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111e ::\uthDnl hne sllldied .a qUlI.l1ti taHYe lUlI:!lM!t'ItflLiCRof mood of an ()pcn r.......rl"\ffibstrnle
reac(ion CJlfalysed b, phospbofrllcCal::fnase o[ E. C'X)/i. Tlie fLt of the paramclcn; of 1 he model 
of Ille ptr.Mphofructo!o:inase I'<:tc4ion foil ~pe'ftmental cLln'-e..~ alttwW!; ,helm t~ d~cril:Je Ihesc 

".[!Illa with a. .. IlCCUnlCY nile WQue jh;m S per IX'_flt. Tne n~glnl~~ of tfle IX=rmi~~f"lc valuC!; of (Pte
mLc.R or c:loChRnge l'If frm::tIJ!le--I'5.pll().'tl'lhat~. ATl' lind ADI' at wbkh :1!lernativc ;o;.Lc1'ldy ~La.LI2 
R.!1d .n.lItll-(l~citlfl!ion~ l!lIIi~1 ilL Lnc n::I.LcLion:o.re cJe.Ii~~I. A nlrnim,,1 ~t1n:l!---fft~yme ,rflw ="ysl.o::m rn 

which these dYPIami.;:: rePmtlB may be Q~...w {':l(pet"irn~llLlJ,lly i~ proposed. 

PERlQDTC CHANGES in the o[:oru:entTation of the intermroiR[erj of glyooly5i:s observed
in intact celli, and cell-free extrllCb arc being lucces3.fuily ·expiained by the regulatory 
properties of ph-ospl'lOfructokin1Lse (PFK) (E.C. 2.1.1.11) [1-3]. However, :so Far there" 
is no direct experime:nta:! confirmation of the periodic genenr.tion of ADP -and fructoae 

• Billfi7.;ka 2~: No" ~. im-~01. 1980. 

AlIlt)-ll<'Ieilla(ilJ'n~ In open T>:Ilc4len enbl!:\tlled by pllOlphaf'ructollna.e or .& """ m 
diphosphate- (FDP) in- thll reaction. The appCatallce in ~perimelitai- pi'a-cIIa:: of mimi
branel permeable. fo-r substrates. with m.w ....... 200 .and practiadly impermeaHe for" 
tbo9C with m.w. of 400- and more [4] makes it pmlibfeto orgaruze"a low zy&tein with 
min[maJ set (If enzymes for tbe experimental observation of periodic -changeg in the 
coocentrations of SIlbstrates in th.e PFI{ rcactiOIl. The pe.per makes a prelbninary 
qualltitat[ ve calcnla.tion of the values of the l1Ites: or exchang,e of the substrat-es sod 
products for whi<:h autoMo9Ci:UWGns in tbe -system are possible Bnd give .. an evallJation 
of the period of these Huctuatlaru. 

QmmJilaNw mothl of phosfl"~frllcfokjna3~ r«telion. The experimoCl'tlU kfnetic ebarac-
letLdk.<i of t~c rene Uon 

ATP+F6P~ADP+FDP (1) 

catalysed by PIT of E. coli are lakenfrom [5]_nd presented in. Fig. 10. The matnc-JDati. 
cal model of the reaction (I) is coru;tructed on tne basis Gf the generalized model of 
Monoo. W},man and Changem:" ~6. 7} for the tetr&mer enzyme with a mechanism {tf 
rapid random attachment of F6P, ATP and ADP to the catalytic ~trel and binding 
of AOP at (he allosteric centro;: 

[F6P][ATP]K,K,I+oLq' 
"~Vm" tI I+Lq' (1) 

where 

q ~ d'/" , L~ L, [(1+. [ADPJIK.)I(1+ [ADPJIK!l]' 

&=(1 + [~!J) (1+ [A:,"~ (, + [A:'PJ) 
(3), 

"'=(1+ ~r])(I+ ("::])(I+~A:~PJ), 
The fit or the parameters or the model (2) t(] the experimen • .a1 data [5] usi:ng an algo. 
ri.hm [Rf g:m:: (he (ollowing ..... dUel!! of the parllme1er8: 

K.=G-00921r1M, K.J=O·06 mM, K 3 =O·18 mM, K .. ==O·Ol.5 mM, (4) 

K 1/K'L=C"l=O·OOJ, c2-1. ~""",G'25, d={}·OU. a=10- 1? LI)=19xlO ~ 

The 30Iicllinc.<; rn Fig. laarc pl(]tted from tnc model (2) for va1U'C9 oftlJe piUaTtlctcrs 
of (4). The model quite welt tle~c[ibeol thc e.:tllerimental d21La, the gwttC!lt deviation Df 
the lhcore1ica! vaJue of tne rate from the experimental does ll-ot exceed 5 Jlcr eent 

Dynamics of JIM! pirr:t3pitcfruc'okJm:ue reaction in flfJtv condl.rltJru, Let UI consider" 
the set of rcacrions 

ATP~ADP 

" ;< -:. F6P_ FOP __ 
~1 ... il(I 

(l} 
f, 

wiln the:: oondrtion {A"rrJ +ADPj=AII'=c::omt. Tn lMs: case the dependenoe of the rate, 
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of the PFK l'e8.ction t1 on ADP in the Iyste:m (5) is: described by the: kinetic .cur~s in 

fig. lb. 
We- oonsider that the rate or uptake o( FDP is lcS! than the fate of .itt iplittmg 

!lA-V".O that tFDP1~O lind itl intl~ence on t1te rate of the reaction of PFK may be 
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AGI. 1. II'-D<::per1d~b of the lnill:LI f~te or [or.ac:li.flQ cnta:ly:te.d Ill' PPK of E. ~O/lljll concentn-!;on 
Ilf the ~u'bslrale HiP Il1ld p-roclllct ADP for ATr= lC-"'~r and -Mglf "" 10-J,( (S]. Conccntration or 
ADP: )!' _0, O-om, 0-0-07, .-{)'12, .-0'.51, .-0'81 mM. Solid lines af1:. p'otted frc-m 
modd {2-) for \'aluCS" of ,he .".rlintdenl ,-4}. ,,- Dq"::I1dence of rate .('If PFK macH on IJ'n cOl1cen~ratl-on 
cf ..... DP (Qr fADP}+ [A.TP]"" A

G
• CLlrve5 pl-o~1ed from mod!!"] {2} for [F6r]=()·O:!l ",.and difl'ereI1t 

.... J~e!l cf A.-II 1) 0'1, 2) IB, J, 0-4, 4} 0·5, 5) 0·6 mM. 

igl}Qmd. The tate: of uptake of F6P (!ll) and the regeneration of ATP are dO.!lCfibed 

by the cqllf\tions 

"1 =o,.-k1 [HPJ; ",= V, [AOPJI(K. + [ADP]) (6) 

Cbange in the co[1centrattons. S=[F6P], A:J~[ATPJ, Aa=[ATP] in the r-eactions 

(5) is described by tbe foliGwil'lg set of equations: 
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tbe set of equati01li (1) deacribc;. the sustained Ductuations of the conoentmtiQfiS of 
F6P. FDP, ATP and ADP. On fulfilment of the conditiom 

F
1
=F,=O, SI'>O, _ .1<0 (9) 

,in the 'Yltem (7) tbe trigge.f" re,gime is possible. 
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v.kes -ot Ao J) 0-1, 1J IB, J) o-~. 4) (l'.5, j) 0·6 mA4. 

ign()~. The tale of uptake of F6P (!.II) and the regenerltion of ATP are ~ibed 

hy the cqu:ttioftS 

", =". -1<, [F6PJ : ",= V, [ADPJI(K. + [ADPJ) (6) 

Change in (he C()(lcentrattops S .. [F6PJ, A,~[ATPJ, A3 os[ATP] in the r(:actionl 

(5) is described by the followi"," Ret of aJU1.tions: 

(7} 

On fuUHml:ut of tbe oondWom 

(B} 

·tbe aet of equatiOllIL (1) describe, the BBstained Ouctuations of the concentrations of 

F6P, FDP, ATP ond ADJ', On fulilmc:oi or the COltdltioJ18 

Ft-F,-O. Sp>O~ . 4<0 

,in the .ystem (7) the trigge.f" reJime is possible. 

(9) 
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of the PFK l'e8.ction t1 on ADP in the Iyste:m (5) is: described by the: kinetic .cur~s in 

fig. lb. 
We- oonsider that the rate or uptake o( FDP is lcS! than the fate of .itt iplittmg 

!lA-V".O that tFDP1~O lind itl intl~ence on t1te rate of the reaction of PFK may be 

"Iv""" a. b 
rJ-8 

0·6 
- ,-

0-' 
1}2 

ll/~-, tL, ~ ~ '. ~ 
o n-t - OJ 05 a IN 0-3 0-5 

[FCP]mH [AVPJmH 

AGI. 1. II'-D<::per1d~b of the lnill:LI f~te or [or.ac:li.flQ cnta:ly:te.d Ill' PPK of E. ~O/lljll concentn-!;on 
Ilf the ~u'bslrale HiP Il1ld p-roclllct ADP for ATr= lC-"'~r and -Mglf "" 10-J,( (S]. Conccntration or 
ADP: )!' _0, O-om, 0-0-07, .-{)'12, .-0'.51, .-0'81 mM. Solid lines af1:. p'otted frc-m 
modd {2-) for \'aluCS" of ,he .".rlintdenl ,-4}. ,,- Dq"::I1dence of rate .('If PFK macH on IJ'n cOl1cen~ratl-on 
cf ..... DP (Qr fADP}+ [A.TP]"" A

G
• CLlrve5 pl-o~1ed from mod!!"] {2} for [F6r]=()·O:!l ",.and difl'ereI1t 

.... J~e!l cf A.-II 1) 0'1, 2) IB, J, 0-4, 4} 0·5, 5) 0·6 mM. 

igl}Qmd. The tate: of uptake of F6P (!ll) and the regeneration of ATP are dO.!lCfibed 

by the cqllf\tions 

"1 =o,.-k1 [HPJ; ",= V, [AOPJI(K. + [ADP]) (6) 

Cbange in the co[1centrattons. S=[F6P], A:J~[ATPJ, Aa=[ATP] in the r-eactions 

(5) is described by tbe foliGwil'lg set of equations: 

~~=.I),-I);;=F1' 
dl 

~~~=rJ-~>l == F2 , 
.II 

. ..f]=Aa-A 1 · 

On fLJUilmeot of tbe condition!. 

F.=F:z-=O, 

iJFt (]F.) 
SI'=-+->O as M, , 

l
iJF l ~~ 
as as 

.1= _ 1>0 

1
8F1 fJF" 
a....t:!!: c1...t l 

(1) 

(8) 

tbe set of equati01li (1) deacribc;. the sustained Ductuations of the conoentmtiQfiS of 
F6P. FDP, ATP and ADP. On fulfilment of the conditiom 

F
1
=F,=O, SI'>O, _ .1<0 (9) 

,in the 'Yltem (7) tbe trigge.f" re,gime is possible. 

Auto--l;1sciliatiOn.s in -opet1 ruction -I2tatyud by phostlho~rtKlOtin..: or L eDIt Sl) 

u/",!V_ , I.: ,,). --, --. 
a 

0-7 

. -
o 2 S 0 f 2 S 

~/V'J'1M'Jf 
FlO. 2. llegiMlS crl' "dues of rdati'l'e- ratel'l of uptake 'Or F6f (CI .. ,,/V ... J and :tC!M«.a.ti-on -of ATP 
0( V.lfoY .... ) for ~iclt in ~tern (5).a.ut-o-thrduaticms an: pOll1bie rm k]1: D. a-K.=O<CS .IIlM, do ",0,], 

.0'5,1 and 2 ft1li1 (ctnve!o 1, ;, 3, 4). b-AD= lnIM. K.-O·Ol, (1·0-5, o-S mM (-curwsl. 2;.1). 

If the wuroo of F6P is irreversible (kl =0 in (6)) then a!waya..1 >0 and in the s)'ltem 
-of .reactiClllli- (5) only one steady state of the nod.e or fOC\ll. type (stable or uruJtabl.c) 
is possible. The region$ of the pennislible ... aJue:s of the plU'am'eters of the "ow ;Yltcm 
iar which the steady state is. unstable are given in Fig. 2 .Numerical integration of the 

[F6PJmM a b 
0·3 

0-' 
i 0·1 
~ 

~(J-ati 
;:0. 

a 2 J " a , 2 J 4 5 " 7 8 
f,min 

Fla. 3. Fl-uoltl81imn Itt ca-Imru!ration or FliP .l.nd ADP obwMd by il:l .. aflng set or -cqn8. (1) 
(oor «-.... 0, K",=CKiS mY, A~"l mM, V",u-I mMJrnin and: oGI-IP • .Jy,.".,.-O·.s. VI' .... "' .. ""l;"

vl,.,/y .... ~-..:O·01, Jlz/t" • .,,=O·). 

:set of equations (7) for Y ... ~""" 1 mM/miD and K •• A1l1 V21V ~~ and "tJb"VZU1 taken from 
·tho regions of imtabitily (Fig. 24 .. b) givC5 the a.uto-"OScitlatiODS of the cDDcentrations 
of F6P, ATP, ADP and PDP wilh the period T_I-4 mi. (Fig. 3). 

lfthe source ofF6P is reversible (k1>O iri (-6) then on fulftlment of the eonditi()n. 
{S) jn the -system (5) auto-fluctuation!. ace: poslible (resion of the values of the para
meters I-in Fig. 4), on fuJfjJmmt of the -coIlllitiODl (9) there may 1?e three ,teady ;!!lIlates 
·one of which js 8. ladd(e (region il) in Fig. 4). In this cale trigger .lwitcblng oftlm system 
from one Itt'ady state to another with sligbt cha.n&e in·th& coneei1tratiOW!l ofthe:-rcaam-ta 
is: oblerved. 
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Discuslion. The 6uctus.tiom in the concentratioItll of F6P .. ATP and ADP obtained 
on qUlntitative analyris or the 1ct of reactions (5) in form, amplftude and period (Fig. 3). 
correspond to the experimentally observed fl'Uc:tuatton 1ft the complete gh'oolytie llYltem 
ll, 2). It ift. imrDlIStble t(l obtain nn ,,"uto-m;cillntions regime. on ptm~phofruclckjllnoo 
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Fra, 4. ReE;i<Jn o-f val11H of kl''''.,O;, and Ill.JJ1,.n for whie1t; in fe:tC!10n! (5) 8'U!o...f];l1ctlJallons lire. 

pouib!c (r~gi('ln l) Ill1d mgt« r.egi:me (rqjo:n 11). :B~lI]tdl!lrioes of oorf'!sponiliftl!: r.egioJllIlr'e COIlstruo

ted f(lI" K .. _IJ-OS mh! Au-I In .... , "ll"'''''~"''1. 

itself since ,the run-off Dr ADP without simu11aneous eGcape of HiP j!i teehniC:Rn~ not 
feasible. The presence in modern experimental prao:;;tice of ~jpid mernbran~9 wifh in
corporated antibi('ltic amphotedcin perm.eable for Hlc 5ubstant't:s of m.w ........ 200 and 
f1u('JermC'ablc f()T Ih(l~ with one or 400 and mme [4] 1t1 ... ~cs. it posRiblc to ml!an~7£' the 
RclL!cti\!c rlln~o1T or t1le profH.-Lllds or fhe nkhlhL:"C m· c. 4. f .1.7) re:H::lloll {In.'W. <200) 
without C'~('!..)lC of FuP, FDPt ATP and ADP (m.w.-~OO). in thil ca!':l': .he minimal 
~)'stcm eOI""rt's-ponds to the scheme (5) and includes three enz.ymes: PFK of activity V mn.· 

aldolase with an actil'ity V3> V _1 to avoid accumula.tiotl of. FDP in thoe reaction 
.... olume and the enzyme regenerating ATP. for exampl.e. pyr'-l,..a~e I<inase (Re. 2.1.1.40)
of Rcti .... ity l'", cho!ill.':n in line. with Fig. 2. The mcmhnll"lc is- 1''l."-rLHcalJle rN the P'YTIJV;\te 
furl1l['(t 'luHu~h thilt syslcm with a mle oon!l.tant 'i ;'!! ras~d H,e h"frel' -::;(lhHiCl11 [53 
con-rruning JO mid MgCI2• phosphoenol pyruvate and F6P in a concentratioR of Pl./Il' 

where Villi is determln-ed from Fig. 2. 
For acti .... e aldolase the parameters of the fluctuations for the products cd Bplitu!)I 

nf PDP crmcspon~ to those of F6P ami (tic flu-clualion:'s -orpyrll~:ntc to those of ADP, 
"The maximum amplitude: of ttJe chl!1ngtl in F6P 1:5 determined by the !d netic. properties. 

'Of PFK and doc! not exceed ..... ~ Lo,K. ~()·4 mM.lADP} ~Ao· The. period of fluctuatioI1:! 

for Y 2 = V TIl" (= 1 mw'Jmin) and 0l .. Z Y mul2: 

4 {[F6Pl_, - [F6PJ .;.} . 
T~ ::::;0·8 mm, 

. Ynon 

To obtain the trtr:~cr regime, to tbe existiJlg system of en:1.ymcs one may add an 
-c",.yme or al'ttvil~ «"1 c:il'l)'jng out Ihe irrC'.vcrsiblc i • ."ollvcnion or FIlP tn a pmduct. 
not infiucncblg PFJ(~ PK and aldolase. Such ·1111 c:nzylllc lll~)' be for t".lI:umple hcxo~ 

Meet of cao.ncavaline A on tho adlot"pllon of calcIum 1C?1:l! by lympb~t:7tcs 

:phosphate of aminotranlferase (E.C.2:.6~1.16i. By regulating the·Til.te of the:Oo 
larger -value!l of utl and from smaller yalues. to ~. it it possible to o-b1ervt: at 
rale ti* dctermined from Fig. 4 tht: establlshment 1n the sy,atem of reactionl () 
amille stead)' states with high or low conoentratl om; of prOOueb. 

The authors are gr'ateful to L. N. Y.ermishkin for fruitful discussion of th< 
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(Ren:;>iveJ' 22 May 19(9) 

Conca\'aline A Indures inoorp<)r.1!.tion of calcium into the lympnocyles of ~lphual 
blood &.nd i nc:r~~es too ill tC11Isi Ly or tile 1it1(Jt"elIccnce of cn1ortwac:yclin fermin, eel 

with ClI.1Ci urn 011 tho outoCt' IU rface 'tJf Ihe pllUma memExans. 

THE ]NTEJt.ACT[QN of mifogens w1tb the: mOlt'cu1es- of specific recql"to.rs on tile t 

of lymphocyte-s is accompanied by rearrangements of the componentl elf pta 
bratlE$ and metabolic changes [1). In p::uticular, an important role ED. the: 
of actillaticm of Ule lymphocytes is ascribed to their mirogen·induced uplak..e ( 
ion. usually measured by the radio-i80tDPC: method [2J. The lncre.asc. UJu 
in 4~Ca associt'lted with the «lis may be the result of its transport into the 
and/-or adsorption of calclum iom on the surf!lCe of the plasma. membrane 

.. Hhtfltilut 25: No. J. SQ8:-5(J9, 1980. 
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Discuslion. The 6uctu&tionIJ in the conamtratiom of F6P .. ATP and ADP obtained 
on qUlntitati'Ye analym of the tet of reacti~ (5) ill form, Implihlde and period (Fig. 3~ 
correspond to the nperimenta1ly obltrved fl\lc:tuatfop in the con.plcte gtyooJytro lIy.tem 
(1,2). It js. impDfisibie to obb.in an lluto-tlt'icillationB: re&ilnC' on. ptmRJlhofructokinnsc 
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PRJ, • . Relli J(]n Dr valUUl m k:l/V_. and lIuJI' _ _ rot whi~1Ii ill u"a,(:fiont (5) atlfo..nnctua1~.~ 
ponlb!c {rc.alcm 0 lC'ld trill« r.eaime (rqjon 11). Boundaries of com:spondjnl r~~oJl$ nre cOllStruc

ted tor X .. - IHlS m,,! A,..,ll1llo4, ".})'l ..... ""l. 

ilsel f si nce ,the ruo·off of ADP without simultaneous esCApe of F6P is f-edl.D jCB.n~ not 
feasible. The presence in modern experimental practice of lipid membranell with in
corrmated antibiotic Amphotericin permeable fo r Ill!! subitam.:es or m.w ....... 200 and 
impermeable (eu lho~ wilh ewe or 400 and mme lot) malecs it r OAAibie to or!!ftni:re the 
Rcl~ct;"'c. nltt-ofr nr t11e I"'mduds or 'he n!d (11a!'.C (I.:. C. 4. f .1.7) n.!':'Icl io ll ( IH.W. < WO) 
without [,~ CA.J1C (I{ F6P. fDP, ATP ""d ADP (m.w.-400). In this ca~e Ihe mini-nOli 
~ystcm corresponds to the scheme (5) and incl udes three tnz.ymes: PFK of activity V ... .,. 
aldolase with an activity VJ> Y •• to avoid aceurnulatHl'n of. PDP in the reaction 
vo~ume and the enz.yme (t.generating ATP, for e::mml'l-e. pynwa~e f,:imule (E.C. 2.7.1.40)· 
of JIletivity "1 chON::. in Hne with Fi~. 2. TI,c mc:m.hranc iK permeable rnr thc ftYTlJv:He 

forll1 c(t llunu~h lhr... syskm with. m(c COftltlallt PJ ;'!\ r assr-d the hllfrcl' "nlUlion (5] 
contAining JO mtd MgCI2 • phosphoenol pyru\IIlte and F6P in a concentration. of fJl .. ,/ll" 
where .vi", is ddennined from Fig. 1. 

For aetlve aldolase (he parameters of the ~nctoations for the products of splitting 
nf PDP cortcspond to those or F6P and (he nuceualions Qrpyrll'o'2lte to (hose of ADP. 
'The maximum amplitude oftlle change&; in F6P 55 determined by the kinetic properties 

of PFK and doc. n.o( exceed ...,~ LoKI ~O·" mM, [ADPJ:(Ao- The period or fluctuations 
for "z=V".u (=1 roMJmin) and Dl .. =Y:rn..J2; 

4{[F6PJ_, -[F6P].,~) . 
T~ ~4)8 mm. 

. V_~ 

To obtllin the lriner regime, to the existiJlg !SystC1l1 of el17,ymcs one nt.1.yad4J an 
cn~)'me or ac1ivi l), k] "'"rrying out _he irrr.versib!c. "'ollYt'l'lion ur FIlP i{) a pmduct 
not fnftuencing PFJ(? PK and aldolase. SlICh 811 enzyme m=-y be f« C"Jlamplc 'cxo· 
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Conca\'aline A Indures inoorp<)r.1!.tion of calcium into the lympnocyles of ~lphual 
blood &.nd i nc:r~~es too ill tC11Isi Ly or tile 1it1(Jt"elIccnce of cn1ortwac:yclin fermin, eel 

with ClI.1Ci urn 011 tho outoCt' IU rface 'tJf Ihe pllUma memExans. 

THE ]NTEJt.ACT[QN of mifogens w1tb the: mOlt'cu1es- of specific recql"to.rs on tile t 

of lymphocyte-s is accompanied by rearrangements of the componentl elf pta 
bratlE$ and metabolic changes [1). In p::uticular, an important role ED. the: 
of actillaticm of Ule lymphocytes is ascribed to their mirogen·induced uplak..e ( 
ion. usually measured by the radio-i80tDPC: method [2J. The lncre.asc. UJu 
in 4~Ca associt'lted with the «lis may be the result of its transport into the 
and/-or adsorption of calclum iom on the surf!lCe of the plasma. membrane 
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