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MULTIPLICITY OF STEADY STATES AND
AUTO-OSCILLATHONS IN THE OPEN REACTION CATALYSED
BY PHOSPHOFRUCTOKINASE OF E. COLI. QUANTITATIVE

MODEL*

1. A. MaLKOva, S. V. Popova and YE YE SEL'Kov

Institute of Bialogical Physics, U.S.S.R. Acade my of Sciences, Pushchino (Moscow Region)
{Rereined 17 Mur 1979)

The authors have sindied a quantitative mzthemalickl model of an open two-substraie

teaction catalysed by phosphofructokinase ol £. coli. The fit of the parameters of the model

of the phosphofructokinase reaction to experimental corves allows them to cescribe (hese

“ata with an accaracy aot warse than 5 per cent. The repions nf the permissible valucs of the

tales of cachange aof frucioae-G-phoaphate, ATP and ADI* a1 which alicrnative slcady slates

and auiln-oscillations exist in Lhe rewclion ane cfefined. A miinirmal three-enzyme How sysiem in
which these dynamic regimes may be observed cxpevimenlally is proposed.

PERIODIC CHANGES in the concentration of the intermediates of plycolysis observed
in intact cetls and cell-free extracts are being successfully-expiained by the regulatory
properties of phosphofructokinase (PFK) (E.C. 2.7.1.11) [1-3]. However, so far there
is no direct experimental confirmation of the periodic generation of ADP and fructose

¢ Biufirika 25: No. 3, 507-307, 1980



Auto-oacillalions in open renction eutnrynal by phmphoﬂudounm of E. col¥ $2r

diphesphate (FDF) in this reaction. The appearance in bxpenmenta! practice of fmem-
branes permeable for substrates with m.».~200 aud practicelly impermeable for
those with m.w. of 400 and more [4] makes it possible to organize a Bow systein with.
minimal set of enzymes for the experimentsl observation of periodic changes in the:
concentrations of substrates in the PFK reaction. The paper makes a preliminary
" quantitative calcufation of the values of the rates of exchange of the substrates and
producis for which aute-oscillations in the system are possible and gives an eva.luatmn
of the period of these fluctmations.
Quantitative model of phosphofructokinase reaction. Thc experimental kinetic charac-
teristica of the reaction
BrK

ATP+ F6P — ADP+FDP ‘ (0
catalysed by PFK of £, cofi are taken !‘mm [5] and presented in Flg. la. The mathemati-
cal model of the reaction (1) is constructed on the basis of the generalized model of
Monod, Wyman and Chaogeux [6, 7] for the tetramer enzyme with a mechanism of
rapid random attachment of F6P, ATP and ADP to the cataiytic centres and bmdmg
of ADP &t the allosteric centres:

[FéPI[ATPIK, K; 1+alg’
4 1+1g*

2)

=V

where
9=4'14, L=L,[{1+d[ADPHE)/(1+[ADPYKHT

' PSP\ (| [ATP] [ADP]Y, - ‘
(T

L [FSPIy (| TATPT\ ¢ [ADP]
(=) (D)D)

The fit of the parameters of the model (2) to the experimental data [5] using an alpn-
rithm [Rf gave (he following vadues of the paramefcrs:

3

=00092 WM, K =006 mM, K,=0-18 mM, K,=00!5 mM, {4}
KK =€, =0003, ¢&;=1, =025, d=00{1, o=10""" L,=19x105

The solid lines in Fig. ia arc plotted fram (he model (2) for values of the parameters
of {4). The model quite well describes the experimental data, the greatest deviation of
the theorefical value of the rate from the experimental does not exceed S per cent

Dynamics of the phosphofiuctokinase reaction in flow conditions, Let s consider-
the set of reactions

ATP +~— ADF
N A :

- < FfrP-;) FDP;: , {5}
with the condition JATP]+ADP]=A,=const. In this case the dependence of the rate.
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- of the PFK reaction » on ADP in the system {5) is described by the kinetic curves in
Fig. 1. R C ’ S o : o
 We consider that the rate of uptake of FOP is less than the rate of its splitting
9, —0 so that [FDP}j=0 and its influence on the rate of the r;actio:‘a of PFK may be

Ve @ b

4 il

g 07 ) o5 0 o 03 @5

(FEPTmM fADP] mM

g, 1. #—Dependence of the inillal rate of reaclion catalysed by PPK of E. colf on concentextion
of the subsiraie F6P and product ADP lor ATP=10-*m and Mg*t=10"Mm {5 Concentration of
ADP: % ~0, 1-002, O -007, lB-022, A-052, ®#—032 mu. Solid lnes are plotted from
model {2} for values of the paraneters {4). b—Dependence of rafe of PFK. reaction on concentration
of ADP for [ADPH+ [ATP]= A Curves plotied from model {2} for [E6P]=0-05 m and different

v ) values of Ag i) 02, 2) 63, 3) 04, 4 05, ) 06 msa.

ignored. The fate of uptake of F6P (v;} and the regencration of ATP are described
by thc cquations
py =Dym—Je [F6P,  £y=Fa [ADPJ(K, +[ADF]) (6)
Change in the concentrations S= [F6P], A;=[ATP], Ay =[ATP] in the reactions
(5) is described by the following set of eguations:

ds dA
Groemr Simemmer, A Aomd )
On Fulfilment of the conditions

F=Fy=0, bl ek

=Fa s as
A= _ >0 8

s aF,+aF, -0 aF, 8F,

=5 oA, IaA, EYR

‘the set of equations (7) describes the sustained fuctuations of the conceatrations of
F6P, FDP, ATP and ADP. On fulfilment of the conditions

Fy=F,=0, Sp>0, 4<0 )

jin the system (7} the trigger regime is possible.
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¥ro. 2. Regions of values of relafive rates of uptake of F6P (04n Vimuy) and regemecation of ATP

KV f ¥} For svhich in system (5)auto-fluciuations are possible for &y =0. a— K, =005 mM, 4,=0-1,
05,1 and 2 nm (cinves 1, 2, 3, 4). b— A, =1 mm, Kp=001, 005, 0-5 mm {curves 1, 2; 3).

If the source of B6P is irreversible (k, =0 in (6)} thien always 4 >0 and in the sysiem
of reactions (3) only one steady state of the node or focus type (stable or unstable)
is possible, The regions of the permissible values of the parameters of the Aow system
for which the steady state is unstable are given in Fig. 2. Numerical integration of the

[FEPTmM . *
: e b
o3} - . N

2 i N\ T\

T o1F -

-~

o051 -

e . 1 Il 1 J

—
g 7 2z 3 4 g 12 38 & 56

¥, min

Tia, 3. IMlucluations in concentration of 6P and ADP oblained by integrating set of eqns. (7
Jor k=0, Kn=00F mu, As=1 mM, Vo= mMimin and: 8— 64, V=05, ¥afFaau=1 b—
”lmtymuxo 01 yg;"';--03

set of equations (7} for V., =1 mM{min and K, Aq, Va/ Ve a0d 0,/ V., taken from
the regions of instability (Fig. 2a, &) gives the auto-oscillations of the concentrations -
of F6P, ATP, ADP and FDP with the period T~ -4 min (Fig, 3).

If the source of F6P is reversibie (k, >0 in {6)) then on fulfilment of the conditions
{8) in the system (3) auto-flucteations are possible (region of the values of the para-
meters I'in Fig. 4), on fulfilment of the conditions (9) there may be three steady states
-one of which is a saddle (region 11} in Fig. 4). In this case trigger switching of the system
from one steady state to another with sbght change in the concentrations of the reapents
is observed. .
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Discussion, The fuctvations in the concentrations of F&P, ATP and ADP obtained
on quantitative analysis of the sct of reactions (5) in form, amplitude and period (Fig. 3).
corrcspond to the experimentally observed fluctuafion in the complete plycolytic aystem
[1, 21. It is impossibic to obtain an auto-oscillations regime on phosplroftuciokinase

kﬂ-""’fmxv
5

0z o 14 182
YU l')-rr.vax
Fra, 4. Region of values of K1/ Vuu 80 3110/ Proes for which in feactions () auto-finctuaflons are:
possible {region I) and trigger regime (region H). Boundaries of corresponding regions are construc--
ted for K,=0-05 mM Aq=1 mm, Vi) Prae=1.

itself since the rup-ofl of ADP without simultaneous escape of PGP is technically not
feasible. The presence in modern experimental practice of lipid membranes with in-
carparated antibiotic amphatericin petmeable for fhe substances of mw.~200 and
impermenblc for those with one of 400 and mote [4] ruakes it passible 1o prganize ithe
sclective cun-off of the praducts of the aldolase (6. C. 4.£2.7) reaction {muw, <2004
without escane of F6P, FDP, ATP and ADP ¢m.w.~400). in this casc the minimal
system corresponds to the scheme (S) and includes three enzymes: PFK of activity V.
aldolase with an ackivity Vs> Vp, to avoid zccumulation of FDP in the reaction
volume and the enzyme regenerating ATP, {or example, pyruvate kinase (E.C. 2.7.1.40)-
of activity ¥, chosen in line with Fig. 2. The membranc is permeable For the pyrevate
formed. Theough this sysiem with a rale constant w is passed the buffer solution 53
containing 10 mu MgCl,, phosphoenot pyruvate and F6P in a concentration of v, .fur
where 9, 15 determined ffom Fig. 2.

For active aldolase the parameters of the fuctaations for the products of splitting
of FDP correspond to those of F6P and the fluctuations of pyruvate to tkase of ADP.
The maximum amplitude of the changes in F6P is determined by the kinctic properties
of PFK and does not exceed ~?JL~,,K , =04 mM, [ADP]< 4, The period of fluctuations
for Va=Vauy (=1 mstjmin) and 01, Viul?:

st {[Ffp]m;— [F6PT miaj

~08 mie.

To obtain the trigger regime, to the existing system of enzymces onc may add an
enzyme of activity ky cirrying cut the irreversible conversion of FGP to a praduect.
not influencing PFK, PK and aldolase. Such an cnzyme may he For example hexo-
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phosphate of aminotransferase (E.C.2.6.1.16). By regulating the rate of the flo
larger values of u® and from smaller values to #* it is passible 1o observe at
rate * determined fram Fig. 4 the establishment in the system of reactions ¢
stable steady stafcs with high or low concentrations of products.

The authors are grateful to L. N. Yermishkin for fruitful discussion of the
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EFFECT OF CONCAVALINE A ON THE ADSORPTI(
CALCIUM 10ONS BY LYMPHOCYTES*

N. S. Sergeveva, G. 1. KLeBanov, Yu. P. Kezeov and M. V. Sirxko

Gerlsest Oncology Research Institote, Moscow Lemonosoy Siate Univ., Masoc
2nd Piragov Medical Fasii(ule, Moscow

{Received 22 May 1979

Concavaline A induces incocporation of calciom inte the lymphocytes of peripheral
blood and increases the infensily of the fluerescence of chlortetracyclin forming ca
with calcium on the outer sarface of the plasma membeanes.

THE INTERACTION of milogens with the malecules of specific receptors on the ¢
of lymphocytes is accompanied by reacrangements of the components of pla
branes and meiabolic changes [1]. In particular, an imporiant role in the
of activation of the lymphocytes is ascribed to their mitogen-induced uptake «
jons wsually measured by the radic-isotope method [2]. The increase thu
in **Ca associated with the cells may be the result of its transport into the
andfor adsorplion of calcium ions on the surface of the plasma membrane

* Biofizika 25: No, 3, S08-509, 1980,



