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HOMEOSTASIS OF THE PERIOD OF
AUTO-OSCILLATIONS IN A MODEL OF THE
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(Moscow Region)
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A mathematical model describing the auto-oscillatory temporal organization of futile cycles

of the carbohydrate bianch of cell encrgy metabolism has been investigated numerically. Opti-

mization in the space ol the paramcters of the model pave a region in which the circadian

period of the osciflations is nearly constant despite varintion in eigh ( basic parameters within

wide limits. The homeostasis of the period detected is ensured by (he synergic action of four

mechanisms of negative fecdback controlling the activity of cell enzymes. The result obtained
reinforces the metabotic theory of the circadian cell clock.

TuE nature of circachan rhythms detected even at the ccllular level has for several
decades heen the subject of intense theoretical discussion [1-9]. Of special concern to inves-
tigitors is the pronounced stability of the period of the circadian cell clock and, in partic-
ultar, the very weak dependencs of the period on the ambient temperature found even
in the simplest eukaryotes [1, 3-5, 7-9]. To many investigators it appears doubtful
that the biochemical reactions that are very sensitive to change in temperature and many
other factors defermining the activities of the enzymes might be 2 suitable eleiental
base for the stable cell clock [1-7, 9]. Tn this connexion numerous atlempts have been
made to construet a cell clock theoretically in which the time setting clement would
be any physical process weakly depending on temperature. In the last three decades
a large number of models has been proposed in which diltusion of substanccs across the
nuclear or plasma membrane [1-5, 7, 9] or lateral diffusion of substances within the
membrane itself [6] have been used in one way or another as the physical process.

In work undertaken in our laboratory [10-14] the metabolic theory or cell clocks has
been developed. According to this theory cell clocks constitute an aunto-oscillatory regime
of work of cell energy metabolism (c.c.m.) necessary for suppressing parasitic cecitcula-
tion of substrates in the futile cycles of amphibolic pathways. Because of the deposition
effect [10. 12, 13] this regime may have a cireadian period. The assumption has been
advanced 10 13] that thanks to the combined action of the mechanisms of negative
fecdback (n.f)) the ceomi.is in a position (o maintain high stability of (he period ol
ascillations. Recently this assumption was backed by the results of numerical analysis of
a mathematical maodel of the carbohydrate ccction of the c.eom. [14]. In (his model the
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n.f. mechanisms ensured the stability of the circadian period in relation to disturbance
of only one, though the main, parameter of the c.e.m.—the ATPase load.

Below, we give the results of computational experiments with a model [14] demon-
strating the possibility of the existence in the carbohydrate branch of the c.e.m. of very
low sensitivity of the period to disturbance of all the most important parameters.

MODEL

Let us use the mathematical model proposed carlier [14] for describing the auto-
oscillatory time organization of the carbohydrate section of the c.e.m. (Fig. 1). This
model represents a system of differential equations:
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AL =(l+co)(I+c o)+ +oy(l+ay), AL=1+cya,,
A =14c,0.+e50,, Ly=Lof((L+c,a,)(1+c,a)),
Lo=Ly (I+co)(L+cyo)(I+epa)), v=ve—v_,
va=P10,0,= 30305, V3, =[030,0,(Cort03),
V=3 —V3_, Vy_=PBsay/(l+Ciz0,), vi=oi—ogoy,
vs=Loy, vg=fsa,, v;=p;0;.
The patameters have the following meaning:
C =[F6P]u/Ki, Cy=Ao/Ky, Cy=[FOP]u Ao/(K;K};),
Cy=[F6P],, /K5, Cs=[FBP],,/K,, C,=[FBP],0/Kgy,
Coy = Aol Kpa, Cx'—‘[FBP]mnx/Kn » o G =[F6P]max/KT2’ Ciy=Ao[Kr3,
Cﬂ2=Ka/[FBP]r:axr Ci3=[FBP]./K;;

K,, K,, K, arc Michaclis constants ol the R form of PFK for F6P, ATP, FBR; K,, K arc
the Michaclis constants of the R form of FBPasc for FBPand F6P; Kg,, Ky, arc the
allostericconstants of bindingto the R form of PFK, FBP and AMP; K7, Ky, Kysare
the allosteric constants of binding to the 7 form of FBPasce, FBP, F6P and AMP; K,,
K, are the constants of activation of PK and depression of PEPCK by FBP; f35 is the
relative rate of inflow of substrate into the system; L is the relative rate of the metabolic
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load; the other parameters are the same as in [14]: f;=06; ¢, =40; ¢, =10; c; =400;
c4=0; cs=100; C,=20; C;=600; C;; =40; ¢, =¢,=5,=0-01. Columns 4 and 5 are the
data of the optimized model.

ADP

Mitochondric

2ATP

I1G. 1. Scheme of the carbohydrale branch of the celf encrgy metabolism where: the futile cycle
1 is formed by 6-phospholructokinase (FPK; 1,) and fructose-1,6-bisphosphatase (1'PBase, v..)
reaclions. The futile cycle 11 is formed by pyruvale kinase (PK, va ) and the sequence of rcactions
of phosphorylation of pyruvate which ends in the phosphoenol pytuvate carboxykinase reaction
(PEPCK, ri-). vs is the ATPase load. Double broken arrows point to allosteric positive fcedbacks
generating auto-oscillations in the c.e.nmi. Broken arrows show allosteric ncgative fecdbacks.

Optimization of parameters. Model (1) was so optimized in [14] as to cnsure the
maximum interval of permissible variations in the relative Joad L corresponding to
change in the period of auto-oscillators 7o by 41 per cent of the mean value. Such
optimization. however, did not ensure stability in relation to disturbance of the other
parameters as may be scen from the Table (column 3),

Designation of

parameters in Initial model [14] Optimized model (1)
model (1)
Y P Apifp, Vi Apip.
! 2 3 4 5
C,, 01924 x 10-7 027 01616 x10-7 0-34
Lo- 01177 %10 'F 027 01344 x (015 0-32
Ca 46-18 0-075 4416 0-f1
Ins 0:6464 x 10"" 0-125 01495 10" 025
Ca, 27-708 0-035 260-9 013
o 6145 0-205 RN 01t
1. 16-5 1-18 253 0-29
fi« 35 0-04 8-08 0-07

Nate, The intervals (columns 3 and 5) are the deviations ftom the values of the pariunclers
poli=-1 0 8) given in columns 2 and 4. Tn these infervals the period T, changes by not more than ( per
cent of 145 (py ... pp). Columns 2 and 2 give data Tor the initial model {14] corresponding (o the fol-
lowing values of the other parameters: fiy==1; £,=2200; f; = 18; fla=06; fis=130.
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To eliminate this shortcoming of the model we shall try to choose its parameters in
such a way that the disturbance of all its most important parameters (Lo, Lo_, Cays
Ci2y Cazs Ci3, Ly f35) has little impact on 4. For this we used the following algorithm.

I) Let us construct a graph (Fig. 2) of the dependence of the period on one of the
parametets of the system r=1t(p,) in a certain permissible interval (pyy, prz) (k=7),
determining the region of the existence of auto-oscillations.

|
I
I
|
|
}
|
L

T L7}
3 5
3 /ﬁ—o—‘l’/
ST
1
0 L | IZ’ 0
yl y
3 F——o— 3
PR 7
D tol 11 1 ] 0

ks Z(aZ

it ~
2
1
0
4
3
2
!

0

T T
fq'\l
QW O~

Ciz
\ﬁ_j
11
1

t
1
1 ! :l | B L I 1 i
050709 1113 &; 050709 11 13 15 fg

’D/"l ID/:"] ID/(’; /D/\’Z /)/(

Fic. 2 FI1G. 3

F1G. 2. Dependence of the period of the auto-oscillations 7, on the kth parameter of the model p,
in the interval of permissible values (pf,, pi,). The interval (pgy, pr) is determined by the deviation
by 1 per cent. pe=(pf, pi2)/2 is the mean value of p, from the interval of | per cent deviation
(riys /):2)»
F1G. 3. Dependence of the period of auto-oscillations 7, on the parameters of the model (1) after
optimization. Abscissa gives the normalized valucs of the parameters (p,=p:/p/), p; is the value
of the parameter p;such that 1clative to o (P4, ..., Pg) the 1 per cent deviation is determined. Ordi-
nate —value of 7. The intervals of the 1 per cent deviation of the petiod are denoted by a broken
line. The points (O) in the curves denote the value of 7o (p;). The values of the parameters are indi-
cated in the text.

2) Let us determine the maximum interval (p, py) for which the value of the
function t{p,) is atmost constant, i.c. Az, such that Y, e (pfh, piy):

T(p)e(0:997,; 1-0t7,).

D bet us fix the mean value po=(pgy +pe)/2 and Tor all the other parameters
(=1, ..., 6) construct intervals of | per cent deviation (pfy, phy) taking the value
To(Pis ooy Pus o5 D7y Pg) s 100 per cent. Thus (pfj, pi3) is the maximum interval for
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which p; € (p}y, pi) and Vp% € (ply, pib):

*
To(Pys ooy Piv -

099 < m—
To(Pys ++s Pis o+ » P75 P8)

4) The patameters py, ..., pg are so choscn that the minimum of the intervals
(Pl P, i=1, ..., 7 may be as long as possible (using the Hook and Jives method {17]).
We would note that the ratio 4pg/(ps=fis) was not optimized but as may be seen from
the above data and Fig. 3 model (1) has a region of fs values in which 7, changes in-
significantly,

The application of the algorithm described to model (1) greatly weakened the sen-
sitivity of 7, to distutbance of the eight basic parameters. This may be seen [rom the
above data on the intervals of the permissible deviations of the parameters in the initial
model [{4] and in the optimized model (1). In these intervals (see Table and Fig. 3) the
period 7, changes by not more than 1 per cent of the mean value. Acriterion of the
quality ol stabilization (known as the Skoefler criterion) representing the sum of the
squarces of the variations in the functions (ty) for all the disturbed parameters for both
sets of parameters of the model (1) amounts (o

7 A 2
®= Z(_T-‘?> =7x107%
i=1

To /i

However, in the optimized model low sensitivily to disturbances persists over a con-
siderably wider region of values of the parametecs. As criterion of the permissible varia-
tions of the parameters we chose a fairly rigorous requircment —deviation of 7, by
+ 1 per cent. As may be seen from Fig. 3 7, changes very weakly and outside the limits
of'the I per cent deviation indicating the very high effectiveness of the four n.f. controlling
the carbohydrate branch of the c.e.m. (Fig. 1).

DISCUSSION OF RESULTS

The low sensitivity of 74 Lo disturbance of the parameters of the mode] (1) automatic-
ally entails low sensitivity of 7, to temperature changes which may disturb the values of
all the parameters. The “temperature compensation” phenomenon very often uscd to
discuss the temperature stability of circadian rhythms [1, 3, 4, 7] proves unnecessary.
In this connexion our results confirm the assumption once advanced by Pittendrig [7,
p. 38] that the temperature stability of the circadian period is only a special manifesta-
tion of the general homeostasis of the period.

The model (1) studicd does not allow for the fact that the true autogenerator has a
far more complex structare. According to currentideas [15, 16] the futile cycle () in the
scheme (Fig. 1) is controlled not by fructose-1,6-bisphosphate but by fructose-2,6-
bisphosphate. However, preliminary investigations of modification of modcl (1) taking
into account these new findings and also the expenditure of ATP on recirculation of
substrates in the glycogen cycle show that the expansion of the maodel (1) docs not
disturb the stability of 7.
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EFFECT OF DIMETHYLSULPHOXIDE AND
THIOUREA ON THE DIFFUSIONAL WATER
PERMEABILITY OF E£. COLI COATS*

B. V. SakHAROV and V. YA. VoLkov
All-Union Applied Microbiology Rescarch Institute, Obolensk (Moscow Region)

(Received 2 April 1987) .

The perineability of E. coli cell coats for the diffusion of water has been measured by the

n.m.r. relaxation method. Tt is shown that in the 4-24°C interval it is 16-6-35-0 ym-sec~*

which is close (o the water permceability of erythrocyte membranes and considerably higher

than that of lipid bitayers. It has becn established that cryoprotectors (DMSO and thiourea)

at a concentration of 1'0 M reduce the water permeability of bacterial membranes -5 and

2 fold respectively. Two routes of water transport dre postulated through pores of a protein
naturc and dcfects in the lipid bilayer.

* Biofizika 34: No. 3, 464-467, 1989.



