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INTRODUCTION

Each cell of the multicellular organism is sur-
rounded by the multicomponent solution containing
micro- and macromolecules. Some compounds at very
low concentrations substantially influence the func-
tional state of the cell. These compounds called hor-
mones are organic substances produced in one part of
the organism and acting in another part as signals for
switching on or off definite metabolic programs. Why
do some compounds exert such a strong effect on the
cell, whereas others even though similar in structure do
not? The point is that the cells are tuned (competent) to
perceive defined chemical compounds as signaling
molecules. Competent cells perceive a hormonal signal
and transmit it to primary intracellular targets. The
genes of primary response or enzymes of the metabo-
lism usually function as such targets.

The first step in cell recognition of the hormonal sig-
nal is its perception. Specific receptor proteins fulfill
this function. Receptors comprise the functional parts,

domains; the most important are a ligand-binding
domain and also an effector domain responsible for
switching on/off the signal transduction (Fig. 1). The
association of the hormone with the ligand-binding
domain evokes a change of conformation and func-
tional state (activation or, less frequently, inactivation)
of the effector region. Thus, receptors are proteins con-
verting an external chemical signal into intracellular
biochemical one, i.e., into activities of definite regula-
tory proteins. The character of the signal transduction
and hence the cell response depends to a great extent on
the regime of receptor functioning. A prominent feature
of the receptor is its capability of recognition and selec-
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Fig. 1.

 

 Scheme of typical hormone receptor action.
H—hormone-binding domain; E—effector domain. Dark
triangles designate hormones.



 

260

 

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY

 

      

 

Vol. 55

 

      

 

No. 2

 

      

 

2008

 

LOMIN, ROMANOV

 

tive binding of chemical ligands, hormones in particu-
lar. Receptor binds hormone with high affinity and usu-
ally reversibly, without inducing its chemical changes
[1–3]. These specific features are characteristic of hor-
mone binding with receptor, as distinct from its interac-
tion with other proteins, enzymes of metabolism, for
example. Receptors can be either located inside the cell
or associated with the plasma membrane. After hormone
binding, receptors often dimerize, and just such receptor
dimers serve as their active forms (Fig. 1) [4, 5].

Receptor studying has a long history. As early as in
1878, while examining the effects of athropine and
pilocarpine on the secretion of salivary glands and the
effects of nicotine and curare on the contraction of stri-
ated muscle, Langley [6] demonstrated the existence of
cell mechanisms for recognition of chemical com-
pounds. At this time, a notion arose that the cells con-
tain some substances responsible for this process. At
the beginning of the 20th century, Ehrlich and Mechni-
kov put forward a theory of “lateral chains” rewarded
by the Nobel Prize in 1908. They assumed that “lateral
chains” on the cell surface recognize chemical com-
pounds and interact with them. Ehrlich designated
these “lateral chains” as receptors (from Latin 

 

reci-
pere

 

, which means recognize) (cited after [7–10]). At
the beginning of the 20th century, receptor studying
was based on indirect pharmacological data: a depen-
dence of the cell responses on the concentration of the
hormone introduced. In 1926, Clark suggested the first
quantitative description of this dependence. He noticed
that dependencies of cell responses to the inducer con-
centration resemble the kinetics of enzymatic reaction
already known at that time. Clark suggested that the

interaction between ligand (

 

L

 

) and receptor (

 

R

 

) could
be described as a reversible reaction:
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this complex. According to the law of mass acting, the
constant of dissociation (
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) at equilibrium is deter-
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Since the stage of ligand interaction with receptor
determines in many ways subsequent cell response, the
characteristics of this process are of great interest. The
equilibrium dissociation constant (
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) (or a reciprocal
value of equilibrium association constant 
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) is one of
such important characteristics reflecting receptor affin-
ity for the hormone. In comparison with other hor-
mone-binding proteins, receptors exhibit the highest
affinity for their ligands, as 
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/M. Such high values of the association con-
stants correspond to great changes in the free energy of
interaction, ranging correspondingly from 9.5 to
16.3 kcal/mol (under standard conditions at 

 

25°ë

 

). This
released chemical energy is spent for changes in the
conformation of the receptor protein.

Another very important characteristic of the recep-
tor is its ligand specificity. As a rule, each receptor can
bind a very limited number of chemically related
ligands; the affinity for the ligand depends on the struc-
ture of the latter. The information about the receptor
localization and ligand specificity of the receptor makes
it possible to evaluate the potential effectiveness of par-
ticular form of the hormone or its analogs in a given
organ or tissue of the living organism. Also, the knowl-
edge of the parameters of hormone interaction with
receptors makes it possible to answer some of the ques-
tions arisen during examination of molecular mecha-
nisms of hormone signaling. The fact of a high affinity
and high specificity of hormone binding to a definite
protein often permits unambiguous identification of a
novel receptor protein or confirmation of the receptor
function of already known protein, a putative receptor.
Quantitative analysis of binding parameters permits us
to calculate the proportion of receptor of total cell pro-
tein and the number of receptors per cell. Such data are
crucial for the correct diagnostic of various hormonal
disturbances, in humans in particular. The investigation
of the hormone–receptor interaction allows deciphering
the mechanism of these interactions (simple, coopera-
tive, or anticooperative), evaluation of the environmen-
tal effects on the parameters of hormone association
with the receptor, and obtaining other useful data. How-
ever, not always such investigations are performed,
analyzed, and interpreted correctly.
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 Difference in the binding constants for enzymatic
and receptor interactions (after [11]).
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) Distribution of Michaelis constants (
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) for enzyme–
substrate interaction; (
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) distribution of dissociation con-
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) for hormone–receptor interaction. Along the
ordinata axis, the amount of proteins with constants in this
range of values.

 
Pr

ot
ei

n 
am

ou
nt

, r
el

. u
ni

ts



 

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY

 

      

 

Vol. 55

 

      

 

No. 2

 

      

 

2008

 

THE ANALYSIS OF HORMONE–RECEPTOR INTERACTION 261

 

In this review, we focus on universal quantitative
methods for analysis of the hormone–receptor interac-
tion, which are widely applied at present for studying
the receptors in animals, plants, and microorganisms.
We consider theoretical basics and present concrete
practical recommendations for planning, performing,
and interpreting the experiments.

THEORETICAL BASIS FOR DETERMINATION 
OF RECEPTOR AFFINITY
AND CONCENTRATION

On the basis of simple equations (1) and (2), we can
build theoretical dose dependence curves of the hor-
mone binding to receptor. Under equilibrium condi-
tions and in the presence of the constant concentration
of the receptor, hormone binding is described by a
hyperbolic function with the asymptote determined by
the total amount of receptor (Fig. 3a). Irrespective of
the hormone concentration, its specific binding to the
fixed amount of the receptor would be limited by the
number of hormone-binding sites (

 

R

 

T

 

). Most fre-
quently, each receptor molecule contains a single hor-
mone-binding region; therefore, the position of the
asymptote for the binding curve indicates the total
amount of receptors in the sample (Fig. 3a).

Once the position of the asymptote is known, we can
estimate the 

 

K

 

D

 

 value from the hormone binding curve.

 

K

 

D

 

 corresponds to the hormone concentration saturat-
ing 50% of the binding sites and is expressed in the
units of the hormone concentration. Figure 3a presents
the binding curves of hormones whose affinity for
receptor differs by an order of magnitude. It is worth
mentioning that presenting such curves in linear coor-
dinates can sometimes be inconvenient because hor-
mones are usually tested at the concentrations differing
by several orders of magnitude.

It is more convenient and illustrative to present the
concentration dependencies in semi-logarithmic coor-
dinates, where the abscissa axis represents the loga-
rithms of hormone concentrations. In this case, the sat-
uration curves become S-shaped, while the 

 

K

 

D

 

 value is
positioned in the quasilinear central region and corre-
sponds to the point of the curve bending (Fig. 3b).
However, such presentation does not always permit a
graphical determination of 

 

K

 

D

 

 and 

 

R

 

T

 

 values. Lineariza-
tion of the saturation curve allows the most precise
determination of these parameters.

The task of precise determination of principal char-
acteristics of hormone–receptor interactions based of
dose dependencies of hormone binding was solved in
1949 by physicochemist Scatchard [12]. By a simple
transformation of the equation (2), he derived the fol-
lowing equation:
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] (usually called the Scatchard plot)
gives a straight line of slope tangent (–1/
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); point of
this line crossing the abscissa axis corresponds to the
total receptor concentration (free + bound) [RT] (Fig. 3c).
Until now, Scatchard coordinates are widely used for
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the calculation of binding parameters and representa-
tion of the results of experiments, although numerous
specialized computer programs intended for this pur-
pose appeared recently.

In order to correctly estimate the equilibrium char-
acteristics of the hormone–receptor interaction, certain
conditions should be met regardless of the calculation
system used. These include:

(1) A wide range of ligand concentrations including
the concentrations manifold exceeding those of recep-
tors;

(2) Stable equilibrium in samples, where the con-
centrations of all components (free and bound ligand
and receptor) remain unchanged; and

(3) Similar availability of all receptors to ligand.
However, even when all these conditions would be

met, it is not easy to obtain in experiments a linear Scat-
chard dependence. Therefore, in further parts of this
review we focus on some of the practical aspects of hor-
mone binding experiments (i.e., their correct planning
and performing) as well as on determination of the
parameters of hormone–receptor interaction in spite of
possible deviations from the “classical” theoretical
model.

RADIOLIGAND (RADIORECEPTOR) METHOD

As evident from the equation (3), to determine
parameters of the interaction between hormone and
receptor, it is necessary to know the concentration of
ligand–receptor complex in the sample [LR] and the
ratio of this concentration to that of free ligand L
([LR]/[L]). To this end, the radioligand method is
applied; this method is most frequently used for the
analysis of hormone-binding properties of the receptor
(sometimes this method is called as the radioreceptor
method). It is based on the usage of labeled hormone,
which permits monitoring the concentration of ligand–
receptor complexes (LR) from the amount of label
bound. Knowing the amount of labeled hormone used,
we can also easily calculate the second variable of the
equation (3), i.e., the concentration of free ligand (L).
The concentration of the ligand (hormone) added to the
sample is usually by several orders of magnitude higher
than that of receptor; therefore, we can use total con-
centration of the ligand (LT) instead of the concentra-
tion of free ligand L. In radioligand studies, radioactive
ligands prepared by various biomedical firms are com-
monly used. As a rule, ligands are labeled with tritium
(3H) or iodine (125I) and should meet certain require-
ments. In particular, they should (1) be identical to their
cold counterpart regarding the parameters of their inter-
action with receptor; (2) have high specific radioactiv-
ity, best if not lower than 750 GBq/mmol or
20 Ci/mmol; (3) display a high affinity for the receptor,
i.e., have nanomolar or even lower dissociation con-
stants; (4) display high specificity of binding to the
receptor of interest; and (5) have a high degree of purity

(especially radiochemical), and the label should not
dissociate from the ligand during experiment.

It is possible to use a label other than radioactive
(e.g. fluorescent label, which permits quantification of
the sample fluorescence) presuming that it does not
change ligand biological activity and allows its quanti-
fication with a high sensitivity. The advantage of such
labels is their safety for the researcher and the environ-
ment. However, since radioactive ligands are most fre-
quenly used in practice, we consider the interaction
between ligand and receptor through radioligand
method usage. It should be emphasized that all main
approaches and regularities of the radioligand method
are applicable to the cases of differently labeled
ligands.

A typical radioligand (radioreceptor) experiment
comprises four stages:

(I) Sample incubation with radioactive ligand until
equilibrium is reached;

(II) Separation of free and bound radioactivity;
(III) Measurement of the amount of bound radioac-

tivity;
(IV) Mathematical, graphical, or computer analysis

of the results.
Let us consider each of these stages in more detail.
Stage I. Traditionally, radioligand studies are per-

formed in vitro on various biological entities or stuff at
0–4, 20–25, or (less frequently) 37°ë, which depends
on the properties of the receptor under study [2, 13–18].
Soluble nuclear−cytoplasmic receptors in the cytosol or
partially purified ones are incubated with hormone in
the homogenous solution (sometimes receptors are
immobilized on affinity matrices, see below). For mem-
brane receptors, preliminary isolation of corresponding
membranes is required. Thereafter, the suspension of
isolated membranes (microsomes) is incubated with
hormone. When using the suspension, its homogeneity
should be provided; otherwise, not all receptors would
be similarly accessible for hormones. Fortunately, the
kinetic rates of hormone interaction (association and
dissociation) with receptors are sufficiently high (equi-
librium is usually attained for minutes or tens of min-
utes); therefore, microsomes do not have an opportu-
nity to aggregate during incubation. Sometimes, living
materials, intact cells or tissue sections, are used for
analysis.

Recently, a new method, so-called tissue segment
binding method has been developed [19]: small seg-
ments (few millimeters in size) of living tissues placed
in the complete physiological solution are used for
analysis. In this case, receptors function under condi-
tions close to natural ones, and the procedure becomes
substantially simpler because there is no need in mate-
rial fractionation. However, when applying this
method, the homogeneity of incubation medium is not
always easy to achieve. Still more substantial drawback
of the method is the possible occurrence in living cells
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during incubation some processes, which might affect
hormones, receptors, or their interaction. Among such
processes are metabolism and intracellular transport of
the labeled ligand, proteolysis and/or internalization of
receptors and receptor–hormone complexes, and oth-
ers. Moreover, several receptor types are usually occur
in the cell, and this hampers the analysis of properties
of particular receptor. One more disadvantage of homo-
logical living systems is the presence of endogenous
hormones, which could interfere with labeled ligand
during hormone–receptor interaction and affect the
results obtained.

To avoid these limitations, we have recently sug-
gested a new way for the analysis of hormone-binding
properties of eukaryotic receptors using transgenic bac-
teria expressing a particular receptor protein [20]. Bac-
teria have neither analogs of most eukaryotic hormones
nor the systems for their synthesis or perception that
excludes the effects of endogenous hormone analogs on
the outcome of the experiments. Moreover, the trans-
formation of bacteria with a single gene makes it possi-
ble to investigate only one particular receptor protein.
Eukaryotic receptor inserted in the bacterial membrane
usually retains full functional activity, which can be
verified on the bacterial test-system [21, 22]. In cases
when definite posttranslational modification (glycosy-
lation, phosphorylation, etc.) is required, an attempt
could be made to introduce into the bacterium not only
the gene encoding receptor but also the gene encoding
the enzyme of its modification. It should also be men-
tioned that the bacterial suspension used in experiments
is rather homogenous and can be treated as a true solu-
tion, i.e., it can be stirred, poured into other vessels, and
aliquoted.

Stage II. The most important part of experiment is
the quantification of bound hormone. This can be done
using equilibrium dialysis or physical separation of free
and bound hormone. Dialysis is performed in the spe-
cial cell partitioned with a membrane; the sample of
receptor is placed in one compartment and labeled hor-
mone, in another. Then incubation is performed at con-
stant cell rotation, and, after attaining the equilibrium,
aliquots from both compartments are counted. This is
the most equilibrium and mild method; however, it
requires a long incubation, specific equipment, and a
high precision of radioactivity measurement. Physical
separation is more available; however, it requires very
careful performing. The following conditions should be
met during this procedure:

(1) Separation should be thorough and quantitative,
without mutual contamination of fractions; and

(2) System equilibrium should not be disturbed,
whenever possible, in order to avoid additional dissoci-
ation of ligand–protein complexes.

To separate free and bound hormone, centrifugation
or filtration is applied most frequently. The suspension
of microsomes, cells, or tissue fragments could be sed-
imented by rapid centrifugation; in this case, bound

labeled hormone would be in the pellet, whereas free
one, in the supernatant. Since all initial components
remain in the system subjected to separation, the equi-
librium changes during centrifugation are the lowest
possible. There are some approaches to separate free
hormone from that bound to soluble receptor by centri-
fugation. One of them is sedimentation of proteins,
including those bound hormone, by their salting out, for
example, with high concentrations of ammonium sul-
fate [23–26]. Protein sedimentation can be also per-
formed by the adding any protein-binding sorbent to
the incubation mixture, for example, hydroxyapatite
[23–27]. In all cases, protein-bound hormone sedi-
ments together with protein, whereas free hormone
remains in the supernatant. An alternative possibility is
the application of activated charcoal, which is capable
of irreversibly absorption of low-molecular compounds
(simple ligands) but not proteins [28–30]. Short-term
contact of the incubation mixture with the charcoal sus-
pension results in the absorption of free hormone by
coal, while bound hormone remains in the protein solu-
tion. Thereafter, charcoal with absorbed hormone is
sedimented by centrifugation, and the level of bound
hormone is measured in the aliquot of the supernatant.

One more approach used for separation of free from
the protein-bound ligand is membrane filtration [14–
18]. At present, biomedical firms prepare a wide set of
various membrane filters capable of retarding particles
of various sizes, from microsomes to entire eukaryotic
cells. However, these filters should meet one principal
condition: they should not absorb labeled ligand (L*).
Using a special vacuum apparatus, it is possible to fil-
trate the incubation suspension very rapidly, within few
seconds. At such a high filtration rate, hormone–recep-
tor complexes have no chance to markedly dissociate.
As a result, bound hormone remains completely on the
filter; in addition, after filter drying, its radioactivity
could be measured directly in the scintillation counter.

Other suggested methods for the separation of free
and bound hormone, such as gel filtration, ion-
exchange chromatography, or electrophoresis [29] are
not widely applied because of equilibrium disturbance
during their application, i.e., a great probability of par-
tial complex dissociation.

Regardless of the method applied, it is important to
verify that the separation of the fractions is strictly
quantitative. To this end, special control experiments
are to be performed, with the usage of inactivated
receptor and the excess of unlabeled ligand; it is also
necessary to control instrumentally the absence of pro-
tein, microsomes, cells, or coal in the supernatants
and/or filtrates.

A development of modern technologies of recombi-
nant proteins offered new possibilities for the analysis
of hormone–receptor interactions, in particular, for sep-
aration of hormone–receptor complexes from unbound
ligand. When using this approach, the coding part of the
receptor gene is fused by gene-engineering methods
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with the sequence for peptide easily recognizable by a
definite sorbent or antibody (affinity tag) [31]. After or
during incubation with hormone, such recombinant
receptor can be easily immobilized on the affinity
matrix or by using antibodies, and the amount of bound
hormone can be determined. It is only important that
the affinity labels would not affect hormone-binding
properties of the receptor tested.

Stage III. Measurement of the radioactivity of
bound hormone is performed using the scintillation
counter after the addition of scintillation coctail suit-
able for the sample, or the gamma counter, as in the
case of 125I, is used. The efficiency of tritium counting
is much higher in the homogenous solution than in
insoluble radioactive pellets. Therefore, it is useful to
extract the radioactive hormone from the pellets with
any eluent, which is well soluble in the scintillation
cocktail but does not significantly affect the counting
efficiency. For many lipophilic ligands, such a suitable
solvent is ethanol [20, 23–27]. Another way to attain
homogeneity is the usage of organic pellet solubilizers,
specially produced for scintillation counting by some
biomedical firms. In fact, when the ligand per se is well
soluble in the scintillator, the presence of the insoluble
organic matter can markedly retard ligand solubiliza-
tion and reduce the total counting efficiency. To achieve
higher precision, the duration of the counting process
must be chosen depending on the average level of the
sample radioactivity as well as on the ratio between
sample radioactivity and that of the background (scin-
tillator with pure solvent). To ensure that the standard
error does not exceed 3–5%, the number of measuring
replicates should be high enough. Since all main
parameters of hormone–receptor interaction (KD, [RT])
are expressed in the units of the concentration, it is bet-
ter to express the results of counting in dpm (decays per

min). Such results can be easily transformed in the val-
ues of the ligand concentration, assuming that ligand
specific radioactivity is known. When the results of
counting are expressed in cpm (counts per min), it is
necessary to estimate the counting efficiency under the
same experimental conditions.

Stage IV. As was mentioned, the special analysis of
counting data is performed to determine parameters of
hormone–receptor interaction. To present data in Scat-
chard coordinates, it is necessary to determine, for each
sample, the content of bound hormone and the ratio of
bound to free hormone. The concentration of the bound
ligand corresponds to the value [LR] and the ratio of
bound to free hormone, the ratio [LR]/[L] in equation
(3). Therefore, this equation is very often represented as

(4)

where B and U are concentrations of bound and free
(unbound) hormone, respectively (the symbol F (free)
is often used instead of U). The example of such repre-
sentation is shown in Fig. 4 (curve 1) [28]. In this exper-
iment, the parameters of highly labeled synthetic gluco-
corticoid, 3H-dexamethasone, binding to the cortico-
steroid receptor from rat liver were determined. It is
seen that, in Scatchard plot (B/U vs. B), the curve is not
linear but bends at some distance from the abscissa axis
and further approximates to the asymptote parallel to
this axis. Such shape of the curve in Scatchard coordi-
nates usually indicates that the sites for nonspecific
binding are present and contribute to the value of mea-
sured bound radioactivity.

Nonspecific binding. The practice shows that, in
binding experiments, labeled hormones of diverse
structures can bind not only to the receptors (specific
binding) but also at some degree of probability to other
components of the system: proteins, membranes, cell
fragments, other high-polymeric materials, and even
tube walls (so-called nonspecific binding). Such non-
specific binding can sometimes be so high that an inex-
perienced researcher could take it as a true binding to
the receptor. However, specific and nonspecific binding
differ in some traits, and this permits one to distinguish
them explicitly.

The number of sites for hormone specific binding to
receptor is limited, and the hormone affinity for recep-
tor is very high. In the case of nonspecific binding, an
enormous number of low affinity sites are engaged.
When to rewrite equation (4) as B/U = KA (RT – B), in the
case that the concentration of binding sites greatly
exceeds that if the concentration of hormone added
(i.e., when RT ! LT > B), this equation acquires the fol-
lowing form [13]:

(5)

On the Scatchard plot, dependence (5) of nonspe-
cific binding is expressed as a straight line parallel to
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Fig. 4. An example of resolution of the Scatchard curve for
total hormone binding into specific and nonspecific compo-
nents (according to Rosenthal [32]).
(1) Total binding of 3H-dexamethasone in the cytosol of rat
liver; (2) specific binding; (3) nonspecific binding. [L*R] is
the concentration of bound hormone (Ç) expressed in
mol/mg of cytosolic protein ×10–13; [L*] is the concentra-
tion of unbound (free) hormone (U or F) (after [28]).
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the abscissa axis with KART being the ordinate axis
intercept (here R correspond to nonspecific binding
sites).

It is possible to experimentally evaluate the contri-
bution of nonspecific binding; to this end, a great excess
of unlabeled hormone (100–10000-fold) should be
mixed with radioactive one. Because the number of
high affinity sites is relatively small, the excess of cold
hormone replaces essentially all labeled hormone from
these sites. On the other hand, the number of nonspe-
cific binding sites is enormous, and the added excess (in
the range indicated) of unlabeled hormone does not
essentially affect the value of label bound nonspecifi-
cally. Therefore, only nonspecific binding is measured
in experiments where a great excess of cold hormone is
added to the same but labeled hormone.

Figure 5 demonstrates the character of total, nonspe-
cific, and specific binding dependencies on the dose of
added labeled hormone. Nonspecific binding depen-
dence is linear, whereas total binding curve, although
increases as well, clearly deviates from the straight line.
Total ligand binding (BT, curve 1) is the sum of specific
(BS, curve 2) and nonspecific (BNS, curve 3) binding.
Therefore, in order to estimate the value of specific
binding, nonspecific binding should be subtracted from
total binding:

(6)

The subtraction of BNS from BT results in a typical
hyperbolic curve of receptor saturation with hormone
(Fig. 5, curve 2) characteristic of specific binding. Sim-
ilarly, when the values of total binding B in Fig. 4 are
replaced by those calculated (theoretical) for specific
binding BS, instead of concave curve we obtain a
straight line, which is expected theoretically [12], and
KD and RT could be easily estimated on its basis (Fig. 4,
curve 2). Such transformation of relationships could be
performed graphically using the method of Rosenthal
[32] or analytically. In experiments, it is better to mini-
mize nonspecific binding in order to achieve more pre-
cise estimation of parameters of hormone–receptor
interaction. It is desirable that the level of nonspecific
binding does not exceed 20–30% of total binding. This
could be achieved by reduction of labeled hormone
dose because in this case the percent of nonspecific
binding of total one decreases (Fig. 5). On the other
hand, the fact of significant difference between total
and nonspecific binding indicates the presence of the
sites for specific binding of the ligand tested. Therefore,
in the beginning of the investigation of hormone–recep-
tor interaction, pilot experiments on comparison of
total and nonspecific binding in similar samples should
be performed to make sure that high affinity sites are
present and the approach chosen for their identification
is correct.

Recommendation for running the experiment.
When pilot experiments detect the presence of sites for
specific binding of the ligand, the time required for

BS BT BNS.–=

steady state achievement of the system should be deter-
mined. In practice, this time is determined as the time
needed for the bound hormone level to attain the pla-
teau. It should be kept in mind that the rate of chemical
reaction depends on concentrations of interacting sub-
stances; therefore, the time needed to reach equilibrium
should be estimated at the lowest ligand concentration.
In experiments on dose dependence of binding, it is
desirable that the level of the maximum binding (BS) is
between 1000 and 10000 dpm. The lower values might
result in an inaccurate counting, whereas at the higher
values, excess amounts of radioactive isotopes and/or
receptor preparation would be spent. For reliable deter-
mination of binding parameters, no less than 5–7 differ-
ent concentrations of labeled ligand (L*) are required
and no less than four replicates should be used for each
concentration: two for total and two for nonspecific
binding. Meanwhile, nonspecific binding can be mea-
sured at lower number of label concentrations, 3–4 in
practice, because it follows linear dose dependence.
One of the ligand concentrations should be close to the
expected KD; in this case, the analysis would be most
accurate [9, 14]. Other concentrations should produce
successive arrays of lower and higher than KD concen-
trations, where each next concentration is lower/higher
the preceding one by 2–3 times. It is sufficient that the
final concentration in each array differed from KD
approximately by 1–1.5 orders of magnitude. The con-
centration of the receptor is recommended to be at least
one order of magnitude lower than KD [33].

The choice of the method for measuring hormone
binding depends to a great extent on the nature of mate-
rial tested. In saturation experiments, to improve
method sensitivity, it is beneficial to follow the verified
recommendations [9, 34]. The sensitivity of the radioli-
gand method is determined by the lowest concentration
of unlabeled ligand [L]min, at which the measured differ-
ence between total binding and binding in the presence
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Fig. 5. Concentration dependencies of hormone (1) total,
(2) specific, and (3) nonspecific binding.
[LR] is the concentration of bound hormone (B); [LT] is the
total concentration of hormone.
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of unlabeled ligand is still statistically significant. Cal-
culations show that the sensitivity increases with (1) a
decrease in the error of radioactivity determination; (2)
a decrease in the value of [L*]/KD; thus, radioligand
studies should better be performed at relatively low
concentrations of labeled hormone; (3) a decrease in
the level of nonspecific binding; (4) an increase in the
volume of reaction mixture, that limits experiment per-
forming in very small volumes. The sensitivity is also
directly proportional to the affinity of unlabeled ligand
for the receptor. Therefore, it is desirable to perform the
assay under conditions optimal for ligand binding.

INTERACTION OF SEVERAL LIGANDS WITH A 
SINGLE SITE. COMPETITIVE BINDING

Earlier, we have noted that ligand specificity of
binding is one of the most important characteristics of
the receptor. The analysis of ligand specificity permits
one to understand which of close natural compounds
fulfills function of the hormone in a definite system of
signal perception. Certainly, we could label with iso-
tope each of the compounds tested and perform binding
experiment as described above. However, such
approach would be very costly in respect to both money
spent and ecology. Besides, not all ligands are available
as labeled molecules. Currently, another strategy is
applied, i.e., the analysis of radiolabeled hormone dis-
placement from its complex with receptor by unlabeled
ligand.

Let us suppose that the test system contains two
ligands, one of which is labeled. When these ligands
compete for one and the same binding site and the num-

ber of ligands is greater than that of the receptors, the
level of labeled ligand binding is lower in the presence
of the second ligand because the second ligand replaces
the first one in the complex with receptor. A dose
dependence of label displacement can be obtained
when the binding experiment is performed at the fixed
concentration of the first ligand in the presence of vari-
ous concentrations of unlabeled ligand (Fig. 6). It
seems evident that the higher the affinity of unlabeled
ligand for receptor the lower concentration would be
required for the labeled ligand displacement. Thus, the
curves of displacement for more affine ligands would
be shifted to the region of lower concentrations of the
competitor as compared with similar curves for low-
affinity ligands. Experiments of this type are called
competitive ones; they can be used to determine the
affinity for the receptor of various unlabeled ligands on
the basis of the concentration dependence of a labeled
hormone displacement they cause.

To quantify the affinity, the curves of labeled ligand
displacement with unlabeled one are analyzed. On the
basis of these curves, the concentration of unlabeled
hormone displacing 50% of labeled hormone (IC50, Fig. 6)
is estimated. To precisely evaluate this concentration, it
is necessary that at least three concentration points of
unlabeled ligand are located on the quasilinear central
region of the competition curve (the interval from ~25
to ~75% of displacement). IC50 could be easily deter-
mined at logit-transformation of the ordinate axis; in
this case, larger part of the competition curve is trans-
formed into the straight line. The concentration of
radioactive ligand is chosen in such a way that it is
approximately equal to or lower than its KD with recep-
tor, but it should anyway provide for a significant label
counting. In competition experiments, the samples for
nonspecific binding should be obligatory included in
order to cut off the background of bound radioactivity
not related to interaction with receptor. All operations
(incubation until equilibrium establishment, separation
of bound and free hormones, and measurement of the
bound radioactivity) are performed similarly as in the
saturation experiments. The inhibition constant KI of
unlabeled ligand corresponding to KD of its interaction
with receptor is estimated after the formula [35]:

(7)

where [L*]0 and  are the fixed concentration of
labeled ligand and its affinity for receptor, respectively.
When [L*]0 is much lower than , KI becomes
approximately equal to IC50, and it is often called as the
apparent constant of inhibition or dissociation (appar-
ent binding constant). When [L*]0 is precisely equal to

, the value of KI is twice lower than IC50. To cor-
rectly calculate KI after the formula (7), it is of impor-
tance that the competition analysis is performed under
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Fig. 6. Displacement of the fixed concentration of labeled
hormone with various concentrations of unlabeled ligands
differing in their affinity for receptor.
The values of KD for curves 1–3 correspond to 0.1, 1, and
10 nM. The concentration of ligand-binding sites was taken as
0.01 pM; the concentration of labeled hormone, as 0.1 nM.
[ R] is the concentration of receptor-bound labeled hor-
mone. [L] is the concentration of unlabeled ligand. The pro-
portion of receptors, which bound labeled hormone is on the
ordinate axis. Dotted lines designate IC50.
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conditions (medium composition, temperature, dura-
tion) similar to those used for  determination.

Still easier way for KI determination is based on the
fact that the ratio between IC50 (or ICN generally) for
various ligands corresponds to the ratio between the
constants of their affinity for receptor. In this connec-
tion, it is beneficial to build the displacement curve for
unlabeled analog of labeled ligand in competitive
experiments. As a rule, the insertion of the radioactive
label into the hormone molecule does not affect sub-
stantially the parameters of its interaction with receptor.
Therefore, when the value of  is known beforehand
from saturation experiments, KD for every competitive
ligand can be calculated from the ratio of its IC50 to IC50
for unlabeled analog of radioligand. However, at such
experiment design, the knowledge of even initial value
of  is not obligatory because it could be determined
directly from the displacement curve of labeled hor-
mone by its unlabeled analog. Such binding is analyzed
in Scatchard plot. The value of B/U on the ordinate axis
(BS/U, to be more precise) is determined on the basis of
this ratio for labeled ligand after nonspecific binding
subtraction. In this case, to know the total amount of
ligand in the incubation mixture is not required because
the ratio of labeled B/U is equal to the ratio of B/U for
total amount of the same ligand. However, to determine
the concentration of the bound ligand BS (abscissa
axis), it is necessary to calculate just its total amount,
i.e., the sum of labeled and unlabeled ligand. The
amount of specifically bound label can serve as an ori-
enteer; this value should be multiplied by the coeffi-
cient equal to the ratio of unlabeled to labeled hormone
in the sample.

For correct calculation of constants from the ratio
between IC50 values, the level of bound radioactivity
should be relatively low (no more than 20% in the
absence of the competitor) relative to total label [36]. At
correct experimental design and adequate calculations
in Scatchard coordinates, we obtain a straight line with
parameters close to those established in experiments on
radioligand saturation.

Some other ways to estimate the characteristics of
unlabeled ligand binding on the basis of labeled ligand
displacement from its complex with receptor have also
been suggested [7–9, 37], but, being more complex,
they are not widely applied.

We have previously considered the case when all
ligands interact with one and the same site of a particu-
lar receptor protein, as it is most typical case. However,
in principle and reality, various ligands can interact
with different receptor regions. Therefore, three possi-
ble types of binding of the pair of ligands are distin-
guished [9]: (1) competitive binding, when both ligands
bind to the same site on the receptor; (2) noncompeti-
tive binding, when ligands bind to different sites on the
same protein; and (3) anti-competitive binding, when
the ligand of the second type interacts not with the

KD*

KD*

KD*

receptor itself but with the complex produced by the
ligand of the first type and the receptor (the most rare
type).

To identify binding types for various ligands and to
prove, for example, competitive character of binding in
the test-system studied, equilibrium experiments with
labeled and unlabeled ligands are performed. For
labeled ligand, several curves are constructed, one of
which is a usual saturation curve and in other cases a
definite fixed concentration of unlabeled ligand is
present in solution. These constant concentrations
applied should markedly (by 25–80%) but not com-
pletely displace labeled ligand. Binding is analyzed in
double reversed coordinates 1/[LR] and 1/[LT].

Let us consider the principle of analysis in the case
of competitive binding. Under equilibrium conditions
and in the absence of the competitor, the concentration
of ligand-receptor complexes is described by the equa-
tion:

(8)

From equation (8), it is easy to build the equation for
1/[LR], which is described as follows:

(9)

It is evident that this dependence is linear in the
1/[LR] and 1/[L] coordinates. In the presence of unla-
beled ligand, the amount of ligand–receptor complexes
with labeled hormone is described by the following
equation:

(10)

where LT is the concentration of unlabeled hormone
and KD is its constant of dissociation. The value 1/[L*R]
is described by the equation:

(11)

where 1 + [L]0/KD is a constant. In the absence of unla-
beled hormone, this value is 1, and equation (11)
becomes identical to equation (9). Thus, in the presence
of unlabeled hormone, a dependence in reversed coor-
dinates is described also by a straight line, but the tan-
gent of its slope (KD*(1 + [L]0/KD)/[RT]) is greater than
that in the absence of unlabeled hormone (KD/[RT]).

It is evident from equation (11) that, when 1/[LT*] =
0, we obtain 1/[L*R] = 1/[RT]. Thus, competition
straight lines obtained in the presence or absence of
tested unlabeled ligand should intercept in one point on
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the ordinate axis (Fig. 7a). When these lines do not
cross the ordinate axis in a single point, the total num-
ber of available sites for labeled ligand in the presence
of unlabeled one seems to be reduced and thus binding
is not competitive. In this case, various types of strait
line behavior could be observed. When binding of the
second ligand affects the affinity of the first one, the
curves intercept the abscissa axis in different points,
when not, they intercept at the same point on the
abscissa axis (Fig. 7b). When binding is anti-competi-
tive, the lines run in parallel (Fig. 7c) [9]. In principle,

in the system of reversed coordinates, it is possible to
evaluate the receptor affinity and the number of hormone
binding sites. However, this system is infrequently
applied for these purposes because of the higher standard
error for the calculation of reverse values.

Now, we consider an example for the use of reversed
coordinates. Thidiazuron is a synthetic cytokinin differ-
ing markedly in its structure from natural phytohor-
mones of this class (zeatin and others). To elucidate the
types of hormone–receptor interaction for this pair of
ligands, experiments were performed on binding of
labeled trans-zeatin by the cytokinin receptors in the
(1) absence or (2) presence of thidiazuron (Fig. 8, [38]).
The plot in reversed coordinates shows that straight
lines intercept on the ordinate axis indicating that trans-
zeatin and thidiazuron compete for the same site on
receptor.

MORE COMPLEX TYPES OF HORMONE 
INTERACTION WITH RECEPTORS

Sometimes, a dose dependence of labeled ligand
binding in Scatchard plot is nonlinear in spite of perfect
experiment design, performance, and analysis. The
cause for such deviations might be a complex process
of hormone–receptor interaction. When the curve on
Scatchard plot bends down, this can signify that recep-
tor has two or more sites for hormone binding differing
in their affinity or the presence of two and more recep-
tors. Theoretically, one can build several appropriate
asymptotes to such curve, correspondingly to the num-
ber of binding sites [9]. In Fig. 9a, two asymptotes cor-
respond to two binding sites. The tangent of the slope
angle of the asymptote to the left part of the curve is
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Fig. 7. Examples of binding assays with labeled hormone in
the presence of unlabeled hormone of different structure,
results are represented in double reversed coordinates.
(a) Competitive binding. The concentrations of unlabeled
hormone are (1) 0, (2) 0.2, and (3) 0.4 nM. KD of labeled
hormone–receptor complex is 0.1 nM; concentration of
ligand-binding sites is 0.01 pM; (b) noncompetitive binding
without change in affinity (1) in the absence and (2) in the
presence of unlabeled hormone; (c) anti-competitive bind-
ing (1) in the absence and (2) in the presence of unlabeled
hormone. [ R]–1 and [ ]–1 are the values reverse to the
concentrations of receptor-bound and unbound labeled hor-
mone.
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equal to –1/KD1 – 1/KD2, whereas the abscissa intercept
corresponds to [RT1]. The tangent of the slope angle of the
asymptote to the right part of the curve is equal to –1/KD2,
whereas the abscissa intercept corresponds to
[RT1] + [RT2]. Using the method of Rosenthal [32] or
computer programs, it is possible to determine parame-
ters for each interaction more precisely.

However, such phenomenon could have also other
origin. Let us imagine that polyvalent receptor attaches
successively ligands according to the following
scheme:

Initial binding of ligands with receptor could
increase (positive cooperativity) or reduce (negative
cooperativity) the affinity of interaction with successive
ligands. In the case of negative cooperativity, Scatchard
curve would bend downward (like in the presence of
two sites for binding), and in the case of positive coop-
erativity, the curve would bend upward. The problem
arises how to discriminate the cases of negative cooper-
ativity and of several types of binding sites. To solve
this problem, there are special methods of the analysis.

L R+ LR; L LR L2R; and so on.+

The first one is the treatment of binding data in Hill
coordinates [39], which permit estimation of the coop-
erativity sign and degree. The degree of cooperativity
shows how much the affinity constant increases (or
decreases) for each following ligand in comparison
with initial binding. Considering the system with pro-
nounced positive cooperativity, Hill expressed the
interaction of polyvalent receptor with ligand as fol-
lows:

(12)

In this case, the equation for KD is described as follows:

(13)

After finding logarithm of equation (13), we obtain the
following dependence:

(14)
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Fig. 9. Example of hormone binding by two receptor sites differing in affinity (KD1 = 0.1 nM, KD2 = 5 nM).
(a) Binding data expressed in Scatchard plot. [LR] ([B]) and [L] ([F]) are the concentrations of bound and unbound hormone, respec-
tively. Dotted lines designate asymptotes for graph branches; (b) binding data expressed in Hill coordinates [39]. [LR] ([B]) is the
concentration of bound hormone; [RT] is the concentration of ligand-binding sites.
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The graph in coordinates 

and  (equation (14)) represents a straight line,
and the tangent of its slope angle (n) reflects the degree
of apparent cooperativity (γ) (Fig. 10). The values γ > 1
indicate a positive cooperativity and γ < 1, negative one
[9]. When γ ≈ 1, there is no noticeable cooperativity.
The abscissa intercept is . When two binding
sites occur, the line has some bend near the abscissa
axis (Fig. 9b). Figure 11 presents data on trans-zeatin
binding by cytokinin receptor in a Hill plot. It can be
seen that γ ≈ 1, indicating the absence of any noticeable
cooperativity in this interaction.

To choose between negative cooperativity and the
presence of several binding sites differing in their affin-

LnR[ ]/ RT[ ] LnR[ ]–( )log

L[ ]log

KDlog

ity for ligand, coordinates could be transformed by the
method of Björrum [9]. Similarly to the previous case,
the ligand saturation experiment are taken to analysis.
Under equilibrium condition in the system, the concen-
tration of ligand–receptor complex is described by
equation (8), hence

Finding the logarithm of this equality, we deduce the
following equation:
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Fig. 10. Effect of cooperativity on hormone binding by receptor.
(a, b) No cooperativity; (c, d) negative cooperativity (KD1 = 0.1 nM, KD2 = 7 nM); (e, f) positive cooperativity (KD1 = 0.1 nM, KD2 = 0.5 pM).
(a, c, e) Scatchard coordinates; (b, d, f) Hill coordinates. Designation as in Fig. 9. Dotted lines in (d) and (f) correspond to the absence of
cooperativity.
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The graph is built in coordinates y, . This is
nonlinear dependence, and the number of the curve
bends in Björrum coordinates corresponds to the num-
ber of types of binding sites in the system (Fig. 12). The
abscissa of the point of bending corresponds to .
This method permits identification of two and more
sites of ligand binding to receptor, however, only in the
case when constants differ sufficiently (more than
500 times) and the differences in the binding site con-
centrations are in contrast small (less than order of
magnitude).

CONCLUSION
Modern methodology for the analysis of hormone–

receptor interaction is well developed in both theoreti-
cal and practical aspects [1, 2, 7−9, 11−18, 32−37,
39−42], that is very promising for the studying of hor-
monal signal perception by the receptors in eukaryotic
cells. This brief methodological review presents theo-
retical basics and practical recommendations for deter-
mination of principal characteristics of interaction
between ligands and receptors, such as specific bind-
ing, interaction type, affinity constant, the number of
receptors, ligand specificity, etc.

The approximate algorithm for a basic study could
be as follows. Pilot experiment is performed to ascer-
tain whether specific binding occurs in the system. In
the case it does, attempts are made to optimize its test-
ing by both the variation of the conditions for hor-
mone–receptor interaction as well as separation of
formed hormone–receptor complexes. Thereafter,

LT[ ]log

KDlog

kinetic experiment is performed to determine the time
necessary to reach equilibrium in the system. Then,
under equilibrium conditions, the curve of receptor sat-
uration with hormone is built and the results are ana-
lyzed in Scatchard plot. When dependence is found to
be close to linear, a simple “ligand–a single binding
site” mechanism is suggested. This makes it possible
the direct calculation of KD and the number of binding
sites. When dependence is not linear, the analysis in
Hill and Björrum coordinates is fulfilled. In the case
when the binding curve in the Scatchard plot deviates
downward and the tangent of the slope angle in Hill plot
is equal to 1, the conclusion can be made that two or
more binding sites differing in affinity are present.
When the difference in site affinity is big enough, the
curve in Björrum coordinates would have a bend(s).
When the curve on the Scatchard plot deviates down-
ward and the tangent of the slope angle in Hill coordi-
nates is less than 1, the conclusion on negative cooper-
ativity can be made. Upward curve deviation in the
Scatchard plot together with the slope angle tangent in
the Hill plot exceeding 1 are unambiguously indicative
of positive cooperativity. After determining the type of
receptor interaction with labeled ligand, experiments
with its unlabeled analogs, structural and/or functional,
could be performed in order to evaluate ligand specific-
ity of the receptor. The analysis of labeled ligand dis-
placement with its unlabeled homolog permits confir-
mation or more precise determination of the affinity
constant, which was obtained previously in saturation
experiments. The pattern of displacement curves and
data from reverse coordinate plot would provide infor-
mation required for determination of the type of inter-
action between labeled and unlabeled ligands on recep-
tor. In general, results of all experimental series
described above permit complete and precise character-
ization of the interaction between the receptor under
study and its ligands.
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nin receptor AHK4 plotted in Hill coordinates.
[L*R] is the concentration of bound hormone; [RT] is the
concentration of ligand-binding sites, [ ] is total hormone
concentration. The mathematical function is presented,
which approximates this dependence (r = 0.9965).
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At present, this field of knowledge is so immense
that it is not possible to embrace it completely in a sin-
gle journal paper. Therefore, we did not mention delib-
erately, for example, kinetic investigations; more com-
plex models of ligand–receptor interaction; other ways
to transform and analyze the binding data; the influence
of some effectors like G-proteins; some particular types
of interactions between agonists and antagonists, and
other questions. These particular issues are analyzed in
specialized literature cited in the Reference section of
this review [1, 2, 7−9, 11−18, 32−37, 39−42]. In addi-
tion, new physical methods for analysis of interacting
macro- and micromolecules, such as positron emission
tomography, high-throughput assay with using of bio-
chips (microarrays), surface plasmon resonance, and
others are being actively developed. We hope that, in
the nearest future, these methods would serve as a good
supplement and more safe and convenient replacement
for the experimental techniques described above. How-
ever, regardless of the further progress in testing meth-
odology, basic principles and regularities of hormone–
receptor interaction that we exemplified using the radi-
oligand method, retain their significance in future studies.
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