CHAPTER

Simple Ant-agonism -
Simple Intervention

2.1. Classical Ant-agonism

2.1.1. Towards Intervention

By introducing a secondary ligand as well as a secondary
binding site, Chapter 2 examines inhibitors, also called
ant-agonists. We shall deal with several aspects of a
second ligand interfering with the binding of a primary
ligand and/or with the function induced by a primary
ligand. Inhibitory processes may be competitive or non-
competitive. Competitive ant-agonism only needs a
single binding site, whereas non-competitive ant-agon-
ism requires at least two binding sites. Un-competitive
ant-agonism is a special case of the non-competitive
reaction scheme. These concepts are dealt with in Sub-
chapter 2.4. Meanwhile, the interaction between two
ligands and a receptive unit may also involve a cross-
correlation, as exemplified in a so-called ‘intervention’
model described in the following section and detailed
further in Sub-chapter 2.5.

2.1.2. The Intervention Scheme

Having introduced a secondary site and a secondary
ligand, we must also operate with a possible interaction
between the two binding sites as ligands bind. The
interaction may be stimulatory or inhibitory for the
subsequent processes of binding or function. Here, the
interaction is expressed in a single system constant ¢ (Fig.
2.1A). Constant ¢ above unity is stimulatory, while below
unity it is inhibitory. At present, in channel studies this
type of interaction may be resolved into 18-system
constants (Burzomato et al. 2004; Colquhoun 2006).
In order to cover both the stimulatory as well as the
inhibitory aspect of interaction in a two-ligand/two-site
reaction scheme (TLTS) as in Fig. 2.1A, and at the same
time clearly differentiate it from the allosteric type of
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reaction scheme, which involves a TLTS with additional
two-states and spontaneous activity (see Chapters 7 and
15), I have decided to designate the one-state TLTS
reaction scheme in Fig. 2.1A — with binding site
inleraction but without spontaneous activity — as the
intervention model. In this scheme, ligands participating
in changing the binding or function of primary ligands
will be referred to as interventors, reserving the term
‘modulators’ for secondary ligands in allosteric reaction
schemes with two-sites and two-states (Chapter 14). The
intervention model is depicted in Fig. 2.1A together with
a simple two-state model with a single binding site shown
in Fig. 2.1B, an allosteric model.

Derivation of formulas for the intervention model in
enzymology started early with Michaelis (1914) and
continued in the 1950s (Table 2.1) (Laidler & Socquet
1950; Segal et al. 1952; Botts & Morales 1953; Frieden-
wald & Maengwyn-Davies 1954a,b, pp. 154-190; Ariéns
et al. 1955; Laidler 1956, 1958, pp. 78-93; Webb 1963,
pp- 54-60; Cleland 1963; Hijazi & Laidler 1973; Laidler
& Bunting 1973; Cha 1975).'

In enzymology, intervention reaction schemes with
negative interaction are mostly listed under the term
‘mixed-inhibition’ or just ‘non-competitive’ (Webb
1963; Cha 1975; Segel 1975, 1993, Chapter 4; Cornish-
Bowden 1995, 2004; Varon et al. 2002), while a
stimulatory aspect in the intervention models is ill-fated
as it is hardly observed, and therefore only sporadically
dealt with as ‘non-competitive synergism’, ‘partial non-
competitive’, or ‘mixed activation’ (Ariéns et al. 1964;
Mahler & Cordes 1966, p. 252; Segel 1975, 1993,
Chapter 5; Cornish-Bowden 1995, 2004). A more direct
approach to the infervention model is the so-called

! Laidler (1956, 1958) operated with simple non-competitive reactions,
which in this book are equal to non-competitive reactions, and non-
competitive reactions equal the present intervention scheme.
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Figure 2.1. Two simple reaction schemes. (A) The Interven-
tion model where an interaction constant ¢ may be (a) zero
equal to ‘competitive inhibition’, (b) unity equal to ‘non-
competitive inhibition’, (c) above zero and below unity equal
to ‘negative intervention’ and above unity equal to ‘positive
intervention’. Although the intervention model has two binding
sites, it is not an allosteric model, it is a pro-allosteric model.
Allostery further requires un-liganded activity, the same as
spontaneous activity (see Chapter 15). (B) The simple two-
state model with a single binding site. This model is also
referred to as the cyclic two-state model with spontaneous
activity (Chapter 5). This two-state model is not an allosteric
model. Allostery also requires at least two binding sites (see
Chapter 15). S =primary ligand, | =interventor, Ks =dissocia-
tion constant for S at primary s-site, and K;=dissociation
constant for interventor ligand at intervention i-site.

“general modifier mechanism of Botts and Morales”
and its formulation (Botts & Morales 1953; Garzia-
Canoves et al. 1987; Topham & Brocklehurst 1992;
Shou et al. 1999, Shou 2002; Varon et al. 2002).

In pharmacology, the intervention reaction schemes
with site interaction were formulated by De Lean and co-
workers (De Lean et al. 1980; Burgisser et al. 1982;
Wreggett & De Lean 1984) as the ternary complex-model
(TCM), specifically related to G protein coupled recep-
tors. More recently, the TCM has appeared as an
‘allosteric’ TCM (Ehlert 1988; Christopoulos 2002; Chris-
topoulos & Kenakin 2002; Avlani et al. 2004; Kenakin
2004a, Section 6.8.7, 2004b). Although terms including
‘allosteric’ have been sorted out (May & Christopoulos
2003; May et al. 2004, 2007a), a term such as ‘allosteric
ternary complex-model’ for plain TCM is still confusing
(Scheer et al. 1996; Daeffler & Landry 2000).

In modeling, including mixed-inhibition, mixed acti-
vation, TCM and ‘allosteric’ TCM, I recommend a new
term for these kinds of reaction schemes — namely the
intervention model. See Sub-chapter 2.7 for more details
on the development of the intervention scheme.

2.1.3. Auto-ant-agonism

In this chapter, I have opted to examine ant-agonism or
inhibition by compounds that are different from the
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Table 2.1. On the roots to formulate the heterotropic mutually
inclusive one-state model, HE-MI-OSM, and the homotropic
mutually inclusive one-state model, HO-MI-OSM

Names or models for

Reference intervention Comment
Michaelis (1914) Substrate inhibition Function
Haldane (1930) Substrate inhibition Function
Wyman (1948, 1964) Theory of linked Binding
function HO-MI-OSM
Laidler and Socquet Non-competitive Functional
(1950) adsorption

Segal et al. (1952) An intervention scheme Functional
Botts and Morales An intervention scheme Functional
(1953)
Friedenwald and An intervention scheme Functional
Maengwyn-Davies
(1954)
Ariéns et al. (1955, Non-competitive Functional
1964) synergism HO-MI-OSM
Laidler (1956, 1958) An intervention scheme Functional
Webb (1963) Mixed inhibition Functional
Mahler and Cordes Partial non-competitive Functional
(1966)
Cheng and Prusoff Non-competitive Functional
(1973)
Cornish-Bowden (1974, General modifier Functional
1995, 2004, p 134) mechanism
Segel (1975, 1993) Mixed inhibition and Functional
activation
Cha (1975) Non-competitive Binding
Jacobs and Mobile receptor Functional
Cuatrecasas (1976)
Tolkovsky and Levitzki  Floating receptor Functional
(1978) model
Birdsall et al. (1978) Theory of linked Binding
function
Boeynaems and Pseudo-competitive Binding
Dumont (1980, ant-agonism/mixed
pp. 143-147) ant-agonism
De Lean et al. (1980) Ternary complex Binding and
model function
Stockton et al. (1983) Ternary complex Binding
Wreggett and De Lean  Ternary complex Binding

(1984)

Ehlert (1988) ‘Allosteric™ Binding/functional
MacKay (1990) Ternary complex, Functional,
G proteins steady-state
Topham (1990) Mixed inhibition Functional
Wells (1992) Heterotropic Binding
co-operativity
Costa et al. (1992) Negative ant-agonism  Functional
Samama et al. (1993) Extended TCM Functional

Trzeciakowski (1999)

Standard TCM,
G proteins

Binding/function

Shou et al. (2001), Partial inhibition** Functional
Shou (2002) HO-MI-OSM

Present text on Intervention models Binding/
one-state models function

*See Chapters 5 and 14 for use of the term ‘allosteric’ in general and in
particular.

** ‘Partial inhibition” frequently used in enzymology have different meanings, see,
e.g., Webb (1963) and Segel (1975, 1993). Segel's Chapters 5 and 6 are on
activation in HE-MI-OSM.

primary ligands, the agonists, while Chapter 3 will deal
with self-inhibition. In self-inhibition, substrates or ago-
nists at low concentration activate the function of relevant
receptive units, enzymes, or transporters and so forth,
while at increasing concentrations even in the absence of



other ligands the agonist or substrate starts to ant-agonize
its own action — this is also designated auto-ant-agonism,
auto-inhibition, or mnegative auto-intervention. This self-
inhibition is understood to take place from a secondary
binding site in the receptive unit.

Means of obtaining parameters such as dissociation
constants from experimental data are discussed in
Chapter 4 for agonism, ant-agonism, and inlervention as
well as for auto-ant-agonism and auto-intervention in one-
state models.

Inverse agonists also inhibit function, but they ant-
agonize inherent activity by binding at the primary site.
Since inverse agonists inhibit constitutive activity, they
are therefore best treated in two-state models with
spontaneous activity, which appears in Chapter 5 under
complex agonism.

2.1.4. Inhibitors and Reversibility

In general, when a drug lowers one or more of the
activities of a system, a cell, or a protein molecule, it is
called an inhibitor. Inhibitors may be either reversible or
irreversible. Often, the reversibility of an inhibitor is
decided by the speed with which the interaction
between the inhibitor and its target decays after washout
of the ant-agonistic drug. The time of decay is held
against the time of experimentation. That is to say, if the
inhibitory effect does not reverse significantly during the
observation period after the inhibitory compound is
removed from the system, the compound is said to be an
‘irreversible inhibitor’. For instance, regain of less than
10% of an initial response in the observation period
following washout of a drug will probably be taken to
mean that the drug has bound almost irreversibly or is
distributed more permanently in an unstirred compart-
ment, thereby preventing a reasonably short duration
for washout and equilibration.

During washout, likely to be an exponential decay of
binding or diffusion-limitation, the lapse of time to
revert and regain 63% of a response equals one time
constant, 7.2 Thus, to name a compound ‘reversible’
typically requires an observation period in the range of a
time constant or more for its washout process. The non-
competitive-like behavior of exponential decay or diffu-
sion-limitation was explained by Rang (1966) in his
description of dissociation-limited and biophase models.

In this context, a designation of ‘irreversible inhibi-
tor’ may be employed about a high affinity ant-agonist
not displaced by an agonist during its exposure that
is too short to allow the displacement, also known

2 Here, one time constant, 7, is the time it takes to regain 63% of the
inhibited function. Percentage regain for an exponential function is:
regain (%) =[1-e ] - 100, where e is the base of natural
logarithms = 2.718. For an observation period equal 17, the regain is
63%.
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as ‘insurmountable ant-agonism’ (see Sub-chapter 2.8)
(Jenkinson 2003, p. 53).

2.1.5. Ant-agonists, Interventors, and Activators

Reversible inhibitors that affect agonist-induced activity
are referred to as ant-agonists, and can be competitive,
non-competitive, or un-competitive. Thus, for a com-
pound to be an ant-agonist, it is required that it only
works in the presence of an agonist, more or less
preventing the agonist from activating or binding to its
receptive unit. On the other hand, ‘inhibitor’ will, in
general, refer to irreversible as well as reversible inhibi-
tors of both agonistinduced and agonist-independent
activity. The term ‘inhibitor’ is thus conveniently used
for drugs that operate by irreversibly blocking sponta-
neous or agonistinduced activity, while ‘ant-agonist’
covers for reversible inhibitors dependent on agonist-
induced activity (Table 2.2A), or eventually reversible
inhibitors of a negative effect of inverse agonists.

Interventor molecules work at secondary sites in
systems assumed not to possess spontaneous activity,
i.e., in one-state models, similar to non-competitive ant-
agonists. Meanwhile, interventors can be both inhibitory
and stimulatory (Table 2.2A).

Drugs increasing the activity beyond constitutive or
agonist-induced activities may be referred to as stimula-
tors or activators. This is true in both binding and
functional studies. Activators operate reversibly (Table
2.2A).

As demonstrated later, allosteric modulation at aber-
rant binding sites renders new possibilities in binding
and function for the classification of drugs as activators,
positive modulators, or inhibitors equal to negative
modulators (Table 2.2A and Chapter 14).

Molecules that enhance binding or function in a
constitutive manner will be referred to as enhancers.
Auxiliary and accessory proteins, such as co-factors,
beta-subunits, regulator-of-G protein-signaling (RGS),
receptor-activity-modifying-proteins  (RAMPs), scaffold-
ing molecules, and chaperones (Sexton et al. 2001;
Blumer & Lanier 2003; Chidiak & Roy 2003; Morfis et al.
2003; Rebois & Hébert 2003; Fukoto et al. 2004;
Udawela et al. 2004, 2006; Abramow-Newerly et al.
2006; Hill et al. 2008) that also have an activating
function will fall under the category of enhancers.
Several of these proteins are in fact part of the receptor
complex (Hay et al. 2006).

Table 2.2A is a preliminary and tentative summary of
agonists, ant-agonist, inhibitors, interventors, inverse
agonists, modulator molecules, activators, and enhancers.
Ant-agonists and interventors are examined this chapter.
Inverse agonists and neutral ant-agonists are first treated
in Chapter 5, and modulator molecules in Chapters 7,
14 and 15.
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Table 2.2A. Activators, Inhibitors, Ant-agonists, Interventors, Modulators, Enhancers, and Repressors

Type of interaction Site of binding Model  Augmentation by Attenuation by Auto-effects pos or neg by
Reversible Primary All Agonist Ant-agonist -
Primary All Agonist/ Neutral ant-agonist/ -
neutral ant-agonist inverse agonist
Secondary OSM Pos interventor** Neg interventor** Pos/neg auto-interventor
Secondary TSM Pos modulator*** Neg modulator*** Pos/neg auto-modulator****
General Not specified - Activator* Inhibitor* Auto-activator, auto-inhibitor
Constitutive Not specified - Enhancer/ Desensitizor -
Derepressor Repressor

*The terms ‘activator’ and ‘inhibitor’ may also be used as general designators for augmenters and attenuators in all cases, including regulators of G protein-signaling

(RGSs) and receptor-activity-modifying-proteins (RAMPS).

**If neither positive nor negative, we have a ‘neutral interventor’ equal to a non-competitive ant-agonist. Binding is unchanged.
***When neither positive nor negative, it is a ‘neutral modulator’, not the same as a ‘neutral ant-agonist’.

****The process is designated positive or negative co-operativity.

2.1.6. Multi-functional Ligands

The complexity increases when ligands have more than
one function. Activators may work synergistically with
the possibility of positive co-operativity. Furthermore,
ligands may modify the function or binding of other
agonists while at the same time they are themselves
substrates for enzyme reactions, transported species for
mechanisms of pumping, transportees for co-, anti-, or
uni-porters, if not ions funneled through a channel. At
receptors, ligands may be either modulators or inter-
ventors — depending on the assumed reaction scheme
and its modeling — while at the same time they are also
agonists in their own right. Such drugs now rank as
possible ‘ago-modulators’ (Schwartz & Holm 2006) or
‘allosteric agonists’ (May et al. 2007b). Table 2.2B is a
tentative proposal for the naming of multifunctional
drugs (see Sub-chapter 4.6 for more details).

2.2. Simple Inhibition

2.2.1. Ant-agonism

In general, ant-agonism is generated by compounds
inhibiting the effects of agonists — ‘ant-agonists’. In
classic literature on the subject, two possible forms of
ant-agonism were often imagined, a competitive and a
non-competitive ant-agonism.

With conceptions from the classic era, among others,
Segel in his book ‘Enzyme Kinetics’ (1975, 1993, pp.

Table 2.2B. Possible Terms for Multi-functional Drugs

Different
Heterotropic system

Ligands
Modelers choice

Single
Homotropic system

One-state model  Ago-interventor Ago-auto-interventor =

(-OSM) auto-interventor
Two-state model = Ago-allosteric Ago-co-operative =
(-TSM) modulators* co-operative drug

allosteric agonists®

*See Schwartz and Holst (2006).
SMay et al. (2007b).

100-160) has presented ant-agonism as competitive,
non-competitive, and un-competitive and explained
them on a spatio-structural ground complete with
derived formulations for each type (Fig. 2.2) (repro-
duced from Segel 1975, 1993, Figs. III-1.1-5, III-12,
I1I-13, I11-15, and I11-21).

2.2.2. Simple Ant-agonism Meets Two-state
Models

In the last few decades, ideas about how ligands can
prevent agonist from activating receptors, enzymes from
catalyzing substrates, or transporters from transporting
transportees have been turned upside-down. Over the
last fifteen years, theories have changed, especially in
pharmacology, due to recognition of the importance of
explicitly incorporating expressions for the spontaneous
switching between active and non-active states of un-
liganded receptive units, ‘two-state model’ (Leff 1995).
Thus, competitive ant-agonism is now revitalized and
viewed in light of inverse agonists stabilizing the non-
active receptor state or new receptor states (Milligan
et al. 1995; Vilardaga et al. 2005; Bond & Ijzerman 2006;
Dowling et al. 2006). A basic description of such dose-
responses at equilibrium, or in another word synagics, is
best done with a so-called cyclic-two-state-model (cTSM),
which I shall deal with in detail in Part II on complex
agonism and ant-agonism (Chapter 5).

Here we will derive the equations for simple ant-
agonism, i.e., classic competitive, non-competitive and
un-competitive ant-agonism (Sub-chapter 2.4). Further-
more, we shall develop a so-called mixed-inhibition/
mixed activation model into its complete potential in
the form of the above-mentioned ntervention model
(Sub-chapter 2.5).

But first, a definition of whatI call a ‘full response’ (see
Section 2.2.3), and, in addition, a presentation of a
complicated looking reaction scheme — a four-pane
reaction scheme with receptive units in a single state, a
so-called four-pane one-state model (FP-OSM) described
in Sub-chapter 2.3.
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Figure 2.2. Physical models for competitive, non-competitive, and un-competitive inhibition. Panel A: models on competitive
ant-agonism. Panels B and C: models for the non-competitive inhibition. Panel D: a model for the un-competitive inhibition (see
text). Reproduced from Segel (1975, 1993) with permission.
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C Figure 2.2 (Continued)
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2.2.3. The ‘Full Response’ Obtained at a Fixed
Concentration of an Agonist

An agonist-induced response at a fixed agonist concen-
tration, S’, is given by the load equation and represented
in an [agonist]-vs-response plot, where the curve inter-
sects with the ‘yaxis for ant-agonists’ before an ant-
agonist I is introduced, i.e., for [I] =0 (Fig. 2.3). This
response by the fixed agonist concentration S’, we
will call the full response. In a given situation, it is the
full response that ant-agonists can work on. The full
response is not necessarily the total response or maximal
effect that can be obtained with higher concentrations
of the agonist. That is, experiments of ant-agonism are
carried out at a given agonist concentration, S’, which in
the absence of ant-agonists yields a full response. The full
response is lowered when an ant-agonist is introduced.
The full response (FR) may be equated as:

S/
Full response = FR=TR-
S + K

S8

) 2.1

where TRis the total or maximal response, and K is the
equilibrium dissociation constant for ligand S. S’ indi-

>

80
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cates a fixed concentration of S. Subscripts are exp-

lained in Box 2.1 (at the end of Chapter 2).

2.3. The Four Pane Reaction Scheme
and Simple Inhibition

2.3.1. The Four-pane and One-state Model
(FP-OSM)

To understand the following arguments about simple
ant-agonism, it seems advantageous to introduce a
reaction scheme as depicted in Fig. 2.4. Initially, this
reaction scheme may look daunting with its nine-
receptor conformations and eight independent system
constants. But careful scrutiny reveals its basic simplicity.
For the moment, we will ignore the lower half of the
reaction scheme in Fig. 2.4, thus forgetting about all
conformation where ligand S appears on the left side
(site) of R (the receptive unit). This means that agonists
are not allowed to bind to a secondary ant-agonistic
(intervention) site at the left side of R.

(%)

60—

40

204

fractional response

ant-agonist Y-axis —|

\

"full response”

T T T T T T T T T
0 20 40 60 80

[agonist]  (arbit)

[ant-agonist]  (arbit)

(%)

"full response”

fractional response

—ant-agonist Y-axis

-2 -1 0 1
log [agonist] (arbit)

2 -1 0 1 2
log [ant-agonist]  (arbit)

Figure 2.3. lllustration of the concept ‘full response’. A fixed agonist concentration S’ brings the system response to a
given activity (or occupancy) level indicated at the ‘Y-axis for ant-agonists’ as full-response. At the right of the Y-axis for ant-
agonists the concentration of ant-agonists starts to increase from zero and abolishes the full-response at high enough
concentrations. Linear concentration scale in (A) and logarithmic concentration scale in (B).
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Figure 2.4. The four-pane one-state model (FP-OSM). This
model consists of nine independent receptor conformations
(not states) and has eight different and independent system
constants, either as association constants A,, or dissociation
constants K,y (see Box 2.1) and interaction constants ¢, c¢’, g,
and g’.

In Fig. 2.4 the reaction scheme for a simple agonism
with receptor symbols colored in maroon are easily
identifiable:

R +S=2RS,

which was introduced in Chapter 1.

Next, identify the following three partial ‘ant-agonis-
tic’ reaction schemes in the four-pane window scheme
(Fig. 2.4):

1. The position at the right of the receptor symbol R
is an agonist binding site, which may bind either
the agonist S or an ant-agonist I. Binding the
agonist can activate the receptor or stabilize the
receptor in an active state. When an ant-agonist
I binds to this site, it prevents activation by
preventing the agonist from binding. Possible
receptor conformations are R, RS or RI. We can
write its reaction scheme and get:

RI2l+R+S2RS,

which is the reaction depicted in the middle,
horizontal line of Fig. 2.4 (highlighted in green).
Notice that all bound agents are to the right of
receptor symbol R. S and I bind in a so-called
mutually exclusive manner; they cannot bind
simultaneously. Only the RS conformation is
functionally active.

2. In Fig. 2.4 it may also be assumed that the receptor
has two instead of only one binding site. At the

position to the left of the receptor symbol R there is
an additional binding site for ant-agonists/inter-
ventors. So far, we assume that the ant-agonist/
interventor site to the left of R cannot bind an
agonist. Further, here we will assume that the ant-
agonist/interventor I cannot bind at the agonist
binding site. Binding at the agonist

binding site is only for agonists and binding at

the ant-agonist/interventor binding site is only for
ant-agonists/interventors. This generates three
possible receptor conformations R, IR, and RS,
and for this we can also identify and extract a
reaction scheme. The reaction scheme can be
identified as the part highlighted in gray in the four-
pane reaction scheme in Fig. 2.4, which is written as:

IR21I+R+S=2RS.

Again, the complex RS alone renders functional
activity while the binding of agonists and
ant-agonist/interventor are mutually exclusive.

3. Still assuming that agonists cannot bind to the
ant-agonist/interventor site and ant-agonists/
interventors cannot bind to the agonist site, there
is still another possibility, namely that when an
agonist is bound at the agonist site, an ant-agonist/
interventor can simultaneously bind at the ant-
agonist/interventor site. Binding of agonists and
interventors is not mutually exclusive. This yields
four possible receptor conformations, R, RS, IR,
and IRS with a reaction scheme as shown in the
upper right quadrant of Fig. 2.4 (quadrant labeled
1 and tinted in gray, green, and blue). This
quadrant is equal to the reaction scheme in
Fig. 2.1A; and again, RS is the only functionally
active conformation.

With these three partial reaction schemes as possibili-
ties, we are ready for the simple inhibition with
competitive, non-competitive, and un-competitive ant-
agonists.

2.4. Competitive and Non-competitive
Ant-agonism

This Sub-chapter is relevant for functional studies to be
analyzed by competitive and non-competitive theories.
In an attempt to keep matters simple and separate, some
of the parallel theories for binding studies are post-
poned to Sub-chapter 2.5, where the intervention model
is also described.

As indicated in Sections 2.3.1.2 and 2.3.1.3, when a
ligand binds to the secondary site it should more
appropriately be termed an interventor instead of an
ant-agonist. But, in the following I will stay with the term



‘ant-agonist’ and follow the classical terminology for
development of the competitive, non-competitive, and
un-competitive ant-agonism. The term ‘agonist’ may be
replaced with ‘substrate’ or ‘transportee’.

2.4.1. Competitive Ant-agonism Type | and Its
Dissociation Constant

In classic competitive ant-agonism, only the RS conforma-
tion is active, and both agonists and ant-agonists can bind
to the agonist binding site of R, that is to the right of
symbol R. There is no secondary binding site. This is equal
to reaction scheme RI2I+ R+ S2RS in Section 2.3.1.1,
and is also depicted in Fig. 2.4 (see Segel 1975, 1993, Fig.
III-1). Binding is mutually exclusive. There is no simulta-
neous binding of agonist and ant-agonist. The pertinent
equilibrium dissociation constants are indicated with
subscripts as follows: K for the agonist S interaction
and K for the ant-agonist I interaction at the agonist
binding site. Note that with this choice of signification in
the subscripts, the first position in the subscript signifies
the binding site on the receptive unit, here s, while the
second position in the subscript indicates the ligand
bound to the site; s for the agonist and i for the
ant-agonist. Box 2.1 specifies how these symbols are
used and the conventions contained therein are used
throughout the text.

2.4.2. Competitive Ant-agonism Type Il and Its
Dissociation Constant

As illustrated in Section 2.3.1.2, in case there are two
separate binding sites on the receptive unit, one for
agonists and another for ant-agonists, with the condi-
tions that only agonists can bind at the agonist binding
site and only ant-agonists can bind at the ant-agonistic
binding site, then the reaction scheme IR2I+ R+ S2RS
is still without the possibility of simultaneous binding.
Binding is mutually exclusive, and as indicated, only the
RS conformation is functional. This reaction scheme is
designated type II competitive ant-agonism. The scheme
may be found in Figs. 2.1A and 2.4 (Segel 1975, 1993;
Figs. I1I-1.2-5).

In the type II reaction scheme for competitive ant-
agonism, binding of ant-agonists at the ant-agonistic
binding site has its own dissociation constant K;, which
is different from K of the type I competitive ant-
agonism. However, the type II competitive ant-agonism
will be difficult to discern from the competitive type I
ant-agonism described in Section 2.4.1.

Mutually exclusive binding is the virtue of type I and II
competitive ant-agonism, and since both take place in a
one-state model, their acronym is ME-OSM.
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2.4.3. Non-competitive Ant-agonism and Its
Dissociation Constants

In classic non-competitive ant-agonism there is also a
secondary site on the receptive unit R, indicated by
positioning ligand symbols to the left of R, where only
ant-agonists can bind. This renders an IR complex. At
the agonist site only agonists can bind resulting in an RS
complex. The difference between non-competitive ant-
agonism and the just described competitive ant-agonism
type II in Section 2.4.2 is the ability of the receptive unit
in non-competitive ant-agonism to adapt binding of
both agonists and ant-agonist at the same time. Binding
is not mutually exclusive, binding is mutually inclusive
(Levitski 1978). Meanwhile, activation of the receptive
unit is prevented when an ant-agonist is bound, no
matter what, thus only the RS conformation is active.
Non-competitive ant-agonism also takes place in a one-
state model and due to its mutual inclusiveness its
acronym is MI-OSM.

This is the situation depicted and highlighted in Figs.
2.1A and 2.4-1 (Segel 1975, 1993; Figs. I1I-12, I1I-13, III-
15), with four receptor conformations, R, RS, IR, and
IRS. The pertinent dissociation constants are indicated
with subscripts as follows: K for the agonist interaction
with the agonist binding site and K;; for the ant-agonist
interaction with the ant-agonist binding site, in accor-
dance with the above-mentioned conventions (Box 2.1).
Compared with dissociation constants when no other
ligand is bound, the equilibrium dissociation constant
for binding of a ligand may be different when other
ligands are already bound to the receptive unit. For the
reaction scheme in Fig. 2.4-1, this condition is indicated
by a factor ¢. The ¢ factor will be examined in more
detail in Sections 2.5.1-3, but for now we will assume that
c¢is unity. Let an already bound ligand be indicated with a
superscript, where the first position of the superscript
indicates to which site the already-bound ligand is
bound, and a second position in the superscript
indicates which type of ligand is ligated, for instance
agonists =s and ant-agonists =i. Thus K3° is the dis-
sociation constant for an ant-agonistic ligand to bind at
the ant-agonist binding site when an agonist is already
bound to its agonist binding site (Box 2.1). When ¢=1,
we have that K;; = Ki® and K = KS“S An explanation for
¢# 1 will be detailed in Sub-chapter 2.5 describing the
intervention scheme.

2.4.4. From Reaction Scheme to Formulation

As soon as a specific reaction scheme has been defined,
it is possible to derive its mathematical formulation. To
formulate our reaction schemes, we need the system
constants and the receptor conformations (see Figs.
2.1A, 2.4-1, and Box 2.1).
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The parameters are:

R.x or Bhax maximal effect or maximal binding

K equilibrium dissociation constant at
the primary site for agonist S

K equilibrium dissociation constant at
the primary site for ant-agonist I

or

K; equilibrium dissociation constant at
the secondary site for ant-agonist I

c intervention constant-first discussed in

detail in Sub-chapter 2.5,
and the conformations of the receptive unit are:
R

RS R-S/K

RI R-1/K

or

IR R-I/K;

and

IRS R-(S/K) - 1/K;;

For the following formulations, in order to simply the
equations, the letters S and I may also stand for the
normalized ligand concentrations, S/K;, and 1/Kj;, as for
instance in Eq. 2.2a.

For reasons that will become obvious later, here, I first
transcribe the reaction scheme for non-competitive ant-
agonism into an equation before a transcription of the
reaction schemes for competitive ant-agonism into its
formulations.

2.4.5. Formulation of Functional Non-competitive
Ant-agonism

A situation can be described as a non-competitive type of
ant-agonism when a ligand solely binds to a secondary
binding site and results in non-active receptive units even
if an agonist is bound or not bound to its binding site on
the receptive unit — the primary site (Section 2.4.3). For
this, four receptor conformations are involved (see Figs.
2.1A or 2.4-1). To start, we will assume that the dissocia-
tion constants are identical for reactions R+S 2 RS and
IR+S 2 IRS, i.e., ¢=1, which as mentioned in Section
2.4.3 simplifies the analysis. Let us illustrate the issue by
formulating a distribution equation involving all four
receptor conformations of non-competitive ant-agonism
and how they relate. With TR as the total response and ar
as the actual response, we have:

ar RS _ S
TR R+RS+IR+IRS 1+S+1+1-S’

(2.2a)

in which the S and I stand for the normalized ligand
concentration. Eq. 2.2a can be rewritten to:

ar S _ S . 1
TR (1+9S)-0U+D (1+S U+

; (2.2b)

or in explicitly normalized versions of Eqs. 2.2a and 2.2),
they become:

S
ar K,
TR S 1 S 1
I+ ——+—+——
Kss I(ii Kss il
S
K 1
= s . ) (2.3)

We may rewrite Eq. 2.2 as:

S 1

ar=TR- —— - (2.4a)

When there is no antagonist [I] =0, from Eq. 2.4a
we have ar=TR-S/(1+S) or:

S
ary_o = TR1_|_7S

(2.4b)

This again is a load expression. It yields responses
obtained at a varying concentration of agonist S.

When the agonist concentration is fixed at S, the
agonist-induced response is the intersection at the ‘ant-
agonist’ y-axis in Fig. 2.3. In addition, when the agonist
concentration is fixed at S’, Eq. 2.4b can be written as a
new version equal to Eq. 2.1, i.e.,

S S
v FR = TR-——.

arj_o = TR-
1+ 8 1+S

(2.4¢)

Thus, the actual response ar’ for I =0 is now equal to
the full response, i.e., ar{_, = FR.

In a given situation, this full response is the response
that ant-agonists can work on.”

So, the analysis is now carried out at a given agonist
concentration S’, while varying the ant-agonist concen-
tration. For any ant-agonist concentration, the obtained
responses can be referred to as ‘actual remaining
activity’ (ara). A formula for the ara, as the ant-agonist
concentration varies, is obtained by combining Egs. 2.4a
and 2.4c

8 “Full response’, given in Eq. 2.1, is not necessarily the maximal
response that can be obtained with higher concentrations of the
agonist (Section 2.2.3).



ara = ar’- <1> . (2.4d)
I+1

As explicitly demonstrated by Eq. 2.4d, not surpris-
ingly, ara only varies with the term 1/(1+1I) when S is
fixed, as depicted in Fig. 2.3. The level of fixed agonist
concentration S’ determines from what level on the y
axis the response is reduced by ant-agonists, but note,
without affecting the determination of K; for the ant-
agonist on the xaxis. This conclusion works for the
theory of functional studies with simple non-competitive
ant-agonism.

For the moment, observe without insight that in case
the above-mentioned c¢ coefficient is not equal to unity,
as assumed, then the measured K; will be a function of

S, as demonstrated later for the intervention scheme in
Sub-chapter 2.5.

2.4.6. Formulation of Binding in Non-competitive
Ant-agonism

In the theory of non-competitive ant-agonism for bind-
ing experiment, it may be observed that it has a different
formulation from the functional ant-agonism, since both
conformations RS and IRS will be involved (Figs. 2.1A
and 2.4-1). Both type I and II competitive ant-agonism
are not hampered by this discrepancy between binding
and functional studies in their formulations due to
mutual exclusiveness in binding between agonist and
ant-agonist (see Sections 2.4.9 and 2.4.10 and Sub-
chapter 2.5).

For binding studies assuming a non-competitive reac-
tion scheme we may derive the following equation:

ar RS + IRS _ S
TR R+RS+IR+IRS S+ 1°

(2.4e)

This means, in contrast to functional studies, that
binding is completely independent of possible non-
competitive ant-agonists (cf. Table 2.3).

2.4.7. Actual Remaining Activity (ara) in
Non-competitive Inhibition

In functional studies, non-competitive activity drops as
the ant-agonist concentration increases. The ara, which
decreases as the ant-agonist concentration increases, was
obtained in Eq. 2.4d by combining Eqs. 2.4a and 2.4c.
Inserting FR for ar in Eq. 2.4d we may write:

1
ara=FR- | —— ],
(1)

and in an explicitly normalized form:

(2.5)
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1

ara =FR- (2.6)

1 +—
K.

1

In a normalized and linear—-linear co-ordinate system,
the doseresponse relation of the ara is viewed as
a horizontallyflipped law of adsorption-desorption
(load). That is, it is reciprocal to a dose-response
following the load (Fig. 2.5A). In a normalized semi-
log co-ordinate system, a plot of simple dose-responses
of actual remaining activity has the form as shown in
Fig. 2.5B.

2.4.8. The Actual Inhibited Response (air)
in Non-competitive Inhibition

Converse to the ara, the actual size of inhibited response
(air) rises with increasing ant-agonist concentration.
Given the scenario in Section 2.4.5 for functional
studies, where the activity is induced by a fixed con-
centration of an agonist, airis the size of the eliminated
response. In functional studies, air rises as a function of
the actual ant-agonist concentration and follows a
simple load, still with FR as a ‘maximal’ obtainable
response, now in the presence of an ant-agonist. We may
equate the air as:

1
air=FR—ara=FR—FR- | ——
1 +1

1
=FR-[——), 2.7
1 +1
and in an explicitly normalized form:
1
K.
air = FR- 1 I (2.8)

1 +—

1
This equation is plotted in Fig. 2.5C and is a normal
oriented Langmuirian dose-response relationship of the
load type. The inhibitory response is rising with increas-
ing concentration of the ant-agonist, and in a normal-
ized semi-log co-ordinate system this simple ant-agonism

has the form as shown in Fig. 2.5D.

We can summarize Sections 2.4.7 and 2.4.8 as follows:

air = FR-(I/(I1+ Ky,)), (2.9a)

and

ara = FR— FR-(I/(1 + K,)) = FR-(K; /(1 + K,)), (2.10a)

which are the equations for actual ant-agonistic or
inhibitory response (air) and actual remaining activity
(ara), both as a function of the increasing ant-agonist
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Figure 2.5. Non-competitive inhibition (¢ =1) in a functional scheme. Panel A is a linear-linear and Panel B is a semi-log plot for
the actual remaining activity (ara) in non-competitive ant-agonism as the concentration of the ant-agonist increases (Eq. 2.6).
Panel C is a linear-linear and panel D is a semi-log plot of the actual inhibitory response (air) in non-competitive ant-agonism as

the concentration of the ant-agonist increases (Eq. 2.8).

concentrations [I] in the functionally non-competitive
reaction scheme.

The comparable formulations of theory for non-
competitive ant-agonism in binding studies, started in
Section 2.4.6, are developed later in Section 2.5.1 and
summarized in Table 2.3.

2.4.9. Formulation of Competitive Ant-agonism
Type |

Now we turn to competitive ant-agonism. Although
merely three receptor conformations are involved in
the scheme for competitive ant-agonism (see reaction
scheme in Section 2.3.1 and mid-horizontal line in
Fig. 2.4), it is slightly more complicated than the
non-competitive ant-agonism with four involved confor-
mations. With a fixed agonist concentration S’, the ant-
agonist competes with the agonist at the activating site in
a mutually exclusive manner.

Below is the formulation for a fractional response of
simple competitive ant-agonism as the ant-agonist con-
centration varies, while the agonist concentration is
fixed at S’, and with the dissociation constants tacitly
assumed:

ar’_ RS _ S’
TR R+R-S+R-1 1+S+1

(2.11)

or in an explicitly normalized fashion by including
dissociation constants:

s
ar’ K S’
oo ss - . (212
TR S’ 1 ( )

=
1+ +— S + K, (1 + —
K K K.

ss si si

We can identify that when I=0, we have the full
response I'R=ar =TR-(S'/(S +K)). With a fixed
agonist concentration [S]’, it is only the so-called
apparent dissociation appK, equal to K- (1+1/K;) in
the denominator of Eq. 2.12 that varies as the [I]
concentration varies, not the FR.

However, when [S] is not fixed, the right-hand term in
Eq. 2.12 has the form of a load dose-response expression
with an apparentdissociation constant for the ant-agonist,
appK, = ICs¢, which varies with the concentration of both
the agonist and the ant-agonist; thus ICs¢ = K- (1 + 1/Ky)
is a function of both I and S. The effect of S on the 1Csq is
most easily seen from a reformulation of Eq. 2.12:
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Table 2.3. Summary of the Relative Maximal Responses (Rmnax) and Maximal Occupancies (Bnax) and the Apparent
Dissociation Constant for Agonist S, appKss, in the Simplest Mutually Exclusive and Inclusive Reaction Schemes

Non-competitive ant-agonism
c=1, mutually inclusive

Intervention model, intervention
¢ >0, mutually inclusive

Summary of Sections
2.4.56; 2.4.9; 2.4.10;

Competitive 1+11 ant-agonism
¢ =0, mutually exclusive

and 2.5.1 (Figs. 2.8A-2.9A) (Figs. 2.8C-2.9C) (Figs. 2.8-2.9)
Study type Parameters
Fractional response Bnax/Rmax for high [S]
Occupancy 1 surmountable 1, independent of [l] 1 surmountable
Effect 1 surmountable <1; 1/(1 +1/K;) <1; 1/(1 +(I/K;)-c)
Apparent agonist dissociation constant appKss =ECsg
K, -( + I/K)"
§ Kes(1+1/K)" K. By U+ &)
OCCUpanCy SS ( + /1 I) ss (1 ¥ (I/Kl) . C)
K-+ 1/K)"
Effect Koo (1+1/K)" K. Ko+ 1K)

(1 + (/K- ©)

Mutually inclusive inhibition =non-competitive ant-agonism, and mutually exclusive inhibition =competitive ant-agonism.

K =K or Ki.

#For ¢>1 appKss <Kss; for ¢ <1 appKes >Kss. Compare these two equations with similar equations for ‘allosteric’ ligand binding and effect in Ehlert (1988). The
co-lateral intervention constant ¢ here is equal to the inverse of constant « in Ehlert’'s paper.
§Special: for competitive ant-agonism type | with ¢>>1 and 1/c ~ I/K; all concentration-occupancy relationships lie on top of each other.

ar 1

= . (2.13)

TR | K, I
L+ (1
S K

S1

Here (K/S)-(14+1/K;) in the denominator of Eq.
2.13 is a type of relative apparent dissociation constant
dependent on the level of both [S] and [I].

Recap that we have assumed there is a steric hin-
drance for the agonist to bind at the agonist site and
activate the receptive unit when an ant-agonist is bound
to the agonist site of R. This was for function.

In occupancy, the same equations as Eqs. 2.11 and 2.12
may be derived for comparable theories for binding
studies. Therefore, conclusions about system constants
for binding assays in competitive inhibition are the same
as above (cf. Table 2.3).

2.4.10. Formulation of Competitive Ant-agonism
Type Il

As specified in Section 2.4.2, there is another reaction
scheme that leads to competitive ant-agonism (Fig. 2.4-1,
grey marking). We assume that there is a steric
hindrance for the agonist to bind at the agonist site
and activate the receptive unit when an ant-agonist is
bound to an ant-agonist site on R. Development of the
formulation for this type of reaction scheme is straight-
forward. It should result in:

ar R-S S
TR R+R-S+R-1 1+8+1

) (2.14)

or in explicitly normalized form:

ar_ S . (2.15)
TR

1
sin(ie D)
K;;

There is an overlap between the above type I
competitive ant-agonism in Section 2.4.9, and the
formulations for the present regime of type II compe-
titive ant-agonism in functional and binding studies.
Compare Eq. 2.11 with Eq. 2.14 and Eq. 2.12 with Eq.
2.15; only K;; is replaced with K. This is contrary to the
non-competitive ant-agonism where formulation from
functional studies deviates from that of binding studies.

In occupancy, as mentioned, in either case where these
two types of competitive ant-agonism operate, one with a
single binding site and the other with two binding sites,
the same equations as Egs. 2.14 and 2.15 may be derived
for comparable theories on competitive binding studies.
Therefore, the conclusions above on system constants
for functional studies are the same as for binding studies
when competitive (cf. Table 2.3).

Due to complete thermodynamic reversibility in the
competitive inhibition type II reaction scheme (Fig. 2.4-
1, in grey), the binding of an inhibitor to the secondary
binding site can be surmounted by binding enough
agonists to the primary binding site. Accordingly, also
for occupancy studies, the two types of competitive ant-
agonism will be hard to discern experimentally (for
‘surmount-ability’, see Section 2.8.2).

Competitive ant-agonism may also be developed for a
system equal to the ‘cross’ in Fig. 2.4. In this type of
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reactions scheme, which is competitive with five recep-
tor conformations, R, RS, IR, SR, and RI, there will be a
discrepancy between function and binding, since only
RS is functional, while both RS and SR count for
binding. Producing formulations for this ‘cross’ reaction
scheme and implementing its analysis are left to the
reader.

2.4.11. Actual Remaining Activity and Actual
Inhibitory Response for Competitive
Ant-agonism

For the competitive reaction schemes type I and type 1II,
the relative and actual remaining activity (ara) is
determined at a fixed concentration of the agonist S,
and an increasing concentration of an ant-agonist I,
according to the equation for either type of competitive
ant-agonism. Thus, for ara as a fraction in type I
competitive ant-agonism, we have:
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S/

= ) (2.106)
S/ + Kss ! (1 + I/Ksl)

ara

Eq. 2.105 is plotted in linear-linear and semi-log plots
in Fig. 2.6A+ B. Compare this equation with Eq. 2.10a
for non-competitive ant-agonism.

If we equate the fractional level from which a
competitive ant-agonist can operate, viz. S’/ (S + K,;) =
FR, then we can formulate the reverse function of ara,
equal to the relative and actual inhibitory response (air)
as a function of increasing ant-agonist concentration,
ie.,

S/

air = FR — .
S+ Kss : (1 + I/K51)

(2.9b6)

By incorporating the constant FR into the fractional
term, we get:

_FR-[S + K, (1 +1/K)] — &

air - , (2.9¢)
S+ K- (1 +1I/K)
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Figure 2.6. Competitive ant-agonism (c =0) for both function and occupancy. Panel A is linear-linear and panel B is semi-log
plots for the actual remaining activity (ara) in competitive ant-agonism as the concentration of the ant-agonist increases (Eq.
2.10b). Panel C is linear-linear and panel D is semi-log plots of the actual inhibitory response (air) in competitive ant-agonism as
the concentration of the ant-agonist increases (Eq. 2.9d). The full response is varied in five steps by varying S’ from 102
(—) to 102 (----") in steps of 10 yielding five different curves. Plots are for both competitive ant-agonism type | and type I, and

the filled circles indicate the Kj; or K; on the x-axes.



and the nominator of Eq. 2.9¢ can be reformulated to
FR- (I- K) / K. Inserting the value for IR, the airis thus
equal to:
_ S’ I- Kss/Ksi

S + Kss S + Kss : (1 =+ I/K51) .

air (2.9d)

Eq. 2.9d is plotted in linear-linear and semi-log plots
in Fig. 2.6C+ D.

Notice that Egs. 2.1056 and 2.9d are both valid for any
value of S">0 and are mirror images of each other
(compare Figs. 2.6A+ B with 2.6C+ D).

The equations here in Section 2.4.11 are for both
function and occupancy.

For competitive ant-agonism type II, we simply replace
K in Egs. 2.106 and 2.956-d with K.

2.4.12. Competitive Versus Non-competitive
Studies. A Summary

It is traditional to conceive of the competitive and non-
competitive reaction schemes as opposites. This is
based on the fact that in concentration-binding and
doseresponse studies of simple competitive ant-agon-
ism (Section 2.4.9 and 2.4.10), it is only the apparent
agonist-binding constant, appK,, = ECs¢, which changes
as the ant-agonist concentration increases, while the
maximal agonist binding or maximal agonist-depen-
dent response obtainable are unaffected at all
ant-agonist concentrations. In simple competitive ant-
agonism, the inhibitory effect of increasing an ant-
agonist concentration on maximal binding or response
of an agonist is always surmountable with high enough
agonist concentrations as described in Sections 2.4.9
and 2.4.10.

Meanwhile, in the simple non-competitive ant-agon-
ism of dose-response relations, only the maximal agonist
response in the presence of a so-called non-competitive
ant-agonist will be lower than the maximum of an
agonist-dependent response in the absence of an ant-
agonist, while the apparent agonist equilibrium dissocia-
tion constant, appKy, is unaffected by the presence of a
non-competitive ant-agonist and equal to K (cf. Section
2.4.5, Fig. 2.5, and Table 2.3).

On the contrary, for non-competitive binding, neither
the maximal binding nor the agonist dissociation
constant is affected (Table 2.3). This is not the conven-
tional understanding of ‘non-competitive ant-agonism’.

2.5. On Simple Ant-agonism and Simple
Intervention

In this sub-chapter, you will learn that when we develop
a certain theory in the form of a reaction scheme to
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Table 2.4. Effects in the Intervention Model on appKg
and Bpax Or Rmax for Increasing Concentration of Interventor
[I] (Compare with Table 2.6)

appKs  Bmax OF Rmax (%) Comment

Binding ¢=0 " 100 Competitive
O0<c<i 1 100

c=1 Ks 100 Non-competitive
c>1 1l 100

Function ¢=0 ™ 100 Competitive
O0<c<1 1 -0

c=1 Ks -0 Non-competitive
c>1 1! -0

Know your theoretical tools and what they can accomplish.

illustrate our concepts of competitive and non-compe-
titive ant-agonism, as described in Sub-chapter 2.4, such
a reaction scheme does not always yield the expected
solutions. Further, the solutions may deviate between
functional experiments and binding studies. This will be
clear when we summarize the conclusions about simple
ant-agonism and simple intervention in Tables 2.3 and
2.4. The theory developed and examined in this sub-
chapter is a so-called intervention model. In this model the
constant ¢, which was kept = 1 in Sub-chapter 2.4, is now
allowed to vary.

2.5.1. Intervention and Non-competitive
Reaction Schemes

The non-competitive reaction scheme and variants
thereof were presented in Sections 2.4.5, 2.4.6, 2.4.7,
and 2.4.8. A condition for these schemes was the
assumption that the constant ¢ equaled unity. Here, we
will analyze the impact of constant ¢ varying freely above
as well as below unity in the full cyclic scheme of Figs.
2.1A or 2.4-1.

When the co-lateral intervention constant is equal to
unity, ¢= 1, it is the same as saying that binding of an
interventor to a secondary site does not change the
binding of an agonist to its orthosteric binding site and
vice versa when an agonist binds to the orthosteric
binding site it does not change the equilibrium binding
constant for an interventor to its binding site, the
secondary binding site. Observe in this connection,
that a non-competitive ant-agonist/inhibitor is not the
same as a neutral ant-agonist.”

The non-competitive ant-agonist/inhibitor should in
a modelrelated sense be a ‘neutral interventor’ (see
Table 2.2).

* A neutral ant-agonist (see Milligan et al. 1995; Milligan & Bond 1997;
Richard et al. 2001; Foucaud et al. 2006) is something other than a
non-competitive ant-agonist, 9: non-competitive ant-agonists/
inhibitors are defined by ¢= 1, while neutral ant-agonists are defined
by system constant b= 1. For constants b and ¢, see for instance the
allosteric two-state model (ATSM) in Chapter 7.
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However, that ¢ is equal to unity is unlikely to be the
general case, since one would expect an ant-agonist/
inhibitor, on binding to the secondary binding site, to
cause a conformational change in the receptive unit,
and thereby a change in agonist-dependent binding and
activity. A quantification of this expected change is
taken care of by the co-lateral intervention constant ¢, as
shown in Figs. 2.1A and 2.4-1, equal to a full intervention
reaction scheme.

Function. Therefore, in functional studies, when ¢ is
different from unity, both the apparent agonist dissocia-
tion constant, appK,, and the maximal agonist-depen-
dent response, Ry, are affected. As already stated, in
classic theory this is referred to as mixed-inhibition (ant-
agonism). Thus, for ¢# 1 (Fig. 2.4-1) which is the most
likely condition for ant-agonism/inhibition of mutually
inclusive ant-agonists/inhibitors, the relationship of dose-
response by agonist in the presence of an ant-agonist/
interventor will most likely demonstrate mixed behavior,
i.e., both R, and K are altered concomitantly.
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2.5.2. Switch from ‘Ant-agonist’ to ‘Interventor’
in Binding and Function

For intervention schemes the fractional binding of an
agonist as the interventor concentration varies is given by:

occupancy S

total S+ K. - (

I+ UK, , (2.16)

and, as the concentration of an interventor changes, the
fractional activity, which is dependent on an agonist, is:

response S/(1 + (I/K;) - ¢) 2.17)
total 1+ I/K; ’
S + Kss : (7
1+ d/Ky) - ¢

Now I is not only symbol for an ant-agonist/inhibitor
but also for an interventor ligand.

Examples of semi-log plots of Eq. 2.16 for binding-
against-agonist concentration are shown in Fig. 2.7, and
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Figure 2.7. Plots of the intervention model for binding. In the first three panels the interventor concentration [l] is varied by a
factor 10 in five steps between 2.10 ' (——) and 210 (-- ---). In the last panel (¢ =20), the interventor concentration [I] is varied
by a factor 10 in five steps between 2.10~3 (——) and 2-10 (-----) yielding five plots in each graph. In ¢ =0, the plots are for the
competitive situation. In ¢=0.2, the plots are for a negative intervention situation. In ¢=1, the plots are for a non-competitive
situation. In ¢ =20, the plots are for a positive intervention situation. Tinted circles indicate the ED5, at 50% of the effective
binding (EBsp). Kss =dissociation constant for S at primary s-site and K; =dissociation constant for interventor ligand at

intervention i-site are both =1.



response-against-agonist concentration (Eq. 2.17), is
shown in Fig. 2.8 when the interventor concentration
[1] is varied in five steps and with four different values
for constant ¢ as well.

From Eq. 2.16 for concentration-occupancy it is fairly
straightforward to deduce that the apparent dissociation
constant appK, for intervention is equal to K- (1+1/
Ki)/(1+ (I/Ky) - ¢), and thus may be above or below K
and that the maximal occupancy is reached at 100% as
the agonist concentration S increases (Fig. 2.7).

For intervention in the dose-effect relationship (Eq.
2.17, Fig. 2.8), we can show that the apparent dissocia-
tion constant appKy = K- (14+1/K;)/(1+ (1/K;) - 0)
may be above or below K and the fractional effect at
high agonist concentration is always <1 in the presence
of an interventor for ¢>0: Ry..=1/(1+ (I/Kj;)¢)
(Fig. 2.8). Thus, the interventor appears as a non-sur
mountable inhibitor.

For both the binding and functional schemes, it is
worth noting that the non-competitive ant-agonism/
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inhibition appears for ¢=1 (Figs. 2.7C and 2.8C), and
competitive ant-agonism/inhibition type II for ¢=0
(Figs. 2.7A and 2.8A). Thus, non-competitive and
competitive ant-agonism are merely special cases of the
more general intervention theory.

In non-competitive ant-agonism/inhibition only the
Riax 1n functional studies is affected (Fig. 2.8C), while
neither the maximal binding B, nor its agonist
equilibrium dissociation constant K are affected
(Fig. 2.7C). The fractional effect at high [S] in func-
tional studies will be R,..=1/(1+ (I/K;), and in
binding studies the occupancy reaches maximum and
is always completely independent of [I] (Tables 2.3
and 2.4). Obviously when ¢=1 — the non-competitive
condition — then appKy is equal to K for both
occupancy and response studies (Table 2.4). System
constants for all these derived conditions, based on
theories, each from a portion of the four-pane reaction
scheme with one state as in Fig. 2.4-1, are summed up in
the Section 2.5.3.
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Figure 2.8. Plots of the intervention model for function. In the first three panels the interventor concentration [I] is varied by a
factor 10 in five steps between 2-10 ' (——) and 2-10% (-----.). In the last panel (c =20), the interventor concentration [l] is varied

by a factor 10 in five steps between 2:10~2 (——) and 2-10 (---

-) yielding five plots in each graph. In ¢=0, the plots are for a

competitive situation. In ¢=0.2, the plots are for a negative intervention situation. In ¢=1, the plots are for a non-competitive
situation. In ¢=20, the plots are for a positive intervention situation. Tinted circles indicate the EDso at 50% of the effective
response (ERsg). Kss =dissociation constant for S at primary s-site and K =dissociation constant for interventor ligand at

intervention i-site are both =1.
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2.5.3. Summary of Parameter Characteristics from
Simple Intervention

Based on both mutually exclusive and inclusive one-state
models, ME-OSM and MI-OSM, with an interventor
different from the agonist, we reach a conclusion on
the various effects an interventor may have on agonist-
induced maximal binding or maximal response and on
agonist affinity, 1/ K, with different types of interven-
tion, as analyzed in Sections 2.4.5-6 and 2.4.9-10, and
for intervention in Sections 2.5.1 and 2.5.2. Examples of
plots of the intervention model are shown in Figs. 2.7
and 2.8. Conclusions from these sections are summar-
ized in Tables 2.3, 2.4 and 2.5. These results may be
compared with similar solutions and conclusions
reached by other authors on competitive and non-
competitive inhibition as well as mixed-inhibition and -
activation (Ariéns et al. 1964, pp. 287-321; Cheng &
Prusoff 1973; Laidler & Bunting 1973; Segel 1975, 1993
— mixed-inhibition, pp. 136—143; Levitzki 1978, pp. 11—
27; Dixon & Webb 1979, pp. 332—353; Varon et al. 2002;
Cornish-Bowden 2004, Chapter 5; Shou 2005). Exam-
ples in enzymology are of a more complex nature as they
include product formation and additional pathways.

2.5.4. The Un-competitive Reaction Scheme

The suggested reaction scheme for un-competitive5 ant-
agonism/inhibition (see Segel 1975, 1993, Fig. III-21;
Cornish-Bowden 1995, 2004) is a special case, a shor-
tened version of the MI-OSM described in Section 2.4.5
(Fig. 2.4-1). In the shortened version of the MI-OSM, the
receptive unit conformation IR is excluded. Now, the
un-competitive reaction scheme has the parameter ¢= 1.
In the ‘un-competitive’ reaction of the shortened version
of MI-OSM, the interventor cannot bind to the un-
liganded receptive unit. This means that the receptive
unit must first bind an agonist before a second inter-
ventor ligand can bind. That is, an ordered reaction.
Parameter c¢ is allowed to vary above and below unity in
the shortened version of MI-OSM, but in reality, in the
classical un-competitive scheme ¢=1. It is subsumed
into the dissociation constant K; and we can put cas 1.
The reaction scheme for the shortened version of the
mutually inclusive one-state model is:

R+S+I=2R'S+1=21IR"S,

where only the R’S conformation is active or activatable.
R" and R” in this reaction scheme signify conformations
different from R and from each other.

We can derive the fractional concentration-binding
and dose-response equations for this shortened mutually-

® The term ‘un-competitive’ was introduced by Ebersole et al. (1944).

Table 2.5. Summary of the Relative Maximal Responses
(Rmax) and Maximal Occupancies (Bmax) and the Apparent
Dissociation Constant for Agonist S, appKss, in Two Simple
Mutually Inclusive Reaction Schemes, the Shortened Hetero-
tropic Mutually Inclusive One-state Model (amp-HE-MI-OSM)
and the Full Heterotropic Mutually Inclusive One-state Model
(HE-MI-OSM)

Type of study

with ¢ #1 amp-HE-MI-OSM HE-MI-OSM
Parameters
Fractional response B ax/Rmax (in%)
for high [S]
Concentration- 100; surmountable 100; surmountable
occupancy

Dose-response  100/(1+(I/K;)-¢) 100/(1+(I/K;)-¢)

Apparent dissociation constant
apszs = ECSO
Kss (1 + I/Kii)#
(1 + dI/K;p) -0
Kss (1 + I/Kl)#
14+ d/Kp -0

For the ‘un-competitive’ situation, amp-HE-MI-OSM, parameter K; varies with ¢
as there are only two independent system constants (see Figs. 2.9 and 2.10).
#For ¢>1 appKss < Kis; for ¢ <1 appKes > Kis.

Concentration-
occupancy

Kss/(l +(I/Kii)'c)

Dose-response  Ks/(1+(I/K;)-¢)

inclusive and one-state reaction scheme. For binding one
gets:

occupancy S , (2.18)
total S+ K,/(1 +{/Ky) ¢
and for the functional shortened MI-OSM it is:
response S /(1 4+ (I/Ky) - ¢) (2.19)

total S + K,/(1 + A/K)- o)’

The system parameters for the fractional binding and
response of the shortened MI-OSM are summarized in
Table 2.5, its behavior in Table 2.6, and examples of
plots are presented in Fig. 2.9 for occupancy and Fig.
2.10 for function. All panels in Figs. 2.9 and 2.10 are for
the ‘un-competitive’ situation because when ¢ varies it is
the same as K;; varies.

Table 2.6. Effects of the Shortened Intervention Model on
appKs and Bgax Or Rmax for Increasing Concentration of
Interventor [I] (Compare with Table 2.4)

appKs  Bmax OF Bmax (%) Comment

Binding ¢=0 Ks 100 Competitive
O0<c<1 l 100

c=1 1l 100 Un-competitive
c>1 Ll 100

Function ¢=0 Ks 100 Competitive
O0<c<1 ! -0

c=1 1l -0 Un-competitive
c>1 L -0
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Figure 2.9. Plots of the shortened intervention model for binding. In all four panels the interventor concentration [1] is varied by
a factor 10 in five steps between 2.10~' (—) and 2103 (-----) yielding five plots in each graph. In ¢=0, the plots are for an
‘ordered’ competitive situation. In ¢ =0.2, the plots are for the negative shortened intervention situation. In ¢ =1, the plots are for
an ‘ordered’ non-competitive, un-competitive, situation. In ¢ =20, the plots are for the positive shortened intervention situation.
Tinted circles indicate the EDgo at 50% of the effective binding (EBsg). Kss =dissociation constant for S at primary s-site and
Ki; =dissociation constant for interventor ligand at intervention i-site are both =1.

2.5.5. Conclusions for Both Complete and
Shortened MI-OSMs

For comparison, Table 2.6 lists the parameter character-
istics based on the complete heterotropic MI-OSM
together with the equivalent terms for the shortened
heterotropic MI-OSM.

With a definition of ‘un-competitive’ as a concomitant
lowering of both the maximal response and the affinity
for agonists in the presence of an interventor, if we base
our modeling of such a behavior on either the shor-
tened or the complete MI-OSM, the conclusion is that
only in the functional versions of these models is the
‘un-competitive’ definition fulfilled. In the binding
versions of these models, we simply have ‘competitive’
ant-agonism (Tables 2.3, 2.4, 2.5 and 2.6).

A theory for non-competitive behavior in functional
studies is described by the heterotropic MI-OSM when
the co-lateral intervention constant is equal to unity, ¢ =
1, while non-competitive behavior in binding studies
does not have a correlate in MI-OSM (Table 2.3).

Competitive ant-agonism/inhibition both in binding
and functional studies may be analyzed by the ME-OSM.

Strangely enough, competitive behavior in binding
studies can also be analyzed by the shortened MI-OSM
as well as the complete MI-OSM for all values of ¢
(Tables 2.3 and 2.4).

2.6. Co-lateral Intervention Coefficient and
Co-lateral Binding

2.6.1. ‘Co-lateral’® in Two Terms

Caveat: The terms ‘co-lateral intervention coefficient’
and ‘co-lateral binding’ are two totally different con-
cepts.

Co-lateral intervention coefficient ¢ appears in the inter-
vention reaction scheme (Fig. 2.4-1) with mutually
inclusive binding, meaning that both an agonist and
an interventor can bind simultaneously to their respec-
tive binding sites and affect binding or function of the
other ligand. Meanwhile, they cannot bind co-laterally in
this scheme.

5 Co-lateral or collateral? ‘Co-lateral’ is chosen in favor of ‘collateral’.
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Figure 2.10. Plots of the shortened intervention model for function. In all four panels the interventor concentration [1] is varied

---) yielding five plots in each graph. All plots are for variations in

agonist concentration. In ¢=0, the plots are for an ‘ordered’ competitive situation. In ¢=0.2, the plots are for the negative
shortened intervention situation. In ¢ =1, the plots are for an ‘ordered’ non-competitive, un-competitive, situation. In ¢ =20, the
plots are for the positive shortened intervention situation. Tinted circles indicate the EDsq at 50% of the effective response
(ERsp). Kss =dissociation constant for S at primary s-site and K;; =dissociation constant for interventor ligand at intervention i-site

are both =1.

Co-lateral binding signifies that the substrate or agonist
is allowed to bind to both the primary binding site as
well as the secondary binding site (Figs. 2.4-2 and 2.4-3,
and Section 2.6.3) and that the interventor can also bind
to both binding sites, including the orthosteric binding
site (Figs. 2.4-3 and 2.4-4). The two ligands can switch
sites, and this ability of ligands to switch sites is defined
as co-lateral binding. Thus, co-lateral binding goes beyond
‘mutually inclusive’ binding, which only covers simulta-
neity in binding.

2.6.2. Co-lateral Intervention Constants and
Auto-intervention

In this chapter, ant-agonism and intervention by ligands
have, thus far, solely been induced by molecules other
than the agonists — i.e., hetero-intervention. We shall
deal further with intervention that is elicited by the
agonist itself. This type of intervention is also known as
‘auto-intervention’ (Fig. 2.4-2), and will be examined in
Chapter 3. In this reaction scheme there is an obligatory
co-lateral binding, RS or SR and SRS.

The co-lateral intervention constant for hetero-inter-
vention is described by ¢, while the co-lateral interven-
tion constant for auto-intervention is designated as ¢, in
order to differentiate between the two co-lateral inter-
vention constants (Table 2.7 ). See Figs. 2.4-1 and 2.4-2
of the four-pane scheme for reasons to operate with
both ¢and ¢.

2.6.3. Co-lateral Binding and Auto-intervention

A reaction scheme with co-lateral binding as well as
mutually inclusive binding— simultaneous binding for
both agonists and interventors — is illustrated in Fig. 2.4. It
is the complete four-pane one-state-model (FP-OSM).
The FP-OSM was used to derive the reaction schemes for
competitive ant-agonism/inhibition types I and II (ME-
OSMs) and for non-competitive and un-competitive ant-
agonism/inhibition aswell, and, furthermore, expanding
into intervention models where both ¢and ¢ are above 0
(MI-OSMs). In Chapter 3, I describe an auto-intervention
model where only one type of ligand (substrate, agonist)
can bind to both an orthosteric and a secondary site



Table 2.7. Models With and Without Co-lateral Intervention
and With and Without Co-lateral Binding

Co-lateral

Type of model

Intervention constant Binding
ME-OSM (Chapter 2) None (¢=0) No
HE-MI-OSM (Chapter 2) c No
HO-MI-OSM (Chapter 3) c Yes
FP-OSM (Chapter 2) Both c and ¢ Yes
ATSM (Chapter 7) c No
HOTSM (Chapter 7) c Yes

simultaneously. Itis an auto-intervention one-state model
(HO-MI-OSM), with co-lateral binding for the ligand (Fig.
2.4-2). Obviously, for interventors that can bind to
orthosteric as well as secondary binding sites, there is
also co-lateral binding, equal to the upper left quadrant of
the FP-OSM (Fig. 2.4-4).

2.6.4. Co-lateral Binding, Co-lateral Intervention
and the HOTSM/ATSM

After the FP-OSM has been transformed to its two-state
variant, a four-pane two-state model (FP-TSM; see Figs.
5.9 and 7.2), it will be employed to derive the homo-
tropic two-state model (HOTSM, Fig 7.1B) in Part II,
Chapter 7 (Bindslev 2004), which is a part of the FP-TSM
with co-lateral binding. However, note that an allosteric
two-state model (ATSM) (Hall 2000), which is also part
of the FP-TSM, and likewise described in Chapter 7,
does not allow co-lateral binding for the interventor,
modulator or agonist (Fig. 7.1A and Table 2.7). This, as
opposed to the lower right quadrant in the FP-OSM for a
primary ligand (Fig. 2.4-2), and the upper left quadrant
of the FP-OSM for a secondary ligand, an interventor
(Fig. 2.4-4). In these two quadrants co-lateral binding is
allowed and comparable to co-lateral binding in the FP-
TSM for an agonist and a modulator (Fig. 7.2).

2.6.5. Differences Between Intervention and
Negative Allostery

Negative allostery is first defined in Chapter 15 and
demonstrated in Fig. 15.10. Briefly, in functional studies
of negative allostery, a modulator molecule can lower
the maximal response similar to an interventor in the
intervention scheme (Fig. 2.8 and Table 2.3).

The difference between negative intervention and
negative allosteric modulation is that allosteric modula-
tion conceptually is based on two-state models, while the
intervention including un-competitive and non-compe-
titive ant-agonism/inhibition is in the realm of one-state
models. Two-state against one-state models is the differ-
ence. For the sake of organizing models in a meaningful
and manageable lattice that is also crystal clear, the
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crucial concept of the difference between two-state and
one-state is further discussed in Chapters 5 and 15. If it is
not the key issue of the book, it is one of them.

2.7. A History on the Development of
Ternary-complex Models

2.7.1. Early Years

From 1914 models were suggested for the action (func-
tion) of enzymes altered through two different substrates
or ligands that interfere with the action of each other
(Michaelis 1914; Burk 1944 cited by Ebersole et al 1944;
and by Friedenwald & Maengwyn-Davis 1954a, pp. 163).
Burk termed the aberrant behavior ‘‘anti-competitive
coupling activation”. Formalism for ternary complexes
with two substrates was developed in the following years
(Laidler & Socquet 1950; Friendenwald & Maengwyn-
Davis 1954a,b, pp. 154-190; Webb 1963; Mahler &
Cordes 1966; Cheng & Prusoff 1973; Segel 1975, 1993;
Birdsall et al. 1978; Tolkovski & Levitzki 1978; Dixon &
Webb 1979, pp. 79-82). In pharmacological literature,
similar and not always complete derivations starting with
Ariéns et al. (1955) appeared in the 1970s and 1980s
(Jacobs & Cuatrecasas 1976; Boeynaemes & Dumont
1980; Burgisser et al. 1982; Stockton et al. 1983).

2.7.2. Terminology for the Intervention
Scheme

The fully reversible reaction scheme for two ligands
binding at a single receptive unit is presented in Figs.
2.1Aand 2.4-1, and appears in different settings. I call it the
intervention model. In principle, it is a heterotropic, one-
state ternary-complex model thatis also ‘inclusive’, which
indicates that it allows binding of two ligands simulta-
neously. All these features are also part of the non-
competitive reaction scheme presented in Sub-chapter
2.4. The difference between a non-competitive reaction
scheme and the intervention scheme is that constant ¢
may deviate from unity in the intervention scheme.

The intervention scheme in Fig. 2.4-1 is described by
numerous authors, and is given different names depend-
ing on the text it appears in (Laidler 1956, 1958; Mahler
& Cordes 1966; Segel 1975, 1993; Birdsall et al. 1978;
Dixon & Webb 1979; De Lean et al. 1980; Stockton et al.
1983; Wreggett & De Lean 1984; Ehlert 1988; Costa et al.
1992; Cornish-Bowden 1995, 2004; Varon et al. 2002;
Shou 2005; see additional references in Table 2.1). For
instance, it is now standard in pharmacology to refer to
the scheme as ‘The ternary-complex model’, TCM, when
invoked for ligand and G protein interaction with a G
protein-coupled receptor (De Lean et al. 1980), and as
the ‘allosteric ternary-complex model’ when explicitly
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dealing with parameter ¢ (Ehlert 1988). Meanwhile in
enzymology, when focusing on both its functional as well
as ant-agonistic possibilities, it is referred to as the
‘general modifier mechanism’ in order to avoid the
term ‘competitive’ (Topham 1990; Topham & Brockle-
hurst 1992), while when merely paying attention to its
ant-agonistic aspects it is referred to as the ‘mixed-
competitive reaction scheme’ (e.g., Webb 1963; Laidler
& Bunting 1973; Segel 1975, 1993, Chapters 5 and 6;
Dixon & Webb 1979; Cornish-Bowden 2004, Chapter 5)
or the ‘general non-competitive inhibition mechanism’
(Cha 1975). In enzymology in general, there are added
reaction paths of one-way product formation in relation
to the intervention scheme in Fig. 2.1A, and often the
term ternary-complex model in enzymology refers to
other types of reaction schemes (Cornish-Bowden 1995,
2004, Chapter 7).

Initially, and in particular with Ehlert’s derivations in
1988 for ligand interaction in pharmacology, we got the
full picture of formalism for the intervention model with
two different ligands at receptors, a primary ligand and a
secondary ligand, a G protein (Ehlert 1988; see also
Costa et al. 1992).

Ehlert (1988) has treated the ternary-complex model in
much detail and derived its formulation both for binding
and functional experimentation. Ehlert’s derivations
were performed with the specific purpose of extracting
affinity constants of occupancy and activity for GPCRs on
binding ligands, including G proteins. Meanwhile, with
regard to the terminology in this book, Ehlert’s use of the
word ‘allosteric’ is misleading. Observed from amodeler’s
view, Ehlert’s ‘allostery’ is unfortunately purported by
others (Kenakin 2004a,b, 2007; Christopoulos et al. 2004,
Vauquelin & von Mentzer 2007, Fig. 213).

I want to use a novel expression to designate the
reaction scheme in Fig. 2.4-1. This in order to avoid
imprecise designation and confounding connotations,
such as (1) ‘inhibition’ and ‘competition’ used in
enzymology, and (2) ‘ternary-complex’ and ‘allosteric
ternary-complex’ as used in receptology. Therefore, I
suggest to call the reaction scheme in Fig. 2.4-1 ‘the
intervention scheme’, hopefully leaving room for possi-
ble interactive measures as well as associations that
include both positive and negative effects in the epithet
‘intervention’. A designation that fully covers the reaction
scheme in Fig. 2.4-1 is a “‘heterotropic mutually inclusive
one-state ternary-complex model with interaction para-
meter ¢> 0 — possibly different from unity — and with no
‘co-lateral binding’ of ligands’’. This is too cumbersome,
justifying a short designator as ‘intervention’ (see Sub-
chapter 2.6 for more on co-lateral binding).

Note that the intervention scheme in Fig. 2.1A is an
integral part of the FP-OSM (Fig. 2.4-1), a reaction
scheme in which co-lateral binding is allowed in some
quadrants.

Can you find the quadrants in Fig. 2.4 where the co-
lateral binding is allowed? The answers appear in
Section 2.6.1.

2.7.3. Auto-intervention One-state Model

For the homotropic mutually inclusive and intervention
one-state model (HO-MI-OSM) in binding and action
with identical ligands in a ternary complex, derivations
started early on with the equation by Hill (1910), the
formulation by Adair (1925), and Haldane’s ‘substrate
inhibition’ (Haldane 1930), and was then followed by
Pauling and Wyman, culminating with a derivation given
by Laidler (Laidler & Hoare 1949; Laidler 1956, 1958,
pp- 77-80) invoking an intervention constant equal to ¢
as described in more detail in Chapter 3.

2.7.4. The Name of the Game

In this section, in an attempt to clarify which model is
treated, I shall use the designation HE-MI-OSM for the
simple TCM with heterologous ligands and HO-MI-OSM
for the simple TCM with homologous ligands. Thus, the
simplest TCM with full reciprocity where two different
ligands interact simultaneously (mutually inclusive)
(Figs. 2.1A and 2.4-1) but not co-laterally (see Section
2.6.2) is HE-MI-OSM. When two identical ligands inter-
act, the model is the HO-MI-OSM (Fig. 2.4-2). The
HE-MI-OSM is described in Sub-chapter 2.5, while the
HO-MI-OSM is treated in Chapter 3. The behavior of
parameters in the two models, HE-MI-OSM and HO-MI-
OSM, for both binding and function are listed in Tables
23,24, 25, and 3.1.

2.7.5. The HE-MI-OSM Looks Like the
HO-MI-OSM

It is worth noting that plots of a HE-MI-OSM may
become equal to plots for the HO-MI-OSM. In case the
two different ligand, agonist and interventor, in the HE-
MI-OSM are combined in a mixture and this mixture is
used for changing the ligand concentration, then [S]
and [I] are changed simultaneously and the plots
become identical to plots of the HO-MI-OSM (Fig.
2.11) (see Chapter 3 for more details).

2.8. Surmountable and Insurmountable
Synagics

2.8.1. The Development of ‘Surmountable’

The two terms ‘surmountable’ and ‘insurmountable’
were originally introduced for functional assays by
Gaddum et al. (1955) to characterize the behaviour of
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Hetero-intervention in 3D
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Figure 2.11. Plots of the intervention model in three-dimensions. Upper right panel shows dose-response plots for the
intervention model in 3-D, where the substrate (agonist) and the interventor concentrations are the independent variables and
also vary independently of each other. The interventor concentration is varied by a factor 10 in five steps from 102 to 102
yielding five 3-D surface plots. In this model (Fig. 2.4-1) there is no co-lateral binding possible. The two lower panels are contour
plots of the model for I/K; =102 and I/K; =10°. With a fixed concentration ratio between substrate (agonist) and interventor a
2-D graph as in the upper left panel may appear with an interventor concentration varied by a factor 10 in five steps from 102
(—) to 10? (------). A graph similar to the 2-D graph will also be the consequence in case a single ligand (agonist) is capable of
co-lateral binding that may lead to ‘auto-ant-agonism’ (substrate inhibition) (see Figs. 3.2 and 3.3 and auto-intervention functions
in Chapter 3). Maximal response =100% and co-lateral intervention coefficient ¢ =10"3. K, =dissociation constant for S at
primary s-site and Kj =dissociation constant for interventor ligand at intervention i-site are both =1.

dose-responses equal to that expected for competitive
(surmountable) and non-competitive (insurmountable)
ant-agonism/inhibition. Surmountable synagics were
characterized by a rightward shift in dose-responses
always reaching the maximum level by a high enough
agonist concentration (Fig. 2.7), while insurmountable
synagics had decreasing maximum responses as the ant-
agonist concentration increased, independent of in-
creasing agonist concentrations (Fig. 2.8).

The physical realities behind observed surmountable
and insurmountable functional dose-responses are
much more diverse than merely being explained on
the grounds of competitive and non-competitive syna-
gics. Vauquelin et al. (2002) provide a good review on
the subject, however, their use of the concept ‘allos-
teric’, as based on a so-called Kaumann model (Kau-
mann & Frenken 1988), is not in line with its use in this
text. The Kaumann model does not include un-liganded

activity, which is a hallmark of allosteric models. Reasons
for insurmountable dose-responses such as dissociation/
limitation or diffusion/limitation (biophase) were de-
tailed by Rang (1966) and, recently, a detailed descrip-
tion for assessing system constants in insurmountable
analysis has reappeared (Kenakin et al. 2006).

The concepts of surmountability/insurmountability
remain (Christopoulos 2001; Takezako et al. 2004;
Mathiesen et al. 2006). Today, it is often assumed to
relate to non-equilibrium or hemi-equilibrium explana-
tions and therefore more often suggests an analysis of
time-dependence in the models to analyse this kind of
non-competitive-like behaviour (Paton & Rang 1965;
Lew et al 2000; Avlani et al. 2004; Mathiesen et al. 2000,
Kenakin et al. 2006; Vauquelin & Szczuka 2007), while
others lean towards other explanations of a conforma-
tional change in the receptor per se, one being so-called
‘network-leaning’ (Takezako et al. 2004).
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2.8.2. Summary of the ‘Surmountable’ ant-agonists/inhibitors. The ant-agonism/inhibition is
said to be insurmountable (Figs. 2.7C and 2.8C).

In competitive antagonism/ inhibition, the relative effect
of ant-agonists/inhibitors is always dependent on the
concentrations of the agonist evoking a response, with
an apparent dissociation constant for the ant-agonist/
inhibitor K; equal to (Ki/S)-(1+1/Ky), where K, is
either K or K;;. The ant-agonism/inhibition is said to be

The two types of simple ant-agonism/inhibition, com-
petitive and non-competitive, may be summarized in a
‘narrow’ manner by statements of ‘surmount-ability’:

In non-competitive ant-agonism/inhibition, the relative
effect of ant-agonists/inhibitors is always independent of
varying concentrations of the agonist evoking a response.
No matter what the value of a fixed concentration of an
agonist, S’, the full response is always reduced by the
fraction 1/(1+1I) in the presence of non-competitive

surmountable, since with an increasing concentration of
S, the effect of competitive ant-agonism/inhibition may

Box 2.1. Some papers on HAP- and Mon-land models for allostery and co-operativity

Parameters. The letter K is most often used to indicate an equilibrium dissociation constant and the letter A an
equilibrium association constant. The present text varies between association and dissociation constants as most
convenient. At Kand A, subscripts are nearly always included as signifiers, while superscripts are often omitted.
For subscripts and superscripts, see below.

about an already bound ligand

site bound at
type of bound ligand

type of ligand to be bound
site to be bound at

about aligand to be bound

An example: association constant A

with aprimary ligand,

_— S, aready bound at

ss
An an orthosteric site, s,

and amodulator,
M, to be bound at a

modulator site, m.

Ligands. A typical symbol for ligands such as substrates, agonists or transportees (transported molecules) is S, while
inhibitors, ant-agonists or interventors are designated with I, and modulators equal to allosteric ligands with M.
Receptive units. The symbol for a receptive unit as an enzyme, a receptor, or a transporter is usually R. Receptive
units often have more than one binding site. For a receptive unit with two binding sites, see, e.g., Fig. 2.1A. In
reaction schemes, symbols to the right of the R term mean that they stand for ligands bound to a primary site
on the receptive unit, for instance RS. When ligand symbols are to the left of the symbol R they indicate binding
to a secondary site on the receptive unit, for instance IR. A primary binding site is also termed an ‘orthosteric’
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Box 2.1 (Continued)

site, and a secondary binding site may be termed an ‘intervention’, ‘modulation’, or ‘allosteric’ site. For a
receptive unit with two states in un-liganded conformations, see, e.g., Fig. 2.1B. These are represented by, for
instance, the following two symbols: R and R*, where R is the reactive (not yet active) conformation and R* is an

active conformation.

Subscripts and superscripts. Symbols and conventions are described for subscripts and superscripts at Kand A. See

Box 2.1 figure with K as an example.

Subscripts may contain one or two signifiers. In case only one position is filled it refers to the ligand to be bound,
for instance K; is a dissociation constant for ligand S to be bound. If both positions in the subscript are
presented, the first signifier indicates the site to be occupied, and the second signifier indicates the ligand to be

bound.

The primary binding site is signified by s, and the secondary binding site is signified by i or m. Signifier i for the
secondary site is related to intervention models (see text), while signifier m is related to the secondary site in

allosteric models.

Three examples: (1) A designates an association constant with the primary binding site to be occupied by ligand
S; (2) Kis designates a dissociation constant for binding to the secondary binding site by a ligand S; and (3) A;
indicates an association constant for binding to the secondary site of ligand I.

Superscripts. When a superscript is included, the same rules as those for subscripts apply except it is now for
ligands already bound to the receptive unit, see Box 2.1 figure. The K in Box-figure signifies a dissociation
constant for ligand S ready to bind to a secondary site in a receptive unit to which another ligand I is already

bound at the primary binding site.

For practice, first write (A) the equilibrium dissociation constant for an agonist S binding to a secondary binding
site, assuming intervention models, and include the reaction scheme for such a process. Next write (B) the
dissociation constant for a modulator, i.e., assuming allosteric models, binding at a primary site with an agonist
already bound to the secondary site. The solutions are at the bottom of the Box.

Additional examples of parameter signifiers. The conformational constant for a switch between a reactive (not yet
active) receptor state R and an active receptor state R* is usually designated with an L. Thus, R*/R = L. In case
an agonist is already bound to an orthosteric site m the receptive unit before a conformational change, this is
indicated in superscript. Thus, for instance, I°, L*, or L’ are for RS=R*S as in the dC&K model (Chapter 5),
and L" is for SR==SR* as in the homotropic two-state model (Chapter 7).
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always be overcome (Figs. 2.7A and 2.8A). Since its
introduction (Gaddum et al. 1955), the concepts of
being surmountable/insurmountable have developed
and, currently, seem to be employed in a more loose
sense than defined above (Vauquelin et al. 2002 and
references therein; Vauquelin & Szczuka 2007).
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