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We present a simple model which extends the Michaelis-Menten mechan- 
ism by incorporating a continuous protein conformational change in enzy- 
matic catalysis. This model can represent a quantitative version for "rack" 
or "induced fit" mechanisms. In the steady-state it leads to an equation 
of the Michaelis-Menten form, but with the catalytic step at the active site 
showing strong dependence on solvent viscosity. We suggest that a careful 
examination of solvent viscosity effects on enzymatic activity may serve as 
a test for the conformational change hypothesis. 

Introduction 

" H o w  do enzymes work?"  is a central question in biochemical  kinetics. 
The classical theories of  enzyme action (Haldane,  1930; Laidler & Bunting, 
1973) assume that two central steps are involved: the binding of  the substrate 
to a specific site in the enzyme and the chemical reaction that occurs at this 
site. The products  formed in the second step are then readily released f rom 
the enzyme, which is ready for a new cycle of  activity. This mechanism is 
implied in the so-called Michael i s -Menten  scheme 

• K I  
E + S  . x ES ~ E + P  (1) 

K 0 

where an enzyme (E)  binds the substrate (S) with a rate-coefficient A to 
form an enzyme-subs t ra te  complex (ES). The complex can either dissociate 
(rate coefficient Ko) or else chemical reaction takes place (rate coefficient 
K1) to give products  (P)  and free enzyme. For large substrate concentrations,  
a steady-state assumption for the concentrat ion of  the intermediate is 
justified (d[ES]/dt = 0), and one gets for the initial (zero products)  overall 
reaction rate 

d[P] K,[S][E] (2) 
dt K,, + [ S ]  

K , , =  (,<0+K~)/A is known as the Michaelis constant. The reaction may 
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involve several kinetic steps at the binding site leading to several intermedi- 
ates instead of  just one. In steady-state this leads again to an equation 
similar to equation (2), only with a different interpretation for the constants. 

In the above picture the reason the enzyme is such a large protein is 
static in nature: a macromolecule is needed to achieve a binding geometry 
which would facilitate the subsequent reaction steps. These steps, however, 
are localized at the binding site. No large scale enzyme motions are antici- 
pated and no role given to protein dynamics. 

An alternative (or complementary) point of  view has also appeared in 
the literature (Lumry, 1959; Hammes, 1964; Koshland & Neet, 1968, Citri, 
1973; Careri, Fasella & Gratton, 1979). According to this view, enzyme 
action should be accompanied by substantial conformational change, which 
is crucial for its activity. Such are, for example, the "rack"  (Lumry, 1959) 
and " induced fit" (Koshland & Neet, 1968) mechanisms for enzyme action. 
Protein motion is known to be important in the function of other biological 
systems as well. Most notable are the experiments on ligand binding to 
heme proteins (Debrunner  & Frauenfelder,  1982). A recent theoretical 
interpretation of  these experiments (Agmon & Hopfield, 1983), which 
stresses the role of  large scale conformational change in the kinetics, is 
conceptually similar to the above-mentioned ideas. 

According to this picture, an enzyme may have a set of conformations 
for which binding is favourable but reaction is not, and other conformations 
from which reaction is much more feasible. One may call these two disjoint 
sets of conformations "inactive" and "active",  respectively. A substrate 
would typically bind to an enzyme in an inactive conformation. Statistical 
fluctuationst would occasionally bring the enzyme to an active conforma- 
tion, from which reaction is probable. After product  release the enzyme 
returns to its inactive form before further binding can occur. 

This enzymatic conformational change can be described by transitions 
over many small barriers, i.e., by a Master equation describing a random 
walk process (Chandrasekhar,  1943). Since there are so many conformations 
one can assume that they are continuous and treat the problem as diffusion 
under the influence of  a potential function which governs the transition 
rates (Agmon & Hopfield, 1983). This "diffusion" should not be confused 
with the process of substrate diffusion towards the active site (Shoup & 
Szabo, 1982; Gavish & Werber, 1979), which is Kramers '  picture (Kramers,  
1940; Chandrasekhar,  1943) of  diffusion along the reaction co-ordinate. 
Here "diffusion" is in a different, protein co-ordinate, while reaction is 

t In an "induced fit" (Koshland & Neet, 1968) type of model there may also be a "drag 
force" derived from a potential with a minimum at the active conformation. 
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introduced as boundary conditions or, more generally, as co-ordinate- 
dependent  rate coefficients ("diffusion perpendicular  to the reaction coor- 
dinate").  

Below is presented the simplest model of  this type: we solve the steady- 
state problem with the stochastic potential taken as zero and the two kinetic 
steps of  equation (1) introduced as boundary  conditions. As may be antici- 
pated, the initial rate has the same dependence on IS] as in equation (2). 
However, the constants involved are expected to have different dependence 
on solvent properties such as viscosity. For an enzyme and substrate locked 
together in the ES complex, there should be a considerable viscosity effect 
on the subsequent reaction step only if large conformational  changes are a 
prerequisite. This idea is developed below. In addition, the model can be 
easily extended to include more realistic potentials and rate coefficients, 
and to account for transient effects, when appropriate experimental data 
becomes available. 

Model 

Our model assumes that an enzyme has a continuous range of  structural 
conformations which we denote by x. x = 0 will represent the "inact ive" 
form to which binding occurs (but which is non-reactive), x = 1 will be the 
"act ive" form which can react (but not bind). Hence x will vary in the 
interval 0 to 1. Furthermore,  the enzyme can be either bound (b) or unbound 
(u). We denote the fractions of  bound and unbound enzyme molecules by 
fb and fu, respectively (fb +f~ = 1 ). In each of  the two cases the probability 
for a conformation between x and x+dx  is pb(x) dx or pu(x) dx, respec- 

I 1 
tively. Evidently fb = So pb(x) dx and f~ = So p,(x) dx. 

The basic assumption is that the x motion is random or "stochastic",  so 
that the time (t) evolution of  the probability distributions is governed by 
a diffusion equation (Chandrasekhar,  1943; Collins & Kimball, 1949) of  
the type 

@b/at = Db a2pb/ax 2 

ap. /a t  = D.  a2p./ax 2. 
(3) 

The "diffusion constants",  D b and Du, measure the rate of conformational  
change in the macromolecule,  and may be different for the bound and 
unbound states. Equation (3) represents only the simplest diffusion equation. 
The more general case includes also a "stochastic potential" whose (nega- 
tive) derivative is a "drag force" which will pull the system towards the 
conformation of  lowest energy. 
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In analogy to Michaelis-Menten,  we treat only the steady-state situation 

p'~(x) =0,  p~(x)  = 0  (4) 

so we drop the time dependence,  and replace partial by complete derivatives. 
Equations (4) are supplemented by boundary conditions, representing 

the binding and reactive processes (at x = 0  and 1, respectively). These 
boundary conditions (Collins & Kimball, 1949; Shoup & Szabo, 1982) set 
the values of  the flux, which is proportional to the first derivative of  the 
probability distribution. (It equals - D b p ~ ( x )  = D u p ' ( x )  at x = 0, 1. Equality 
is a consequence of  conserving total probability: whatever populat ion leaves 
the bound state must appear  as unbound and vice versa.) 

K 0 
K* I 

I I I | I I ! ! I 
0 x 

FIG. 1. A schematic representation of  the diffusion Michaelis-Menten scheme: A constant 
potential for 0 ~< x ~< 1, with boundary conditions represented as very narrow barriers. 

Referring to equation (1) and Fig. 1 we see that at x = 0 unbound enzymes 
bind substrates with (pseudo unimolecular) rate coefficients A[S], while 
bound enzymes release their substrate with a rate coefficient K0, hence, 

Dbp~(O) = Kopb(O) -- hp~(0)[S] = - D d " ( 0 ) .  (5a) 

At x = 1 there is reaction (followed by immediate product  release) with a 
rate coet~cient K l, hence 

Dbp't,( 1 ) = -K  tPb( 1 ) = -D, ,p"  ( 1 ). (5b) 

The solution to equation (4) is simply a linear function of  x 

pb(x)  = cb - j b x ,  p, , (x)  = c~, - j , , x  (6) 

with the four constants determined by the boundary  conditions (5) and 
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the total probability conservation 

fo l = f b + f u =  (pb+p , , )dx=cb+c , , - - ( jb+j , , ) / 2 .  (7) 

We are interested only in the answer for one of these constants, jb, since 
Dbjb = -- Dbp~ (1) is the steady-state reaction rate per unit enzyme concentra- 
tion. The desired solution is 

K,[S] 
Dbjb = K,, +[1 +/KI(Dbl Jr- D~')][S] (8) 

where 

AK,, = K0+ Kl + KoK1/Db. (9) 

A more general approach (Agmon & Hopfield, 1983) is to make the 
rate-coefficients continuously varying functions of x (instead of the delta- 
functions implied by the boundary conditions). This formulation would not 
be pursued here, since an analytic solution in this case is not possible, while 
most qualitative conclusions are expected to be similar to those discussed 
below. 

Discussion 

We have derived a generalization of the Michaelis-Menten steady-state 
reaction rate for a kinetic scheme where the intermediate can undergo 
continuous structural variations from its "inactive" to its "active" form. To 
arrive at these results we have used a description of free diffusion for the 
structural fluctuations with reaction described by the appropriate boundary 
conditions. 

The merit of the present model is that it is simple enough to carry out 
analytically, yet general enough to allow for conclusions. Our final result, 
equation (8), has the same dependence on the substrate concentration as 
the original Michaelis-Menten equation (2). Hence, if no other information 
on the constants involved is available, a measurement of the initial rate as 
a function of substrate concentration would not differentiate between the 
two results (Haldane, 1930; Laidler & Bunting, 1973). Since the protein is 
most likely to undergo conformational changes, the constants which one 
typically deduces from such a steady-state experiment, do not necessarily 
have the physical interpretation as suggested by equation (2). 

More elaborate kinetic methods are therefore needed in order to decipher 
the reaction mechanism. A possible extension of the steady-state method 
is to investigate the reaction in different solvent viscosities (Gavish & Werber, 
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1979; Debrunner  & Frauenfelder, 1982). Diffusion rate in solution is 
inversely proportional to viscosity, and so should be the association rate- 
constant ,~ (Kramers, 1940). In addition, the "diffusion constants" for 
protein motion, Du and Db, should also decrease with increasing viscosity, 
which hinders the macromolecular  motion. Such behavior has been observed 
in heme proteins (Beece et  al., 1980; Debrunner  & Frauenfelder, 1982). 

On the other hand the rate-coefficient K~ for reaction at the active site 
should be solvent independent.  This is true whenever solvent molecules are 
not directly attached to the active site, since K~ represents local motion at 
that site. The influence of  the solvent is indirect, by inducing large amplitude 
fluctuations in the enzyme (or substrate, if it protrudes into the solvent). 
These fluctuations determine the conformation x, but not Kt. 

As a result, we expect dit'[erent behavior from equations (2) and (8). The 
first predicts that the maximal rate obtained at large [S], V,, = K~[E], is 
viscosity independent t  while in equation (8) V,, is viscosity dependent.  
This is physically clear, since the larger the viscosity, the more hindered 
the protein motion. For large enough viscosities the protein conformational  
change becomes rate limiting, resulting in viscosity dependence of  Vm. 

Experimental test of  such predictions have been initiated by Gavish & 
Werber (1979). These experiments did find variations of V,. with viscosity, 
77, but they were not planned to determine the complete V,, (r/) dependence.  
According to equation (8) and assuming inverse proportionali ty between 
Db or D,  and r/, this dependence should be of the form 

V~,' (rT) = a + bn (10) 

where a and b are positive constants. 
Gavish & Werber (1979) have interpreted their results in terms of  Kramers '  

theory for diffusion along the reaction co-ordinate. This, as we have argued 
above, may not be a correct physical picture, especially when the active 
site is buried in the enzyme. In addition, assuming that equation (2) is valid 
with K~ given by Kramers'  inverse viscosity dependence,  results in equation 
(10) with a = 0 .  This is in contrast to our model which allows a ~ 0 ,  and 
should be checked experimentally. Such experiments could further unveil 
the role of  conformational  change in biological processes. 

I thank Dr H. Parnas for discussions. This work is supported in part by the 
Bat-Sheva de Rothschild Foundation. 

t The measurement should truly be of the initial time derivative of the concentration, so 
that each enzyme undergoes at most one cycle of activity and solvent effects on product 
separation need not be considered. 
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