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Abstract

The influence of temperature on the oscillatory kinetics of the peroxidase—oxidase reaction was studied theoretically.
Assuming Q,,=2 for elementary reactions, the effect of multiplying the rate constants of the model by factors
between 0.5 and Zcorresponding to a 16C decrease and increase, respectively, of tempedatas investigated.

First, the individual rate constants were successively multiplied by 0.5 or 2 while all other rate constants were kept
unchanged. This resulted in either a longer or a shorter period, depending on the rate constant being changed.
Multiplication by 0.5 or by 2 generally resulted in opposite effects on the period length. However, the absolute value
of this deviation differed. Also, the dynamics changed when halving the dimerization rate of NAD as well as when
doubling the rate constant for the reduction of ferric peroxidase by NAD. Next, simulations were performed
multiplying all rate constants by one and the same factor, which increased progressively from 0.5 to 2. Intervals were
found corresponding to temperature dependency, compensation, and over-compensation, respectively.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Horseradish peroxidag@&lRP) catalyzes the reduc-
tion of hydrogen peroxide in the presence of one
Peroxidase is a heme protein, which in its native of a very large number of different hydrogen
form has iron in the ferric statéFe**) and is donors [1]. In addition to this reaction, HRP
designated pét . The protein can have other redox catalyzes the peroxidase—oxidageO) reaction,
states, classified in accordance with the oxidation in which molecular oxygen is the electron acceptor.
state of the heme iron: ferrous peroxiddper™), For this reaction, fewer hydrogen donors are
compound I(col), compound li(coll), and com-  known, such as reduced nicotinamide adenine
pound Il (colll). The compounds have the oxi- dinucleotide(NADH) [2]. Using this substrate in
dation states %, 4+ and 6+, respectively.  an open in vitro system, oscillatory kinetics could
— _ _ ~ be observed3,4]. The study of the PO reaction
L o o e in vivo [8] 5o far has not led to observaion of
52-57: fax: +45-33-27-53-71. oscillatory kinetics. It has been proposed that if
E-mail address: krv@combio.dk(K.R. Valeun. oscillatory dynamics do exist in vivo, the advan-

0301-4622/02/$ - see front matt@€r 2002 Elsevier Science B.V. All rights reserved.
Pll: S0301-462202)00226-0



260

tageous effect of this could be maintaining a low
average level of the involved toxic, free radicals
[6].

Besides sustained oscillatiofig], the PO reac-
tion exhibits other non-linear dynamics, such as
bistability [8], mixed-mode oscillationd9], and
chaos[10,11. In order to simulate these different
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peroxidase as a cataly§l8]. There are some
discrepancies among these two models due to
different values of rate constants found in literature
and to differences in the extrapolations made to fit
reported data with the experimental conditions of
the PO oscillator. Using the BFSO model, not only
simple oscillations can be simulated, but also

non-linear dynamics, several models have beenexperimentally observed complex behavior such as

proposed. These can be divided into two catego-

ries: simple abstract models, and detailed models.

The abstract models consider the essential fea-

tures of the reaction rather than the individual

period doubling, chaos, and bistabiliky6].
Temperature compensation is a characteristic of

most circadian systemil9] and was found also

for some ultradian oscillatorf20—-23. The phe-

steps and attempt to account for the observed nomenon has been widely studied and remains a

nonlinear dynamics. Using a four-variable model
composed of two coupled autocatalytic cycles,
periodic and chaotic dynamics were simulated
[12].

Several more detailed models of the PO reaction,
which include the principal reaction steps, have

challenging topic. While a rise of temperature will
accelerate elementary reactions, its influence on a
reaction network system is more complex and can
give rise to a variety of effects. The effect of this
environmental parameter on a network system has
been investigated theoreticallg4—27.

been proposed. They are based on the so-called Here, the influence of temperature on the PO

YY model [13]. The first models omitted p&r
as ferrous peroxidase is present only in small
amounts in the PO reaction catalyzed by HRP.
However, its inclusion allowed for chaotic dynam-
ics to occur[14]. With these first detailed models
some experimental behavior could be simulated
gualitatively. Their insufficiency is due to incom-

plete reaction schemes and a lack of experimen-

tally founded values. Two recent models, which

network system is examined theoretically using
the BFSO model16]. The rate constants of the
involved partial reactions are modified either indi-
vidually or all together to simulate temperature
changes, according to the procedure of Leloup and
Goldbeter[28].

We provide evidence that the reaction is capable
of exhibiting temperature dependency, as well as
temperature compensation and over-compensation,

use chemically realistic values, are the Urbanalator depending on the temperature range considered.

model [15] and the BFSO moddl16].

The Urbanalator model omits ferrous peroxi-
dase, as Olson et a[l5] did not observe this
enzyme intermediate experimentally. Their model
includes NADH decay due to illumination from
the deuterium lamp of the spectrophotoméeter].
Also, autoxidation of NADH with the formation
of H,O, was for the first time included in this
model. Using chemically realistic rate constants
from literature, simple oscillations of the concen-
trations of NADH, oxygen, péF and colll could
be simulated15].

The BFSO mode[16] is based on the Urbana-

2. The model

The present simulations are based on the BFSO
model. Its reaction scheme is shown in Fig. 1. The
equations are listed in Table 1 together with the
rate constant values chosen for the present study.
The background for the choices is described in the
following.

The rate constanig —k,, are based on published
general kinetic studies and adjusted to the experi-
mental standard conditions for the PO oscillator,
such as a temperature of 28. The rate constant

lator model and experiments performed by Geest k; has been determined experimentally at pH 9

et al. [11]. Unlike the Urbanalator model, per is
included in this model. Its inclusion adds to the
complexity of the systen{14] and permitted to
simulate the oscillatory kinetics usinGoprinus

[29] and extrapolations made for conditions of the
PO oscillator[15], assuming that the NADH oxi-
dation is first order dependent ofH*], giving
k;=33X10"° wuM st Should this not be the
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Fig. 1. Scheme of the BFSO model used for the present simulations. The reaction solution contains peroxidase, which is fed with
a continuous inflow of the two substrates NADIR;,) and oxygen(R,s). NADH slowly autoxidizes(R ), thus providing the

H,0, necessary for initiating the classical peroxidasic cy&e-R,). In reactions R and R , NADH is oxidized to the free radical

NAD-, which reacts with oxygen to form superoxidBs). Superoxide will either dismutate to hydrogen perox{&s) for use in

the peroxidasic cycle, or it will be incorporated in the native peroxidase to form €BY). colll is a rather inactive enzyme
intermediate, which is decomposed to col by reaction with NARY). col is reduced to the native ger in two steff;—R,).

colll can also be formed when gér is reduced to?per by NABR ) and pet™ reacts with molecular oxygéR;,). For this

second cycle, which has;R and R in common with the peroxidasic cycle, oxygen is the electron adkeptut R ;) instead of

H,0, (R,), making the total reaction network a PO reaction.

case the value will be smaller at the standard pH between 60 and 150.M ~*s~* [15,16,18,30,3}L
value of the PO oscillatofpH 5.1). Simulations  Here,kg=100 uM~1s™~! has been chosen.

therefore have been performed withk,= The dimerization rate of NAD radicals,) was
3X10°¢-9%x10°® uM~-1s™! [16,18,30,31 determined as 56uM-'s™! [32] and 778
Here, the value ofk, has been chosen as puM~'s~! [33]. Here, k=90 pM~1s~! was

6X107 % puM~1s71, chosen.
The rate constants,—k- are identical to values Rate constants for the reactions involving fer-
chosen for earlier simulation46,18,30,31 rous peroxidas€R,, and R ;) have values identi-
No experimental data are available for the rate cal with the BFSO mode]16].
constant of reaction R . Yokota and YamazHk3] Rate constant%,.,—k,, were based on experi-

simulated non-oscillatory kinetics observed at pH mental conditions for the PO oscillat¢28 °C).
5.6 setting the value of this rate constant at 130 The constantsk,;—k,, relate to the transfer of
uM~ts~1 Others have chosen values fag oxygen into the solutiorfk,3) and its evaporation



Table 1
Equations from the BFSO model, chosen rate constants and initial concentrations, for the simulations

Model equation

Rate constant

(1) NADH +0O,+H* ->NAD* +H,0,
(2) H,0,+ per* —col

(3) Col+NADH — coll+NAD*

(4) Coll+NADH — pef* + NAD"
(5) O,+NAD"— O; +NAD™*

(6) O3 +per™ —caolll

(7) 2 05 +2 HY > H,0,+0,

(8) Colll +NAD"—col+NAD™

(9) 2 NAD" - (NAD),

(10) PeP* +NAD - pef* +NAD*
(11) PeP* +0O,—caolll

(12) NADHr — NADH

(13) Ozgas = O 2 iquia

(14 Oziiquiay = Oz(gas

6xX10° ¢ pM-ts?t
18uM-ts?
0.04puM~1s?
0.026 M ~ts™?
20 uM 17t
17 uM~1ts™?
20 uM~ts7t
100 uM ~1ts™?
O uM-ts?
1.8puM-1s™?
0.1pM~1s™?
0.08uM st
0.04778uM st
0.0043 s*

Specie’d Initial concentration
P, (HRP,) 1M
0o (00 a0 11.555uM

Differential equations

[NADH]' = —k;,[NADH][O,] — k3s[NADH][col] — k,[NADH][coll] + k1,

[02]' = —ku[NADH][O,] — kO [NAD"] + 403 1[05] —k 1{pef* ][O 3 +k 15k 14O

[PerP*]'= —k;[H,O.] [peP" ]+ k [NADH][coll] —kd[peP* ][O ] —k.dpef* |[NAD']

[per* ] =ki[per* | [NAD' — ky,[pef* ][0;]

[NAD]’ = ks[NADH][col] + k4[NADH][coll] —ks[O][NAD]—kgcolll][NAD]—2xk{NAD][NAD'] -k pef* ][NAD']
[0z ] =ks[OF][NAD"] — ke[per][07 ] —2X k4{03][0>]

[col)’ =k,[H O] [peP] —ko[NADH][col] +kg[colll][NAD']

[coll]’ =ks[NADH][col] — ks[NADH][coll]

[colll] =ke[O3 ][peP*]—kg[collI][NAD ] + kq,[pef* ][O

[H20;]' = ki[NADH][OZ] —ko[H O j[pef* ] +k {03][O7]

The values of the rate constants correspond to standard conditiofi€, 28
2For all other species the initial concentration is set atN.

29¢

0L2-65C (2002) 66 Custuay) paskydorg / 11sody 118ap 'y “unapp Yy
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Fig. 2. Standard simulation using parameter values correspond-
ing to 28°C. Time series for NADH and oxygen.

(ki4) (e.g.[9,171). The gas transfer constaht,
was determined as 0.0043% . Isolationkgf in
the equilibrium equation givesk,;3=0.04778
uM st

The initial concentration of native peroxidase
(pert) is set at 1uM. No NADH is present in
the beginning; the reaction starts with its continu-
ous supply into the system. The initial steady state
concentration of oxygen was calculated from tables
of absorption coefficient, vapor pressure, salinity,
and temperatur¢34,35 at standard conditions of
28°C in 0.1 M acetate buffer as 11.5%M. The
initial concentrations of all other species were set
at zero.

The values were changed in order to simulate
oscillatory kinetics at other temperatures. The val-
ue of O typically is close to 236], i.e. the reaction
rate is doubled for each 1T temperature incre-
ment and is halved for each 1 temperature
diminution. Simulations therefore were performed
multiplying the rate constants by O(8orrespond-
ing to 18°C), by 2.0(corresponding to 38C), or
by a factor in between. This does not apply to the
NADH infusion rate(k;,), which is kept unchan-
ged, neither to the oxygen transfer constahis.
was determined experimentally at 2@ (0.0039
s~ 1) and 40°C (0.0053 s*), and values for other
temperatures were linearly extra or intrapolated.
The initial oxygen concentration at different tem-
peratures was calculated between 18 and’G8

263

more solver for ordinary differential equations

[37]. The integrator works in double precision,
while the output file is single precision. Data were
sampled once a second.

The results obtained by the integration method
employed were compared to the results obtained
with two other variable-stepsize methods, provided
with  the program  Berkeley = Madonna
(www.berkeleymadonna.com the Rosenbrock
(stiff) method and the Auto-stepsize method.

3. Results
3.1. Standard simulation

Time series of NADH and oxygen for a standard
simulation corresponding to 28C is shown in
Fig. 2. Values for period as well as levels and
amplitudes of concentrations of substrates and the
enzyme intermediates ger , colll, and Pper
were compared with experimental data based on
deconvoluted absorption specti#,38,39. The
period is 172 s, which was confirmed by the two
integration methods Rosenbrock and Auto-stepsi-
ze. This is within the experimental rang&é40—
180 9. The NADH concentration level using the
three integration methods was found as 111.505
wM, which is somewhat above the experimental
levels (35-98 wM), but its amplitude of 6.668
wM (Rosenbrock and Auto-stepsize: 6.6A8)
is within the experimental rang€0.8—11 uM).
Oxygen concentration has a level of 1.683
(Rosenbrock and Auto-stepsize: 1.68M) and
an amplitude of 2.848.M, which are slightly
lower than the experimental resulig—5 wM and
3.5-5uM, respectively. The level of pet* (0.58
wM) is within the experimental rang€0.4-1.3
wM) while its amplitude (0.38 uM) is lower
(0.9-1.9. The level (0.32 wuM) and amplitude
(0.52 wM) of colll are lower than the published
results (0.55-1.2uM and 0.7-1.4uM, respec-
tively), the pef* level(0.08 wuM) is within the

For values between integer degrees Celsius, arange (0.04—-0.1uM) while its amplitude(0.15

linear approximation was made.

Simulations were performed using the LSODE
implementation of the Gear’s algorithm for stiff
ordinary differential equation{LSODE, Liver-

wM) is higher(=0.08 .M). Based on this com-
parative study the simulated results are considered
as being reasonably close to experimental
conditions.
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3.2. Successive multiplication of each constant by
0.5 or 2.0

In order to investigate the sensitivity of the
whole network towards each constant with respect
to a temperature change, simulations were per-
formed multiplying the rate constants, one by one,
successively(exceptk,; and k,,) by 0.5 or 2.0
while the other constants were kept unchanged. As
in the case of choosing rate constants for the
standard simulation, the rate constants for oxygen
influx (k,5) and outflux of the systertk,,) should
be chosen according to experimental conditions. If
these values were multiplied by 0.5 or 2 as well,
the effect would be too drastic and lead to non-
oscillatory kinetics(not shown. The initial steady
state concentration of oxygen is the calculated
value for either 18 or 38C, respectively.

3.3. Multiplication by 0.5

In Fig. 3, the values of the rate constants have
been multiplied by 0.5, one by one, successively
while the other rate constants were kept unchan-
ged. The initial steady state concentration of oxy-
gen was set at the extrapolated value for °C3
(28—10 °C). In Fig. 3a, thex-axis indicates the
rate constant that was multiplied by 0.5 and the
axis the deviation from a control simulation. The

K.R. Valeur, R. degli Agosti / Biophysical Chemistry 99 (2002) 259-270
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Fig. 3. Multiplication of each rate constant by 0.5 one by one
while the values of the other rate constants are kept unchanged.
The steady state concentration of oxygen is set at its value at
18 °C. For a control simulation where this is the only value
changed, the period is 172 &) The rate constant that has
been changed is indicated on thexis, and the deviation of
the resulting period from the control simulation is shown in

period varies depending on the rate constant being percentage on the-axis. (b) Time series for NADH and oxy-

changed. Halving the rate constant diminishes
the period by 9% as compared to the control
simulation. This is due to a diminution of the
substrate influx and thus a reduced duration of the
increase phase of an oscillation. Halving bf

gen whenkg is multiplied by 0.5. In this case mixed-mode
oscillations, rather than simple oscillations, appear. They con-
sist of a small-amplitude oscillatior(®) and a large-amplitude
oscillation 942).

Rg is the decomposition of colll. Halving ofg

causes a nearly unchanged period as the peroxi-will liberate NAD" radicals for use in the peroxi-

dasic cycle will be slowed down. The period is
increased ifk; or k, is halved(by 21 and 11%,
respectively. The period prolongation is even
more pronounced43%) when the production of
the key radical superoxide in reactiog R is slowed
down. Superoxide is involved in the peroxidasic
cycle as well as in the formation of colll. A slower
formation of colll, which is an important enzyme
intermediate for the oscillatory system, in reaction
Re increases the period by 14%. Halving bf
diminishes the dismutation of superoxide; howev-

dasic cycle for substrate consumption; the period
is reduced by 10%. Halving oks, removal of
NAD’ radicals from the system, leads to mixed-
mode oscillationgFig. 3b), with one small-ampli-
tude oscillation alternating  with one
large-amplitude oscillation. Their period length
will be considered as being the time from mini-
mum to minimum. Using this definition, their
periods are 56% shorter and 47% longer, respec-
tively, than the control value. Lowering,, leads

to a liberation of NAD radicals for reaction with

er, the period becomes almost unchanged. Reactionoxygen (Rs) and the period decreas€$3%). A
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Fig. 4. Multiplication of each rate constant by 2 one by one
while the values of the other rate constants are kept unchanged.
The steady state concentration of oxygen is set at its value at
38 °C. For a control simulation where this is the only value
changed, the period is 173 &) The rate constant that has
been changed is indicated on thexis, and the deviation in
the resulting period from the control simulation is shown in
percentage on the-axis. (b) Time series for NADH and oxy-
gen wherk,, is multiplied by 2. In this case mixed-mode oscil-
lations, rather than simple oscillations, appear. They consist of
a small-amplitude oscillation 1@) and a large-amplitude
oscillation 1@2).

multiplication of k,, by 0.5 results in a 9% shorter
period as oxygen instead of being incorporated in
colll will form superoxide. A diminution of the
oxygen supply(k,3) results in a 12% shorter period
as the mounting phase of the period will decrease,
while a decrease of the oxygen effl(k, ,) results

in a 9% longer period.

3.4. Multiplication by 2

In Fig. 4 the values of the rate constants have
been multiplied by 2, one by one, successively
while the other rate constants were kept unchan-
ged. The initial steady state concentration of oxy-
gen was set at the extrapolated value for °83

265

(28410 °C). In Fig. 4a, thex-axis indicates the
rate constant that was multiplied by 2 and the
axis the deviation from a control simulation. Here,
it is the doubling ofk,,, and notk,, that results in
mixed-mode oscillationgFig. 4b). Generally, the
deviation from the control simulation is in the
direction opposite to the direction in the case of
multiplication by 0.5. An exception i%,, but the
deviation is within the error range. For some rate
constants the deviation was much larger than by
multiplication of that same constant by 0.5. Thus,
with k; multiplied by 2, the increase in period is
35%, as compared to a 9% decrease for multipli-
cation by 0.5. Withkg multiplied by 2, the increase
in period is 126%, as compared to a 10% decrease
for multiplication by 0.5. And withk,, multiplied

by 2, the first period is 73% shorter and the second
period 110% longer, respectively, than the control
period, while the period fok,, multiplied by 0.5

is 13% shorter than the control value.

3.5. Progressive multiplication of all constants by
one and the same factor

The effect of multiplying all constants by one
and the same factor, from 08 °C) to 2 (38
°C), was investigated. Fig. 5a summarizes the
periods as a function of the multiplication factor.
When the multiplication factotthe ‘temperature’
is increased, there are intervals where the period
increases(0.5-1.355; 18-31.75C), decreases
(1.425-1.8; 32.25-38C), or is constan{(1.85—

2; 36.5-38°C). 0, values for four different
intervals are listed in Table 2. It is seen that there
are regions withQ,, higher than 1, approximately
1, and lower than 1.

Simple oscillations were observed between fac-
tors 0.5-1.355. Fig. 5b shows time series when
using factor 0.9. Using factor 1.4Fig. 50, two
periods of equal length but different amplitude
were found. For the following factors up to factor
2, mixed-mode oscillations with periods consisting
of one small-amplitude oscillation and one large-
amplitude oscillation were observed. Time series
for a simulation using factor 1.9 is shown in Fig.
5d. The duration of these two sections of the total
period is shown for the substrates as a function of
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Fig. 5. Progressive multiplication of all rate constants by the same fdefofhe period(O) is plotted against the multiplication
factor. Above factor 1.4 the periods consist of a small-amplitude oscill&¥vw) and a large-amplitude oscillaticiliC]). Below
are time series for NADH and oxygen when all rate constants are multiplied b§b®.2.4 (c), or 1.9(d).

multiplication factor for the interval 1.4-2 in Fig. ter values of Bronnikova et al[16], using the
5a. multiplication factors 0.5, 1, 1.5 and 2. As fbys,

The same result was obtained with the two k., and oxygen steady state concentrations, a
integration methods Rosenbrock and Auto-stepsize conversion factor was calculated for the values
(not shown. As a further verification of the result, chosen for this study and applied to these data.
simulations were performed based on the parame-These parameter values, together with the resulting

Table 2

010 values for different multiplication factor intervalgompare Fig. b

Multiplication Temperature Temperature Q10

factor interval interval°C) difference(°C) (from frequency
0.5-1 18-28 10 0.85
0.7-1.355 22-31.75 9.75 0.66
1.425-1.8 32.25-36 3.75 191

1.85-2 36.5-38 15 1.03
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Table 3
Simulations based on parameter values used by Bronnikova [i6gl.
Multiplication Period(NADH) Period (oxygen kis kia [O2lo
factor (s) (s) (WM s™) (s (pM)
0.5 97 97 0.06 0.002949 19
1 96 97 0.0624 0.00373 16.7
1.5 167(42+125) 166 (41+125) 0.06359 0.00412 15.24
2 198 (29+ 169 198 (30+169) 0.06478 0.00451 13.78

substrate periods, are listed in Table 3. Again, an
increase of multiplication factor results in an
increased period in the interval from 0.5 to 2.
Multiplication factors 1.5 and 2 give rise to mixed-
mode oscillations. In the table, the value of the
period for the total oscillation is followed by an
indication of the time lengths of its small-ampli-
tude oscillation and its large-amplitude oscillation
in brackets.

4. Discussion

The ‘temperature’ sensitivity of each individual
rate constant was investigated in the way of its
multiplication by either 0.5 or 2, the other con-
stants being kept unchanged. The overall result is
similar to the results obtained by Leloup and
Goldbeter[28]: depending on which rate constant
being considered, the conclusion wagt) the
effect on period length is either positive or nega-
tive, (2) the magnitude of the change in period
length differs, and3) multiplication by 0.5 or by
2 does not in all cases have opposite effects. As
for (3), here, not only the magnitude of the change
of period length for a given rate constant differed,
but also the dynamics: multiplication & by 0.5
or ki by 2 caused the occurrence of mixed-mode
oscillations. For all other cases, only simple oscil-
lations were observed.

The change of one rate constant in the reaction
network will dislocate the balance of the whole

showed nearly full temperature compensatidg,

the PO system showed a more complex behavior.
Depending on the ‘temperature’ region, an increase
in ‘temperature’ results in either a longer, shorter,
or almost constant perioFig. 53.

It may seem surprising that the period can
become longer as temperature increases, because
the opposite effect normally is seen in the case of
elementary biochemical reactions. With increased
temperature the frequency of molecular collisions
will increase, making reactions more likely to
occur and thus increases the reaction rate. If the
overall reaction rate of an oscillatory system accel-
erates, then the increasing phase of an oscillation
will be shorter before substrate is consumed and a
new minimum is reached. The result would be a
shorter periodi.e. a higher frequengy That such
a linear response to temperature is not seen here
is due to the complexity of the present non-linear
system, which has feedback loops and rate con-
stants responding in opposite directions to the same
temperature change. The system is over-compen-
sated in this case, corresponding toQg, value
below 1. Examples of over-compensation have
been found in biological systenjd0-43.

The Q,, values corresponding to the periods
vary fromQ,,=0.7 (over-compensationvia Q ;o=
1 (temperature compensatiprio Q;,=1.9 (no
temperature compensatipfor the intervals chosen
in Table 3, i.e. there is no linear correlation
between multiplication factot‘temperature) and

network in a way determined by which constant period, despite the fact that the mutual relationship
has been changed. This can explain why the effectbetween most rate constants remains the same.
of a given stimulus can differ depending on the However, the relationship between these constants
rate constant being changed. and the substrate concentrations as well as the
Whereas progressive multiplication of all con- substrate inpytutput changes. The inflow of
stants by one and the same factor in the model of NADH (k,,) was kept constant. For the hypothet-
the circadian rhythmicity of the PER protein ical temperature in question, the initial aqueous
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oxygen concentration was chosen according to compensation is not a prerequisite for circadian
extrapolated values and the oxygen mass transportrhythmicity to occur is the fact that rhythmicity
constants(k,; and k,,) from experimental obser-  persists inNeurospora crassa despite a disruption
vations. The changed relationship between theseof the temperature compensation mechanidsj.
parameters and rate constakisk,, which were Ultradian oscillators are generally temperature
multiplied by a different, common factor, dislocate dependent. An example is the oscillations in intra-
the balance in the reaction network, which may cellular calcium concentratiof49]. The tempera-
change the resulting period. ture dependency was confirmgsl] using a model
Under experimental conditions, not all rate con- developed by Goldbeter et al51]. However,
stants for the enzymatically catalyzed reactions ultradian oscillators may be thermo-compensated
will increase by the same factor. Their temperature as well [20—23.
sensitivity depends on the activation energy needed Interestingly, the same pulvinar cells in bean
for the given partial reaction to occéwhich has (Phaseolus vulgaris L.) induce thermo-compen-
not been taken into account hgrén addition to sated circadian leaf movements as well as temper-
the enzyme-catalyzed reactions, the reaction net-ature dependent ultradian leaf movemeli®g)].
work consists of several non-enzymatic reactions Temperature compensation is not a phenomenon
[4], of which some are included in the mod&,, restricted to biological systems. It was observed in
Rs, Ry, Ry, Rz, Ris, R, and a temperature- a chemical system involving iodings3] and in
dependent steady state oxygen concentration. Theirthe oscillatory hydrogenperoxide—thiosulfate sys-
temperature dependency will differ from the tem[54].
enzyme-catalyzed reactions. On the other hand the Belousov—Zhabotinsky
Thus, the interrelationship between the rate con- (BZ) reaction, which is a classical chemical model
stants will change when temperature changes, andsystem for non-linear phenomena, generally is
the same reaction may have differadt, values temperature dependent. In the case of a continu-
depending on the temperature region considered. ous-flow stirred tank reactor system the reaction
Theoretically therefore, it may be possible for shows partial temperature compensation, though
the very same reaction to exhibit both temperature [55]. By finding a balance between reaction rates
Compensatior(to a varying extent temperature influencing the period in opposite directions it was
dependency, and over-compensation. possible to obtain temperature compensation in a
The region around factor 1.4 was found to be Simulation of the reactioh26].
critical. The biggest changes in period were found ~ Thus, for any model of an oscillatory system,
around this value, with a steep increase before andtemperature compensation can be achieved by the
a steep decrease after factor 1.4. If such an unstableestablishment of an antagonistic balance between
parameter region was found experimentally, the rate expressions leading to a larger period and
outcome would be quite different depending on €Xpressions leading to a smaller perif2b]. In
which side it was approached from, leading to this manner, temperature compensation can be
either over-compensation or only partial achieved in the Brusselator njod[d4], the Ore-
compensation. gonator mode(26], the Goodwin model27], and

Temperature compensation is considered to be ain the present work.
characteristic of circadian rhythms, while ultradian - Acknowledgments
oscillators are considered as being temperature
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