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ABSTRACT Receptor-ligand dissociation constants are
usually calculated from the displacement curve of a radioac-
tively labeled ligand bound to the receptor. The formula used
is restricted to cases in which the concentration of receptor is
negligible compared to the concentration of both the displacing
ligand and the radioactive ligand used. In this study, we rigor-
ously derive a simple equation that can be used for calculating
receptor-ligand dissociation constants for any set of experi-
mental conditions. A linearized form of this equation provides
a convenient plot from which the dissociation constant of the
displacing ligand can be directly obtained. The plot is also a
test for the competitive mode of binding. This exact equation
now allows us to estimate the error incurred by the conven-
tionally used equations. Similarly, we show that for competi-
tive inhibition in enzymology, one can derive the analogous
formula. Our new formula is free of the usual restrictions—
namely, that the enzyme concentration is very small compared
to the concentration of both the substrate and the inhibitor. It
may therefore be applied to any set of experimental conditions.

Ligand-binding experiments were first carried out in the ear-
ly 1970s and have since revolutionized the study of recep-
tors, as it became feasible to quantify the number of recep-
tors and to determine their affinities to a variety of ligands
by simple methodologies (1-3).

A classical way of determining the dissociation constant
between a receptor and a nonradioactive ligand is by per-
forming a displacement experiment. Such experiments are
based on the competition for binding sites on the receptor
between the nonradioactive ligand and the radioactive lig-
and. In practice, a single concentration of the radioactive
ligand is used, and its displacement is measured as a function
of increasing concentrations of the nonradioactive ligand, In
the absence of displacing ligand, the receptor occupancy is
given by

y, - R _

__RLl (LYK,
Rr [RI+[RLI ~ 1+ (LYK

(1]

where [RL] is the concentration of the receptor-ligand (ra-
dioactive) complex, Ry is the total receptor concentration,
[L] is the concentration of the free radioactive ligand, and K,
is the receptor-ligand dissociation constant. Y, is the frac-
tion of the receptor occupied by the radioactive ligand in the
absence of a competing ligand.

In the presence of a competing ligand (H), Eq. 1 takes the
form of

Yy = [RL]y _
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where Ky is the dissociation constant between the receptor
and the competing ligand, and Y and [L] are the fraction of
the receptor occupied by the ligand and the concentration of
free radioactive ligand, respectively, both in the presence of
the competing ligand. The quantity of interest is actually
Yu/Y., which is given by

Yu

Y,

_ 1+ [LI/K,
" 1+ [Llu/K, + [H)/Ky

Ly

F .
(L]

B3]

Eq. 3 actually defines a displacement curve, where one plots
F vs. log[H] or F vs. [H]. It is common practice among in-
vestigators to calculate the value for Ky from the half-dis-
placement point—namely, F = 1/2. Inserting F = 1/2 into
Eq. 3 yields (2)

[Hlo.s

K = i - 1 + /K

(4]

Eq. 4 may be used provided one knows the value of [H]o s. It
is generally assumed that the concentration of the free non-
radioactive ligand is-equal to its total concentration ([H] =
Hy) and in particular that

[Hlo.s = Hrpo.s)- (]
In other words, it is assumed that throughout the titration H7
>> Ryr. Under such conditions, the value of K can indeed
be obtained from the midpoint of the displacement curve us-
ing Eq. 4. When both the concentration of the primary radio-
active ligand (L) and the displacing agent (H) are larger than
that of the receptor (Ly >> Ry; Hr >> Ry), one obtains the
very familiar Cheng and Prusoff (3) equation

K - —LHos

#= /K, + 1 t61

Since here [L]; ~ [L]g ~ [L]r, they are commonly designat-
ed by [L]. Eq. 6 is therefore valid only when the receptor
concentration is much smaller than both the total concentra-
tion of the radioactive ligand used and the total concentra-
tion of the displacing agent.

Often, the conditions [L] ~ [L]y ~ Ly and Hy ~ [H] are
not met. When such a situation arises, the analysis of F vs.
log[H] or [H] becomes complex and cannot be achieved by
simple algebraic means (4). In such cases, one needs to cal-
culate the value of [H], using the relationship

[H](R]

Hy = [H] + [RH] = [H] + =5
H

(71

This makes the task of defining Y5 very complicated. We
have therefore sought a reliable and accurate protocol to de-
termine Ky directly from a displacement curve of Yy vs.
log(H7) (or vs. Hy), without any assumptions.
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THEORY
Eqs. 8 and 9 are the accurate expressions for K; and K,
respectively,

_ [RIL] _ Ry — [RL] - [RH)(L7 — [RL))

Ke="ry = [RL] 81
K, = RUH] _ Rr — [RL) - (RH)Hy = [RHD
* 7 [RH) [RH] :

It follows that

K, _ (L7 -~ [RL)[RH] [10]

Ky (Hr — [RHDIRL])
Rearrangement of Eq. 10 yields

K. [RL]H

RE) = @& —RLDKq + Kgrm M

Insertion of the above expression for [RH] into Eq. 8 yields

KZRLY + [RLWLr — [RL)(KuK. + K Hy)
= (Rr — [RLI(Ly — [RLI{(Lt — [RLDKy + K([RL]}. [12]

Upon rearrangement, one obtains
Hr

KH=
(ﬂ)R_(L_ 7)1
Y K. \R;

KT - (-7 (ﬁ _ Y)YRTKL
Ry

+ [13]
(e _Nr-v(-7
1-Y) (Rr Y) Rr—-Y (Rr Y)KL
Eq. 13 may be written more concisely as follows:
K.Y
Ku = Kig = 7——, 14]
_T _ —
Ry Y

where Ky, which is the receptor—competing ligand dissocia-
tion constant when H ~ Hry (see below), is given by

Hrp
Ky = .
()% (& r) -

Y K; \Rr

Y in Eqs. 13-15 and in all following equations unless other-
wise stated is equal to Yy—i.e., it is the fraction of the re-
ceptor occupied by the radioactive ligand in the presence of
the competing ligand. Eq. 14 is the accurate expression for
the dissociation constant between the receptor and the com-
peting ligand as obtained from a displacement curve.

[15]

Limiting Cases
({) Hr >> Ry. When the concentration of the displacing
agent always exceeds that of the receptor, Eq. 9 simplifies to

(Rr — [RL] — [RHDH7

[RH] [16]

Ky =
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Eq. 10 now simplifies to

K _ (L = [RL)IRH]
Ky [RL]JHt ) (7

Performing the same algebraic manipulations as before, one
obtains

H
Ky = z . [18]

" (uR_r L _3)_,
Y /K. \Ryr

(iiy Lt >> Ry. When only the ligand is in excess of the
receptor, Eq. 9 simplifies to

. H. Y
. _ T _ RTKLY' [19]
(1 “Nir . Lr
Y /K,

(iii) Hy, Lt >> R1. When both the ligand displaced as well
as the displacing ligand are in excess of the receptor, Eq. 13
simplifies further to

H
Kiy= [20]
(ﬂ Ly _,
Y /K,

When, in addition, Ly >> K, Eq. 13 simplifies even further
to yield

w _ _ YHr
Ky (———1 ~VL, K;. [21]
Eqgs. 20 and 21 have already been derived for the special case
of Y =1/2 (5).

When Hy >> Ry and Ly >> Ry, one can use the Cheng—
Prusoff (3) treatment to obtain the correct result. When
these conditions are not met, Eq. 13 or 14 must be used. .

DISCUSSION

In this study, a rigorous method is presented for the determi-
nation of receptor—agonist dissociation constants from lig-
and displacement experiments. At any degree of receptor oc-
cupancy (Y) by the primary ligand (L) and at any concentra-
tion of the displacing ligand (H), one can calculate the value
of Ky using the formulas derived and summarized in Table 1.

A Test for Competitive and Noncooperative Behavior

Since the determination of K; results from a pair of Y and Hy
values, one must verify the michaelian and competitive na-
ture of the relationship between H and L. Different pairs of Y
and the corresponding value of Hr should yield the same
value of Ky if the binding is noncooperative as is assumed.
More complex behavior—e.g., H binding with more than
one affinity—requires an analysis where more than one pos-
sible value for K is assumed (6). A further test for nonco-
operativity and also for the competitive nature of the binding
is obtained by rearranging Eq. 14 as follows:

H,(ﬁ-—) Ir _y
RT RT
=Ky —— + K. [22]
(1—7)& Lr Y|-Y
K; \Rr
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Table 1. Formulas for receptor-agonist dissociation constants

Conditions Notation Formula
Hr _ K.Y
General case Ky 1-Y\Rr L_r_7_1 L_r_7
Y KL RT RT
. Hy
, 1-Y\Rs (L -
H;>>R K, 1-Y\Rr (Lr _ 3| _
’ ’ " ( Yd)KL (Rr Y) !
HT _ RTKLY
LT >> RT K;; (1 :Y) ﬁ' -1 LT
Y K,
Hr
HT >> RT! , —_——
Lr>> Ry Ky 1-N\Lr _,
Y /K,
Hr>> Ry, <
Lr>>Ry, Ky Y _Hr,
and A-Y) Ly
A plot of
LT - LT -
Hy|\=— -Y - -Y
g (RT ) Rr
R L vs. 7
1-1Z (2 _y)-7
( )KL (RT

should yield a straight line that has a slope of Ky (Fig. 1) if

401

K, (slope)=10
K, (slope)=1

| ! |
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F1G. 1. A linear plot for the theoretical displacement curve. The
plot was derived by rearrangement of Eq. 13 (see text) and is drawn
here for different values of K, at conditions where Ry =1, Lr =1,
and K; = 1. The values of the slope and the y intercept in the case of
purely competitive noncooperative binding are K and K, respec-
tively. This plot therefore tests, in the case of actual experimental
data, whether there is only one binding affinity (the plot is then lin-
ear) and whether the binding is purely competitive (the y intercept is
then equal to the value of K; from an independent measurement).
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there is only one binding affinity. Nonlinearity would sug-
gest more than one binding affinity. The intercept on the or-
dinate (y axis) yields K; if the binding is purely competitive.
Thus, the competitive nature of the binding can easily be
verified since K; can always be determined independently
by a simple binding experiment. The binding isotherm for L
yields both K; and Ry; Ry is required (Eq. 22), whereas the
K; obtained serves as a cross-check.

Accuracy and Advantage

Since the value of Ky may be calculated from a single Y,Hr
pair of values with any of the equations in Table 1, it is rec-
ommended that the experiment be conducted with as many
replicates as possible. The accuracy of the determination of
Ky is independent of the shape of the displacement curve
(Fig. 2).

Relationship Between Ky, K}y, Ki7, K}, and K

Table 1 summarizes the formulas for K through K7. A cal-
culation of K from the displacement curve of Y vs. log Hr
yields the correct value for the dissociation constant of H. A
calculation of Kj, K&, K%, or K% very often yields an erro-
neous value (Table 2). Fig. 3 shows the relationship between
K} and Ky. It is clear that Ky > Ky. This is also obvious
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FiG. 2. Theoretical displacement curve. Receptor occupancy ¥
is plotted against increasing total concentrations of the displacing
ligand (H7). For convenience, we have used Ry = 1.0 and K, = 1.0.
(A) Ky = 1, (B) Kz = 10. The upper and lower curves were con-
structed for Ly = 10 and Ly = 1, respectively, using Eq. 14.
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Table 2. The limits of the discrepancies between the correct and
the approximate values of K at infinitely low and high
concentrations of the displacing agent (Rr =1, K; =1, Hy = 1)

2-Y
LT—>Y (1 Y)

Lr— »

.K_h oo 1
Ky

Ky ® 4
Ky

Ku 1 Y
Ky

&" ) 1
Ky

. Y-72+1 V4
Ky 2-Y

*Since the value of a dissociation constant cannot be negative, it is
required that L; > Y [(2 — /1 - D).

from Eqgs. 13 and 14 since it is always true that

Fig. 3 also shows that at low ¥ values—i.e., at low receptor
occupancy—the deviation of Kj from the accurate value of
K increases.

The plot of 1/K% vs. 1/Ky or vs. 1/K}; shows clearly (Fig.
1) that at low L7 the discrepancy between K and Kj; or Ky
becomes very significant. At high Ly values, K and Ky as-
ymptotically approach each other. Therefore, the slope of
the plot 1/K% vs. 1/K} approaches 1 at high Ly values. The
deviation between K} H and Ky remains significant even at
high L7 values, but it is less serious than at low Ly values.
Fig. 4 shows these relationships at ¥ = 1/2. Fig. 5 shows that
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FiG. 3. The dependence of 1/K} on 1/Ky. The relationship be-
tween 1/Ky and 1/K for different values of Y is depicted. For sim-
plicity, the conditions chosen are R+ = 1, K; = 1, and Hy = 1. Egs.
14 and 15 were used to calculate the values of K| }, and K for differ-
ent values of L. All the values of Ly chosen must always fulfill the
conditions (1 Y/Y)(RT/KL)(LT/RT Y) —1>0and (LT/RT) Y>
0. It can be seen that the discrepancy between K and K}, is largest
at low values of Y.
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F1G. 4. The relationship of Ky with K, and K. 1/K%; is drawn
as a function of 1/Ky and 1/K};. The conditions used are the same
as in Fig. 3. It can easily be seen that the largest discrepancies be-
tween K and K}, are at low values of L.

the deviation between Ky (Hr >> Rp and Ky (Hr >> Ry,
L >> Ry), increases with decreasing receptor occupancy Y
and is most pronounced at low values of Ly. A summary of
the discrepancies between the various values of Ky at infi-
nitely low and high values of Ly is given in Table 2.

When the conditions Hy >> Ry, Lt >> Ry are met, the
Cheng-Prusoff analysis (3) is as useful and as accurate as the
method presented here. In summary, the treatment here is
especially useful when these conditions are not met. When
only Hr >> Ry, the use of the present treatment is as easy as
the use of Eq. 4 for the calculation of Kj.

Accurate Determination of Enzyme-Inhibitor Dissociation
Constants

In enzymology, the situation is generally different from that
in studies of receptors since the total enzyme concentration
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FiG.5. K} as afunction of K}, at different receptor occupancies.

The dependence of 1/K}, on 1/K}, for various values of Y is shown.
It may be seen that for the same ratio of Ly to Ry, the deviation of
K}, from K}, is largest at low values of L. The conditions used are
the same as in Fig. 3 (R =1, H; =1, K; = 1).
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Eris usually very small compared to both the substrate con-
centration S7and the concentration of the competitive inhib-
itor I7. Under such conditions,

Vmax[S]

V= ,
Kn (1+m)+[S]

(23]
K;r

where [S] = [Slgee = S7, [I] = [)gree = Ir, and K7 and K, are
the enzyme—inhibitor dissociation constant and the Michae-
lis-Menten constant, respectively. Occasionally, however,
one deals with tightly bound inhibitors that affect the en-
zyme at concentrations similar to those of the enzyme itself.
In such cases, the classical Dixon method (7) does not apply
since the concentration of the free inhibitor may not be con-
sidered equal to that of the total inhibitor. Another classical
method in use is that of Green and Work (8). According to
this method, one calculates the inhibition constant at the
point of equivalence. There is usually an error in the deter-
mination of the point of equivalence and thus also in the
binding constant itself. A further error stems from the equa-
tion used, which is based on an approximation. More recent-
ly, several other methods were devised specifically for the
case of tightly bound inhibitors or substrates (9-13). These
methods do not apply, however, when the concentrations of
neither the substrate nor the inhibitor are in excess of the
enzyme. Furthermore, these methods do not offer the possi-
bility of a direct determination of the inhibition constant
from a “titration” curve.

Using the same approach as before for receptor binding
experiments where now St # [Slee and I # [Ilgee, ONE can
derive equations for K, and K; similar to Eqs. 8 and 9 as
follows:

(Er — [EI] — [ESD(ST — [ES]

Kn= [ES] [24]
_ (Er — [EIl — [ES)Ut — [EI])
K; = [N . (251
From Eqgs. 24 and 25 one obtains (see Eqgs. 10-13):
K.Y
Ki = Kl’ - ) [26]
_I _ —
Er Y
where
yoESI_ V.
Y - T me ’
and
{ J— IT
Ki—(l_y)ﬂ ﬁ_y_l. 271
Y | Kn \Er

K; is the accurate value for the enzyme—inhibitor dissocia-
tion constant. For the limiting cases, one can derive the ap-
propriate expressions as given in Table 3.

As in the hormone-receptor system, it is recommended

Proc. Natl. Acad. Sci. USA 84 (1987)

Table 3. Formulas for enzyme—-inhibitor dissociation constants

Conditions Notation Formula
Iy K.Y
General case K; 1-Y)Er S_T_l -1 &_7
Y /Kn \Er T
Ir
Ir>> E; K! 1-NEr (Sr_,)\_,
Y /K. \Er
IT _ ETKmY
Sr>> Er K" a-Y) Sy _ 1 Sr
Y K
I;>> Er K} _I T
and 1-F\5Sr _,
S>> Er Y /K.

Y = V/Viax = [ES)/Er.

that the data be plotted according to Eq. 26, which has been
rearranged (as above) to yield

(g - ) ) (i‘y‘ )

"Kl v +Km [28]
- Er (51 _y\_ ‘
a Y)Km (Er Y) Y
The plot of
ST = ST =
I |21 o2r
T(ET Y) vs Er Y
nE (S_3_y 7
(l_Y)Km (ET Y) Y

should yield a straight line in the case of one binding affinity
with an intercept on the y axis that has the value of K, in the
case of purely competitive binding.

When I >> Erand S>> Er, the classical Dixon method
(7) is equally effective since it applies to such conditions.
However, the protocol suggested here is more convenient
since a single competition curve is used (V/Vpax vs. I7).
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