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;\ rn<lthcln<llical model describing the auto-oscilla.tory temporal organiza.tion of futile cyclcs 
of Ihe e<l.rbohydratc blanch of cell energy metabolism has becn invesligated nllmerically. Op'ti
mi-,:tli(1I1 in the space or (he par;ullclcrs of fhe nHJdd gave a region in \vhich the circ:tdiall 
period of I he o<;cillal i()n~ i .Ci I1C:l r Iy constant despite vari:11 ion ill cigh ( hasi<..: par Hll1clcr~ wil !tin 

wide limil5. The homen,la,is of Ih.c period ,1clccled is cnsured by Ihc synr.rgic action of four 

mechanisms of negative fcedhack controlling Ihc aClivity of ccll cnzymes. Thc resull ohtaincd 
reinforces thc metabolic titeory of the circadian ccll clock. 

TilE Iwture of circadian rhythms detected even at the cellular level has for several 
decades been the ;;llbject ofin(ense theoretical di;cussion [J-9). Ofspeci:I1 concern to inves
t ig,:11 ()("" is I he pronounced sta hility of the period of (he circadia n cell clock and, ill P" r( ic
llbr. the very we:lk depel1del1c,~ of the period 011 the ambient tcmpcr<lture found evcn 
in the simplest eukaryoles [I, 3-5, 7-9]. To many investig:llOrS it appears doublful 
t hat the biochem ica 1 reactions t.hat are very scnsit ive to change in tempera lUi e a nel m:1ny 
other f:lc(ors delermining the activities of the enzymes might be a suitable elemcntal 
h;] .<(' for the st:lblc cell clock [1 - 7,9]. In this cOl1nexion nUl11erous atlempts have becn 
111:1d" ttl (OI1Qruet a ecll clock thcoreticllly il1 which tlte time sctting ClelllCllt would 
he :111\' l'h\',ic:Ii l'roCL'ss weakly depending ('11 tcmpcratllre. [11 111C last thrcL'decades 
a 1:lrg,e Humbcr of models has been proposed in which diJru si(1tl ofslIhstances across the 
nuclcar or pl ,"ma membrane [1-5, 1,9] or latclal dilTu<;jon of suh, tances within the 

Illcll1hr:mc itself (6] have been used in one way or another as (he physical process. 
111 work 1I1Hkrtakcn ill Ollr l:1boratory [10- 14] the mct:lbolic thCNY or cell clocks has 

hCL'1I dc\"c I ()I'L't1. Accord i 11),\ to I hi, t h ~ory c\~ \I d 0<: ks COilS Ii 111 Ie :111 :lul o-(lsri I J:I t ory n~gi tile 
or\\'ork orcelll'l1C'rgy IlIctabolism (c.c.lll.) nceeS; :lry for sllppres;illg parasitic rccitcula
lion ofsub;lr:1tc<; in the futiic cycles of aml'hibolic pallnvay<;. BeC;]lIS~ of thc deposition 
dTccl [10. 12. 13] this regime may have a circ:ldiall period. The :Js<;JlIllptioll .lias been 
a,II-:II1<'c<I flO 1.111h:l1 lil:1I1ks to tlte cOlllhilw<l aelioll of Ihe 1I1l'Ch:llli', IlIS pI" Ilcg:lIivc 
kcdh:l("k (Il.f.) the C.C.Ill. is ill a posilioll 10 11I:lilll:lil1 high stability ()I' lhe perine! of 
oscili:ll ions. RCl'cl1t Iy this ;ISSIIIIII'I iOIl was h:lc~("d hy I he r(~,"lts of 1l11l11cric:ll allill ysis or 
a 11I:lthcl1Ialic:Ii "",dcl of I IlL' carh()hydr:l(c ~cctioll of the <':.L'.I11. [14J. III thi'; l1lodel Ihe 
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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 'he 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 ll<;e the mathematical model propo,ed earlier [14] for describing the auto

oscillatory lilllc organization of thc carbohydrate section of the c.e.m. (Fig. I). This 
model represents a system of differential equations: 

dCT 1 
-=-v, 
d, 

C3CTlct3 1 
\' - --- - ._._-- -

+ - LI~ 1 +L+(LI~/LI~)4' 

LI~=(l+C1CT1)(1+C2ct3)+/X2+CTil+/X2), LI~=1+c2/X3' 

LI~=1+c4CT1+C5CT2' L+=Lo+/((1+caCT2)(1+calctl))4, 

L _ = Lo -((1 +c j CT2) (1 +cil u l )(1 +Cfl C(1)t, V=V+ - L , 

1'2 =/32 CT 2 ct 2 - /33 C(3 CT3' V3 + = fJ4 CT3 /X 2 CT 2 /(Ca2 + ui), 

V J =V3 +-V3-. VJ-=fi5ct3/(1+Cj3u2)' V4=O:~-C(1C(3' 

The patameters have the following meaning: 

C.=[F6P]"" x/K t, C2 =Ao/K2' C3 =[F6P]max Ao/(K 1 K 2 ), 

C4 = [F6P]",,,,/Ks ' Cs = [FBP]",,,/K4 , Cn = [FHP]maxIKRI' 

Cn1 =Ao/KR2' C,=lFBl']m,x/KTl, C i1 =[F6P]max/KT2' C'2=Ao/K n , 

Ca2 =Kn/[FBP]~a.. Ci3 = [FBP]max/K,; 

( 1) 

K 1 • [(2,K3 <1re Michaelisconstantsofthc R form ofPFK for F6P, ATP, FBR; K 4 , Ks are 
the Michaelis cOIl<;tants of the R form of FBPasc for FBPand FGP; KR1 , KR2 arc the 
allostcricc()ml:lnls or binding to the R form of PFK, FBI' and AMP; K TI , K n , Kn arc 
the allosteric con<;tants of hinding to the T form of FIJP<l se, FBI', F6P and AMP; Kx> 
K, ;II:C the eOI1'tants of activation of PK and depression of PEPCK by FBI'; fJ5 is the 
relative rate or inflow or substrate into the system; L is the relative rate of the metabolic 



498 YEo YE o SEL'KOV ct al. 

land; the other parameters are the same as in [14]: (17=0·6; cl=40; c2=10; c3=400; 
("4 =0; c~ = 100; Ca = 20; C; =600; Cit =40; e l =£3 =C4 =0·01. Columns 4 and 5 are the 

data of the optimized model. 

ADP 

ru;\ 
ADP ATP 

ATP V6 

Flc; . I. Scheme of the caroohytirate branch of Ihe cell encrgy mclabolism where: the futile cycle 
I is fOlmed by (,-phosr.(lofnlctokinasc (FPK; I'.,) and fnlctose-l,6-bisphospllatasc ("I'/lase, v._) 
reactions. The futile eyctc 11 is fOlmed by pyruvate kinase (PK. I' .> ,.) and the sequence of reactions 
of phosphOlylation of pyruvate which ends in the plwsplloeool PYlUvate carboxy kinase reaction 
(PEPCK. 1',_). I', is the ATPase load . Double broken arrows point to allosteric positive feedbacks 

generating ;llIto-oscillntions in the c.c.m. Broken arrows show allosteric negative fcedbaeb. 

OJitillli::l7tiol1 (if jJl7raJllelns. Model (I) was so oplimized ill [14] as lo ensure the 

maximum interval of permissible variations in the relative load L corresponding to 

ch,lngc in the period of auto-oscillators To by ± I per cenl of the mean value. Such 

optimization. however, did not ensure stability in relation to dislurbance of the other 

f1<lr:lIl1('tcl~ :IS may he SCCII from the Table (COhlllll\ J). 

Dc:,ig"at inn of 

parameter, in Initial model [141 Optimized model (I) 
model (I) 

PI P, Ap,jPI P, Llp,jY" 
I 2 3 4 5 

C tll (1-1924 X 10- 7 0·27 0'1616xlO- 7 (l·J4 
1.1) _ 0·1177 X 10-1.' 0·27 0·1344 x 10-'" (l .J2 

c" 46·t 8 0'075 ,1 ·lt·(, (l'11 
1.J) , 0·6464 X 10" 0·125 0 ' ''19 x 10" 0·25 

C,,' 27'70R tHlJ5 ~(,O·9 0·13 
("I ("I,IS 0'20, .1·1· .1 1)·11 
I. I (i'5 1·1 :; 25·.\ (l.}I) 

I' , J·5 0,0·1 X'OX tHl7 

Nlllf'. The inll'fV<1ls (coillmns .1 and 5) arl' the dc.viations fl ... HH (he v.dlles of the parameter!) 

I',(i-' I . ' Xl ~ivcll in ct,lull1l1s 2 and 1. In (I'C~t·. infer,,'" fltl' I'l'ri"d T" ch:tlll'.c, by not nHll(' fl",n ( per 
ceot Ill' TI\ (ill'" lIN). C(llllfnl\~ l ;IIH1.7 giVl' dala flH Ihl: initialnHHlclll,1j c.;pncs.ponding.ln the 1'01-

("wing Vallll'S of tile other paramclcrs: II,~I; li2 = 2(l(l; /IJ ~ 18; li.'~6; 11,;=30. 
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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-, Cal' 

e'2, Ca2, C'3, L, fls) has little impact on ro. For this we used the following algorithm. 
1) Let us construct a graph (Fig. 2) of the dependence of the period on one of the 

parameters of the system r=r(Pk) in a certain permissible interval (Pkl' Pk2) (k =7), 
determining the region of the existence of auto-oscillations. 

I 
I 
I 
I 

I I 
I I 
I I I 

----____ ~I--~I~ 

P/~I Pk2 P"2 Pk 

FIG. 2 

TO 

H , j",1 

;l~ 2 I I . 
T - I I a L-l..l.-It I 1_ 

CaT 

FIG . 3 

FIG. 2. Dependence of the period of the auto-oscillations '0 on the ktll parameter of the model p, 

in the interval of permissible vatues (pi" pi,). The interval (pi,. pi,) is determined by the deviation 
hy :t I per cent. p, = (/,i" 1'':,)/2 is the mean value of 1', from the interval of I per cent deviation 

(,,:, , 1':2)' 

FIG. 3. Depelldcnce of the period of auto-oscillations '0 on the parameters of tile model (I) after 
optimization. Abscissa gives the normalized values of the parameters (p,=p,/p,). p, is the valuc 

of thc parameter p, such that Ielative to '0 (p" .... Ps) tlte 1 per cent deviation is determined. Ordi
nate - value of '0. Tllc intervals of the 1 pcr cent deviation of the pel iod are denoted by a broken 

line. The points (0) in the curves <lenote the value of '0 (jJ,). The values of the parameters arc illdi-
cated in the text. 

2) Lel 1I~ dclerillille the maximum inlerval (P:l. p':z) for which the value of the 
rUllel i011 r (I'd i~ :tI'1I0~t consl :1111, i.e. 3 to slIch lha t \;/p" E (p:, • P:2): 

.I) Lei 11'; fix the /lleall valuc iik=(p:l l'pt2)/2 <Ind for all lhe olher parameters 
1', (i~ I .... , (i) construcl itllerv:tls of I pcr cent deviation (p~l' 1'72) t"king the value 
'!;O(PI, ... ,1',. "',])7,P8) as lOOper cent. Thus (ptl,p72) is the maximum interval for 
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which PI E (ptJ , p7i) and 'V p~ E (ptl' p~): 

To(Pt, ... , pt, ... , P7' Ps) 
0'99<-··· ---. -- ---.- - < 1'01. 

To(PI' ... , Pi' ... , P7' Ps) 

4) The parameters PI, ... , Ps 8re so choscn that the minimum of the intervals 

(p~, Pi2)' i = I, .. . , 7 may be as long as possible (using the Hook and Jives method [17]). 
We would note that the ratio Lips/(Ps -= (is) was not optimized but as may be seen from 

the above oata and Fig. 3 model (I) has a region of !Is values in which to chnnges itl

~ignifkal1tl~'. 

The application of the algorithm described to model (1) greatly weakened the sen

sitivity of "0 to disturbance of the eight basic parameters. This may be seen from the 

above dala on the intervnls of the permissible deviations of the parnmeters in the initial 

model [14] nnd in the optimized model (I). In these intervals (see Tnble and Fig. 3) tile 

period To changcs by not morc than :1: I per cent of the mcan valuc. Acritcrion of the 

quality or stabili7.ation (known as tlte Skocl1cr critcrion) rcprcsenting the SUlll or the 

sqU:1res of the variations in the function, (ro) ror all tltc disturbed parametcrs for both 

scts ofpara1lle-ters of thc modcl (I) amounls 10 

7 (LiTo)2 -4 cP=I - =7xl0 . 
i= I TO I 

However, in the optimized model low sen<;ilivity to disturbances persists over a con

sidernbly wider region of values of the p:lrameters . A~ critcrioll of the pcrmissiblc varia

linns of the p:1ramclers we chosc a fairly rigorous requircmcnt-dcviation of "0 by 

± I per cellI. As may be seen from Fig. 3 "0 changes very weaklyand outsidcthc limits 

oUhc I per cent deviation indicating the very high effectiveness of thc four n. f. controll ing 

thc carbohydrate branch of the c.e.m. (Fig. J). 

DISCUSSION OF RESULTS 

The low sensitivity of r 0 to d i>turbnllce of the para melers of the model (1) <1utomatic

a]ly ent a il, low sensitivity of To to temperature changcs which may disturb thc values of 

<111 the pJ r:lmeters . The "tcmperature compensa(ion" phenomenon very often used to 

di ' clI's the tclllPCJ':IturC stabilif), of circadi:llt rhylhms [I. 3, 4, 71 proves unnecessary. 

III Ihis CPllIlc'xi(11l onr results cOllfirm Ihl' :lsQllnplioll (11lCe advanccd by Pittclldrig [1, 
p .. 1RJ th;1f I he tcmpl'ra\ll[c stability of the circadian pcriod is only a speci:i1 Illanifestll

I ion of the gcner:11 hOlllc' ostasis of the pcriod. 

Thc Illodel (I) s(tldied <h)cs 110t :lllo\\' for the f:1Ct lh:ll the truc <lntogcncralnr has a 

1':11' 1l1prc CIlllll'lcx sll'ul'1l1r~. According In cllrrcnt ideas [IS, 16J lhc fulile cycle (I) in IllC 
schell1e (Fig. 1) is controlled not by fructose-I,6-bisphospJtate but by fructose-2,6-

bi sphosph:1te. However, preliminary investig:1tion<; of modification of model (I) tnking 

into account these ncw findings nnd also thc expenditurc of ATP on rccirculation of 
s uh.,lr:lIcs in the- glycogen eycle shnw Ih:1I Ihc e-xpam;il'1l of' lhc model (I) docs not 
di silifu the stability or To. 
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EFFECT OF DIMETHYLSULPHOXIDE AND 
THiOUREA ON THE DIFFUSIONAL WATER 

PERMEABILITY OF E. COLI COATS* 

B. V. SAKHAROV and V. Y A. VOLKOV 

All-Union Applied Microbiology Research lnstitute, Obolensk (Moscow Region) 

(!Ieceived 2 April 1987) 

The permeability of E. coli eell coats for the dilTusion of water has been measured by the 
n.01.". relaxation method. It is shown that in the 4-24'C interval it is 16·6-35·0 Ilm'sec- 1 

wlliclt is dose 10 lite water permeahility of erythrocyte membranes and considerably higher 
titan I hat of lipid hilayers. It has been established that cryoprotectors (DMSO and thiourea) 
at a concentration of 1'0 M reduce the water permeability of bacterial membranes 1·5 and 
2 fold respect ivcly. Two routes of water transport are postulated through pores of a protein 

nature and defects in the lipid bilayer. 
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