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Abstract

The assembly of proteins into larger structures may confer advantages such as increased resistance to hydrolytic enzyme:
metabolite channelling, and reduction of the number of proteins or other active molecules required for cell functioning. We
propose the ternfunctioning-dependent structures (FDSs) for those associations of proteins that are created and maintained
by their action in accomplishing a function, as reported in many experiments. Here we model the simplest possible cases of
two-partnerFDSs in which the associations either catalyse or inhibit reactions. We showh& may display regulatory
properties (e.g., a sigmoidal response or a linear kinetic behami@ura large range of substrate concentrations) even when the
individual proteins are enzymes of the Michaelis—Menten type. The possible involvement of more compliz&ed of FDS
networks in real living systems is discussed. From the thermodynamic point of@®formation and decay are responsible
for an extra production of entropy, which may be considered characteristic of living syJenite thisarticle: M. Thellier et
al., C. R. Biologies 327 (2004).

0 2004 Published by Elsevier SAS on behalf of Académie des sciences.

Résumé

Introduction au concept destructures dépendant de leur fonctionnement dans les cellules vivanted.’association de pro-
téines en complexes plurimoléculaires peut leur conférerelgages tels qu’'une augmentation de la résistance aux enzymes
d’hydrolyse, la canalisation des métabolites et une réductiomodubre de protéines ou autres lérules actives nécessaires
au fonctionnement cellulaire. Nous proposons d’appeterctures dépendant de leur fonctionnement (FDS) les associations de
protéines qui sont créées et maintenues par le fait qu'ellesesomain d’accomplir leur fonction. De telles situations ont été
décrites a diverses reprises dans la litidne Ici, nous avons modélisé les cas lessimples possibles, c’est a dire EBSa
deux partenaires, catalytiques ou inhibitrices. Nous montrons qibDiBpeuvent présenter des propriétés régulatrices (com-
portements cinétiques sigmoides, ou linéaires sur une vaste plage de concentrations), méme lorsque les protéines constitutiv
de ce=DSsont de type Michaélien. L'éventuelle interventionFi2S a plus de deux partenaires ou méme des réseabi8e
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dans les systémes vivants réels est discutée. Du point de vue thermodynamique, I'association et la disso€iBX®codesiit
a une production d’entropie supplémentaire qui peut étre considérée comme caractéristique des systemesurivaierscet
article: M. Thellier et al., C. R. Biologies 327 (2004).

0 2004 Published by Elsevier SAS on behalf of Académie des sciences.
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Abbreviation FDSs. In this paper we model the particularly sim-
ple example of an enzymatic two-partiedS with
FDS, functioning-dependent structure a view to unravelling the basic kinetic properties of

FDSs under steady-state conditions. Then we discuss
briefly the possibility of developingDSmodels of in-

1. Introduction creasing complexity in order to represent subcellular
structures more realistically.

Proteins involved in a cooperative cellular task,

such as a metabolic or signalling pathway, are not al-

ways randomly distributed but may existin the form of 2. The two-enzyme models

multimolecular complexes (reviewed in Mathejd}),

which have been termenhetabolons in the case of Consider a reaction medium containing two differ-
metabolic pathway$1-3], transducons in the case  entenzymesE andF, with E catalysing the transfor-
of signal transductiod], or, more generallyhyper- mation of S to P and F' catalysing the transformation

structures (possibly including not only protein sub- of Pto Q,i.e.
units, but also other components such as nucleic acids F
or lipids and implicatig equilibrium as well as non- ——P—=0 (1)

equilibrium molecular associationgg]. In the conventional caseFig. 1), the enzymest
As a particular case of the above, the complexes 5 r \ork independently of each other according

might assemble only in an activity-dependent man- 1, ye series of steps characterised by their rate con-
ner, thatis, proteins do not associate spontaneously butStants In this case. the intermediate substahosust

only when they are actually engaged in the process of go from the enzyme molecule, which has released it,
transport and/or transformation of a substrate or trans- to an enzyme moleculg that binds it for the accom-

duction of a signal1,5-10] Demonstrative examples
of such behaviour ard)(the control of several steps
of the glycolytic pathwg by metabolite-modulated

plishment of the overall reaction froi to Q. Note
that in this and the following figures, the reactions are

dynamic enzyme associatiof@] and (i) the ATP- E F

and pH-dependent association/dissociation of the V. § 0
and \p domains of the yeast vacuolarHATPases X ok ek
[11]. We propose to terrunctioning-dependent struc- AN s A op )

ture (FDS) a dynamic assembly that forms and main-
tains itself by the very fact that it is accomplishing a  Fig. 1. The conventional case in which two free enzynieand F,
task and that disassembles when no longer function- catalyse two sequential reactions (6&8. The first enzymek, and
ing. Some advantages cenfed by molecules beingin  the initial substrate§, form a substrate-enzyme compl&, which
such assemblies as opposed to being free are Obviougeleases the produa? in the reaction medium, thus regenerating
. . - the free enzymez. Then P diffuses at random until it reaches an
(mcreasgd reSIStan(,:e to hydrOIytIC enzymes, SL!bSt[‘a‘teenzymeF where it is transformed into the final produg@t via an
channelling, reduction of the number of proteins or enzyme compleXtP, and which is then released into the reaction
other active molecules required for cellular processes). medium. The parameteis;s andk j; are the forward and reverse
Metabolite-induced metabolons [10] exemplify such rate constants of each reactign,
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ESFP

Fig. 2. A ‘catalytic’ two-enzyme model oFDS. In this model,
the free enzymé ' is not capable of binding and reacting with its
substrate,P, and the free enzymed; and F, are not capable of
assembling with each other. However, the binding of substfate
by enzymeE is responsible for a structural transition that confers
on E an ability to bind to enzymé thus forming the two-partner
functioning-dependent structure ESF. Then this structure catalyses
the transformation of§ into P (without releasingP into the re-
action medium), the channelling @? to F and the fixation of
anotherS molecule, thus forming the compldxSFP. Within this
latter complex,F transformsP into Q and release® into the re-
action medium, thus regeneratifigs-. In brief, ESF catalyses the
overall transformation of oné to one Q per cycle. The first step
(with the rate constantk s andkyy) is identical to that in the con-

1019

E F
N 0
kie \\ir kot kag) Jkar
ES FpP
F
hat ] | har
ESF

Fig. 3. An ‘inhibitory two-enzyme model oFDS In this case, some
of the enzymesE and F, are sequestered intd=DSin which they
are inactive becaudeSF cannot proceed t&SFP (h3f = hyp = 0)
and it is only the free enzymes (i.that are not assembled into an
FDS) that are active.

the sense that the formation of the enzyme assembly
facilitates the progress of the overall reaction frém
to Q. Note that in this and the following figureBSF
is a formal description of théunctioning-dependent
structure, meaning that the bi-enzymatic complek
is also bound to a substrate molecule: it does not mean
that the substrate is a component of the bondtof
with F.

An inhibitory FDS (Fig. 3) may also be envisaged.
In such arFDS, enzymes again assemble a$-ig. 2

ventional case in which the two enzymes are not assembled into a byt only the free enzymé can catalyse the reaction

FDS (Fig. 1). The parameters ;s andh j; are the rate constants of
each reactionj, involved in theFDSformation and functioning.

schematised in the usual concise way since there are
certainly many more intermediate complexes involved

in reality than indicated in the figures.

A two-partner model oFDSmay be constructed as
depicted inFig. 2 There are two steps in the function-
ing of thisFDSmodel: {) the creation of the enzyme—

of P to Q and the complekSF has no catalytic effect.

3. Steady-state kinetics
3.1. Satement of the problem

In the following, the concentration of any sub-
stance,X, will be symbolised[X]. To compare the

enzyme bond as a consequence of the fact that enzymesteady-state kinetic behaviour of the catalytic and in-

E has bound its substrate and (i) the engagement
of the bi-enzymatid=DS thus obtained in the cataly-
sis of the overall reaction of the initial substrase to

the final product. If substrateS were to be entirely

hibitory FDSs (Figs. 2 and 3respectively) with that
of the similar, ‘non-assembled’ enzymes that do not
form anFDS(Fig. 1), we use the simplifying assump-
tions that(a1) the reaction medium is homogeneous,

consumed in the reaction medium, then obviously the (a2) the channelling of from £ to F* within theFDS
process oF DSformation would reverse and cause this IS perfect (i.e., there is no liberation &f into the re-
structure to break down and release the free enzymesaction medium)(as) all the reactions of formation or

E and F. When the concentration ¢fis not zero, the

decay of complexes otherdh those indicated in the

relative concentrations of free and assembled enzymesfigures, for instance
depend on the values of the rate constants. Such a type

of FDS as described irfrig. 2 is termedcatalytic, in

ES+FP—ES-P (2)
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are negligible(as) the free enzyme& and F are of

the Michaelis—Menten type (i.e. apart from their pos-
sible changes in their structure due to their assembling
into anFDS, there are no allosteric transitions due to
the fixation/release of regulatory ligand&)s) all the
stoichiometric coefficients involved in the reactions
are taken to be equal to 1 aiigs) under steady-state
conditions[S] is maintained at a constant valii§]o,
and[Q] at a zero value.

In the conditions modelled here, the forward rate
constantgk ;s andh j) are expressed in mot s~ m3
while the reverse rate constants(and# ) are ex-
pressed in'sl. Moreover, for easier analysis, we treat

M. Thellier et al. / C. R. Biologies 327 (2004) 1017-1024
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Fig. 4. Steady-state reaction rate,computed as a function of the
concentration of substratey, for a two-enzyme system in the case
of free enzymes (i.e. enzymes not assembled intB[28). The pa-
rameter values ar&k = 10,xg =xp=0.5,¢ =0, o5 to azf = 1,

the problem using dimensionless variables and para- 1r 0 @ar =1, a4t calculated by E¢(B.4). The computed value of

meters, i.e. dimensionless rate constantsand §;
(corresponding tac; and i, respectively), the di-
mensionless timez, and dimensionless concentra-
tions (written using lower-case letters). The definitions
of these dimensionless quantities are giveAppen-
dix A.

The equilibrium constantX, of the overall reac-
tion of S to Q is independent of the way in which
this reaction is catalysed (that is, via non-assembled
enzymes or via a catalytic or inhibitofyDS). This

the saturation plateau is 0.5.
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imposes constraints on the rate constants, the conse-

quence of which is that two of the rate constants (e.qg.,
a4t and B45) cannot be chosen arbitrarily in the mod-

Fig. 5. Steady-state reaction rate,computed as a function of the
concentration of substrateg, for a two-enzyme, catalyti¢-DS.
The parameter values ar&: = 10, xg = xp = 0.5, ¢ = 0, o15 and

elling process, but have to be calculated as functions of ;. — 1, g = g = 1, Bz = 100, 3, = 0.01, B4 calculated by

the equilibrium constant and the other rate constants.
The expressions of the equilibrium constakit, and

of ays and B4 are given inAppendix B Moreover,
when not at equilibrium, the overall reaction will tend
to transformS into Q when[S]/[Q] > 1/K, while it

will tend to transformQ into S when[S]/[Q] < 1/K.
With [Q] = 0 according to assumptidias), the reac-
tion will always proceed fron$ to Q.

3.2. Seady-state kinetic behaviour of the various
two-partner systems

The derivation of the expression of the steady-state

rate of functioningy, of the overall reaction of to Q

as a function of the concentration of substrate,in

the case of non-assembled enzymes is givépipen-

dix C. Note that, in this and the following appendices,
we have written sets ahdependent equations, elimi-
nating some time derivatives (e.gg/dir and df/dt

in Appendix G defs/dr in Appendix D, and @&s/dt

Eq. (B.5), B4r = 1. The computed value of the saturation plateau
is 0.5.

and df/dz in Appendix B as a consequence of the
mass-conservation relatiorfsig. 4 gives an example

of the results that haveelen computed with a partic-
ular choice of the parameters (equilibrium and rate
constants). With the many different values of the pa-
rameters we have tested, we have always obtained the
same type of banal behaviour, in whiehincreases
monotonically as a function af until reaching a sat-
uration plateau.

The expression of the steady-state rate of function-
ing of a catalyticFDS, v, is derived inAppendix D
When computing the dependence wfon the con-
centration of initial substratesg, there are choices
of parameters with which we obtain the same ba-
nal type of behaviour (monotonically increasing curve
up to a saturation plateau), as has been observed in
the case of non-assembled enzymes. However, with
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z'j 4. Discussion and conclusion
w0-3 Apart from the obvious advantages of enzymes as-
02 sembling into hyperstructures (see Introduction), it
01 has been shown here that enzymes of the simple
o . . Michaelis—Menten type may display a richer (e.qg., sig-
0 ’ 2 3 moidal or linear) kinetic behaviour when they are en-
& gaged infunctioning-dependent structures than when
0 they remain non-assembled. Hence, under the highly
Fig. 6. Steady-state reaction rate, computed as a function of the structured conditions likely to exist in vivo, not only
concentration of substrateg, for a two-enzyme, inhibitoryfFDS. allosteric proteins, but also any sort of enzyme may
The parameter values ar&:=10,xg =xF = 05,4 =0, 11 =1, exhibit regulatory properties provided it can form part
agf=0.1,a3t=10,01r = 1,00y =10,a3r =01, 4y =1, fr = 1, of an FDS. It is also noteworthy that certain of the

Bor = 1, ays calculated by Eq(B.4). The computed value of the

saturation plateau is 0.5, properties of thé-DSs such as linear and sigmoid re-

sponses resemble the regulatory linear responses and
step functions built into artificial electronic devices.
other choices of parameters (such as that indicated The possible occurrence of sigmoidal responses
in Fig. 5, we find a more interesting behaviour in  with FDSsis also reminiscent of apparent allosteric ef-
which the curve{so, v} exhibits a sigmoidal shape, fects emerging in membrane-constrained co- or count-
although none of the individual enzymes,and F, er-transport proteins when the usual assumptions of
possesses any cooperativity per se (assumptprin very fast binding and release are relakeg].
the present case of a two-partner enzyme-assembly, The likely relevance of the concept fuinctioning-
the sigmoidal character of the curve is not very pro- dependent structure to enzyme behaviour means, we
nounced, but, according torgdiminary calculations  suggest, that the classicalructure — function re-
with n-partner enzyme-assemblies, it seems that in- |ationship in biochemistry should be complemented
creasing the number, of partners in the enzyme- by a reciprocafunction — structure relationship. In
assemblies tends to increase the sigmoidal charactefother words, subcellular processes exist in which tran-
of the {so, v} curves (not shown). However that may sjent functioning structuresre created and maintained
be, our simulations suggest that the structuring of en- by the very fact that they are accomplishing a func-
zymes into a dynamiEDSwhile accomplishing their  tion (see, e.g[6,11]). This two-way relationship may
function may cause the emergence of a property char- prove to occur relatively frequently in living systems,
acteristic of regulated systems (sigmoidal behaviour) while it is not generally encountered in non-living,
that the free enzymes do not possess. physical, or chemical processes. Moreover, the assem-
The equations governing the kinetic behaviour of bly and decay ofunctioning-dependent structures in
an inhibitory FDS are given inAppendix E When a living system will be responsible for an extra pro-
computing the dependence of the reaction rate of the duction of entropy, in addition to that arising from the
inhibitory FDS, w, on the concentration of initial sub-  normal reactions and transport processes in cells. This
strate,sp, according to the equations given in the ap- extra production of entropy blDSs thus may be of
pendix, there are choices of the parameters (equilib- particular relevance to living systems.
rium and rate constants) with which again we obtain Here we have considered only very simple, two-
the same banal type of behaviour (monotonically in- partnef=DSmodels, the steady-state kinetics of which
creasing curve up to a saturation plateau) as shown inhas been studied by use ofa#Vely straightforward
Fig. 4 with non-assembled enzymes. However, there calculation methods. In real living systems, however,
are also choices of parameters where the presence oimuch more complicated transient associations of pro-
the inhibitoryFDStends to linearise thgg, w} curve teins may occur, involving multi-partner associations
over a large range ofp values: for instancefig. 6 and possibly forming dynamic networks BDSs. We
gives an example of a case in which ffzg, w} curve speculate that the regulatory properties of such com-
is linear almost up to the saturation plateau. plex FDSs will prove to be even more numerous and
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clear-cut than in the simple cases examined here. At Appendix B. Equilibrium constant and
present, the difficulty of modelling such complex sys- non-independent rate constants

tems is considerable but may become feasible with the
use of appropriate mathematical and computer tech-

The (dimensionless) equilibrium constant of the

niques. Despite this difficulty, the simple approach overall reaction (Eq(l1)):

adopted in this paper shows that fiBS concept has
interesting implications and that more complex and re- K =1Qleq/[Sleq= qeq/seq

alistic FDSmodels should be envisaged.

Appendix A. Definition of dimensionless
quantities

(B.1)

in which [S]eq and[ Qleq are the equilibrium concen-
trations ofS andQ (andseqandgeqthe corresponding
dimensionless quantities), may be calculated both in
the case of enzymes not assembled iREE and in

the case when a catalytDS occurs. This is written:

Dimensionless quantities have been defined by nor- geq/seq= (a1t aorastaar) /(a1raotazraar) = K (B.2)

malising all concentrations to the sum of the total con-
centrations o andF, [E]i+[F]ti, and all time values

and

to 1/k1r. As a consequence, the molar fractions of en- Geq/seq= (B3t Bar)/ (Bar Baf) = K (B.3)

zymesE andF are:

xge = [El/((Elt+[Fl), xr=[F}/([Elt+[Fk)
with xg +xp=1 (A.1)

the dimensionless concentrations of all the substances

involved are:

s=[SI/(IElt+[Fl), p=I[Pl/(IEl+[F])

q=1[01/(lEl+[Fl) (A.2)

e=[El/([El+[FL). f=I[F1/(IEl+I[Fl)
(A.3)

es=[ES|/([ETt+ [F) (A4)

fo=I[FPI/(LE} + [F1)
efs=[ESFI/([E]t + [F1)

(A.5)
efsp=[ESFP]/([E]t + [F1)
the dimensionless time,, is:
T= tklr (AG)
the dimensionless reverse rate constants are:
Oljr=kjr/k1n ,Berhjr/klr (A-7)
with, obviously:
arr=kir/kir=1 (A.8)

and the dimensionless forward rate constants are:

aji = (kjt/ka) ([ET + [F1)

A.9
Bjt = (hjt/ ki) (LE] + [F1t) (A9)

respectively. As a consequence, not all the rate con-
stants are independent from one another, but two of
them are functions of the other rate constants and the
equilibrium constant, e.g.:

aar = (aaf ooroafaar) /(K oegr arof o03r) (B.4)
and
Bat = (B3t Bar) /(K Bar) (B.5)

Appendix C. Steady-state reaction rateg, in the
case of enzymes not assembled inkRDS

With non-assembled enzymeBid@. 1), the mass-
conservation equations are:

)CF:f“r‘fp (Cl)

a set of independent equations governing the system
under steady-state conditions is:

XE=e+es,

dp/dr = —aztpe + azres — aztpf +azrfp =0 (C.2)
des/dt = a1ise — aqres + azipe —azres=0  (C.3)
dfp/dr = asipf — azfp+ asiqf —eafp=0 (C.4)
with, according to assumptiaf:

s=s509, ¢g=0 (C.5)
and the initial conditions are:

p(0) =0, e(0)=0, f(0)=0 (C.6)
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The expressions of the variables f, es, fp, andp)
are easily found to be:

es = xg(aafso + a2tp) /(cafso + axr + o2ep + orzr)

(C.7)

fo =xr(aztp)/(a3tp + azr + ouar) (C.8)
e=Xg—es (C.9
f=xk—fp (C.10)
p=(—Dso— G — ((Dso+ G)? — 4AHso)"'?) /24

(C.11)
with A, D, G andH being expressed as:
A = —agrasf(a1xXe + aarxF) (C.12)
D = afa3f(a2rXE — Q4rXF) (C.13)
G = —agrazf(asr + aar) Xe — azfoar(oar + o2r) XF

(C.14)
H = agfazr(asr + oar)xg (C.15)

and the reaction rata, (which corresponds to both the
consumption o5 and the production of), is written:

U = a11soe — o1res = dar fp (C.16)

Appendix D. Steady-state reaction rateyp, in the
case of a catalytidcDS

The mass-conservation equations of the catalytic
FDS(Fig. 2) are:
xe=e+est+efstefsp, xt=f+efstefsp

(D.1)
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Defining P1, P2, P3, A, B andC as:

P1= (a1tB2150)/ (a1rB2r)
P2 =1+ ((cr£s0)/1r) (D.6)
P3 =1+ ((B3ts0)/(B3r + Bar))
A= P1P2P3, B = P2— (P1P3(xg — xp))
C=—xg (D.7)
the variables of the problem are expressed as
e= (=B +(B*—4AC)"?) /24 (D.8)
= (1+ ((orars0) /e1r) e — xE + xF (D.9)
es = (a1fsoe) /oy (D.10)

efs = ((aatB2iso) / (crBar))
x ((1+ (aafso) /aar)e? — (xg — xp)e)  (D.11)
efsp=((B3rs0)/(Bar + Bar))efs (D.12)

and the reaction rate, (again corresponding to both
the consumption ofS and the production o), is
written:

v = a1fes — a1res + PBarefs — Barefsp= Parefsp
(D.13)

Appendix E. Steady-state reaction ratew, in the
case of an inhibitory FDS

In the case of an inhibitorlfDS (Fig. 3), the mass-
conservation equations are:

XE=e+€s+€fs, (El)

xt=f+ fotefs

Then three independent steady-state equations are de-

rived in a manner similar to that in the case with non-
assembled enzymes, e.g.:

de/dt = —a1se + a1res =0 (D.2)
des/dt = a1ise — aqres + Borefs — Bor fes=0 (D.3)
defsp/dt = Batsefs — Barefsp+ Baigefs — Barefsp=10

(D.4)
with the conditions:
= R = 07 O - 07
s=50, ¢ p0) (D.5)
es(0) =0, efs(0)=0, efsp(o) =0

and a set of independent steady-state equations is writ-

ten:
de/dt = —a1ise + (a1r + ar)es — azipe =0 (E.2)
defs/dt = ot fes — Barefs=0 (E.3)

dfp/dt = aztpf — (aar + aar) fp +astqf =0 (E.4)
dp/dt = —aztpe + azres — azipf + s fp =0 (E.5)
with

g=0, p0)=0,
efs(0)=0, fp(0)=0

s =50,

¢(0) =0, (E.6)
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Four of the variablesf, es, fp andefs) can be ex-
pressed as functions of the other twognde), i.e.:

es = ((@1150 + a2tp)/ (ar + a2r) )e (E.7)
f = ((ar + cuar) (aaserzrso — anraze p) /
(asforar(or + o2r)) e (E.8)

fo = ((aafearso — arozep) / (car(asr + a2r)) e (E.9)
efs = ((Bat(azr + aar) (oeasso + 21 p)
X (crafa2rs0 — a1rei2fp) )/

(aztoarBor(car + a2n)?p) ) e? (E.10)

Defining A, By, C1, B> andC2 as:
e =Aez, e+es=Bie, —xg=C

fs s=B1 e=C1 (E.1D)
f+fo=Bze, —xp=0C2

Egs.(E.1)may be rewritten:

Ae’+ Bie+C1=0 (E.12)
and

Ae? + Boe +C2=0 (E.13)

Since concentrations and rate constants are by nature

positive quantities(C1 and C, are negative andy

is positive. Since the overall reaction proceeds in the

direction S - P — Q (as a consequence qf be-
ing maintained equal to zero), the fact@nsaorso —
a1ra2ip) in the expressions ofA and B> is positive

and A and B» thus are also positive. Therefore, each

of Egs.(E.12) and (E.13has only a single solutiory

andey, respectively, that is biologically relevant, i.e.

e1=(—Bu+ (B} —44C1)Y?) /24 (E.14)
e2=(—Bz2+ (B3 — 4AC2)Y%) /24 (E.15)
wheree1 ande; are functions of only the variable.

There is then an easy numerical solution to the prob-

lem that is obtained by systematically varyipguntil
the correctp value is obtained for which:

e1=ex=e (E.16)

at the desired precision. The other variablgse, fp
andefs) then are calculated from these valuegpa@ind

e by using Eqs(E.7) to (E.10)and the reaction rate,
w (again corresponding to both the consumptior$ of
and the production o), is written:

W = Q1fS0e — A1res = Q4r fp (E.17)
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