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Abstract

The feasibility of magnetic field perturbations as a tool for controlling enzyme-regulated and oscillatory biochemi-
cal reactions is studied. Our approach is based on recent experimental results that revealed magnetic field effects on
the in vitro activity of enzyme systems in accordance with the radical pair mechanism. A minimum model consisting
of two coupled enzyme-regulated reactions is discussed that combines, in a self-consistent manner, magnetic
field-sensitive enzyme kinetics with non-linear dynamical principles. Furthermore, a simple detector mechanism is
described that is capable of responding to an oscillatory input. Results reveal that moderate-strength magnetic fields
(B = 1-100 mT) may effectively alter the dynamics of the system. In particular, a response behavior is observed that
depends on: (1) the combination of static and time-varying magnetic fields; (2) the field amplitude; and (3) the field
frequency in a non-linear fashion. The specific response behavior is critically determined by the biochemical
boundary conditions as defined by the kinetic properties of the system. We propose an experimental implementation
of the results based on the oscillatory peroxidase—oxidase reaction controlled by the enzyme horseradish peroxidase.
© 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction citable chemical, biochemical as well as biological

systems [1-9]. Excitable systems are capable of

Time-varying external perturbations are uti-
lized in an increasing number of studies to inves-
tigate and control the dynamical behavior of ex-
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displaying complex responses towards perturba-
tions with time-varying external stimuli. Experi-
mental examples include studies wherein either
oscillatory concentrations of chemical species are
applied, or feedback control techniques are uti-
lized in the perturbation of the system. The latter
technique has been demonstrated, for example, in
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controlling chaos in the oscillatory Belousov—
Zhabotinsky (BZ) reaction [1]. The same princi-
ples were also applied to biological systems, in-
cluding the control of cardiac chaos [4] and brain
chaos [5]. Recently, periodic perturbations of in-
tracellular calcium or inositol 1,4,5-tris-
phosphate (IP,) concentrations have been shown
to control the activation of certain cancer cell
genes in non-linear dependence on perturbation
frequency [6,7]. Periodically varying modulations
of the oxygen supply were utilized to study the
response behavior of the peroxidase—oxidase os-
cillator [8]. The latter is controlled by the
horseradish peroxidase enzyme [9].

In addition to chemical stimuli, there are other
studies wherein physical stimuli including light
and electric fields were successfully applied as
initiators or modulators of dynamical behavior.
For example, oscillating light stimuli were shown
to induce coherent oscillations in the electric field
gradient across a lipid membrane containing
light-sensitive bacteriorhodopsin molecules [10].
The effect revealed a non-linear dependence on
the frequency of the stimulation. In the light-sen-
sitive BZ reaction dramatic changes in the forma-
tion of rotating spiral waves have been reported
[2]. Again this effect was strongly dependent on
the frequency of the light stimulus. In a similar
fashion electric fields have been applied to per-
turb the dynamical behavior of spiral-shaped exci-
tation patterns in the BZ reaction [11]. In a
recent study optical forcing has been utilized to
induce resonant standing-wave patterns in the BZ
reaction [12].

Oscillating electric field stimuli were applied to
investigate the dynamical behavior of electrically-
excitable tissues. The chaos control studies men-
tioned above belong to this group of experiments.
In other studies the stimulation of cardiac cells
with a range of electric field frequencies, v =2-20
Hz, was shown to induce sharp, frequency-depen-
dent transitions between periodic and chaotic dy-
namical states in cell electrical activity [13]. Simi-
larly, neuronal signal amplification was observed
to depend in a non-linear fashion on the fre-
quency of the imposed electrical stimulus (v=
10-100 Hz) [14]. An optimum response resulted
at an intermediate frequency. Alternating electric

currents were applied in a recent study of the BZ
and peroxidase—oxidase reactions [15].

The common basis enabling the occurrence of
such a frequency-dependent response behavior to
either chemical perturbations, light stimuli or
electrical signals is that there exists a microscopic
physicochemical process that (1) is sensitive to-
wards the specific type of perturbation; and (2) is
central to the generation or maintenance of the
dynamics at the macroscopic level. Because of the
apparent universality of the phenomena de-
scribed above, the question arises whether there
are other stimuli that may be utilized to perturb
dynamical behavior within biologically relevant
processes.

In recent years experimental results have re-
vealed that magnetic fields of moderate field am-
plitudes (B = 1-100 mT) may alter the activity of
certain enzyme reactions [16,17]. In particular, it
was shown that the in vitro activity of coenzyme
B,,-dependent ethanolamine ammonia lyase is
magnetic field-sensitive [18,19]. Experimental in-
vestigations revealed that magnetic fields of ap-
prox. B =100 mT magnetic flux density reduce
the V,,./K,, kinetic parameter of the enzyme
reaction by 25%. In a recent study it was reported
that the redox cycling of horseradish peroxidase
may be altered by magnetic fields [20]. This is the
same enzyme that controls the dynamical peroxi-
dase—oxidase system. An interpretation of the
magnetic field-dependencies observed in the en-
zyme reactions is based on the radical pair mech-
anism [16,21]. This mechanism is a well-estab-
lished tool for interpreting magnetic field influ-
ences on chemical as well as biochemical reac-
tions that proceed via radical pair-dependent
processes [22-25].

The discovery of magnetic field-sensitive
processes in biological systems in combination
with a well-established interaction mechanism
raises an interesting possibility. Magnetic field
stimuli could be applied as a minimally-invasive
tool for perturbing biochemical or biological sys-
tems in a fashion analogous to the use of oscillat-
ing chemical, light or electrical stimuli. Hence,
the motivation for the work described here is to
discuss a minimum model that accounts in a
consistent manner for magnetic field influences
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on an oscillatory biochemical reaction. In the
following section we describe general aspects of
the model regarding potential biological imple-
mentations. Then the model and the calculations
are outlined. In the subsequent section the behav-
ior of the model system is studied under the
influence of static as well as oscillating magnetic
field perturbations. Finally, we introduce a simple
detector mechanism that is capable of responding
to magnetic field perturbations on the oscillatory
dynamics of the biochemical reaction. We con-
clude by proposing a possible experimental imple-
mentation of the results.

2. Magnetic field perturbation of oscillatory
biochemical reactions

2.1. Basic principles underlying the model

We study a prototypical model of two coupled
enzyme-regulated reactions (Fig. 1). The system
represents a cyclic reaction wherein substrate § is
converted into product P catalyzed by enzyme
reaction E;, and subsequently product is con-
verted back into substrate catalyzed by enzyme
reaction FE,. The designations substrate and
product are of course interchangeable, because of
the cyclic nature of the system. It is implicitly
assumed that one of the reactions includes an
energy conversion step, for example, by hydrolysis
of adenosine triphosphate (ATP), to drive the
reaction against a concentration gradient [26].
Systems consisting of two connected elements
such as the coupled enzyme-regulated reaction
depicted in Fig. 1 are commonly encountered
within biochemical reaction networks [27,28]. In-
dependently of the specific details, the principle
of a coupled reaction cycle is central to several
enzyme-dependent biological activities. In partic-
ular, schemes including phosphorylation /dephos-
phorylation cycles catalyzed by a protein kinase
and a protein phosphatase, respectively, have been
discussed by several groups [29-34]. In this case
the system consists of an interconvertible enzyme
in an inactive and an active state, rather than
substrate and product as in Fig. 1. At the cellular
level, although vastly more complex in detail, one

Y(So' S)

Fig. 1. Scheme of the model of two coupled enzyme-con-
trolled reactions. Substrate S is being converted into product
P catalyzed by enzyme reaction E;. Subsequently, product is
converted back into substrate catalyzed by enzyme reaction
E,. It is assumed that one of the reactions includes an energy
conversion step. Substrate is supplied at a net rate of y(S, —
S). The activity of enzyme E, is controlled by substrate
inhibition kinetics, as indicated by the minus sign in the figure.

scheme demonstrating this principle is the cyto-
solic calcium oscillator. Cytosolic calcium cycling
is controlled by the IP; receptor channel (IP;R),
leading to the release of calcium, and the calcium
ATPases that transport calcium back into the
stores [35,36]. In this case, substrate S in the
scheme, Fig. 1, may be identified with cytosolic
calcium, whereas product P represents the cal-
cium content of an intracellular store. Finally,
tank-reactor studies with the oscillatory peroxi-
dase—oxidase reaction system provide another ex-
ample. In these experiments a recycling system
involving two enzymes is often utilized [3,8,37-42].
This system consists of horseradish peroxidase,
which catalyzes the aerobic oxidation of NADH
to NAD™Y, and glucose-6-phosphate dehydroge-
nase. The latter catalyzes the conversion of NAD™*
back into NADH. Conceptually this experimental
scheme closely resembles the one shown in Fig. 1.

In this modeling study of an elemental
coupled-enzyme reaction the following specific
case is investigated: (1) the activity of one of the
enzymes is controlled by substrate inhibition ki-
netics; and (2) the activity of the other enzyme
exhibits magnetic field sensitivity. The first condi-
tion enables the inclusion of regulatory feedback
mechanisms. Under the appropriate boundary
conditions this may lead to a system that is capa-
ble of sustained oscillatory behavior, since subs-
trate inhibition kinetics offers one pathway for
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inducing enzyme-regulated biochemical oscilla-
tions [43]. For example, negative feedback regula-
tion by calcium on the opening probability of the
IP;R is regarded as a crucial process in the for-
mation of cytosolic calcium oscillations [35,36,44].
In the case of the peroxidase—oxidase system,
negative feedback regulation again is essential to
the generation of sustained oscillations in enzyme
activity [45].

The simple reaction scheme depicted in Fig. 1
enables studies of the influence of external mag-
netic fields, including constant and time-varying
ones, on an oscillatory biochemical reaction. The
structure of the model offers several advantages.
In particular, the separation of regulatory feed-
back control and magnetic field-sensitivity into
two enzyme-regulated reactions makes it possible
to use an existing model for describing magnetic
field effects on enzyme kinetics without the ne-
cessity for further modifications [21,46]. At the
same time complex regulatory mechanisms may
be introduced into the system via the magnetic
field-independent enzyme reaction.

Independently of specific realizations, it has
been discussed recently that cyclic reactions pro-
vide a basis for operating as computational ele-
ments within complex biochemical reaction net-
works [27,28]. In this approach cyclic reactions
function as an integral part of the reaction net-
work by conveying information between the indi-
vidual elements. Therefore, at least in principle,
the scheme depicted in Fig. 1 may also serve as a
system for studying magnetic field influences on a
non-linear biochemical reaction from the per-
spective of biological information processing.

The preceding discussion suggests that the
model may serve as a general approach towards
studying magnetic field influences on an oscilla-
tory biochemical reaction. In particular, the non-
linear dynamical nature of the model makes it
possible to investigate magnetic field influences
that may depend on (1) the field frequency; (2)
the field amplitude; (3) the combination of static
and time-varying fields; and (4) the biological
state of the system. The latter aspect is related to
the biochemical boundary conditions as defined
by the kinetic parameters of the enzyme-con-
trolled reactions [47].

2.2. Outline of the model and calculations

The following mechanism including substrate
inhibition is studied in regards to the enzyme
reaction controlled by E;:

k]l
E, +S = (E,S), (E,S)
k

—11

k12 kl
S E +P,(ES)+S<= (SES), (1)
k k_;

—12

where the forward (backward) rate constants are
denoted as k,(k_;), and the other symbols repre-
sent: E,, enzyme, S, substrate, (E,S), enzyme—
substrate complex with one substrate molecule
bound, (SE,S), enzyme—substrate complex with
two substrate molecules bound (one at the active
site and the other one at an inhibitory site). The
mechanism described by Eq. (1) is a standard one.
It has been applied, for example, in early studies
to illustrate the possibility of bistability caused by
substrate inhibition in the peroxidase system [45].

We assume that the second enzyme reaction
controlled by E, exhibits magnetic field sensitiv-
ity. A model is applied that has been developed to
interpret magnetic field effects on the reaction
kinetics of enzymes that exhibit radical pair re-
combination steps in their reaction cycle [21,46].
The model combines chemical kinetics with mag-
netic field-dependent spin kinetics (radical pair
mechanism). The reaction scheme reads as fol-
lows:

k k
E,+P = (E,P) = S(E$*P) \b»
k_ k

21 —-22

\L T kisc (EZP)*

E$*P) 7 lkp ()
T E,+S

where the symbols represent: E,, enzyme, (E, P),
enzyme—substrate complex prior to radical pair-
generation, 5/T(E$*P), enzyme-substrate com-
plex where a spin-correlated radical pair exists,
(E,P)*, enzyme-substrate complex prior to
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product release (note that the term substrate of
E, is equivalent to the product of E,). The super-
script denotes spin multiplicity (S, singlet, T,
triplet), and k. is a magnetic field-dependent
rate constant characterizing singlet—triplet mix-
ing. A short-hand notation, "(ES®P), represent-
ing all three triplet states T —>{T_,, T, T.,} is
used (the index refers to the magnetic quantum
number).

In the reaction scheme of Eq. (2), radical pair
generation is via k,,, and recombination via k_,,.
The rate constant k,, characterizes the spin-inde-
pendent forward reaction coordinate motion. It is
used here to represent the lifetime of the spin-
correlated radical pair state. The magnetic field
sensitivity arises solely from the modulation of
the population of the singlet and triplet states via
k.. leading to a net change in the concentration
of S(Es*P) and of "(E$*P). This modulation can
directly affect the enzyme reaction cycle because
— as a consequence of the Pauli principle —
only S(E$*P), but not "(ES*P) can recombine
via k_,, (radical pair recombination) to yield
(E, P); that is, a magnetic field-induced change in
[S(Es*P)/T(E$*P)] leads to a corresponding
(spin-dependent) change in k_,, and thus k,,
enabling a field effect on the enzyme reaction
pathway. All subsequent processes preceding
product release via k,, are not considered to
exhibit a requirement for spin correlation. The
enzyme reaction scheme exhibits transitions
between different states that operate on very
different time scales. This is a result of combining
processes related to chemical kinetics and to
magnetic field-dependent spin kinetics. The rate
constants k_,, (radical pair recombination), &,
(forward reaction coordinate motion) and k.
(singlet—triplet mixing) represent fast time-scales
in the 1-100-ns time domain. Consequently the
concentrations of the radical pair states,
$/T(Eg*P), are small and rapidly converge to the
steady-state value. The remaining rate constants
are related to the much slower processes within
the enzyme reaction cycle.

The introduction of an effective rate constant,
k.., characterizing singlet—triplet mixing is based
on the assumption of steady state kinetics for
describing the radical pair system [46]. It is as-

sumed that the temporal variations of the mag-
netic field are much slower than the radical pair
lifetime, which typically is in the range of 1-100
ns [22,24,25]. Within this time frame the radical
pair senses a quasi static magnetic field [48].
Therefore spin evolution of the radical pair may
be regarded as a quasi steady state process on the
time scale of the magnetic field variations. In this
case the quantum-statistical equations describing
spin evolution of the radical pair may be solved
under static magnetic field conditions and the
actual value of the magnetic flux density may be
substituted to calculate the effect of the slowly-
varying magnetic field.

Under the conditions outlined above it is possi-
ble to define an effective rate constant k,, . that
characterizes net forward flux between the en-
zyme states (E, P) and (E, P)*. It has been shown
before that this rate constant may be related to
the radical pair recombination probability (for
details and a comparison with experimental re-
sults see [21,46)):

ko erp = kyp(1 = Pg). 3)

In this relation (1 — Pg) represents the
probability that the radical pair does not recom-
bine. Consequently, the enzyme reaction cycle
advances into the forward direction. The ap-
proach (Eq. (3)), enables the calculation of P, by
applying well-established models known from the
theory of radical pair recombination. One possi-
bility is to use the exponential model, which as-
sumes that the radicals separate after a certain
period of time and subsequent reencounters are
neglected [23,24]. In the simplest case of a sin-
glet—radical pair precursor with only one spin
1/2 magnetic nucleus present and restriction to
the high field limit (B > A,; where B is magnetic
flux density and A, is the hyperfine interaction
constant) this model yields [23]:

_ k_s
Pr(B) = (—k +k32)

1+(C,+C)Q, +C,C,07
1+2C,0,+ C303

4

~———
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C - 1 2kyp +k_y
Yokn (ky k27 + QI
_ 2k, +k_5
2= kyp+k_o 1

where Q,=(Aw)* £ (a/4)* In this relation 2J
corresponds to the energy splitting induced by the
exchange interaction, a is the hyperfine interac-
tion constant of the spin 1/2 magnetic nucleus,
and Aw=(uyz/h)B Ag/2 refers to the Ag —
mechanism (for review see [22—-25]). In the case
of oscillating magnetic fields varying at a fre-
quency that is much smaller than the reciprocal
of the radical pair lifetime, one may substitute
the actual value of B(¢) to calculate the recombi-
nation probability and the effective rate constant
Ky ctt-

So far properties of the model were described
that are related to the two enzyme reactions
controlling the system. To complete the model a
source term for substrate is included (see Fig. 1).
This allows for the existence of a Hopf bifurca-
tion and the occurrence of self-sustained oscilla-
tory behavior [25]. Under steady state enzyme
kinetics conditions with no magnetic field or static
magnetic fields only present, the resulting differ-
ential equations read:

%=1—x—ul(x)+l}2(y) (%)
% =0,(x) —v,(y), (0)

where x=[S1/[S,], y=[Pl/[S,], and the fol-
lowing definitions are used:

X y
vl(x) = Vlm, Uz(y) = VZW’
@)
V. :k [El,total] — k22,effk42 [E2,tolal]
! 2 V[So] ’ k22,eff+k42 V[So] ’
(8)
k 11 +k21 k 12+k22,eff k42

Bl: kll[So] ’ 2= klz[S()] k22,eff+k42’

)

a=k_;/k/[S,]. (10)

In Egs. (5) and (6) time is scaled in units of the
rate constant vy.

The system exhibits a single steady state at {x_,
vy =1{1,B,0,(x,)/(V, —v(x))}. The steady state
loses its stability via a Hopf bifurcation at 1+
dv(x,)/dx + dv,(y,)/dy = 0.

In the case of magnetic fields varying on a time
scale that is comparable to the one for processes
within the enzyme reaction cycle — other than
those connected with the spin evolution of the
radical pair states — it becomes necessary to
extend the model (Eq. (5) and (6)), and to explic-
itly integrate the time evolution of the enzyme
intermediates. To simplify calculations in the fol-
lowing, we neglect reversible enzyme—substrate
association processes (k_,; =k_,, = 0). Further-
more, we assume a rapid equilibrium for the
intermediate states (SE,S) corresponding to E,
(see Eq. (1)) and (E,P)* corresponding to E,
(see Eq. (2)). These conditions are achieved if
k_y/k;>1and kg, /ky, > 1. The assumptions
simplify calculations without changing the basic
results of the model simulations. Using the same
definitions as before and defining further: e, =
[(Els)]/[El,total]’ €= [(EZP)]/[EZ,total]? py =ky
LE owl/ Y, mo = kplEyul/y, = ky
LE oral/YIS0) My = kg el Ep i ]/ ¥LS0), € =
LE | oral/[S0), €, =[E, oal/[So], the following set
of differential equations is obtained:

%=1—x—u”+u22 an
% = —up + Uy (12)
51% =Up Uy (13)
52% = Uy~ Uy, (14)
where:

uy=px(1—e(1+ax), u,=p,y(d—e,),
(15)

Uy = Mey, Uy = 1Mpe;. (16)
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The system consisting of Egs. (11)-(16) forms
the basis for the model simulations outlined in
the following section. The model combines a de-
tailed description of the primary physical interac-
tion mechanism that couples the external mag-
netic field to the biological system. In this regard
Eq. (4) is used to calculate the radical pair recom-
bination probability in dependence on magnetic
flux density. Eq. (4) refers to a well-established
model based on quantum-statistical calculations
for the radical pair states. This approach enables
the calculation of an effective rate constant k,, .
(Eq. (3)), that characterizes net forward flux within
the enzyme reaction cycle. The secondary biologi-
cal change is investigated with the equations de-
scribing the chemical kinetics of the system, Eqgs.
(11)—(16). The latter include a regulatory feed-
back mechanism and a source term for substrate.
These conditions enable the occurrence of self-
sustained oscillatory behavior. In this way one
finally arrives at a model that combines both a
microscopic description of physical interactions
and macroscopic non-linear dynamics. The ap-
proach thus allows the study of external magnetic
field perturbations on a non-linear dynamical
biochemical reaction.

3. Results and discussion

3.1. Oscillatory biochemical reactions and magnetic

field effects

The ratio of the Michaelis—Menten constants
defined as e= B,/8, (Eq. (9)) yields a measure
of the time scales associated with the two enzyme
reactions. The condition € <1 leads to the typi-
cal relaxation-oscillator type of behavior. In this
case the variable x corresponds to a fast ‘switch-
ing variable’, whereas y represents a slow ‘re-
servoir variable’. The parameter vy scales the time
in proportion to the input. Therefore the model
system exhibits frequency encoding properties,
meaning that the oscillation period is sensitive
towards variations of y [49].

The potential for frequency encoding has been
found in a number of enzyme-regulated oscilla-
tory systems. One example is again the cytosolic
calcium oscillator, which is of the relaxation oscil-

lator type [49]. This system exhibits frequency
encoding properties, that is, in a number of cell
types the oscillation period is a function of the
strength of the external biochemical stimulus
[50,51]. Significantly, it has been recently reported
that the period of cytosolic calcium oscillations
can indeed determine the degree of gene activa-
tion [6,7]. This finding lends strong support to the
notion of a functional role for frequency-encoded
signals at the level of the single cell. The peroxi-
dase oscillator system is also a relaxation type
system, but its biological function, if any, remains
unknown. In this case only a single enzyme is
involved. However, the reaction network of the
oscillator includes two coupled feedback loops
[9,52]. Therefore processes operating on different
time scales are again distributed throughout the
reaction network enabling the generation of com-
plex oscillatory dynamics as in the case of the
calcium oscillator. Other examples include glyco-
lytic oscillations and oscillations of cyclic AMP
(for recent overviews of such biochemical oscilla-
tors see [53,54]).

The parameter combination resulting in self-
sustained oscillatory behavior may easily be ob-
tained from the two-dimensional system (Egs.
(5)-(10)). The parameter values are chosen to
yield an oscillation period of 7= 100 s. By com-
parison with the two-dimensional system the
parameter values of the four-dimensional model
(Egs. (11)—(16)) may be determined, too. How-
ever, here one also needs to specify the parame-
ters describing the radical pair states (see Eq.
(4)). To keep calculations simple, we restrict the
following discussion to the Ag mechanism
[22-25]. This mechanism leads to coherent spin
mixing between the singlet and triplet 7|, states
because of different g values of the radicals
(a =0 in Eq. (4)). In this example the radical pair
recombination probability reads as follows:

1+C(Aw)

, 17
1+C(Aw) (a7

_ k_»
Pr(B) = (k +k32)

where magnetic flux density is given as B(t) =
B¢ + B,ccos(w,t). To characterize the radical
pair states, parameter values are used that are
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similar to experimentally obtained values for the
{5’-deoxyadenosyl, cob(IDalamin}-radical pair
produced by enzyme-induced homolysis of the
C-Co bond of coenzyme B,,-dependent
ethanolamine ammonia lyase (for details see
[16,18,19,55)).

Fig. 2 depicts an oscillation diagram of the
unperturbed system. The diagram reveals that
there are long intermediate phases wherein the
substrate concentration only moderately in-
creases. At the same time the product concentra-
tion gradually increases. A threshold is reached
after the inhibitory effect of substrate on E,
becomes effective (x > 1/y2). In this phase
product concentration is not increasing further
thus resulting in an accumulation of substrate
and in the formation of a spike. The subsequent
removal of substrate terminates the spike and
resets the cycle.

5 - - 70
60
- 50
E >
40
O: ; : £

rrrrrrrrrrrrrrrroeT rrrrrrrorTT
0 50 100 150 200 250 300
t (sec)

Fig. 2. Oscillation diagram of the substrate and product con-
centrations and of two intermediate enzyme—substrate com-
plexes. The lines represent the temporal evolution of: subs-
trate concentration (solid line, x); product concentration
(dashed line, y); concentration of intermediate enzyme—sub-
strate complex corresponding to enzyme E, (dash-dotted line,
e,); concentration of intermediate enzyme—substrate complex
corresponding to enzyme E, (dash-dot-dotted line, e,).
Parameters: n;, =24, u; =24, a=2,1,=8, u, =04, ¢, =0.1,
6=01,k_,,=10° s7!, k;; =108 s71,27=0, a=0, Ag=
0.25. The differential equations were integrated by applying
different numerical methods and programs written in the
Fortran and C programming languages. The integration was
performed with an adaptive stepsize fifth-order Cash—Karp
Runge—Kutta method, as well as with a semi-implicit extrap-
olation method developed by Bader and Deuflhard (for details
see [56]). No difference in results were observed between the
two methods.

In Fig. 3 the effect of static magnetic fields on
the recombination probability of the radical pair
and on the oscillation period is shown. One
observes that a magnetic flux density of B, = 10
mT induces a reduction of the oscillation period
of approx. 50%. At the same time the recombina-
tion probability is reduced by only 2.5%. This
shows that the kinetic properties of the enzyme
reactions provide a basis for amplifying small
initial changes induced by the primary physical
interaction mechanism. The reason for this be-
havior is that both kinetic parameters of enzyme
E,, that is, the maximum reaction velocity V, and
the Michaelis—Menten constant 8, depend on
magnetic flux density via the rate constant k,, .
(see Egs. (8),(9)). Therefore small changes in the
recombination probability, leading to equivalent
changes in k,, . (see Eq. (4)), may result in much
greater influences on the enzyme reaction and
the resulting oscillation periods. Because the Ag
mechanism leads to an increase in the triplet 7,
population, from which recombination into the
(E,P) state is not possible due to the Pauli
principle, the net cycling of the system increases.
This finally results in the observed decrease of
the oscillation period. The effects are quite re-
markable. To reduce the oscillation period by an
equivalent amount of approx. 50% by variation of
the chemical boundary conditions, one would have
to increase the rate of substrate supply by approx.
40%. This change may be achieved by increasing
the rate constant y.

The results obtained with static magnetic fields
reveal a specific sensitivity of the oscillator to-
wards magnetic field influences. To further ex-
plore this aspect time-dependent magnetic fields
may be applied. In this case one may expect
direct influences on the non-linear dynamical be-
havior of the oscillator. In particular, a
frequency-dependent response behavior to the
external perturbation may be observed. Fig. 4
summarizes the simulation results. In Fig. 4a the
magnetic flux density is fixed at B, = 12 mT and
the field frequency is varied, whereas in Fig. 4b
the field frequency is fixed at @, =0.25s"" and
magnetic flux density is increased. This value of
the field frequency equals approximately four
times the limit cycle frequency of the unper-
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Fig. 3. Response behavior of the oscillator towards static
magnetic field, B = Bj,., perturbations. The solid line refers
to the oscillation period. The dashed line represents the
radical pair recombination probability. Note the different
axis-scaling. Parameters are the same as in Fig. 2.

turbed system. The latter is indicated by the ar-
row on the bottom diagram of Fig. 4a (w, = 0.063
s~1). The top diagrams in Fig. 4 depict the oscilla-
tion amplitudes. Only amplitudes exceeding the
threshold x,, = 2.0 are shown. The existence of a
cut-off is based on the assumption that a detector
that is capable of processing information from the
oscillations only responds to spike inputs exceed-
ing a certain threshold. The actual value of this
cut off is arbitrarily chosen, because so far no
detector structure has been specified. The bottom
diagrams in Fig. 4 depict the oscillation periods of
the resulting patterns, normalized to the external
field period.

Fig. 4 reveals that in both cases the time-vary-
ing magnetic field perturbation induces a complex
sequence of alternating periodic (resonant) and
non-periodic (quasiperiodic and chaotic) oscilla-
tion patterns. Some representative oscillation pat-
terns are shown in Fig. 5. In principle, the result-
ing behavior yields a number of standard features
known from externally driven self-sustained oscil-
lators. However, it has to be taken into account
that in the present case the external driver is not
just an additive term in the model equations.
Rather the coupling of the magnetic field leads to
a parametrically-driven system. Furthermore, Eq.
(16) reveals that the recombination probability,

and consequently the parameter 1, in the model
(Egs. (10)—(15)), exhibit a quadratic dependence
on the magnetic flux density. As a result the
enzyme reaction E, actually senses a frequency-
doubled perturbation. This may also be recog-
nized in the properties of the resulting oscillation
patterns. The oscillator displays periodic states
predominantly at frequency intervals wherein the
ratio between the internal oscillation period and
the one of the external field equals N/2, (N =
1,2,3,...; see bottom diagrams in Fig. 4). Specifi-
cally at field frequencies close to the unperturbed
limit cycle frequency a resonant state with 7/7
=1/2 exists.

Comparable to the static magnetic field case,
the changes induced on the radical recombination
probability are rather small. Indeed, the temporal
variations of the recombination probability ob-
tained with the parameter values applied in Fig.
4a are in the order of 3.2% (difference min/max
amplitude). Again these small variations induced
by the primary physical interaction mechanism
may lead to profound changes in the secondary
(biologically relevant) response behavior of the
system.

The response patterns reveal several other in-
teresting features. In the case where the magnetic
flux density is fixed and the field frequency varies
one observes a frequency-dependent response be-
havior. Within the periodic states the response
amplitudes display a maximal value at the low-
frequency end of the resonance intervals. The
amplitudes gradually decrease towards the high-
frequency end of the intervals. This behavior con-
tinues until, close to a field frequency that is 10
times higher than the unperturbed limit cycle
frequency, there is a sudden transition into a
state exhibiting oscillation amplitudes below the
threshold defined above (Fig. 5¢). In this state the
individual features of the unperturbed oscillator
are lost. The system is forced into a sinusoidal
oscillation that follows the external field varia-
tions around the steady state value at x, = 1. This
behavior is quite remarkable, because it occurs at
a relatively high external field frequency in com-
parison to the unperturbed limit cycle frequency.
Model simulations reveal that such an oscillation
pattern may still be observed even if the internal
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Fig. 4. Response behavior of the oscillator towards oscillating magnetic field, B(t) = B, cos(w, 1), perturbations. a: top Response
amplitudes; bottom oscillation periods as a function of the applied field frequency at a fixed magnetic flux density. The arrow in the
bottom diagram represents the limit-cycle frequency of the unperturbed oscillator. b: top Response amplitudes; bottom oscillation
periods as a function of the applied magnetic flux density at a fixed field frequency. The lines correspond to the response behavior
towards static magnetic field perturbations (compare Fig. 3). Parameters are the same as in Fig. 2, except: (a) B, =12 mT, (b)
w4c =0.25 s~!. The differential equations were integrated applying the techniques described in the caption to Fig. 2. Different
integration stepsizes were applied to check the accuracy of the results. No major differences or co-existing solutions were observed.

period of the system is much longer than the one
obtained with the parameter combination applied
so far. For example, setting [, =0.01 yields a
limit cycle period of T =2870 s. Applying the
same combination of field parameters to the sys-
tem still induces a transition into an oscillation
pattern that is similar to the one shown in Fig. Se.
The transition into the sinusoidal oscillation
around the steady state is performed via an in-
termittent type of behavior. Fig. 5d shows the
resulting oscillation pattern at a frequency slightly
below the transition. In this case the oscillation
pattern displays long laminar phases that are in-
terrupted by large-amplitude bursts.

Increasing the field frequency beyond the re-
gion discussed above leads to the formation of a
pattern that is a superposition of large amplitude

spikes and small oscillations (Fig. 5f). The latter
exhibit twice the frequency of the external field,
because of the quadratic dependence of the re-
combination probability on magnetic flux density.
The interval between the large amplitude spikes
corresponds to one that may be obtained by sub-
stituting B, =B,./y2. The factor 2 results
from replacing the squared cosine function by its
time-average. This shows that at frequencies that
are much greater than the internal limit-cycle
frequency the time-varying magnetic field effect is
to a large extent equivalent to the corresponding
effect of a static magnetic field of lower ampli-
tude.

In the case where the field frequency is fixed
and the magnetic flux density increases, the oscil-
lator also displays a number of periodic states
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Fig. 5. Oscillation diagrams in response towards oscillating
magnetic field, B(t) = B, cos(w,t), perturbations. Parame-
ters are the same as in Fig. 4a, except: (a) w4 =0.03s7'; (b)
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wherein the ratio between the internal oscillation
period and the one of the external field equals
N/2 (Fig. 4b, N=1,2,3,...;7). Specifically the in-
terval with T/T,.=3/2 extends over a wide
range of magnetic flux densities, ranging between
9 mT <B,-<16 mT. If only, however, the bio-
logically relevant information is contained within
the interspike intervals, then within this interval
an increase of the magnetic flux density would
not produce a different effect on the biological
system. Finally, at higher magnetic flux densities
above B,. =24 mT the oscillator settles into a
period-doubled state with 7/7,-=2/2.

So far we discussed the response behavior of
the oscillator to external magnetic field perturba-
tions from the perspective of non-linear dy-
namics. Depending on the specific combination of
static and/or time-varying field amplitudes and
field frequency different oscillation patterns may
be observed. In all cases the substrate concentra-
tion remains the same on temporal average, that
is, {x);=x,=1. This is because of the coupling
of the system to the environment via the term

v(S, — S), leading to a buffering effect of subs-
trate concentration.

Despite the fact that the average substrate
concentration remains constant, the cycling within
the system is different, because of the parametri-
cal coupling of the magnetic field and the inher-
ent non-linearities. This means that depending on
the field frequency the efficiency and the dissipa-
tion within the system are altered. Consequently,
the average product concentration and the aver-
age product formation rate given by (u,,(1)), =
1n,{e, ), are altered, too. The characterization of
the response behavior of externally driven sys-
tems by means of the dissipation or efficiency of
the system has been utilized in a number of
investigations before. Examples include theoreti-
cal studies of externally driven non-linear oscilla-
tors [57-60] as well as experimental studies of the
externally perturbed peroxidase—oxidase reaction
[3,8,37,38,40].

To investigate the response behavior of the
system by the dissipation, we refer to the model
given by Egs. (5)-(10). The rates of substrate to
product interconversion are given as v, and v,,
respectively (Eq. (7)). The dissipation of this
process may be defined as follows (for details see
[57,59D):

Dgp= (v, — v3)RT 1n(5—;). (18)

where T is temperature. Fig. 6 depicts the change
of the dissipation in comparison to the unper-
turbed oscillator value in dependence on field
frequency. Again one observes a frequency-de-
pendent response behavior. In particular, within
the resonant states the dissipation is increased in
the middle of the resonance intervals and de-
creased towards the ends near the bifurcation
into new states. The complex oscillatory states
including those that separate the resonant ones
are characterized by a decreased dissipation. In-
terestingly, the state where the system is forced
into the sinusoidal oscillation around the steady
state near w,-=0.6 s results in a drastically
decreased dissipation. This factor may contribute
to the specific stability of this state.

Any change in the dissipation of the system is
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Fig. 6. Change in the dissipation of the system in response
towards oscillating magnetic field, B(t) = . cos(w,1), per-
turbations. The dissipation is defined by Eq. (18). The example
corresponds to the simulation results depicted in Fig. 4a.
Parameters are the same as in Fig. 4a.

accompanied by changes in the average product
concentration and in the average product forma-
tion rate. Thus the results shown in Fig. 6 demon-
strate that the external perturbation induced by
the oscillating magnetic field may effectively alter
the efficiency of the system. Similar conclusions
have been reached in the experimental studies of
the peroxidase—oxidase system [3,37]. However, in
these studies perturbations in the oxygen supply
to the reaction of relatively high amplitudes had
to be applied to achieve significant changes in the
average dissipation. In the present model the
external perturbation leads to a parametrical cou-
pling. It appears that the parametric coupling of
the oscillating magnetic field enables a very effi-
cient form of perturbation of the system, in par-
ticular, considering the fact that the absolute
modulation of the radical pair recombination
probability is rather small.

3.2. Model of a biochemical decoding mechanism
for oscillatory input

In the previous section the response behavior
of the oscillator towards static and time-varying
magnetic field perturbations is discussed. The re-
sults show that the system exhibits great sensitiv-
ity. In particular, a variety of characteristic re-

sponse patterns are observed in response to
time-varying magnetic fields. The question arises
under which conditions of different oscillation
patterns may produce different and biologically
relevant changes. To establish such a connection
a biological detection mechanism has to exist that
is capable of responding to changes in the output
of the oscillator. In this context the term output
may refer to temporal variations of the substrate
concentration as well as to those of the product
concentration. In the following the situation
where the temporal variations of substrate con-
centration represent the output is investigated.
Specifically a decoding mechanism consisting of a
protein system that acts as a molecular switch in
response to substrate variations is studied. The
model is shown in the following scheme:

kos” o ky
activation:M; — M,, deactivation:M, > M,

i’

(19)

where [M,,,]=[M;]+[M,] = constant. The ex-
ponent n represents the degree of cooperativity
in the activation process. In the model simula-
tions a value of n=4 is assumed. This corre-
sponds to the properties of calmodulin, which has
four bindings sites for calcium [61]. This example
is closely related to the decoding of calcium sig-
nals. In this case calcium-dependent proteins such
as calmodulin may operate as coupling elements.
Enzyme systems that are regulated by the activity
of calmodulin may further process the oscillatory
input. For example, as one possible candidate
calcium /calmodulin-dependent protein kinase II
(CaM kinase II) has been considered to function
as a frequency decoder for calcium oscillations
[62-64]. Recent in-vitro experiments have con-
firmed that CaM kinase II activity is highly sensi-
tive towards periodic oscillations in calcium con-
centration in the frequency range v=0.5-4 Hz
[65]. This finding may be related to the results
mentioned before, where the oscillatory calcium
input was processed as a frequency-encoding sig-
nal that induced or enhanced calcium-dependent
gene activation events depending on the fre-
quency of oscillations in cytosolic calcium concen-
tration [6].
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Deﬁning zZ= [Ma]/[Mtotal]7 K, = ka/'y’ Kqg =
k,/7v, one obtains the following differential equa-
tion for the detector:

d ;
T = RS A= )x" = k2, (20)

where x =[S]/[S,], as before. Eq. (20) is added
to the previous model defined by Egs. (11)—(16).
It is assumed that the total concentration of de-
tector proteins is small compared to the substrate
concentration. In this case one may neglect the
proportion of substrate bound to the detector
protein, and no further contribution has to be
added to the differential equations describing
substrate dynamics.

There are two principal ways the detector may
function. The system may operate as an integra-
tor that adds up successive input spikes. This
leads to a slow increase in the fraction of acti-
vated proteins. In this case the detector is respon-
sive to the amplitude of the input rather than to
its frequency. In the second mode of operation
the detector effectively switches between states of
low activity (z — 0) and high activity (z —» 1). In
Fig. 7 the two cases are illustrated. The figure
reveals that because of the cooperativity in the
activation process there is a sharp increase in the
fraction of activated proteins within the rising
phase of the input spike. However, fluctuations
not exceeding a certain threshold do not produce
a response of the detector. The simulations dis-
played in Fig. 7 reveal that a value of x,; =2 may
be assigned as activation threshold. This value
corresponds to the one that is applied in the
simulations shown in Fig. 4.

In both modes of detector operation discussed
in Fig. 7 the ratio between the activation rate
constant, k, [S;], and the deactivation rate con-
stant, k,, is the same. This means that in both
examples the Michaelis—Menten constant and
consequently the steady state concentration of
activated proteins are the same. However, be-
cause the input signal is a time-dependent dy-
namical one, the detector does attain its steady
state value. This behavior is illustrated in Fig. 8.
The figure reveals that the mean concentration of
activated proteins may be much greater than the
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Fig. 7. Response behavior of the protein detector. The model
of an activation /deactivation cycle of a protein is described by
the reaction scheme given in Eq. (19). The figure depicts the
oscillatory input (variable x, top diagrams in (a) and (b)) and
the response of the protein detector. In the middle diagrams
in (a) and (b) the detector kinetics are slow, whereas in the
bottom diagrams they are fast. a: Response behavior without
external perturbations. b: Response behavior in the presence
of an oscillating magnetic field. Parameters are the same as in
Fig. 2, furthermore: (b) B, =12 mT, w,c =0.25 s~ '; middle
diagrams in (a) and (b): k, S§ = 0.0001, «, = 0.0005; bottom
diagrams in (a) and (b): «,S§ = 0.01, k, = 0.05.

steady state value at z, =1/6. The latter is only
reached if the detector kinetics are very fast, that
is, if the switching between low- and high-activity
states occurs on a time scale that is comparable
to the variations of the input signal. These results
show that the kinetic features of the detector
critically determine its response behavior.

Based on these findings it is conceivable that
the presence of the magnetic field may induce
further changes, depending on the detector
properties. Results shown in Fig. 8 reveal that for
both static, as well as oscillating magnetic field
perturbations, a biphasic change in the mean
concentration of activated detector proteins re-
sults. This means that a decrease may be observed
if kinetics are slow and the detector operates as
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Fig. 8. Average concentration of activated receptor proteins
as a function of the kinetic parameters of the system. The
solid line depicts the case without external perturbations. The
dashed line represents the response in the presence of a static
magnetic field, B = Bj,, whereas the dash-dotted line repre-
sents the response in the presence of an oscillating magnetic
field, B(¢1) =B, cos (w, 1), perturbation. Note that the
Michaelis—Menten constant, that is, the ratio «,Sj/k,; re-
mains constant. Parameters are the same as in Fig. 2, except:
Bpc=12mT, By =12 mT, w, =025s"1.

an integrator. For the parameter combination
applied in the simulations shown in Fig. 8, a
maximal decrease of approx. 17% results in the
static magnetic field case, whereas with oscillating
magnetic fields a maximal decrease of only 8%
may be observed. The reason for the decrease is
that the oscillation amplitudes are smaller in the
presence of the field. These changes are greater
in the static magnetic field case for the parameter
values applied. In the opposite situation, that is, if
the kinetics are fast the mean concentration of
activated detector proteins is increased in the
presence of the field. In this case a maximal
increase of approx. 47% may be found with static
magnetic fields, whereas with oscillating magnetic
fields the increase is even more profound, that is,
on the order of 67%.

4. Summary and outlook

The results discussed in the preceding sections

show that the overall response behavior towards
magnetic field perturbations of the combined sys-
tem, consisting of the two coupled enzyme reac-
tions and the detector protein, is critically de-
termined by: (1) the specific combination of exter-
nal field parameters (static and oscillating mag-
netic field amplitudes, field frequency); and (2)
the kinetic properties of every subsystem. Simula-
tions suggest that moderate-strength magnetic
fields (B = 1-100 mT) may suffice to achieve sig-
nificant changes in the response behavior of the
system. Several levels of complexity have to be
considered. First, at the stage of the initial cou-
pling of the external magnetic field, the time
scales associated with the spin evolution of the
radical pair determine the size of the primary
magnetic field effect. These initial changes are
transduced into the system via modifications in
the net forward flux of the magnetic field-sensi-
tive enzyme. The kinetic features of the two cou-
pled enzyme reactions determine the resulting
influence on the oscillatory reaction. In particu-
lar, application of static magnetic fields may dras-
tically change the oscillator period. Oscillating
magnetic field perturbations may induce complex
response patterns, depending on the field ampli-
tude and frequency. Because of the differences in
time scales associated with the two enzyme-regu-
lated processes, field frequencies that are much
greater than the autonomous limit-cycle fre-
quency (for example by a factor of 10?) may still
be effective in controlling the oscillator. Finally,
the kinetic properties of the detector mechanism
critically determine the changes that may be
observable on a macroscopic scale. In summary,
the different parts of the model involve processes
spanning a range of time scales that are separated
by a factor of 10!. Specifically, the time scales
range from the nanosecond time domain (spin
kinetics) to sub-second processes approx. 107> s
to 1 s (enzyme kinetics), and finally processes on
the order of minutes (oscillator period).

As outlined in Section 1, the peroxidase—
oxidase oscillator has been utilized as a model
system in experimental studies of the response
behavior of biochemical oscillators towards time
varying external perturbations. However, so far
only chemical stimuli and in one study electric
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currents have been applied to perturb the system.
The recent discovery of the sensitivity of the
redox cycle of horseradish peroxidase towards
moderate-strength magnetic field exposures has
opened up the opportunity of extending the
above-mentioned studies to include oscillating
magnetic fields as a novel type of perturbation.
For this reason we have recently initiated a pro-
gram with the goal of experimentally investigating
the potential use of magnetic field perturbations
as a tool for studying oscillatory enzyme dynamics
based on the peroxidase—oxidase oscillator. These
experimental studies may be supplemented by
theoretical investigations that extend existing
models of the peroxidase—oxidase oscillator by
including microscopic interactions accounting for
the primary magnetic field coupling to the system
(Eichwald and Walleczek, unpublished results).
The approach outlined in this paper may also
serve as a guideline for these developments.
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