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1. Introduction

Analysis of reaction rate dependence upon
substrate concentration is one of the primary
approaches in enzyme kinetics. Deviations from
classical Michaelian kinetics are often taken to
reflect the multiplicity of sites and either their
dependence [1—5] or the existence of a confor-
mational pre-equilibrium between states with
different affinities for the substrate [3,4,6,7].
Nevertheless some authors have shown that
non-Michaelian v, versus S responses may occur
with monomers [3,8—13]. On the other hand
if uniqueness or independence of the active sites
is always associated with Michaelian behaviour,
the reciprocal is not always true as pointed out
by Lazdunski et al. [14] . Their studies with the
dimeric E. coli alkaline phosphatase have shown
the tight dependence of the two subunits in
catalysis although this enzyme exhibits Michaelis-
Menten kinetics. The flip-flop mechanism that
they propose has also been established for calf
intestine alkaline phosphatase [15]. In fact
literature analysis shows that a growing number
of enzyme seem to conform to flip-flop type
mechanisms. Their main properties have been
recently reviewed [16,17].

The particular flip-flop scheme which has
been demonstrated for alkaline phosphatase and
alcohol dehydrogenase is purely Michaelian under
steady-state and initial velocity assumptions
[14,18—21]. However in a general case, similar
patterns do not always give a pure Michaelian
form. Velocity as a function of substrate concen-
tration shows hyperbolic dependence for
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particular values of some rate constants only.

Several authors [22—28] have emphasized
the usefulness of a phenomenological systematic
kinetic analysis of enzyme systems. An approach
of this kind is used here for a minimum system
which includes the flip-flop mechanism of
Lazdunski et al. [14,16] as a particular case.
Conditions for Michaelian approximation are
established for typical mechanisms, irrespective
of the number of sites and ligands. This paper is
complementary to other phenomenological
approaches from this laboratory concerning
functional polydimers [17,29,30] .

2. Description of the system

The enzyme is an oligomer involving
identical protomers, equivalent within the free
enzyme. For each class of ligands there exists a
unique site on each subunit. Free enzyme exists
only under one conformation. Among the
possible ligands, one considers only one substrate S
and its corresponding product P. Each subunit may
appear under three liganded states: free, S-bound,
P-bound. Elementary steps are binding, transformation
or desorption steps of one ligand at a time.

The general scheme which takes into account
all macroscopic species and elementary steps is given
in fig. 1. Only the simplest case in which n =2 will be
investigated here. It is sophisticated enough to permit
occurrence of some characteristic mechanisms
specific to polymeric enzymes. The corresponding
scheme is given in fig. 2A.

All possible interactions are included within this
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Fig. 1. General scheme for a two-ligand gystem, Eij stands
for any enzymatic species. Subscripts i and j refer to the
number of S molecules and P molecules bound to the
enzyme, Vertical arrows represent S binding steps, the
horizontal ones P binding steps, and diagonal arrows catal-
ytic transformation steps.

scheme. Each of the three types of steps occurring

on one subunit appears three times, corresponding to
each of the three possible states presented by the other
subunit. Homotropic and heterotropic interactions for
the binding of the two ligands can be easily introduced.
The scheme in fig. 2A takes into account interactions
at the catalytic level. Transformations on one subunit
depend upon the state of the other subunit(s). Homo-
and heterotropic effects are defined for the transfor-
mation of a ligand according to the occupancy or the
opposite subunit by the same or the other ligand.

3. Discussion

The analysis of this system according to King and
Altman [31] and Wong and Hanes [25], shows that
under steady-state and initial velocity assumptions
the solution is of the non-Michaelian form given by
equation (1), with x=3.

ey

VO/ET =
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The coefficients of S in equation (1) are complex
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Fig. 2A). The two-ligand, two-subunit system. Conventions
are the same as for fig. 1. (B) Basic mechanisms derived
from the complete system. By deleting systematically all
steps minus the first S and P binding steps from the com-
plete scheme of fig. 2A one find 125 possible systems,
Among these, one rules out nonsense combinations and
systems which exhibit dead-end pathways, or which need
product for activity in the S—P direction or which cannot
reduce to a previous case or to a basic system. The 7 basic
systems which remain are drawn here. In each case, deleted
steps are in dotted line,

combinations of rate constants which cannot be easily
discussed. In consequence only simpler partial systems
will be considered here. The 7 systems given in fig. 2B
are of particular interest and will be briefly surveyed.
It should be noted that systems (I) and (III) are
symmetrical, so their behaviour is identical with re-
spect to S and P. Systems (V) and (VII) have the
same properties, with interchanged S and P, as
systems (IV) and (V) respectively. All these systems
except (1) are described by a rate equation simpler
than but similar to equation (1) with x equal to 2
or 3. In each case approximations necessary to
obtain a typical Michaelian behaviour of flip-flop
enzymes will be discussed.
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3.1. Linear systems (I and 1)

Case (I)

This case is formally identical to the minimum
system for a monomer. The introduction of only one
substrate molecule leads to a rate expression of the
Michaelian form. The system describes a dimer with
Michaelian kinetics and half-site reactivity. It derives
from the whole system by introducing homotropic
and heterotropic absolute antico-operativity at the
binding level.

Case (1I)

This mechanism is obtained by introduction in
the whole system (fig. 2A) of an absolute negative
heterotropic interaction for the binding steps and
two positive effects, homo- and heterotropic, for
the catalytic steps. The rate equation is of the
following form:

S]
Volbp = byt ST @

be = o will give the Michaelian character. Such a
condition is fulfilled if the second binding step is
quasi-irreversible.

3.2. Branched systems (I to VII)

3.2.1. Conditions for Michaelian behaviour.

The scheme homologous to the flip-flop mechanism
discussed by Lazdunski et al. for E. coli alkaline
phosphatase [14,18], belong to this category. The
schemes of this class, as most of those which can be
drawn for higher degree polymers, present more than
one introduction of S and the rate equation is not
of degree 1 for S. For the specific class under study,
which is probably of common occurrence, conditions
can be found which lead to a Michaelian form what-
ever the number of active sites, substrates, products,
and conformational change steps may be. These
conditions are related to the three following points
(see fig. 3):

a) The general pattern of the system: this branched
system, with any number of steps, presents one loop
(steady-state loop) which does not contain the free
enzyme. Between the free enzyme and the loop two
linear pathways (« and ) are drawn.

b) The introduction of substrate molecules: if
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Fig. 3. General pattern for Michaelian branched mechanisms.
The steady-state loop is in heavy line; forward and reverse
(« and g) presteady state pathways are in dotted line.

there are x substrate binding steps in the system,
x — 1 are on pathway a. There is at least one P
desorption step on pathway . The loop contains
only one introduction of S and at least one exit
of P and one catalytic step.

¢) The irreversibility of some steps: the two steps
of pathways & and § contiguous to the loop are
quasi- irreversible as indicated in fig. 3.

The use of King and Altman rules [31] easily
shows that when the above conditions are fulfilled,
and in absence of the product, Michaelian kinetics
are always observed. (see appendix). As previously
noted a characteristic property of the flip-flop
mechanism is that in the steady-state there is not
regeneration of free enzyme but only regeneration
of one of the active sites.

Mechanisms involving considerable co-operativity
(binding co-operativity and kinetic co-operativity),
Michaelian kinetics, and any fractional stoichiometry
at equilibrium (equilibrium dialysis with one of the
substrates or an analogue) and/or during steady-state
(by rapid kinetics or quenching of the complexes
which accumulates in the steady-state) are perfectly
compatible; see for example half-sites enzymes [32,17].

Before treating the dimer case it is important
to underline that polymeric enzymes with flip-flop
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necessarily polydimers.

3.2.2. The dimer case

Application of the previous discussion to the
particular case of the dimer can be readily carried
out. Patterns for analogue binding, for saturation
during steady-state and of presteady-state events
may be easily predicted.

Even in the limited case under study it becomes
evident that despite their classical Michaelian
responses flip-flop type mechanisms can display
rather uncommon properties: Different presteady-
state pathways can lead to a same steady-state.
Mechanisms (IV) and (VII) in fig. 2B show the
same steady-state where the enzyme acts with one
subunit occupied by S, but presteady-states differ
for the P—S direction. In both schemes (V) and
(VI) the enzyme acts with one subunit always
occupied by P in the steady-state but presteady-
state pathways differ in the forward (S > P)
direction. Mechanisms (V1) and (VII) involve
unsaturated forms for one of the ligands in the
steady-state loop, whereas the e enzyme is saturated
during presteady-state. Stoichiometry as evaluated
by equilibrium binding or presteady-state measure-
ments will be higher than those determined from
steady-state experiments. The reciprocal case may
also occur. Mechanism (V), under Michaelian
conditions, displiys on one hand, half-site reactivity
towards binding, on the other hand a full reactivity
during presteady-state (two-sites). For schemes
(IV), (V1) and (VII) approximations for Michaelis-
Menten kinetics are consistent with any binding
properties. Antico-operativity is not a necessary
property of flip-flop mechanisms. Evidently scheme
(IIT) shows similar properties as the mechanism

described by Lazdunski et al. for alkaline phosphatase.

It arises from the overall scheme if antico-operativity
operates for both binding and catalysis of both S
and P. One can see that this mechanism is the only
one which involves uniquely disymmetric species, so
microscopic forms follow one another in a strictly

ordered manner.

4. Conclusions

As it can be seen in the previous examples, a wide
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diversity of behaviours can be expected for polymeric

enzymes which all exhlblt general properties defined
by Lazdunski [15,17] for flip-flop type mechanisms,
namely Michaelian kinetics associated with dependent
sites.

The essential features of this model are as follows:
Taking into account dependent sites for binding and

nntalunia ~e o malumar givag rica ta a coamnlay natantial

bdl.d-lyblb Ull a PULYIIICE BIYLD 1DV LU a volLlipiva yUI-UllLlcu
network. The reactivity on one site is dependent in
a general case on the state of the other site. Strong
interactions between sites may impose to the enzyme
a particular pathway. However the other pathways
remain potentially functional, and may be triggered
by specific signals. The Michaelian feature in intro-
duced by simpie approximations for a given group
of reaction patterns which are not purely Michaelian.
The rpqiurpﬂ 1rrnvprclhﬂ1hr of characteristic efnpc
leads for this type of mechamsms to a partial splitt-
ing between steps in the steady-state and some of
the presteady-state steps. Specific active site titration
properties arise from this feature.

Conformational changes have not been involved
in a formal way here, their introduction being
Mi'aiguu(‘)i"\’v'ai‘u Nevertheless Lucy are of fundamental
importance in flip-flop mechanisms since they
mediate interactions between protomers in oligomeric
structures.

Finally it could be pointed out that the
Michaelian feature of flip-flop mechanisms which
is often observed [16,17] can be lost without
alteration of the fundamental property of these
mechanisms, namely kinetic co-operativity. Alteration
of the Michaelian behaviour of a flip-flop type enzyme

may have an important regulatory functlon [16,17,
29,30].
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Appendix

King and Altman [31] gave rules for deriving rate laws
for enzyme catalyzed reactions.

They stated: ‘The concentration of each EXj relative to
the concentration of enzyme, [EXj]l/[E,], is a quotient of
two summations of terms, each term being the product of
n—1 different rate constants and the appropriate concentra-
tions. Each term in the numerator of the expression for
[EXm]/[Eq] involves the rate constants (and appropriate
concentrations) associated with reactions steps which
individually or in sequence lead to EXp,, the enzyme-
containing species in question’.

Because of the general form of the scheme defined in
fig. 3 and in (a), if there are n enzymatic species, there are
n+l1 steps. In consequence non cyclic patterns of n—1 steps
are obtained by deleting two steps, either both in the
steady-state loop or one in this loop and the otherin a or 8
pathways. The condition of irreversibility (c) implies that no
King-Altman pattern can lead to any of the complexes in
pathway o and 8. The steady-state concentration of these
complexes is zero. They only appear as transient inter-
mediates. The steady-state rate equation contains only terms
relative to enzymatic species of the steady-state loop.
Condition (b) which limits to one the number of substrate
introduction on the steady-state loop implies a Michaelian
behavior,

Non-cyclic patterns (denominators terms in equation (1);
King and Altman rules) can only be of x or x—1 degree for §
whereas cyclic patterns (numerator terms) are all of degree x for
S when conditions (a), (b), (¢) are fulfilled. The rate equation
will appear in the simple form of the following equation,
which is a Michaelian one:

ay SX

VolET = ——————
¢ bex + bx_l Sx_l
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