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The Oscillatory Basis of Cell Energy Melllbolism 
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The a i m of t.his paper is t o outlin e a pr oof that lon g -p er i od sus · 
ta in ed osc illat ion s are ne cessa ry for prec i s e st ab i l izat i on of AT? 
con ce nt r ol t ion by ce ll ener gy me taboli sm. 

1. Tile Simplest ~lode l._of Cell :::!!..ergy Metab.C? l is:n 

All living expenses o f the cell a re covered by a \.nivers a l i ntra · 
cell ulH e ne r gf! ti c cur ren cy A"T? whi ch i s ge ne rated by ~ 
very co mple x r eac t i on sy stem, the ce ll e ne rg y metabo l ism (C :M) . CE M 
ta kes up di f fer e nt init i al s ubs tra te s s uc h a s su gar s , f atty acids , 
a ~ino ac i ds et c . f rom the extrac e ll ula r medi um and then t r ansfe r s 
the energy of their ch emical bo nds to th e pyrophosphate bo ndS of the 
ATP ~olcc ule . Thus the s im?lest model of thes e i ntra cellul a r chem~ 
iea l event~ may be de p icted as follows: 

S , 

~ 5, 
Vout ATPq 53 CEM -- ~--- k m 

So 

wh e r e Sl ' 57 , ... S a r e i nitial s uhst rates 
r ~ te constan t s ofndiff erent ATP-consumi ng 
output velocity of CE~1. 

~ ~ .... 'ere GO d . . . 

of CE M; k), k2 , ... , k are 
proce sses, Vout is tWe 

If I wer e God des i gnin g an o~t ima l sch eme fo r CEM I s hou ld a l l ow for 
dramatic tim e- depen den t va r i ation s of the e ne rgy demands of diffe r­
ent consumers as well as a very i ~ homogeneous distr ibut i on of the 
i n itial subst r ates in the extracellula r mediul'l. Both fa cto r s strongly 
a ffect the ATP concentration . :nak i ng it impos s ib l e for diffe r ent 
consumers to function independen tly . I t is rat her evide nt t ha t t he 
bes t way to main ta in the ind e pende nc e of individu al cons umer s i s to 
st a bili ze the AT ? co ncentra tio n by me a ns of CEM . Thi s i s anal ogo us 
t o the stab i lization of voltage in the electr i ca l net work s f ee d ing 
our fl at s , l abo r atories and factories . 
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1~ CE M as a St a bi liz er oifTP Conc e nt r a ti on . 

~ O w consi de r a typ ical pathway of e nergy transfer withi ~ CEM . Mas! 
of the i niti al subst r ates a r e r athe r sta~le compou nds . whic~ all owed 
the ir accumulation du r ing the chemical evolution of the cart h . There ­
f ore the f i r st step in no nph otosynth etic biochemical e ne rgy transd uc ­
tio n f ro m an i n iti a l substrate 5 is its acti v.H io n a t th e CK ;J e ns e of. 
AT P t o y i e ld uns tabl e 'i nt e r ITH:! di ~te s I, 3nd AOP (3 disc ha rged form 3 f 
ATP ) : 

ATP AOP 
\n, , ( I} 

S~n,1 

Gene ra"y , t he act ivation of on e ~o l ecule of S may use n,~ 1 nole ­
cules of ATr to give n2 ~1 r.Jolecules of I an d n l moleclJ l ~s of ADP. 
lh e unstable molecu l es I are no w ready t o dr ive a ~hospho r yl ati on 
mechan i sm which can be r eprese nted as one ove r all r eac tion 

P; ADP AT P 

I \);. ). P (2 ) 

whe re P 1S ino r gan 1c orthophosphate , n ~ is t he numbe r of ADP mol e ­
cu l e s p ~ ospho ry l ate d per molecule of I.~a n d P i 5 an cn d -~ r od uct. In 
a dditio n, int e rmediates I can take part e i ther i n a spon tan e ous decay 
or i n some biosynthetic r eactions. Both these cases are leakages of 
1 f r om the ;Jathway S ---71 ~. The simpl if i ed scheme of CE ~, can now be 
summa r i zed by a kinetic model 

(] ) 

whe r e 1 i s the spa r king r e action (l) , 2 is the AlP -gene r at i ng 
r eact ion ( 2 ) . J i s t he l e akage . and 4 is a metabolic load t'e pres en t­
ln g the t o ta l a ct i vi t y of Al P cons umers . 
Ass um e that th e v e l o c iL i(l S i n ( 3 ) can be appr oxi mat e d by simpl e 
ex pr ess ion s li k e 

' 1 k( S' A3 , ' 1 " k2 'Pi ,r'A 2, '] 
. K 3 ' I , 

" ~ 4 ' A3 , ' 3 • " . A • const , S . rsl, Pj • [P,J , 

" [lI DP-; , '3 [liT ' ] , • [IJ , { 4 } 

and that conce nt r a t io n!> of S olnd P . are consta nt . A station ary state 
of (J) is det e rm i ned by the eq ua ti 6n s ystem 
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~F'J = flZ'vI - ',1 2 - ',13 - 0 , 

c1 UlTPJ 
-d't'- " -rl 1 ' V1 + rl 3' ',1 2 - 1.' 4 

whic~ hJS two solutior.s 

c 

a) :: (1 + 1 )(1. · - L)/{N • I.) fo r O(l< L' 

fOfO~L<..-...:.; 

~ 5 ) 

( fi 2 ) 

He re a
1 

• AlIA, the relative AT? concentration; 1 
the r e ativ~ l eakage activit.y: L - " tl- /(n,'k1'Sl , t 
ac t iv i~y; L " = ( N - 1 ) /(1 + I ), a c rlti c~l Ilu be 0 

n1 - 1 • the sto i c hi ome tri c eff i c ie ncy of CE M. 

~ I( k 'P_' A.), 
e ~elativ~ 16ad 

L: N = nZ ' r, 3! 

Frum (6) 11 follows tl1at '<lhcn tile ll' Clka ge IS sm ~ll (1' 1). the con­
c e ntrat10n of ATP 15 nearly constant (Fig,la) oller a wide range of 
L (D~L<;I. " ) . The overload iTl g ~f CEM ..... itl'l L~L' brings ,'\TP produc­
tion !o an irre versible s~op (a -0) . '~'ith increasing leakage ~. cti'lity 
th e plat ea u :) f th e l oad charact~ris tics a/( L} d i sapp ea r s (F i g . Ib), 
a nd beyo nd so me c riti ca l va l ue of 1 ~ N, E ~ ca nno t mai nta in any 
s tat i onary A-P cancunt ratiun, 

{up] -,-
a 

1"1=1 
1=10-3 

'.0+---- - - , 

0.' '.0 , 

(AlPI 
--.:-

' .0 

0.' 

00 

b 
N=l 

1=10- 3 

10'2 

10-1 

\:," 

0; '.0 , 
[1g ___ 1 (a), The sto1biliz Clt ion of ATP concentra ti on by CEM {3J within 
a wide range o r rehtiv~ load <1r;'ivity DSL<L" . 
(b) Oisap~ea ra nce of ATP - sta b l lizdtion ..... it h i ncr e o1Sc of r elative 
leak ~ge act ivity, 1. 

At a small l eako1g~ activ it y c::::~ ca n a lso buffn 
strate concen trat ion fTuct~a!ions. However, such 
S to be ma intain ed at a much ~igher value than 

ATP again st s ~b ­
buffering requires 

(7) 

If S drops be l o' .• S' , the produ ctio n of !l.TP ":;y u: ~~ stops i rrever s ibly, 
Ana lysis of mo r e detailed models :-1 - 5J sho ..... s thilt the fine stabil· 
i zat ion of ATP concent r ation is a-general prope rty of a ny type of 
C Ef~ , 

~ . Ad c1itio_n.al Buffe .. ring Again st. S u :, s t r~~u_ctuati on_s 

Alt nougr. the s i mp lest mech~n is m of (EM (3) ca n stab ilize LA"7"P] it is 
unable to pre ve nt the ce ssat ion of energy production Cause d by even 

'BB 



a relatively brief fall in substrate concentration belo'o'I S ... This 
drawback can be reduced simply by inserting a depot for I: 

4 

~ 
ATP AOP Pi AOP ATP 

S~I \S:.Lp 
1 r~ATP 2 

-d +d 

ADP 
o 

-:-he deposition !--yD has to be ATP-deoender,t for at least two 
reasons: firstly, to maintain a large excess of J over I, and se­
condly,it is much more advantageous to have J as a polymer of I-sub­
units in order to bypass the osmotic effect caused by a large amo~nt 
of D. As has been shown elsewhere [6,7~ a reversible deoosition 
I~D \-iith an apparent equil ibrium constant K carl increase tne 
time constant of I (K + 1) - fold. '~Ihen K:::» 1, the deposition 
mechanism prevenLs raoid fluctuations in the concentrations of I and 
ATP if the supply of 5 is irregular and provides a substitute for S 
when this is a~sent for a long time. 

5. Backing Several __ H_o~s~ 

It may easily happen that a given s~bstrate S is absent so long that 
the depot is completely exhausted, which will irnl'lediately result in 
irreversible switch-off of eEM. To decrease the probability of such 
a failure it is necessary to provide the cell with seve(ClI energetic 
units similar to (8), but with different initial sujstratcs 5 1 ,5 2 , 
53" .etc. ~ 

S, 

//-----r;;--\ /-
/ Dl r--<-- 12 

/ , ATP( \ 
"" \ ... m ~ AlP AlP 

IjUPI 
~ ~.J ' s, " -S, P3 I] ! ' . I 

Ie" 1~'" ) 
" " / 
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If the pr obabi l ity p. of a long absence of substrate S. is suffici ­
ent l y low , an d i f a l i subst r ates are chemically differ~nt , t hen the 
pr obabi l i ty p of absence of all subs t ra tes will be 

P" Pi , PZ · P3 ··· « I 

Thus th e ~u lt i s u~stra t e structure (9) of CEM Is muc h mo re indepen ­
dent of s u~strate flu ct uat io ns tha n is th e si ngl e s ubstrate mod el 
(8). Howe ver , thi s new s truct ur e of CEM (9) ha s i ts own drawback s : 
fir s tly, it do e s not allow a ny gi ve n depot D· to be restor ed fr om 
s ub s t r a tes othe r than Sf ; a nd s eco ndly, ah se ~ ce of a give n sub strate 
S. resu lts in th e a bse nce of spe cific int e rm ed i at es I .• derivat ives 
ot S . which may be of critical impo rtan ce to so~e biolyn thet i c pro ­
cess~s . 
70 refine structure (9) it is necessary to interconnect end - ?roducts 
and to reverse the AlP-generatin g steps o f each energy unit: 

(10 ) 

.-----
This refin ed structure of [EM already l ooks very similar to the real­
l i fe structure of CEM. I t has severa l en e r getic units inte rc onnected 
th r ou gh a central reactio n cycle r eca l l i ng the krebs cycl e. And it 
looks much mo re eff icit' ll t t han the previous st Clic t ure (9) . But it is 
easy to show that it call ne i the r stabilize [AlP_' nor s i mp l y ex port 
Al P to intracel lul ar consume r s. lhe reas on ? A ve ry strong un­
cOlltroiled dissipat io n of ene r gy occ urs ;n ma ny AlP -dependen t cycles, 
futil e cyc l e s , within s tru c ture (10) . 

Eac h ATP- dependent cyc l e of ty pe 
ADP ATP 

('X~: X {ll , IZ l 

o. I I P, 

X 0, 

170 ADP ATP 



is actua l l y a f uti l e cycle if i t i s not~c on tr o l l(! d: one turno ver of 
such a cycl e i s e quivalent to a wa s tefu l cl e ava ge of On e o r more 
(d e pen d i ng on s toi chionlet r y) mo l ecules of ATP. Th e e ffect o f this 
recycli ng of intermed i ates upon the ma i n pro pert ie s o f Cr M can be 
see n fr om th e s i mpl e st ex a mple : 

ATP ADP 

~2 
5 [ 

( 13) 

~ 
3 

Th i s model i s mat hema t ic a l l y eq u i valent to (3) . I ts lo a d characte r~ 
istics a 3 (l) can th e ref o re be desc r ib ed by equat ions (6) in which 
I ~ k1/k Z' P.· A and k3 are r elative ac t i vity and ra t e ' cons tant of the 
backw r d r eJcti on S f-I. From ( 6) it fo l l ow s that when f orw a rd a nd 
backwa rd react i on s have co mp a r ab l e ve lo citi es (1 '-"' 1), s ta bil iz ation 
of AT P co nce nt rati on i s no l onge r te na bl e ( Fig. 1b ). Mo r e over , at 
I ?o N, mec ha n i sm ( 13), whi c h co nt a i ns onl y Orl e fut il e cyc l e, c a rlrl ot 
export Al P due t o t he ov e rcon s ump t ion of AlP by t hi s c yc l e . It i s 
c l e H ' that mo del (1 0 ) mu s t be eve rl mo re se nsitive t o the fut i l e 
r ecycling th a n t he simp le r mO del (13) since it ha s tw ice as ma ny 
futile cycles pe r energet ic uni t. 

7 . A Uni que Solution ~ .I'!!~'p'ora l Organis ati on of~y~tile Cyc l es 

Each cycle of type ( 11. 12 ) consis t '> of two mutual l y exclusive p r o ­
cesses which ha ve so meho w to be se pijrated or organized to preve nt 
futi l e recycl ing. In theory , the re are only th r ee types of or ga ni z ­
aU o n of incompatible b iochemical processe s : spa ti al o rganizatiorl, 
org a ni zat io n o n the ba s i s of b io c hemi cal spec i fi cy , a nd temp or al 
orga ni zat iorl . 

Te mporal o rga n i z a t i on cou l d be a utOrlomous or nonautono mous, and 
ei ther of these cou ld in t ur n be peri odic o r aper i od iC . Fo r exa mple , 
ce l l divis i o ns ca n be autonomo us i f the r e is no eKte r nal pacemaking 
sign a l o r nonauto nomous if t her e is such a signa l , and may be 
e ith e r fai r ly peri odic or nearly stochast i c. The temp ora l orga n i za ­
tion o f fut i i es cycles c a n ea si l y be rea lize d if the o ppos i ng 
r eactions are co n tro l led rec i pr ocally by '>ome r eg u l a to r R: 

(14 ) 

He re the fo rwa r d r eaction 11-7 [1 c a n go only at a h I gh l evel o f R 
but t he backward I1 ~ - 1 ;> o n ly a ,) l ow level. :- hus osc il lations or 
fluctuat i ons o f R ~etwee n the t wo ex t r eme3 l esu l t In the temporal 
sepa r a t io n of two incompat l b l e pr oc esses . Cyc l e ( 14 ) i s n onautono ~ 
mous -- i t nee ds so me e xterna l signa l s t o change th e conc e ntrat io n 



of R. To t ransform cycle (14) into an autonomous one it is simp l y 
necessary to substitute I for R. Just this takes o lace in 
the key fut i le cycle of t~e carbohydrate branch of CE~1: 

'" ATP v7(±)\~ - AOP 

~='~' ="> 1 \. """> " Vl ... Fructo,; .. -6-P /:::Fructo,;",-1.6-P2 ~ 

.\@/) 
" 

( 15) 

FBPa,; .. 
H,O 

Here the enzyme of the forward reaction, phosphofructokinase (PFK) , 
is activated by its product f ructose-I,6 - P (FBP), whilst the anta­
gonist enzyme fructose-I , 6 - bisphospha t ase fFBPase) is inhibited by 
FBP. This type of reciproca l control has a number of far - reaching 
consequences [? - 10J . First l y, it destabilizes and thus makes high­
l y improbab l e a state with lOO t -recycling of t he intermediates 
(Fig. 2). Secondly, it forms two alternative quasistationary steady 
states of the cyc l e (IS): the glycolytic sta t e 0

1 
in which net 

flux is directed to the righ t (v "V - v >D) an the gluconeogene­
ti c state 01 with the reversed flux tv<O}: And f inally , it f o r ms a 
hysteretic aependence of the quasistationary net ve l oci t y; B V 

(v B V ) on fructose-5-P (F5P) concentration (Fig . 3b) , which in turn 
result§ i n autonomous oscillations around an un stab l e stationary 
state 0 be tween the two extrema of the characteris t ics v(F5P) 
(Fig . 4 , limit cycle C). Due to the buffering of F5P by t he same 
reserv e polysaccharides (glycogen, starch, trehalose e t c.) th e 
period of such osc i l lation s can be as long as several hours or even 
a day , depending on the apparent equilibrium cons1ant o f the depo ­
sition mechanism (pa ragraph 4, details in [6,7,lU). 

; 

, " 
'-' 

Fig.,l. Net velocity v = v+ - v_of 
f ut ile cycle (IS) as a function of 
FBP at a certai n nonzero tF6 pl. 
Dashed lines represent velocitles 
o f the opposing reactions of the 
cyc l e. At points 1 and 2. 100% re ­
cl ing of th e in t ermediates 
occurs. Point 2 is unstable since 
a s~ontaneous increase (decrease) 
in t FBP] results in further accu­
mulation (depletion) of FBP . 

Twice per oscillation period the net velocity v is equal to zero, 
and 100% recycl i ng mome t arily occurs with i n the cyc le (15). However , 
this recycling occurs only during rapid transitions between the two 
ouasistat ionary states and therefore the average recycl ing per 
oscillation period can be very small . 
Returning to the structure (IO) we may conc lu de that it can stabilize 
[ATP] on l y when each en e rgy unit has i t s own autonomous pacema ker, . 

a self-oscillatory f utile cycle such as cycle ( 15). Oscillating in­
termediate concentrations o f such a pacemaker cycle ca n suppress the 
recycli ng in a ll nonauto nomous futi l e cycles of a given unit via 
regulatory interac ti ons such as (I4) . 
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Fig~ (a) inree quasistationHY states in cycle (1~) given by the' 
intersection points 0

1
,0,. and 8] of two grap~s representing net 

velocities of FG? for ation, v, nd bl'eakdol-.'n, y,. 
(b) Hysteretic impJt characteristics of the cycl~ (15). ~ is the 
quasistationary value of II at -"hien II "'2" 

~ ,', t 

t " ... 
~ ~-- 0 I , ." 

\ [F6P] 

~' 

F19-,----<;-, Limit cycle C 
around an unsti:\hle 
stationary point O. Arrows 
indicate direction of the 
oscillatofy rnotior, in the 
fu:ile cycle (15). 

The coexistence of several sclf-oscillatoryJnits within a C[~1 struc­
ture such as {IO) poses a r.e\·,' question: '.,'r,J':. kir,G of coo)-dinatio'1 
behicen these units is optil~al for the \,holc system? If lye limit 
structure (10) to only t'flO units then th!..' <1'1SI','er can be derived 
immedi~t~ly. The tl-IO llnits must oscillate with t:'le sarne frequency and 
with 180 -phase shift. Suppose on the cnntrary that the two depots 
D1 ~nd D2 oscillate in phase. In suc') a mode there I-lill be a s~ate 
during one half of t~e oscillations period in which both J and 0 
are being restored. But during that state both units ?radu~e no A~P 
at all and neither do they ?roduce products for mutual exc~ange. -hU5 
during such a state we need extra sources of A~P and products P1and 
P , sources which are absent in our minillal model. Thus the only pos­
sfble I~odc of interactions of two units is the fecipfocal oscillation 
of two depots. So two-depot CEM looks vefy I i<p a see-saw: accumu­
lation of 0, is accompanied by depletion of D7 and vice versa. For 
the thfee-unit case the answef is not yet so ~leaf owing to the 
multiplicity of oscillatofY ~lDdes in three-oscillator systems. ATong 
these ~Iodes at least OTIC can be realizcd: tlYo deoots oscillate in 
phase with each other and out of phase with respect to the ~hifd. 
The antireson~nt unit must then be powefful enough to SUpOOft festof­
ation of ~oth other depots at the same time. 

9. CEM as the Cell Clock 

Thus, the long-period oscillations are of cfitic~l imlJoftance for the 
tempofal ofqanization of CEM. In addition to this fundamental 



func ti on th e osc i l' ati o n ~ c~ n he used ~s 11 time-keeping mecha ni sm , 
t he cell clock. Ana lysis of m ~t h em atica l Models of C(H has s how n (12J 
th~t the CEM osci llations c an ha ve a f~i rl y s tah le perio d when a 
mul tiplici ty of chemosta t i c negat ive fe edb ack mechanisms is intro ­
duced into t he CEM s t r uc t ur e . 

~ r,:_~ n o"i:eslgements . The ilU th of" is de e ply i ndebted to nuttlel"O US c<.;lledgues 
wh o hHc crit i call y c1 iscU5$ed the ideas underlyi ng lh i s work . I wO'J lc1 
1 i ke to thank Prof. Ben no Hess and his cowork e r s for their ho sp i tali ­
ty and hel p, in parti cular Dr . Rob in B.Jon es f or impro ving Iny Eng­
l i s h, and Miss Be tt ina Pl et tenbe rg for he r s kilful tec hni cal a ss i s t ­
a nc e . Th e work ha s been s upported by the Deut sc he Fo r sch ungsgem ein ­
scha f t (Gra nt No. AZ 438 17 /7/79) . 

Re f erences 

1. E.E.SEl ' KOV, Eu r . J . Bi ochem. 59, 151-157 (1975) 

2 . J . G. RE rCH, E.r. SEl ' KOV, TH . GE IER, V.A. ORONQVA . Studi a biophys . 
~ , 57 - 76 (1975) 

3. LA . RAPOPORT, R.H EI NRJ CH, S .M. RAPOP ORT. Ilioc hern. J. 15~, 
4,49-4 69 (1 976) 

4. V.V.DnlNIK, E.E.SEl 'KO V. I.A.OVCKIN~H KOV . Iliokhirnija (USSR ) 42, 
1567 -15 76 (1977 ) 

5 . R. BOHN ENSACK, E. E. SE l ' KOV . Studia biophys. 55, 161 - 173 

6. E. E. SEL'KOV , In: Ana lys i s and Si nulatio n of Bi ochemica l Sy stems 
(H . C.HEMKER and B.H ESS . cds . ) , ~ort h - Holland , Ams terda m, 
pp . 145 - 161 (1972) 

7. LE . SE L'KOV , IV. lnternatio l"lal Bioph y~ ics Congre$S , Sympos ia1 
Pa pers, vol. 3 , l UPAB a nd USSR .il.c ad . Sci. , Pu s hc hino , 
pp . 453 -475 (19 73 ) 

8 . E. E.SEL'KOV. S. ,~.DY N NIK, Giokhil'liya, !!" 168 7-1 693 ( 197 6) 

9 . E. E.SE t 'K OV, I n: Reg ulat ion of Energy EXCha nge an d Phys iolo9ica l 
Sta te of an Or ga ni sm (M.N.KONORASHDVA. ed.) , ~ N~ u ka " , Pushchino , 
Mo sco w. pp. 15-32 (1978) . 

10. E. E. SEl ' KOV, S.N. OY NN IK, YU .B. KrRSTA . Bi ofiz i ka . 24. 43 1-4 37 
( 1979) 

11. TH. SCHU LMEISTER, f. . E.SEL'KOV . St udia Bi ophy si o, 11.,11 1- 11 2 
und Microfich e 1/ 24/ - 37 (1978) . 

12. E. E.SEL'KOV, N.V. Av SEE ~KO, R.GUTHK E, YU .B.KIRST A, Biofizik a 
(in the press). 

'" 


