) was chosen 50 that | a;{ mex = 0.9 (Eq. 4). Absolute influxes in the
absence of a periodic electric field (DC influxes) were calculated assum-
ing 5 10'® carriers/oocyte and a surface area of 0.01 cm?/oocyte ( 10).
DC influxes are given for reference below and serve to define the 100%
and 0% points of each curve. (4) Effect of the ¥ for the conditions:
[Na], = 100 mM, [AMG], = 1.0 mM. Proceeding from lowest to
highest ¥, the absolute DC influxes would be 16.3, 11.5,7.3,and 1.7
pmol/cm? s, respectively. (B) Effect of [AMG], for the conditions:
¥pe = 0, [Na], = 100 mM. Proceeding from lowest to highest
[AMG],, the absolute DC influxes would be 0.9, 5.5, and 11.5 pmol/
em? s, respectively. (C) Effect of [Na), for the conditions: ¥p = 0,
[AMG], = 1.0 mM. Proceeding from lowest to highest [Na},, the
absolute DC influxes would be 1.0, 5.7, and 11.5 pmol/cm? s, respec-
tively.
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FIGURE 3 Six-state ordered binding model for substrates S and G.
S-first binding with mirror symmetry is illustrated, but order and sym-
metry of substrate binding were varied (cf. text). True rate constants at
W¥pc = 0 are given next to each state transition arrow. Any changes of
rate constants are itemized in text. Step (1, 6) represents the inward
translocation of empty carrier and step (3, 4) represents that of fully
loaded carrier. The voltage sensitivity parameters Z; are specified for
each specific case. Two extra states were introduced to account for the
tracer of G, with state connections appropriate to each case. The trans
concentration of the tracer of G was set to zero.

Nonelectrogenic six-state models

The kinetic mechanism is summarized in Fig. 3. It could
represent an ordered binding cotransport system. Let the
charges of substrates S and G be equal and opposite and
the net charge on the transport protein be zero. Four
variations of the model are possible based on substrate
binding order and symmetry. This model is an extreme
case where we might expect voltage effects to be mini-
mal. It could not be studied in the DC steady state by
observation of whole cell patch-clamp currents, and
transient currents might be too small to distinguish from
noise. The isotopic tracer flux method is the most feasi-
ble for measuring transport by this system. It is assumed
that the translocation rate constants for the influx and
efflux are equal and that the internal and external bind-
ing steps are symmetric when ¥,, = 0. Translocation or
substrate binding rate constant asymmetry can arise in
this model when the resting ¥, # 0, whereas different
cis and trans substrate concentrations will produce
asymmetry in the pseudo-first-order substrate associa-
tion rate constants regardless of the V..

Rate constants shown in Fig. 3 were chosen to satisfy
detailed balance and to ensure that substrate binding
steps would be fast relative to membrane translocation
steps. The translocation rate constant for the fully loaded
carrier (k%,) was set much higher than most reported
transporter turnovers. However, predicted normal mode
frequencies can be adjusted by simple scaling if trans-
porter turnover is slower and if all rate constants can be
scaled uniformly. Rate constant scaling will have no ef-
fect on the predicted normal mode amplitudes. The
magnitude of Z was chosen to be small when compared
with highly voltage-sensitive structures such as a Na*

channel gate with an effective charge parameter of +6
(13). The magnitude of Z is unimportant when consider-
ing the frequency response since only the product Z ¥,
will affect the response magnitude. If Z is very small,
then the periodic voltage signal can be made as large as
the experimental preparation will tolerate to obtain a
Z ¥ ¢ product that will produce a measurable response.
The magnitude of Z is important primarily in determin-
ing the effect of the DC resting potential on the rate con-
stants.

Case 2: rapid equilibrium, ordered
substrate binding

Rapid substrate binding is the traditional assumption of
transport kinetics, although it has been questioned fre-
quently in recent work (3, 4, 10, 14). Because only
membrane translocation is “‘slow,” we might experimen-
tally observe only one normal mode frequency in the
Lorentzian expression for the flux. All other normal
modes would have very small amplitudes. The simula-
tions support this prediction.

This case does not require the full power of the general
analysis because it can be reduced to a simple two-state
model provided the rapid equilibrium approximation is
valid on the time scale of all experimental frequencies.
Define the substrate equilibrium association constant
for step ij (K,) in terms of the true second-order rate
constant for substrate association rather than the
pseudo-first-order rate constant. Then Eq. 2 can be re-
duced to a single equation governed by a single time
constant, or normal mode frequency w,, given by a
model-specific expression that is the sum of two indepen-
dent terms (w, = f + r). f is a function of c¢is concentra-
tions only, whereas r is a function of trans concentra-
tions only. It is instructive at this point to show substrate
concentrations explicitly. The expression for the case of
S-first binding with mirror symmetry (Fig. 3) is:

SoGo SinGin
k16 + k34—'— k61 + k43
KK, KK )
w), = 3
p4 o148 |y Saf) G
K, K, K, K

where S, and G, are the extracellular and S,, and G,, are
the intracellular substrate concentrations. Expressions
for the other three models can be obtained by inter-
changing the substrate concentrationsin for rin Eq. 7 as
appropriate. This result is independent of the small am-
plitude approximation and is equivalent to that of
Wierzbicki et al. (4), although it is more general because
it accounts for trans substrate effects and two substrates
rather than only one. Eq. 7 can be used to predict directly
the pre-steady-state relaxation time or the normal mode
frequency for a periodic steady-state experiment, regard-
less of the amplitude of the applied electric field or which
state transitions are voltage sensitive.
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It is possible to estimate all translocation rate con-
stants for any of the four rapid equilibrium models sim-
ply by varying cis and trans substrate concentrations be-
tween extreme limits (0 or co ) and measuring w, for each
condition. Four extreme limits of w, are possible, three
of which are linearly independent. Measurement of any
three w, and application of detailed balance will yield the
four-rate constants. The fourth extreme w, could be
measured as a reliability check.

Case 2a: rapid equilibrium, ordered substrate

binding in which only the membrane

translocation steps are voltage sensitive

The normal mode frequency for each of the four alterna-
tive models is easily predicted for the periodic steady-
state experiment using the small amplitude approxima-
tion. Applying Eq. 6 of Astumian and Robertson (7) to
Eq. 7, the normal mode frequency for Case 2a is given
by:

w, = [f, exp(—Z F¥pc/RT)
+ 17, exp(+Z F¥pe/RT)]: In(a), (8)

where I,(a) is the modified Bessel function of the first
kind of order zero and « is defined in Eq. 4. w, will have a
quadratic dependence on ¥, when a < 1 since Iy(a) ~
1 + «?/4 (7, 15). f, and r, are model-specific expres-
sions for fand r evaluated at ¥ = 0 and correspond to
those in Eq. 7 for S-first binding with mirror symmetry.
An expression for the normal mode amplitude could
also be written but little can be learned from it due to its
algebraic complexity.

It can be shown by application of Eqs. 8, 17, and 36 of
Astumian and Robertson (7) that the extra influx (Eq.
6) at infinite frequency, F,, is 100[f,(a) — 1]. This
limit can change only if ¥, is changed. F, is the same
for each of the four alternatives. Since F_ is positive
definite, it follows that an AC field will always stimulate
influx at high frequencies for Case 2a. This simple result
also means that the charge parameter Z can be deter-
mined easily by measuring F_ as a function of ¥ ..

Curve A of Fig. 4 shows a typical frequency response
for the rapid equilibrium model. It was calculated using
the general algorithm. All computations for this case
gave seven normal modes but only one normal mode of
significant magnitude whose frequency was within 14%
of that predicted by Eq. 8. All simulations of the four
rapid equilibrium alternatives for Case 2a gave curves
qualitatively similar to curve A, having the same high
frequency limit as predicted. Differences among models
are quantitative only, including differences in w, and the
low frequency limit of the extra flux. The latter is sensi-
tive to all variables that are under experimental control.
Its magnitude range was +20% of the DC flux. Low fre-
quencies may either inhibit or stimulate influx relative
to the DC influx, depending on experimental conditions.
Quantitative differences in low frequency limits also
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FIGURE 4 Frequency responses of six-state, electroneutral, ordered
substrate binding models. The extra AC influx of tracer substrate G due
to the AC field (Eq. 6) is plotted as in Fig. 2. ¥, was chosen in each
case so that |a| = 0.9 (Eq. 4). Substrate concentrations for all cases are
the same: [S], = 100 mM, [G], = 0.02 mM, [S);, = 0, [G];n = O.
(Curve A) Case 2a. S-first, rapid substrate binding, mirror symmetry,
only translocation steps are voltage sensitive. The charge parameter
Zg=2Zy=Zand Zyy=Zg =—Z. Allother Z;=0.Z=0.5, ¥, =45
mV, and ¥ = 0. (Curve B) Case 2b. S-first, rapid, voltage-sensitive
binding of only extracellular substrate G. Translocation steps are volt-
age insensitive. The charge parameter Z = Z,; = —Z,,. All other Z;; =
0. Z =0.25, ¥,c = 90 mV, and ¥ = 0. (Curve C) Case 3. S-first
binding, mirror symmetry, “slow” G binding. Only translocation steps
are voltage sensitive, and the charge parameters are defined as in curve
A Voe=45mV and ¥ = —45 mV.

arise among the four alternative models for the same
experimental conditions. Deviations of a specific model
from experimental data should be detected most easily at
low frequencies.

Case 2b: voltage-sensitive, S-first, ordered

rapid binding with mirror symmetry in which
membrane translocation steps are not voltage
sensitive

A rapid equilibrium condition is not strictly possible for
this case because the binding could be slowed signifi-
cantly by the applied field. Extracellular G' binding is
assumed sensitive to ¥,,. Only the equilibrium associa-
tion constant K, would be voltage-sensitive in this case.

If we let the system be rapid equilibrium in the ab-
sence of a periodic field, then the first normal mode fre-
quency can be estimated by application of the small am-
plitude restriction to Eq. 7 or its three other versions.
The magnitude of the first normal mode may not always
be significant and may not be seen experimentally for all
conditions, but simulations show that if several normal
modes are of significant magnitude, then the set will al-
ways include the first.

Analysis of Eq. 6 for this case, using the rapid equilib-
rium assumption, gives F_ = 0. This limit applies only if
there is equal apportionment of charge to the association
and dissociation binding steps. The limit is not strictly
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valid because at very high frequency the substrate bind-
ing steps can not be at equilibrium. However, all simula-
tions show that F_, is very small.

Curve B of Fig. 4 shows that the frequency response of
this model differs considerably from Case 2a. Responses
tend to have at least two observable normal modes and
can have plateaus that are about two decades wide. The
low frequency limit is very sensitive to the translocation
rate constants and to variables subject to experimental
control. The most significant responses in Case 2b occur
when the cis concentration of G is small. A small G
would result in a small pseudo-first-order rate constant
and make the binding rate comparable with the translo-
cation rate but highly variable in the presence of a peri-
odic voltage. Multiple normal modes would be readily
observable at small G. The results also show that fre-
quency responses should be measured over four or more
decades to detect normal modes arising from voltage
sensitive binding.

Case 3: partial rapid equilibrium,
ordered, S-first substrate binding
with mirror symmetry

Only translocation steps are ¥, sensitive. It is assumed
that the S binding step is very fast but that G binds too
slowly for a rapid equilibrium approximation. Rate con-
stants k%, k%, k35, and k%, of Fig. 3 were each reduced
by a factor of 100 for this simulation, whereas all other
parameters were unchanged, so that binding rates of sub-
strate G would be comparable with translocation rates.
Results cannot generally be described by a single Lorentz-
ian term in Eq. 5. When ¥ = 0, frequency response
curves are qualitatively similar to curve A, but there is no
general high frequency limit. F can provide additional
information about the model. When ¥ is not zero,
several normal modes are introduced, whereas the mag-
nitudes of the flux frequency responses can be increased
considerably relative to those for Case 2a. Curve C of
Fig. 4 is a typical frequency response. It has a prominent
maximum, with three significant normal modes. The
peak is narrower than those seen for voltage-sensitive
binding. The qualitative behavior of the response
changes dramatically as binding rates are slowed further
relative to translocation rates, with the extra flux chang-
ing to a monotonic decreasing function of frequency.
The trans effects are very strong for this model, espe-
cially when translocation rate constant asymmetry is in-
troduced by making ¥ different from zero. Differ-
ences among trans effect curves at the same ¥ would
be observable, whereas repeating the experiments at an-
other ¥, could change both the magnitudes of the re-
sponses and the shapes of the curves. The frequency re-
sponses always differ qualitatively from those for Case 2a
and can be much larger with narrower peaks and
stronger trans substrate effects than for Case 2b.

DISCUSSION

Study of dynamic processes in the frequency domain
never achieved prominence in membrane biophysics be-
cause it was thought that interpretation of results was
strictly model dependent. Robertson and Astumian (8)
have shown that under small amplitude restrictions, the
Lorentzians that describe the frequency response of any
cyclic reaction are true dynamic properties of the system
and are independent of any model. Specific models must
be able to predict the Lorentzian parameters. This article
has extended their work by showing that steady-state fre-
quency response studies may yield considerable new in-
formation about membrane transport processes. At the
very least, one can obtain an estimate of transporter turn-
over. The simulations are model specific, of course, but
serve to show that frequency response experiments are
feasible when applied to some familiar transport systems
and models. Frequency responses of radioactive Na and
Rb fluxes through the Na*/K™* pump in red blood cells
have been measured (11) that revealed very interesting
and large effects even under the extreme conditions of no
ATP, low temperature, and the presence of only one ion
substrate at a time. Interpretation of these results in
terms of the Post-Albers model was not possible because
too few experiments were done, but the results clearly
demonstrated the remarkable efficiency of the trans-
porter for capturing the energy in the applied electric
field and the existence of a measurable steady-state flux
frequency response.

Work with the Na/glucose cotransporter (10, 12) has
shown how steady-state and transient data can be used to
estimate rate constants. It also shows that transient mea-
surements can be difficult and of limited scope even
when the transporter mechanism is electrogenic and has
voltage-sensitive substrate binding. There is no detect-
able transporter current transient when glucose is pres-
ent (12), whereas the spectrum of normal modes out-
lined above requires the presence of glucose. The fre-
quency response method could supply new information.
The transient experiments in the presence of glucose
were done from a holding potential of —50 mV (12),
where simulations predict 2 null frequency response
(Fig. 2 A). Repeating the transient experiments, in the
presence of glucose, from a holding potential of +20 mV
might uncover at least the two slower transporter relax-
ations predicted by the simulation.

Simulations of the Wright group’s model show dis-
tinctive, large amplitude frequency responses of the
tracer fluxes. Responses should be readily measured,
could yield more reliable estimates of rate constants than
are possible with transient data, and could serve to criti-
cally test the model. Measurement of tracer fluxes in a
single Xenopus oocyte may not yield accurate flux data,
but the experiments could be done with multiple cells or
with a different cell preparation such as transfected COS-
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7 cells (16). Voltage clamp is not required for these stud-
ies. The periodic membrane potential could be imposed
via an external field, with the amplitude of the trans-
membrane potential calculated from the Schwan equa-
tion (17, 18).

It is possible that periodic membrane potentials with
frequencies up to 200 or 300 Hz could be imposed in the
Xenopus oocyte by voltage clamp. Measurement of the
AC current, followed by averaging of the current over
one period, would ideally eliminate the capacity tran-
sient and might enhance the signal to noise ratio consid-
erably. This approach might permit study of the fre-
quency response without resort to isotopic tracer meth-
ods. The normal mode frequencies of the average
current should not differ markedly from those of the
tracer flux.

The predicted magnitudes of the frequency responses
for the extreme case of a nonelectrogenic system show
that data of good quality are required to measure them
reliably. Use of normalized fluxes like Eq. 6 should en-
able measurements in many different cell preparations.
The internally dialyzed giant axon or barnacle muscle
preparations are especially suited for frequency response
experiments because each cell serves as its own control
and intracellular composition can be controlled in a true
steady state. The fact that a modest change in a single
rate constant of a model can cause a significant change in
the predicted frequency response means that order of
magnitude errors in rate constant guesses should be de-
tected easily.

Frequency responses also can be used to choose
among models whose differences are subtle, as in mirror
and glide symmetry and substrate binding order. The
fact that three sets of variables ( ¥, cis, and trans sub-
strate concentrations) can be manipulated indepen-
dently means that a large number of independent fre-
quency response experiments can be done. Eq. 8 demon-
strates explicitly how variations of experimental
conditions will affect the frequency response of a specific
model. The expressions for w, show that the four alterna-
tive models could be distinguished by measuring the cis
and trans substrate effects on w, using protocols much
like those used in standard DC steady-state experiments.
The dynamic experiments do have the advantage of per-
mitting either the cis or trans effects to be emphasized
simply by changing the V. These, combined with DC
steady-state flux-substrate activation and W¥--depen-
dence studies, could provide more than enough data for
reliable independent estimation of all rate constants with
their voltage dependencies for a specific transport model
as well as for selection of the best among alternative
models.

It is very interesting that the simulations of both the
hypothetical six-state model and the Na/glucose cotrans-
porter show that much of the quantitatively important
information in a typical tracer flux frequency response

should be found at relatively low frequencies. Recall that
the zero frequency limit of the Fourier series representa-
tion of a function is not necessarily equal to the DC
limit. Even though the membrane translocation rate
constant k%, for the hypothetical model is 1000 s, most
observable normal mode frequencies would lie in the
range of 10 Hz to 20 kHz. These frequencies are easily
achieved, with frequencies below 1 kHz achievable using
a voltage clamp in some preparations (19). If trans-
porter turnover is more typical, say 10 s™!, then the pre-
dicted frequency response range would be 0.1-200 Hz.
The low predicted normal mode frequencies of the Na/
glucose cotransporter are a consequence of the small
translocation rate constant k3, = 50 s~'. The large capac-
ity transient in the Xenopus oocyte preparation would
obscure voltage step transients associated with higher
frequencies, but steady-state AC fields with frequencies
in this range could be applied easily.
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