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The aim of this paper is to cutline a proof that long-period sus-
tained oscillations are necessary for precise stabilization of ATP
concentration by cell energy metabolism.

1. The Simplest Model of Cell EZnergy Metabolism

AT living expenses of the cell are covered by a universal dintra-
ceflular energetic currency - - ATP — which it generated by a
very complex reaction system, the cell energy metabolism {CEM}. CEM
takes up different initial substrates such as sugars, fatty acids,
amino acids etc. from the gxtracellular medium and then transfers
the ehergy of their chemical bonds to the pyraphosphate bonds of the
ATP molecule. Thus the simplest model of these intracellular chem-
ical events may be depicted as follows:

where 3,, § ,...Sn are initial substrates of CFM; k,, k,,....k are
rate cn%sta%ts of different ATP-consuming processes; Vout is the
output velocity of CEM.

2. If _[ Were God. ..

If I were God designing an optimal scheme for CEM I should allow far
dramatic time-dependent variations of the energy demands of differ-
ent consumers as well as a very inhomogeneous distributian of the
initial substrates in the extracellular medium. Both factors strongly
affect the ATP concentration, making it impossibie for different
consumers to function independently. It is rather evident that the
best way to-maintain the independence of individual consumers is to
stabilize the ATP concentration by means of CEM. This ig analogous

to the stabilization of voltage in the electrical networks feeding
our flats, laboratories and factories.
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d. €EM as a Stabilizer of ATP Concentration.

Now consider a typical pathway of energy transfer within CEM. Maost

aof the initial substrates are rather stanle compounds, which allowed
their accumulation during the chemical evolution of the Ffartn. There-
fore the first step in nonphotosynthetic biochemical energy transduc-
tion from an initial substrate S is its activation at the cxpense of
ATP to yield unstable intermediates I, and ADP (a discharged form of
ATP):

ATP ADP
5”1 i (1)
S Nyl

Generally, the activation of one molecule of S may use n 2 1 mole-
cules of ATP to give no 21 molecules of [ and Ny moleculgs of ADP.
The unstable molecules T are now ready to drive a phosphorylation
mechanism which can be represented as ane averall reaction

P ADP ATP
Ny (2]

I P

where P. i3 inorganic orthophosphate, n, is the number of ADP mole-
cules pﬂosphorylated per molecule af I,%and P is an end-nproduct. In
addition, intermediates I can take part either in a spontanecus decay
or in some biosynthetic reactions. Both fhese cases are leakages of

I from the pathway S—I—P. The simplified scheme of CEM can now be
summarized by a kinetic model:

where 1 i5 the sparking reaction (1), Z is the ATP-generating
reaction (2}, 3 is the leakage, and 4 s a metabolic load represent-
ing the total activity of ATP consumers.

Assume that the velocities in (3) can be approximated by simple
expressions 1ike

Vi = kpiStRge vy kprPurTiA,, vy s kgt
Ky hgs Ay ¢ Ay = A = const, § = [s], po o= [p.],

Ay, = [ROPT, A5 = [ATP], I = [1], {43

and that concentrations of 5 and P. are constant, & stationary state
af {3) is determined hy the EQuatién system
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d LATP
— = = =RV, 4+ NV, = oy, = ()
at 1 "2 372 il
which has two solutions
aq = {1+ TI(L* - L}/{N - L) for DgL<L” (6y)
and
613 -0 for U\CL Lol I:ﬁg)
Here a, = A_/A, the relative ATP corcentration; 1 = %,/(k, P CAsT
the relativd leakage activity; L - Ko/ {ny-ki-SY, the felafivd 1824
activity; LY = (N - 1}/{1 + 1), a criticdl value of L: N = No'hig/

nyo- 1, the stoichiometric efficiency of CEM.

From (6) 1t Tollows that when tne Teakage is small (1€ 1), the con-
centration of ATP 1is nearly constant {Fig.la} over 2 wide range of

L (€ L<L*). The overloading of CEM witn L »L* brings ATP produc-
tion to an irreversible stop (a “0). With dncreasing leakage activity
the plateau of the load charactéristics a (L} disappears (Fig. 1b),
and beyond some critical value of 1 = N, EEH cannot maintain any
stationary ATP concentration.

=
)
Lk
N
=
!
T
=
=
0

0 Gt

0 05 o L
Fig. 1 (a). The stabilization of ATP concentration by CEM {3) within

a wide range of relative load activity D€L <L*,
(k) Disappearance of ATP-stabilization with increzse of relative
lea

kage activity, 1.

At a small Jeakage activity CZM can also buffer ATP against sub-
strate concentration fluctuations. However, such buffering requires
5 to be maintained at a much kigher value than

* _ - - b
S™ = kgfnptKytLo. (7}
Ef S drops below S*, the production of ATP 5y CIM stops irreversibly.
Analysis of more detailed models 1 - 5] shows that the fine stabi]-
ization of ATP concentration is a general property of any type of
CEM,

4. Additional Buffering Against Sunstrate Fluctuations

Altnougk the simplest mechanism of CEM (3) can stabilize LATPj]it is
unable to prevent the cessation of energy producticon caused by even
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a relatively brief fall in substrate concentration beclow 5*. This
drawback can be reduced simply by inserting a depot for T:

A

ATP ADOP P ADP ATP

5”1 Z E E”a Z [asy
S 1 P

! ATP 2

-d{[+d

ADP
D

The deposition I—*0 has to be ATP-decoendent for at Teast two
reasons: firstly, to maintain a large excess aof 3 over I, and se-
condly,it is much more advantageous to have J as a polymer of T-sub-
units in order to bypass the osmotic effect caused by a Targe amount
of [, As has been shown clsewhere [6,7; a reversible deposition
I&—=0 with an apparent equilibrium constant K can increase the

time constant ¢f I {K + 1] - fold. When K = 1, the deposition
mechanism prevents raoid fluctuations in the concentrations of [ and
ATP if the supply of 5 is irregular and provides a substitute for §
when this is absent for a Tong time.

5. Backing Several Horses

It may casily happen that a given substrate S is absent so long that
the depot is completely exhausted, which will immediately result in
irreversible switch-off of CEM. To decrease the probability of such
a failure it is necessary to provide the cell with several energetic
units similar to {(8), but with different initial sudstrates 81,82,
53‘..etc.:

[S+]
—
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If the probability p. of a long absence of substrate S{ is suffici-
ently low, and if all substrates are chemically different, then the
probability p of absence of all substrates will be

p = p-i-pz-P3---<<1

Thus the muitisubstrate structure {9} of CEM is much more indepen-
dent of substrate fluctuations than is the single substrate madel
(8). However, this new structure of CEM {9} has its own drawbacks:
firstly, it does net allow any given depot D, to be restored from
substrates other than S.:; and secondly, absefce of a given substrate
S. results in the absente of specific intermediates [., derivatives
of S, which may be of critical importance to some bio%ynthetic pro-
CES5ES.

To refine structure {9) it is necessary to interconnect end-products
and to reverse the ATP-generating steps of each energy unit:

This refined structure of CEM already looks very similar to the real-
life strugture of CEM. It has several energetic units interconnected
through a central reaction cycle recalling the Krebs cycle. And it
lTooks much more efficient than the previous_structure {(3). But it is
casy to show that it can neitner stabilize [}TP;nor simply export

ATP to intracellular consumers. The reason? .- A very strong un-
controiled dissipation of energy occurs in many ATP-dependent cycles,
futile cycles, within structure (10}.

6. Futile Cycles Yersus the ATP-Stabilization

Each ATP-dependent cycle of type
ADLP ATP

L ATP
(11,12)
or Ii PT
ADP

170 ADP ATP



is actually a futile cycle if it is not - controlled: one turnover of
such a cycle is equivalent to a wasteful cleavage of one or more
{depending aon stoichiametry) molecules of ATP. The effect of this
recycling of intermediates upon the main properties of CEM ¢can be
seen from the simplest example:

4
ATP ADP

P/, ADP  ATP (13)

Ve g

This model is mathematically equivalent to (3}). Its load character-
istics a3(L) can therefore be described by equations (&) in which

1 = k3/k -Pi-A and k., are relative activity and rate’constant of the
backwdrd reaction S I. From (6) it follows that when forward and
backward reactions have conparable velocities (1~~1}, stabilization
of ATP concentration is no longer tenable {Fig.lb). Moreover, at
12N, mechanism {13), which contains only one futile cycle, cannot
export ATP due to the averconsumption ¢of ATP by this cycle. Tt is
clear that model [10) must be even more sensitive to the futile
recycling than the simpler model(13) since it has twice as many
futile cycles per energetic unit.

7. A Unique Salution - Temporal Organisation of Futile Cycles

Each cycle of type (11,12) consists of two mutually exclusive pro-
cesses which have somehow to be separated or organized to prevent
futile recycling. In theory, there are only three types of organiz-
ation of incompatible biocchemical processes: spatial organization,
organization on the basis of biochemical specificy, and temporal
organizatian.

Temporal organization could be autonomous or nonautonomous, and
either of these could in turn be periodic or aperiodic. For example,
cell divisions can be autonomous if there is no external pacemaking
signal or nonautonomous if there is such a signal, and may be

either fairly periodic or nearly stochastic. The temporal organiza-
tion of futiles cycles can easily be realized if the opposing
reactions are controlled reciprocally by some regulator R:

Here the forward reaction I,— [, can go only at a high level of R
but the backward T, ¢— I, only aft a Tow level. Thus escillations or
fluctuations of R %etwee the twe extremes result in the temporal
separation of two incompatible processes. Cycle (14) is nonautono-
mous — it needs some external signals to change the concentration



of R. To transform cycle (14) into an autonomous one it is simply
necessary to substitute I, for R. Just this takes place in
the key futile cycle of the carbohydrate branch of CEM:

ATP PFK ( )
- ADP 15
VK‘D\\
\.l" uz

.
——— Fructose-6-P :‘; Fructose-16-P, ———
s

BN

FBFase

Here the enzyme of the forward reaction, phosphofructokinase (PFK),
is activated by its product fructose-1,6-P, (FBP), whilst the anta-
gonist enzyme fructose-1,6-bisphosphatase %FBPase) is inhibited by
FBP. This type of reciprocal control has a number of far-reaching
conseqguences rB - 1DJ. Firstly, it destabilizes and thus makes high-
1y improbable a state with 100%-recycling of the intermediates

{Fig. 2). Secondly, it forms two alternative quasistationary steady
states of the cycle (15): the glycolytic state 0, in which net

flux is directed to the right (v = v, - v >0) ané the gluconeogene-
tic state 0, with the reversed flux fv(O). And finally, it forms a
hysteretic éependence of the quasistationary net velocity v = v

{v = v,) on fructose-6-P (F6P)} concentration {Fig.3b), which in turn
resuitg in autonomous oscillations around an unstable stationary
state 0 between the two extrema of the characteristics v{FEP)
(Fig.4, 1imit cycle C). Due to the buffering of F6P by the same
reserve polysaccharides (glycogen, starch, trehalose etc.) the
period of such oscillations can be as long as several hours or even
a day, depending on the apparent equilibrium constant of the depo-
sition mechanism (paragraph 4, details 1in [6,7,11]).

Fig.2 Net velocity v = v, - v_of
futile cycle (15) as a functiaon of
FEP at a certain nonzero [FGP .
Dashed lines represent velocities
of Lhe opposing reactions of the
cycle. At points 1 and 2, 100% re-
cling of the intermediates

occurs. Point 2 is unstable since
a spontaneous increase (decrease)
in FBPJ results in further accu-
mulation {depletion) of FBP.

Twice per oscillation period the net velocity v is equal to zero,
and 100% recycling mometarily occurs within the cycle (15). However,
this recycling occurs only during rapid transitions between the two
auasistationary states and therefore the average recycling per
oscillation period can be very small.

Returning to the structure {10) we may conclude that it can stabilize
LATP] only when each energy unit has its own autonomous pacemaker,
a self-oscillatory futile cycle such as cycle {15). Oscillating in-
termediate concentrations of such a pacemaker cycle can suppress the
recycling in all nonautonomous futile cycles of a given unit via
regulatory interactions such as (14}).
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Fig, 3 {a) Tnree guasistationary states in cycle {15} given by the
intersection points 04 ,02, and 03 of two graprs reprosenting net
velocities of FEP faormation, v, and breakdown, v,. -

(b} Hysterctic imput characteristics of the cycle {15}). v is the
guasistationary value of v at which v - Voo

Fig. 4. Limit cycle C
around an unstable
stationary paint 0. Arrows
indicate directiorn of the
nscillatory motior in the
futile cycle (15].

8. Coordination of Oscillatory Units

The coexistence of several self-oscillatary units within a CEM struc-
ture such as {13) poses a rnew gquestion: wnat kird of coordination
between these units is optimal for the whole system? If we limit
structure (10} to only two units then the answer can be derived
immediatgly. The two unibts must oscillate with the same frequency and
with 180 -phase shift. Suppose on the contrary that the two depots

D, and D, ascillate in phase. In sucn a mode there will be a state
during one half of tne asciliations periocd in which both I, and D

are being restored. But during that state both units prsdu%e no A%P
at all and neither do they produce products for mutual excrange. Thus
during such a statc we need extra sources of ATP and products P,and
P.,, sources which are absent in our minimal madel. Thus the only pos-
sgb1e mode of interactions of twe units is the reciprecal oscillation
of two depots. So two-depot CEM Tooks very lize a see-saw: accumu-
lation of D, is accompanied by depletion of D2 and vice versa., For
the three-u%it case the answer is not yet so £lear awing to the
multiplicity of oscillatory modes in three-oscillator systems. Among
these modes at Teast one can bhe realized: two devots oscillate in
phase with each other and out of phase with respect to the third.

The antiresaonant unit must then be powerful encugh to support restor-
ation of both other depots at the same time.

5. CEM as the Cell Clock

Thus, the long-pericd oscillations are of critical impartance for the
temporal organization of CEM. In addition to this fundamental
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function the oscillaticns can be used as a time-keeping mechanism,
the ¢cell clock. Analysis of mathematical models of CEM has shown[12]
that the CEM oscillations can have a fairly stable period when a
multiplicity of chemostatic negative feedback mechanisms is intro-
duced into the CEM structure.
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