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SUMMARY

It is demonstrated that because of limitations in the magnitude of the specific
activity of radiolabeled hormone derivatives, direct binding studies of hormone-
receptor interactions of high affinity (107°-10"!! M, depending on whether *H- or
!23]-labeled hormones are used) will be subject to artifactual distortions due to the
need to utilize high concentrations of the receptor. If the concentration of the receptor
is not ten times lower than the true affinity constant, the apparent dissociation con-
stant obtained from direct concentration binding curves will vary as a linear function
of the receptor concentration. In addition, at high receptor concentrations satu-
rability becomes difficult to demonstrate experimentally and the binding data yield
apparently non-hyperbolic, sigmoidal curves which can be mistakenly interpreted to
depict cooperative interactions. Similar artifacts related to receptor concentration are
predicted for measurements of the hormone concentration dependence of biological
procasses (e.g. activation of adenylate cyclase, transport processes, etc.). Methods for
detecting these effects, and correctly measuring affinities for labeled and unlabeled
hormones under these conditions, are described. The implications for measuring the
binding properties of hormone-recaptor interactions are discussed, especially in refer-
ence to studies of the comparative analysis of receptor function in altered metabolic
states and to studies relating the biological and binding properties of hormones.

INTRODUCTION

Direct binding isotherms, displacement curves and Scatchard analyses [1] are
the graphical representations most commonly used to depict and analyze the param-
eters of hormone-receptor interactions. The concentration of unlabeled ligand
which reduces the binding of the labeled ligand by 50 % is often used to approximate
the dissociation constant, or to compare the relative affinities in different tissues or in
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the same tissue from different metabolic states. This approach is correct only when the
conczntration of the receptor binding sites and of the labeled ligand are both very
much lower than that of the dissociation constant of the system [2]. Thus, in very high
affinity systems the use of the competitive displacement curve may be severely limited
by the relatively low specific activity of the radioactively labeled ligands currently
available [2].

The Scatchard plot [1] was originally described for low affinity systems. In
high affinity systems Scatchard plots can easily be distorted by non-specific inter-
actions [3, 4] or by even slight inaccuracies in the estimation of the free ligand con-
cantration [2]. In these systems the best information is obtained from low saturation
points which describe the high affinity process and which occur as far as possible from
the low affinity or possible non-specific binding sites [4]. Scatchard plots are often
obtained by conversion of competitive displacement curves on the assumption that the
labeled and unlabeled ligands have the same affinity. It has recently been shown that a
non-linear Scatchard plot will result if the affinity of the unlabeled ligands is different
from that of labeled ligand [5]; in such cases the plots will be suggestive of multiple
binding sites or cooperativity. Thus, in high affinity systems it is difficult to measure
the dissociation constant of a ligand with an affinity different from that of the labeled
ligand. In a binding saturation curve which utilizes only increasing concentrations of
the labeled ligand, the concentration at which half-maximal bindingis achieved usually
approximates the dissociation constant. However, in high affinity systems this param-
eter is seriously affected by the concentration of receptor binding sites.

The present report presents the theoretical basis of the effect of receptor site
concentration on binding saturation curves. Methods for detecting these anomalies,
and for properly measuring affinity under these circumstances, are presented. In
addition, a simple method for accurately measuring dissociation constants from com-
petitive displacament curves with unlabeled ligands is described.

RESULTS

Effect of receptor binding site concentration on direct binding isotherms
Considering the reversible, bimolecular receptor-hormone interaction,

ki
R-+H = RH (1)

k-1

where R represents the free receptor binding site*, H the free hormone or ligand and
RH the complex, at equilibrium binding will follow the mass law expression,

[Rf] [Hf] _ KD — li__l, (2)**
[RH] k,

* R is defined as receptor binding site. Thus the following derivations equally apply to a receptor
containing multiple, independent and equivalent, binding sites; and the concentration of receptor
binding site will be equal to the value of the number of binding site per receptor molecular times the
receptor concentration.

** The Kp and K, are interchangeable with thermodynamic equilibrium constant and kinetic
dissociation constant of hormone-receptor complex since the equilibrium constant equals the disso-
ciation constant in the reactions described in the paper.
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where Kj is the dissociation constant, [R;] and [H;] are the concentrations of free
receptor binding sites and hormone, respectively. From Eqn 2 and since [R,] =
[R¢]+[RH], the fractional occupancy (f) of receptor sites can be derived and will
follow the Langmuir equation,

RH]  [H{] f
i B S | © Ay A 3
T= Ry T ek, O (1~f) &
Sines [H,] = [H;]--[RH]and [RH] = fIR,],
7
H]= Ky (-7} ~fIR, 4
M= Ko (;27) /R (4)

where [R,] is the total receptor binding site concentration. Dividing Eqn 4 by K
yields the equation,

[1%] N 1{7 i ([II;;]> ®

Eqns 4 and 5 clearly indicate that the relationship between fractional occupancy, f,
and [H,] is dependent upon the ratio of the total receptor binding site concentration
to the dissociation constant ([R,)/Kp). The results are computed and shown in differ-
ent graphic forms in Figs 1-3. Fig. 1 shows receptor occupancy, f, as a theoretical
function of labeled hormone or ligand concentration at various concentrations of
receptor binding site. The linear plot of Eqn 5, as shown in Fig. 1, clearly shows that
at the low saturation portion of the curve binding appears to be a linear function of the
hormone concentration at the values of [R,] greater than Kj,. The portion of linear
dependence of binding is increased as the receptor binding site concentration increases.
However, at values of [R,]/Kp< 0.1, the last term of Eqn 5 is negligible, thus resulting
in a typical Langmuir hyperbolic equation (Fig. 1),

Fig. 1. Theoretical binding curves as a function of hormone concentration, computed from Eqn 5.
[H,)/Kp = fi(1 —f) -+ f(IR}/Kp), at various values of [R,]/Kp showing effect of receptor concentra-
tion on binding. Insert is the graphical presentation of Eqn 8, [H.],/, — Kp -+ [R}/2.
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Under these conditions the hormone concentration at which half-maximal binding
occurs closely approximates the dissociation constant, Kp.

It is clear that the concentration at which half-maximal binding is achieved
(apparent dissociation constant)is equal to the true dissociation constant (Kp,) only if
the receptor binding site concentration is very much smaller than Kp,. In very high
affinity systems such conditions may be difficult to approach experimentally. For in-
stance given a dissociation constant of 107 !* M, where the receptor binding site con-
centration would have to be less than 10~ 12 M, the amount of radioactivity bound to
the receptor at half-maximal binding would be less than 1100 cpm (55 % counting effi-
ciency) per ml if the hormone is labeled with carrier-free 2°I (specific activity, 2 Ci/
umol) at a molar ratio of one. Figs I and 2 clearly demonstrate that the apparent
dissociation constant increases as the receptor binding site concentration is increased.

Since in high affinity systems it is difficult experimentally to achieve optimal
conditions for studying binding by these methods, it is desirable to devise a means of
correcting the contribution of receptor binding site concentration on the measurement
of the dissociation constant. At f = 0.5, Eqn 5 becomes

(6)

Hd, R (7)
Ky 2K,
Where [H,], is the apparent dissociation constant. Rearranging Eqn 7 gives
R
(1], = Ko+ 2 ®)
o)

0.8+

Fig. 2. Theoretical semilog plot of Eqn 5, [H,)/Kp = f/(1 —f) + f(IR,]/Kp), showing artifactual ap-
parent cooperativity and changes in the apparent dissociation constant with increasing concentra-
tions of receptor.



298

s

L

— I - 4
Hx : ]
o> F ]
2 F J
O»l J‘% ‘} 34+
O.l 100

oo ]

Fig. 3. Theoretical Hill plot of Eqn 5, [H.}/Kp = f/(1 —f) + f([R\}/Kp), showing apparent artifac-
tual cooperativity and changes in the apparent dissociation constant with increasing concentrations
of receptor.

Thus, the apparent dissociation constant is a linear function of the receptor binding
site concentration with a slope of 0.5 and an ordinate intercept of Ky as shown in the
insert of Fig. 1. Experimentally, the dissociation constant can be obtained by plotting
the apparent dissociation constant vs the reciprocal of a series of dilution factors of
receptor protein and extrapolating to the ordinate intercept*.

Another important effect of receptor concentration on binding isotherms is the
appearance, at high reczptor binding site concentrations, of artificial, apparently
cooperative binding curves, as shown in semilog (Fig. 2) and Hill (Fig. 3) plots. The
slope at half-maximal binding increases as the receptor binding site concentration is
increased beyond the value of K.

Measurement of the dissociation constants of unlabeled hormones

A method is described here for measuring the dissociation constants of un-
labeled competitive inhibitors (e.g. unlabeled hormones, analogs or antagonists)
whose affinity differ from that of the labeled hormone. In a bimolecular reaction
having independent (non-interacting) binding sites, the two ligands (labeled and un-
labeled ) compete for the same binding site as described by

R+H = RH 9)
R+1 = RI (10)

where H and I are labeled hormone and inhibitor, respectively, and RH and RI are
the labeled hormone-receptor complex and inhibitor-receptor complex, respectively.
At equilibrium, the mass action expression in the absence of inhibitor is given by Eqn
I1, and in the presence of inhibitor, at concentration [I,] by Eqns 12 and 13,

* [f the concentration of free labeled undamaged hormone can be accurately measured, a plot of
fractional occupancy vs the concentration of free hormone would yield a free hormone concentration
at half-maximal binding equal to Kp.
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_ [R,—RH][H(]

o= B Ry )
 [R,—RH-RI][H/]

Kp = " RA] (12)

and

K, — [Re—RH=RI[L] (13)

where [H¢] and [H'(] are the concentrations of free, labeled hormone present when
the same amount of labeled hormone is bound to the receptor in the absence and
presence of inhibitor [I,], respectively. [I;] is the concentration of free inhibitor. Since
the right terms of Eqns 11 and 12 are equal,

_ [R—RH][H¢] [R—RH—RI}[H]

Kp = ot 14
[RH] [RH] (14)

canceling [RH] and rearranging Eqn 14 yields equation
[R—RH] _ [HY] (15)

[R—RH—RI]  [H(]

Defining X = [H';)/[H;] (dose ratio), substituting into Eqn 15 and rearranging it
yields equation

[Ri—RH][X—1]

RI] = 16
[RI] i (16)
Substitution of Eqn 16 for Eqn 13 yields equation
[I¢]
K= — 17
= (17)
Since [I;] = [I,]—[RI],
[(I]—[RI]
Ki="——-_ 18
= L (18)
Replacing [RI] of Eqn 18 by Eqn 16 yields equation

X—1 X

which correlates [I,] as the function of X at a given value of [R,]—[RH]. The dose
ratio, X, can be estimated from the concentration vs binding curve at any given value
of bound receptor by the ratio of [H',}/[H;] (Fig. 4). X can be approximately calcu-
lated from the ratio of [H',]/[H,] if the bound labeled hormone, [RH], is not more
than 5 % of total labeled hormone.

The dissociation constant of the unlabeled hormone or its analogs can be
estimated from Eqn 19 by knowing X, [RH], and [I,]. Alternatively, a plot of [I,)/
X—1vs 1/X can be constructed at several concentrations of [I,] (Fig. 5). A linear
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Fig. 4. Graphical presentation of the measurement of dose ratio, X, from concentration vs binding
curves in the absence and presence of competitive inhibitor (i.e. unlabeled hormone). [H] can be
either free labeled hormone concentration or total labeled hormone concentration if the bound
labeled hormone is less than 5 %, of total labeled hormone.

plot with a slope of [R,]—[RH] and an ordinate intercept equal to K| is obtained.
Thus, the dissociation constant of the unlabeled hormone and the total receptor
concentration can be estimated easily without knowing the affinity of the labeled
hormone.

Under condition where [R,]—[RH] = 0, or when the slope of Fig. 5 is close
to zero, Eqn 19 can be simplified to

10

8+

[1']/x—| x10"°M

Fig. 5. Theoretical plot of [[J/X —1 vs /X computed from Eqn 19 [L]/X —1 = K,+([R;]—[RH])/X,
when [RH] = 10"19M, K; = 10-'°M and [R,] at concentrations of 2-107'%, 5-107'¢ and

10-107'°M.
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(1]
R (20)
which is the same as the Schild equation [6, 7]. In this case the plot of log (X—1) vs
log [I,] vields a linear function with a slope of 1 and an abscissa intercept of log K| for
the competitive inhibitor. If the unlabeled hormone or its analog behaves according to
Eqn 19 or 20, it is safe to conclude that it competes for the same binding site as the
labeled ligand.

DISCUSSION

In the last few years considerable progress has been made in the biochemical
identification and characterization of hormone-receptor interactions, principally from
binding studies which utilize radioactively labeled hormone derivatives [8]. Although
not recognized heretofore in hormone binding studies, accurate determinations of the
binding properties of such interactions depend to a large extent on the proper selection
of the receptor concentration as well as on the magnitude of the specific radioactivity
of the labeled hormone used. Since under ideal conditions the concentration of recep-
tor must be at least 10-fold lower than the dissociation constant, very high affinity
systems (e.g. dissociation constants of 1071°-107 ! M) require the use of very low
concentrations, and therefore quantities, of receptor. In such situations even the most
highly radioactive hormones (e.g. those labeled with carrier-free *2°I at 2 Ci/umol)
will yield very low quantities of labeled hormone-receptor complexes unless inordi-
nately large volumes are used for the assay [2]. When *H-labeled compounds with
specific activities as high as 10 Ci/mmol are used, negligible quantities of radioactively
labeled receptor complexes can be expected to form, and in such cases difficulties will
occur even when the dissociation constant is as high as 107° M.

Because of the current unavailability of hormone derivatives of sufficiently high
specific radioactivity, most hormone receptor studies must use relatively high concen-
trations of the receptor to permit experimental measurements. From the present
studies it appears that such conditions may lead to erroneous thermodynamic esti-
mates as well as to misleading mechanistic interpretations. The saturability of the
binding curve, the apparent dissociation constant and the shape of the concentration
vs binding curve can be affected markedly by the receptor concentration (Figs 1-3).
The apparent dissociation constant is a linear function of the reczptor binding site
concentration with a positive slope of 0.5 (Fig. 1, insert, and Eqn 8). Furthermore, it
is evident that at high receptor concentrations a ‘“‘non-saturable” (experimentally)
binding curve will be encountered (Fig.1). In this respect it is pertinent that saturation
in hormone receptor binding studies is frequently difficult to demonstrate. In addition,
at high receptor concentrations non-hyperbolic curves, probably sigmoid (Figs 1 and
2), occur which can be mistakenly interpreted as showing positive cooperativity

scause of apparent Hill coefficients of n > 1 at the point of half-maximal binding
(Fig. 3). Although Scatchard plots [1] derived from such data are in principle not
affected by receptor concentration and can be used to estimate affinity constants and
saturation, very serious experimental problems arise with respect to the accuracy of
the measurements of free hormone concentration when the receptor concentration is
high [2]. Even minor degrees of radioligand heterogeneity, or of hormone degredation,
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can introduce serious errors [3].

Analogous observations in the kinetic behavior of enzyme systems at high
concentrations of enzyme have been described previously [9-11]. Other factors which
can affect the concentration vs binding curve include ligand-ligand interactions (poly-
merization, self-aggregation, isomerization) [12, 13], receptor-receptor interactions
[13-15], non-specific binding [12], and heterogeneity of receptor [16] or of labeled
ligand. Non-hyperbolic binding curves or the lack of correlation between the hormone
concentration dependence for binding and for a biological activation process (which
are frequently done under different conditions of receptor concentration) could be
misinterpreted as being indicative of cooperative teceptor interactions or of the
existence of ‘‘spare” receptors. The performance of such studies at two or more
different receptor concentrations should permit easy detection of such artifacts.

The same reasoning developed in this report leads to the prediction that the
same artifactual effects related to receptor concentration will be observed in studies
of the hormone concentration dependence for a biological activation process. For
example, underestimation of the affinity for hormonal activation of an in vitro enzy-
matic activity can occur if the enzyme (or receptor) concentration is high relative to
the true affinity of the hormone tested. Specifically, in studies of the hormonal activa-
tion of adenylate cyclase high concentrations of membranes (i.e. enzyme and receptor)
are frequently required to generate sufficiently high quantities of product for assay.
This will be especially troublesome when short assay periods are used (to obtain zero-
order conditions), or when the specific radioactivity of the substrate ATP is low, thus
requiring an increase in the enzyme and receptor concentrations to generate sufficient
product. Such conditions may easily lead to grossly discrepant correlations between
the hormone concentration dependence for binding and for enzyme activation, a
situation frequently encountered in the literature for hormone-adenylate cyclase
systems. Analogous observations relating enzyme concentration with the apparent K,
for cyclic AMP-activated protein kinase and the affinity for cyclic AMP binding have
been reported recently [17]. Misleading results may be observed in any situation
where the insensitivity of the assay method, whether related to a binding, enzymatic
or bioassay, compels the use of receptor concentrations which are high relative to the
true affinity of the system.

The effects of receptor concentration are of particular significance when com-
parisons of the hormone receptor affinity or “saturation” (capacity) are to be made
between metabolically distinct states (e.g. obesity, diabetes, etc.) or between tissues in
the same or different species. Proper interpretations require that such binding studies
be performed at precisely the same receptor (not ‘‘membrane”) concentration, which
is especially difficult with membrane preparations from tissues as complex as liver, or
when heterogeneous (with respect to receptors) cell populations such as lymphocytes
[3] are used. Correct interpretations in such studies will probably require the perfor-
mance of binding studies at varying concentrations of receptor as well as hormone.

As described earlier [2], the use of native, unlabeled hormones in competitive
displacement curves for estimating hormone receptor affinities is similarly influenced
by the concentration of receptor and of the labeled hormone. In such approaches the
same considerations of receptor concentration and of specific radioactivity of the
hormone seriously limit the utility of the methods for quantitative analyses. For
example, because the apparent Ky, is increased at high receptor concentrations [2], the



303

sensitivity of competitive displacement methods will be poor and their practical
application to “‘radioreceptor” assays for hormones will be severely limited. Further-
more, Scatchard analysis of such data will be affected by differences in the affinities
of the native and labeled hormones [5].

If it is necessary to use a high concentration of receptor because of the limita-
tions imposed by the low specific activity of the labeled hormone, there is no simple
relationship between the binding of the labeled and unlabeled hormones if the affinities
of these two species are different. Therefore, the use of Eqns 19 and 20 may be the
most suitable method for the study of the behavior of the unlabeled hormone or its
analogues. These equations consider and correct for the contribution of receptor
binding site concentration, the function measured is independent of the affinity of the
labeled hormone and experimentally complete saturation in the binding curves is not
required. This method is recommended for comparative binding studies of tissues from
metabolically distinct states or species. However, if the free, labeled hormone cannot
be accurately estimated the limitation exists that the receptor-bound hormone must
be less than 5 9 of the total labeled hormone in order to approximate the dose ratio,
X, by the value of [H',])/[H,]. Furthermore, the equations derived in this paper are
applicable only where binding equilibrium has been achieved.
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