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SUMMARY

DE LEAN, A., MUNSON, PETER J. & RoDBARD D. (1979) Multi-subsite Receptors for
Multivalent Ligands. Application to Drugs, Hormones, and Neurotransmitters. Mol.

Pharmacol. 15, 60-70.

Detailed structure-activity relationships of many drugs and hormones indicate that
ligand-receptor binding involves the interaction of several functional regions on the ligand
with complementary receptor “subsites.” However most hormone receptor binding models
have been based on a simple bimolecular reaction obeying the mass action law. We
present a quantitative reinterpretation in pharmacological terms of the theory of flexible
polyvalent ligand binding. The model explains: 1) the occurrence of complex binding
isotherms showing both apparent heterogeneous and cooperative binding sites; 2) bell-
shaped dose response curves; 3) the properties of full and partial agonists; 4) how a given
antagonist can be either “competitive” or “noncompetitive” depending on concentration
used. The classical simple bimolecular interaction between drug and receptor is a limiting
case of the model, when steric hindrance completely prevents multiple receptor occu-

pancy, or when the ligand and the receptor interact in an all-or-none mode.

INTRODUCTION

Pharmacological studies of drugs, neuro-
transmitters, and hormones have long sug-
gested that their receptors could contain
several binding regions or “subsites,” each
interacting with specific functional regions
on the ligand molecule. Recent studies have
provided direct evidence that ligand-recep-
tor interactions are not simple bimolecular
reactions obeying the mass action law, but
instead are complex multistep processes
(1-6). In well studied drug-receptor sys-
tems, for which many analogues are avail-
able, structure-activity relationships indi-
cate that agonists and antagonists share
some common functional groups, while
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other functional groups are unique to ago-
nists or to antagonists (7-9). This suggests
that multiple specific contacts are required
to elicit the agonist response, and further,
that antagonists fail to bind simultaneously
to all the same subsites as the agonist and
thus inactively occupy the receptor area.

As shown below, a ligand-receptor sys-
tem with multiple contacts of hormone and
receptor may easily be mistaken for true
heterogeneity of binding sites, because both
models share several experimental proper-
ties. The existence of specific states or
classes of receptors with preferential affin-
ity for either agonists or antagonists has
been considered for the cholinergic receptor
(9), the opiate receptor (10) and the alpha-
adrenergic receptor (11). For physiological
systems, separate receptors mediating op-
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posite agonistic and antagonistic effects
would allow for various kinds of dose-re-
sponse curves, including biphasic patterns
with high-dose inhibition (12), although
other mechanisms could explain bell-
shaped (biphasic) dose response curves,
e.g., specific desensitization (13) or receptor
cross-linking (14).

The mathematical theory of the binding
of polyvalent ligands, i.e.,, nucleic acids
(15-18), polymers (19, 20), polypeptides
(21), and antigens (22, 23), has also been
described. However, the appraisal and in-
terpretation of these theories in pharma-
cological terms has not been substantially
undertaken. Most theoretical models for
hormone-receptor binding and activation
still ignore the possibility of multiple inter-
actions.

We have examined the equilibrium bind-
ing properties of small flexible ligands in-
teracting with multi-subsite receptors.
Binding curves may reveal apparent heter-
ogeneity and positive or negative coopera-
tivity, even for a single class of homogene-
ous receptor. The flexibility of the ligand
and the steric hindrance at the receptor
area constitute the major factors which de-
termine the properties of the model. Ago-
nists may produce full or partial activation
of the target system, depending on the sta-
bility of the fully interacting conformation,
thus providing a mechanism which deter-
mines the intrinsic drug activity. Reversibly
binding antagonists can decrease the ap-
parent affinity of a competing agonist (com-
petitive antagonism), but can also decrease
its maximal response (noncompetitive an-
tagonism).

Models for flexible ligand binding can
explain many pharmacological properties
of drug and hormone receptors which are
often attributed to more complex mecha-
nisms involving steps subsequent to bind-
ing. Multi-subsite receptor models thus
constitute an important general approach
to drug receptor interactions.

THE MODEL

The model for multiple subsite receptor
(multi-subsites) may be defined as follows:
1) The term “subsite” refers to func-
tional parts of the receptor able to interact
with the ligand. The “receptor area” is com-
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posed of several of these subsites. The li-
gand contains specific functional regions or
groups which can be “recognized” by the
corresponding specific subsites on the cell
surface receptor area. In general, these
functional regions may differ from each
other, unlike the case for immunoglobulins
and polymers, where all binding sites are
identical.

2) The interaction of the functional seg-
ments of the ligand with their correspond-
ing subsites need not be simultaneous, as in
the case of rigid molecules interacting in a
“lock and key” mode (24). In most cases,
the ligand would be flexible and could exist
in several conformations both in the free
and the bound states. Alternatively, the
receptor area might be flexible, with con-
formational changes upon binding of a rigid
ligand (“induced fit”).

3) Of the various bound conformations
or states, we assume that the fully interact-
ing state, with all functional regions bound
to their corresponding subsites, would ac-
tivate the effector component. The other
partially bound states might also partially
activate the effector. Thus, the hormonal
response would not be a function of total
receptor occupancy but rather of the con-
centration of the active pool(s).

4) Due to the flexibility of the ligand,
two or more ligands may be partially bound
to the same receptor area when the ligand
is at high concentration, each preventing
the other from full activation of the system.
Multiple occupancy of the receptor has
been described for the case of alpha-bun-
garotoxin binding to the purified choliner-
gic receptor (2).

5) While the actual number of physical
interactions of a ligand with its receptor
may be quite large, even for small mole-
cules, only a small number of functional
regions are required for modeling purposes.
The binding of each functional region of
the ligand to its subsite may require several
simultaneous physical interactions. The
functional regions of the ligand are thus
distinguished by their ability to bind sepa-
rately to their corresponding subsites, ow-
ing to the flexibility of the molecule.

As shown in Figure 1, each reaction step
between the binding pools is characterized
by a microscopic equilibrium constant L.
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F16. 1. Binding reaction scheme for a divalent
ligand interacting with two subsites

The microscopic equilibrium constants L, refer to
each individual reaction. Unlabeled reaction arrows
correspond to microscopic constants which can be
calculated from the specified L.. The binding pools in
each horizontal row have the same number of ligands
bound and are grouped into pool classes C;.

The binding pools P; could be grouped into
classes C; with i ligand molecules bound per
receptor area. In Figure 1, the binding pools
are grouped by rows into classes. In this
example, C, contains three pools, including
the fully interacting “active” pool, Ps. The
equilibrium concentration of the pool
classes C; are determined by macroscopic
stoichiometric constants K;, which in turn
are defined by the reaction scheme and the
microscopic reaction constants, L..> Exper-
imentally, only total ligand binding, B, and
the active pool(s) can be measured. This
restriction implies that the microscopic
equilibrium constants, L; are experimen-
tally indeterminate. However, the values of
the macroscopic constants, K;, may be in-
ferred from experimental data. The math-
ematical statement of the model is provided
in the Appendix.

2One must distinguish between the microscopic
constants (e.g., L, = P,/E.F), the macroscopic con-
stants for pool classes (K as used throughout the
present manuscript), e.g., K2 = C»/(E.F?), and the
“stepwise” constants as used by Fletcher and others
for the Adair model, e.g., K2 = C2/(C,-F). The use of
K as defined here relates any pool to the empty
receptor and free ligand, and simplifies the equations
especially in more complex cases. Our K corresponds
to B; in Eq. 11 of (40).

EXAMPLES

A study of the simpler cases of multisub-
site receptors indicates the general proper-
ties which can be expected from more com-
plex cases. When n = 1, there is only one
functional subsite and the ligand-receptor
system behaves as a homogeneous system
obeying the mass action law. There is only
one binding pool, the active one. Any ligand
able to bind to the receptor area should be
an agonist. This simple model is unable to
accommodate competitive antagonists or
partial agonists without additional ad hoc
assumptions.

When there are two subsites (n = 2) as in
Fig. 1, the expressions for each binding pool
P; concentrations as a function of the empty
receptor concentration E and the free li-
gand concentration F are as follows:

P,=LE.F 1)
P,=L:E-F 2
Ps = L,\L;:E-F 3)
P,= L\L{E-F* (4)

The binding pools are grouped into three
classes, containing 0, 1 or 2 bound ligands:

Typical examples of binding isotherms
are shown in Figure 2A, with corresponding

Co= P, (5)
Ci=P,+P,+P;=K,E-F (6)
Cz = P4 - KzEF2 (7)

where the macroscopic stoichiometric con-
stants K, K, are combinations of the reac-
tion constants:

Ki=L,+ L+ L\Ls (8)
K, = L\L, (9)

When only pool P; is active, the active
pool concentration, A, and its stoichiomet-
ric constant are:

A =P3;=K\E-F
Ka = L\Ls

(10)
(08))

while the total concentration of ligand
bound, B, is:

B=C +2.C (12)
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F16. 2A. Binding isotherms for varying degrees of
steric hindrance in the case of two subsites (Fig. 1)

A. Total receptor concentration R is 1. The mac-
roscopic stoichiometric constants K; are defined by
equations 8, 9. When K = 0, pool class C; is empty
and steric hindrance totally prevents multiple receptor
occupancy. As K; increases, the “mean” affinity in-
creases, the curve shifts to the left, and the steepness

F16. 2B. Scatchard plot of the binding data
shown in Fig. 2A

When steric hindrance incompletely prevents mul-
tiple receptor occupancy (K, = 0.01, 0.1), the plot is
concave up, suggesting apparent heterogeneity or neg-
ative cooperativity of binding sites. When K; = 1,
multiple occupancy is favored instead of being pre-
vented and the plot shows a downward concavity. For
K; = 0.25 K,? one would obtain a linear Scatchard
plot.

Scatchard plots (25) in Figure 2B. If only
one ligand molecule could bind to a recep-
tor area, then C, would be empty and K,
= (. In that limiting case, only pool class C,
would contribute to the observable binding
and maximum binding Bm.: = R, the total
receptor concentration. If steric hindrance
between two ligand molecules approaching
the receptor area does not totally exclude
simultaneous binding in pool class C: (i.e.,
K; > 0), the binding isotherm will show two
apparent components (i.e. apparent binding

MULTI-SUBSITE RECEPTORS

Ky=1
R=1

2 * 0 * 2
LOGyo TOTAL

F16. 2C. Active pool concentration (P as a func-
tion of total agonist concentration in the example of
Fig. 2

When steric hindrance does not totally prevent
multiple occupancy, the activity profile is biphasic.
The peak of the bell-shaped activity curve coincides
with the point where the binding isotherm reaches
50% of maximal binding capacity in Fig. 2A.

classes), with a total binding capacity equal
to 2-R. A staggered binding isotherm (Fig.
2A) or a “concave-up” Scatchard plot (Fig.
2B) would ordinarily indicate heterogene-
ity, but in the case of multisubsites, may
arise from steric hindrance (K, = 1, K; =
0.01), as predicted (19, 20).

If pool class C; (multiple receptor occu-
pancy) were favored over pool class C, (sin-
gle receptor occupancy) by a “cooperative”
mechanism, one would expect to observe a
steeper binding isotherm (Fig. 2A, K; = 1)
or a “concave-down” Scatchard plot (Fig.
2B, K, = 1). The term “cooperativity” refers
to any mechanism by which the affinity of
a ligand for some of the subsites is changed
by occupancy of other subsites. Lack of
cooperativity is the same as lack of steric
hindrance (i.e. L, = L,) in the present
model.?

To obtain a linear Scatchard plot when K = 1, K,
would be 0.25. In general, K, = % K,%. If Ly = 0 and L,
= L, then a linear Scatchard plot is obtained when L,
= L, that is, when binding to one subsite is independ-
ent of occupancy of the other. However, when Ls > 0,
i.e., when pool P; can form, then the condition L, = L,
will not lead to a linear Scatchard plot. Thus, if one
takes L, = L, as a criterion for non-cooperativity on a
microscopic level, then we have the paradoxical result
that a non-cooperative system with homogeneous sub-
sites may have a non-linear Scatchard. Thus, use of
the term “cooperativity” without reference to a par-
ticular model, e.g., stepwise, subsites, etc., may lead to
confusion.
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In the example of Fig. 2, the shape of the
binding isotherm is completely determined
by the relative values of the macroscopic
stoichiometric constants K, and K. Pool
classes C, and C; increase according to the
first and the second power of free hormone
concentration, respectively. At low ligand
concentration, pool class C; may be small
compared to C,, due to steric hindrance.
However, C; will predominate at higher
ligand concentration, because of the higher
order of the binding reaction (cf. Appendix,
Eq. A2). Thus, the two apparent binding
components (or stages) in Fig. 2A do not
correspond to the separate filling of the two
subsites (i.e., P1, P3), but rather to the sep-
arate filling of pool classes C, and C;. In
general, if there were n subsites and if mul-
tiple occupancy of the receptor were feasi-
ble, then one might find up to n apparent
binding components in the binding iso-
therm.

At high agonist concentrations, the max-
imally active binding state. P; (contained
in C,) will eventually be replaced by binding
pools with multiple receptor occupancy (C;,
for i > 1). Figure 2C shows that the ex-
pected active pool concentration is a bi-
phasic function of the total ligand concen-
tration whenever C; can form, i.e., K, > 0.
The peak of the bell-shaped curve coincides
with the point of 50% maximum ligand
binding, when n = 2 (Eq. A9). The maxi-
mum size of the active pool decreases as K,
increases, i.e., as the probability of multiple
ligand binding is increased. Although the
bell-shaped curves appear nearly symmet-
rical in Figure 2C, they may also be asym-
metrical with a flat dome when multiple
receptor occupancy is restrained by a low
K; (due to steric hindrance or negative
cooperativity) (Fig. 3). A non-linear cou-
pling function relating active pool concen-
tration and the observed response will not
alter the dose which gives the peak re-
sponse, as long as the function is mono-
tonic. However, such a non-linear function
may change the shape of the dose-response
curve considerably.

The size of the active pool relative to the
other pools in the pool class C,, is deter-
mined by the ratio K4/K; (Fig. 3). A high
ratio (e.g., 90/100) favors a large maximum
for the active pool while a low ratio (e.g.,

0.1
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F1G. 3. Dose-activity profile for various degrees of
stability of the active pool in the case of a divalent
agonist binding to two subsites (Fig. 1) in the presence
of steric hindrance (K; = 1, K, = 100)

Total receptor concentration R = 0.1. The equilib-
rium constant K4 (or L,Ls) varies from 10 to 90, so
that the active pool contributes from 10% to 90% of
the pool class with single occupancy of the receptor
(C,, second row of Fig. 1).

01r R =0.1
K, = 100
L K= 1

K,= 90

ACTIVE POOL
>

LOG,, AGONIST

F1G. 4. Dose-activity profiles for a divalent ago-
nist in the presence of increasing concentrations of a
monovalent antagonist (only one functional region)

Both ligands bind with the same affinity (L, = 1 for
both) to the common subsite. The binding properties
of the agonist alone are the same as the most potent
agonist in Fig. 3 (K4 = 90). The vertical bars indicate
the EDs, of the rising limb of the biphasic activity
curves with increasing amounts of agonist. The mon-
ovalent ligand behaves as a mixed competitive-non-
competitive antagonist.

10/100) yields a relatively small active pool
size. The ratio K4/K, (between 0 and 1) can
be regarded as the “intrinsic activity coef-
ficient” for the agonist. When K4/K,; = 1,
the ligand is a full agonist. When K4/K; =
0, the ligand still binds to the receptor area,
but is inactive (antagonist).

Figure 4 indicates the effect on the dose
response curve of the presence of an inac-
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tive ligand (antagonist), which can bind to
only one subsite (L = Ls = 0, for the
antagonist). The presence of the antagonist
both increases the apparent EDs of the
agonist and decreases the maximum con-
centration of the active pool. Thus, a uni-
valent inactive ligand can behave as both a
competitive and a noncompetitive antago-
nist. This dual effect of antagonists has
been described in several pharmacological
systems and has been attributed to the
presence of spare or excess receptors (26).

More complex cases of agonist-antago-
nist interactions could be considered. For
example, the antagonist could also bind to
a third, accessory subsite (9), in addition to
a receptor subsite shared with the agonist
(Fig. 5). The accessory site could account
for a higher affinity for antagonists than for
agonists. However, the antagonistic prop-
erties of such a ligand would be qualita-
tively similar to those illustrated in Figure
4.

In cases where the functional region of
the ligand can be identified and cleaved
without altering their geometry, the prop-
erties of the functional fragments could be
compared with those of the intact molecule.
Figure 6 shows the competitive binding of
intact ligand and its fragments. In this ex-
ample, cleavage of the ligand into a mixture

AGONIST

ANTAGONIST

Ul i

F1G. 5. Schematic diagram for a divalent agonist
competing with a divalent antagonist in binding to a
receptor consisting of two subsites for the active re-
gion of the receptor and a third accessory subsite
specific to the antagonist

The binding curves are similar to those shown in
Figure 4, except that the antagonist may have a much
higher overall affinity for the receptor area, due to its
interaction with the accessory subsite.
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F16. 6. Competitive binding of a divalent ligand
with mixtures of its fragments, each containing only
a single binding moiety (a or b)

The total receptor concentration R = 0.1. The
displaced (“labeled”) divalent ligand (K, = 20.3, K, =
0.002, Ko = 20) has concentration H* = 0.1. The
competitors used are the intact ligand (solid line),
fragment a (dotted line), fragment b (short dashed
line), or a mixture of equal amounts of the fragments
a and b (long dashed line).

of its functional fragments results in a 50-
fold increase in the 50% maximal inhibitory
concentration (IDs). The increase in IDso
following cleavage of a bifunctional ligand
could be even larger and is generally equal
to 1/(1 — Ka/K,) in the presence of a very
high degree of steric hindrance. Thus for a
very highly efficacious agonist (Ka/K,
nearly 1), the increase in the IDs, following
cleavage of the ligand into fragments could
be extremely large.

Figure 7 shows the equilibrium “compe-
tition” curves for a labeled full agonist,
which competes for receptor with increas-
ing doses of unlabeled full agonist, or partial
agonists having a decreased affinity for one
subsite. Thus, as one weakens the affinity
for one subsite, the displacement curves
have a progressively higher EDs, and are
progressively flatter.

DISCUSSION

The occurrence of bell-shaped dose-re-
sponse curves is one of the salient proper-
ties of the present model. Such high dose
inhibition of activity dose-response curves
has been described in several receptor sys-
tems (27-32, 14). Besides the mechanism
described herein, such bell-shaped curves
could be due to receptor desensitization or
nonspecific exhaustion of the response sys-
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F1G. 7. Competitive binding of a labeled divalent
ligand (K, = 12, K, = 1, K4 = 10), and an unlabeled
species with the same K; or with ligands which have
the binding affinity (L, Ls, Ls) for one subsite reduced
by a factor of 10 or 100, resulting in values of K,, Ka,
and K, 0f 2.1, 0.1, 1 and 1.11, 0.01, 0.1, respectively

The weaker agonists have curves which are shifted
to the right (c = EDy) and have a reduced slope factor
(b). The curves are adequately fit by the four param-
eter logistic equation (41).

tem (12, 13) or to receptor cross-linking
(14). In the case of desensitization, one
would expect that the agonist concentra-
tion at the peak response would vary sys-
tematically with incubation time (28), while
it should be independent of incubation time
for the present mechanism. For the adrenal
angiotensin receptor, certain other agonists,
e.g., ACTH, can elicit a response larger
than the peak response observed for angio-
tensin (33), indicating that mechanisms
other than desensitization or exhaustion of
biosynthetic precursors are probably in-
volved.

For in vivo systems, independent phar-
macological receptors mediate opposite ef-
fects, e.g., the alpha and beta adrenergic
receptors. In such systems, complex dose-
response curves would be expected (12).
Similarly, complex interactions of intracel-
lular mediators of hormone action may also
lead to biphasic dose-response curves (34).

The present model predicts that the peak
response is obtained when an integral frac-
tion of the true maximal binding capacity
has been filled (Bmax/n) (Eq. A9). In the
case of two subsites, the maximum response
would be observed when 50% of the “sites”
would be occupied, if both hormone binding

and action were measured under strictly
identical conditions. Such a relationship
could be tested experimentally.

More general examples could be consid-
ered by allowing binding pools other than
the fully interacting pool (P;) to be partly
active. In general, activity might be given
by

Activity = ¥ o;P; (0Sa;=1)  (13)
J
where q, is the intrinsic pool activity. This
would allow for basal activity (due to Po)
and also an asymmetry of the high-dose
inhibition, which may then plateau at an
intermediate value determined by the ac-
tivity coefficient for P, (Fig. 1), and not
decrease to zero. If the coupling between
the fraction of “active” receptors and the
observable response were not proportional,
then the shape of the response curve would
differ from those shown in Figs. 2C and 3.
Non-proportional coupling could flatten the
peak into a broad plateau with a delayed
downward segment.

Equation A4 of the model is mathemati-
cally equivalent to the stepwise model for
multiple classes of binding sites (35). In
fact, many mathematical models for ligand-
protein interaction have been proven to be
mathematically interchangeable with the
stepwise model (36) first proposed by Adair
for oxygen binding to hemoglobin.

Fisher et al. (37, 38) have postulated a
ligand exclusion - (or steric) mechanisms as
an alternate explanation for apparently al-
losteric effects of regulatory enzymes. Their
experimental data (38) are compatible with
simultaneous occupancy of the catalytic
area by the substrate and the inhibitor
binding to distinct but interwoven subsites.
In contrast to the predictions of the present
model (Fig. 4), they implied that only non-
competitive inhibition would be observed.
The discrepancy may be due to the implicit
exclusion of pool P, (class C;) in most of
their analyses, or due to use of a less com-
prehensive quantitative analysis of the
model than is provided here (cf. APPENDIX).

Distinction between heterogeneous, co-
operative receptor sites and a homogeneous
multisubsite receptor on the basis of equi-
librium binding and activity curves is ex-
perimentally difficult because both models
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share most of their observable properties.
The existence of a biphasic dose-response
curve would favor the present model, al-
though additional experiments would be
required to exclude desensitization models.
Many studies which have been interpreted
as indicating apparent heterogeneity of re-
ceptor sites for agonists and antagonists,
would also be compatible with multiple
subsites constituting a single ‘“receptor
area.” Ultimately, the use of purified recep-
tors should provide a definitive approach
for discriminating between macroscopic
(independent receptors) and microscopic
(multisubsites) heterogeneity. Masking of
subsites using covalent reagents should pro-
vide additional information.

The presence of multiple interactions
with a multisubsite receptor does not pre-
clude other complex mechanisms after the
binding step. However, the interpretation
of complex hormone-receptor interactions
could benefit from consideration of detailed
binding mechanisms. Although structure-
activity studies provide detailed descrip-
tions of functional regions for drugs and
hormones, essentially all theoretical models
developed to date have been primarily con-
cerned with a simple binding reaction. Bi-
molecular reactions obeying the mass ac-
tion law could be considered as a limiting
case of the present model, when the active
fully interacting state (Ps) is infinitely more
stable than the partially interacting states
and when multiple occupancy of the recep-
tor area is impossible.

In conclusion, the present model provides
a simple, plausible molecular mechanism
which may explain many properties of drug,
hormone, and neurotransmitter receptor
systems. Consideration of multiple inter-
actions with subsites on a receptor area
provides a much more versatile scheme
than simple bimolecular interactions.
Quantitative testing of the applicability of
the present model could be obtained by
least-squares curve fitting, using well de-
fined methods developed for the stepwise
model at equilibrium (35), and employing
several of the methods developed for the
analysis of n-ligand, m-binding site systems
(39). Further, studies of the time course of
binding and activation may be predicted
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quantitatively by a “kinetic” extension of
the present model.
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APPENDIX

Mathematical Formulation of the Multi-
Subsite Model

A macroscopic stoichiometric constant may be de-
fined for each individual pool as the product of the
equilibrium constants L, for the sequence of reactions
leading from the free receptor pool to that binding
pool. Pools can be grouped into classes, C; according
to the number of ligand molecules bound per receptor.
The collective stoichiometric constant K; for the class
C; is the sum of the individual microscopic constants
of the pools in that class. The total concentration of
ligand bound is

B=Y i.C (A1)
=0
where n is the number of subsites and C, is the empty
receptor pool. The pool class C; and the macroscopic
stoichiometric constant K; are related by:
Ci

Ki=—

EF (A2)

where F is the concentration of free hormone and E
(or Cy) is the concentration of empty receptors:

R

with Ko = 1, and R being the total concentration of
receptors. The concentration of hormone bound B as
a function of free hormone F is given by:

R.(ﬁ i-K,F’)
)

When n > 1, the apparent binding capacity of the
receptor for the ligand differs from the receptor con-
centration:

E=
(A3)

B= (A4)

Bm..-‘lrimB-n-R (A5)

For curve fitting purposes, the total hormone con-
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centration H should usually be considered as the in-
dependent variable, instead of free hormone concen-
tration F. Substituting (H — B) for F in Eq. A4 and
re-arranging gives:

so + i (_l)'s:B‘ + snol =0
=1

where

So= 3 i-KHR

- n n+1-¢
s (ph o

+ E [(l +].- I)Ku/-l
j=0 J

+( +1)-(i ;j)K..,H’R]

(A6)

Sper = (-1)™'K.B™'

The active pool belongs to the pool class C, con-
taining (2"-1) binding pools with one ligand molecule
per receptor. An additional macroscopic stoichiomet-
ric constant K, is defined for the active pool A:

A= DK (A7)

(2)

If n > 1 and K, % 0 for all { > 0, the active pool

concentration is a unimodal function of the free hor-

mone concentration. Pool A rgachee a maximum for a

free hormone concentration F satisfying:
SGE-1).KF'=0 (A8)
=0

When F = F, the concentration of bound ligand is

given by:

B-R-B—"‘“ (A9)
n

The model can be easily extended to the case of two
ligands competing for the same receptor, but with
possibly differing affinities for the receptor subsites.
The binding pools are grouped into pagpl classes Cy of
the same binding stoichiometry, with i molecules of
the first ligand and j molecules of the second ligand
bound per receptor area. The corresponding macro-
scopic stoichiometric constants K, are accordingly de-
fined as:

Cy

k=EFm

(A10)

where F, and F: are the free concentration of each
ligand and E is the concentration of empty receptors:

R
-(i bl Kw.w)

i=0 j=0

E= (A11)

with Koo = 1, and K; =0 for i + j > n.
The total concentration of each ligand bound B,
and B, is

B = R(?:%,é, i'KUF‘,-F{)

( 3y xw,w)
o (A12)

R-( Eo :?:j»KyF.‘F/)

Bz = n—i

().:o T Kw,w)

while the active pool concentration is defined as:
~R-(Ka, Fr + KuFo)

(£3 mwere)

(=0 j=0

A

(A13)

where K,, and K4, are the macroscopic stoichiometric
constants for each ligand.
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