Reprinted from Journal of Chemical Education, Vol. 65, Page 757,.September 1?88 .y
Copyright © 1988 by the Division of Chemical Education of the American Chemical Society, and reprinted by permission of
the copyright owner.

An Intuitive Approach to Steady-State Kinetics

Ronald T. Raines

University of California, San Francisco, CA 94143
David E. Hansen

Amherst College, Amherst, MA 01002

Deriving the exact rate equation for even the simplest of
kinetic systems can be a formidable task. If the steady-state
approximation is applicable, however, an accurate rate
equation can readily be obtained using linear algebra (1-3),
partition analysis (4), or graph theory (5, 6). Several previous
contributors to this Journal have discussed the validity of
the steady-state approximation and have applied it to vari-
ous kinetic systems (7-13). In this article, we attempt to
provide an intuitive understanding of steady-state kinetics
by considering some unusual, we hope enlightening, aspects
of this concept.

The Meaning of “Steady State”

Let us begin by defining “steady state”. An intermediate
is in steady state if its concentration does not change with
time. Consider the reaction

k, k.
A=2B—>C (1)
k |
where C is formed irreversibly from A via an intermediate, B.
Ineq 1, the rate constant k&, refers to the conversion of A to B,
and the rate constants k-; and k- relate to the conversion of
B to A and C, respectively.
Intermediate B is in steady state if its concentration is
constant. Mathematically, the change in the concentration
of B with time (d[B}/d¢) is given by

d[B]/dt = k,[A] = (k_; + k,)[B] (2

where the first term on the right-hand side describes the rate
at which B is formed and the second term describes the rate
at which B breaks down. If the concentration of B is con-
stant, then d[B]/d¢ = 0, and

ki[A] = (k_; + k) [B] 3

Although eq 3 is exactly true for merely an instant during the
reaction of eq 1, it can often be a good approximation
throughout the time course of the reaction (7, 10). Specifical-
ly, since the reaction begins in the absence of B, the concen-
tration of B will be most nearly constant if it remains small
throughout the time course of the reaction. According to eq
3, the concentration of B is small (i.e., [B] « [A]) if

k_ +hy»> k| (4)

where again the rate constants k_; and k; refer to the break-
down of B, while k; relates to the formation of B. The steady-
state approximation is therefore valid throughout the time
course of the reaction if the breakdown of the intermediate is
much faster than its formation.

11t has been said that time is what keeps everything from happen-
ing all at once. The abscissae of the free energy profiles in Figure 1
serve a similar purpose.

2 The rate constant, k;, for each step is related to the free energy
ditference, AG!, between the ground state and the transition state of
that step according to the expression, AGt = —RTn (k.h/k,T), where
ky, is the Boltzmann constant and h is the Planck constant.

Applying Free-Energy Profiles

A free-energy profile is a simple way to illustrate complex
kinetic and thermodynamic relationships, such as those dis-
cussed above (14). Notional free-energy profiles depicting
the six possible relationships between the rate constants of
eq 1 are shown in Figure 1. In each of these profiles, the
abscissa serves merely to depict the temporal mechanism of
the reaction, showing here that A is converted to B, and then
B is converted irreversibly to C.! The horizontal segments
plotted on the ordinate are the relative free energies of the
ground states of species A and species B, and of the transi-
tion states for the conversions of A to B and B to C.2 In which
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Figure. 1. Notional free-energy profiles illustrating the six possible relation-
ships between the rate constants of eq 1. The vertical arrows indicate the
largest total free energy barrier that must be traversed in each profile.
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of the profiles in Figure 1 is intermediate B in steady state?
Starting material A is more stable than B in profiles iii, iv,
and vi. The steady-state approximation is assuredly valid for
these profiles because the concentration of B will always be
less than that of A. On the other hand, B is more stable than
A in profiles i, ii, and v. Is the steady-state approximation
necessarily invalid for these profiles? We have demonstrated
that B is in steady state if eq 4 is obeyed. Although B is more
stable than A in profile v (i.e., k; > k_1), B does not accumu-
late in this profile because it is converted to C faster than it is
formed from A (i.e., k2 > k). Thus profile v illustrates an
important distinction: steady state is a kinetic, not a thermo-
dynamic, phenomenon. In profiles i and ii, however, B does
accumulate because its formation is faster than its break-
down. The steady-state approximation is invalid for the
energetics depicted in these two profiles.

Hlustrative Examples

We have discussed above the constraints on the concen-
tration of intermediate B for the steady-state approximation
to be valid for the reaction of eq 1. To illustrate these con-
straints, we now introduce several perturbations to eq 1 that
could potentially affect the concentration of B.

First, let us consider the influence of the isotopic composi-
tion of intermediate B on the rate equation of eq 1. Suppose
that an isotope (as indicated by a * superscript) is intro-
duced into the starting material of eq 1 such that

k, ko*

A* k<:’ B*—C (b)

=1

where the interconversion of A* and B* is unaffected by the
isotopic substitution, but the conversion of isotopically la-
beled B* to C is intrinsically more difficult than the conver-
sion of unlabeled B to C (i.e., ko* < k3).3 In which of the
profiles of Figure 1 will the isotopic substitution affect the
rate equation? For profiles i and ii, the answer depends on
how we monitor the reaction—by the disappearance of A, or
by the appearance of C. Since B accumulates in profiles i and
ii, the two processes are not equivalent, and the disappear-
ance of A is initially much faster than the appearance of C.
There is no isotope effect on the disappearance of A because
the isotopic substitution does not affect the conversion of A
to B. There is an isotope effect on the appearance of C,
however, because the isotopically sensitive transition state is
at the top of the largest free-energy barrier in the two pro-
files, as indicated by the vertical arrows of Figure 1.4

Intermediate B does not accumulate in profiles iii—vi, and
the disappearance of A coincides with the appearance of C.
In which of these four profiles does the isotopic substitution
affect the rate equation? In profiles iii and iv, the isotopical-
ly sensitive transition state is at the top of the largest free-
energy barrier. The isotopic substitution therefore alters the
rate equation in these two profiles, and the nature of the
steady-state intermediate, even though it does not accumu-
late, is important. In profiles v and vi, however, the largest
barrier on the pathway does not include the isotopically
sensitive transition state. Still, we must be careful because
ko* < ks, and the isotopic substitution increases the steady-
state concentration of B*. Nevertheless, as long as the condi-
tion for steady state maintains (now, k—; + k>* > k), B*
does not accumulate and the isotopic substitution does not
significantly alter the rate equations of profiles v and vi. By
this measure, the isotopic composition of B is irrelevant in
the energetics depicted by these two profiles.

In our next example, we consider a side reaction that
diverts B from the main reaction path of eq 1, siphoning it
off to form an otherwise inert species. For instance, suppose
that B is a base that interconverts rapidly (relative to its
conversion to both A and C) with a conjugate acid, BH*. Eq 1
then becomes
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i.a. ka[H*]> k-3 i.b. k3> kag[H*]

BH*C
B BH*

ii.a. ka[H*]> k.3 iii.b. k.3 > ka[H+]

A A

Figure 2. Expansion of free-energy profiles i and iii from Figure 1 to incorpo-
rate the rapid interconversion of B with a conjugate acid, BH*, as in eq 6. The
protonation of B is illustrated as an exothermic process (in i.a and iii.a) or an
endothermic process (in i.b and iii.b).

k, ky
A=2B—> (6)
k_y

T
BH*

Does the presence of BH™ alter the rate equation of eq 1?
The change in the concentration of B with time is now given
by

d[B]/d¢ = k[A] + k_4[BH"] — (k_, + k; + k3[H*])[B] (7

Since we have defined the acid-base equilibrium between
BH* and B to be rapid, k3[H*][B] = k—3[BH*], and eq 7
reduces to eq 2. The steady-state concentration of B is there-
fore identical for eq 1 and 6. Since the rate equation for the
reactions of both eq 1 and 6 is always given by

d[C]/d¢ = ky[B] 8

the presence of BH* has no steady-state kinetic conse-
quence.b

The formation of BH* diverts B from the main reaction
path in all of the profiles of Figure 1. This detour does not
affect the steady-state kinetics of profiles iii-vi because

3 For instance, an appropriate isotopic substitution will effectively
aiter only k; in the Michaelis—Menten mechanism of enzymatic catal-
ysis, in which k and k_ relate to the reversible binding of a substrate
to an enzyme, while k, refers to an irreversible chemical conversion
(15-17).

4 An isotope effect results primarily from the difference in zero-
point energies of the labeled and unlabeled ground states ( 18). For
simplicity, however, a kinetic isotope effect is best illustrated on a
free energy profile as a transition state effect.

5 This result is reminiscent of the Curtin—-Hammett principle (79—
21), which states that the ratio of products formed from conformation-
al isomers is independent of the conformer population ratio.



enough A is always available to replenish the supply of B
(given the constraint of rapid interconversion of B and
BH*). Thus, as shown in profiles iii.a and iii.b of Figure 2,
neither B nor BH* will accumulate to a concentration great-
er than that of A, regardless of the relative free energies of B
and BH*. The side reaction can, however, alter the rate
equation for profiles i and ii, where the steady-state approxi-
mation is invalid. Here, B accumulates during the reaction
course, and the relative free energies of B and BH* deter-
mine the magnitude of the effect on the kinetics of profiles i
and ii. For example, if the concentration of BH* becomes
larger than that of B as in profile i.a of Figure 2, the reaction
will be slowed markedly. On the other hand, if the concen-
tration of B is always greater than that of BH™ as in profile
i.b, the decrease in rate will be relatively small. In either
case, the side reaction makes the rate equations for these two
profiles pH dependent.

Finally, an analog of eq 6 occurs in enzymology. An “un-
competitive” inhibitor binds to an enzyme-substrate com-
plex ES but not to an unliganded enzyme E, as in the reac-
tion

k k,
E+S—ES—E+P ©
ko

kT H ko

ESI

where S is the substrate, P is the product, and I is an uncom-
petitive inhibitor (22). If only catalytic amounts of enzyme
are present, the concentration of unbound substrate will be
greater than that of the intermediate, ES complex, and the
steady-state approximation can be used to derive the rate
equation for the disappearance of S. Further, if the concen-
tration of S is subsaturating (i.e., [S] < Ky,), then the con-
centration of unliganded enzyme will also be greater than
that of the ES complex. Under these conditions, ES will not
accumulate with respect to either E or S, and the rate equa-
tion describing the formation of the product of eq 9 will not

be affected by diversion of the intermediate, here by the
action of an uncompetitive inhibitor. As above, this result is
due to the inabilty of a steady-state intermediate to accumu-
late. Of course, if the concentration of S is saturating (i.e., [S]
> K,,), then the ES complex accumulates relative to unli-
ganded enzyme, and the rate of product formation will de-
crease in the presence of an uncompetitive inhibitor.

The examples above illustrate that the proper interpreta-
tion of kinetic data requires a thorough understanding of
steady-state kinetics. Such an understanding is most pro-
found if it is intuitive, and we believe that free-energy pro-
files provide such an intuitive approach.
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