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SUMMARY

CHou, TiNG-CHAO: Relationships between inhibition constants and fractional inhibi-
tion in enzyme-catalyzed reactions with different numbers of reactants, different re-
action mechanisms, and different types and mechanisms of inhibition. Mol. Pharmacol.
10: 235-247 (1974).

The relationship between the inhibition constant (K ;) and fractional inhibition (in particu-
lar Iy) in classical steady-state enzyme kinetics has been analyzed. The analysis covers
enzyme reactions with different numbers of reactants, different reaction mechanisms, and
different types and mechanisms of inhibition. The assumptions are made that the product
concentrations are very low and that the products have much lower affinities for the enzyme
than those of the substrates. The following generalized conclusions are drawn. (a) Fractional
velocity (f,) and fractional inhibition (f,) in the presence of an inhibitor (I) can be expressed
byf. = 1/[1 + (I/K:))(E./Ey)] and f; = 1/[1 + (K./I)(E./E.)], respectively, where E| is
the total amount of enzyme and E, is the amount of the enzyme species with which the
inhibitor may combine. (b) In a multisubstrate reaction, if all the substrates with which the
inhibitor does not compete are at saturating concentrations, the relationship between K;
and I; is the same as for a one-substrate reaction. (¢) Inhibition of either the competitive,
noncompetitive, or uncompetitive type produces a generalized relationship, K :/Iso = E./E..
This relationship indicates that K; will never be greater than I5, and that the ratio of K;
and I, provides a simple experimental method for determination of the availability of the
enzyme species for inhibitor binding or the distribution of enzyme forms in an enzyme re-
action. (d) In partial noncompetitive inhibition, K; > Iso > K, or K;, > I50 > K, de-
pending upon whether the crossover point in the Lineweaver-Burk plot is above or below
the horizontal axis (where K;; and K ;, are the K; values obtained from the intercept and
slope, respectively); in noncompetitive inhibition, K ; is always equal to Is,. Examples are
cited of one-substrate reactions indicating that competitive, noncompetitive, or uncompeti-
tive inhibition can be illustrated or detected by novel graphical methods different from those
currently available.
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INTRODUCTION

In studying antimetabolites or other
reversible inhibitors of enzyme-catalyzed
reactions, the affinity of inhibitor for the
enzyme is usually reported as the inhibition
constant (K;), and the relative inhibition
potency is usually reported as fractional
inhibition. The concentration of inhibitor
required to reduce the reaction velocity by
50% (I50) provides a practical and readily
comprehensible potency index which per-
mits the comparison of a series of inhibitors.
However, the I, value may be misleading
in some cases, since its magnitude is pro-
foundly influenced by the concentration of
substrate(s), especially when the inhibitor is
competitive or uncompetitive with respect
to the substrate in question. On the other
hand, K; is the dissociation constant of an
enzyme-inhibitor complex and is inde-
pendent of the substrate concentration,
which is varied. From a practical point of
view, it is reasonable to ask how great the
inhibition will be for a given enzyme reaction
if the inhibitor concentration is at its K;
value, and how the inhibition will be in-
fluenced by substrate concentration(s).
Since the Michaelis constant (K,,) has often
been considered a counterpart of the inhibi-
tion constant, the relationship between K;
and fractional inhibition has led to confu-
sion in the literature by the occasional error
of illustrating or interpretiing K; as Iso.
Since little quantitative work has been done
in this area, especially with regard to the
relationship between K; and I, in different
enzyme reaction mechanisms, certain basic
facts pertaining to inhibition in cases of
classical Michaelis-Menten kinetics appear
not to have been examined. For a one-
substrate enzyme reaction, the expression
of inhibition in terms of fractional inhibition
has been described by Webb (1). To my
knowledge, no further information on this
question is available for higher reactancies,
especially with regard to the physical mean-
ing of the ratio of K; and Is . As will be
seen in the text, there are reasons to believe
that I5 values should be accorded special
attention in considering fractional inhibition.
Although the measurement of I; alone has
little value for the characterization of an
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enzyme, it can be a powerful tool in provid-
ing valuable information on enzyme reaction
mechanisms when considered in conjunction
with K ; values.

The purpose of the present paper is to
analyze systematically the relationship
between K, and I;o values in enzyme reac-
tions with different numbers of reactants,
with different reaction mechanisms, and
with different types or mechanisms of inhibi-
tion. A study of the inhibition of a one-
substrate reaction alone appears to be a
special case which cannot be expected to
lead to generalized conclusions, and the im-
portance of a systematic analysis should not
be overlooked. Furthermore, two- and three-
substrate reactions are so common that their
detailed quantitative analysis has been
undertaken.

SYMBOLS AND DEFINITIONS

The notation of Cleland (2) is used. In
addition, the following symbols and defini-
tions are used:

Vi Reaction velocity in
the presence of in-
hibitor

fo Fractional velocity or

the ratio of velocity
in the presence and
absence of inhibitor

fi Fractional inhibition
(e, 1 — f,)

I Inhibitor concentra-
tion required to re-
duce the reaction

velocity one-half

A/K.,B/K, --- Specific concentration
of substrate A,
B, ---

E, Amount or concentra-
tion of total enzyme

E. Amount or concentra-

tion of a specific en-
zyme species which
is a fraction of E,

It is assumed here that the binding of sub-
strate or inhibitor to the enzyme is re-
versible and that the free concentration of
substrate or inhibitor is the same as the
total concentration of substrate or inhibitor
added to the reaction system.
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ANALYSIS
One-Substrate Reactions

ScHEME 1

For the reaction mechanism shown in
Scheme 1, the initial rate of the reaction, v,
is described by the Michaelis-Menten equa-
tion (3) as shown in Eq. 1. In the presence
of an inhibitor, the initial rate equation is
modified in various ways, depending on the
type of inhibition, as indicated in Egs.
2—4. The derivation of these equations for
one-substrate reactions and their interpre-
tation for each type of inhibition can be
readily obtained elsewhere (4-6).

No inhibition:

_ V4

K.+ 4

Competitive inhibition:

_ VA
B Ka (1 + I/Kl) + A

Partial noncompetitive inhibition :?

_ VA
T K.(1+I/K:.)+ A+ I/Ky)

Uncompetitive inhibition:

B VA
T K, +4Q+1/K)

Case 1: competitive inhibition. The frac-
tional velocity (f;) observed after the addi-
tion of a competitive inhibitor can be ex-
pressed by the ratio Eq. 2/Eq. 1, which is
equal to

(1)

v

(2)

Vs

(3)

v;

(4)

Vs

1
T T+ (/K Ko/ (Ka + A)]

where K,/(Ko + A) = E/E,, which repre-
sents the distribution of the free enzyme
form in the absence of the product (see
Eq. 24).

When the inhibitor inhibits the enzyme

fe (5)

*In pure noncompetitive inhibition K; =
K;; = Ki; in partial noncompetitive inhibition,
K. # K.
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activity 50 %, the concentration of that in-
hibitor is called Iso. Thus, at Iy, f, = 0.5
and Eq. 5 becomes
I A

Kt' l + Ka

Therefore, in competitive inhibition, I is
always greater than K ; . When the substrate
concentration is numerically equal to its
Michaelis constant (i.e., 4 = K,), we get
Iso = 2K;. It is generally believed that
many enzymes in vivo operate at substrate
concentrations not far removed from their
Michaelis constants, although some auxil-
iary reactants (such as cofactors) may be
saturating. Otherwise the catalytic potential
of the enzymes is wasted. Therefore in vivo
I is approximately equal to twice the K;
value.

From Eq. 5 we get

fi=1-f =

(6)

1
1+ (Ki/I) [(Ka + 4)/K)

Equation 6 can also be obtained from Eq. 7
by setting f; = 0.5 and I = I;,.

The theoretical plots for Eq. 6 are given
in Figs. 1-3. I, will approach K; only when

(7)

T T T T T
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Fi1a. 1. Relationship of values of K; and Iy in
one-substrate reactions at different levels of substrate

The plots are theoretical curves of Eq. 6 (com-
petitive inhibition), Is, = K. (noncompetitive
inhibition), and Eq. 15 (uncompetitive inhibition).
The slopes of the lines (from top) are 1, 34, 14, and
14, respectively.
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Fig. 2. Ratio of Iy and K; as a function of
substrate concentralion in one-substrate reactions,
assuming Michaelis constant (K,) is 1 mM(—)
or 05 mM (- - -)

The plots are theoretical curves of Eq. 6 (com-
petitive inhibition), Iss = K; (noncompetitive
inhibition), and Eq. 15 (uncompetitive inhibition).
Notice that K, is a constant; therefore the plots
represent I a8 a function of substrate concentra-
tion. The value of Is0/K; is linearly increased by
increasing substrate concentration in competitive
inhibition, nonlinearly decreased by increasing
substrate concentration in uncompetitive inhibi-
tion, and unaffected by changing substrate con-
centration in noncompetitive inhibition.

the substrate specific concentration ap-
proaches zero; when the substrate concen-
tration is increased, Iso will also increase.

As will be seen from the general treatment
given under piscussioN, the K/Is ratio
represents the availability of the enzyme
species with which the inhibitor may com-
bine. In the case of competitive inhibition,
the availability of the free enzyme form for
inhibitor binding (i.e., E/E,) decreases hy-
perbolically when the specific concentration
of the substrate (i.e., A/K,) is increased
(Fig. 3).

Equation 7 can be plotted in a double-
reciprocal form (Fig. 4A), which was first
presented by Webb (8).

Case 2: partial noncompetitive inhibition.
Equation 3 can be rearranged to a double-
reciprocal form suitable for a Lineweaver-
Burk plot (9), as shown in Eq. 8.

1 K, I,1 1

.-—7(1+K.-.)A+V(l+

I

) ®
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Fi1G. 3. Fractional availability of enzyme for in-
hibitor binding as a function of specific concenlra-
tion of substrate (A/K,)

The K:/Iso ratio is defined as the availability
of the enzyme species for inhibitor binding because
it is equal to E./E, where E, is the amount (or the
concentration) of enzyme species that may com-
bine with the inhibitor, and E, is the amount (or
the concentration) of total enzyme (see DISCUSSION
for details). The plots are theoretical curves of
Eq. 6 (competitive inhibition), I5o = K; (noncom-
petitive inhibition), and Eq. 15 (uncompetitive
inhibition). Notice that the fraction of the enzyme
that combines with the inhibitor is hyperbolically
decreased by the linear increase in specific con-
centration of the substrate in competitive inhibi-
tion, is hyperbolically increased by the linear in-
crease in specific concentration of the substrate in
uncompetitive inhibition, and is unaffected by
changing substrate concentration in noncompeti-
tive inhibition. It is clear that, in noncompetitive
inhibition, the inhibitor interacts with the total
enzyme as a whole, regardless of the constituent
enzyme species involved in the reaction mecha-
nism. Therefore noncompetitive inhibition is
mechanistically nonspecific.

A series of reciprocal plots represented by
this equation always intersect at one point to
the left of the vertical axis, and the lines
cross above, below, or on the horizontal axis
when K, is smaller than, greater than, or
equal to K;;, respectively.

The fractional velocity in the presence of
a noncompetitive inhibitor with K, # K.,
as obtained from Eq. 3/Eq. 1, is

_ I(K./Ki + A/K:) T
o= [14 1ELE A AKI T (g

When the concentration of inhibitor is
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A. Competitive Inhibition
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B. Noncompetitive Inhibition

-
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C. Partial Noncompetitive
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K
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F16. 4. Relationship belween reciprocal of inhibitor concentration and reciprocal of fractional inhibition

in one-substrate reactions

The plots are theoretical curves of Eq. 7 (A, competitive inhibition), Eq. 13 (B, noncompetitive in-
hibition, Eq. 12 (C, partial noncompetitive inhibition), and Eq. 16 (D, uncompetitive inhibition). The
slopes and horizontal intercepts are given as shown. Notice that the vertical intercepts are all equal to
unity since, when inhibitor concentration is infinity, the enzyme will be completely inhibited.

Iso, Eq. 9 becomes

A _1-—1Iw/K:,

K, Io/Ki—1
Since A/K, has a finite positive value, the
conditions which satisfy Eq. 10 are either
Iso/Kii< 1 and Iso/K:; > 1, 0r Iso/Kie > 1
and Iso/K.'.'< 1. Therefore K;, > I50 > K
or K;; > Iso > K., depending on the rela-
tive values of K, and K ;;, or depending on
whether the crossover point in the Line-
weaver-Burk plot is below (more like un-
competitive inhibition) or above (more like
competitive inhibition) the horizonal axis.

In Eq. 10, when A = K, , we obtain

2K;, K,
I = K. + K an
which indicates that Is is the harmonic
mean of K;, and K ;.
From Eq. 9 we obtain
B K.+ A -
fi= [1 T I&IR T A/K.-e)] (12)

A theoretical plot of Eq. 12 is shown in
Fig. 4C.

(10)

Case 3: noncompetitive inhibition. In Eq.
12, when K, = K, (i.e., for pure noncom-
petitive inhibition), we obtain

fi =1/ + Ki/I)

At I = Iao,weget Iso = K.’.

Therefore, in pure noncompetitive inhibi-
tion, I5 is always equal to K, regardless of
the substrate concentration. Since K;/Iso
represents the availability of the enzyme
species with which the inhibitor may com-
bine (see piscussioN), the fact that this
ratio is unity indicates that the inhibitor
interacts with the enzyme as a whole, irre-
spective of the constituent enzyme species in
a given reaction mechanism, and thus the
inhibition is nonspecific mechanistically. In
partial noncompetitive inhibition, either
K;, or K;; is greater than I;,, suggesting
that the inhibitor combines nonspecifically
with the enzyme as a whole and yet has addi-
tional influences, such as steric hindrance, on
some species of the enzyme.

Case 4: uncompelitive inhibition. For this
case the following equations are obtained.

(13)
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1
- T+ (I/K)A/(K. + 4)]

where A/(K. + A) = (EA-EP)/E,, which
represents the distribution of the central
complex enzyme species in the absence of the
product (see Eq. 23).

At I = I;, Eq. 14 becomes

Io ., , K.
k-'t7

Jo (14)

(15)

The theoretical plots for Eq. 15 are given in
Figs. 1-3. It can be seen in Fig. 3 that with
uncompetitive inhibition the availability of
the enzyme species which may combine with
the inhibitor increases hyperbolically with
the increase of the specific concentration of
the substrate.
From Eq. 14 we get

1
T 1+ (K/DI(Ka + A)/4]

A plot of Eq. 16 is given in Fig. 4D.

In cases when more than one enzyme-sub-
strate intermediate is formed, or more than
one product is released, the initial rate equa-
tions have the same coefficient form (2, 10),
and the present analysis of one-substrate re-
actions remains valid.

Notice that Figs. 1-3 illustrate the three
types of inhibition in three different ways.
When noncompetitive and uncompetitive in-
hibition is difficult to distinguish by Line-
weaver-Burk plots in which subjective biases
may occur because of weighting factors, the
graphical methods developed here may be
used for alternative diagnostic purposes,
since the shapes, slopes, and intercepts are
distinct in the three types of inhibition,
although other alternatives are available
(11). The physical meanings of competitive,
noncompetitive, and uncompetitive inhibi-
tion are most explicitly illustrated in Fig. 3.

Fractional velocity and fractional inhibi-
tion and the relationship between I, and
K; in one-substrate reactions with different
types of inhibition are summarized in
Table 1.

Multiple-Substrate Reactions

The over-all rate equations for multiple-
substrate reactions can be obtained by solv-

fi (16)
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ing simultaneous equations for the steady
state or, more conveniently, by using the
procedure of King and Altman (12). The
resulting over-all rate equations may be
transformed to equations involving kinetic
constants and concentration factors by using
the procedure of Cleland (2). The initial rate
equation is obtained by setting product con-
centration(s) in the over-all rate equation
equal to zero. The initial velocity of the re-
action in the presence of an inhibitor is
obtained by multiplying certain terms in
the denominator of the initial rate equation
by the factor (1 + I/K;). The terms multi-
plied by this factor are those appearing in
the numerator of the distribution equation
(2). Therefore the fractional velocity (and
fractional inhibition) in the presence of an
inhibitor can be obtained, and enzyme reac-
tions with different mechanisms and different
types and mechanisms of inhibition can be
analyzed systematically.

The relationships between Is, and K; in
two-substrate reactions with Ordered Bi and
Ping Pong Bi mechanisms are summarized
in Table 2.2 Some of these relationships in
Ping Pong Bi mechanisms are given in Figs.
5 and 6.

Three-substrate reactions with one stable
enzyme form (Ordered Ter-r mechanisms),
two stable enzyme forms (Uni-z Bi-y Ping
Pong or Bi-z Uni-y Ping Pong mechanisms)
and three stable enzyme forms (Uni-z
Uni-y Uni-z Ping Pong mechanisms) are
similarly analyzed. The results are sum-
marized in Table 3.2

DISCUSSION

In all cases that have been analyzed in
this paper, regardless of the differences in
the number of substrates, reaction mecha-
nisms, and types and mechanisms of inhibi-
tion (see Eqs. 5, 7, 13, 14, and 16, and Tables
1 and 3), except for mixed inhibition, where
K., and K ;; are involved (see Egs. 9 and 12),
the following generalized conclusions can be
deduced.

Fractional velocity in the presence of the
inhibitor is

1

f = T aRYETEY

3 Details of this analysis are available upon re-
quest from the author.

(17)
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| 0.1 Q25 0.

T [/ VA

1 1 1 1

o 2 4 6 8 10
Specific Concentration of Substrate A
(A/Kg)

F16. 6. Isc/K, ratio as a function of specific con-
cenlration of substrate A at different specific concen-
trations of substrate B in Ping Pong Bi mechanisms,
where inhibitor 18 competitive with respect to A and
uncompelitive with respect to B

The plots are theoretical curves of I;o/K: =
1 + [(AB + KuA)/K,B] in Table 2. Is/K; is
linearly increased by the linear increase in 4/K,.
This increase is particularly prominent at low
levels of B.

where E./E,; is expressed by the distribu-
tion equation which in turn can be expressed
by K./Ig (see Eq. 19). Therefore, f, is equal
to1/(1 4+ I/Ig) and f; is equal to 1/(1 +
Iw/I).

Fractional inhibition in the presence of
the inhibitor is

1
" 1+ (Ki/D(E./E.)
When the concentration of the inhibitor is

Iso (e, f, = fi = 0.5), Eq. 17 or Eq. 18 be-
comes

fi (18)

Ki — Ez
I, E.
Therefore determination of the K /I, ratio
in effect determines the availability of the
fraction of the total enzyme with which the
inhibitor may combine, and thus provides a
simple experimental procedure for measuring
the distribution of enzyme forms for a reac-
tion.
Notice that E, will never exceed E.;
therefore K ; will never exceed I, .
Since the product concentrations are
usually much lower than those of substrate,

(19)
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Specific Concentration of Substrote A
(A/Kg)

FiG. 6. Fractional availability of enzyme for in-
hibitor binding as a function of specific concentration
of A, and at different specific concentrations of sub-
strate B, in Ping Pong Bt mechanisms, with inhibz-
tor compelitive with respect to A and uncompetitive
with respect to B

The plots are theoretical curves of Is/K: =
1 + [(AB + KiA)/K.B] in Table 2. The K,/Is
ratio is defined as the availability of the enzyme
species for inhibitor binding, because it is equal
to E./E., where E, is the amount (or concentra-
tion) of the enzyme species that may combine with
the inhibitor, and E, is the amount (or concentra-
tion of total enzyme (see piscussioN for details).
Notice that the fraction of the enzyme that com-
bines with the inhibitor is hyperbolically decreased
by the linear increase in specific concentration of
substrate A. This decrease is particularly promi-
nent when substrate B concentration is low. When
the specific concentration of substrate B ap-
proaches infinity, the curve obtained approaches
the one-substrate competitive case in Fig. 3.

the terms containing product concentration
factors in the distribution equations are
ignored. Low product concentrations alone
are necessary but not sufficient to justify
neglecting product-containing terms. For
example, the over-all rate equation for
Scheme 1 is (see ref. 2)

V(4 - P/K.)
'S R F AT TPVEy O
where Vi, = kE,, Vo = kE,, K. =

(kz + kz)/kl : and Keq = klks/k2k4 . Apply-
ing the Haldane relationship (2),

_h Ee)
Ke = 7 (K., (21)
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RELATIONSHIP BETWEEN K; AND [y, IN ENZYME REACTIONS

where K, = (ks + ks)/k. , we obtain
v = Vi (A — P/K.y)
, K.(1+ P/K;) + 4
2Notice that when P approaches zero, we

Zobtain Eq. 1. From the distribution equa-
5 tions (see refs. 2 and 10) we obtain

(22)

&4,
EP _ kA + kP
B (ot k) + A T RP
: _ A+ PKJK,
: KO+ P/K)+4 2
E _ e + ks
E, (k2+ k) + kA + kP
K (24)

"K.Q+P/K,)+ 4

Notice that E + (FA-EP) = E,, and
the conditions which permit neglect of
product-containing terms in Eq. 23 or Eq.
24 to allow approximation of these equations
to A/(K. + A) or K./(K. + A), respec-
tively, is P < K, and/or K, > K, . If the
inhibitor combines with the free enzyme
form, E, the over-all rate equation in the
presence of the product becomes

_ Vi(4 — P/K.)

KJ1 + (P/K,) + (I/K)] + A
The fractional velocity is Eq. 25/Eq. 22,
which gives
fo = K.(1+ P/K,) + A

' KJl + (P/K,) + (I/K)] + A
When I = Iy, f, = 0.5, and we obtain

Il _,, A, P
[-I-(—‘_]ml-l+1—(;+E @7

Comparing Eq. 27 (with a real I;5/K ; ratio)
and Eq. 6 (with an approximated I50/K;
ratio), it is clear that

Iso 160
[I—(—i]‘pprox < [E]ml

and the two sides of this expression will be
equal only when P approaches zero or K, ap-
proaches infinity. A generalized restriction
can be formulated for the present analyses

v; (25)

(28)

(28)

245

by stating that the value of (P-Q-R---V,)/
(K oqV2) should be small, where P, Q, R- - -
are product concentrations, K., is thermo-
dynamic equilibrium constant, and V; and
V. are forward and backward maximal ve-
locities.

The Haldane relationship (2) can be repre-
sented by

Ko = (K‘)" KpKoKe --
*\V.) KoKoKeo -

where K (o) may be K, or K, , and so forth.
There exists n = 1, at least, but there may
also be Haldane relationships when n has
some other values. Applying the Haldane
relationship with n = 1 to the above restric-
tion, we can state that the P-Q-R- - - (K ()"
KoK /Ko K@K ---) value should
be small in order to neglect the product-
containing terms. Since it is known that
products P-Q-R--- have very low values,
an additional condition to keep the whole
term low will be K () K )K (o) < K () K (0)K ) -
Therefore, in general, a higher affinity of the
enzyme for substrates and lower affinity for
the products will favor this condition.

In Eq. 6, since K, and K; are constants,
it is possible in theory to use a reversible
competitive inhibitor as a tool to assay the
unknown substrate concentration. This may
be of particular value for studies in wvivo,
since the potency of the competitive inhibi-
tion is not critical and because only the ratio
I5/K ; is involved. Therefore a nonmetabo-
lized, stable inhibitor can be used. From Eq.
6 it is clear that I, will be a function of the
substrate concentration at the locus or the
compartment of cells or tissues where the
enzyme reaction actually takes place. Per-
meability or transport and metabolism of the
inhibitor may affect the concentration of
inhibitor at the site where inhibition is
manifested; however, this problem can be
circumvented in part by selecting a meta-
bolically inert analogue of the substrate as
an inhibitor. In addition, the concentration
of the inhibitor at the cellular level may be
measured directly by using isotopic tracer
techniques, for example. If the reaction
under consideration is a multiple-substrate
reaction, the substrate with which the in-
hibitor does not compete must be at high

(29)
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concentration with respect to its correspond-
ing K, value (Table 2) in order for this
study to be valid. It is concluded that the
relationship between K; and I5, in a multi-
ple-substrate reaction can be analyzed as if
it were a single-substrate reaction, provided
that the substrate(s) with which the in-
hibitor does not compete is kept at satura-
tion concentration. For the general case,
based on the same assumptions as in the
present analyses, it has been shown (13)
that in reactions with S number of sub-
strates, P products, and n enzyme forms,
the number of possible mechanism patterns
(i.e., the number of possible over-all rate
equations) can be calculated.

The generalized conclusions indicating
that, in competitive and uncompetitive in-
hibition, K; will never exceed I at any sub-
strate concentration and that, in noncom-
petitive inhibition, K; will always be equal
to Iso , suggest a potential practical applica-
tion. Investigators have usually characterized
the kinetic properties of an enzyme at arti-
ficially contrived optimal conditions #n vitro,
without knowledge of whether the kinetic
parameters determined under such condi-
tions bear any relation to the conditions pre-
vailing #n vivo. In any case, when K, (in
vitro) is greater than Iso (in vivo), it would
indicate a contradiction with the central
dogma. For instance, studies of the inhibi-
tion of DNA polymerase in mouse L-cells
by 1-8-p-arabinofuranosylcytosine 5'-tri-
phosphate (a competitive structural ana-
logue of deoxycytosine 5’-triphosphate) gave
a K; value in vitro of 8.7 uM and an I, value
in vivo of less than 50 nm, with an extrap-
olated value of 35 nm (14). The exceedingly
high value for K ; in comparison with I5, may
indicate that the conventional assay condi-
tions for DNA polymerase bear little rela-
tion to the conditions that obtain in o,
unless we assume an unusually uneven intra-
cellular distribution of the inhibitor for the
Iso measurement. The suggestion of the in-
fidelity of DNA polymerase assay system
can be reconciled with the current observa-
tions that DNA replication in vivo may re-
quire an enzyme complex containing nu-
clease, polymerase, and ligase activities
(15) as well as DNA-unwinding protein (16),
and that some of the DNA polymerases iso-

TING-CHAO CHOU

lated from Escherichia coli may not be re-
sponsible for the major synthesis of DNA,
but may only act as repair enzymes (17, 18).
On the other hand, studies in this laboratory
on the metabolism of 1-8-p-arabinofurano-
sylcytosine in L1210-bearing mice indicated
that 1 hr after subcutaneous injection of the
drug the ratio of distribution of 1-8-D-
arabinofuranosylcytosine in ascites cells
as opposed to ascites fluid is 1.6, whereas the
ratio of distribution of 1-8-p-arabinofurano-
sylcytosine 5’-triphosphate is 2260, strongly
suggesting an unusually efficient trapping
mechanism for the active metabolite in the
L1210 cells.4

Usually variation of the slope or intercept
with inhibitor concentration in Lineweaver-
Burk plots is a linear function. However, in
more complex cases, the slope or intercept
can be a hyperbolic or parabolic function
with respect to inhibitor concentration (6).
The physical meanings of these more com-
plex cases remain to be explored.

The present studies assume that binding
of substrate or inhibitor to the enzyme is
reversible and that the concentration of free
substrate or inhibitor is the same as the
total concentration of substrate or inhibitor
added to the reaction system. This assump-
tion will not be true if the enzyme has such a
high affinity for the inhibitor (or substrate)
that a considerable portion may be bound
by the enzyme. The kinetics of tight-bind-
ing inhibitors has been analyzed by Hender-
son (19) and Dixon (20).

The procedure used in the present studies
may prove useful for analysis of biological
systems other than enzymes, such as phar-
macological or physiological receptor sys-
tems, transport carrier systems, or other
processes involving input-output sequences
that may follow Michaelis-Menten kinetics.
Attempts have been made to extrapolate
the kinetics of enzyme systems to drug-re-
ceptor systems (21, 22). For purposes of
formal theory, the following terms may be
used interchangeably: enzyme and receptor,
substrate and drug, alternative substrate
and agonist, inhibitor and antagonist,
velocity and effect, maximal velocity and
maximal efficacy, Michaelis constant and

¢ Unpublished observations.
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affinity (reciprocal). Therefore, by using a
competitive antagonist as a tool, it may be
possible to measure the distribution of re-
ceptor forms or the occupancy of the receptor
by a drug when a given effect (or a response)
is produced.
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ADDENDUM

Following the acceptance for publication of the
present paper, a work similar in title but differ-
ent in extent of analysis was published by Y-C.
Cheng and W. H. Prusoff in Biochemical Pharma-
cology, 22, 3099-3108 (1973).
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