CHAPTER THREE

SIMPLE INHIBITION SYSTEMS

Any substance that reduces the velocity of an enzyme-catalyzed reaction can
be considered to be an “inhibitor.” The inhibition of enzyme activity is one
of the major regulatory devices of living cells, and one of the most important
diagnostic procedures of the enzymologist. Inhibition studies often tell us
something about the specificity of an enzyme, the physical and chemical
architecture of the active site, and the kinetic mechanism of the reaction. In
our every day life, enzyme inhibitors can be found masquerading as drugs,
antibiotics, preservatives, poisons, and toxins. In this chapter we examine
three simple types of enzyme inhibitors. We assume that only a single
substrate is involved in the reaction, and that only one type of inhibitor is
present at any time. The effects of inhibitors on multisubstrate enzymes are

discussed in Chapters Six and Nine. The effects of multiple inhibitors are
discussed in Chapter Eight.

A. COMPETITIVE INHIBITION (SIMPLE INTERSECTING LINEAR
COMPETITIVE INHIBITION)

A competitive inhibitor is a substance that comnbines with free enzyme in a
manner that prevents substrate binding. That is, the inhibitor and the
substrate are mutually exclusive, often because of true competition for the same
site. A competitive inhibitor might be a nonmetabolizable analog or deriva-
tive of the true substrate, or an alternate substrate of the enzyme, Or a
product of the reaction.

Malonic acid is a classical example of a true competitive inhibitor.
Malonic acid inhibits succinic dehydrogenase, which catalyzes the oxidation
of succinic acid to fumaric acid, as shown below.
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Fig. 111-1. Models of competitive inhibition: S and I are mutually exclusive. (1) Classical
model. S and I compete for the same binding site. I must resemble S structurally. (2)Iand
S‘are. mutually exclusive because of steric hinderance. (3) 1 and S share a common
binding group on the enzyme. (4) The binding sites for I and § are distinct, but
over!ap;.)ing. (5) The binding of 1 to a distinct inhibitor site causes a conformat'ioneﬂ
change in the enzyme that distorts or masks the substrate binding site (and vice versa).

utilization of any one of the hexoses is inhibited in the presence of either of
the other two.

The .eguilibria describing competitive inhibition are shown below. The
competition and mutual exclusion of S and I are clearly seen.

Kg k
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where K,=[E]{1}/[El], Ks=[E][8]/[ES], and # =rate constant for the
breakdown of ES to E+P.

The initial velocity of the reaction is proportional to the steady-state
concentration of the enzyme-substrate complex, ES. All the enzyme species
are reversibly connected. Consequently, we can predict that at any fixed
unsaturating concentration of inhibitor (a) v; (the velocity in the presence of
a competitive inhibitor) can be made to equal v (the velocity in the absence
of the inhibitor), but that a higher substrate concentration will be required
(to obtain the same ES concentration), and (4) in the presence of an
infinitely high (saturating) substrate concentration all the enzyme can be

_ driven to the ES form. Consequently, the maximal initial velocity in the

presence of the competitive inhibitor equals V. (the maximum initial
velocity in the absence of inhibitor). However, the apparent K, (measured
as [S] required for §V,,,,) will increase in the presence of a competitive
inhibitor because at any inhibitor concentration, a portion of the enzyme
exists in the EI form which has no affinity for S. 2 '

An expression relating v, V..o [S], K, [1], and K; in the presence of a
competitive inhibitor can be derived from either rapid equilibrium or
steady-state assumptions. This time we must recognize that the total enzyme
[E], is present in three forms: free enzyme, [E]; enzyme-substrate complex

. [ES]; and’ enzyme-inhibitor complex, [EI].

v=k,[ES]

5 . k,[ES]
[E], [E]+[ES]+[EI]

8]
v e KS
K El 1+%+%
8]
‘ = SKS ; (I11-1)
A %«l + %

1f we compare equation I1I-1 to the usual velocity equation II-8, we see
that the denominator has gained an additional [1]/ K; term representing the
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EI complex. The numerator still has one term indicating that there is still
only one product-forming complex (ES). To obtain a more familiar form,
the numerator and denominator of the right-hand part of equation IT1-1 can
be multiplied by K and factored:

v _ [S]
Vi 1 (111-2)
Ks(l + [K_,) +[8]

We obtain the same final velocity equation for steady-state conditions;
however, K replaces Ks. This is not surprising, since the steady-state
assumption does not change the form of the velocity equation for the
uninhibited reaction while the reaction between E and I to yield EI must be
at equilibrium. (There is nowhere for EI to go but back to E+1).

The velocity equation differs from the usual Henri-Michaelis-Menten
equation in that the X term is multiplied by the factor (1 +[1]/K.). This
confirms our original prediction that Vinax i unaffected by a competitive
inhibitor, but that the apparent K, value is increased. The increase in the X
value does not mean that the EJ complex has a lower affinity for the
substrate. The EI has no affinity at all for the substrate, while the affinity of
Ai(the only form that can bind substrate) is unchanged, n}
increase in X, results from a distribution of available enzyme between the
mriﬁ':‘w" and no alfinity’ lorms, The Tactor 1+[1]/K;) may be
considered as anH- ndent statistcal factor describing the distribution of
enzyme between the E and EI forms. There are systems in which EI has an
altered affinity for S. This type of system, called partial competitive inhibi-
tion, is discussed in Chapter Four.

The effect of a competitive inhibitor on the kinetics of an enzyme-
catalyzed reaction is illustrated in Figure 111-2. The [1] was arbitrarily
chosen as 3K ; K, then is (14+3)K =4K  In the presence of the inhibitor
it takes four times as much substrate to attain 0.5V, In general:

%”—“(”%}) (111-3)

where [S],/[S] represents the ratio of substrate concentration required in the
presence of inhibitor to substrate concentration required in the absence of
inhibitor for any given velocity. A competitive inhibitor will increase [S],q
and [S],,. However, since both concentrations are increased by the same
factor, the [S],4/ [S]o, ratio is still 81 at all inhibitor concentrations. The
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Fig. 111-2. The v versus [S] plot in the presence and in the absence of a fixed concentra-
tion of a competitive inhibitor.

i ion i ; onl
constant ratio is expected, since the form of the equation is unchanged; only
the numerical value of K is changed. o

An expression for the relative velocity or fractional activity in the presence
and absence of a competitive inhibitor can be derived readx!y: -
Let v;=the initial velocity at a given [S] in the presence of inhibitor
’ ! . . e
vp = the initial velocity at the same [S] in the absence of inhibitor

U + ..
-+ =g =the relative activity

D Vma‘n[s]
] :
. K’"(H?{)HS] [ PR .
60 T VudS] I )
pa KM(H- % |+ 1s]

s : inhibi.
Relative velocity data are frequently expressed in terms of fractional inhi
tion () or “percent inhibition” (i,) where:

i=1- i l~a and “percent inhibition” =100
Un
= ——Lll-—————— (I11-5)
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[Effect of Concentration Range on Degree of Inhibition

A point not always appreciated is that the degree of inhibition caused by an

n-fold excess of competitive inhibitor is maximum when both [I] and [S] are
very high compared to K; and K., respectively. To put it another way, if [S]
is very low compared to K., an excess of competitive inhibitor will not cause
much inhibition even though K, is of the same order of magnitude as K. A
simple example illustrates the point. Suppose [S] =001K, and K,=K
What is the degree of inhibition caused by a tenfold excess of inhibitor (ie.,
by an [1]=10[S])?

, 0.1, 0.1K,
T OIK,+ K, (1+001) _ TIIK, ~

0.09

in=9%

In other words, the inhibited velocity is 91% of the control velocity; we
observe only 9% inhibition. On the other hand, when [S]=10K,, a tenfold
excess of inhibitor ([I]=100K,,) will inhibit 90% as shown below.

100K, 100K,
100K, + K +10K, 111X,

=090 or Iy = 9-0

Figure 111-3 shows the effect of increasing competitive inhibitor concentra-
tion on the initial velocity at three different substrate concentrations. The
degree of inhibition depends on the substrate concentration, decreasing as
[S] increases, as predicted by equation III-5. To obtain 50% inhibition:

os= (1 + %1)1{ (I11-6)

m

Similarly, we can show that Uloe and [I]o, (the inhibitor concentrations -

required for 90% and 10% inhibition, respectively) are:

[S] 1 8]
[I]o.9=9(1+7<m_)Kn [I}o.1=”9'(1+}§)K.‘

Thus the [1],/[1],, ratio is always 81, regardless of the substrate-concentra-
tion or the values of X, and K.
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Fig. MI-3. Relative activity as a function of competitive inhibitor concentration in the
presence of different fixed concentrations of su bstrate.

Reci'procal Plot for Competitive Inhibition Systems

The velocity equation for competitive inhibition in reciprocal form is:

1_ K, 1) 1 1
2= ==+ 1 I11-7
v Vmax ( KE [S] Vmax ( )

Thus the slope of the plot increases by the factor (I +[1]/K;) (which
multiplied X in the original equation), but the 1/v-axis intercept remains
1/ ¥V, un For each inhibitor concentration, a new reciprocal plot can be
drawn. As [I] increases, the “plus inhibitor” curves increase in slope (Fig.
I11-4) pivoting counterclockwise about the point of intersection with the
control curve (at 1/ ¥, on the 1 /v-axis). Because the initial velocity can
be driven to zero by a saturating inhibitor concentration, the limiting plot
will be a vertical line on the 1/y axis. Ag [1] increases, the intercept on the
1/[8] axis moves closer to the origin; that is, Km.,,p continually increases. The
K, can be calculated from the slope of any reciprocal plot or from any Km_w.
However, a replot as described below is better.
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T'he slope of the reciprocal plot in the presence of a competitive inhibitor is
given by:

- K K
slope, j5= “f;ﬂ-(l+—1;,—) or Slo!-)el/s=_V_ﬂE'[I]+ Vm
max”

max

(111-8)
f*\ {"e}.)lot of the slope of each reciprocal plot versus the corresponding
lnhl.bltor concentration will be 2 straight line with aslope of K,/ V. K. and
an intercept on the slope, js-axis of K,/ V,... (i.e., control sl:pe :tu{li=0)
(Fig. III-5a).-When slope, ;5 =0, the intercept on the [I}-axis gives — K. For
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convenience the slope of the reciprocal plots can be read off directly as the
ratio (absolute values) of the vertical axis intercept to horizontal axis
intercept. A linear slope, /5 versus (1] replot distinguishes pure competitive
inhibition from partial competitive inhibition. The latter gives hyperbolic
slope, ;s versus {1] replots (Chapter Four). The K,, s also a linear function

PP

of the inhibitor concentration in pure competitive systems:

K
K, =2 1+K, (111-9)

Mapp

A replot of K, versus [I] has intercepts of X, (on the K, - axis) and - K;
(on the [T]-axis) (Fig. 111-55).

Dixon Plot for Competitive Inhibition: 1/» Versus [1]

The Dixon plot is used frequently to identify the type of inhibition and to
determine the K, value. The velocity equation for competitive inhibition
may be converted to a linear form in which the varied ligand is [I]. Starting
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with the reciprocal equation:

K I K K,[1
l:__m_(l+L_])+V1 _ K KM
U

Vmax[S] Kl' max Vmax[S] Vmax[S]Ki Vmax
RGO . YRS, . I | B (111-10)
L Vmax{s] Kx' [ Vﬂ"ﬂ" [5]

A plot of 1/v versus [I] at some unsaturating [S] will yield a straight line
with a positive slope as shown in Figure HI-6a. If the inhibition is known to
be competitive and V,,, is known, a horizontal line at a height of 1/ V.,
can be drawn. The —[I] value at the intersection of two lines gives K as
shown below. When 1/e=1/V_

1 K.l 1 K,
Vo~ Vol SIK, Vm(”ﬁ)

K. 1] +1+§"—

AT
K K, N
TSI T) )=k

o
y ~Ki m

-K; (1+ K—S:) (@)

Fig. -6, (a) Dixon plot for a competitive inhibitor; 1/v versus {1] in the presence of
different fixed concentrations of substrate. If Vi, is known, a horizontal line at a height
0f 1/ Vs can be drawn directly. (8) Replot of the slopes of the Dixon plot.
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The horizontal line at 1/V,,, also signifies that at an infinitely high [S],
increasing the inhibitor concentration will have no effect on v. If the
inhibition is not known for sure to be competitive, or if V.. is unknown,
another series of experiments at a different unsaturating [S] will yield a
second line with a different positive slope. The intersection of the [S], and

[S], lines, where 1/2,=1/2,, gives K; as shown below, When 1/v,=1/2y:

ki [ShAK, Kl Stk [+K (4K
T SE T V5l VoulSleK:  VewlSl 1S [5h

The equation above holds true only if [S],=[S], which is not the case, or
when both sides equal zero; that is, when [I]= — K.
The slope of the Dixon plot is given by:

K 1 -
= — I11-11
slape VK 5] ( )

Thus a replot of slope versus the corresponding 1/[8] (Fig. 111-64) will be a
straight line through the origin with a slope of K,/ V,...K:

The family of Dixon plots for pure competitive inhibition intersects above
the [I]-axis at [I]=—K; and 1/v=1/V e Certain types of mixed inhibi-
tion systems also yield lines that intersect above the [I]-axis. Consequently, a
Dixon plot such as that shown in Figure 111-6a establishes only that the

inhibition is neither noncompetitive nor uncompetitive. Other plots for

competitive inhibition systems are described in Chapter Four.

General Principles

A competitive inhibitor acts only lo increase the apparent K, for the
substrate. As [1] increases, K"'-p increases. The V., remains unchanged, but
in the presence of a compelitive nhibitor a much greater substrate concenfration
is required to attain any given fraction of V., The v, may be constdered equal
to Vypax when [8] > 100K, .

The degree of inhibition caused by a competitive inhibitor depends on [S],
(1}, K,,, and K; An increase in (S] at constant [1] decreases the degree of
inhibition. An increase in [1] at constant [S] increases the degree of inhibition.
The lower the value of K, the greater is the degree of inhibition atl any given
18] and [1]. The K; is equivalent to the concentration of 1 that doubles the slope
of the 1/ v versus 1/[S) plot. (K is not equivalent to the [1] that yields 50%
inhtbition).
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Integrated Rate Equation in the Presence of a
Competitive Inhibitor

If the .reaction‘ has a very large K., and none of the products have an
appreciable affinity for the enzyme, then the integrated Henri-Michaelis-

Menten equation in the presence of a competitive inhibitor can be written
as:

23, [Slo _ [P] Vonax .
;1o o7 =~ 1 vt T (111-12)
Km(1+?i) Km(1.+7<-;-)

where [P]=[S],—[S]. The equation assumes that [I] remains constant as [S]
d_cgreases. Consec}uently, I cannot be an alternate substrate. The determina-
tion of [P] at various times during the course of the reaction will permit K,
and V., to be determined. A fami i ifferent
and 7, mined. A family of curves can be obtained for different
m!nbit?r concentrations (Fig. III-7). The values of K, and X; can be
determined from appropriate replots of the slopes or vertical axis intercepts.

mapp

Vmax

0 [EIEE]
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flg. L7, Plot of the nteglated VE'OCI{Y equation in he presence of a competitive
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Competitive Inhibition and Total Velocity with Mixed
Alternative Substrates

When a single enzyme acts on two different substrates, anid both are present
simultaneously, each will act as a competitive inhibitor with respect to the
other. If the products of the two substrates can be distinguished from each
other, the system may be treated by the usual competitive inhibition
relationships. If, on the other hand, the products are identical, or appear so
by the assay method used, then the situation becomes more complex. For
example, suppose the enzyme'is a nonspecific phosphatase that catalyzes the
reactions A—Q+P and B>R+P where A and B are two phosphate esters,
Q and R are two distinct alcohols, and P is inorganic phosphate. In the
presence of A and B the equilibria are:

Ka Ean
E+ A EA — E + Q + P
X -
B

<

7B

EB —>E + R + P

1f the rate of P formation is measured, the observed velocity, v, is the sum of
two reactions:

Y,

, %, [EA]+4, [EB]
(E], [E]+([EA]+[EB]

=k, [EA}+4, [EB]  and

Under rapid equilibrium or steady-state conditions:

Al [
V +V
max* KMA maxg Kms
= 1113
' D (Ir-12)
pa Ll
KmA K’"s

where V., =4, [E],=the maximal velocity with A as a substrate
= k, |[E],=the maximal velocity with B as the substrate

maxg
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Equation III-13 can be rearranged to:

Thus one enzyme that accepts two substrates will yield results identical to
two enzymes, each of which is specific for one substrate but is competitively
inhibited by the other’s substrate.

The v, can be expressed in terms of v, (the velocity observed at the given
[A] in the absence of B) and vy, (the velocity observed at the given [B] in the
absence of A). .

Substituting:

b K.. K,
=pal 14+ — d Ve, =0p| 1+ —
max, Ua [A] an maxyp Un [BI

into equation 11113 and simplifying:

vA(l+%)+uB(l+ 2,2)

1+%ﬂ+£<B]

Ma my

n=

(111-15)

If A and B are equally acceptable substrates (i.c., same K, and V), then
the 2, observed in the presence of any given mixture of A and B will be the
same as the v observed with either A or B alone at the same total specific
concentration, For example, if V| =1 and Vieaxy =1, then at [A]=0.2K,,
plus [B]=0‘8Km=0.6KmA, v, equals (.444. This is the same v observed at
[A]=0.8K, and [B]=0, or [B] =0.8K, and [A]=0. On the other hand, g,
is always less than the sum of the velocities observed with each substrate alone
at a given concentration. In the example above, v, =0.167 at (A]=0.2K,
and [B]=0. The v =0.375 at [B]=0.6K, and [A]=0. The sum, v,+op=
0.542, is greater than the observed z, of 0.444 at [A]=0.2K, plus(B] =0.6K,, .
The fact that o, is always less than z, + v may seem odd at first. But suppose
A and B are really the same compound and V,_ = 1. At [Al=K, ,v,=0.5.
At [B]=K, , v5=0.5. v, +og=1, yet we know that at [A]=2K,, or [B]
=2K_ , v is only 0.667. Note that s, < v, + vy holds regardless of the relative
valuesof K K .V, and Vimaxy: A8 with ordinary competitive inhibition,
the degree of inhibition (in this case, the difference between v, and v, + og)

VmuA[A] Vmaxa[B] . E
5= + (I11-14)
K (1+[B] +[A] K (1+[A])+[B]
Ma Kma my Km,\
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decreases as the concentration of either A or B becomes small compared to
the respective K,, values. The maximum difference between v, and v, + vy is
observed when both A and B are present at concentrations that are very
high compared to their respective K, values.

If the specific concentrations of A and B are equal:

uA(1+;ﬁ)+uB(1'+£%]) : '1+£<—A]—

LN Ma Ma

v, = =(7)A+UB)———"' (II;-IG)
' LA, [A] 14 2AL
KmA KmA K’"A

Thus when [A]/K, and [B]/K, are very small, y=uv,+vp. As [A]/KmA
and [B]/K, increase (but remain equal),  increases to a limit of
(vo+0p)/2. .

?\n interesting relationship can be derived for the special case where A
and B are present at equimolar concentrations (not equal specific concentra-
tions). If [A]=[B]:

[A] (A]
Vmax T + Vm
A Km,\ axg Km,
v, =
A A
il AL
K, Ky
Dividing numerator and denominator by [A]:
2N
maxs B
K K
ma mp

[A] " Km;\ Kmn
When [A] and [B] are very high compared to their respective K va..lue?,
the 1/[A] term becomes negligible and the observed combined velocity is
maximal.

11+1

Vmaxh maxy
K., Ko
y= = Vmax
t 1 + 1 ¢
K., K.
or
K v, - Vmax
o (111-17)
KmA Vmax, - Vmax,\
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Thus the relative K, values can be determined from three measurements,
namely, ¥V, ..,5 Vi 204 Voax, (maximal mixed velocity with an equimolar
mixture of A and B).

If two specific enzymes are present and each is unaffected by the other’s
substrate, then o, will equal 2, + vp. However, there are at least five condi-

tions where a mixture of two enzymes yields v <z, + vg! (a) each enzyme is

catalytically active with only one of the substrates, but is competitively

inhibited by the other substrate (equation III-14); (b) each enzyme is
catalytically active with only one of the substrates but one of the enzymes
(e.g., the A-specific enzyme) is competitively inhibited by the other’s sub-
strate (B); (¢) one enzyme is catalytically active with only one of the
substrates (e.g., A) and is unaffected by the other substrate (B), and the
second enzyme is nonspecific; (¢) onc enzyme is catalytically active with
only one of the substrates (e.g., A), but is competitively inhibited by the
other substrate, and the second enzyme is nonspecific; (¢} two nonspecific
enzymes. Under conditions ¢ and d, nonlinear reciprocal and - Eadie-
Scatchard plots may be seen when the varied substrate is the one acted on
by both enzymes. Under condition ¢, nonlinear plots may be seen for both
substrates. Conditions a and é yield linear plots for both substrates. (In both
cases, there is only one enzyme active on a given substrate.) Additional
distinctions may be made if v is measured as the rate of unique product (Q
and R) formation. Under conditions a, , and ¢, a saturating concentration
of either substrate will inhibit completely the formation of the unique
product of the other substrate. Under condition b, a saturating concentration
of one substrate (e.g., B) will inhibit completely the formation of the unique
product of the other substrate (e.g., Q from A), but not vice versa (i.e., [A]
will have no effect on R formation from B). Under condition ¢, a saturating
concentration of one substrate (e.g.,, A) will inhibit completely the formation
of the unique product of the other substrate (e.g- R from B). The reverse
experiment yields partial inhibition. A saturating concentration of B will
inhibit only the activity of the nonspecific enzyme on A. The activity of the
A-specific enzyme is unaffected. _ )

The mixed substrate phenomenon was applied in an interesting way to a
study of NH; transport by Penicillium chrysogenum. In this study methylam-
monium-"4C was used as an NH; analog. The K, for methylammonium-
14 “transport was 107° M, and the ¥, was 10 pmolesXg dry weight
cells™! Xmin~'. The physiologically important substrate of the transport
system, NH; was a potent inhibitor of methylammonium-“‘c transport
(K™ 25% 1077 M). The K; value for NH; as an inhibitor was assumed
to be equivalent to the K, value for NH;} as a substrate. The mixed
substrate method was used to estimate V., for NH; transport. Varying
concentrations of NH; (107° to 10™* M) were mixed with a constant con-
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centration(10™* A1) of methylammonium-'*C and the uptake of the methyl
ammonium-”C from each mixture was determined over a period of time.
The results are shown in Figure I11-8. During the early stages of the assay,
NH; almost completely displaced methylammonium-'*C from the transport
system. During the same time period, NH; was transported into the cells
thereby reducing its external concentration. This resulted in a progressive
decrease in the inhibition of methylammonium-'*C transport with time.
When the NHY had been depleted, the methylammonium-"*C transport
rate attained the control rate. The lag period (between zero-time and the
time when the methylammonium-"*C transport rate attained the control
rate) was taken as the time required to transport the NH; present. The
length of the lag period was proportional to the initial NH, concentration.

60

Methylamine transported { umoles/g)

Incubation time (min)

Fig. 118, Effect of NH} on methylamine-"C transpert by Penicillium chipsogenum. Methy-
lamine="C is excluded from the transport system as long as NHJ is present in the
medium, [Redrawn from Hackette, 5. L, Skye, G. E., Burton, C. and Segel, 1. H., J. Biol.
Chem. 245, 4241, (1970).] (See Dixon, M. and Webb, E. C., Engymes, 2nd ed., Ch. 4, p. 88 for
another example observed by Willstitter ¢t al., in 1927.)
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The rate thus calculated was estimated as Vi, for NH; transport. The
estimate assumes that {a) 107* M methylammonium had little effect on the
rate of NH; transport from solutions containing 10~% to 107%* M NH;, and
(b) the rate of NH, transport was essentially constant over the lag period.
Assumption ¢ is valid because the affinity of the transport system for NH; is
40-fold greater than the affinity for methylammonium. Assumption b is also
valid because more than 97% of the NH; would have been transported
before its concentration decreased to the K, value.

Apparent Competitive Inhibition by Carrier Dilution
(Isatope Competition)

In assays employing radioactive substrates, the addition of unlabeled sub-
strate will produce the same apparent degree of inhibition as an equivalent
amount of an alternative substrate with the same K, value,or anonsubstrate
competitive inhibitor whose K; value equals the K of the radioactive
substrate. This method can be used to obtain a rapid comparison of the
relative affinities of a variety of alternative substrates or nonsubstrate inhibi-
tors. The carrier dilution method is illustrated below.

Suppose an enzyme catalyzes a reaction with a certain substrate, S, where
K,=2xX10"° M and V,,,, =25 pmoles/min. If radioactive § is used with a
specific activity of 300,000 cpm/pmole, then at [S]=K, for example, the

initial velocity will be 0.5V, , or 12.5 pmoles/min. The experimental raw

data value of » would be (12.5 pmoles/min) X (3% 10° cpm/ pmole)=37.5 X
10° cpm/min. If a tenfold excess of unlabeled substrate (2X107* M) is
added to the assay mixture together with the radioactive substrate, the
specific activity of the substrate will be reduced to 1/11 of the original
specific activity. The new specific activity will be 27,272 cpm/ pmole. The
new [S] will be 11K, and the new velocity will be 11/12V,,, or 22.9
pmoles/min. The raw data value of v will be (22.9 pmoles/min) X (27,272
cpm / pmole) =6.25 X 10° cpm /min. Compared to the original rate of 37.5X
10° cpm/min, we observe an apparent 83.3% inhibition.

_ 6.25%10°
,= 8:25X10°

375 160 =0.167 i=1-0.167=0.833

This corresponds to an apparent v of 2.08 pmoles/min. The true velocity, of
course, has not decreased. It has increased on adding the additional sub-
strate. However, v will appear to decrease if the raw data rate in terms of
cpm/min are compared to the original raw data rate, or if the rate in terms
of pmoles/min is calculated using the original, undiluted specific activity.
Now, let us calculate the degree of inhibition caused either by a tenfold
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excess of an alternate substrate where the K, value equals the K, of the
radioactive substrate, or by a tenfold excess of a nensubstrate competitive
inhibitor where K; equals the K, of the substrate.

25)(K,, 25K,
v= (Z)(K) = =2.08 pmoles/min

10K, 12K,
+_._'
Km(l X )+Km

The specific activity of the substrate is unchanged, so the observed raw data
value of g would be (2.08 pmoles/min)X (3 X 10° cpm/pmole) =6.25X 10°
cpm/min. Thus whether we compare the raw data velocities in terms of
cpm/min, or velocities in terms of pmoles/min, the inhibitor and the
unlabeled substrate produced the same degree of inhibition—real in the
presence of the inhibitor, but only apparent in the presence of the excess
unlabeled substrate. If the inhibitor produced a lower degree of inhibition
than an equivalent amount of excess substrate, then we could conclude that
K> K. If the inhibitor produced a greater degree of inhibition, then K;
must be less than K,. It is not necessary that K and V be known to
compare affinities by this method. However, the degree of inhibition by an
n-fold excess of unlabeled substrate or inhibitor will be maximum when the
concentration of radioactive substrate is high compared to K. -

Isotope competition can be used to determine unknown concentrations of
unlabeled substrate in solutions known to be free of real inhibitors. If we
substitute [S]/K,, for [I]/K; in equation III-4 we obtain:

Ui Km+[s*]
2 =4

0 ‘T K +[5]+(5"] (R

where [S*]=the known concentration of radioactive substrate in the assay
mixture
[S]=the added unknown concentration of unlabeled substrate
v,/ v, =a=the relative activity in terms of cpm/min or velocities
(pmoles/min) if the original, undiluted specific activity of the
radioactive substrate is used to calculate v, -

Equation III-17a can be solved for the concentration of unlabeled substrate
present:

[S]=(K, + (5] (T11-17b)
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(See also Chapter Two, Section O. The concentration of unlabeled S can
also be calculated from K, as given by equation 11-84, provided the true
K is known).

Competitive Product inhibition Where [S]+[P] is
Constant (Regulation Via “Energy Charge™)

Consider a system in which the substrate and product are interconvertible,
but the total pool of [S]+[P] remains essentially constant. The rate of the
5_»P reaction will depend on the relative concentrations of the substrate and
the product which competes with the substrate for the enzyme. Because
[S]+ [P] is constant, an increase in [S] automatically means that [P} must
decrease. Consequently, any increase in [S] is accompanied by a decrease in’
the degree of competitive product inhibition. The velocity curve can be
concave (decreasing slope), convex (increasing slope), or linear, depending
on the relative affinities of the enzyme for S and P. To simplify matters, we
will assume that K, is very large (because V,, is very small) so that even
at the lowest [S]/[P] ratio the observed initial velocity is the true forward
velocity of the S—P reaction, uncomplicated by the P—S reaction. This
assumption eliminates the [P}/ Keq term from the numerator of equation
11-20. Alternately, we can assume that the reaction yields two products, one
of which is removed in a subsequent reaction. Under either of these
conditions the velocity equation is:

v {s]
. = ] ‘ (111-18)
Ks(l + -;{—P') + [S]

Figure I11-9 shows the velocity curves for a system where [S]+[P]=10Ks.
Note that it is possible to obtain very steep (convex) curves if Kp< Kg. Steep
velocity curves are usually associated with multisite enzymes that display
cooperative binding and possess specific effector sites. In the present system,
the [S]/[P] ratio exerts a very sensitive control over the velocity when
Ky < Ks, yet only a single binding site for S and P 'is involved.
Atkinson and co-workers (1970) have shown that a number of ATP-utilizing
enzymes are strongly inhibited by their product, ADP or AMP. The initial
velocities of these reactions are markedly influenced by the ATP-ADP-AMP
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Fig. I11-9. The v versus [S] plots wh
e maa ity foy E_[ ] pl ere the total pool of [S]+[P] is constant at 10K and P

_ balance, called the “energy charge” of the system, where:

[ATP]+ }[ADP]

“energy charge” =
[ATP] + [ADP] + [AMP]

(I11-19)

;l;ktxfoss:e;i;em:rgy charge” in place of the {ATP]/[ADP] or [ATP]/ {AMPl]

ents an attempt to simulate a given total adeni i

pool under conditions that would exist in v7i e
; F co vivo where (pre bl

kinase maintains the three nucleotides at equilibriurr(ll:) SR

adenylate kinase

ATP+AMP ——— 2ADP
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Thus “energy charge” represents the mole fraction of adenine nucleotides
represented by ATP or its equivalent (LADP). The adenylate system is
analogous to an electrochemical storage battery. The system is fully charged
when all adenylate is present as ATP (“energy charge”=1.0), and com-
pletely discharged when all adenylate is present as AMP (“energy charge”
=0). A system in which all the ATP had been converted to ADP would
have an “energy charge” of 0.5. After equilibration via adenylate kinase, the
“energy charge” would still be 0.5, since the total concentration of
phosphate anhydride bonds would be unchanged. (Energy charge can also
be defined as one half the phosphate anhydride bonds per adenosine.) The
distribution of adenylates as a function of the “energy charge” is shown in
Figure III-10. Many biosynthetic (i.e., energy utilizing) reactions are pro-
moted by a high energy charge and inhibited by a low energy charge while
the converse is true for energy-producing reactions. For example, Figure
I1I-11 shows the velocity response to the [S]/[P] ratio for two enzymes, one
of which catalyzes an essentially irreversible ATP-utilizing reaction (indi-
cated as S—P) while the other catalyzes an essentially irreversible ATP-
generating reaction (indicated as P—S). In both cases, Ky=0.1Kg. The pool
of [S]+[P] is fixed at 10Ks. The velocities are given by the usual equations
taking into account the product inhibition by P in the S—P reaction and the
product inhibition by § in the P—S reaction: ’

o [S]

= (for S—>P)
V ax
" Ks(l + 1;:—]) +[8]
L= 71 (for P—>$)

V ax
i KP(1+ %)HP]

If, in vivo, the mole fraction of [S] is poised at about 0.9 (for the particular
parameters chosen), then the velocities of the S-utilizing and S-generating
reactions will proceed at about 0.5V, and small changes in the [S1/{P]
ratio will tend to reestablish the original [S]/[P] ratio. (When [S] decreases,
the velocity of the S—P reaction slows up while that of the P—8 reaction
increases.) If we consider only the S—P reaction, we see that the “energy
charge” model can provide an effective “off-on” switch; that is, for a wide
range of S concentrations, the velocity of the reaction can be relatively low
and insensitive to increasing [S]. Then, for a relatively small increase in [S],
» can increase markedly. To be an effective control system, Kp must be
significantly less than K5 and the total concentration of [S]+[P] must be

80— —
g AMP ATP
= 60— —
o
®  F i
i)
[
8 s -
U
o
ADP 7]
20— _
0 ] | ! \ L | ! | I
0 0.2 04 06 - 0.8 1.0

Energy charge

Fig. 111-10. Relative concentrations of adenine nucleotides as a funtion of energy charge
when the adenylate kinase reaction is at equilibrium ( K;q =0.8). [Redrawn with permission
from Atkinson, D.E., Biochemistry 7 4030 (1968). Copyright by the American Chemical
Society.]

Vimax

v

05 Vinax

Fig. .1l.l-_11. Velocity response to changing [S]/[P] ratio where [S]+[P] is constant. (a) A
P-utilizing enzyme. (b) An S-utilizing enzyme. The product of one enzyme is the
substrate of the other and vice versa; Kp=0.1, K;=10, [S]+[P]=10.
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large compared to Kg. (If [S]+[P]=100Kg, the velocity curves would be
essentially the same as those shown in Figure III-11 for the same Kg and Kp
values.) In this respect, it is noteworthy that the intracellular levels of
adenine nucleotides are quite high compared to their K, values. It seems
likely that many biological oxidation-reduction reactions will be regulated
by an analogous “reduction charge,” that is, the [NADH]/[NADH+
NAD™*] or [NADPH]/[NADPH + NADP*] ratio. For most dehydrogenases
involved in energy metabolism, Kyapy is Jess than Kyape+, which is exactly
the condition necessary for a steep velocity response to the “reduction
charge.” Furthermore, the intracellular concentration of pyridine nucleo-
tides is high compared to their K,, values (another required condition). The
pyruvic dehydrogenase of E. coli responds to both the adenylate “energy
charge” and the oxidation level of the NADH+NAD™ pool. The response
of pyruvic dehydrogenase to the adenylate “energy charge” can be treated
as described in activation system A-5 (Chapter Five) where the enzyme
activity is regulated by the [I]/[A] ratio and neither effector is a substrate or
product of the reaction. Other factors, in addition to the [S]+[P] concentra-
tion and the relative K5 and Kp, values, can influence the velocity response to
“energy charge” or “reduction charge.” These factors include (a) the con-
centrations of effectors which alter Kg or Ky, (b) the concentration of Mg?*
(when the true S and P species binding to the enzyme are the Mg
complexes), and, for reactions involving two or more substrates and /or
products, (c) the kinetic mechanism, and (d) the number and nature of
dead-end complexes that can form. Regulation via “‘energy charge” may
have been one of the first control devices evolved by living cells. In its
simplest form, the model requires only effective competition between P and
S for a single binding site. Examples of enzymes regulated by the energy
charge are (a) citrate cleavage enzyme from rat liver, which produces
extramitochondrial acetyl-S-CoA for fatty acid biosynthesis via the reaction:

ATP +citrate + CoASHT—acetyl-$-CoA + oxalacetate+ ADP+P,;

and (&) phosphoribosylpyrophosphate (PR?P) synthetase of E. coli, which
furnishes PRPP for histidine, trytophan, and purine and pyrimidine nucleo-
tides via the reaction:

ATP + ribose-5-phosphate=—PRPP + AMP

It is noteworthy that ADP is much better than AMP as an inhibitor of
PRPP synthetase. Thus ADP must have a higher affinity than AMP for the
AMP-ATP site, or ADP binds to a distinct regulatory site. In either case, the
“energy charge” of the system controls the velocity of the reaction, since a
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high ADP or high AMP level signifies a low ATP level, and vice versa.
Another example of a biosynthetic enzyme regulated by the “energy charge”
is the adenosinediphosphoglucose (ADPG) synthetase (pyrophos-
phorylase) of bacteria. This enzyme catalyzes the production of ADPG from
ATP and glucose-1-phosphate.

ATP + glucose-1 —phosphate:\——ADPG + PP,

In this case neither ADP nor AMP are products of the reaction, yet both are
inhibitors, with AMP being the more potent. ADP is produced in the
subsequent reaction where ADPG serves as the glucosyl donor for th::
bacterial glycogen synthetase:

ADPG + (glycogen),—> ADP +(glycogen), ;|

With ADPG synthetase, we do not have a simple case of competitive product
inhibition, yet the response of the system to thé “energy charge” still serves
to insure that glycogen synthesis will proceed only when the cell is energy-
“sufficient.

B. NONCOMPETITIVE INHIBITION (SIMPLE INTERSECTING
LINEAR NONCOMPETITIVE INHIBITION)

A classical noncompetitive inhibitor has no effect on substrate binding, and
vice versa. The inhibitor and the substrate bind reversibly, randomly, and
independently at different sites. That is, [ binds to E and to ES; S'binds to E
and .to EI The binding of one ligand has no effect on the dissociation
constant of the other. However, the resulting ESI complex is inactive.
Noncompetitive inhibition is common in steady-state multireactant systerms
(Chapter Nine), but for reasons somewhat different than those presented
here. A model for classical noncompetitive inhibition is shown in Figure
III-12. It is assumed that I distorts the enzyme sufficiently to prevent the
proper positioning of the catalytic center and thus ESI is nonproductive. A
similar situation is shown in Figure 111-13. Here, there is no direct path from
" ES to ESI, but the same four enzyme species are at equilibrium. If ES is
assumed to exist in two forms, one “open” (and able to bind I) and one
“closed” (as shown), the properties of the system would be unchanged since
multiple central complexes (e.g., ES, ES, EP, EP") do not affect the velocity




Fig. I11-12. Noncompetitive inhibition; S and I are not mutually exclusive but ESI is
catalytically inactive. When S binds, the enzyme undergoes a conformational change
which aligns the catalytic center, C, with the susceptible bonds of S; I interferes with the
conformational change, but has no effect on § binding.

Fig. 111-13. Noncompetitive inhibition. In this model, I cannot bind to €S, but the
properties of the system are identical to that shown in Fig. 111-12 because the same four
enzyme species are at equilibrium. In steady-state conditions substrate inhibition is
observed.
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equations. The equilibria are:

E + 8 —}TS,— ES i) E + P
+
) 1 _IEIS) _ [E1)s)
" [ES]  [ES])
<A sl _mm s
El + S == ESI " [E1) [ESI]

We can see from the equilibria that at any inhibitor concentration, an
infinitely high substrate concentration cannot drive all the enzyme to the
productive ES form. At any [I] a portion of the enzyme will remain as the
nonproductive ESI complex. Consequently, we can predict that the ¥V, in
the presence of a noncompetitive inhibitor (¥, ) will be less than the Vo
observed in the absence of inhibitor. The K, value (measured as the [S]
required for }V,,) will be unchanged by a noncompetitive inhibitor
because at any inhibitor concentration the enzyme forms which can com-
bine with S (E and EI) have equal affinities for S. The net effect of a
reversibly bound noncompetitive inhibitor is to make it appear as if less total
enzyme is present.

A substance that irreversibly inactivates an enzyme is sometimes (incor-
rectly) called a noncompetitive inhibitior because V,,, is decreased. Irrevers-
ible inhibition and reversible noncompetitive inhibition may be dis-
tinguished by plotting ¥,,,, versus [E],, where [E], represents total units of
enzyme activity added to the assay (Fig. III-14). For a reversible noncom-

petitive inhibitor, the “plus inhibitor” curve will have a smaller slope than

—
the control curve and will go through the origin. If an irreversible inhibitor

is present, the “plus inhibitor” curve will have the same slope as the control
curve, but will intersect the horizontal axis at a position equivalent to the
amount of enzyme that is irreversibly inactivated.

An expression relating v, V, .., [8], K5, [I], and K; in the presence of a
noncompetitive inhibitor can be derived easily from rapid equilibrium
assumptions. This time we must recognize that the total enzyme, [E],, is

_present in four forms: free enzyme, [E]; enzyme-substrate complex, [ES];
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Fig. tH-14. A plot of ¥, versus amount of enzyme added will distinguish between a
reversible and an irreversible noncompetitive inhibitor. [E], represents the amount of
enzyme titrated by the irreversible inhibitor.

enzyme-inhibitor complex, [El]; and enzyme-substrate-inhibitor complex,
[EST).

v= kP[ES]

0 k,[ES]

[E],  [E]+[ES]+[EI] + [ESI]

(5]

[ KS
P 51 10 100S]

Ks K, KK,

where max= £, [E],- In this form, we see that the denominator has two
additional terms compared to the normal velocity equation. The [I]/X; term
is contributed by the EI complex, while the [I][S]/KK; term results from
* the ESI complex. The latter term does not appear in the velocity equation
for competitive inhibition because there is no ESI complex. The numerator

(o)
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still contains only one term as there is only one product-forming complex
(ES). To obtain a more familiar form, we can multiply the numerator and
denominator of equation III-20 by K and factor:

L= L5] (111-21)

7
i KS(1+ %)+[S](I+%)

i 1

The expression above differs from the usual Henri-Michaelis-Menten equa-
tion and from that derived earlier for competitive inhibition in that the K
and [8] terms in the denominator are both multiplied by the factor (1+
(11/K;). We can better appreciate the effect of a noncompetitive inhibitor by
dividing the denominators of both sides of the equation by (1+[I]/K,):

T o o D (111-22)
5} Vmax KS+ {S} Vmax,v Ks"" {S]
I
B
where:
Vax, = ———— =the apparent V. at the given [I]

F (1+£K—])

As predicted, the only effect of a noncompetitive inhibitor is to decrease

Voax Lhe Kg value remains unchanged. (The reader should not be confused
by the fact that the Kg term in the original equation I11-21 was multiplied
by (1+[11/K,). Before deciding whether Kj is affected, we must first modify
the equation by removing any factor of the variable, [S].) The decrease in
V nax do€s not mean that the inhibitor has decreased the rate constant for the
breakdown of ES to E+P. This constant, k,, is unchanged. It is the
steady-state level of ES that is decreased. At any [S] and [I], the enzyme-
substrate complex is present as a mixture of productive ES and nenproduc-
tive ESI forms (4, =0 for the ESI complex). The factor (1 +[I]/K,) may be
considered to be an [I]-dependent statistical factor describing the distribu-
tion of the enzyme-substrate complexes between the ES and ESI forms.
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Systems are known in which the inhibitor does affect & (i.e., in which ESI
forms product slower than ES). This type of system, called partial noncom-
petitive inhibition, is described in Chapter Four,

If #, contributes significantly to the Kn=(k_,+k)/k, relationship, then
an inhibitor that affects the apparent %, value will also affect the X, value,
In pure and partial noncompetitive systems, the apparent k, changes without
K, changing. Consequently, %, must be very small compared to k_,, and K,
must be equivalent to K. In other words, classical noncompetitive inhibition
in unireactant systems is obtained only under rapid equilibrium conditions.
In fact, a steady-state treatment does not yield an equation of the Henri-
Michaelis-Menten form, but rather a complex expression containing [S]?
and [I]? terms. The reciprocal plots are theoretically nonlinear (although
they may appear so because the nonlinear region may occur close to the
1 /v-axis). Figure T1I-15 shows a situation that could be at steady-state and
still yield a simple velocity equation without [S)? terms (because there is only
one reaction in which S adds).

An expression for the relative velocity in the presence of a noncompetitive
inhibitor can be derived readily:

Foanl S
)
N (s +isp(1+ L] — .
a= f:) = V5] or {a= K+ (111-23)
K, +[8]

Thus a is independent of [S], or, in other words, a given concentration of I

reduces the velocity by exactly the same factor at all substrate concentra-
tions.

Ve, K,

Veax K+ (1]

Although V., is reduced to V,__, the specific substrate concentration
required for any fraction of Vonas: is unchanged. For example, [S],;=X,,
[Slos=9K,, and [S],,=4K . Thus the [Slo.o/18]g, ratio is 81 at all inhibi-
tor concentrations. As before, the constant ratio is expected, since the form of
the equation is unchanged; only the absolute value of Vinax 18 changed. The
effect of a' noncompetitive inhibitor is shown in Figure II1-16 )

(T11-24)

F';g 1-15. A third model for noncompetitive inhibition; 1 sterically hinders § bmdigg.
Thc; velocity equation derived from steady-state assumptions would be the same as that
derived from rapid equilibrium assumptions.
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Fig. 111-16. The v versus [S] plot in the presence of a noncompetitive inhibitor.
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An expression for the fractional inhibition can be derived from equation
111-23:

i _ K;
z=l——0—1—a 1 K+[1]
H =100(—LI-]——) (I11-25)
% K+[1]

At any [S], (Tlys= Kis (Tloo=9K: and [I]y, =$§K;. Thus the [L]oe/ 1o, ratio
is always 81. :

General Principles

A dlassical noncompetitive inhtbitor decreases Vyy, but has no effect on the
K., value. The degree of inhibition in the presence of @ noncompelitive inhibitor
depends only upon [1) and K. The inhibited velocity (u;) 1s always a constant
fraction of vo,regardless of the substrate concentration or the value of K .An
increase in [S] causes both vo and v, to increase by the same factor. The net
effect of a noncompetitive inhibitor is lo make 1t seem as if less enzyme were
present. When [1]= K, we observe 50% infubition at all substrate concenira-

trons.

Reciprocal Plot for Noncompetitive Inhibition Systems

In the reciprocal form, the velocity equation 4or' noncompetitive inhibition

18:

K;

v

max

[S} Vmax

The equation indicates that both the slope and the 1/v-axis intercept of the

reciprocal plot are increased by the factor (1+[I]/K;) compared to the
“control” plot. If the slope and the 1 / v-axis intercept increase by the same
factor, then the 1/]S]-axis intercept will remain the same (equal to
~1/K,.). The K; can be calculated from the slope or the 1/ -axis intercept.
When 1/[S]=0, the 1/v intercept gives 1/ V pax» Where 1R s
=1/V,,.(1+[1]/K,). For each fixed inhibitor concentration, a new recipro-

cal

%E_’&_(1+%)_L+_l——(1+~[l—]) (111-26) |
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plot can be drawn (Fig. ITI-17). As [I] increases, the “plus inhibitor” curves
increase in slope and 1/v-axis intercept, pivoting counterclockwise about the
point of intersection with the control curve (at —1/K_on the 1/[S]-axis).
Because the initial velocity can be driven to zero at a saturating inhibitor
concentration, the limiting slope will be a vertical line through —1/K_ and
parallel to the 1/z-axis.

Replots of Slope, ;s and 1/V,,,,, Versus [l]

ax;

The slope of the reciprocal plot in the presence of a pure noncompetitive
inhibitor is a linear function of [I] (Fig. 11I-184) as shown earlier for pure
competitive inhibition (Fig. III-5). The 1/v-axis intercept (1/V,,,, ) isalsoa
linear function of [I] (Fig, III-1854): - ,
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Fig. I-17.  The 1/v versus 1/[S] plot in the presence of different fixed concentrations of
a noncompetitive inhibitor.
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Fig. N-18. Replots of data taken from the reciprocal plot. (2) Slopey 5 versus [1]. (b)
1/ v-axis intercept (i.e., 1/V,,, ) versus [I].

Linear replots of stope, ;5 versus [I] and 1/ ¥ o versus [I] distinguish pure
noncompetitive inhibition from partial noncompetmve inhibition. The latter
vields hyperbolic replots (Chapter Four).

Dixon Plot for Noncompetitive Inhibition: 1/v Versus [I]

The reciprocal equation for noncompetitive inhibition may be rearranged

to:
[ ]

1 1 K,
= X [11+ v (1+ ﬁ) (111-28)

A plot of 1/v versus [I] will be a straight line (Fig. I11-194). The slope of the
Dixon plot is given by:

K
m 1 " 1
max : [S] Vmasz

slope = (111-29)
A replot of slope versus the corresponding 1/[8] (Fig. 111-19%) is a straight
line with a slope of K, /V,_ K, and an intercept of 1/V,__ K, on the
slope-axis. When slope=0, the intercept on the 1/[S]-axis gives —1/K . (

contrast, the slope replot for competitive inhibition passes through the
origin.) The replot of 1/v-axis intercept versus the corresponding 1/[S] is

NONCOMPETITIVE INHIBITION

Slope

Km @
(@) &)

Fig. 111-19. (a) Dixon plot for a noncompetitive inhibitor: 1/2 versus [I] in the presence
of different fixed concentrations of substrate. (8) Sfape replot.

identical to the usual reciprocal plot in the absence of I. Other plots for
noncompetitive inhibition are described in Chapter Four.

Integrated Rate Equation in the Presence of a
- Noncompetitive Inhibitor

If the reaction has a large K, and none of the products have an appreciable
affinity for the enzyme, then the time course of the reaction in the presence
of a noncompetitive inhibitor can be expressed as:

2.3 [S]O 1 [PI Vmax
~}-log-[-§]"= “7{;7+'—m— (I11-30)
ey

where [P]=[S],—[S]

The equation assumes a constant inhibitor concentration during the time
course of the reaction. A determination of [P] at various times during the
course of the reaction will allow K and V‘"”‘-w to be determined. A family
of plots can be obtained for different inhibitor concentrations (Fig. I11-20).
The lines will be parallel since the slope is independent of [I]. The values of
Ve and K; can be obtained from appropriate replots of vertical or hori-

max
zontal axes intercepts,




136 StmpLE INHIBITION SYSTEMS
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Fig. 11120, Plot of the integrated velocity equation in the presence of a noncompetitive
inhibitor.

C. UNCOMPETITIVE INHIBITION (SIMPLE LINEAR
UNCOMPETITIVE INHIBITION)

A classical uncompetitive inhibitor is a compound that binds reversibly to
the enzyme-substrate complex yielding an inactive ESI complex (Fig. III-
21). The inhibitor does not bind to the free enzyme. Pure uncompetitive
inhibition (also called anticompetitive inhibition and coupling inhibition)
may be rare in unireactant systems. Nevertheless, it is worth considering
because it is a simple example of the sequential addition of two enzyme
ligands in an obligate order. Uncompetitive inhibition is common in steady-
state multireactant systems (Chapter Nine) for reasons similar to those
described here, That is, I will be uncompetitive with respect to a given
substrate if I binds to the enzyme only after the substrate binds (although 1
rarely binds to a central complex where all the substrate binding sites are
filled). Classical uncompetitive inhibition is described by the following

UNCOMPETITIVE INHIBITION 137

¥ Product

K

Fig. 11-21. Uncompetitive inhibition; T binds only to the ES complex. When § binds, a
conformational change occurs in the enzyme which forms or unmasks the [ site. The
resulting ESI complex is catalytically inactive; C represents the catalytic center of the
enzyme.

equilibria:
Kg &
E+ S = ES — E + P
+
1
o’
ESI

The equilibria show that at any [I] an infinitely high substrate concentration
will not drive all of the enzyme to the ES form; some nonproductive ESI
complex will always be present. Consequently, we can predict that V. in
the presence of an uncompetitive inhibitor (V.. ) will be lower than the
V. e in the absence of inhibitor. Unlike noncompe'titive inhibition, however,
the apparent K, value will decrease. The decrease occurs because the
reaction ES+I—ESI removes some ES causing the reaction E+S—ES to
proceed to the right. Under certain conditions, 2 mixed-type inhibitor can
produce the same effects as an uncompetitive inhibitor. The specific condi-
tions are discussed in Chapter Four.
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An expression relating v, V., [S], Ks; [1}, and K, in the presence of an
uncompetitive inhibitor is derived below:

v=*k,[ES]

B k,[ES]
[E], [E]+[ES]+[ESI]

[s]

Vw181 81U

Ky KK,

(111-31)

The equation does not contain an [I]/ K term because no EI complex forms.
Multiplying numerator and denominator of equation III-31 by Kg and
factoring:

L= 51 (111-32)

A steady-state treatment yields the same equation with X, replacing K.

The velocity equation differs from the usual Henri-Michaelis-Menten
expression in that the [S] term in the denominator is multiplied by the factor
(1+[I]/K,). We can better appreciate the effect of an uncompetitive inhibi-
tor on the kinetic constants by dividing the denominators of both sides of the
equation by (1+[1]/K).

- - (111-33)

UNCOMPETITIVE INHIBITION e
or
s
) (111-34)
Vma" Km +[S]
: -
where
po o Vo K,

max; and Km e s
l 1+ [ " 1+ !
® A

In other words, an uncompetitive inhibitor decreases V,,, and K to the
same extent (Fig. 111-22).

Vmax - —10

Control

0.5Vimax

Vmax,- L

05Vimax, |-

1}
i
1
v W
p 1 1 L J}( 1
1 2 3 4 " 100
[$7)

_ Fig. 122, The » versus [S] plot in the presence of an uncompetitive inhibitor.



An expression for the relative velocity in the presence of an uncompetitive
inhibitor can be derived:

v.lS]
K, +{S](1 + [-I—?—)
T V]
X, +[5]
U C) . (IT1-35)

Km+[S](1+~[-II(~]_)

The fractional inhibition caused by an uncompetitive inhibitor is given
by:

I
i=1l—a or 1= U] (111-36)

When :=0.5:

[T]os= (1 + %)K (111-37)

Note that the relationship between K and [S] is opposite to that for
competitive inhibition. Similarly, we can show that:

K, 1 K,
[I]o.s=9(l + -[S_I)K” [I]0.|= —9'(] + —[—S_])K'

Thus the [I],5/[L]o, ratio is 81 for all substrate concentrations regardless of
the absolute values of K, and K, The degree of inhibition depends on the

substrate concentration, but, unlike competitive inhibition, the degree of
inhibition increases as [S] increases. This is to be expected, because an
uncompetitive inhibitor combines only with the ES complex, and the con-
centration of ES increases as [S] increases. An uncompetitive inhibitor
inhibits because of its effect on V,__ . The inhibitor is actually an activator
with respect to K, (Kmm(Km}. If the substrate concentration is low enough
so that the reaction is essentially first-order, the effect of an uncompetitive
inhibitor on F_, will be almost completely canceled by its opposite effect on
K, and little or no inhibition will be observed.

Reciprocal Plot for Uncompetitive Inhibition

The reciprocal form of the velocity equation for uncompetitive inhibition is:

1

1B 3 . 1 (H%) . (111-38)

The slope of the plotisstill K /¥, . but the 1/v-axis intercept is increased
by the factor (1+[I}/K;) which multiplied the [S] term in the original
equation. Consequently, the “plus inhibitor” and control curves will be
parallel. As [I] increases, the 1/2-axis intercepts increase, yielding a series of
parallel plots (Fig. III-23). A saturating inhibitor concentration will drive
the velocity to zero. Consequently, the displacement of the “plus inhibitor”
plots from the control plot increases without limit.

Replots of 1/V, ., and 1/Km‘w Versus [1]

ax;

A replot of 1/ Vmax, versus [I] will be linear (Fig. 111-24a) with intercepts of
1/V, . and — K, as shown for pure noncompetitive inhibition. The K.
varies inversely with [I] (Fig. I11-245): '

1 _ 1 1 )
o et (I11-39)

app i tm m

1

The linear replots will distinguish pure uncompetitive inhibition from a

mixed-type system in which X, and V,_ change by the same factor (see

mixed-type inhibition System C4 where a=f, in Chapter Four).




Fig. 118-23. The 1/» versus 1/[5] plot in the presence of different fixed concentrations of
an uncompetitive inhibitor.
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Dixon Plot for Uncompetitive Inhibition: 1/v Versus [I]

The equation for the Dixon plot is:

1__1 [1]+__1-.(1+ _Ki) (111-40)
v V__ K. v [s]

max” “( max

The slope expression does not contain an [S] term: Hence we can expect the
plots to be parallel at all substrate concentrations (Fig. 111-25).

Integrated Rate Equation in the Presence of an
Uncompetitive Inhibitor

The integrated rate equation in the presence of an uncompetitive inhibitor
is: -

(111'-41)

¥

where [P]=[S],— [S]. Figure III-26 shows the time course of the reaction at
various fixed inhibitor concentrations plotted according to equation III-41.

D. EFFECTS OF CONTAMINATING INHIBITORS ON THE
INITIAL VELOCITY VERSUS ENZYME CONCENTRATION PLOT

Enzyme preparations frequently contain inhibitors. These may be en-
dogenous metabolites or substances introduced during the cell breakage or
fractionation ‘procedures. If the presence of inhibitors is not recognized,
errors may be introduced into the determination of K, or K values, or total
enzyme units. The problems caused by contaminating endogenous inhibitors
can be avoided usually if the enzyme is partially purified. Indeed, recoveries
greater than 100% of the original activity after a preliminary purification
step are not uncommon. However, many times a large number of cell free
extracts must be assayed under conditions where a preliminary purification
of each one is not feasible. Under such circumstances, it would be desirable



Vmax (1+ (s)

Ty
o
=

- (1+ [31) -K;

Fig. 111-25. Dixon plot for an uncompetitive inhibitor: 1/v versus [1] at different fixed
concentrations of S.
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Fn: tI}II-26 Plot of the integrated velocity equation in the presence of an uncompetitive
inhibitor,
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to know whether the enzyme preparation contains inhibitors. This can be
checked by determining the response of the assay to increasing amounts of
enzyme preparation. A departure of the v versus {E], plot from linearity
indicates the presence of inhibitors in the enzyme preparation. Suppose an
extract contains a- competitive inhibitor such that 10 pl gives a final
concentration of 3K, in the assay mixture, The assay is conducted at
[S]=10K,,. The 10 pl of extract contains an amount of enzyme sufficient to
yield a V,_,, under the assay conditions of 100 arbitrary units in the absence
of any inhibitors. At the assay substrate concentration (10K, ), the theoreti-
cal {uninhibited) » is 91 units. (Of course, the amount of enzyme present is
not known—the object of the assay is to determine how much enzyme is
present.) The observed activity in the presence of [I]=3K; will be:

LIELS]  ValS]

Kot [S] [_l
K, |1+ == | +[8]

_ (100)(10K,)  1000K,
T K(1+3)+10K, - 14K,

Y1op =

10,0 = 71.4 units

If the presence of the inhibitor is unrecognized, the value of 71.4 units
would be taken as a measure of the amount of enzyme present. The true
velocity should have been 91 units; thus the assay will give a value 20%
lowér than the true value. Now, let us double the amount of enzyme
preparation used. If 10 pl produced a v of 71.4 units and this represents an
uninhibited velocity, then 20 ul should yield a v of 142.8 units (doubling [E],
doubles V,,,, since V. =4, [E]). If the preparation contains an inhibitor,

max?

then doubling [E], will also double [I].

= max| 5] _ (2)(100)(10K,,)
20t {1] K, (1+6)+ 10K,
K, |1 )+ [s]
2000X,
oo w1 = 17Km=118units

Similarly, if only 5 pl of preparation are used and the v obtained at 10 pl



represents an uninhibited v, then o w1 should be 35.7 units.

vy = 0.5V, [S] (0.5)(100)(10K,,)
it ==
0.5[1] K, (1+1.5)+10K
Kll+—— o
m( I3 ) +[8]
500K,
= 125K =40 units

m

We see that doubling the enzyme concentration produced less than a
doubling of the velocity, and halving the enzyme concentration produced
;%?rc than half the velocity. It is obvious that  is not directly proportional to

e

Figure I11-27 shows the effect of a contaminating competitive inhibitor
and a contaminating noncompetitive inhibitor on the » versus [E], curve at
[S]= IOK,,: and [I]=3K, in the 10 pl assay. The curve for a contaminating
uncompetitive inhibitor would be slightly higher than that shown for the
noncompetitive inhibitor.,

If the enzyme preparation contains an activator then the » versus [E], plot

L I 1 I I I I T T
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> - .Atamiﬂating :
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Contaminating N
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| ] | | J . | |
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Amount of enzyme preparation per assay (e.g., ul)

Fig. .27, Effect of endogenous inhibitors on the plot of v versus amount of enzyme

prepan‘ation added. Each 10 pl enzyme preparation contains 100 units of activity at
saturating [S], and [1}=3K;; [S]=10K,, in all assays.
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will curve upward, giving a greater than proportionate increase in v for a
given increment of [E],.

Other Factors Producing Nonlinear » Versus [E], Plots

Nonlinear z versus [E], plots can result from a number of factors besides the
presence of endogenous inhibitors in the enzyme preparation. Some of these
are as follows. (2) The enzyme preparation may be stored at a pH or ionic
strength significantly different from the optimum of the reaction. As the
amount of enzyme preparation in the assay is increased, the “carry-over”
will cause the assay pH or ionic strength to depart more and more from the
optimum. Similarly, the enzyme may be stored in the presence of certain
stabilizing agents (e.g., EDTA, thiols, and specific cations) which may
inhibit the reaction. (4) The measured velocity may not be a true initial
velocity. This could occur if the substrate concentration decreased signifi-
cantly (i.., out of the zero-order range) before the first product measure-
ment. Similarly, if the pH of the assay mixture changes or a product
inhibitor accumulates to a significant level before the first measurement, the
calculated velocity will be lower than the true initial velocity. (¢) The
enzyme preparation may contain enzymes that convert the product to
another compound that escapes detection by the assay method. (d) The
enzyme may be unstable at the assay temperature, pH, ionic strength, and
so on. If a significant amount of denaturation occurs before the first product
measurement, the calculated velocity will be lower than the true initial
velocity. (¢) The enzyme preparation may contain proteolytic enzymes that
are inactive under the storage conditions but degrade the enzyme rapidly in
the assay mixture. ( f) The assay method may be inaccurate at high product
concentrations. For example, in spectrophotometric assays, high optical
densities may be impossible to read accurately with the spectrophotometer
used. In assays employing radioactive substrates, the radioactivity in the
product may exceed the resolution time of the detector. These problems can
be avoided by diluting the product before final measurement. For radioac-
tive assays, a ““coincidence” correction can be applied. ( g) The reagents used
to convert the product into a measureable form may be limiting. Similarly,
“coupling” enzymes included in the original assay mixture may be the rate
limiting factor, rather than the enzyme being assayed. (See Chapter Two,
Section H.)

Contaminating Inhibitors in the Substrate

Inhibitors may be present as contaminants in substrates. These inhibitors
may be structural or stereoisomers of the true substrate, or unrelated
compounds {e.g., the buffer used to prepare the substrate stock solution, or a
preservative). A contaminant may go undetected if it acts as a competitive
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inhibitor. For example, suppose [I], the concentration of the contaminant in
the stock solution of substrate, is x[S]. As [S] is varied, [I] will also vary.
However, [1] in the assay mixture will always be a constant fraction or
mukiple of [S]. In other words, [S] and [I] will be varied together at a
constant ratio. The velocity equation is:

(5] [s]

e K, (S] ‘
7 - WIs] .
max 1+_[f§_”]l+{_fl<} ]+[—1§'}+‘-‘-{§%]‘ Km+[S](l+—I€1)
v [S]
e . (111-42)

The velocity curve and reciprocal plot will appear normal, but the kinetic
constants are only apparent constants. The observed reciprocal plot will be
parallel to and above the true plot.

The situation is different if I acts noncompetitively. In this case the
velocity equation is: i

—_—
w
—
—
4]
pikti]

v Km Km
Vear . [S] [0 ISI] 2
I U L) BRCREIC IS
K, K KK K, K KK

I, (5] ©(111-43)

" vqs)(1e ey 2B
m+[] KI_ Ki

The equation does not have the usual form of the Henri-Michaelis-Menten
-equation. In effect, the denominator contains an [SI® term resulting in

Errects ofF CoNTAMINATING InHIBITORS ON THE CONGENTRATION PLoT 149

apparent substrate inhibition. The equation for the reciprocal plot can be
written as:

1 Km 1 1 me ._._,_._.x __1_ - ”
?“7;;([_8—])+7n,:(1+7<7)+ vm.,K.-([s ) S

If we take the first derivative of equation IFI-44 and set it equal to zero, we
find that the plot has a minimum.

d(1/v) _ K, x ( 1 )'2=0

17[S]) Vown VouF\[S

SRR /s

—_

The minimum occurs at: -
1 X s KmKr
—[§T V£ or [S]= .

The plot of v versus [S] will increase, pass through a maximum, and then
decrease to zero. The plot of 1/v versus 1/[S] will bend upward as it
approaches the 1/v-axis (Fig. 111-28). At very low [§] (ie., high 1/[S]), the

S

1 (1 + me)

|
!
!
1
|

14 Ko 0 X
\ - A\\/ 2 is)
Km KnK;

Fig. I1-28. Effect of a contaminating noncompetitive inhibitor in the substrate on the
1/ v versus 1/[S] plot.
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teciprocal plot approaches a straight line asymptotically. In this ‘region of
1/[8], the effect of 1 is minimal ([I] is very low compared to X;). Extrapola-
tion of the asymptote yields apparent values for K, and V... An uncom-
petitive inhibitor will behave similarly since the velocity equation will
contain the x[S]?/K_ K, term. However, the extrapolated X,, and V,,,
values will be the real values, since the velocity equation will not contain
x[SI/K, (ie,an[1]/K) term.

The treatment above assumes that I represents a very small fraction of the
added substrate so that [S]=[S],,4.q- If, however, x is not <1, then the true
substrate concentration will be significantly less than [S], 4.4 and the 1/[S]
coordinate of a given velocity point will be in error. Suppose that I is a
competitive inhibitor. Let [1]=x[S8],44.q then [S]={1—x)[S],agea» Where [S]
is the true substrate concentration. The velocity is given by:

(1= 2)[S)adgea

L — Ko _ [S]add:d
Vo (1=1)[8)sit0a . *[Blasset K, 5K [$)adaed
1+ a a [ m + + m a
K. UK =) [S1acea l—2k
or
v [S]added
7 = (111-45)
Km
14 - XK’" _—————_—XF— +[S]a.ddcd
(1=x)K; (1=x)+ ==

The reciprocal plet is still linear but now the observed K and V¥V, are
altered by different factors. When x<1, equation III-45 reduces to equation
I11-42, and the effects of the incorrect assumed values of [S] disappear (only
the effects of the competitive inhibition by I remain). When K> K (i.e., the
impurity is not inhibitory), equation III-45 reduces to equation II-35 [with

(1—x) representing the fractional purity of 8, called y in deriving equaticn
11-35].

E. TIGHTLY BOUND INHIBITORS
The equations derived in the previous sections assume that there is no

depletion of the inhibitor by the enzyme. That is, that the formation of EI
and ESI does not significantly change the concentration of free inhibitor,
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Thus the [I] of the equations (which represents the concentration of free
inhibitor) is assumed to be identical to [I],, the concentration of added L. If,
however, the enzyme has a very high affinity for the inhibitor, it will be
necessary to use very low inhibitor concentrations in initial velocity studies.
Consequently, a significant proportion of the total inhibitor present may be
enzyme-bound and the usual graphical methods of determining X; will not
be valid. Dixon has devised a simple graphical method that permits X to be
determined and at the same time tells us whether a significant fraction of [I],
is enzyme-bound. The method is based on the same procedures outlined %n
Chapter Two for systems involving tightly bound substrates (or systems in
which [E],=[8S],)- In the derivations given below, it is assumed that only the
inhibitor is depleted by the enzyme and {S]=[S]..

Competitive Inhibitors

In the presence of a competitive inhibitor, the enzyme is distributed among
three forms: -

[E],=[E]+[ES]+[EI] (T11-46)

From the velocity-dependence equation, v = k,[ES], we obtain:
= 11147
[BS)= £ (11147)

From the definition of K =[E][S]/[ES], we obtain, after substituting [ES] as
given by equation I11-47:

[E][S]%, K.v
=t : =" 111-48
Rt R g (111.49)
From the definition of V., =k&,[E],, we obtain:
v
[E],=—= (111-49)
k, :

Now substituting for [E], [ES], and [E], in the mass balance equation I11-46,
we obtain: :

4 K v

max m [
= + — =+ [EI] (II1-50)
ke kIS] K
K,
Vmu“‘[?v—u=kp1:EII
K
V. —u|1+—|=k[EI I11-51
o1 5 121 (ues1)
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The K, is given by:

_ B (E)-[E1)) [EI( t[El‘] _1) (11L-52)

©[EI] [EI]
Substituting for [E] from equation 111-48:

K.= ( LT 1)— Eurlll _ Kwr (111-53)
' p[ IV E] k,[S][EI]  &,[S]
Rearranging:
K+ e
k,[S]  K[S][EI]
I K.[S]
LTI | (11-54)
k[EI] K,o K,
From equation 111-53
max Kmv v 1 Km
[El]= —2 - _ 2 _ 2 me—u(1+—) (111-55)
by kIS] k&, 8]
Substituting the solution above for [EI] into equation I11-54:
I K[s
(x = 5] + (111-56)

1
K Kmll I'ip
Vmu—v(l+ —"')

(8]

At any substrate concentration in the absence of I, the velocity, v,, is given

by:

S v,
Uo [ ] max = max (111057)
K, +[8] ( K, )

1+-=

(8]
Now consider some point on the v versus [I] plot where the velocity, v, is

some fraction of z,; that is,
[ Vmax V

y=—= (111-58)

199
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Substituting v; given by equation I1I-58 for » in the left-hand part of
equation I1I-56, we obtain:

. L ”511;/ (111-50)
o Ve Vm(l—i) (2= 1) Vo

max n n

And substituting 2o/n for v in the right-hand part of equation 111-56, we
obtain:

n[I}‘ N nK,[S]
(n—1)V, K,vy

max

+ kl (111-60)

A line drawn from v, through any ; intersects the [I]-axis at some value,
[1], (e.g. [1], for v;=2v,/2, [I], for 5,=uv,/3, etc.). The geometry of the

situation is shown bclow

[
("--UUO
vo . % D
|
!
vo |
vi=5 |
|
f
11)e
T
e,
a N (n—1)1,
or
. fr=1)
S i 1 111-61
[x],= (n—1) (11, and (1], = (1], ( )



10T SimpLE INHIBITION SYSTEMS

Substituting for [1], in equation I11-60:

e
(c)

m
[ ] max max
I =nK———— + —= -
=k 2 4 (111-62) !
but % ° 2l °
= . L
Vs .
e and  —T= R
==+ 5 g, L
_ (5] - .
[I],=nK |1+ ral [E], (111-63) 2z
The plot is shown in Figure 11I-29. The distance between intercepts for i ©
successive values of » is K; , where: B =
[s] - . S
K‘-W l(l Km é——_‘ r‘g
If several plots are made at different fixed substrate concentrations, K‘-m can - o
be replotted against [S] (Fig. I11-29b). The intercepts of the replot give K, =
and K. = =
A line drawn from v, to the [I],-axis that intercepts the [I],-axis one L
distance to the left of [I],, represents the line for n=1. This is a line tangent -
to the v versus (1], curve at 2. Another line drawn from #, that intercepts the
[1],-axis one K,,,, distance to the left of [I], gives [E].. If only a very small - )
fraction of the inhibitor is tied up as EI, this n =0 line will coincide with the
vertical axis. Figure I11-29¢, which represents the left hand portion of the o 5
versus [I], plot, shows how the distribution of enzyme forms can be calcu- o
lated. :

s bound by the enzyme; [S] is

hand portion of Fig. 111-29a showing distribution of

f competitive inhibitor i

versus [S]. (¢) Left-

when a significant fraction o

(a) -

< ine [E]
ig. 111-29. (a) Plot suggested by Dixon to determine [E],
* i =075 V). (b) Replot of K,

assumed to be equal to 3K, (.
enzyme species at a given v/ n.

-
=
o
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Noncompetitive Inhibitars

In the presence of a noncompetitive inhibitor, the enzyme is distributed
among four forms:

[E],=[E]+[ES]+[EI]+[ESI]

[E1]+[ESI}=[E],~ [E]-[ES]

2

ko k

(111-64)

where, for convenience, the numerator of equation III-64 is written as U.
The mass balance equation for [ is:

[I],= [I] + [EI] + [ESI]
rn#u%mwwmm=mrg (111-65)

The K, is defined as:

T [ESI]
[EI] = ——m[E]]{Ei] and  [ESI]= [Ei]i[l]
Since [ES]=1/k,
vl o
[ESI]= % - z:([l],— %) (I11-66)
From equation I11-64:
[EI]+ [ESI] = £
kP
- “U__v sl !
[B1]= - [5s1) E kal_([l], kp) (I11-67)
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Now, substituting into the expression for K; where:

[E][1] _ K,v
A
u
[I]t_ T
K = L % (111-68)
RIS Uv_ L([I] Q)
ko REATT K
which simplifies to:
gt = ﬁ( 5] )+ 1 (111-69)

ideri i =,/ n and
Now considering some point on the versus {.I], curve where b .vo/’
proceeding as shown earlier for a competitive inhibitor, we obtain:

]\ Vina p
[&=m{zﬂ§)% +[F), (111.70)
But
Vs (14 Ko |_ S+ K,
%“b+wJ (5]
so that

[1), = nk,+ [E], (a-)

The plot is identical to that shown in Figure III-29 except now Fhe distance
between successive intercepts on the [I]-axis gives K; directly. Flgurc‘III-BO
shows how the concentrations of the four enzyme forms can be determined.
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/chderson (}972) has suggested a linear plot of (1],/(1 = v,/ v,) versus
usz dvz- dto de.te‘rmlr}e K; and [E], in systems where a substantial fraction of the
added inhibitor is bound. The equations for the plots are shown below.

% +[E], (111-72)

Competitive L1 = K.‘(l + _[If_])

m

KEFERENCES Loy

Uy
= K,-; +[E], (TEI-73)

Noncompetitive

[ K
Uncompetitive L =K-(l + —M—)E-I-[E]( (111-74)

Uy

The concentration of inhibitor is varied at different fixed substrate con-
centrations and 2 constant enzyme concentration. For each fixed [S] and
[E],, the values of 1;/v, and v,/v, are calculated and plotted as described
above. The family of plots for different fixed [S] intersect on the vertical-axis
at [E],. The value of K, can be calculated from the slopes of the plots or from
a slope versus [S] (competitive) or slope versus 1/[S] (uncompetitive) replot.
The value of [S] in equations I11-72 to II1-74 can be taken as [S], as long as
there is no depletion because of tight substrate binding. Otherwise, [S],—
[ES] can be substituted for [S]. The concentration of ES can be calculated
from equation I1-536. The plot remains linear with a vertical-axis intercept
of [E],, but slope replots will be nonlinear, (See equations IV-76 ta IV-80 for
a plot useful when both S and I are tightly bound to the enzyme [Best-
Belpomme and Dessen, 1973]).
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