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Foreword

In the scheme of science, pharmacology is a
relatively new scientific discipline branching
off, in the last century, from the older more
established science of physiology. The term can
have a range of meanings from the study of
drug action to the design of new drugs. These
nuances in terminology are associated with the
way pharmacology is presented and taught. To
a medical student, pharmacology may mean
the properties of therapeutic drugs and the
study of how they are used in therapy (ie.,
therapeutics). To a researcher it may mean the
study of drug mechanism of action. To a scien-
tist working in drug discovery, it may mean the
application of medicinal chemistry to modify
physiology for therapeutic benefit.

This text is designed to introduce all stu-
dents who may need to interpret a change in

physiology induced by a chemical substance.
Physiological systems customize chemical sig-
nal input to their own needs; thus the same
drug can have different effects in different
physiological systems. Pharmacology is unique
in that it furnishes the tools to analyze these dif-
ferent behaviors and trace them to their root
cause, i.e., the molecular mechanism of action.
This enables predictions of drug behavior to be
made in all systems, an invaluable tool for drug
discovery since almost all drugs are developed
in test systems far removed from the therapeu-
tic one. This text should enable the reader to
interpret drug dose—response data and make
mechanistic inferences at the molecular level.

Terry Kenakin Ph.D.
Research Triangle Park, 2011
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By the end of this chapter the reader should
be able to understand how drug response is
quantified by the use of dose—response curves,
the way in which different tissues process
drug stimulus to provide tissue response and
what qualifies a drug to be classified either as
an agonist or antagonist.

PHARMACOLOGY AND CELLULAR
DRUG RESPONSE

Pharmacology (from the Greek poppakov,
pharmakon, “drug” and -hoxlo, -logia, the
study of) concerns drug action on physiological
systems (physiology from the Greek oL,
physis, “nature, origin” and -\ovla, -logia is
the study of the mechanical, physical and bio-
chemical functions of living organisms). With

Pharmacology in Drug Discovery. DOL: 10.1016/B978-0-12-384856-7.00001-X

regard to the application of pharmacology to
the discovery of drugs for therapeutic benefit,
the main focus of pharmacological theories,
procedures and mechanisms relates to the
chemical control of physiological processes.
Insofar as the understanding of these physio-
logical processes benefits the pharmacologic
pursuit of drugs, pharmacology and physiol-
ogy are intimately related. However, it will
also be seen that complete understanding of
the physiologic processes involved is not a pre-
requisite to the effective use of pharmacology
in the drug discovery process. In fact, often an
operational approach is utilized whereby the
complexity of the physiology is represented by
simple surrogate mathematical functions.

A unique feature of pharmacology is that
the effect of the drug is often observed indi-
rectly, that is, while the drug affects a select

© 2012 Elsevier Inc. All rights reserved.



2 1. PHARMACOLOGY: THE CHEMICAL CONTROL OF PHYSIOLOGY

biochemical process in the cell, the outcome to
an observer is an overall change in the state of
the whole organism, and this is often the result
of multiple interacting cellular processes. A
major aim of pharmacology is to define the
molecular events in initiating drug effects,
since these define the action of drugs in all sys-
tems. If quantified correctly, this information
can be used to predict drug effect at the phar-
macological target in all systems including
therapeutic one(s). At this point, it is useful to
define what is meant by pharmacological
target.

NEW TERMINOLOGY

The following new terms will be introduced
in this chapter:

* Affinity: The propensity of a drug molecule
to associate closely with a drug target.

* Agonists: Drugs that produce an observable
change in the state of a physiological
system.

* Antagonists: Drugs that may not produce a
direct effect, but do interfere with the
production of cellular response to an
agonist.

* Dose—response curve: The relationship
between doses (if the drug is used in vivo)
or concentrations (if used in vitro) of a drug
and pharmacologic effect.

* Drug target: The protein (or in some cases
DNA, mRNA) to which a drug binds to
elicit whatever pharmacologic effect it will
produce. These proteins can be seven
transmembrane (or one transmembrane)
receptors, enzymes, nuclear receptors, ion
channels or transport proteins.

® EC;: Concentration of agonist producing
half the maximal response to the same
agonist; usually expressed for calculation
and statistical manipulation as the pECsg,

negative logarithm of the molar
concentration producing 50% response.

* Efficacy: The change in state of the drug
target upon binding of a drug.

* Efficiency of target coupling: The
relationship between the net quanta of
activation given to a cell and the number of
drug targets available for activation.

* Full agonists: Agonists that produce the full
maximal response that the system can
produce.

* Null method: The comparison of equiactive
concentrations (or doses) of drug to cancel
the cell-based processing of drug response.
The assumption is that equal responses to a
given agonist are processed in an identical
manner by the cell.

» Partial agonists: Agonists that produce a
maximal response that is of lower
magnitude than the maximal response that
the system can produce to maximal
stimulation.

* pECsy: The negative logarithm of ECsg
values. For arithmetic and/or statistical
manipulation, numbers must be normally
distributed. This is true only of pECsps, not
of ECsps; thus all averages, estimates or
error and statistical procedures must use
pEC50.

* Potency: The concentration (usually molar)
of drug needed to produce a defined
response or effect.

* Target density: The concentration of drug
targets at the site of activation, i.e., on the
cell surface for receptors.

PHARMACOLOGICAL TARGETS

The term “pharmacological target” refers to
the biochemical entity to which the drug first
binds in the body to elicit its effect. There are a
number of such entities targeted by drug mole-
cules. In general, they can be proteins such as

PHARMACOLOGY IN DRUG DISCOVERY



PHARMACOLOGICAL TARGETS 3

receptors, enzymes, transporters, ion channels,
or genetic material such as DNA. The prereqg-
uisite for pharmacologic targets is that they
have the ability to discern differences in elec-
tronic structure minute enough to be present
in small drug-like molecules; in this regard the
most predominant targets for drugs are pro-
tein in nature. Proteins have the tertiary three-
dimensional structure necessary for detailed
definition of the electronic forces involved in
small molecule binding. Signals are initiated
through complementary binding of drug mole-
cules to protein conformations that have a
physiological purpose in the cell. The act of
these molecules binding to the protein will
change it, and with that change a pharmaco-
logic effect will occur.

At this point, it is worth considering the
beginning and end processes. The first process
is the drug binding to the target. The result(s)
of this process are totally dependent on the
affinity and efficacy of the drug. These are
drug parameters unique to its chemical struc-
ture. In pharmacologic terms, this is the most
important effect, since it occurs in each and
every tissue and organ possessing the target.
Therefore, characterization of this event
enables a general quantification of drug-target
activity to be made in the test system, which
will also be true for all systems including
the therapeutic one. Therefore, the charact-
erization of affinity and efficacy become the
primary aim of pharmacologic analysis.
However, it can be seen that the various (and
variable) biochemical reactions linking the tar-
get to cellular response intervene, thereby
causing a tissue-dependent abstraction of the
link between affinity and efficacy, and observed
cellular potency. The magnitude of this
abstraction depends upon the number of
responding target units and the efficiency of
target coupling.

The major protein target classes are mem-
brane receptors, enzymes, ion channels and
transporter proteins. Of these, the most

prominent drug targets are receptors. While
there are a number of types of receptor, one of
the most important from the standpoint of
therapeutic drug targets is seven transmem-
brane receptors (7TMRs). These are so-called
because they span the cell membrane seven
times to form complex recognition domains
both outside and inside the cell. These proteins
are capable of recognizing chemicals such as
hormones and neurotransmitters present in the
extracellular space, and transmit signals from
these to the cell interior. Due to the fact that
these are on the cell surface and thus exposed
to the extracellular space, these entities were
the subject of experiments that originally
defined the receptor concept (see Box 1.1 for
history).

Historically, while the actual physical
nature of receptors was unknown, it was real-
ized that a distinct entity on the cell surface
allows cells to recognize drugs and read the
chemical information encoded in them. Early
concepts of receptors likened them to locks
with drugs as keys (i.e., as stated by the biolo-
gist Paul Ehrlich: “... substances can only be
anchored at any particular part of the organism if
they fit into the molecule of the recipient complex
like a piece of mosaic finds its place in a
pattern...”). The main value of receptors is that
they put order into the previously disordered
world of physiology. For example, it has been
observed that the hormone epinephrine pro-
duces a wealth of dissimilar physiological
responses such as bronchiole muscle relax-
ation, cardiac muscle positive inotropy, chron-
otropy and lusitropy, melatonin synthesis,
pancreatic, lacrimal and salivary gland secre-
tion, decreased stomach motility, urinary blad-
der muscle relaxation, skeletal muscle tremor
and vascular relaxation. The understanding of
how such a vast array of biological responses
could be mediated by a single hormone is dif-
ficult until it is realized that these processes
are all mediated by the interaction of epineph-
rine with a single receptor protein, in this case

PHARMACOLOGY IN DRUG DISCOVERY



4 1. PHARMACOLOGY: THE CHEMICAL CONTROL OF PHYSIOLOGY

BOX 1.1

Numerous physiologists and pharmacolo-
gists contributed to the concept of “receptor” as
minimal recognition units for chemicals in cells.
Paul Ehrlich (1854—1915) studied dyes and bac-
teria and determined that there are “chemore-
ceptors” (he proposed a collection of
“amboreceptors,” “triceptors” and “polycep-
tors”) on parasites, cancer cells and microorgan-
isms that could be exploited therapeutically.

THE EVOLUTION OF THE RECEPTOR CONCEPT IN
PHARMACOLOGY

John Newport Langley (1852—1926), as
Chair of the Physiology Department in
Cambridge, studied the drugs jaborandi (con-
taining the alkaloid pilocarpine) and atropine.
He concluded that receptors were “switches”
that received and generated signals and that
these switches could be activated or blocked by
specific molecules.

A. J. Clark (1885—1941), who could be con-
sidered the father of modern receptor pharma-
cology, was one of the first to suggest from
studies of acetylcholine and atropine that a
unimolecular interaction occurs between a drug
and a “substance on the cell.” As stated by
Clark: “... it is impossible to explain the remarkable
effects observed except by assuming that drugs unite
with receptors of a highly specific pattern...”

the B-adrenoceptor. Thus, when this receptor is
present on the surface of any given cell it will
respond to epinephrine, and the nature of that
response will be determined by the encoding
of the receptor excitation produced by epi-
nephrine to the cytosolic biochemical cascades
controlling cellular function. In a conceptual
sense, the term “receptor” can refer to any

single biological entity that responds to drugs
(i.e., enzymes, ion channels, transport proteins,
DNA and structures in the nucleus). This
information is transmitted through changes in
protein shape (conformation) i.e., the drug
does not enter the cell nor does the receptor
change the nature of the drug (as an enzyme
would).

PHARMACOLOGY IN DRUG DISCOVERY



DOSE—RESPONSE CURVES 5

Pharmacologic targets can be used to mod-
ify physiological processes. Specifically, chemi-
cals can be used to cause activation, blockade
or modulation of protein receptors and ion
channel targets. For enzymes and transporter
proteins the main drug effect is inhibition of
ongoing basal activity of these targets
(Chapter 6 discusses these targets in detail).
Another difference between these target clas-
ses is location; while receptors, ion channels
and transporter proteins are usually found on
the cell surface (exposed to the extracellular
space), enzymes are most often found in the
cytosol of the cell (drugs must enter the cell to
act on enzymes). Exceptions to this general
rule are nuclear receptors which reside in the
cell nucleus. Finally, it should be recognized
that there are other drug targets present in the
cell, such as DNA, and that chemicals can
have physical effects (i.e., membrane stabiliza-
tion) that can change cellular function.

Pharmacologic effects on cells can include a
wide variety of outcomes, from changes in the
mechanical function of cells (i.e., cardiac con-
tractility, contraction of bronchiole smooth
muscle), biochemical metabolic effects (levels
of second messengers such as calcium ion or
cyclic AMP) and modulation of basal activity
(level of catalytic degradation of cyclic AMP
by enzymes such as phosphodiesterase, rate of
uptake of neuroamines such as norepinephrine
and serotonin).

It is worth considering the process of target
choice in the drug discovery process.
Specifically, effective prosecution of any drug
target requires a minimal effort in resources
and time (perhaps 1 to 2 years per target), thus
it can be seen how an incorrect choice of target
could lead to a serious dissimulation in the
drug discovery process. While there are con-
siderations in target choice, such as target trac-
tability (how difficult it is to produce a
molecule to alter the behavior of the target),
one of the most important factors is a strong
association with the disease that is being

treated. It has been estimated that there are
approximately 600 to 1500 possible drug tar-
gets that may be valid to pursue for therapy.
These are made up of genes that are known to
be associated with diseases and that also code
for protein that may be modified through
binding to a small molecule.[1] No discovery
program could pursue a number of genes close
to the number available, making target valida-
tion a very important step in the process.
Table 1.1 shows some of the factors involved
in the process of target validation, with partic-
ular reference to the problem of HIV-1 viral
entry to cause Acquired Immune Deficiency
Syndrome (AIDS). As a preface to the discus-
sion of cellular drug effect, it is useful to con-
sider the major pharmacological tool used to
quantify it, namely, the dose—response curve.

DOSE—RESPONSE CURVES

A characteristic feature of drugs acting on a
specific target in a physiological system is that
there will be a graded increase in response
with an increase in drug concentration (dose).
If drug effect can be observed directly, then
the magnitude of effect can be displayed as a
function of drug concentration in the form of a
dose—response curve. For example, epineph-
rine is known to cause increased heart rate in
humans; Fig. 1.1 shows how increasing doses
of epinephrine produce increases in heart rate.
The curve-defining dose and resulting obser-
ved response can be used as shorthand to
characterize the effect of the drug in the sys-
tem. This relationship can then be used to pre-
dict what any dose of the drug will do in the
system, in the form of an empirically derived
line joining the observed data points.
Figure 1.2 shows the increased heart rate as a
function of epinephrine concentration. The
lines joining the data points infer that there is
a continuous relationship between epinephrine
dose and heart rate. Such an empirical

PHARMACOLOGY IN DRUG DISCOVERY



6 1. PHARMACOLOGY: THE CHEMICAL CONTROL OF PHYSIOLOGY

TABLE 1.1 Factors Relevant to Target Validation with Reference to AIDS

Factor CCRS5 in AIDS Reference
® Target is linked to sensitivity to * CCRS5 receptors must be present on cell surface for HIV-1 (23]
disease infection
» Cell level of target alters sensitivity * Down-regulation of CCR5 leads to resistance to HIV-1 infection [4]
and course of disease
* Genetically high levels of CCR5 lead to rapid progression to 5]
AIDS
¢ Interference with target will not lead ® CCR5 knockout mouse’ lacks the receptor but is otherwise (6]
to harm healthy
¢ Ligands for target interfere with * CCR5 interaction with chemokines interfere with HIV-1 [7-11]
disease infection
» Patients with high circulating levels of chemokine have retarded [12,13]
progression to AIDS
[14-18]

® Specific genetic association

* A32 deletion in CCR5 gene leads to lack of receptor expression
and complete resistance to AIDS

1Genetically altered mouse that does not naturally express the CCR5 receptor.

A

Dose 4

T
0 200 400 600 800 1,000 1,200
Time (sec)

FIGURE 1.1 Dose—response curve for epinephrine given to a human at increasing doses. The heart rate is obtained
from non-invasive EKG leads. It can be seen that there is a relationship between heart rate and increasing dose of

epinephrine.

PHARMACOLOGY IN DRUG DISCOVERY



