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Abstract

Taking into account the Ga -stimulated degradation of inositol 1,4,5-trisphosfiPgleby a 3-kinase, we have
theoretically explored the effects of both simple and compleX Ca  oscillations on the regulation of a phosphorylation—
dephosphorylation cycle process involved in glycogen degradation by glycogen phosphoridase respectively.

For the case of simple €4 oscillations, the roles of cytosolié*Ca oscillations in the regulation of active
phosphorylase depend upon the maximum rate of IP degradation by the 3-Kiggsé particular, the smaller the

values ofV,s are, the lower the effective €a threshold for the activation of glycogen phosphorylase will be. For
the case of complex Ga oscillations, the average level of fraction of active phosphorylase is nearly independent
from the level of stimulation increasing in the bursting oscillatory domain. Both simple and comgléx Ca  oscillations
can contribute to increase the efficiency and specificity of cellular signalling, and some theoretical results of activation
of glycogen phosphorylase regulated by?’Ca  oscillations are close to the experimental results for gene expression in
lymphocytes.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction that C&* oscillations reduce the effective2Ca
threshold for activating transcription factors, there-
A large variety of cell types display calcium by increasing signal detection at low levels of
(Ca&™) oscillations after stimulation by an extra- stimulation. In addition, specificity is encoded by
cellular agonists such as hormones and neurotransthe C&* oscillation frequency.
mitters[1-5]. Cytosolic C&* oscillations mediate Phosphorylation—dephosphorylation  cascades
a diverse array of cell functions. For instance, yepresent one of the most exquisite modes of
Cet oscnlatlo_ns play important roles in regulating .g|ular regulation. A prototypic example of phos-
gene expressiori8]. Experimental results show  ohorviation—dephosphorylation cascade involved
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lation status of glycogen synthase and glycogen Ca&* oscillations on the phosphorylation—dephos-
phosphorylase are under hormonal control through phorylation cycle controlling the activation of gly-
the activation of protein kinases by cyclic AMP cogen phosphorylase? In this paper, combining the
and cytosolic C&" . A bicyclic cascade model for model for control of glycogen phosphorylase activ-
the control of glycogen phosphorylase and glyco- ity of Ref. [7] with the model for cytosolic Ca
gen synthase by glucose have been proposed byoscillations of Ref[14], we will explore theoreti-
Cardenas and Goldbetfs]. This model has prov-  cally the possible role of both simple and complex
en to be consistent with experimental findings Ca&" oscillations in the regulation of a phospho-
concerning the sequential changes in the activity rylation—dephosphorylation cycle process involved
of glycogen phosphorylase and glycogen synthasein glycogen degradation by glycogen phosphoryl-
observed following the addition of supra-threshold ase. This process plays a vital role in the regulation
amounts of glucose. of glycaemia, providing glucose for the organism
Recently, Gall et al[7] have studied theoreti- between feeding in hepatocytéfor review see
cally the effects of C& oscillations on the acti- Ref. [15]).
vation of glycogen phosphorylase controlled by
the phosphorylation—dephosphorylation cycle 2. Model
based on bicyclic cascade model proposed by ) )
Cardenas and Goldbet¢8] in hepatocytes. First, The function of glycogen phosphorylase is to
by modelling periodic sinusoidal variations in the 9overn glycogen degradation. The enzyme acts as
intracellular C&* concentration, they have shown & Sensor of blood glucose level, liberating glu_cose
that C&* oscillations reduce the threshold for the from stored glycogen as needed. The dynamics of
activation of the enzyme; Second, by using signal- the C&" -associated phosphorylation—dephosphor-
induced C&+ oscillation model based on2Ca - Ylation cycle involves the g!ycogen phosphorylase:
induced C&" releaséCICR), they have found 9lycogen phosphorylase is converted from the
that C&* oscillations can potentiate the response inactiveb-form into the active:-form by phospho-
to a hormonal stimulation, and €a  oscillations 'Ylase kinase, and inactivated by a phosphatase.
in hepatocytes could contribute to increase the Phosphorylase kinase is a hexadecamer composed
efficiency and specificity of cellular signalling, as ©f four different subunits(c,B4v,54). The 3
shown experimentally for gene expression in lym- subunit is |q_ent|cal to calmodulin anpl mediates the
phocytes[8]. The C&* oscillation types consid- C& " -sensitivity of phosphorylase kinafk].
ered by Gall et al[7] are simple periodic Ca The model used for the activation o_f liver
oscillations since the variation of activity of ino- 9lycogen phosphorylase by €a oscillations by
sitol 1,4,5-trisphosphate 3-kinase in the model of Gall et al. [7] is based on the bicyclic cascade
Cca* was neglected. However, in some cell types, Mmodel proposed by Cardenas and Goldbd@ir
particularly in hepatocytes, complex €a oscilla- for the control of glycogen phosphorylase and
tions reminiscent of the bursting-like behavior 9lycogen synthase by glucose. When the dynamics
displayed by many excitable cells have been of phosphorylatlon—dephosphorylatlon cycle con-
observed in response to stimulation by specific rolling the activation of glycogen phosphorylase
agonist[9,10. As these cells are not electrically Py cytosolic C&" is only considered, then the
excitable, it is likely that these complex €a klnet_lc equathn governing the time evolutlo_n of
oscillations rely on the interplay between two fraction of active glycogen phosphoryla¥) is
intracellular mechanisms capable of destabilizing 9iven by
the steady state. Some theoretical models have

been proposed to account for such compleX‘Ca —:Vpl(Z)l_—X
oscillations[11—14. dr Kp(2)+1-X

Now a question to be raised is how the complex Vomz(1+aG/(Ka +G))X o
Ca* oscillations affect the activation of glycogen Kp/(1+G/Kp)+X

phosphorylase, or what are the effects of complex
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with the C&* -dependent terms

a

Va(Z)=V 1+ 2

W D=V 14 572 @
K

Ko@) =1 s ©)

where Z represents the concentration of cytosolic
Ca* andG represents the intracellular concentra-
tion of glucose. In above model, it is assumed that
glucose activates phosphorylase phosphatage
maximum rate Vpy, and normalized Michaelis
constantk,,) by decreasing th&, of enzyme,
with an activation constank,, and further acti-
vates the enzyme by enhancing its maximum rate
by a multiplicative factora, with an activation
constantK,,. Moreover, the model is a typical
C&* -dependent system, it is also assumed that
Ca" activates the phosphorylase kinde€ max-
imum rateV,; and normalized Michaelis constant
K,1) by decreasing th&,, of the enzyme, with an
activation constani,; and further activates the
enzyme by enhancing its maximum rate by a
multiplicative factory, with an activation constant
K.s The values of parameter atg=10.0 mM,
Ki=0.1,K,=0.2,K =K ,=10 MM, K =K &

0.5 uM, a=vy=9, Vo =15 min*, V;,,,,=0.6
min—1,

In hepatocytes, repetitive €a  oscillations can
be obtained by the application of €a -mobilizing
agonists, acting through the phosphoinositide sig-
nalling pathway[3]. Each transient rise with 3 s
from basal C&" (~100 nM) level to a peak of at
least 600 nM and has a duration of approximately
7 s. The oscillation period varies, from 0.3 to 4
min depending on the agonist concentration. Here,
we employ a model of Ca  oscillations which
was previously proposed by Borghans et [d13]
to account for complex intracellular €a  oscilla-
tions based on the mechanism of CIGR7,1§.
Recently, Houart et al[14] have investigated in
detail the various complex dynamic behaviors of
this model. The key species in this €a model
are the cytosolic Cd (its concentration is repre-
sented byZ), the C&* sequester in an internal
store (its concentration is represented by, and
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the inositol 1,4,5-trisphosphatgP;) (its concen-
tration is represented byl) which is another
important intracellular messenger. Then, the time
evolution of these species can be described by
following differential equations:

dz
dr =Vin=VatVat+kY —kZ, (4)
dy
o =V Ve ke, (®)
o ~BVaVeme, (6)
with
Vie=Vo+ViB, 0
ZZ
Vil ®
zm Y2 A4
Vs=V : °
A 2
Ve=Vms——— : 10
Y (EY LY ¢E A (10

In these equationsy, refers to a constant input
from the extracellular medium and’; is the
maximum rate of stimulus-induced influx of
Ca&™" from the extracellular medium. Parameger
reflects the degree of stimulation of the cell by an
agonist and thus only varies between 0 and 1. The
ratesV, and V; refer, respectively, to pumping of
cytosolic C&" into the internal stores and to the
release of C& from these stores into the cytosol
in a process activated by cytosolic calciui,,
and V,,; denote the maximum values of these
rates. Parameters,, K,, K, andK, are threshold
constants for pumping, release and activation of
release by C& and by JPk, is a rate constant
measuring the passive, linear leak ¥finto Z. k
relates to the assumed linear transport of cytosolic
C&* into the extracellular mediumv, is the
maximum rate of stimulus-induced synthesis of
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Table 1
Parameter values corresponding to the simple oscillations and the various types of complex oscillatory behavior i the Ca
oscillations model

Parameters Simple oscillation Bursting Chaos Quasiperiodicity
n 4.0 2.0 4.0 4.0
m 2.0 4.0 2.0 2.0
p 2.0 1.0 1.0 2.0
B 0.5 0.46 0.65 0.51
K, (uM) 0.1 0.1 0.1 0.1
Ks (pM) 1.0 1.0 0.3194 0.3
K,y (uM) 0.2 0.1 0.1 0.2
K, (uM) 0.4 0.6 1.0 0.5
Ky (WM) 0.2 0.2 0.3 0.2
K, (uM) 0.5 0.3 0.6 0.5
k (min~?1) 10.0 10.0 10.0 10.0
k; (min™?) 1.0 1.0 1.0 1.0
e (min~?1) 0.1 1.0 13.0 0.1
Vo (WM min—1) 2.0 2.0 2.0 2.0
Vi (WM min—1) 2.0 2.0 2.0 2.0
Vmz (WM min—1) 6.0 6.0 6.0 6.0
Vuma (WM min—1) 20.0 20.0 30.0 20.0
V, (WM min~1) 2.0 25 3.0 5.0
Vus (WM min—1) 5.0 30.0 50.0 30.0

IP;. Vs is the rate of phosphorylation of {P by the 3. Effects of Ca?* oscillations on activation of
3-kinase, it is characterized by a maximum value glycogen phosphorylase
Vus and a half-saturation constakt, and the 3-
kinase is stimulated by €& is taken into account Intracellular C&* oscillations take the form of
through a term the Hill form, with a threshold abrupt spikes, sometimes preceded by a gradual
Ca" level equal t&k,. Parameters:, n andp are increase in cytosolic a4 . When the parameter
Hill coefficients. values for cytosolic C& model are the first
The model(Egs. (4)—(6) with Egs. (7)—(10)) column in Table 1, the model for cytosolic €a
for cytosolic C&* shows not only simple periodic shows a simple periodic €& oscillations. Under
C&™" oscillations, but also some complex oscilla- the regulation of C& oscillations, the fraction of
tory phenomena. The dynamic behavior of this active phosphorylaseX, also shows simple oscil-
model in parameter space has been investigatedlation behavior. Fig. 1a shows the time courses of
by Houart et al.[14], and it was shown that the fraction of active phosphorylase at a constant value
complex C&* oscillatory behaviors include burst- of stimulation level(8 =0.5) for different maxi-
ing, chaos and quasiperiodicity. Four sets of param- mum rate of IR degradation by the 3-kina$gs.
eter values corresponding to the simple oscillations As can be expected from the regulations consid-
and the complex oscillatory behaviors are listed in ered, the peak in cytosolic €a  precedes the peak
Table 1. In order to study, the effects of both in fraction of active phosphorylasédata not
simple and complex G4  oscillations on the shown.
dynamics of the phosphorylation—dephosphoryla- It is well known that [14] intracellular C&*
tion loop, numerical simulations are needed. Egs. oscillations occur in a range bounded by two
(1), (49)—(6) are simulated by using a simple critical values(i.e. two supercritical Hopf bifur-
forward Eular algorithm with a time step of 0.001 cation points of the stimulation levep, and there
min. In each calculation, the time evolution of the are different relationships between the frequency
system lasted 1000 min after transient behavior of C&* oscillations and the level of stimulation
was discarded. for distinct values ofV,;s as shown in Fig. 1b. For
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Fig. 1. (a) Temporal evolution of fraction of active phosphorylase regulated by simglé Ca
B=0.5 for differentVys. (b) Different relationships between the frequency ofCa
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oscillations at a fixed stimulation level
oscillations and the level of stimulation for

Vus=5 wM min~? (solid line), Vys=15 M min—? (dash line and Vs =30 wuM min—? (dot line). h,, h, and h5 correspond to

the smaller supercritical Hopf bifurcation points of‘Ca

kinetics for diffefépt, andA andB correspond to the smallest frequency

of Ca&* oscillations, respectively. The other parameter values are given by the first column in Table 1.

small values ofVs, the frequency of Ca  oscil-
lations is increased with stimulation levgl How-
ever, for large values oVys, the frequency of
Ca* oscillations is decreased with stimulation
level B firstly, and the frequency of G& oscilla-
tions reaches a minimum witp increasing(the
point A for Vyys=15 wuM min—! and the pointB
for Vys=30 wM min—1tin Fig. 1b), and then goes
up with 3. It means that, for large values &f,s,
there is a smallest frequency of €a oscillations
(or the largest oscillation perigavith the variation

of B. In this calcium oscillations model, increasing
the level of stimulation triggers a rise first in the

Ca&™" kinetics(B =0.04 ath,). However, for large
values ofV,;s, the average fraction of phosphoryl-
ated phosphorylaséX), is still at small level even
when cytosolic C&" begins to oscillat@ =0.06

at h, and B=0.11 athy), and (X) is gradually
increased after Ga  begins to oscillate. The frac-
tion of active phosphorylase in different response
to cytosolic C&" oscillations at smaller bifurcation
point of C&* kinetics for different value ofys
have been plotted in Fig. 2b. The relation between
average fraction of active phosphorylase and stim-
ulation levelB shows a step-increasing phenome-
non for different value oW,s. During the regime

rate of synthesis and then in the rate of degradation of Ca22* oscillations, our results also show that, in

of IP; (due to the enhanced stimulation of the 3-
kinase by C&") [14]. This is why qualitatively
distinct relationships between the level of stimu-
lation and the frequency of €& oscillations for
different parameter values can be obtained.

The effects of stimulatio8 on the fraction of
active phosphorylase for distinct values\gfs are
shown in Fig. 2a. It can be found that, for small
values ofVy;s, the average fraction of phosphoryl-
ated phosphorylase jumps mutationally from low
level to high value at the bifurcation point of

the low level of stimulationg, although the fre-
quency of C&" oscillations for Vys=5
wM min—1t is smaller than that foVy,s=15 or 30
wM min—?! (as shown in Fig. 2g yet the average
fraction of active phosphorylase foVys=5
wM min~1 is larger than that foVys=15 or 30
wM min~1 In the high level of stimulatior, the
average fraction of active phosphorylase Yo =

5 wM min~—* will be smaller than that foVys=
15 or 30puM min—*.

When the active phosphorylase is stimulated by
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Fig. 2. Effect of a hormonal stimulation on the fraction of active phosphoryl@e(X) vs. g for Vys=5 wM min—* (solid line),
Vus =15 pM min—1 (dash line and Vs =30 wM min—* (dot line), respectively. Points,, h,, hs, A and B correspond to these as

in Fig. 1b.(b) Kinetics of the phosphorylation—dephosphorylation cycle at the beginning of cytosdglic Ca
hy, h, andhg, respectively. The dot line in(b) in the phosphorylase level regulated by a sustained elevation®f Ca

(by setting &/dt=0 in Eq.(1)).

a sustained Ca

oscillaiaat points
concentration

level at the steady-state, theby their substrates, leading to a phenomenon

relation between the fraction of active phosphoryl- known as ‘zero-order ultrasensitivity19], and of
has a steepthe cooperativity in the kinase activation by Ca

ase and the concentration of Ta
sigmoidal natur€g7], this result is a direct conse-

[20]. Fig. 3a shows the similar steep sigmoidal

quence of the saturation of the converter enzymes nature for distinct values dfys. C&* oscillations
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Fig. 3. Effects of cytosolic Ca
as a function of average €a

Ca* concentration(b) Average fraction of active phosphorylase as a function of period &f Ca
to these as marked in Fig. 1b, and period of Ca
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concentration for differgpt, the dot line by the response @X) to the regulation by a sustained
oscillaioausd B correspond
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reduce the threshold for the activation of the

enzyme. The threshold depends on the parameter

value of V5. The smaller the value dfys is, the
lower the effective C& threshold for the activa-
tion of glycogen phosphorylase will be. It is also
shown that, when the periodic €a oscillations
exist for distinct values o¥ys, the (X) levels are
larger than those obtained with an equivalent
stimulation by a steady Ga concentration in the
low level of B but the(X) levels are smaller than
those obtained with an equivalent stimulation by
a steady C& concentration in the high level of

Different relationships between the average frac-
tion of active phosphorylase and the period of
C&* oscillations for distinct values ofys are
shown in Fig. 3b. For small values dfys, the
average fraction of active phosphorylase is
decreased with the period of €a  oscillations
increasing(see solid line in Fig. 3b For large
values ofVys, when the stimulation level is high
(upper the pointA or D in Fig. 3b), the average
fraction of active phosphorylase is decreased with
the period of C&" oscillations increasing, how-
ever, when the stimulation level is lo@ower the
point A or B), the average fraction of active
phosphorylase is increased with the period of
Ca&" oscillations increasing. In fact, this distinct

relationships between the average fraction of active case of bursting Ca

phosphorylase and the period of«a  oscillations
for different values ofV,,s could be easily under-
stood through the variations of frequency of
Ca&" oscillations with the level of stimulation
(Fig. 1b).

When the parameter values ofCa model take
the second, third and fourth column in Table 1,
cytosolic C&* shows complex oscillation behav-
iors [14]: bursting, chaos and quasiperiodicity,
respectively. The time series of fraction of active
phosphorylase regulated by different types of
Ca™" oscillations are shown in Fig. 4. The active

phosphorylase also shows the same complex oscil-

lation behaviors in the regulation of €a  oscilla-
tions, and the peak in cytosolic €a  concentration

slightly precedes the peak in active phosphorylase

fraction for all complex oscillation types.
The effects of complex G4  oscillations on the
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Fig. 4. Temporal evolution of fraction of active phosphorylase
regulated by complex calcium oscillations: bursting, chaos and
quasiperiodicity. The parameter values are given by the second,
third and fourth column in Table 1, respectively.

in Fig. 5. The variation ofX) with B is different
for various complex Ca  oscillatory typd§&ig.
5a). In both chaotic and quasiperiodic type)
levels are increased with the level of stimulation
B increasing. MoreoverX) for the quasiperiodic
type is always larger than that for chaotic type in
the regime of C&" oscillations. However, for the
oscillationgX) level is
gently decreased witl8 during the regime of
Ca&™" oscillations. Therefore, the average level of
fraction of active phosphorylase is nearly inde-
pendent from the level of stimulatigh increasing
in the oscillatory domain. On the other hand, Fig.
5b shows that both bursting and quasiperiodic
C&™* oscillation types can reduce the threshold for
the activation of the enzyme. However, chaos
Ca&" oscillations can hardly reduce the threshold
(by comparing curvegb) and (c) with the open
dots), and the effect of chaos €a  oscillations on
the average fraction of active phosphorylase is so
weak that it barely distinguish th€() for case of
chaos C&" oscillations and that for case of the
steady-state.

In the case of bursting G4  oscillations, the
period of cytosolic C&" oscillations is increased
with the level of stimulatiorf14]. The relationships

average fraction of active phosphorylase are shown both the(X) and the frequency of cytosolic €a
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Fig. 5. Effect of complex C& oscillation on the fraction of active phosphorylée(X) vs. g for complex Ca* oscillations:
bursting (curve @, chaos(curve b,e=11 min~?), chaos(curve c,e=13 min~*) and quasiperiodicityfcurve 9. (b) (X) vs. (Z)
for different C&* oscillation types: burstingurve a, chaos(curve b,e=11 min~?1), chaos(curve c,e=13 min~!) and quasi-
periodicity (curve d. The open circles are the response(&} to the regulation by a sustainedTa concentration.

oscillations with the level of stimulation are shown to oscillate(Fig. 6a. However, after C&" oscil-

in Fig. 6a, respectively. With the increase pf lating, (X) has small-amplitude increasing with
the concentration of cytosolic €a s increased, the increase of stimulation lev@ first, then (X)
and a step increase of the average fraction of is decreased, and there are small-amplitude
active phosphorylase occurs before thé'Ca beginincrease of(X) at some medial values of

1040—— 1+ 1 . 1455 055 4——t— 1
£ (b) Bursting
0.8+ 1.2 2 | 0.55 : ¥
K]
a 0.50-§: i -
0.6 1 L 09 T : 0.501 R ( .
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3
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B Period of Ca’®* oscillations (min)

Fig. 6. Effects of bursting G4  oscillations on the fraction of active phosphory{as&he relationship between average fraction

of active phosphorylasésolid line) and frequency of G4  oscillationsolid circle) as a function ofg. PointsA and C (open

circles) correspond to the two supercritical Hopf bifurcation points of'Ca  dynamics. Note that some frequencies of bursting
Ca* oscillations jump locates (open circlg. (b) Average fraction of active phosphorylase as a function of the period of bursting
Ca* oscillations.



A. Rozi, Y. Jia / Biophysical Chemistry 106 (2003) 193-202 201
between two bifurcation points. Thus, the decrease fraction of active phosphorylase for distinct values
of frequency of C&" oscillations wit makes of Vis.

the average level of fraction of active phosphoryl-  In the case of complex Ga oscillations, the
ase nearly independent from the level of stimula- variation of (X) is different for various complex
tion B increasing in the oscillatory domain. Finally, C&" oscillatory types. The most interesting result
the average fraction of active phosphorylase as ais the prediction that, in the case of bursting
function of the period of bursting €a  oscillations Ca&* oscillations,(X) level is gently decreased
is shown in Fig. 6b. In general, the average fraction with B instead of increased during the regime of
of active phosphorylase is decreased with the Ca&" oscillations. Therefore, the average level of
period of bursting C& oscillations increasing, but fraction of active phosphorylase is nearly inde-

small-amplitude increase occurs during the begin-
ning of bursting C&" oscillation and at some
medial values of3 between two bifurcation points
(as shown by the insert in Fig. Bbrespectively.

4. Conclusions

Previous theoretical investigations for the con-
trol of glycogen phosphorylase activity suggested
that simple C&" oscillations decrease the effective
Ca* threshold for the activation of glycogen
phosphorylasé¢7]. Furthermore, the level of activ-

pendent, from the level of stimulatighincreasing

in the oscillatory domain for the case of bursting
Ca&" oscillations. It is also predicted that the
average fraction of active phosphorylase is
decreased with the period of burstingCa  oscil-
lations increasing.

In conclusion, both simple and complex cyto-
solic C&* oscillations can decrease the effective
Ca&* threshold for the activation of glycogen
phosphorylase, i.e. the €a  oscillations could
contribute to increase the efficiency and specificity
of cellular signalling, as shown experimentally for

ity of the phosphorylase kinase oscillates in phase gene expression in lymphocyt¢8]. It should be

with Ca&* oscillations, from the point of view of
the intrinsic time-scales of phosphorylase kinase
activation, that is corroborated by experimental
observations on pancreatic acinar c¢f#4]. Based
on the model for control of glycogen phosphoryl-
ase activity of Ref[7] and the model for cytosolic
Ca* oscillations of Ref[14], we have explored
theoretically the possible effects of both simple
and complex C& oscillations on the regulation
of a phosphorylation—dephosphorylation cycle
process involved in glycogen degradation by gly-
cogen phosphorylaseform, respectively.

In the case of simple G4 oscillations, the
effects of cytosolic C&" oscillations on the frac-
tion of active phosphorylase depend upon the
maximum rate of IR degradation by the 3-kinase,
Vus. Our results showed that, at the smaller bifur-
cation point of C&* kinetics, the step increase of
the average fraction of active phosphorylase for
small value ofVys is mutational, but that for large
values ofVys, is gradual. The smaller the values
of Vs are, the lower the effective €&  threshold
for the activation of glycogen phosphorylase will
be. There are different relationships between the
period of C&" oscillations and the level of average

pointed out that some theoretical results of this
present study, for instance, the effects of average
Ca&" concentration on the average fraction of
glycogen phosphorylase, the relationships between
the average fraction of glycogen phosphorylase
and the period of C& oscillations, are very close
to the experimental results for gene expression in
lymphocytes. Thus, it would be highly interesting
to investigate if similar experimental techniques
could be used to measure the effects ofCa
oscillations on the glycogenolysis.
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