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ABSTRACT: Theoretical expressions for the frequency and amplitude dependence of the rate of a catalyzed
reaction are fitted to the data of Graziana et al. (1990) [Graziana, A., Ranjeva, R., & Teissié, J. (1990)
Biochemistry 29, 8313-8318) for Ca?* uptake by carrot protoplasts in an oscillating electric field. This
uptake is a direct (linear) measure of the rate of increase of ATP caused by a plasma membrane enzyme
in the oscillating field. The fit gives 20 ms and 33 us for the relaxation times of the enzyme and roughly
3 for the effective number of elementary changes displaced across the membrane by a conformational change
of the enzyme in its catalytic cycle. Additional experiments are suggested to define further the mechanism

of the enzymatic reaction.

Graziana et al. (1990) have observed that an applied 100-Hz
oscillating electric field of 25 V/cm peak amplitude stimulates
Ca?* uptake by carrot protoplasts by as much as a factor of
3. The Ca?* influx increased with electric treatment duration
up to 5 min and then decreased slowly to approximately its
initial value after 15 min. Remarkably, the stimulation elicited
by the electric field was still effective after the field was
switched off. After an initial 5-min treatment was turned off,
the influx dramatically continued to increase for 5 min and
then decreased slowly. The Ca?* influx after 5-min treatment
also was found to depend on the oscillating field amplitude
and frequency. Thus, the effect could not be due to joule
heating, which is independent of frequency. During electric
stimulation, the amount of internal ATP increased by more
than 30%. After the field was turned off, the extra amount
of ATP was almost completely consumed within 5 min, cor-
responding to the time of maximum influx of Ca?*. Addition
of 50 uM dicyclohexylcarbodiimide (DCCD), an inhibitor of
ATP synthesis, suppressed all the electric field induced effects,
i.e., the increase in ATP concentration and Ca?* influx. The

authors conclude that the oscillating electric field stimulates
an increase in ATP that drives the influx of Ca?*.

They report that for a constant-amplitude and constant-
frequency field applied for up to 5 min both the rate of Ca?*
influx and the amount of additional ATP are proportional to
the time of application of the oscillating field. Thus, their
amplitude- and frequency-dependent Ca?* influx measure-
ments (which were obtained by applying a steady oscillating
field for 5 min) are proportional to the amplitude- and fre-
quency-dependent amount of additional ATP.

Transmembrane proteins respond to applied electric fields
(Witt et al., 1976; Teissié et al., 1981; Teissié, 1986) because
(1) the field is strongly concentrated in the plasma membrane,
(2) the conformational changes of many membrane proteins
involve a large displacement charge, and (3) the membrane
prevents the protein from rotating and thereby evading the
effect of the field (Tsong & Astumian, 1986).

Membrane enzymes undergo conformational changes in
their catalytic cycle. The motion of charge during this con-
formational change provides a coupling between an electric
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field and the conformational state. This electroconformational
coupling permits an oscillating field to affect the reactions
catalyzed by the enzyme (Tsong & Astumian, 1986; West-
erhoff et al., 1986; Tsong, 1990). A qualitative mechanistic
understanding of the effect of this has been obtained by
considering a large oscillating field interacting with the en-
zyme. This allows an analytical solution for the flux (Markin
et al., 1990) and gives a physical picture of how the oscillating
field causes the enzyme to cycle (Robertson & Astumian,
1990a).

Recently the relaxation kinetics for the effect of a weak
oscillating field on these reactions have been developed
(Robertson & Astumian, 1991). The average rates versus the
frequency are sums of Lorentzian curves. Since the amplitudes
of the Lorentzians can be either positive or negative, frequency
windows are possible. The frequency dependence can be used
to determine the relaxation times of the system. The theory
is valid for weak oscillating fields, for which the response is
proportional to the square of the amplitude of the oscillating
field. The catalyzed reactions are not limited to being near-
equilibrium.

If all but one of the relaxation times are fast, the amplitudes
of the Lorentzians satisfy a generalized Michaelis—Menten
equation that describes the dependence on the oscillating field
amplitude as well as on substrate and product concentrations
(Robertson & Astumian, 1990b). The amplitude dependence
can be used to calculate the effective displacement charge of
the enzyme.

The predicted curve has been found to agree with the fre-
quency dependence of unidirectional Na* and Rb* transport
by Na*-K*-ATPase in erythrocytes measured by Liu et al.
(1990). However, the amplitude dependence they observed
exhibited a window, which cannot be described by a theory
that is limited to weak fields. In contrast, the amplitude
dependence of Ca®* uptake by carrot protoplasts measured
by Graziana et al. is monotonic.

In this paper, the theoretical frequency and amplitude de-
pendences of the ATP increase (reflected in Ca?* influx) are
compared with the experimental data for carrot protoplasts,
and the relaxation times and effective displacement charge of
the plasma membrane enzyme that cause this increase are
obtained. This provides insight and suggests what experimental
information may help narrow mechanistic possibilities.

MATERIALS AND METHODS

Parameters in eq 1 and 2 were adjusted to fit the Ca?*
uptake measurements of Graziana et al. using the algorithm
for least-squares estimation of nonlinear parameters of
Marquardt (1963). This is a combined gradient search and
linearized fit technique.

RESULTS

The average rate of a reaction catalyzed by an enzyme in
an oscillating field versus the frequency of the field is a sum
of Lorentzians (Robertson & Astumian, 1991). Two Lor-
entzian terms are sufficient to fit the Ca?* uptake versus
frequency measured by Graziana et al. (1990). Thus, the
average rate of the catalyzed reaction is

_ Vi v,

V=V, + + 1
1+ 7lw? 1 + 73? )

where V., is the average rate at infinite frequency, w/2 is the
frequency, 7, is the relaxation time of the kth normal mode,
and V, is the rate for the kth normal mode for k = 1 and 2.
This equation describes the response to a sinusoidal field,
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Table I Lorentzian Parameters for Ca?* Uptake by Carrot
Protoplasts
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FIGURE 1: Theoretical effect of oscillating electric field compared
with the experiment of Graziana et al. (1990) on Ca?* uptake by carrot
protoplasts. Graziana et al. applied the electric field for 5 min and
then added labeled Ca2*, and after 1 min measured the uptake, which
is a direct measure on the rate of increase of ATP caused by a plasma
membrane enzyme. The bars represent the 1 standard deviation
uncertainty reported in the experimental paper. (a) Effect of increasing
frequency at constant amplitude of the oscillating field (25 V/cm).
The curve (eq 1) is a sum of two Lorentzians fitted to the experimental
data. The best-fit Lorentzian parameters are given in Table I. (b)
Effect of increasing field at constant frequency (100 Hz). The curve
(eq 2) is a constant plus a term proportional to the square of the
amplitude of the oscillating field fitted to the experimental data. From
this fit, the effective number of elementary charges displaced across
ghe membrane by a conformational change is estimated to be roughly

whereas the field applied in the experiment is a square wave.
However, a square wave is a sum of sinusoids whose fre-
quencies are the odd multiples of the fundamental frequency
w/2x and whose amplitudes decrease like 1, 1/3, 1/5, 1/7,
... The Lorentzian amplitudes are proportional to the squares
of the amplitude of the applied wave, and so the Lorentzian
amplitudes corresponding to the odd harmonics decrease like
1, 1/9, 1/25, 1/49, .... Thus, the square wave can be ap-
proximated by a sinusoid, and the higher harmonics give rise
to a negligible correction. When the parameters of eq 1 are
adjusted to fit the experimental data, the values in Table I are
obtained. Comparison of the resulting expression with ex-
periment is shown in Figure la.

The experimental rate versus the amplitude of the oscillating
field can be fitted by a constant plus a term proportional to
the square of the oscillating amplitude as shown in Figure 1b,
in agreement with theory.

The fit parameters can be used along with the generalized
Michaelis—Menten expression (Robertson & Astumian, 1990b)
to calculate the charge displacement of the enzyme that causes
the ATP increase. Unfortunately, the substrate and product
concentrations in the carrot protoplasts are not available.
However, an estimate can be obtained by assuming that the
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product concentration is small and the substrate concentration
is large compared with the respective Michaelis constants.
Then for weak fields, the peak rate is

V= [1+ (zey,/kT)* /4] keu[ En] (2)

where k,,[Er] is the rate in the absence of the field, y, is the
amplitude of the oscillating membrane potential, e is the el-
ementary charge, and z is the effective number of elementary
charges displaced across the membrane by the conformational
change.

When averaged over a spherical surface, the square of the
amplitude of the oscillating membrane potential is given by

(¥1) = 3E,’r*/4 (3)

where E, is the amplitude of the oscillating field and 7 is the
radius of the protoplast (Astumian & Robertson, 1989).
Teissié reports that the diameter of the carrot protoplasts used
by Graziana et al. is 2r = 21 = 2 ym. The amplitude of the
first harmonic component of a square wave is 4/# times the
amplitude of the square wave. These give z ~ 3 for the ef-
fective number of elementary charges displaced across the
membrane.

DiscussION

Graziana et al. have described the frequency- and ampli-
tude-dependent effect of an oscillating electric field on the
increase of ATP in plant protoplasts. The Ca?* influx they
measured directly is proportional to the amount of additional
ATP that results from applying the oscillating field for 5 min.
The proportionality can be deduced from their observation that
for a constant-amplitude and constant-frequency field applied
for up to 5 min, both the rate of Ca®* influx and the amount
of additional ATP are proportional to the length of time the
oscillating field is applied. (When under the same conditions
two quantities are each proportional to time, they must be
proportional to each other.) It is reasonable to assume that
the proportionality is valid whatever the frequency and am-
plitude as long as the amplitude is not too large. Since the
(frequency- and amplitude-dependent) Ca?* influx is pro-
portional to the amount of additional ATP that results from
applying the field for 5 min, it must be proportional to the
(frequency- and amplitude-dependent) rate of ATP increase.

An applied field results in a very large field in the plasma
membrane and essentially zero field everywhere inside the
protoplast (Tsong & Astumian, 1986). This is explained as
follows. The high ionic strength of the cytosol permits ionic
currents to flow throughout all the connected regions accessible
to the cytosol and thus build up a charge distribution that
cancels out any electric field inside the protoplast, at least for
frequencies well below 1 MHz. The cytosol is a good ionic
conductor and so has the same electric potential throughout.
On the other hand, the plasma membrane is a poor ionic
conductor, and the charge accumulates on its surface. The
entire potential drop across the protoplast due to an applied
field must appear across just the plasma membrane. Thus,
the cause of the oscillating field dependent ATP increase in
the plant protoplasts must be a plasma membrane molecule
with an appreciable displacement charge.

We interpret the data using our previous theory of the effect
of a weak oscillating field on membrane enzymes (Robertson
& Astumian, 1991). The theory predicts that when a weak
oscillating field is applied, the average rate of increase of ATP
versus frequency is a sum of Lorentzian curves whose am-
plitude is quadratic in the applied field strength (see eq 1).
The theory is compared with experiment in Figure 1. The fit

Robertson and Astumian

of the sum of the two Lorentzian curves of eq 1 to the ex-
perimental average rate is shown in Figure l1a. The fit of a
constant plus a term proportional to the square of the am-
plitude of the oscillating electric field to the experimental
average rate is shown in Figure 1b. The agreement between
theory and experiment is excellent.

The theory is testable even with data at just five frequencies.
One can imagine five data points that could not be fitted at
all with just two Lorentzians, e.g., the five rates 10, 1, 10, 1,
and 10 at the five frequencies, respectively. These five points
would require the sum to contain at least four Lorentzians to
fit the data.

The theory gives values for the relaxation times and the
displacement charge of the membrane enzyme affected by the
oscillating field. The relaxation times of the system are ob-
tained from the fit to the measured frequency dependence and
are listed in Table I. The effective number of elementary
charges that move across the membrane during a conforma-
tional change of the enzyme is obtained from the fit to the
measured amplitude dependence and is estimated to be roughly
3. These numerical values are reasonable. For comparison,
we note that the magnitude of the displacement charge is
similar to the magnitude of the gating or displacement charge
for a sodium channel (Hartshorne et al., 1985; Furman et al.,
1986). The diameter of the protoplast must be known in order
to determine the magnitude of the displacement charge by our
method.

The theory suggests further experiments that will provide
a more stringent test of the assumptions. In particular,
measurements at additional frequencies—especially over a
broader range of frequencies—are needed to test whether two
Lorentzians are sufficient.

A measured enzyme-catalyzed average reaction rate that
is the sum of N distinct Lorentzians requires a mechanism with
at least NV + 1 kinetically significant states. A similar state-
ment is true for a transient rate in conventional linear relax-
ation kinetics that is the sum of /V distinct exponentials. The
data of Graziana et al., which can be fitted with two Lor-
entzian frequencies, are consistent with a mechanism having
three kinetically significant states. This does not mean that
there are actually just three states of the enzyme system.

The Lorentzian amplitudes and frequencies can be calcu-
lated from the kinetic parameters of a postulated mechanism
(Robertson & Astumian, 1991). The amplitude of the Lor-
entzian depends on substrate and product concentrations as
described by a Michaelis—Menten equation (Robertson &
Astumian, 1990b). This can be used to design experiments
and determine kinetic constants in the same way as is done
with the usual Michaelis—Menten equation.

The theory we have compared with experiment is an ex-
tension of relaxation kinetics (Eigen & DeMaeyer, 1974;
Hammes & Schimmel, 1967) to second order, where the
first-order correction to the average catalyzed flux is zero; it
is a quadratic response theory. When combined with exper-
iment, it provides a powerful method for determining the
kinetic parameters of membrane enzymes, which are essential
for signal and energy transduction, but which have been
technically very difficult to study experimentally. The method
we described permits biochemists to use average rate mea-
surements to do rapid reaction kinetics on these difficult
systems.
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ABSTRACT: The exchange of *O between H,O and long-chain free fatty acids is catalyzed by pancreatic
carboxylester lipase (EC 1.1.1.13). For palmitic, oleic, and arachidonic acid in aqueous suspension and
for 13,16-cis,cis-docosadienoic acid (DA) in monomolecular films, carboxyl oxygens were completely ex-
changed with water oxygens of the bulk aqueous phase. With enzyme at either substrate or catalytic
concentrations in the argon-buffer interface, the exchange of DA oxygens obeyed a random sequential
mechanism, i.e., 180,!180-DA = '80,!60-DA = 160,¢0-DA. This indicates that the dissociation of the
enzyme-DA complex is much faster than the rate-limiting step in the overall exchange reaction. Kinetic
analysis of *0 exchange showed a first-order dependence on surface enzyme and DA concentrations, i.e.,
the reaction was limited by the acylation rate. The values of ke, /Ky, 0.118 cm? pmol™! 57, for the exchange
reaction was comparable to that for methyl oleate hydrolysis and 5-fold higher than that for cholesteryl
oleate hydrolysis in monolayers [Bhat, S., & Brockman, H. L. (1982) Biochemistry 21, 1547]. Thus, fatty
acids are good “substrates” for carboxylester lipase. With substrate levels of carboxylester lipase in the
interfacial phase, the acylation rate constant k,/K,, was 200-fold lower than that obtained with catalytic
levels of enzyme. This suggests a possible restriction of substrate diffusion in the protein-covered substrate
monolayer.

Pancreatic carboxylester lipase (CEL,! EC 1.1.1.13) cata-
lyzes the hydrolysis of simple glycerides, lysophospholipids,
and vitamin esters in the intestinal lumen (Rudd & Brockman,
1984). Related enzymes are found in the liver (Camulli et
al., 1989) and milk of humans and other mammals (Hui &
Kissel, 1990). In the digestive process, pancreatic carboxylester
lipase functions after the partial digestion of dietary fats by
lingual lipase and pancreatic colipase-dependent lipase
(Lindstrom et al., 1988; Bernbick et al., 1990) to effect the
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complete release of fatty acyl groups from ingested lipids. In
addition to this well-recognized role in fat breakdown, car-
boxylester lipase has been implicated in the catalysis of cho-
lesterol reesterification in the intestinal cell [e.g., Gallo et al.
(1984) and Williams et al., (1989)] and, possibly, on the
luminal side of the villus membrane (Bhat & Brockman,
1982a). However, these roles for the enzyme are not univ-

! Abbreviations: DA, 13,16-cis,cis-docosadienoic acid; POPC, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; EGTA, ethylene glycol
bis(B-aminoethyl ether)-N,N,N’,N’tetraacetic acid; CEL, monomeric
porcine pancreatic carboxylester lipase; GC-MS, gas chromatography—
mass spectrometry.
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