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uantitative description of drug effect is essen-
tial in pharmacology because it forms the ba-
sis of drug structure—activity relationships
(SARs). At the heart of this approach are stable
scales that can quantify change that are not subject to
biological variation. As an example, chemical scales
such as melting points and NMR coupling constants fit
this description because they do not vary with experi-
mental conditions. However, in the process of describ-
ing chemical effects on living biological systems, phar-
macologists must contend with cellular expressions of
drug activity that change because of a variety of system-
dependent factors (cellular metabolism, species, ge-
netic variability, etc.), and this leads to reliance on less
absolute scales of activity. On a superficial level, drug ef-
fects can be described by overt observation of effects
on specific tissues (full agonism, partial agonism, etc.),
but such a system soon falls into chaos because the
same drug produces different behaviors in different tis-
sues. With techniques based on null methods (whereby
equal cellular effects are compared, thereby canceling
differences in cellular density of receptors and efficien-
cies in receptor coupling) and measurement of system-
independent scales of activity, it is possible for pharma-
cologists to reduce apparently variable effect to
consistent parameters rooted in chemistry. Therefore,
to avoid reliance on variable drug behavior, drug recep-
tor theory has produced a theoretical framework to de-
scribe biological effect with a minimum of key param-
eters. Theoretically, these parameters can be employed
to predict drug behavior in all tissues. This is imperative
in the drug discovery and development process be-
cause nearly all drugs are tested and optimized in test
systems far removed from the therapeutic one. Under
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ABSTRACT Drugs can initiate, inhibit, modulate, or potentiate basal activity in
cells to produce physiological effects. The interplay between the fundamental af-
finity and efficacy of drugs with the functional texture imposed on the receptor by
the cell (e.g., variation in basal set points or cytosolic signal proteins) generates
behaviors for drugs in different tissues that can cause apparently capricious varia-
tion between tissues under various physiological conditions. This poses a prob-
lem for pharmacologists studying drugs in test systems to predict effects in thera-
peutic ones. De-emphasis of tissue-specific drug behaviors by reducing drug
effects to chemical terms can, to a large extent, reduce the effects of variances in
biological systems (changing basal set points, genetic and biochemical variability,
etc.). This Perspective discusses the application of four major pharmacodynamic
parameters (affinity, efficacy, orthosteric vs allosteric binding, and rate of dissocia-
tion of drug from the biological target) to the quantification of biological activity
to furnish chemical structure-activity relationships (SARs). These four parameters
can be used to quantify effects in test systems and predict subsequent activity in a
therapeutic setting. Because at least three different SARs are involved in the drug
discovery process (primary therapeutic activity, pharmacokinetics, and safety),
with more possible if target selectivity is required, some simple statistical ap-
proaches to multivariate structure-activity studies (i.e., primary activity plus selec-
tivity data) also are considered. In total, these data can provide system-
independent data to characterize biological activity of molecules in chemical terms
that can greatly reduce biologically induced variability.
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these circumstances, activity scales must be able to pre-
dict the activity of molecules in all biological systems ir-
respective of what system generates the original SAR.
A therapeutic need usually defines the primary activ-
ity required in a molecule for drug therapy. However, in
addition, a successful drug must be absorbed and able
to reach the primary biological target, remain there for a
time adequate to produce therapeutic effects (have ad-
equate pharmacokinetics), and be tolerable to the host
(do no harm). The rules governing the effects of chemi-
cal structure on these various effects (SAR) need not be,
and often are not, the same for each of these criteria.
This poses complications for chemical optimization of
overall drug activity because, in addition to primary ac-
tivity (pharmacodynamics), attention must be paid to fa-
vorable pharmacokinetics (where the drug goes in the

KEYWORDS
plCso: Logarithm of the molar concentration of
antagonist producing 50% inhibition of a

defined pharmacological process. This can be
used to quantify antagonist potency, although

it has system-dependence that is not
operable for pKs estimates. There are
pharmacological procedures to convert plCs,
values into pKg values, thus canceling the

experimental influences on the measurement.

pKg: Logarithm of the equilibrium dissociation
constant of an ant antagonist-receptor
complex. This parameter quantifies the
potency of the antagonist.

Affinity: A measure of the forces that cause a
molecule to bind and stay bound to a
receptor, inversely proportional to the
equilibrium dissociation constant of the
ligand—receptor complex (defined as ky/ki; k,
= rate of dissociation of the molecule from
the receptor surface in s, k; = rate of
association of molecule to receptor in s~*
mol 7).

Agonist: A molecule possessing efficacy such
that the behavior of the receptor toward its
host cell is altered upon binding.

Allosteric: Binding of molecules to separate sites

on the receptor to induce an interaction
between them caused by a change in the
protein conformation of the receptor.

Antagonist: A molecule that binds to the
receptor to prevent the activation of that
receptor by an agonist.

Efficacy: The ability of a molecule to cause the
receptor to change its behavior toward its
host cell.

Full agonist: An agonist that produces the
maximal response that matches the maximal
capability of the assay to return response.
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body and how long it stays
in the body) and lack of tox-
icity; in total this spectrum of
activities is referred to as a
druglike profile. This Per-
spective will concentrate on
defining the pharmacody-
namic properties of a pro-
spective drug and the defini-
tion of its primary activity in
relation to other activities
(selectivity).

Chemistry and
Pharmacodynamics. Drugs
have intrinsic properties
that relate to their chemical
structure and cause them to
be active in biological sys-
tems. When this occurs, the
systems take on various be-
haviors in response to these
drugs. Much of the dissimu-
lation in the drug discovery
process is the use of behav-
ioral scales for drugs as in-
trinsic scales of classifica-
tion, that is, a given drug can
exhibit a range of different
behaviors in various cell
types. For example, the
B-adrenoceptor ligand pren-
alterol can block the effects
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of B-adrenoceptor stimulation in some tissues (be an
antagonist in canine coronary artery), produce partial
B-adrenoceptor stimulation in others (be a partial ago-
nist in guinea pig left atria), and produce full
B-adrenoceptor stimulation in yet others (be a full ago-
nist in guinea pig right atria) (1, 2). Therefore, labeling
this molecule with observed behaviors (antagonist, par-
tial or full agonist) is confusing because the tissue type
would then have to be designated, and specific informa-
tion about the systems would need to be known to
fully describe the activity. This type of apparently con-
flicting nomenclature for drug activity can lead to confu-
sion in the lead optimization process unless the root
molecular properties causing those behaviors are as-
sessed and quantified. Thus, biologists need to charac-
terize what their molecules are, not just what they do, in
particular systems. In the case of prenalterol, this is
done by simply referring to the molecule as a high-
affinity, low-efficacy ligand for B-adrenoceptors.

The following scales can quantify biological activity
in a system-independent manner:

Affinity. This is a chemical term that quantifies the
ability of a molecule to bind to a biological target. It is
unique for the molecule and target and transcends dif-
ferences in cell type.

Efficacy. This is a uniquely pharmacological term de-
scribing the change in behavior of the biological target
toward its host (cell) upon binding of the molecule. Like
affinity, it can be quantified as a target-specific but
system-independent ratio.

Orthosteric vs Allosteric Interaction. When two mol-
ecules interact at a biological target (i.e., antagonism),
either they can compete for a common binding site on
the target (orthosteric interaction) or they each bind to
the target with their own specific binding site, such that
the interaction between the two molecules occurs
through a change in the conformation of the protein (allo-
steric interaction). It is important to differentiate these
mechanisms as orthosteric and allosteric ligands have
different ranges of behavior in biological systems.

Kinetics of Offset. Whereas potency determines the re-
lationship between drug concentration and target occu-
pancy, target coverage (sustained association of the
drug with the target in vivo) is what is important thera-
peutically. This involves how quickly the ligand washes
off of the target in an open system (whole-body pharma-
cokinetics). Thus, k, (the rate of dissociation of a mol-
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Figure 1. Agonist efficacy. Occupancy response curves (rat
ileum contraction to serotonin agonists 5-HT (@),
5-cyanotryptamine (M), N,N-dimethyltryptamine (A), and
N-benzyl-5-methoxytryptamine (4), expressed as the per-
cent of the total number of receptors the agonists occupy.
Abscissa: percent receptor occupancy by the agonist as
calculated by mass action and the equilibrium dissociation
constant of the agonist-receptor complex. Ordinate: force
of contraction in grams. Data drawn from ref 4.

ecule from its target) should be quantified to fully char-
acterize its therapeutic potential.

It is worth exploring the various tools in the biolo-
gist’s armamentarium available to provide these data
to chemists in the lead optimization process.

Affinity. Decades of technological advancement basi-
cally have not affected the model used to quantify bio-
logical affinity, namely, the Langmuir adsorption iso-
therm. Devised by the chemist Irving Langmuir to
quantify adsorption of molecules onto metal surfaces,
this model defines the concentration of ligand that
binds to 50% of the available binding sites (see Box).
Pharmacological assays can be used to measure affin-
ity of antagonists (ligands that do not produce excitation
of cells but rather occupy receptors to prevent activa-
tion by agonists) to yield pKz estimates (—log equilib-
rium dissociation constants of antagonist-receptor
complexes) that are unique for antagonist—receptor
pairs in all tissue types. This enables quantification of
antagonist potency in test tissues that will be predictive
of antagonist affinity in therapeutic systems. Although
there are procedures that quantify the observed affinity
of agonists, the fact that these molecules abstract the
receptor to an active form (vide infra) can affect this es-
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timate of affinity, making it tissue-dependent. For this
reason, agonist affinity is better quantified through the
operational model to be discussed later.

Efficacy. A second fundamental property of all drugs
is efficacy. It is a term introduced into pharmacology by
Stephenson (3) as a scale of the direct activity of drugs
that produces a physiological effect (such drugs are
called agonists). Although no absolute value with units
can be measured that has meaning between different
organ systems, the relative efficacy of two agonists can
be defined in any one given system. This relative value

defines the “power” a given
agonist has to induce re-
sponse. For example, Figure 1
shows the contraction of rat il-
eum in response to various se-
rotonin receptor agonists ex-
pressed as a percentage of the
receptor occupancy induced
(calculated with the adsorp-
tion isotherm utilizing the con-
centration of the agonist and
the equilibrium-dissociation
constant of the agonist—
receptor complex). It can be
seen that whereas the

agonist N-benzyl-5-
methoxytryptamine (N-BMT)
requires nearly 90% of the re-
ceptors to induce a response
of 0.4 g tension, the same re-
sponse can be produced by
5-hydroxytryptamine (5-HT)
through occupation of only
17% of the receptor popula-
tion. Thus, there must be
something intrinsically differ-
ent about the chemical struc-
ture of 5-HT compared with
that of N-BMT to make it a
more powerful agonist; effi-
cacy was introduced into phar-
macology to account for such
differences.

Pharmacological tools en-
able the quantification of cel-
lular activation data; unlike en-
zymology or other protein-

KEYWORDS

Null effects: These yield system-independent
measures of agonist activity by comparison of
drug potencies at concentrations that produce
equal effect. It is assumed that if two agonists
are tested in a given tissue, then the tissue
factors controlling the process of cellular
response production from receptor
stimulation will be the same for both
agonists. This, in turn, allows cancellation of
these cellular effects (namely, receptor
density and efficiency of receptor coupling) to
cause the relative potency of the agonists to
be due only to the molecule-dependent
activity of the agonists. Therefore, the relative
potency becomes a function only of the drug-
dependent properties of affinity and efficacy.

Operational model: A theoretical framework to
describe agonism in pharmacological systems
based on receptor occupancy and a
Michaelis—Menten coupling of the receptor to
cellular response producing machinery.

Orthosteric: Binding of molecules to a common
site such that they compete for occupancy on
the receptor.

Partial agonist: A molecule that produces a
maximal response that is below what the
assay can return as a system maximal
response.

Pharmacodynamics: The study of drug
interaction with biological targets, that is,
receptors.

Pharmacokinetics: The study of drug movement
in the body (absorption, distribution,
metabolism, and excretion of drugs in vivo).

Rate of dissociation: Rate of diffusion of the
molecule away from the receptor once bound
(in s™1). This is a measure of the persistence
of the ligand occupancy on the receptor and
propensity to wash off the receptor once the
concentration in the compartment is zero.

Stimulus-response coupling: The various
biochemical pathways that link the cell
surface receptor to cell metabolism to provide
an observable response to receptor
activation.
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based biochemical techniques, a 50% maximal cellular
response can occur at concentrations of agonist much
lower than those required to bind to 50% of receptors in
a cell membrane. This is because of the agonist-specific
property of efficacy (power to induce response) and the
fact that cells may contain a large number of receptors
and those may be extremely efficiently coupled to cellu-
lar biochemical mechanisms that amplify activation (re-
ferred to as stimulus-response coupling reactions)
(Figure 2). This leads to a phenomenon referred to as re-
ceptor reserve, which produces a discontinuity be-
tween drug occupancy and tissue response.

The operational model of drug action formulated by
Black and Leff (5) is the major tool for the quantitative
comparison of cellular drug effect. It defines agonist [A]
response as

[Al-T-E

max (5)

response = m

where Kj is the previously defined equilibrium dissocia-
tion constant of the agonist—receptor complex (inverse
of affinity) and 7 is a transduction function describing
both the sensitivity of the organ to stimulation and the
efficacy of the agonist causing the stimulation. If the T
values for two agonists are determined in a given tissue,
then the tissue-specific aspects of T cancel and the ra-
tio of those 7 values can be considered a ratio of the ef-
ficacy of the two agonists. This can confer a type of pre-
science to the test systems used to quantify drug effects,

because the ratios of 7 can be used to predict the rela-
tive response to the two agonists in any tissue system,
including the therapeutic one, if the response to one of
the agonists is known in the therapeutic system (e.g., a
standard therapy targeted for improvement). Under
these circumstances, the effect of new agonists in that
same therapeutic system can be predicted with the op-
erational model (6).

Table 1 illustrates the power of this model. Equation
5 was used to fit concentration—response curves to iso-
proterenol and prenalterol in thyroxine-treated guinea
pig right atria with Ky isoproterenol = 220 nM, K, pren-
alterol 50 nM, and 7 for isoproterenol = 1000 (data from
ref 7). These parameters gave good agreement be-
tween the experimental and fit curves for isoproterenol;
a 7 value of 4 (ratio of 7 for prenalterol to 7 for isoproter-
enol = 0.004) allowed the model to fit the experimen-
tal curve for prenalterol. This data set then set the ratio
of efficacies (v values) for isoproterenol and prenalterol
for this receptor; these should remain constant for every
tissue in which both of these agonists is tested. To fit
the different experimental concentration—response
curves for isoproterenol in the various tissues, different
T values for isoproterenol were assigned (this reflects
differences in the tissue-dependent aspects of T,
namely, the receptor density and efficiency of receptor
coupling). Thus, the data were fit with T values for iso-
proterenol for the different tissues of 450, 350, 140, 50,
and 14 (see Table 1). The importance of the opera-
tional model stems from the fact that the model then

1.20
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Figure 2. Impact of efficacy on potency of agonists. Blue broken line represents the binding of the agonist to the recep-
tors, and the red line represents the actual potency of the agonist as it produces pharmacological response. The differ-
ence is the ability of the molecule to induce physiological response as it binds to receptors referred to as efficacy.
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TABLE 1. Prediction of prenalterol responses in different tissues using operational theory”

Isoproterenol Prenalterol

Exptl Predicted Exptl Predicted Exptl Predicted )

pECso? pECso? max response® max response? PECse® PECse® i D
GP R atria® 9.66 9.6 0.85 = 0.05 0.8 7.9 8.0 1000 4
Cat L atria 9.34 9.3 0.62 = 0.09 0.64 7.83 7.75 450 1.8
Rat L atria 9.2 9.2 0.58 = 0.08 0.58 7.75 7.7 350 1.4
Feline papillary 8.8 8.8 0.34 +0.13 0.36 7.69 7.62 140 0.56
GP L atria 8.4 8.37 0.16 = 0.06 0.17 7.55 7.4 50 0.2
Canine coronary artery 7.9 7.8 0 0.05 na 7.5 14 0.056

2Columns on the extreme right indicate 7 values for isoproterenol and prenalterol in each preparation. Of note is the fact that the ratio of these 7 values
is constant (i.e., Tyren/Tiso = 0.004). This fact allows prediction of the dose-response curve to prenalterol in any tissue where the dose-response curve to
isoproterenol is defined. Data from ref 7. ®Negative logarithm of ECs, (concentration producing 50% compound maximal response). “Experimentally de-
termined response to isoproterenol considered maximal. “Experimentally determined maximal response as fraction of isoproterenol maximal

response. ¢Thyroxine-treated. No measurable response.

predicts that the concentration—response curves for
prenalterol in those same tissues should be accurately
fit with those same 7 values multiplied by the ratio
0.004. As can be seen in Table 1, the ratio of 0.004 pro-
vided an excellent fit for the experimental curves for
prenalterol in all tissues. Thus, in an unknown system,
if the curve to isoproterenol were to be determined, then
fitting the data with Ky = 220 nM (this is a molecular
constant) and a T value from a computer fit for isoprot-
erenol would automatically allow prediction of the curve
to prenalterol using a value for 7 of 0.004 times the
one for isoproterenol and a K value of 50 nM. The mea-
surement of agonist relative efficacy can be very impor-
tant because it can predict when agonists will not pro-
duce therapeutic agonism in tissues of low sensitivity.
An example of this type of prediction is shown in Box 2
8.

An added advantage of quantifying agonist efficacy
and affinity separately is that the SARs for these two mo-
lecular properties can be quite different. Thus, instead
of simply conveying changes in potency to chemists as
biological data for structure—activity characterization,
biologists can employ specific tools to separately as-
sess affinity and efficacy as two system-independent
scales. This approach has yielded high therapeutic gain
as in the selective diminution of efficacy and increase
in affinity of ligands for histamine receptors through
chemical analogs to produce the clinically valuable H,
histamine receptor antagonists for treatment of ulcers (9).
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As more sophisticated pharmacologic assays be-
come available to detect the effects of molecules on
receptors, it is evident that there are numerous
“efficacies” that can be described. For example, cate-
cholamines have efficacy for B-adrenoceptors that leads
to activation of G, proteins to increase intracellular cy-
clic AMP; the B-blocker propranolol binds to the same
receptor but does not produce the same activation (i.e.,
it has no “efficacy” to elevate cyclic AMP) (10). How-
ever, a different type of pharmacological assay shows
that propranolol activates extracellular signal regulated
kinases through B-adrenoceptor binding, so from this
standpoint propranolol has efficacy for this physiologi-
cal action (71). These type of data illustrate how “effi-
cacy” is defined by the assay utilized to detect it (12)
and that ligands can have a number of different effica-
cies while activating a given receptor (referred to as
pleuridimensional efficacy (13)). Despite the assay-
dependent nature of efficacy, once a therapeutically de-
fined efficacy is identified, the operational model has
the capability of quantifying the capability of a given
molecule to produce the defined physiological response
in a system-independent manner. This, in turn, allows
the prediction of therapeutic efficacy from experiments
done in test systems.

Orthosteric vs Allosteric Molecular Interactions. A
third important property of drugs that is extremely valu-
able as a molecular descriptor is whether a molecule in-
teracts orthosterically or allosterically with a biological
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Box 1. The Langmuir adsorption isotherm.

S,

_ op

1

ap+ V,

Irving Langmuir, a chemist working for General Electric, devised the ad-
sorption isotherm to quantify the adsorption of chemicals into metal sur-
faces for the production of light bulb filaments. The derivation, published
in 1918, defines an “intrinsic rate of condensation” toward the surface for
a molecule (denoted o) and a rate of “evaporation” of the molecule away
from the surface (denoted V). The rate of offset of diffusion away from the
surface is given by

dv_ = v,6, (€)

where 0 is the fractional surface area already bound by the molecule.
The rate of diffusion toward the surface is given by

dv, = ap(l — 8,) ()]

where the concentration of the molecule is . and the fraction of the re-
maining surface area remaining to be bound is 1 — 6. At equilibrium,
these rates are equated as eq 1 = eq 2 to yield the following relation (de-
noted in Langmuir’s original nomenclature):

= b

i ap + V; ©)
The fraction of protein bound by a ligand A is rewritten in biological terms
with the equilibrium dissociation constant of the protein—ligand complex
(denoted Ka and defined as k»/ki = Vi/a):

_ Al
P~ AT + K, &

Langmuir received the Nobel Prize for his work in surface chemistry in
1932; his isotherm still forms the basis of all models of biological affinity
today.

target. Molecules can either compete for the binding
site of endogenous hormones or neurotransmitters
(thereby precluding their action through steric hin-
drance; referred to as orthosteric interaction) or bind to
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their own site on the target protein to modify the ef-
fects of hormones and neurotransmitters (through a
change in the conformation of the protein; referred to
as allosteric interaction) (Figure 3). These two types of
molecular interactions lead to completely different phar-
macological behaviors (14). For instance, in orthosteric
systems there never is a protein species with both ago-
nist and antagonist binding simultaneously. Thus, such
systems are pre-emptive in that high concentrations of
antagonist will completely negate agonist effects and
make the receptor inoperative. Another property of such
systems is that the antagonism will be identical for all
agonists interacting with the receptor.

In contrast, allosteric effects are permissive in that
the pharmacologically unique protein species is the re-
ceptor bound to both the agonist and the allosteric
modulator. Three characteristic effects of allosteric
modulators result in pharmacological behavior differ-
ent than that of orthosteric systems. First, allosteric ef-
fects are saturable. This occurs because allosteric
modulators bind to their own site on the receptor to in-
duce their effect, and an asymptotic maximum of effect
occurs when the allosteric site is fully bound. If the allo-
steric effect is a reduction in agonist affinity, then the ef-
fect need not be complete. Thus, while high concentra-
tions of orthosteric antagonist necessarily eliminate
agonist response, a saturating concentration of allo-
steric modulator may only partially reduce sensitivity of
the receptor to the agonist, allowing partial function. For
example, the allosteric modulator UCB35625 produces
only a maximal 20% reduction in the binding of the ra-
dioactive chemokine '°-CCL4 to the CCR1 chemokine
receptor (15). Second, allosteric modulators can demon-
strate probe-dependence. For example, the allosteric
modulator alcuronium reduces the affinity of musca-
rinic radiolabeled antagonist [*H]-methyl-QNB but in-
creases the affinity to the radioactive antagonist [PH]-
atropine (16). This can offer distinct therapeutic
advantages over orthosteric ligands. For example, a
study of 1064 HIV-1 infected individuals indicates that
an active chemokine system operating through CCL3L1
activation of the CCR5 receptor is protective and delays
progression to AIDS (17). Allosteric inhibition of CCR5-
mediated HIV-1 infection shows nearly a 500-fold varia-
tion in the relative activity in blocking HIV-1 entry and
beneficial CCL3L1-mediated effects (18); such differen-
tial activity would not be possible with orthosteric an-
tagonism of HIV-1 entry. Such probe-selectivity opens

www.acschemicalbiology.org



Orthosteric interaction

Allosteric interaction

F\r‘,-CHzCH=CH2

Preemptive effects

Permissive effects

Figure 3. Two fundamentally different ways in which molecules can interact with receptors. In orthosteric systems, there is never a protein species
with both molecules residing simultaneously, thus the only effects can be from one or the other drug. In an allosteric permissive system, there are
proteins with both drugs binding simultaneously, and thus one drug can modify the effects of the other. Allosteric systems are considerably more

versatile in controlling physiological response.

the possibility of producing “function-sparing” receptor
blockers that block the pathogenic but not normal
physiologic function of receptors (18). Finally, allosteric
modulators can have separable effects of agonist affin-
ity and efficacy. For example, the allosteric CCR5 HIV-1
entry inhibitor aplaviroc minimally affects the binding of
radioactive 12°I-CCL5 to the receptor but completely ne-
gates CCL5 efficacy in producing calcium response (19).
Allosterically mediated changes in receptor confor-
mation can lead to texture in receptor antagonism, and
this can have favorable therapeutic consequences. In
cases of tolerance to HIV-1 entry inhibition (where the vi-
rus may mutate to utilize the allosterically altered recep-
tor for viral entry), therapy with a different allosteric
modulator may overcome the viral resistance by induc-
ing a new conformation (19). In cases where partial sen-
sitivity of a biological receptor target is required, allo-
steric modulators have the capability of reducing but not

www.acschemicalbiology.org

eliminating agonist response. The separate effect on
agonist affinity and efficacy allows for the possibility of
autoadjustment of antagonist potency in response to
the level of physiological tone. For example, the potency
of the NMDA receptor allosteric antagonist ifenprodil ac-
tually increases with increased NMDA agonism be-
cause ifenprodil increases the affinity but decreases
the efficacy of NMDA on the receptor (20). Finally, be-
cause allosteric modulators bind to auxiliary sites on the
receptor protein removed from the agonist binding site,
the potential for receptor subtype selectivity is greater
than for orthosteric antagonists, which bind to the con-
served natural agonist binding site (21).

The Pharmacokinetic-Pharmacodynamic Interface:
Impact of Kinetics. A major dissimulation in drug dis-
covery is caused by the fact that drug activity is quanti-
fied in test systems in vitro under equilibrium conditions
and then used therapeutically under transient kinetic
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Box 2. Predicting agonism: the power of prescience through operational analysis.

a b
Erroneous prediction with
Data in test system no efficacy estimate
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Log[agonist]

Panel a shows the relative responses to two muscarinic receptor agonists, carbachol and oxotremorine; it can be seen that oxotremo-
rine has twice the potency of carbachol in this test system, namely, guinea pig ileum. A naive prediction of the relative effects of
these agonists in a less sensitive system is shown to the right of this panel. According to this prediction, in another tissue that is
300 times less sensitive and where the potency of carbachol (as quantified by the concentration producing 50% maximal response,
ECs0) is 10 M, it might be supposed that oxotremorine would follow suit with a 300-fold decrease in potency and have a potency
of 3 wM. The true pattern of responses is shown in panel ¢, where it can be seen that the dose—response curve to carbachol is in-
deed shifted 300-fold to the right but the curve to oxotremorine disappears completely.

The apparently unexpected pattern is in fact predicted completely through quantification of the relative efficacies and affinities of
these agonists with the operational model. Specifically, it was found that oxotremorine has a 100-fold greater affinity but 1/40 of the
efficacy of carbachol. Under these circumstances, the loss of response to an agonist that gains its primary potency through high af-
finity (vs high efficacy) is expected, and the absence of agonism can be predicted in all low sensitivity systems. The quantification
of the relative affinities and efficacies of oxotremorine and carbachol in the test system with the operational model enables predic-
tion of the relative effects of both agonists in all systems.

nonequilibrium conditions (22). Thus while in vitro drug  the body either through hepatic clearance or direct re-
assays are conducted in assay wells where the concen-  nal excretion. An example of the kinetic profiles of drug
tration at the drug target is known, in vivo the therapeu-  concentration in vitro and in vivo is shown in Figure 4.
tic target responds to a moving stream of drug, thatis, ~ Therefore, it is important to gauge some measure of

as the drug is absorbed it immediately begins to leave  the way drugs will perform under these transient condi-
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Figure 4. Time course for drug concentration in a closed system (i.e., filling a well in an assay plate for an in vitro assay)
and an open system (in vivo) likened to filling a cup with fluid that has a hole in it. In vivo, the drug is eliminated by he-
patic or renal clearance immediately upon entry into the bloodstream (central compartment).

tions; this is done through quantifying the rate of disso-
ciation of the drug from the receptor. The rate at which
a drug washes off the target is the determinant of thera-
peutic utility and can compensate for problems in phar-
macokinetics. For example, if a receptor antagonist has
a very slow rate of receptor dissociation, then a rapid
clearance may not necessarily preclude therapeutic use
because a short exposure to the drug may load the re-
ceptors, and occupancy will last beyond pharmacoki-
netic presence in the central compartment. The target
coverage produced by a fast and slow offset drug is con-
trasted in Box 3.

The characterization of antagonist value through
measurement of potency in closed systems falls short
of adequately describing antagonist behavior because
it will not predict what will happen in an open in vivo sys-
tem. For example, the equilibrium dissociation con-
stant (denoted Kg) of an antagonist is the ratio of the
rate of dissociation from the receptor (k) divided by the
rate of association to the receptor, k;: Kz = ky/ki. There-
fore, one antagonist (designated antagonist A) may
have a Kz = 50 nM from k,/k; = 0.005 s™* M/10° s~!
while another antagonist (antagonist B) may be equipo-
tent with Kz = 50 nM from k,/k; = 0.03 s M/6 X
10° s~ 1. Both are equiactive in the in vitro equilibrium
assay, but the rate of dissociation of antagonist B is 6
times faster than that of antagonist A. Therefore, in an
open system, antagonist A will provide a much better
target coverage because it will wash off of the receptor
much more slowly than antagonist B. Since offset kinet-
ics cannot be estimated in standard equilibrium po-

www.acschemicalbiology.org

tency measurements; an additional but simple assay is
required. However, the potential gains from such an ex-
ercise are considerable because adequate target expo-
sure to a slow offset rate drug can, to a certain extent,
cancel rapid clearance and poor pharmacokinetics and
yield a superior therapeutic profile. Specifically, a slowly
dissociating antagonist may bind the target during a
short pharmacokinetic exposure to provide target cover-
age long after washout of drug out of the target compart-
ment. An added bonus is the fact that the rate of onset
of effect also can be estimated because it is the quotient
of the rate of dissociation divided by the potency (equi-
librium dissociation constant). Therefore, an experiment
to quantify the rate of dissociation can yield estimates
of the rate of onset and duration of effect.

Single and Multivariate SARs. The most simple SAR
relates chemical structure to a single number that quanti-
fies biologic activity, that is, plCs, for enzyme or receptor
inhibition where plCs, is the negative logarithm of the mo-
lar concentration producing 50% effect. A useful proce-
dure to accomplish this is to obtain multiple independent
replicates of test compound potency, calculate a stan-
dard deviation, and then use that estimate of accuracy
to calculate statistical confidence limits. For example, a
mean plCs, value of 8.2 with standard deviation of 0.22
forn = 5 replicates yields 95% confidence limits of 7.6 -
8.8; this means that the true value will likely be between
those values 95% of the time. Confidence limits are much
better estimates of error and accuracy because they incor-
porate the number of estimates used in the calculation.
Under these circumstances, if a discovery program de-
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Box 3. Kinetic target coverage.
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The affinity of a molecule for a protein is the ratio of the rate of offset (k) af-
ter binding divided by the rate of onset leading to binding. Two antago-
nists can be equiactive in terms of equilibrium potency but still have very
different abilities to stay bound to the target in open systems where the
compartment is continually emptied due to washing with drug-free me-
dium (as encountered in vivo).

Panel a shows the rate of offset of protein occupancy (py for equiactive an-
tagonists (fast offset in red and slow offset in blue) at concentrations
that occupy 50% of the receptors (pe) given by the relationship p; = pe

e X The integral of this relationship over time (shaded areas in panel a)
is a measure of how long the target is occupied by the molecule. This in-
tegral is shown in panel b, where it can be seen that, though the molecules
are equally potent, the blue antagonist does a much better job of occupy-
ing receptors in an open in vivo system.

cides that it can accept a 5% chance of being incorrect
about a given estimate, then meaningful improvements
in compound structure can be gauged by those com-

pounds that exceed the previous compound’s 95% con-

fidence limit. Therefore, in the previous example, we
could be 95% certain that a compound with a mean
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sample plCs, of 8.85 would be a significantly more po-
tent compound than the previous one and that the struc-
tural changes made were correct for optimizing activity.
Figure 5 shows SARs for inhibitors of the B-form of the
estrogen receptor (23); it can be seen that the changes
in chemical structure shown produce increases in plCs
values that exceed the 95% confidence limits of the pre-
vious compound.

A single variate (one plCs, value to follow) SAR is rela-
tively simple but rarely adequate. As discussed at the
beginning of this Perspective, at least two other impor-
tant SARs are involved in the making of a successful
drug, namely, the SAR for optimized pharmacokinetics
(absorption, distribution, metabolism, and excretion)
and optimized safety. When other SARs are involved (re-
ferred to as a multivariate SAR), then complications
may arise in that changes in chemical structure that op-
timize one activity may diminish another. Figure 5,
panel b, shows a collateral and equally sought after ac-
tivity for the inhibitors of the B-form of the estrogen re-
ceptor, namely, selectivity over the a-form of the recep-
tor. Progress in producing selectivity can be assessed
with a slightly modified statistical procedure for exceed-
ing 95% confidence for selectivity ratios (23). It can be
seen from Figure 5, panel b, that changes in structure
that optimize primary (3-form potency) activity do not
necessarily optimize selectivity (ratio of - to a-activity).

Conclusions. The main premise of this Perspective is
that a minimal amount of data obtained from in vitro as-
says early on in drug discovery programs can be used
to characterize biological activity in molecular terms to
the extent that effects can be predicted in all systems.
Thus, for an antagonist the measurement of a pKz char-
acterizes its potency, determination of orthosteric vs allo-
steric mode of action determines what types of interac-
tion with the endogenous agonist it will have, and the
measurement of rate of dissociation (k») will estimate
persistence in target coverage. In addition, testing in a
range of assays that detect direct biological response
will predict whether a direct effect will be seen in vivo.
With respect to agonists, comparison of agonist dose—
response curves with standard agonists can quantify
relative affinity and efficacy of the test agonist (with the
operational model) to the point where the magnitude of
response may be predicted in the therapeutic system
(if the effects of a comparison standard agonist are
known in the therapeutic system). In addition, determi-
nation of allosteric vs orthosteric binding can predict the

www.acschemicalbiology.org
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Figure 5. Single and multivariate structure-activity relationships. Antagonists of 3-estradiol receptors. a) Single variate SAR.
plCs, values (negative logarithm of the molar concentration producing 50% inhibition of binding) of five compounds. Each
compound has a potency that exceeds the 95% confidence limits of the potency of the previous compound in the series,
thereby indicating statistically significant improvement in potency. Shaded bars show 95% confidence limits. b) Multivariate
SAR. B-Estradiol antagonist potency (blue line; as for panel a) in ascending order, as well as the concomitant selectivity of
the compounds for the 3- over the «-form (red line). The symbols in red represent the ratio of ICs, values for potency on
[B-estrogen receptor vs a-estrogen receptor. Thus, a value of log selectivity of 2.11 (compound 7) means that the molecule is
10%!* = 128 times more potent as an inhibitor of the 3-form of the estrogen receptor than the a-form. Although the SAR for
primary activity is uniform (for the order chosen), the selectivity does not necessarily follow suit. Data from ref 23.

interaction the agonist will have with the endogenous
physiological tone in the in vivo system. The aim of such
studies is to take the characterization of biological activ-
ity out of the realm of using system-dependent behav-
iors in test assays of varying sensitivity and into the
realm of chemical descriptors of drug activity.

www.acschemicalbiology.org

Additional Comments. This topic is fully discussed
in the American Chemical Society short course “Phar-
macokinetics and Pharmacodynamics: Principles and
Applications in Pre-Clinical Drug Development” and
the ACS web course “A Pharmacology Primer for
Chemists”.
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