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Abstract—Various aspects of the kinetic behavior of the interaction between tight-binding ligands and
macromolecules have been examined. The relationships between 50 per cent inhibitory concentration
and dissociation constants of the complex are shown for various mechanisms of inhibition, and several
methods for the estimation of very low K; values are presented. The properties of the Ackermann—Potter
plot are examined, and precautions are offered for the usage of the term stoichiometric or titrating
inhibition. Both association and dissociation processes between a tight binder and a macromolecule
are slow under ordinary laboratory conditions. and steady state rate equations are not applicable.
In the presence of a tight-binding inhibitor, the initial velocity of an enzymic reaction depends on
the order of addition of the components, and the extent of lag period can be used for the calculation
of the rate constant for the slowest step and for diagnosis of the inhibition mechanism. It is also
pointed out that the Lineweaver-Burk analysis of competition between two ligands may lead to
erroneous conclusions unless the slope of the plot is carefully examined.

Compounds that bind tightly to macromolecules,
such as enzymes, drug or hormone receptors or car-
rier proteins, are often valuable as drugs or as
research tools. Since Straus and Goldstein |17 and
Goldstein [2] dealt with the effect of binding on the
depletion of free inhibitors, many authors have consi-
dered the kinetics of tight-binders from various points
of view [1-11]. Morrison [9] derived the steady state
rate equations for multi-substrate reactions in the
presence of tight-binding inhibitors, and showed that
the usual double reciprocal plot by the method of
Lineweaver and Burk is non-linear. Because of this
non-linearity, the analysis of kinetic data by conven-
tional methods is complicated. Henderson [11] pre-
sented a linear equation that describes the steady
state kinetics of enzymes with tight-binding inhibitors,
and more recently Cheng and Prusoff [12] and Chou
[13] analyzed independently the relationship between
Iso (50 per cent inhibitory concentration of an inhibi-
tor) and the inhibition constants for various enzymic
reaction mechanisms.

The significance of I5,, the time-course of inhibited
reactions, the theoretical bases for determining low
dissociation constants and some kinetic problems that
may be encountered in the study of high affinity sub-
stances that bind tightly to non-enzymic proteins,
such as receptors, are described in this paper.

THEORY

Symbols and definitions

E: enzyme or other macromolecule, or
the molar concentration (or molar
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equivalent in the case of multivalent
enzyme) of the free form (i.e. unbound
to substrate or inhibitor).

total enzyme (or macromolecule) con-
centration (M or molar equivalent).
total enzyme concentration at which
50 per cent of the total inhibitor is
in the bound form.

inhibitor (or ligand), or its con-
centration.

total inhibitor concentration, i.e. sum
of free and bound inhibitor con-
centration.

total inhibitor concentration at which
the enzyme reaction velocity is 50 per
cent of the uninhibited reaction.

the parenthesis is used to denote the
molar (or equivalent) concentration
only when ambiguitiecs may arise.
enzyme reaction velocity, Michaelis
constant, and maximal velocity re-
spectively.

ki, k,, etc. are the first- or second-
order rate constants. Odd and even
number subscripts are assigned for
the forward and backward rate con-
stants respectively.

an exponential decay constant defined
for each individual case.

enzyme reaction velocity in the
absence of inhibitor, in the presence
of inhibitor, at zero time, and at
steady state respectively. These sym-
bols are used only when distinction
is necessary.

inhibition constant or the dissociation
constant of EI complex (even when
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E is not an enzyme). For complicated
inhibition mechanisms, the definitions
are presented individually.

i K inhibition constants estimated from
the slope and the intercept of a
Lineweaver—Burk plot as defined by
Cleland [14]; dissociation constants
of EI and ESI (or EIS) complexes re-
spectively. Replaced by K; when the
distinction between K, and K; is un-
necessary.

The terminology of Cleland [14] was employed for
inhibition mechanisms. Competitive and uncompeti-
tive inhibitions were treated as limiting cases of non-
competitive inhibition where K;; = « and K;; = %
respectively. Thus. ‘non-competitive inhibition’ and
‘mixed inhibition’ as defined by Dixon and Webb
[15] correspond to non-competitive inhibition where
K, = K;; and K;, < K;; respectively.

Steady state rate equation and s,

For simple mechanisms of inhibition, Henderson
[11] has derived a linear steady state rate equation,
based on steady state assumptions, which accounts
for the depletion of both free enzyme and free inhibi-
tor by binding. A general non-competitive inhibition
mechanism may be represented as:

/(m k:l,
£S ——»= £+ P

S

E1—==F5S/

The symbol K; is used for inhibition constant where
distinction between K, and K; is unnecessary, €.g.
when Ky = K;;, K;; = %, or K;; = =.

The generalized inhibition equation presented by
Henderson, which accounts for the depletion of free
inhibitor by binding, may be written as:

I S+ K Vo
. _E AR
2 ot K, S ; 2)
- ) ST
( oy K, K

A plot of I/(1 — v,/v,) Vs vo/v; (Henderson plot) yields
a straight line.

In the special case of competitive inhibition, K
may be regarded as infinite, and K; may be replaced
for K;,. Therefore, the Henderson plot yields:

S
Slope = K,»(l + F) and intercept = E, (3)

m

For the classical non-competitive inhibition, where
K, equals K;;, and both may be replaced by K,, the
plot yields:

Slope = K;

It should be pointed out that the Henderson equation
for the classical non-competitive inhibition (Eq. 4) is
identical to that of Easson and Stedman [16]. For
uncompetitive inhibition, where K;; = », and K; =
K;;, the plot yields:

and intercept = E, 4

7

K
Slope = K,-(l + ?"'> and intercept = E, (5)
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Henderson has proposed the use of equation 2 for
estimating E, and the inhibition constants, as well as
for distinguishing the type of inhibition. In the field
of pharmacology, however. the parameter [, has
been extensively used for the analyses of structure—
activity relationships and for comparative studies of
enzymes, €.g. measurement of the relative potency of
folate analogs as inhibitors of dihydrofolate reduc-
tases from various species [17, 18]. Detailed analyses
of I, for the cases where the depletion of free inhibi-
tor due to binding to enzyme is negligible were pub-
lished recently by Cheng and Prusoff [12] and by
Chou [13]. The equations derived by those authors
have now been extended to accommodate tight-bind-
ing inhibitors.

From equations 2- 5 it follows that

S+ K .\
Iso = 3E, + 2F B Non-competitive (6)
T g
Ki Ky
) S "
Iso = GE, + K) + {;L Competitive (7
KK ... ]
Iso = GE, + K)) + »Jgﬂ Uncompetitive (8)
Iso =3E, + K; Non-competitive (9)
where K;; = K;

Note that these equations can be readily derived from
the Henderson equation (equation 2) and that they
are identical with those derived by others [12-13]
except for the additional term (3E,), which accounts
for the depletion of free inhibitor by binding. By the
use of these equations, one may distinguish among
different types of inhibition and estimate K; and E,
by determining I, values at several levels of S and
E,. Although they do not offer any intrinsic advan-
tages over the equation of Henderson, the above
equations can be helpful in the evaluation of data
published in terms of I5,. Graphical analyses of equa-
tions 6-9 are simple. For competitive inhibition, the
plot of I, against S gives a straight line with the
I5o-intercept of 3E, + K;) and a slope equal to K/K,,
according to equation 7. Determination of such inter-
cepts at two or more levels of E, will provide K; and
E,. For uncompetitive inhibition (equation 8), a simi-
lar analysis can be performed with plots of I, against
1/S. For the classical non-competitive inhibition, 15,
is independent of the substrate concentration (equa-
tion 9). The plot of I, against S for non-competitive
inhibition (equation 6) is non-linear. I, may be deter-
mined easily by either a plot of v,/v, against I, or
a plot of vy/v; against I,.

As will be presented in detail below, the usage of
equations derived on the basis of steady state assump-
tions (e.g. equations 2, 6-9) can be grossly inadequate
in the study of tight-binders, because steady state con-
ditions may not be reached between the enzyme, the
fast-reacting substrate and the slow-reacting inhibitor.
In fact, if the enzyme is preincubated with a tight-
binding inhibitor, the observed I, values are inde-
pendent of the substrate concentration regardless of
the inthibition mechanism. Thus, equation 9 becomes
applicable for all inhibition mechanisms.
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Determination of low dissociation constants from Es,

The determination of enzymic activity of I, in the
presence of a tight-binding inhibitor is essentially a
measurement of the concentration of unbound free
enzyme. However, occasionally it is more convenient
to determine the bound or unbound ligand rather
than the enzymic activity. This is especially true when
the molecules under study are not enzymes, e.g. bind-
ing of a hormone to a receptor protein. When a
ligand binds tightly to a macromolecule which may
or may not be an enzyme, it may be possible, through
methods such as gel filtration or adsorption, to separ-
ate the complex from the free ligand without signifi-
cant loss by dissociation during the isolation pro-
cedure. Sometimes, the concentration of free ligand
or complex may be determined by differences in light
absorption or fluorescence, e.g. the determination of
the concentration of the complex formed between glu-
tamate aspartate transaminase and erythro-f-hyd-
roxy-L-aspartate as described by Jenkins [19]. When
one measures changes in the free ligand con-
centrations, the dissociation constant can be esti-
mated by determining Es, at different concentrations
of I, according to the following equation.

Eso=K;+ I)2 (10)
where K; is the dissociation constant of EI complex.
Equation 10 is formally identical to that of Jenkins
[19]. A plot of E5, against I, gives K; as the intercept
on the E;g-axis and the extension of the straight line
intersects the I,-axis at —2K,;. When the molar equiv-
alent concentration of E is not known, it may be
determined from the I,-intercept. It is obvious that
this method will be useful and accurate only when
both E, and I, are of the same order of magnitude
as K,

Estimation of K, from the Lineweaver—Burk plot

Occasionally the concentration of the EI complex
can be measured in the absence of substrate, e.g. by
physical isolation of isotopically labeled inhibitors
bound to the macromolecule, or by measuring the
difference in the light absorption spectrum or fluor-
escence. Under such circumstances, the concentrations
of the EI complex at equilibrium at various values
of I, may be used for the determination of K, The
saturation equation is:

(ED=3K; + I, + E, — J[(K; + I, + E}’ — 41E])
(11)
The double reciprocal plot (1/EI vs 1/1,) of this equa-

tion s a concave upward hyperbola (equations 5, 9),
which has an asymptote:

- 1 K. /1 1
) e
t Ki
This asymptote intersects the 1/(El)-axis and 1/I,-axis

at l/E(1 + E/K}) and —1/K (1 + E,/K))? respectively
[5]. If we define K{l + E,/K,)? as appK;:
appK; = \//Ki + Er/\/’/”Ki (13)

Therefore, a plot of \/appK; vs E, yields \/'/K,» from
the intercept on the |/appK;-axis.
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Ackermann—Potter plot and stoichiometric binding

The steady state rate equation for simple competi-
tive inhibition which accounts for depletion of free
inhibitor [9, 20] may be written as:

S
“srst | () s
" /([x( Lt Ki> . E,]Z - 41,Et)} (149

where kj is the first-order rate constant for the reac-
tion, ES— E + P. If the value of S is much greater
than K,,, this equation becomes identical to that de-
rived by Ackermann and Potter [20].

k[ (KS
=S5 n-5)

+ \/{(I:('—S + 1, + E,)Z - 41,E,}] (15)

The plot of v against E, at various levels of I,, known
as the Ackermann-Potter plot [20], is often used to
demonstrate the so-called pseudo-irreversible, titrat-
ing or stoichiometric inhibition. The usual experimen-
tal procedure is to preincubate various amounts of
enzyme with the inhibitor for a sufficiently long
period of time, then to assay an aliquot of the mixture
for enzymic activity at a given concentration of the
substrate. Under these experimental conditions, the
enzyme in the form of EI complex would not contrib-
ute to the observed enzymic reaction velocity because
of the slow dissociation of the EI complex. Therefore,
the above steady state equations (equations 14 and
15) do not hold. Instead, a rate equation more suit-
able for the experimental conditions is:
S K+ 1,—E
v AK, + 5) [—(K;+ I J

+ \//:(Ki + 11 + Et)z - 41,E,}]

1)

(16)

As illustrated in Fig. 1, the plot of v against E,
at various levels of I, according to equation 16 is
a curve having an asymptote (a linear portion) de-
scribed by the following equation:

oo kS N\ _ kalsS
K,+S/ " K.+8§

This asymptote intersects the E,-axis at E, = I, and
the v-axis at v = —k3I,S/(K,, + S). As noted by Ack-
ermann and Potter [20], since I, S and K,, are
usually known values, the slope or intercept permits
ready evaluation of the catalytic number, k; and the
molar equivalency of E, If the assay is performed
at a substrate concentration much greater than K,
the slope and intercept of the plot of v vs E, reduce
to k3 and ksl,, respectively, thus simplifying the
evaluation of the molar equivalency of E, and k.
Equation 16 indicates that the velocity is not zero
in the presence of a stoichiometric amount of inhibi-
tor; therefore, the term ‘titrating inhibitor’ must be
used with caution. Figure 2 illustrates that a tight-
binding inhibitor resembles a titrating inhibitor only
when the concentration of E, is very high compared

(17
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Fig. 1. Schematic illustration of Ackermann-Potter plot
according to equation 16.

to K; or when E, is much greater than I, In fact,
the fraction of inhibitor bound to the enzyme cannot
exceed E/(K;+ E,). This means that if the enzyme
concentration is at the K; value, the enzyme cannot
bind more than 50 per cent of inhibitor, and that.
for an inhibitor to be regarded as ‘stoichiometric’, the
K, value must be much lower than the enzyme con-
centration., Therefore, in interpreting reactions of
tight-binding inhibittors in vive, one should not
assume stoichiometric titration of the enzyme unless
the local concentration of the enzyme is known to
be much greater than K; and the inhibitor con-
centration, or that the binding is truly irreversible as
occurs with covalent binding, €.g. the inactivation of
acetylcholinesterase by an alkylphosphate inhibitor.

General consideration of reaction rate with tight-
binders

Consider the binding of a compound, I, to a macro-
molecule, E,

(18)

E+l="=EI

When the binding is very tight, in other words
when K, ie. k,/k,, is very small (eg. less than
1079 M), it follows that both the dissociation and as-
sociation reactions are very slow under the conditions
commonly used for enzymic assays for the following
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Fig. 2. Calculated values of per cent inhibitor bound at

equilibrium at various concentrations of the enzyme and

inhibitor. The values of (EI) /I, were calculated as a func-
tion of E,/K,; according to equation 1.
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reasons. K; will be very small when k, is very small
or k, is very large; but k,, the second-order rate con-
stant, has its inherent upper limit set by the diffusion
rates of the interacting molecules. Mahler and Cordes
[21] listed k, values for 31 pairs of enzymes and sub-
strates, which range from 12 x 10* to 10°M™!
sec™ !, whereas the values of k, have the much wider
range of 107* to 45 x 10*sec™'. To illustrate the
significance of these parameters, let us consider a
hypothetical enzyme with a tight-binding inhibitor
having the kinetic parameters:

ki =10"M "' sec™ !, and K; = 107 1°M.
Then

ky = (Kpk, = 1071°M) x 107(M " 'sec™!)

= 10" 3sec™! (19)

Therefore, the half-time (T,,;) for dissociation is
0-693/k, or 11-6 min.

On the other hand, the rate of association reaction
is k,(INE), a second-order reaction with regard to (E).
However, if (I,) is much larger than (E;) throughout
the reaction, (I) does not differ very much from (1,);
therefore, k (I} ~ k,(I,). Thus, the association reaction
may be considered as pseudo-first-order with regard
to E with a rate constant of k,(I,). In the above
example, assume (1) is 10 M, ten times greater than
K, and that (E,) is in the order of K; or less. Then,
the pseudo-first-order rate constant may be calculated
as:

kyI) =107 (M 'sec™) x 1079(M) =10"2sec !
{20)

Therefore, the half-time for association is 1-2min.
Since k,(I,) > k,, initially the reaction resembles irre-
versible binding, and the concentration of E changes
according to

k
E=E.e?t" or log(k)=loglE) — 537t

Therefore, in a plot of log(E) vs time, the pseudo-first-
order velocity constant k(I,) is readily determined
from the slope, i.e. —k¢(I,)/2-3. On the other hand,
k, may be estimated by calculation from known
values of K; and k, as in equation 16 or experimen-
tally by isolating highly concentrated EI complex free
of I followed by sufficient dilution to permit deter-
mination of free E as it is liberated from EI. If suffi-
cient dilution to minimize the re-formation of EI by
the forward reaction is not practical, it may be poss-
ible to “trap™ or to remove free [ as it is released
from EI, c.g. by adsorption of I on charcoal, or to
“trap” E in the form of an ES complex by the addi-
tion of excess substrate. When a tight-binding inhibi-
tor is studied. its concentration is of necessity kept
low so that the ratios of I/K; and S/K,, are of the
same order of magnitude. Otherwise the degree of
inhibition is too little or too much for study. Under
such circumstances, as the above hypothetical
example illustrates, both the association and dissocia-
tion processes between E and [ are very slow in com-
parison to ordinary enzyme-substratc interactions
which usually take place within a fraction of a second.
Therefore, it becomes apparent that in the presence
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of tight-binding inhibitors at a very low con-
centration, the reaction between the substrate and
enzyme may be at the steady state, but that between
the enzyme and inhibitor may be still at a pre-steady
state (or transient phase) even after the substrate is
almost completely depleted. Therefore, the ordinary
steady state rate equations become grossly inadequate
to describe these reactions. On the basis of these argu-
ments, the time-course of enzymic reactions in the
presence of a tight-binding inhibitor will be examined
in the following section.

Time-course of enzymic reaction in the presence of
tight-binding competitive or non-competitive inhibitor

Frieden [22] pointed out that a lag period should
be observed in an enzymic reaction if the free enzyme
undergoes a slow conformational change and if the
equilibrium favors the less active form. He termed
this phenomenon the hysteretic property. A similar
phenomenon can take place with tight-binding inhibi-
tors as will be shown below. Although such pheno-
mena should occur regardless of the inhibition
mechanism, only a few simple types of inhibition will
be dealt with for the sake of mathematical simplicity.
In addition to classical competitive inhibition, two
other competitive mechanisms involving conforma-
tional changes of either the free enzyme or the EJ
complex as well as the non-competitive mechanism
will be considered.

Mechanism A, competitive inhibition

kS ks
Ed——=FS—/——=F
K, ko P 5
2
rst|| 4 (22)
-— (slow)
&/

Mechanism B, competitive inhibition with conforma-
tional change of EI complex

S P

E,.—_‘ES;“s—EE

ky ky P
ks’j r e (23)
K
E/‘___—k—‘E/'
8 (slow)

Mechanism C, Monod-Wyman-Changeux-type com-
petitive inhibition

kS ks

E,—‘———‘ES‘—;—T,—E

Ir2 a
ks||ke

’ k. 7/ ’ (24)
E——>=FI/

g >

Mechanism D, non-competitive inhibition

{slow)

kS ks
~—£
k2

3
ko P
ks kil

E’/J 4o (25)
(slow) kgS
134

(slow)

10
In all cases, I is assumed to be a tight-binding in-
hibitor. In mechanism A, according to the argument
developed above, kI and k. are much smaller than
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kS and k,. Therefore, a near approach to steady state
is achieved much more quickly between E and ES
than between E and EI. In mechanism B, ksI and
k, may not be very different from k,;S and k,, but
I is a tight binder by virtue of EI undergoing to
a slow conformational change to EI' with the equilib-
rium constant strongly favoring the formation of EI’.
In mechanism C, it is assumed that the enzyme exists
m two forms, an active form E and an inactive form
E', that I is accessible only to E” and that the equilib-
rium between EI and EI' lies far toward EI'. This
mechanism is the simplest example of the Monod et
al. [23] inhibition model. In mechanism D, which is
a general non-competitive inhibition, both the associ-
ation and dissociation of the inhibitor are assumed
to be very slow compared to the reactions of the sub-
strate.

In a series of papers, Hijazi and Laidler [24-27]
derived non-steady state (or transient phase) rate
equations for enzymic reactions in the presence or
absence of an activator or an inhibitor. Vassent [28]
also examined extensively the time dependence of
ligand binding. However, the transient phase rate
equations for enzymic reactions in the presence of
a tight-binding inhibitor become much simpler than
those derived by these authors, if an assumption is
made that a steady state between E and S and a non-
steady state between E and I exist according to the
arguments developed above. For the sake of mathe-
matical simplicity, a further assumption will be made
that depletion of the free inhibitor by binding is neg-
ligible, which may or may not be true depending on
the relative magnitudes of (I,), (E,) and K, Under
these assumptions, a time-dependent rate equation for
mechanism A may be derived as follows:

E+ ES+ EI=E, (26)
(SNE) — K,(ES) =0 @7
d(E) K, dES)
—ks(INE) + kg(El) = ——=""—""- (2
sUNE) + ke(ED) - s o
Solution of these simultaneous equations yields:
V=10 + [U: - Us:'eﬁk'l (29)

where k' = ko(1 + I/K; + S/K,,), K; = ke/ks, K,, =
(ky + k3)/ky, vy = velocity at overall steady state and
v, = initial velocity. This equation is identical to that
derived by Frieden [22] for hysteretic enzymic reac-
tions except for the expression of k'. The same equa-
tion may also be derived for other mechanisms except
that the significance of k' is different, as shown in
Table 1.

In all four mechanisms, if an overall steady state
is ever reached before significant depletion of the sub-
strate takes place, the steady state rate (v,) is the same
regardless of the order of addition of the reaction
components, and double reciprocal plots should give
the classical competitive inhibition pattern for
mechanisms A, B, and C, and the non-competitive
pattern for mechanism D.

For mechanisms A, B and C,

) S
Ko 30)
s 1.3 (
* Ki * Km
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Table 1. Comparison of different competitive and non-competitive inhibition mechanisms

Mechanism A -, Mechanism B

Mechanism C Mechanism D

Assumptions K, » K; K. » K, K. > K, K, > K,
ky » ke ky » k, ky > ke » ks ky > ke, ky > kg
kyS > ksl ky > kg kiS > kol kS > kol
Definitions
K, (ky + kq)k, (ky + k3)/k, (ky + k3)ks + ko)kike K, = (ks + ka)ky,
Ko = kyotke
K; kofks kekg/ks(ks + kg) (ks + kekg/ksks Kis = ke/kso Ky = kgiks
k8<l + L + S—) kg(k5+kb)<l+’{'+‘§"> <k;+k—7§>l ke+k i
y < 1 s) K, K, ; K, K, UK, TR K
k ko[ 1+ —+ —
K K, ksl ks LS S
ke K. m
Diagnostic plots
k'vs S Linear Linear Linear Hyperbola
k'vs 1 Linear Hyperbola Linear Linear
and for mechanism D Unlike the classical non-competitive inhibition, the
S intercept of the double reciprocal plot of equation
Vf 33 is not a linear function of I,. A plot of the intercept
v - (31) vs I, is a hyperbola with an asymptote which fits the

In contrast to this, however, the initial velocity, v,
would be the same as the uninhibited reaction if the
reaction is started with the enzyme, because no sig-
nificant amount of EI would have been formed in-
itially. Therefore:

- (32)

However, if the enzyme is preincubated with the in-
hibitor before the addition of the substrate, the reac-
tion velocity observed will be due to the unbound
free enzyme alone and any contribution by enzymes
in the EI complex to the reaction velocity would be
negligible initially, because the rate of dissociation of
the EI complex is too slow. Therefore, the inhibitor
would appear to have completely inactivated a certain
fraction of enzyme. Thus, the double reciprocal plot
would yield a family of straight lines that intersect
at one point on the 1/S-axis. This pattern would
resemble that of classical non-competitive inhibition
as defined by Dixon and Webb [15]. However, close
examination of these double reciprocal plots will
reveal a fundamental difference. The initial velocity
when the enzyme and inhibitor are equilibrated
before the addition of substrate, with the depletion
of free inhibitor taken into account, can be shown
as follows:

S
V—
K
P2 —

) (Ki + I, - E+ JUK;+ I, + E) — 4I,E,])

2K,
()
K, (33)

m

equation, intercept = I,/K;V + (K; — E)JK,V, and m-
tersects the I-axis at E, — K, Therefore. unless
E, < K,, at least two such [-intercepts representing
different levels of E, are required for the estimation
of K. In order to obtain a meaningful I-intercept
of the asymptote of the hyperbola on the replot, a
large number of experimental points covering a suffi-
ciently wide range of values of [, is also required.
A plot of the I-intercepts against I, is a straight line
intersecting the I-intercept-axis at —K; and E -axis
at K, enabling the estimation of both K; and the
molar equivalency of E,.

Determination of k' and differentiation of mechanisms

Integration of equation 29 permits evaluation of
formation of the reaction product, P. as a function
of time.

1 ,
P=oi— g, — o)l - e kY (34)

As illustrated in Fig. 3, a concave upward curve will
be obtained if the enzyme is preincubated with the
inhibitor and the reaction is started by adding the
substrate (curve A). Conversely a concave downward
curve is seen when the reaction is started by adding
the enzyme (curve B). If one extends the linear portion
of curve A in Fig. 4 to the t-axis, and that of curve
B to the P-axis, the intercepts 1, and =, have the
following expressions:

vg— b

1 v, — v,
Tp = e =

———— therefore k'= —
vk Ty Uy

(35)

1
therefore k' = —(v. — vy
o

(36)

From these equations, k' can be determined experi-
mentally. Note that v_ in curve B is equal to v,. the
uninhibited velocity.
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Fig. 3. Schematic illustration of lag periods in the rate
of formation of product in an enzymatic reaction in the
presence of a tight-binding inhibitor according to equation
34. Curve A, reaction curve for the case where the enzyme
is preincubated with the inhibitor and the reaction is
started with addition of the substrate; curve B, the reaction
is started by adding the enzyme in the mixture containing
both the substrate and inhibitor; and curve C, the control
in the absence of the inhibitor.

Theoretically, the value of k' can also be deter-
mined from a single dynamic assay of the reaction
velocity by the use of a plot of the logarithmic form
of equation 29.

v—-v, —kt
v. — vy 230
As can be seen from the expression of k' in Table
1, some of the different mechanisms can be dis-
tinguished from the plot of k' vs S and that of k'
vs I. It must be pointed out that the significance of
k' listed in Table 1 holds true only when the depletion
of free inhibitor by binding is negligible. Therefore,
for this approach to be valid, the enzyme con-
centration must be an order of magnitude or more
lower than the inhibitor concentration, which in turn
must be kept sufficiently low with regard to K; so
that the enzyme is not completely inhibited (see Fig.
2). Furthermore, the value of v, is required for esti-
mating the value of k', but if K; is very low, a steady
state between the inhibitor and enzyme may not be
attained before a significant amount of the substrate
is converted to the product, so that one may not be
able to measure meaningful v, Because of these limi-
tations, this non-steady state approach measuring k'

log (37
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Fig. 4. Graphical method for estimating K, and K;; for
the hyperbolic compeitive inhibition (equation 40).
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diminishes in usefulness if K; is much lower than the
optimal concentration of the enzyme for assay.

Competition between two ligands

When two ligands A and I (not necessarily tight-
binders) bind to a macromolecule E (not necessarily
an enzyme), and if the same EAI complex is formed
regardless of the order of addition of 4 and I, the
general reaction scheme may be written as follows:

K,

a
E<—=FA

P

El—=Fa/

% o8)

where K, K|, K, and K;; are the dissociation con-
stants of the individual steps. In the classical type
of competition, K, and K;; are considered as infinite,
so that EAI is never formed. If the assay method
employed permits the determination of the sum of
EA and EAI but not the individual species, and if
A and I are in the great excess of E, so that depletions
by binding can be neglected, a generalized equation
may be derived for scheme 38 by a previously pub-
lished procedure [14].

Abouud _ EA + EAI
E, E+EA+EI+ EAl
A < N I >
K K,
— a it 1 (39)
I+ —+ {14+ —
KT K,,< " K,,>
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This equation indicates that even when A and I are
non-competitive in the classical sense, the double reci-
procal plot (1/Ay.,ng Vs 1/4) will give an apparent
competitive pattern, ie. lines intersecting on the y-
axis. However, in such a case a plot of slope vs (1)
gives a hyperbola rather than a straight line. In the
case of true competitive inhibition of the binding,
K = o, therefore, a plot of slope (of the Line-
weaver-Burk plot) vs (I') will yield a straight line with
v- and x-intercepts at 1/E, and — K respectively.
Both values of K;, and K;; can be estimated accord-
ing to the procedure suggested by Cleland [14]. From

equation 40:
(
Kl +—
a( +Ki5>

(i )
Slepe,

= R (K (42
Slope; — Slope,  K;; — K (D )

where Slope, is the slope of the straight line on the

Slope = (41)y

Therefore,
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Lineweaver—Burk plot for I = 0, and Slope; is that
for I #0. K;; and K;; can be estimated as shown
in Fig. 4. Then the value of K| can be calculated
from known value of K, and the thermodynamic rela-
tionship, K K;; = K/ K,

DISCUSSION

Elucidation of the mechanisms of inhibitions and
determination of the dissociation constants of various
macromolecule-ligand complexes are subjects of
major interest to many investigators in the field of
enzymology and biochemical pharmacology. Fre-
quently the inhibitors (or ligands) that bind tightly
to enzymes (or other macromolecules) are important
as drugs or as research tools. Recognizing the need
for theoretical bases for understanding the behavior
of tight-binding ligands, investigators such as Morri-
son [9] and Henderson [11] have attempted to de-
scribe the kinetic behavior of tight-binding inhibitors
in terms of steady state equations. In the present
paper, arguments are presented that the time-honored
steady state approach often is not applicable to inhi-
bitors that bind to enzymes very tightly. One might
consider use of the non-steady state rate equations
such as those derived by Hijazi and Laidler [24-27)
or by Vassent [28]. Unfortunately, these rate equa-
tions are so complicated that investigators who do
not specialize in enzyme kinetics may find the usage
of those equations difficult. One of the themes devel-
oped in the present work is that a steady statc can
be assumed for the reactions between the enzyme and
the substrate, but not between the enzyme and a
tight-binding inhibitor. Rate cquations derived for
such situations may be of greater practical value than
the complete non-steady state equations because they
are sufficiently accurate to describe most systems and
are simpler to apply than the latter. This partial
steady state and partial non-steady state approach to
the problem of understanding the kinetic behavior of
tight-binding ligands may be considered as a logical
extension of the partial equilibrium and partial steady
state approach which has been successfully applied
to the derivation of enzyme rate equations for compli-
cated reaction mechanisms by this author [29].

When a tight-binder is being studied, two facts
must be considered. First, the depletion of free ligand
by binding cannot be ignored. Second, both the as-
sociation and dissociation reactions may be so slow
that classical steady state enzyme kinetics may not
be applicable. If the dissociation constant is not too
low, ie. roughly 1077 M or higher, the reaction sys-
tem may be studied under near steady state condi-
tions. If the enzyme concentration is in the same
order of magnitude as the inhibitor concentration,
however, even when the system is under quasi-steady
state conditions, the classical rate equations for steady
state cannot be used. In such cases. the depletion of
both free enzyme and free inhibitor must be taken
into account through use of one of the several equa-
tions presented above, equations 2 13.

If a ligand is a tight-binder with a very low disso-
ciation constant (10"°M or less), the steady state
kinetics may not be applicable. For instance, suppose
a reaction is started by adding the enzyme to the
reaction mixture that contains both the substrate and
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a low concentration of a potent inhibitor. A signifi-
cant amount of substrate may be converted to the
product long before steady state conditions are
reached between the enzyme and inhibitor. Even if
depletion of the substrate is not significant, the degree
of inhibition is notably time dependent, ie. the reac-
tion velocity decreases gradually as the concentration
of the enzyme-inhibitor complex increases. In such
cases, the term “initial velocity’ becomes meaningless.
If one adheres to the classical concept of the initial
velocity of inhibited reactions, and measures ‘initial
velocity' in some arbitrary way, ¢.g. the amount of
substrate which disappears in the first 2 min and then
tries to analyze the data by a double reciprocal plot,
not only do many data appear uninterpretable, but
also any conclusions drawn from these data may be
erroneous. In any case, it will be difficult, if not im-
possible, to cvaluate correctly the inhibition
mechanism.

On the other hand, if the enzyme is preincubated
for a sufficient time with the inhibitor, and the reac-
tion is started by addition of the substrate, one, in
fact. measures the amount of free enzyme that
remains at the end of the preincubation period.
Therefore, a plot of reciprocal of the initial velocity
against reciprocal of the substrate concentration
would yield a pattern in which all lines intersect at
onc point on the 1/S-axis. a result which could be
erroncously interpreted as classical ‘non-competitive’
inhibition. Furthermore, the replot of intercept vs I,
would be a hyperbola instead of linear. and a different
replot would be obtained when different amounts of
the enzymes were used. Therefore, the mode of inhibi-
tion or value of K; cannot be determined by this
mcthod.

Thus. it is difficult to determine whether a tight-
binding inhibitor is competitive or non-competitive.
If quasi-steady state conditions can be established
between the inhibitor and the enzyme, the Henderson
equation (equation 2) or equations 6-9 may be used
effectively, and analysis of the transient phase (or non-
steady state phase) (equation 29 and Table 1) may
provide additional information with regard to the rate
constants of the slow reaction steps. However, if the
duration of the transient phase between the inhibitor
and the enzyme is too long, none of the steady state
rate equations becomes applicable. A practical test
for the applicability of the transient phase analysis
according to equation 29 and Table 1 is to carry out
three assays: the first without inhibitor; the second
in the presence of the inhibitor, with the reaction
started by addition of the enzyme:; and the third in
which the reaction is started by addition of the sub-
strate to the preincubated mixture of enzyme and in-
hibitor. If the steady state velocity (v, in Fig. 3) is
reached before the depletion of a significant amount
of the substrate, the transient phase analysis may be
used to cvaluate the value of k' (equation 26) and
to determine the inhibition mechanism from k" values.

If the transient phase analysis is not applicable, the
dissociation constant can be best estimated under
equilibrium conditions by incubating the enzyme with
the inhibitor in the presence of substrate for a suffi-
ciently long period of time. Then I, (equation 9),
E, (equation 10) or apparent K; (equation 13) can
be used for estimation of the dissociation constant
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of the EI complex. Although determination of inhibi-
tion mechanisms and inhibition constants is more dif-
ficult for a tight-binding inhibitor than for a readily
equilibrating inhibitor, because of a favorable time
factor, the first- and second-order rate constants can
be estimated directly for a tight-binder without the
need of sophisticated instrumentation such as a
stopped-flow apparatus.

Throughout the present paper, it was assumed that
the enzymic reaction was a one-substrate—one-prod-
uct reaction, and that the dissociation of ES complex
to E and P was irreversible. These assumptions are.
of course, incorrect for most enzymic reactions, How-
ever, just as the Michaelis-Menten theory is applic-
able to so many more complex enzyme mechanisms.
the above theoretical considerations will hold as long
as the reaction velocity as a function of substrate con-
centration follows the Michaelis-Menten kinetics. For
instance, in the case of a multisubstrate-multiproduct
reaction, the above theories will be adequate if con-
centrations of substrate other than the varied one are
held constant and the product concentrations are
kept zero, and if the maximal velocity, Michaelis con-
stant and catalytic number are understood as the
apparent parameters. In the case of multivalent
enzymes with significant allosteric interactions among
protomers, however, interpretation of some of the
above equations would require some caution. Com-
plete mathematical description of such allosteric sys-
tems in the presence of tightly binding inhibitor
would be a formidable task at the present time.

Since tight-binding ligands, such as enzyme inhibi-
tors and hormone or carrier protein competitors,
often serve as excellent investigational tools and occa-
sionally are potent therapeutic agents, knowledge of
the kinetic behavior of tight-binders should play an
important role. Therefore, in this article the kinetic
behavior of tight-binders has been presented from
theoretical bases. Several actual examples selected
from the literature and from our own studies are pre-
sented in the accompanying paper [30].
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