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Abstract

The current theory of enzymes and electric field interaction does not account for all the observed data since we could not observe non-linear
behavior of cell suspensions as anticipated by other authors. In our case, we used a pure sinusoidal source, however the experiments that do
account for responses used a sum of a central sinusoidal and its harmonics frequencies. As a result, we suggest that the enzyme and electric
interaction are favored when the field has a non-strictly sinusoidal waveform, and this behavior is related to the true intermediate transitions of the
enzyme during its catalytic cycle. Therefore, we developed an iterative model of the interaction process based on previous models and actual
trends. The model well verified all the previous simulations and showed that, for a non-symmetrical enzyme, the energy can harvest its maximal

for non sinusoidal fields.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Macroscopic interaction between electric fields (EF) and
biological media has always been a subject of concern,
however, the molecular level has attracted the attention of
researchers in the last decades. Fluctuating potentials close to
the ATP synthase have been proposed as sources of comple-
mentary energy which can be converted by the enzyme during
ATP synthesis [1-4]. Other enzymes, such as H'- and Na'/K -
ATPase can harvest energy from an external EF and use it to
pump ions across a membrane [4—8]. Theoretical analysis
demonstrated that coupling can be made with sinusoidal,
random or random telegraph function (RTF) fields [9—14], but
chaotic waveforms have also been suggested [14]. The
interaction process was explained with the electro-conforma-
tional coupling theory (ECC), which briefly proposes that both

* Corresponding author. Departamento de Bioingenieria (UNT/FACET).
CC327, Correo Central. CP4000, San Miguel de Tucumén, Tucuman,
Argentina. Tel./fax: +54 381 4364120.

E-mail address: etreo@herrera.unt.edu.ar (E.F. Treo).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.01.001

semi-cycles of a symmetric fluctuating EF affect alternatively
two opposite transitions in a typical four states E1E2 enzyme, in
a sort of resonant behavior [13].

In the 1990s, the frequency analysis worked out by Astumian
and Robertson [15] led to the concept of non-linear monitoring of
living cells, introduced by Woodward and co-workers [16—-24].
The former monitored the metabolic state of some microorgan-
isms (mainly Saccharomyce cerevisiae) applying an external
“sinusoidal” EF. The phenomenon was attributed to the inter-
action between EF and membrane-bounded enzymes (generally
H'-ATPase) and justified with the cited literature. Even
Woodward stated that the EF used was a pure sinusoidal, it
can be observed that the real applied signal (see reference cell
of Fig. 3 in [16]) included the original one and its harmonic
spectrum. These experiments were repeated fairly unsuccessfully
by other groups [25—29]. When we applied a true sinusoidal EF to
the same suspension [16] no harmonic response was observed
(unpublished results).

As the true input signal used by Woodward was a non-single-
frequency EF, we hypothesize that the energy coupling between
enzymes and electric fields is most favorable when the input
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signal is a multi-frequency electric field. We believe that true
enzymes do not behave as symmetrically as assumed, and this
leads to a misconception in the ECC. The optimal waveform
that alternatively favors two opposite non-identical transitions
must be much complex than a simple sinusoidal, random or
stochastic signal. However there is not theoretical or practical
evidence that confirms such hypothesis. This paper is twofold,
first we will present a computational model for the field—
enzyme interaction based in the ECC, and take into account
previous simulations and experiments. It will be shown that the
enzyme can use the alternate electric field and that it does work
when the field is sinusoidal, square, RTF and random, as
suggested previously. Second, we will show that a slightly
asymmetrical enzyme (a much more realistic situation) will
respond also to a complex EF in a distinguishable way from the
single-frequency analysis. The frequency content (amplitude
and phase) of such signal is closely related to the kinetics of the
enzyme and the intermediary states.

2. The model

The model describes a single enzyme, and its average
behavior is evaluated when many enzymes are simulated
simultaneously, each one responding independently from the
rest. The model can be fixed to any number of states and here we
shall assume a typical four states EIE2 H"-ATPase, as described
in Fig. la. The enzyme, bounded in the plasmatic membrane,
undergoes conformational changes pumping a single H' to the
outside each time a new clockwise cycle is completed. For each
cycle a molecule of ATP is hydrolyzed to ADP and P;.

The model resembles the ratchet mechanisms, where each
enzyme moves randomly forward and backward in equilibrium,
but, at expense of energy consumption, the equilibrium can be
shifted [14,30-33]. However, this model does not account for
the ATP utilization, so it must be defined for the equilibrium or
non-equilibrium state. In the equilibrium, each transition
(forward or backward) has the same probability of occurrence
and there is no net production caused by the enzyme. In non-
equilibrium, ATP consumption is implicit, probabilities are
shifted and work is done by the enzyme.

Each enzyme begins in a randomly selected state and it can
iteratively change to other states, based on the probabilities of
occurrence of each transition. The probability of any enzyme in
the n-state of moving forward, backward or neutral are the
kyn - n+1> knn—1 and k,, _, ,, parameters respectively. All three
process are assumed to be transition, whether it is forward (or
clockwise), backward (or counterclockwise) or neutral. The
latter is a computational workaround to allow the enzyme to
remain short at any state without suffering an immediate
transition. In non-equilibrium (implicit ATP consumption)
some transition are more probably to occur and their k-values
are higher. In the absence of an electric field, a random number
selects the direction of transition.

Any transition, once it has been randomly assigned, has a finite
time of occurrence and the enzyme will be ignored until it is
finished. Once the transition was completed, the enzyme is
evaluated again to change its state. The EF is sampled at a fre-
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Fig. 1. a) Four state model of the H'-ATPase and b) parameters involved in the
computational model. S;...S, are the states of the enzyme, 7, V, Vy, stand,
respectively, for the time involved in the transition, the field sensitivity of the
transition and a field threshold which may block the transition.

quency of 5000 samples per second and the sampling period (also
the iteration period, 200 ps) defines the smallest time that an
enzyme can remain in any state without suffering a new transition.

The time consumed in the forward, backward or neutral
transition from the n-state is defined respectively by 7,,_.,, 11,
T, ,—1and T, _, ,. The time involved for each transition is not
the same, since some transitions can be fast (ion binding) while
others can be time consuming (complex reactions with
intermediate products or domains movements). The forward
and backward time are assigned to be longer than the iteration
period. However, the neutral transition must be as brief as
possible, and the smallest time possible distinguished by the
model is the iteration period. Consequently, when an enzyme
remains in its state (neutral transition), the next iteration is
evaluated again, with no delaying in between.

According to the ECC, a transmembrane enzyme that possesses
two conformational forms with different charge distributions, or
electric moments, can convert from one form to another under the
influence of an EF [4,10,12,15]. In our model it will be assumed
that an electric field only changes the activation barrier and the
probability of occurrence of the reaction increases or decreases, but
both the sign of AG and the time of the reaction are not altered. The
influence of the field over the transition n—n+1 is modeled with
the S, .+ parameter. It defines the sensitivity of the transition
with a positive field. If S, _, ,, 1 is greater than 0, the transition will
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increase its probability of occurrence, while it will decrease if
S, . .+1 1s negative. A negative field favors transition with
negative S-values, and vice versa. Mathematically, the probability
of occurrence of the n—n+1 transition could be described by:

kﬁﬂm—l = knﬂrH-l X 10Snﬂ"+l xAar

where k/,_, . is the modified probability and A V'is the potential
difference across the membrane induced by an applied electric
field. As the sum of the new k-values for the n-state is not equal to
one, they are normalized respect to the sum of all of them:

1
" 1/ § ’
n—n+1 — knﬂn+l/ kl’l"ll“r[
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where k), _, . is the modified and normalized probability, which
is used subsequently. The exponential relationship adopted is based
on the dependency between the pseudo-unimolecular rate coeffi-
cients and the shift in transmembrane electric potential described
previously [10].

In our simulation, enzymes can be placed all parallel to the EF
(maximum energy conversion) or can be placed randomly over
a spherical cell. In such case, the EF and AV are related by
AV=1.5bE cos 0 where 0 is the angle between the direction of
the field and the radius to the point considered on the membrane,
b is the outer radii of the cell, and £ is the externally applied EF
[34]. As dimensions are not taken into account in our simulation,
we assume that AJ directly relates to £ cos 0. A random 6
between 0 and 7 is generated for each enzyme and maintained
constant along the simulation. If enzymes are assumed parallel,
0-values are set to zero.

A high electric field is expected to rearrange the dipoles (and
maybe the domains) of the molecule in such way that the
enzyme is locked into a specific state and the wheel of Fig. 1a
may fail to turn in full cycles [30,35]. This concept is introduced
with the Ey, value for each transition which defines a threshold
field that turns the transition unviable. The mathematical
treatment for the n— n+1 transition with threshold is given by

1
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X

/ —
kn"nJrl - kn"nJrl x 1

where the term between brackets decreases dramatically when
the local field exceeds the threshold. All the parameters that
govern each transition are summarized in Fig. 1b.

Each simulation was run with a variable number of enzymes
(typically 500), 5000 iterations at a frequency of 5000 iteration
per second. First, we will analyze the overall behavior of a
simple enzyme without and with a fixed EF. Then we will vary
the frequency, amplitude and waveform of the EF to finally
evaluate a second type of enzyme under the same conditions.
When a fixed EF is used, the average occupancy (Ao) and
average transitions (At) parameters will be analyzed. For each
state, Ao, is the percentage of times that a single enzyme
transitioned to it, relative to all the transitions registered. At is
also calculated for each state, and it indicates the percentage of
time that any enzyme transitioned from that state, relative to all

transitions registered. Both are calculated after running the
entire simulation and taking into account all simulated enzymes.

When a varying EF is used, the model will be evaluated
measuring the increment or decrement in H' pumped per
enzyme expressed as percentage to the amount pumped without
EF (known as normalized cycles per enzyme, NCE).

We propose two types of enzymes. The first one is very
similar to the previously proposed [8,14,30] with identical
parameters (k, S, Ey, and 7) between transitions 1—2 and
3 —4, and also between 2— 3 and 4 — 1. Transitions 2 — 3 and
4—1 (ion binding and releasing) are supposed to be very
favorable and reactive, while the others are not as favorable,
acting bottleneck-like. The latter enzyme is slightly different
than the former, and we assume that one of the transitions (1 — 2)
is not as influenced by the EF as the other (3 —4), and their S-
and Ey,-values are different. The parameters for each enzyme are
presented in Table 1. These enzymes were tested without EF and
also with sinusoidal, square, and random (RTF, Gaussian and
uniform) fields. The second enzyme was also evaluated against
the pseudo-square EF shown in Fig. 2.

3. Simulations

The main features of enzyme 1 in the absence and presence
of a fixed sinusoidal EF are depicted in Fig. 3. The overall
process is a clockwise reactive cycle. It always has more
forward than backward transitions and a net H" pumping,
however the state distribution of each enzyme along the entire
simulation is not uniform. In absence of EF, there is an increased
Ao of enzymes in states 1 and 3, it spends 85% of the time
between these two states (subset a). When an EF (of proper
amplitude and frequency) is applied, the equilibrium is altered,
and Ao is shifted from states 1 and 3 to states 2 and 4 (subset a),
attached to an increased forward At from states 1 and 3 (data not
shown).

Subset b) shows the temporal evolution for all the enzymes
with sinusoidal EF, when the enzymes are place parallel to the
EF and also when they are supposed randomly distributed over
the membrane. We will analyze first the former situation, and
then we shall extend to the latter. The process starts with a

Table 1

Parameters of the enzyme model for both types of enzymes
Parameter State 1 State 2 State 3 State 4

Enzyme 1 kns1—n 0.055 0.45 0.055 0.45
ky—n 0.045 0.1 0.045 0.1
[ 0.9 0.45 0.9 0.45
Suoni 1 0 1 0
Tyn+1(s) 0.01 0.002 0.01 0.002
Ew, ., (V/cm) 10 10 10 10

Enzyme 2 kns1—n 0.055 0.45 0.055 0.45
ky—n 0.045 0.1 0.045 0.1
k1 0.9 0.45 0.9 0.45
Snon+1 1 0 -0.2 0
Ty n+1(s) 0.01 0.002 0.01 0.002
Ew, .., (V/cm) 1 10 10 10

Enzyme 2 is almost identical to enzyme 1, it only differs in parameters 7, _, ,, +
and Ey,

sntl
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Fig. 2. Pseudo-square EF. The signal is composed by two symmetrical
hemicycles, while each hemicycle is composed by two consecutive square-wave
pulses. Each pulse is defined by its amplitude (a,), duration (z,), and the
percentage of time (p,) that maintains that amplitude @,. The remaining time
t,%(1—=p,/100) its amplitude is zero.

randomized occupancy of 25% at all states and it quickly
reorganizes due to the presence of the EF. This transitory is not
shown, and the two cycles can be considered stationary and they
will be described briefly. When the field is increasing to the
positive values, almost all enzymes are at state 1, and only a
minor part are in state 4 (¢=0.05 s). During the beginning of
the positive hemicycle, almost all enzymes in state 4 goes 1
(very reactive) and close to 90% of the enzymes are in state 1.
Transition 1 to 2 is very favored by the presence of the positive
field, and almost all enzymes have transitioned by the middle of
the hemicycle. There is also a minor backward transition from
state 4 to 3 due to the presence of the positive field. State 2
occupancy, as expected, increases but enzymes in this state are
very reactive and quickly turn to state 3. When the positive field
has ceased, most of the enzymes have turned from 1 to 3
through the forward path. As the negative hemicycle increases,
the transition 3 —4 becomes favorable and state 3 is depleted
fast, it replenishes state 1 and it completes a full cycle. This
behavior is repeated for each cycle of the EF.

For the randomly placed simulation, enzymes start also with
a 25% occupancy for every state. However, not all enzymes are
favored by the same EF. Those placed perpendicular to the EF
(0 = m/2) are almost unaffected, while some can be affected or
disaffected by the same field. This produced an average occu-
pancy close to 45% for states 1 and 3 with a cyclic behavior that
it is repeated for each hemicycle.

Fig. 4 shows the overall effect of the field when both
frequency and magnitude were changed (1 Hz<f<200 Hz;
0.1 Vem<E<10 V/cm) and a different signal was applied.
The surface shows a nearly flat behavior up to 0.3 V/cm for the
sinusoidal EF (subset a), with no effect in the average pumping
of H". As the field grows, H" pumping increases and decreases,
depending on the frequency and field ranges evaluated. The H"
pumped increases up to 100% for frequencies of 39.6 Hz,
120 Hz and 200 Hz 128% and 133% respectively, as the field
increases up to 10 V/ecm., The pumping decreases dramatically
for the mid-ranges frequencies, lower than 60% below the
steady state response when the AC field is higher than 1 V/cm.
A square-wave EF leads to similar results as the sinusoidal EF
(subset b).

The use of the RTF (subset c¢) did show a minor positive
interaction of 4% when the field amplitude was 0.5 V/cm and

its frequency 2 kHz. Random (subset d) noise produced a
similar result, with a maximum value of 3.7% at different field
amplitudes.

Thereafter, we evaluated the second enzyme, under the same
frequency—voltage ranges. The output of this system (Fig. 5a)
was more irregular and lower than the former for the sinusoidal
EF, and the maximal values were at field amplitudes slightly
higher than 1 V/cm. Higher amplitudes produced a decrease in
proton pumping. These maximums were observed at frequen-
cies of 36 Hz, 114 Hz and 196 Hz at 3.4%, 12% and 21%
respectively. The square EF (subset b) leads to similar results.
Noise EF produced a smaller effect than the previous enzyme,
with maximums between 2% and 3% (subset ¢ and d).

As this system has different sensitivities and threshold to the
EF in the bottleneck transitions, it is expected that each
transition (1 —2 and 3 —4) would react favorably at different
voltage values. However, as each hemicycle favors simulta-
neously both transitions (of enzymes in opposite sites of the
membrane) there is a restriction with the field amplitude. It can
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Fig. 3. a) Average occupancy for each state with (black) and without EF (2000
enzymes, 2 s of simulation, 6=0 for all enzymes, 40 Hz 2 V,, sinusoidal), and
b) The sinusoidal EF and time evolution of state occupancy with the enzymes
placed both parallel (—) and randomly (---) respect to the EF (20,000 enzymes,
0.1 s of simulation, 40 Hz 2 V,,, for parallel enzymes and 6 V,,, for random
enzymes).
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be high because it blocks sensitive transitions (1 — 2), but it can
be low because it does not favor the insensitive one (3 —4). By
solving this discrepancy, it was proposed that each hemicycle
could be divided into two square cycles, each one favoring
different transitions. We proposed the pseudo-square signal
shown in Fig. 2, and tried several parameters. Fig. 5e shows the
result of applying a pseudo-square signal with fixed parameters
a and p, while ¢ was variable with the frequency. The surface
obtained was similar to the previous one, having maximums at
the same frequency and voltage ranges, but the values observed
were 7.76%, 19.6% and 30.2%. Other combinations of ¢, a and
p parameters for the pseudo-square signal at these frequencies
could obtain even higher responses, as shown in Fig. 5f.

4. Discussion

The model presented enables to simulate the particular and
overall performance of a single-enzyme system, respectively,
and its time distribution of states resembles the theoretical
models previously published [10]. However, our description
adds the state distribution of enzymes randomly placed over the
membrane, and thus, it becomes a more realistic.

a
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The k-values are chosen to ensure an average positive
pumping in a steady state condition: the equilibrium has been
shifted and ATP consumption is assumed. These values are
fixed during simulation representing unaltered biochemical
conditions (ATP availability and H" concentration). These
parameters could be varied during simulation to represent real
progression of substrate and product, and a new equation should
be introduced. However, this work has been focused on the
enzyme and EF interaction, not o the biochemistry associated to
the enzyme.

Time constant assumed for transitions are clearly out of scale
(a catalytic cycle is completed in more than 10 ms), which is far
away from the real time. However, the iteration period must be,
as much, the time involved in the fastest process or reaction.
Time involved in real proteins motion range from 10'2—
10" s7! (electron transport) to 10°—10° s~ ' (local opening/
closing of folding/unfolding) [36]. For an even more realistic
simulation, each run would take about 10° iterations, instead the
currently 5000 used, becoming unpractical.

It was previously acknowledged that two conditions are
essential to observe interaction between enzymes and EF
[10,12]: (i) asymmetry of state occupancy in the steady state and
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Fig. 4. NCE due to the presence of a fluctuating field: a) sinusoidal EF, b) square EF, ¢) RTF EF, and d) — white and -~ - Gaussian EF. Calculation has been made with
500 enzymes, | s of simulation and random angles. Field amplitude indicates peak values in sinusoidal and square EF, standard deviation for RTF and random noise,

and absolute maximal value for uniform noise.
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Fig. 5. NCE of enzyme 2 when different EFs were applied: a) sinusoidal, b) square, ¢) RTF, d) — white and Gaussian, ¢) pseudo-square signal (as described in
Fig. 2, with t;=6,=1/(f*4); a,=0.55; a,=4.15; p;=100; p,=60) as a function of frequency and amplitude. Once the signal was generated, it was subsequently
multiplied by the amplitude indicated as EF in the figure, and f) pseudo-square and equivalent sinusoidal as a function of amplitude: --- pseudo-square with main

frequency of 32.9 Hz (#,=7.05; t,=8.14; a,=0.475; a,=5.03; p;=100; p,=65.24), - - - pseudo-square with main frequency of 116.5 Hz (¢,=2.12; 1,=2.17;
a1=0.473; a,=4.28; p;=97.5; p,=88.7), — pseudo-square with main frequency of 193 Hz (t,=1.31; £=1.28; a;=0.551; a,=4.15; p;=100; p,=49.6),
-+ sinusoidal of 36 Hz, - - - sinusoidal of 114 Hz, and — sinusoidal of 196 Hz; times are expressed in ms.

(ii) at least one transition must involve changes in the electric they also should be announced coupled: at least one state must
charge distribution or net movement of a (charged) ion across have a high average occupancy, and its forward transition must
the membrane. Both conditions are applicable to this model,and ~ be sensible to the extern EF Transition 1—2 and 3—4 are
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responsive to the EF in any of the models used herein, but states
1 and 3 also have the highest average occupancy. This led,
within strict frequencies, to an increase in H® pumping due to
the alternating EF. Otherwise, without accumulation in sates 1
and 3, the influence of the EF is too small to produce a major
effect in the overall H" pumping (data not shown). If the
enzyme—EF interaction were produced in other transitions
(2—3 or 4— 1), but still accumulating in states 1 and 3, there
would not be a noticeable effect either (data not shown).

Enzyme 1 interacted mostly to periodical alternating EF
(sinusoidal and square) but showed poor interaction with
randomly fluctuating fields (RTF, Gaussian or uniform noise).
Random signals increased both forward and backward transi-
tions, and they almost abolished neutral. However, if the
transition time (forward and backward) is set too longer than
used here, the result is a delaying of the enzyme respect to its
normal catalytic cycle, and a decrease in the NCE is observed. If
forward and backward transition times are close to the neutral,
the random EF clearly favors H™ pumping and the observed
NCE is positive, close the values observed for periodic signals
(data not shown).

When the field periodically fluctuates, a resonant behavior is
observed when the field’s period is close to the entire period of
the enzyme (1//=T)_,+T, ,3++-+T,_ ), with maximal
increase in H' pumping. The resonant frequencies were the
inverse of a full cycle for enzyme one (if all transition were
forward) and its odd harmonics (120 Hz and 200 Hz). This
behavior matches to the ECC theory described previously.

Enzyme 2 shows interaction with sinusoidal, square, and
random signals, but the maximal response observed for any of
them was far away for the maximum observed for enzyme 1. With
pseudo-square signals, the maximums observed were between 1.5
and 2 times bigger than sinusoidal or square signal. This indicates
that, for non symmetric parameters, the most effective energy
coupling can be accomplished with non typical signals.

Woodward stated that the energy transfer occurred with the
15 Hz sinusoidal signal [16], and the harmonic content observed
was a consequence of the coupling. In spite of that true sinu-
soidal, EF did not account for the anticipated non-linear
phenomenon, we would rather believe that the harmonic content
of'the input signal applied by Woodward could probably work in
the same way that the signals shown here. Actually, square and
pseudo-square wave (as described in Fig. 5) have very similar
harmonic content, however, they rather differ in their phase
response. An adequate phase for each harmonic is as important
as its amplitude, because it represents the proper timing to favor
(or not) each transition.

The E1E2 model explains intuitively that the enzymes
alternatively exposes its binding site to the intra- an extra-
cellular space, being these transitions equivalent (dielectrically)
but in opposite directions, but this is, by far, false. It has been
demonstrated that P-type ATPases does not expose alternatively
a binding site to the intra- and extra-cellular place. The real
process includes inter-domain motions and rearrangement of the
transmembrane «-helix, but these intermediate steps do not
have a strictly counterpart reaction [37,38]. Even more, the
intermediate reaction have different equilibrium constant (see

for example the energetics of a Ca’"-ATPase [39]) and, maybe,
a different amount of states should be taken intro account, as
suggested by [40]. In such scenario, an enzyme would require
an extremely delicate EF to get the most favorable response.
The waveform of the field could probably be segmented, with
each segment matching (both in time and amplitude) each single
transition. Some transitions may be sensitive to EF, while other
may not, leading to intervals with and without extern EF. The
analysis must also take into account the angle distribution of the
enzymes respect the EF.

5. Conclusions

This simulation model fits the theoretical requirements
imposed previously and shows the same results. Its advantage is
the iterative process, which does not require mathematical
formalism for the EF waveform. It adds new information about
the state distribution when symmetric enzymes are randomly
distributed.

Our original hypothesis, that a specific system may respond
only to broad spectrum signals, has not been fully demonstrated.
It was partially demonstrated by showing that a system can react
to a broad spectrum signal in a way unpredicted by a single-
frequency analysis. It also adds new information about the
waveform of the field, indicating that periodic non sinusoidal
signals can achieve better results than sinusoidal, tracing the
relationship between the kinetics of the enzyme and the
waveform of the signal. This analysis was carried on enzymes
randomly distributed (as the experiments detailed in the
references), however, different results can be obtained for
non-randomly distributed enzymes (such as patch clamp
procedures). To fully understand the interaction mechanism,
much more analysis must be given to the kinetics of the enzyme,
to the bottleneck transitions and to whether they are or not
sensitive to the extern EF.
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