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Abstract
The need for drugs with fewer side effects cannot be over-
emphasized. Today, most drugs modify the actions of en-
zymes, receptors, transporters and other molecules by di-
rectly binding to their active (orthosteric) sites. However,
orthosteric site configuration is similar in several proteins
performing related functions and this leads to a lower spec-
ificity of a drug for the desired protein. Consequently, such
drugs may have adverse side effects. A new basis of drug
discovery is emerging based on the binding of the drug mol-
ecules to sites away (allosteric) from the orthosteric sites. It
is possible to find allosteric sites which are unique and hence
more specific as targets for drug discovery. Of many avail-
able examples, two are highlighted here. The first is calox-
ins —a new class of highly specific inhibitors of plasma mem-
brane Ca?* pumps. The second concerns the modulation of
receptors for the neurotransmitter acetylcholine, which
binds to 12 types of receptors. Exploitation of allosteric sites
has led to the discovery of drugs which can selectively mod-
ulate the activation of only 1 (M1 muscarinic) out of the 12
different types of acetylcholine receptors. These drugs are
being tested for schizophrenia treatment. It is anticipated
that the drug discovery exploiting allosteric sites will lead to
more effective therapeutic agents with fewer side effects.
Copyright © 2013 S. Karger AG, Basel

Introduction

History of Drug Discovery

The discovery of drugs for therapies of human dis-
eases likely initiated in various ancient civilizations of
India, China and the Middle East [1]. However, one can
only conjecture as to how these drugs were discovered.
More recently, systematic rational drug design has
evolved based on advances in organic chemistry and on
the understanding of various aspects of physiology and
biochemistry [2]. Advances in the biological sciences led
to the concept that all the drugs, including those discov-
ered in ancient times, act on defined biological sites. For
example, the foxglove plant used for treating the failing
heart contains the active ingredient digoxin, which in-
creases the cardiac tone by inhibiting the enzyme Na*-
K*-adenosine triphosphate (ATP)ase [3]. The antibiotic
penicillin acts on enzymes to prevent the cell wall forma-
tion in bacteria [4]. In essence, rational drug design is
based on the idea that if a specific pharmacological target
can be identified for a given disease, a chemical that can
bind to this site would form the basis of the development
of a new therapeutic drug [5-7]. This concept has been
advanced due to innovations in biochemical and bio-
physical techniques, i.e. X-ray crystallography and imag-
ing techniques such as magnetic resonance imaging for
identifying specific targets, separation sciences to frac-
tionate chemical libraries and technical advances in
high-throughput screening. Advances in bioinformatics
have also aided in revolutionizing the drug discovery
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process [8, 9]. Drug action at the desired site is impor-
tant, but an ideal drug should also have a minimum of
undesired side effects. One reason for side effects is the
interaction with receptors other than the one the drug is
targeted for in the treatment of a disease. It is, therefore,
paramount that the drug binds predominantly only to its
desired site of action.

Basis of Drug Specificity and Selectivity

In the body, the specificity of substances for their sites
of action is attained either by extremely high affinities of
the substances at these sites, such as for hormones which
bind humorally to specific receptors or spatiotemporally
as for neurotransmitters [10]. A neurotransmitter is re-
leased in a narrow space where the site of action is located
within a few nanometers of the release site, limiting the
dilution effect due to diffusion over a wider space. The
substance is then removed from the site within millisec-
onds of the release, thereby preventing its action on un-
intended targets. However, taking full advantage of this
sophisticated spatiotemporal compartmentalization is
not feasible for drug therapy today, although a certain de-
gree of selectivity can be obtained by advances in drug
delivery methods. Therefore, a considerable focus in drug
discovery today is on the specificity of a drug for its site
of action along with the control of drug distribution in the
body. This review focuses on drug specificity.

Allosteric versus Orthosteric Sites

Advances in the studies of protein structure have led
to a detailed understanding of the nature of the active sites
where substrates bind enzymes or agonists bind receptors
[5-7,11, 12]. A large number of drugs are designed based
on the inhibitors that prevent the binding of a ligand to
its active site. One main advantage is that a very high af-
finity and, often, a very high specificity for that site can be
attained. However, therapy using such drugs still results
in adverse side effects because many enzymes with related
functions may have very similar active sites. For example,
the transitional state analog of ATP can bind tightly to the
orthosteric site of any enzyme that hydrolyzes ATP [13].
Vanadate is then specific in the sense that it inhibits
ATPases and not other enzymes, but nonspecific as it can-
not distinguish between the different types of ATPases
which exist in the body. Similarly, any other drug de-
signed based on its ability to interfere with the binding of
aligand to the ATP binding site will have the same disad-
vantage of being nonselective. Hence, this method of us-
ing orthosteric sites can lead to drugs with side effects that
may often be harmful.
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Fig. 1. A schematic representation of allosterism. The orthosteric
sites are the sites for binding of the substrates or competitive in-
hibitors of enzymes and agonists or competitive antagonists of re-
ceptors. Allosteric sites are away from these sites but their binding
to the protein can change its conformation. Binding of positive
allosteric modulators leads to either an increase in the affinity of
the substrates/agonists or it speeds up the subsequent actions.
Negative allosteric modulators act as inhibitors by either altering
the affinities at the orthosteric sites or by preventing changes in the
protein conformation needed for the subsequent steps.

In 1965, Changeux [14] introduced the concept of al-
losterism. According to this concept, the activity of a tar-
get protein can be modulated by ligands that bind to al-
losteric sites — sites which are located away from the or-
thosteric sites (fig. 1). The binding of a drug to an
allosteric site can alter the macromolecular conforma-
tion, thereby either enhancing (positive modulation) or
slowing (negative modulation) the reactions carried out
at the orthosteric site. This concept was originally intro-
duced to explain the regulatory properties of the bacte-
rial protein aspartate transcarbamylase by a regulatory
protein subunit. Today, numerous examples of mole-
cules that can cause modulation by binding to the alloste-
ric sites in their target proteins are available [7]. How-
ever, not all modulatory allosteric sites are equally useful
as targets for a specific drug design. For example, the reg-
ulatory protein calmodulin acts by binding to allosteric
sites of proteins, but this binding cannot be considered to
be highly specific for a drug design because the sites for
calmodulin binding are present in several different pro-
teins [15]. Therefore, one has to search for allosteric sites
which are unique to the protein of interest and the prop-
erties of the protein are altered when aligand binds to this
site. Thus, there are two challenges to be met. The first is
the determination of allosteric sites in the protein of in-
terest. Fortunately, protein sequence data available today
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can aid in this challenge. The second is finding the mol-
ecules that can bind to these sites and change the protein
function. Identification of such molecules can be attained
by various screening methods, each of which has its own
advantages and disadvantages. Here, we describe screen-
ing phage display peptide libraries and high-throughput
screening using chemical compound libraries. Typically,
high-throughput screening can be carried out for a target
protein which is abundant, can be purified or is overex-
pressed in cells. Screening of phage display peptide li-
braries can be modified to find ligands for proteins of
lower abundance which are also difficult to overexpress
in cells. Although several alternatives are available, ex-
amples of only these two will be discussed in the subse-
quent sections.

Allosteric Inhibitors of Plasma Membrane Ca%*
Pumps

Plasma Membrane Ca** Pumps

Maintenance of low cytosolic Ca®* concentration dur-
ing the resting state is pivotal to the survival of mamma-
lian cells. Although other pathways play a role during sig-
nal transduction cycles, there are two types of Ca** pumps,
which use the energy of ATP hydrolysis to transport Ca**
ions against an electrochemical gradient [16-18]. One
type of Ca** pump is located in the internal cellular or-
ganelle sarco/endoplasmic reticulum (SERCA) and trans-
ports cytosolic Ca?* into its lumen. The other type is lo-
cated in the plasma membrane (PMCA) and expels Ca*
from the cells into the exoplasm. SERCA pumps are
abundant in the skeletal and cardiac muscles and their
structure has been examined by X-ray crystallography
[19]. They play a major role in lowering cytosolic Ca**
immediately at the end of the cell excitation state. In con-
trast, PMCA have higher affinity for Ca?* and can main-
tain low cytosolic Ca** levels even in the resting state.
PMCA are low-abundance proteins, and unlike SERCA,
their overexpression at high levels has been problematic.
Asaresult, the crystal structure of the PMCA proteins has
not been established. Only a hypothetical structure of
PMCA computed from the homology with the structure
of SERCA is available. Based on this structure, the protein
has 10 transmembrane domains, the N- and C-terminals
of the protein are cytoplasmic and there are 5 extracellu-
lar domains.

PMCA function is important in maintaining cellular
Ca* homeostasis. Defects in PMCA are associated with
heart failure, hypertension and other disorders, and
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hence PMCA may be potential therapeutic targets in
the management of these diseases [16]. PMCA are en-
coded by 4 genes (PMCA1-4), which are differently ex-
pressed in various tissues with PMCA1 and PMCA4 be-
ing most ubiquitous [20]. The unique expression pat-
tern of the 4 PMCA genes may reflect their roles in
tissue-specific physiology. In pig coronary arteries, an
increase in cytosolic Ca?" concentration in smooth
muscle cells leads to vasoconstriction, whereas a similar
increase in endothelial cells leads to vasodilation. Thus,
an inhibition of PMCA4 in smooth muscle cells is an-
ticipated to cause coronary vasoconstriction, while a
similar inhibition in endothelial cells is likely to lead to
vasodilation. The two tissues also differ in the PMCA
gene expression: smooth muscle cells express more
PMCA4 than PMCA1 while endothelial cells have more
PMCA1 than PMCA4 [21, 22]. The above example il-
lustrates the uniqueness in the functions of the PMCA
isoforms in the physiology of different tissues. In order
to understand the role of these isoforms in the coronary
artery physiology, we have invented allosteric inhibi-
tors which are selective for the isoforms PMCA1 and
PMCAA4.

Extracellular Domains as Potential Allosteric Sites

At the time we started the work to develop selective
inhibitors of PMCA, vanadate and eosin were the two
commonly used inhibitors to study PMCA physiology
(10, 21, 23-29]. Both compounds are orthosteric inhibi-
tors of the ATP binding site found in PMCA proteins.
These sites are similar for all ATPases and hence both
vanadate and eosin inhibit all ATPases that had been test-
ed. Thus, these inhibitors were not selective for PMCA.

PMCA and SERCA, like other ion pumps, shuttle be-
tween two different conformational states during their
reaction cycle - E1 and E2 (fig. 2a). Several allosteric in-
hibitors of SERCA which interfere with the E1-E2 transi-
tion have been discovered. For example, thapsigargin,
which has a very high affinity for SERCA, is an allosteric
inhibitor. It binds tightly to the E2 form of the pump in
the cavity surrounded by the transmembrane domains
3, 5and 7 and prevents it from reverting to the E1 form.
Thus, the reaction cycle of SERCA cannot be completed.
In order to invent selective allosteric inhibitors of PMCA,
we decided to use the extracellular domains of the pro-
tein as targets. Based on the protein sequence, PMCA
have 5 short extracellular domains, while the bulk of the
protein is on the cytosolic side of the membrane [16, 20,
30]. The cytosolic side contains the sites for ATP bind-
ing, high-affinity Ca®* binding and various other regula-
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tory sites. Thus, the extracellular domains are allosteric
in that they are far away from the orthosteric sites, which
lie in the cytosolic side of the protein. We decided to ex-
plore the use of the extracellular domains as the targets
for obtaining selective inhibitors of PMCA. This concept
is now supported by the differences observed in the con-
formations of the extracellular domains in the hypothet-
ical structures of the E1 and E2 states of PMCA (fig. 2b).
Although any of the extracellular domains can be ex-
ploited since their sequences are unique to PMCA, we
decided to use extracellular domain 1 as the target for the
allosteric inhibitors. The amino acid sequences of the
extracellular domain 1 in the PMCA isoforms 1-4 and
the most abundant ion transporting ATPase, Na*-K"-
ATPase, are compared in figure 2c. Ouabain, an alloste-
ric inhibitor of Nat-K*"-ATPase, also interferes with its
E1-E2 transition. First, it is noted that there are no simi-
larities between the sequence of the Na*-K*-ATPase and
those of any of the PMCA isoforms. Furthermore, the
sequences of the extracellular domain 1 also differ be-
tween individual PMCA isoforms. Of particular interest
are the sequences of PMCA1 and PMCA4 which differ
significantly from each other and hence can be exploited
as potential targets to obtain isoform-selective inhibitors
for PMCA1 and PMCA4. An additional advantage of us-
ing the extracellular domains as targets would be that the
created inhibitors would not need to cross the plasma
membranes for use in the subsequent physiological ex-
periments.

Phage Display for Screening Peptides That Bind

Extracellular Domains

In phage display screening, exogenous (poly)peptides
are expressed and presented by phage particles to bind to
the specified target molecules [31]. Completely random
or biased peptide libraries of different lengths (typically 7
or 12 residues) are used for the display. Phage that bind
the target are selected. By analyzing the gene sequences in
specific regions of the phage genome, one can determine
the sequences of the peptides which bound to the target.
Phage display has evolved as a powerful technology for
drug discovery and for identifying and engineering poly-
peptides with novel functions. The technology and its ap-
plications have been described recently in detail [31-33].

Phage display peptide libraries were screened using the
extracellular domains of PMCA as target. This method
allowed for the use of the target in two forms: first as syn-
thetic peptides based on the amino acid sequences of the
extracellular domains and in the second step as part of the
native PMCA protein in the membrane. This was impor-
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Extracellular domain 1 sequences
Na*-K*-ATPase AILCFLAYGIQAAMEEEPQND

Plasma membrane Ca?*-pumps

PMCA1 SLGLSFYQPPEGDNALCGEVSVGEE EGEGETG

PMCA2 SLGLSFYHPPGEGNEGCATAQGGAEDEGEAEA

PMCA3 SLGLSFYAPPEGEESEAGENSVGEA DGEGATA
¢ PMCA4 SLVLSFYRPAGEENELCGQVATTPEDENEAQA

Fig. 2. Extracellular domains of PMCA as potential allosteric
sites. a Reaction cycle of PMCA. PMCA can exist in 2 conforma-
tional states: E1 and E2. Transition between these states is man-
datory for its ability to pump Ca?" out of the cells. b E1 and E2
differ in their structures. The orthosteric sites for binding to
ATP, high-affinity Ca?*, release of ADP and inorganic phosphate
and for modulation by calmodulin and protein kinases are all on
the cytosolic side [figure taken with permission from ref. 31]. E1-
E2 transition results in a change in the conformations of the ex-
tracellular domains which are circled. ¢ Extracellular domain 1
sequences of PMCA1 to PMCAA4 differ from those of any other
ATPases — the sequence of the extracellular domain 1 of Na*-K*-
ATPase is shown for comparison and it has no similarities with
the corresponding sequences of PMCA1-PMCA4. Even the se-
quences of PMCA1-PMCAA4 differ from each other.
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Fig. 3. Inhibition of PMCA1-PMCA4 by the PMCA4-specific cal-
oxin 1c2 [based on data from ref. 24].

tant particularly because PMCAs are low abundant pro-
teins which are difficult to overexpress in a cell line. De-
tails of this protocol and its merits have recently been dis-
cussed [34].

Examples of PMCA-Specific Inhibitors

Phage display methods were modified as needed to ob-
tain the selective inhibitors of PMCA based on extracel-
lular domains 1, 2 and 3 [10, 21, 23-29]. This class of in-
hibitors was termed caloxins. Of particular interest are the
caloxins 1c2 and 1b3, which used the N-terminal half of
extracellular domain 1 of PMCA4 and PMCAL as targets,
respectively. Caloxin 1c2 is a PMCAA4-selective inhibitor
with its affinity for PMCA4 being approximately 10x
higher than for PMCA1, 20x higher than for PMCA2 and
30x higher than for PMCA3 (fig. 3) [24]. The affinity of
caloxin 1b3 is only marginally greater (3x) for PMCAL1
than that of PMCA4. However, when added to cultured
cells, it increased cytosolic Ca?* concentration in the en-
dothelial cells [26]. It is significant that neither caloxin 1¢2
nor 1b3 inhibits any other ATPases which were tested.

Thus, phage display led to the identification of extra-
cellular domain 1 as an allosteric target to obtain the
PMCA isoform-selective peptide inhibitors. Further
screening of this target for nonpeptide inhibitors remains
to be conducted. It is anticipated that further screening
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combined with appropriate drug targeting technology
will aid in obtaining a new class of drugs for hypertension
and other diseases.

Allosteric Modulation of M1 Muscarinic Receptors

Cholinergic Receptors

Cholinergic receptors bind to the neurotransmitter
acetylcholine. They are broadly classified as nicotinic
and muscarinic. There are 7 subtypes of nicotinic and
5 subtypes of muscarinic receptors [35]. The agonist for
all the cholinergic receptors is the neurotransmitter ace-
tylcholine. The selectivity of action of acetylcholine in
the body is attained as follows [10]: acetylcholine is re-
leased from the presynaptic nerves into a cleft and it acts
on postsynaptic receptors which lie within a few nano-
meters of the release site. It is then quickly degraded by
acetylcholine esterase so that it does not diffuse to other
sites. The sequence of events is so rapid that it allows a
hummingbird to flap its wings up to a thousand times
per second. However, the technology available today
does not permit the use of any drugs with this high de-
gree of spatiotemporal selectivity. Due to this type of
limitation, any drugs designed to bind the orthosteric
site for the acetylcholine binding cannot be very specitic
since this site is highly conserved among all the nico-
tinic and the muscarinic receptors. Allosteric sites, how-
ever, may be more diverse in the individual cholinergic
receptor types.

Schizophrenia and M1 Receptors

Schizophrenia is a mental disorder whose symptoms
are the breakdown of rational thought processes or the
presence of very poor emotional responses. The symp-
toms are termed positive or negative (deficit) [36-41].
Positive symptoms are those which are observed in
schizophrenia patients but not in normal persons. These
include delusions, disordered thought and speech, and
tactile, auditory, visual, olfactory and gustatory halluci-
nations, and are typically regarded as manifestations of
psychosis. In contrast, the negative symptoms are those
which are absent in the patients but present in normal
persons. An example would be the normal emotional re-
sponses or other thought processes. The exact cause of
schizophrenia is not known. However, there is a large
body of evidence to suggest that dopamine plays a sig-
nificant role and the disease may well be associated with
dopamine fluxes. Some of the drugs used in the treat-
ment are olanzapine, clozapine and risperidone, which
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are highly nonselective antagonists for y-aminobutyric
acid, 5HT2, dopamine and adrenergic receptors [39-
41]. These drugs do not work completely and also have
severe adverse effects. Behavior therapies are also not as
useful.

In the treatment of schizophrenia, it may be benefi-
cial to use choline esterase inhibitors together with an-
tipsychotics such as olanzapine, risperidone or clozap-
ine [36-38]. This use of choline esterase inhibitors led to
the idea that cholinergic receptors may play a role in this
disease. The activation of M1 muscarinic receptors po-
tentiates N-methyl-D-aspartate activation-induced cur-
rents. Since schizophrenia may reflect a decrease in the
N-methyl-D-aspartate function, the M1 receptors may
rectify some of the symptoms associated with schizo-
phrenia via a correction of this deficit [42-43]. Piren-
zipine binding is decreased in the cortical tissue of at
least some schizophrenia patients [36]. Pirenzipine
binds M1 muscarinic receptors although not very selec-
tively. Various neurological studies conducted on
schizophrenia patients also suggest that M1 and possibly
M4 muscarinic receptors may be involved in this dis-
ease. Xanomeline, an agonist somewhat selective for
M1/M4 receptors, also has good antipsychotic activity.
Moreover, transgenic mice lacking the M1 receptors are
more prone to schizophrenia [44]. This knowledge
formed the impetus for invention of selective modula-
tors of M1 muscarinic receptors.

Allosteric Sites as Basis for M1 Muscarinic Selective

Modulators

The mechanism of action of the muscarinic receptors
involves acetylcholine binding to the receptor molecules
followed by coupling via binding to Gi or Gq proteins
which in turn leads to subsequent metabolic or ion con-
ductance changes [35]. A schematic representation of the
receptor structure with a color scheme based on the se-
quence similarities between the 5 subtypes of muscarinic
receptors is shown in figure 4. The maximum sequence
similarity is in the orthosteric site for acetylcholine bind-
ing and the minimum similarities are in the allosteric ex-
tracellular domains of the receptors [45]. Ligands that
bind to these extracellular domains and can modulate the
receptor function would be the ideal choice for selective
modulators.

Screening Strategy for Positive Allosteric Modulators

of M1 Muscarinic Receptors

All the muscarinic receptor subtypes can be overex-
pressed in cultured cell lines and their activation results
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Fig. 4. Subtype sequence conservation in the muscarinic receptor
subtypes. The sequences for the orthosteric site for acetylcholine
binding are highly conserved. There are very few sequences which
are clearly different between M1 and M5 and these can be used as
potential allosteric targets. TM = Transmembrane domain [taken
with permission from ref. 45].

in an increase in cytosolic Ca®* concentration [39, 46—
49]. For high-throughput screening, the increase in the
cytosolic Ca®* concentration can be monitored with flu-
orescent probes in cells cultured in multiwell plates.
However, if an added substance alone increases this sig-
nal, it is likely that it acts as an agonist due to its binding
at the orthosteric site. Therefore, the strategy used in this
case was to select a substance that produced no effects on
its own but increased the affinity for acetylcholine. A se-
ries of synthetic chemical libraries were first screened in
the presence of a submaximal concentration of acetyl-
choline. Next, the compounds that produced a response
were tested in the complete absence of acetylcholine and
those that produced a response were rejected. The cho-
sen compounds were then selected based on their selec-
tivity for M1 receptors over the other receptor subtypes.
This protocol was then repeated using more refined
chemical libraries based on the selected compounds in
order to obtain the optimum positive allosteric modula-
tor molecules.
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Example of a Positive Allosteric Modulator of M1

Muscarinic Receptors

Using the strategy described above, a positive alloste-
ric modulator (benzylquinolone carboxylic acid, BQCA)
has been identified and characterized [48]. The effects of
different concentrations of BQCA on the affinity of ace-
tylcholine for M1 receptors are shown in figure 5. Ace-
tylcholine alone stimulated Ca** mobilization via the M1
receptors with an ECsy value of 2.42 + 0.34 nM. In the
presence of 3 uM BQCA, the ECs, value for acetylcho-
line decreased to 0.12 + 0.03 nM, representing a 21x in-
crease in the affinity of acetylcholine for the M1 recep-
tors. The same concentration of BQCA (3 uM) did not
alter the ECs, values of acetylcholine for M2, M3, M4 or
M5 receptors and this established the specificity of this
agent for the M1 subtype. BQCA did not produce any
effects on the M1 receptors in the absence of acetylcho-
line. Whereas the muscarinic antagonist atropine inhib-
ited the binding of the M1 receptor orthosite antagonist
L-N-methyl-scopolamine methyl chloride, BQCA had
no effect. These properties established BQCA as a posi-
tive allosteric modulator of the M1 receptor with no
direct effect on the orthosteric site. The effects of BQCA
have now been examined in different animal models
of schizophrenia [39]. In mice, BQCA reversed the
amphetamine-induced hyperlocomotion. It also affect-
ed memory, hallucination-like responses and cerebral
blood flow in anesthetized rats. A different allosteric site
has also been exploited in M1 muscarinic receptors to
produce positive allosteric modulators [46, 47, 50].

Other Examples of Drug Discovery Based on
Allosterism

Although only two examples are discussed above, al-
losteric modulators have been invented for a number of
receptors, enzymes and regulatory proteins. For example,
anumber of negative allosteric modulators of the metabo-
tropic GLUTR receptors, such as fenobam, raseglurant,
dipraglurant, mavoglurant, RG7090, STX107, AZD9272,
AZD2066 and AZD2516 [51]. These agents are under
phase I'and II clinical trials for pain, anxiety, gastroesoph-
ageal reflux disease, Parkinson’s disease, levodopa-in-
duced dyskinesia or fragile X syndrome. Allosteric modu-
lators of the following 7 transmembrane-spanning recep-
tors have also been developed: adenosine (Al, A2, A3),
adrenergic (al, a2a, a2b, $2), cannabinoid (CB1), chemo-
kines (several types), dopamine (D1, D2), endothelin (A),
muscarinic (all subtypes), neurokinin, opioid (p and 9),
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Fig. 5. The allosteric modulator increases the affinity of M1 recep-
tors for acetylcholine (ACh) by 21x. Although only one concentra-
tion of BQCA is shown here, the determined ECs, value of BQCA
for the M1 receptors was 267 + 31 nM [the figure is based on data
from ref. 48].

serotonin (several subtypes), y-amino butyric acid (B),
glutamate (several subtypes) and corticotropin-releasing
factor [11, 52-54]. Allosteric targets of regulatory pro-
teins such as calmodulin have also been designed based
on changes in their conformation. These may be useful
in the control of virulence of bacteria such as Bacillus
anthracis [37].

Allosteric sites have also been exploited to develop
modulators of enzymes to control various diseases. Some
of the examples are the HCV NS5B polymerase inhibitors
to control chronic infection with hepatitis C virus [3, 55]
and the HIV-1 reverse transcriptase inhibitors for the
treatment of AIDS [12]. Recently, proteasomes have been
implicated in several diseases and hence used as targets
for rational drug design. An example is Velcade, which
has now been approved to treat multiple myeloma and
other types of cancers [7]. Activation of human liver py-
ruvate kinase, in an effort to create a glycolytic/gluconeo-
genic futile cycle, is one potential mechanism to counter-
act hyperglycemia. Allosteric activators of this enzyme
are being developed in various laboratories [56]. Protein
kinases play regulatory roles for various pathways and
hence allosteric regulators of these enzymes may be useful
in understanding the signal transduction pathways and
the disorders associated with their defects. The list of pro-
tein kinases for which allosteric modulators have been
discovered includes PDK1, mitogen-activated protein ki-
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nase, Rap R kinases and p21-activated kinase [57-62].
The above list is by no means complete and is also ex-
panding rapidly.

Allosterism and Future of Drug Design

A large number of drugs with fewer side effects are be-
ing developed using allosteric targets. Only two types of
screening strategies were discussed above — phage display
and high-throughput screening. It is foreseen that com-
plex computations can be conducted about pockets with-
in the macromolecules for which such modulators can be
designed [58, 60, 63]. This would depend on the availabil-

ity of information on X-ray structures of molecules and
on the molecular motions involved upon a ligand binding
to them. Such studies would further aid the rational de-
sign of allosteric modulators. Thus, advances in drug de-
sign using allosteric modulators have taken place in the
last 2 decades and are likely to become more impressive
in the near future. Novel drug delivery methods may aid
in the spatial selectivity of the drugs even further, thereby
increasing the chances of obtaining more effective drugs
with fewer side effects [64, 65]. However, no matter how
specific such drugs are, they cannot match the spatiotem-
poral basis of specificity that occurs naturally in our body.
Yet every advance is helpful and adds to the hope for
more effective drugs with fewer adverse effects.
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