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Enzymes are dynamic entities: both their conformation and catalytic activity fluctuate over time. When such
fluctuations are relatively fast, it is not surprising that the classical Micha®isnten (MM) relationship
between the steady-state enzymatic velocity and the substrate concentration still holds. However, recent single-
molecule experiments have shown that this is the case even for an enzyme whose catalytic activity fluctuates
on the 10410 s range. The purpose of this paper is to examine various scenarios in which slowly fluctuating
enzymes would still obey the MM relationship. Specifically, we consider (1) the quasi-static condition (e.g.,
the conformational fluctuation of the enzymsubstrate complex is much slower than binding, catalysis, and

the conformational fluctuations of the free enzyme), (2) the quasi-equilibrium condition (when the substrate
dissociation is much faster than catalysisespective of the time scales or amplitudes of conformational
fluctuations), and (3) the conformational-equilibrium condition (when the dissociation and catalytic rates
depend on the conformational coordinate in the same way). For each of these scenarios, the physical meaning
of theapparentMichaelis constant and catalytic rate constant is provided. Finally, as an example, the theoretical
analysis of a recent single-molecule enzyme assay is considered in light of the perspectives presented in this

paper.

1. Introduction tosidase, English et &.demonstrated that MM behavior of the
Ever since its introduction in 1918the Michaelis-Menten average number of turnovgrs per unjt time still holds even in

(MM) equation has provided a highly satisfactory description e Presence of slow protein fluctuations.

of the steady-state kinetic behavior of many enzyfésn the In general, the steady-state kinetics of a fluctuating enzyme

simplest formulation, a substrate, S, binds reversibly to an is non-MM®1" providing a potential mechanism for positive

enzyme, E, forming an enzymsubstrate complex, ES, that and negative kinetic cooperativity of monomeric enzyi$ahe

undergoes unimolecular decomposition to form a product, P, goal of this paper is to explore various scenarios in which the

and the original enzyme (E): steady-state kinetics of a fluctuating enzyme can be described
by the MM relation. Recently, in separate publicatiéh¥,we
E+ Sg ES—k2> E+P have in part considered this question, but our focus was primarily
k-1

on the situation when conformational dynamics was much
slower than catalysis. In this paper, we will not only clarify the

When steady state (i.e., the concentration of ES no longer relationship between our studies but also extend them to consider

depends on t|r_ne_) IS establlshe_d,_ the rate of product forma_t|on more general scenarios in which the MM equation holds in the

(v) is characteristically hyperbolic in the substrate concentration, . . . )
o . - . presence of conformational fluctuations occurring on all time

that is,v = ko[S])/([S] + Kwm), where the Michaelis constant is scales

Kv = (k_l + k2)/k10.274 ’ ) . . .

The discovery of slow fluctuations in the catalytic activity ~ The outline of this paper is as follows. In section 2, we present
of an enzyme using single-molecule techniguess unexpected @ statistical mechanical theory of the kinetics of a fluctuating
in part because it seemed incompatible with the nearly universal €nzyme. Our strategy is to gradually develop the formalism by
applicability of the MM equation. If all conformational fluctua- ~ starting with the description of the conformational dynamics
tions of the enzyme and enzymsubstrate complex were much ~ of the free enzyme/enzymesubstrate complex and then suc-
faster than catalysis, there would be no problem, but it is now cessively incorporate the influence of substrate binding and
well-established that proteins fluctuate on essentially all time finally catalysis. In section 3, we consider the quasi-static
scales~ 1% Indeed, turnover fluctuations on the 16-10 s time condition and show that MM behavior results when the

scale have been observed for several systefidzor 3-galac- conformational dynamics in either E or ES states is much slower
: : - - than the other and slower than the binding and catalytic rates.
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the implications of our results on the interpretation of the recent eq 2, we see that such a trial function is actually a solution of
single-enzyme experiments of English etal. these equations if and only if

2. Theory of the Kinetics of Fluctuating Enzymes aEklO(r)[S]e’/”UE(')/ fefﬁUE(r) dr =

To construct the required theoretical framework, we begin _BUedr)) [ mfUedr)
by considering the conformational dynamics of the free enzyme ok 4(r)e /fe dr (5)
(E) and the enzymesubstrate complex (ES) in the absence of
substrate binding/dissociation and catalysis. The various con-
formations are specified by a multidimensional coordinate,
which in principle can be continuous or discrete. pgfl,r,t)
be the probability that this coordinaterigt timet for the system

This is essentially the condition of detailed balance for reversible
substrate binding. In general, the principle of detailed balance
places limitations on the nature of transitions between different
classical or quantum states, even at the single-molecule?ezel.
Sinceq, is independent of, integrating over alt, we find

in statel, | = E or ES. The dynamics is described by an .
evolution equation of the form that oe[SIBr" = oedk-alds where we have defined the
conformational-equilibrium average in stdtas
apg(l.r.t)
—a  Lipo(lrD) 1) J()e™MOar
Eﬂ---)sz (6)
If the dynamics is described as diffusion on a free energy fe tdr

surfaceU(r), then the evolution operator is the Smoluchowski o o
operatorL; = V-DjefU-v U0, whereD, is the diffusion ~ Combining this with eq 5, we have

tensor in staté (I = E or ES) ang8 = (ksT) L. If the dynamics Y a0

is described as transitions among a set of discrete conformations, ki, (r)e POem _ k_y(r)e pUeslr)
thenL, is the corresponding rate matrix. In fact, the precise 0 _BUKr) 4. — AU
form of L, is irrelevant for our purposes and thus our formalism &, @fe dr m—lQSfe dr
is quite general. All we require is that eq 1 correctly describes
the relaxation to the equilibrium Boltzmann distribution,
exp(=pU(r)). Since the equilibrium distribution is stationary
(i.e., its time derivative is zero), we have

()

This is the form of the detailed balance condition given in ref
17 (see their eq 6.35). Using the above relations and requiring
that the equilibrium distributions are normalized pe{E.r)

+ Pe(ESY)) dr = 1, we find

Le™®O =0, I=EES (2) o () = K_,[le o AU 62

Next, let us consider the influence of substrate association “ [kloQ[S] + Ekfl@sfe_ﬂUE(r) dr
and dissociation in the absence of catalysis (e.g., the substrate
is a nonreactive transition-state analog). We assume that, for aand
given conformation, the binding kinetics can be described by
the usual rate equations of chemical kinetics (i.e., the substrate &, °C[S] e PYes(r)
concentration is low enough that the translational diffusion does PefESF) = —5 o) (8.b)
not significantly influence the time course of the kinetfcgl) (B, T4[S] + K 4lds fe =dr

and that the binding of substrate is pseudo-first-order with the . .
substrate concentration ([S]) being time independent. Then, theThese expressions have a physically transparent structure: the
dynamics of the system is described by equilibrium population for a given coordinateg,is the product

of Boltzmann distribution and the fractional occupancy obtained

Ap(E.r,b) 0 from simple kinetics using rate coefficients averaged over
s ke ~ ki (NISHPEXY + ky(r) P(EST.Y) conformational fluctuations.
(3.a) We are finally in a position to incorporate the influence of
ID(EST D) catalysis described by a conformation-dependent rate coefficient
plESry _ 0 for irreversible product formatiork(r). To obtain the evolution
at [Les = ka(DIP(EST.D + K (N)IST PES D equations for the probability distributions, all that one has to

(3.b) do is to replace&_1(r) in eq 4 byk_1(r) + ko(r), because now

the substrate in the ES complex can either dissociate or be

where we have introduced the conformation-dependent associa -
converted into a product:

tion (k;°(r)) and dissociationk(_y(r)) rate coefficients. When
the free enzyme is in equilibrium with the enzyssubstrate

complex, the time-independent equilibrium distributions @:U_E—klo(r)[s]]p(E,r,t)+
(Pedl1) satshy () + K NIPEST ) (9.2
p— 0 =
[Les ~ kaOIPfESN) T OSIREN =0 () oo

= [Les — kog(r) — k(n)Ip(ESY.H +

[Les — K (NISTIPedEN) + K o(r) PegESF) =0 (4.b) at .
In the above formalism, thedependence d6°(r) andk_4(r)
cannot be arbitrary. They are constrained by the requirementThe steady-state probabilities:dE.r) andps{ESY), satisfy
that at equilibriunpeq(l,r) must be proportional to the Boltzmann
distribution, expt-AU|(r)). Substituting pegl.f) = o [Le = k(NISTIPE) + [K_y(r) + ko(N)IPEST) = O
exp(=pU(r))/ fexp(AU(r)) dr into egs 4.a and 4.b and using (10.a)
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[Les = Koa(r) = Ky(N)]PESK) + k,(1)[S] peE ) a g_b)

The steady-state distributions are normalized/@s{Er) +

ps{ESr)) dr = 1. The above equations must in general be solved

numerically even for the steady-state distributions.

The steady-state enzymatic velocity, which is equal to the
average number of turnovers per unit time or to the reciprocal
of the mean time between successive catalytic events, is given

by
v=[ky(r) pJESTK) dr (1)

In this paper, we focus primarily on the dependence @i
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relationship explicit, let us define a weigh functiom(r),
k(r)e ™0 ky(r)e 0
w(r) = /
Ku(r) Ku(r)

Then, the apparent rate constants in eq 14 can be written in the
form

dr

(15)

1w W) Ku()
X2 B sz(r) ar. k(1) o

that was given by Kou et &f It is based on this representation
that they concluded that is related to the “harmonic mean”

of the conformationally dependent catalytic raitg(()). How-
ever, because the weigh function(()) depends orky(r), this

may be misleading and we now prefer the representation of eq

(16)

M= X2

substrate concentration. The formalism to calculate other 14

guantities (e.g., the distribution of the time between consecutive

turnovers) has been presented elsewhete.

In general, the dependence ofon substrate concentration
for a fluctuating enzyme cannot be described by the MM

equation. In the next three sections, we discuss when it can be

3. Quasi-static Condition

It should be pointed out that the above quasi-static condition
does not simply assume that the conformational dynamics in
both the E and ES states is much slower than binding and
catalysis. For example, if the conformational dynamics in both
states is very slow but occur on the same time scale, one does
not get MM behaviol’ In fact, our quasi-static condition
assumes that there is time scale separation in the conformational
fluctuations of the E and ES states.

Let us assume that the conformational dynamics in one of 4. Quasi-equilibrium Condition
the states (E or ES) is much slower than all other processes The quasi-equilibrium condition (i.e., product formation is
including the conformational dynamics in the other state (ES mch slower than substrate dissociatiksfr) < k_1(r)) has a
or E). We now consider two cases: (1) E is essentially static history as long as that of enzymology. It was invoked in 1902

and (2) ES is essentially static.

For case 1, we can sét = 0 in eq 10.a. The sum of eqgs
10.a and 10.b says thhgpsdEr) + Lesps{ESr) = 0. It then
follows that Legps{ESr) = 0 and henceps{ESy) must be
proportional to exp{pUe4(r)) as a result of eq 2. Using the
ansatzps{ESy) = o exp(—SUgg(r)) in eq 10 together with.g
= 0, we find that

_ x2[S]
TEta "

where the apparent catalytic ratg)(and apparent Michaelis
constant Cy) are given by

X2 = Kolds Cy = Kylgs (13)

whereKy(r) = (k-1(r) + ko(r))/k2(r) is the Michaelis constant
for fixed conformational coordinate.

Next, consider case 2 where the conformational dynamics in

the ES state is essentially static. Now, one carnLsgt= 0 in

eq 10.b and consequentleps{E,r) = 0. Using the ansatz
ps{E.r) = a exp(—pBUg(r)) in eq 10 together withges = 0, we
find thatv has the same MM form in eq 12 but now the apparent
coefficients are given by

o-RIRN &R

WhenUg(r) = U(r), this result is the same as that in eq 6.58
of Gopich and Szabdthat was derived under more restrictive
conditions. Wherl(r) = 0, it is the continuum limit of eq 30
of Kou et all® that used a different notation. To make the

(14)

by Henri who gave the first rate equation for reactions involving
enzymes* Eleven years later, still using this condition,
Michaelis and Menten confirmed Henri’'s experimental work
and presented what is now called the MM equatittnvas not
until 1925 that Briggs and Haldane proposed the steady-state
approximatiof® that did not require the restriction of equilibrium
imposed by Henri, Michaelis, and Menté#!

We will show that, under the quasi-equilibrium condition,
fluctuating enzymes will always obey MM kinetigsespective
of time scales of conformational fluctuations in the free enzyme
and enzyme substrate complex states. If the conditle(r) <
k—1(r) is satisfied, the equations that determine the steady-state
distributions ps{1,r)) (i.e., eq 10) and the equilibrium distribu-
tions in the absence of catalysis (i.e., eq 4) are identical and
henceps{1,r) = pedl,r), | = E, ES. This is the very reason that
ko(r) < k-q(r) is termed as the quasi-equilibrium condition.

Thus, to determine the velocity); all we have to do is to
use eq 8.b in eq 11. This immediately leads to the MM relation
given in eq 12 with

%2 = Kolds Cy = m—lggmloQ (17)

Note that these are the same as obtained from simple enzyme
kinetics using the conformationally averaged rate coefficients
(KO, (K_1[gs, and (klgs.

The quasi-equilibrium scenario would not be applicable to a
“perfectly evolved enzymé® where each binding event almost
always leads to product (i.&z(r) > k-1(r)). Thus, it would be
interesting to perform single-molecule experiments on such an
enzyme to see whether large amplitude fluctuations of the
catalytic rate and MM behavior of the steady-state rate would
still coexist.

5. Conformational-Equilibrium Condition

We have seen in the previous section thaky(f) << k_4(r),
the steady-state populations of the E and ES states are
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proportional to the Boltzmann distributions of these states. For
the sake of completeness, we shall now show that this is also
the case when the ratio of the catalytic and dissociation rates
does not depend on the enzywmubstrate conformation (i.e.,
ko(r)/k-1(r) = qindependent of). To see this, note that eq 10
can be reduced to eq 4 wikh1(r) being replaced by an effective
k'iﬁl(r) = k_1(r) + ko(r) = (1 + g)k-1(r). Then, all the steps in
the derivation of the previous section remain unaltered. In this
way, one obtains the MM relation, but now

X2 = Bolds Cy = (K LEs+ [RZQS)/DQO@

Physically, the independence kf(r)/k-1(r) on the confor-
mational coordinater] simply means that the free energies of
the transition states for catalysis and for substrate dissociation
have the same dependence on the conformational coordinate
Even though these processes involve breaking of different kinds
of interactions, this scenario would be relevant if both transition
states occurred early along the reaction path (i.e., the transition
states were reactant-like).

(18)

6. An Example: Single-Moleculef-Galactosidase Assay

We now consider a recent single-enzyme experitiéhin
light of the results presented above. English et®ahave
demonstrated that while the catalytic rate of a singfigalac-
tosidase fluctuates over a broad range of time scales{1D
s), the average turnover velocity nevertheless exhibits MM
behavior. In this work, the quasi-static condition was invoked
to reconcile MM behavior and dynamic fluctuatiotsi®
However, as shown in section 3, this scenario requires that the
conformational dynamics in the ES state to be not only much
slower than binding and catalysis but also slower than the

Letters
A [S]=10uM 3
o [SF20uM ]
o [S]=50uM 5
e [S]I=100uM
N } [SI=100 uM 1
S~ g
)
S 4
h [ ] “g
3 i d —:

0 6 12 18

vt
Figure 1. Scaling property of the normalized waiting time distributions
(f(t)) for different [S]. The data of English et & are replotted aft)/v
vs ot for four different substrate concentrations E 10, 20, 50, and
100uM, respectively.v is the average number of turnovers (catalytic
velocity) and is related tf(t) via o™t = gt f(t) dt.

As shown in Figure 1, experiméfttends to support this
prediction, given the intrinsic errors. In light of this and the
limited dynamic range at low substrate concentrations, it seems
that it was premature to conclude that the time cours&tpf
changes from single-exponential to multiexponential with
increasing substrate concentratin.

7. Concluding Remarks

In this paper, we have developed a theoretical formalism to

dynamics in the E state (or vice versa). This requirement appearsgescribe the kinetics of a fluctuating enzyme that incorporates

to be somewhat stringent in light of the current view that protein

conformational fluctuations occur on essentially all time scales.
Here, we will consider whether the quasi-equilibrium condi-

tion (see section 4) provides a more plausible explanation. This

condition requires only that the catalytic rate(()) be much

smaller than the substrate dissociation ratg(f)) irrespective

of the time scale of conformational fluctuations. The parameters

used by English et &P to fit their data k-4(r) = 18 300 st

and apparenit,(r) = 730 s'1) do satisfy the quasi-equilibrium

condition. However, since the fitting may be model dependent

the condition of detailed balance for substrate binding and
dissociation. Our focus is on the dependence of the steady-state
rate of product formation on the substrate concentration, which
can be influenced by the time scale and amplitude of enzyme
fluctuations. Although a fluctuating enzyme does not in general
exhibit MM steady-state kinetics, it does so in a large region
of parameter space, albeit with apparent Michaelis and catalytic
rate constants that have different microscopic interpretations.
Thus, deviations from MM behavior may occur rarely and/or
be small and difficult to detect experimentally. Many enzymes

and since the dissociation rate has apparently not been measuregbr which the MM relation holds on the ensemble level exhibit

directly, we adopt the following strategy. In the quasi-equilib-
rium scenario, the ratio of the appardat (i.e., y») and the
apparenKM (i.e.,Cm) is XZICM = [Rf’@([kzﬁsl[kfl@s) < IZE(PE.

If we assume that the association rate is nearly diffusion-
controlled (i.e.,[k°¢ = 10® M~ s71), then we can check
whether this inequality is consistent with experiment. English
et all® measureg, andCy to be around 73078 and 38QuM,
respectively. Thusy,/Cy is about 2x 10° s~ M1, indicating
that in this case the quasi-equilibrium scenario is a plausible
explanation for the coexistence of conformational dynamics on
all time scales and simple MM dependence of the mean
enzymatic velocity on substrate concentration.

As additional support for this scenario, let us examine the
substrate concentration dependence of the distribution of the
time between consecutive catalytic events (i.e., the waiting time
distribution,f(t)). It was recently predictédthat whenk,(r) <
k—1(r), Ug(r) = Ueg(r), and conformational dynamics is slower
than catalysis, then the waiting time distribution can be described
by a universal function of time for all substrate concentrations.
Specifically, plots off(t)/v vs vt should superimpose for all [S].

dynamic fluctuations in protein conformation and catalytic
activity with a broad range of time scales on the single-molecule
level. These notions have implications to biochemistry and cell
biology, especially for systems containing a low copy number
of enzyme molecules.
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