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INTRODUCTION

Protein-protein interactions (PPIs) are essential compo-
nents of virtually all cellular processes. The binding of two
or more proteins in a cell can have a wide array of effects,
including modulating or initiating signal transduction,
regulating patterns of gene transcription, providing cytos-
keletal stability, and promoting cellular replication or death.
Because the cellular network of PPIs is vast and essential, in
theory it should contain many potential sites at which a
drug may be targeted. In the past several years, there has
been much effort placed upon identifying specific inhibitors
of PPIs. Currently, there are a number of clinically relevant
therapies that target PPI interfaces. Most currently used PPI
inhibitors (PPIIs) in the clinic are based upon humanized
monoclonal antibodies. Although this class of therapeutics
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Protein—protein interactions are a crucial element in cellular function. The wealth of information currently available on
intracellular-signaling pathways has led many to appreciate the untapped pool of potential drug targets that reside
downstream of the commonly targeted receptors. Over the last two decades, there has been significant interest in developing
therapeutics and chemical probes that inhibit specific protein—protein interactions. Although it has been a challenge to
develop small molecules that are capable of occluding the large, often relatively featureless protein—protein interaction
interface, there are increasing numbers of examples of small molecules that function in this manner with reasonable potency.
This article will highlight the current progress in the development of small molecule protein—protein interaction inhibitors that
have applications in the treatment or study of central nervous system function and disease. In particular, we will focus upon
recent work towards developing small molecule inhibitors of amyloid- and «-synuclein aggregation, inhibitors of critical
components of G-protein-signaling pathways, and PDZ domain inhibitors.

Neuropsychopharmacology Reviews (2009) 34, 126-141; doi: 10.1038/npp.2008.15|; published online |7 September 2008

Keywords: protein—protein interaction; RGS; small molecule; PDZ; amyloid-f8; a-synuclein

possesses some very desirable drug properties (eg high
specificity, low toxicity) it also has several drawbacks that
make the approach less applicable to the widespread
development of PPIIs (eg lack of cell/blood-brain barrier
permeability, poor oral bioavailability, high cost of manu-
facture). This review will highlight recent work that has
identified small molecule inhibitors of PPIs, with a focus on
those compounds that have the potential to affect neural
functioning. The central nervous system (CNS), in parti-
cular, is ripe for targeting of PPIs as the highly organized
nature of CNS signal transduction relies heavily on
localization and compartmentalization of signaling func-
tions. Blocking the PPIs underlying this compartmentaliza-
tion (eg PDZ domain targets) could provide more subtle
tissue-specific therapeutic actions than does blocking the
signal pathway itself. Furthermore, highly specific neural
transcriptional patterns of regulatory molecules (eg RGS
proteins) provide great opportunities for cell-type selective
modulation of signaling. This burgeoning field is only
starting to be developed and entails a large number of
unexplored potential drug targets of which we discuss some
of the best-developed examples.
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INHIBITING PROTEIN-PROTEIN
INTERACTIONS OUTSIDE OF THE CNS

Directly targeting PPIs with small molecules has only
recently become a feasible approach to drug development.
Over the past several years significant progress has been
made in the development of small, drug-like molecules that
are capable of inhibiting the interaction between two
proteins. However, this progress has not come easily—PPI
interfaces have proven to be particularly difficult drug
targets and have been deemed intractable in many instances
(Hajduk and Burns, 2002; Whitty and Kumaravel, 2006).
The difficulties encountered in targeting a PPI are
substantial and it takes a great deal of work to develop
useful lead compounds. The most obvious obstacle is the
sheer size and geometry of the standard protein interaction
interface. These regions are often relatively featureless
expanses of protein surface that cover 750-1500 A> (Arkin
and Wells, 2004) and are devoid of traditional ‘pockets’ into
which a small molecule can dock in an energetically
favorable manner. While developing a cell-permeant,
bioavailable small molecule that is capable of occluding
such a large interaction surface was deemed intractable by
many, recent advances in the field have shown that this
conclusion was premature. Numerous families of small
molecule protein-protein inhibitors have been developed
for a number of targets, the majority of which are directed
towards potential application for cancer therapy. For
example, much progress has been made in the development
of inhibitors of the p53/MDM2 interaction, the Bak/Bcl
interaction, or the Myc/Max interaction (Arkin and Well,
2004; Pagliaro et al, 2004). Although the development of
these inhibitors is of great academic and clinical interest,
they are beyond the scope of this chapter and as such
will not be discussed further. Several good reviews have
been published on small molecule PPIIs that function as
cancer therapeutics (Arkin and Wells, 2004; Fotouhi and
Graves, 2005; Laurie et al, 2007; Pagliaro et al, 2004; Sarek
and Ojala, 2007), so we will focus here on CNS-related
targets.

A major breakthrough in the development of small
molecule PPIIs was the discovery of ‘hot spots’ on protein
interaction surfaces (Figure 1). These small regions of the
interaction interface, often identified by alanine scanning
(Bogan and Thorn, 1998; Wells, 1991), are responsible for a
disproportionate contribution to the binding energy of the
two proteins. An extensive database of single alanine
mutations has shown that these hot spots are often enriched
in aromatic and positively charged residues (Bogan and
Thorn, 1998). The discovery that many PPIs are primarily
governed by a relatively small section of the dimer interface
has given renewed life to the idea that large, relatively flat
protein interaction interfaces could bind small molecules in
such a way that occludes protein dimerization. By identify-
ing and targeting these sites, a small molecule has a much
greater chance of binding to and directly occluding a PPIL
To this end, at least two independent web servers have been
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Figure 1. Predicted ‘hot spots’ on the regulator of G-protein signaling 4
(RGS4)/Gayy protein—protein interaction interface. The highlighted resi-
dues on both surfaces are predicted by the KFC Server to be
energetically important for the protein—protein interaction (Darnell et al,
2008). Structure from PDB ID 1AGR (Tesmer et al, 1997).

developed that analyze PPIs or predict interaction ‘hot spots’
(Darnell et al, 2008; Shulman-Peleg et al, 2008). One of these
servers, the knowledge-based fade and contacts (KFC)
server, has been developed to predict protein interaction
‘hot spots’ based upon the three-dimensional structure of
the PPI (Figure 1). This prediction software functions
primarily upon a structure of the PPI complex, but is also
capable of incorporating information from Robetta’s
alanine scanning (Kortemme et al, 2004), ConSurf sequence
conservation (Glaser et al, 2003; Landau et al, 2005), the
alanine scanning energetics database (Thorn and Bogan,
2001), or the binding interface database (Fischer et al, 2003)
to aid in the prediction. Although clearly still just a
prediction requiring experimental confirmation, algorithms
such as these may provide a rapid mechanism to determine
if a particular PPI contains a well-defined ‘hot spot’ that
may be amenable to small molecule targeting.

RATIONALE FOR TARGETING PROTEIN-
PROTEIN INTERACTIONS IN THE CNS

The importance of PPIs in proper cellular function is
particularly striking in the nervous system. In the CNS, a
host of PPIs is required for virtually all cellular processes,
including neurite outgrowth, synaptic formation and
modulation, neurotransmission, signal transduction, and
the induction of apoptosis (Collins and Grant, 2007;
Morrison et al, 2002; Planas et al, 2006; Redies, 1997).
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Indeed, the highly specialized structures and discrete
localization of signaling molecules in the synapse are
dependent on a large network of PPIs. Targeting specific
PPIs in the CNS may provide novel mechanisms to
modulate neural function downstream of receptor activa-
tion or to disrupt localization signals that contribute to the
efficiency or specificity of signaling. Furthermore, by
targeting these processes, it may be possible to more subtly
and specifically tune neural functioning than can be
achieved by administering a receptor agonist/antagonist.
Most receptor-targeted drugs do not have the ability to
selectively act upon receptors in a particular region of the
body. For example, u-opioid receptor (MOP) agonists (eg
morphine, codeine) commonly cause constipation due to
their effects on MOP receptors in the intestine. The benefit
of targeting localization signals or downstream members of
the pathway is that, in many instances, those factors are
tissue specific. By using this approach, it may be possible to
provide a measure of tissue specificity in the intrinsic
mechanism of a drug. This benefit could be particularly
important in the development of centrally acting drugs, as
many broadly acting drugs in the CNS tend to have serious
side effects limiting their use (Brunton et al, 2006).
Theoretically, this selectivity could be achieved at various
points in the signaling cascade, as there are often several
steps in a signal transduction pathway that are dependent
on PPIs. Another mechanism that targeting PPIs affords is
the potential ability to localize two important signaling
molecules with a bifunctional molecule that facilitates the
interaction (Gestwicki and Marinec, 2007). Such a molecule
is comprised of two protein-binding moieties joined by a
short linker region and functions to localize the two
potential binding partners by noncovalently tethering them
together. Although these bifunctional molecules are more of
a PPI facilitator (or agonist) than an inhibitor, they may
also provide a mechanism to specifically modulate neural
signaling. Overall, targeting a downstream-signaling mod-
ulator is likely to provide an increase in tissue specificity of
the therapeutic effect and may also provide a mechanism to
subtly modulate neural firing downstream of natural
neurotransmission.

INHIBITING PROTEIN AGGREGATION IN THE
CNS

Amyloid-f$ Aggregation

Alzheimer’s disease (AD), Parkinson’s disease (PD), and
other ‘plaqueopathies’ are becoming increasingly prevalent
in our society and there is growing interest in the
mechanism, prevention, and treatment of these protein
aggregation diseases. Therapies for these diseases, typified
by accumulation of aggregated protein plaques, have largely
dealt solely with the symptoms of the disease (ie
dyskinesias, decline of cognitive abilities). Although these
treatments can offer some benefit, they offer no real chance
of disease reversal nor can they halt its progression. There
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has been great interest, however, in understanding the
biochemistry and pathophysiology of the plaque develop-
ment and in discovering methods to inhibit or reverse
plaque formation. Emphasis recently has shifted to finding
compounds that inhibit the development of the small
oligomeric species that both lead to the macroscopic
plaques and are believed to be the pathogenic factor in
these diseases (Aisen, 2005). Several of these methods rely
upon directly inhibiting the aggregation of the protein,
whereas a subset are focused upon modulating the
expression levels of the plaque-forming protein or
the chaperones that assist it into its native conformation.
We will focus on the former.

Identifying compounds that selectively disrupt protein
aggregates or that prevent plaque formation by inhibiting
protein aggregation could be a viable approach to the
treatment of protein aggregation diseases. As such, there
has been a push for the discovery and development of
compounds that selectively inhibit protein aggregation.
Compounds have been identified that inhibit the aggrega-
tion of a variety of proteins including, huntingtin (Heiser
et al, 2002, 2000), amyloid-f (Aisen, 2005; Aisen et al, 2007;
Cavalli et al, 2007, 2008; Gestwicki et al, 2004), and amyloid-
7 (Necula et al, 2005). Particular attention has been paid to
the proteins that form the basis of plaque formation in AD,
namely amyloid-f and 7. It has long been known that a
variety of dyes bind to and can destabilize or inhibit plaque
formation (for an extensive list, see Necula et al, 2007).
Histopathological evaluation of brains from AD patients has
shown at least two distinct types of plaques form during this
disease. In the brain of an AD patient, aggregates of
amyloid-f form in the extracellular matrix and neurofil-
brillary tangles of aggregated t-protein form intracellularly.
Both of these aggregates are correlated with AD, but it has
yet to be conclusively shown that these plaques cause the
observed neurodegeneration and are not merely coincident
with it or even a result of it. In fact, significant plaque
development has been observed in a population of
cognitively normal 70-year olds (Dickson and Rogers,
1992). A current hypothesis states that it is not the mature
plaques that are the triggering factor for neurodegeration,
but rather the protofibrils—small oligermeric complexes of
the protein—that are the basis of (or are at least correlated
with) disease progression (Lansbury and Lashuel, 2006).
Owing to the lack of in vivo imaging methods for visualizing
protofibril formations, this hypothesis has yet to be tested
in living human patients. This suggests that by inhibiting
the development of protofibrils it might be possible to slow
the disease progression. Indeed, several drugs that inhibit
amyloid-f fibril formation by distinct mechanisms are
currently in or have been tested in clinical trials (Aisen,
2005; Aisen et al, 2007; Wright, 2006). One of these drugs,
Alzhemed (Figure 2a, tramiprosate) is a PPII that functions
by sequestering monomeric amyloid-f protein (Aisen, 2005;
Aisen et al, 2007; Wright, 2006). This drug passed through
phase II clinical trials, but failed in phase III clinical trials
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Examples of amyloid-f aggregation inhibitors. (a) Alzhemed (tramiprosate, homotaurine) (Aisen et al, 2007). (b) Memoquin, a multifactorial

compound for the treatment of Alzheimer’s disease (Bolognesi et al, 2005; Melchiorre et al, 1998; Piazzi et al, 2003; Rosini et al, 2005). (c) SLF-CR, a
bifunctional molecule that recruits the FKBP family of chaperones to aggregating amyloid- (Gestwicki et al, 2004).

(Hébert, 2007). Although tramiprosate ultimately failed in
the clinical trials, it provides a proof of concept that small
molecule inhibitors of amyloid-f protofibril formation are
capable of reaching late stage development and may still be
a viable approach to AD treatment.

Another recent development in amyloid-f aggregation
inhibitors was the development of the multifunctional
compound memoquin (Figure 2b) (Bolognesi et al, 2005;
Melchiorre et al, 1998; Piazzi et al, 2003; Rosini et al, 2005).
This compound was rationally designed by incorporating a
radical scavenging moiety (the benzoquinone fragment of
coenzyme Q10) into a series of cholinesterase inhibitor
derivatives (Cavalli et al, 2007). Along with possessing
antioxidant activity, coenzyme Q10 and other benzoqui-
nones have been shown to directly inhibit amyloid-f
aggregation (Bragin et al, 2005; Ono et al, 2005). It was
therefore expected that this compound would be a multi-
factorial therapy for the treatment of AD, acting as an AchE
inhibitor, a free-radical scavenger, and an inhibitor of
amyloid-f aggregation. Indeed, it was found that memoquin
is a potent AchE inhibitor (2.6nM K;) and is capable of
inhibiting both the AchE-induced and intrinsic aggregation
of amyloid-f (Cavalli et al, 2007, 2008). This compound is
orally bioavailable, crosses the blood-brain barrier, and
rescues the amyloid plaque accumulation in TG2576 APP
mice. It was also shown to prevent AD-like neurodegenera-
tion in the anti-NGF transgenic mice (ADI11), another
model of AD (Capsoni and Cattaneo, 2006; Capsoni et al,
2000; Cavalli et al, 2007). As of June 2008, there was no
clinical data readily available on the efficacy of the
compound in human subjects.

Although the previous small molecule inhibitors dis-
cussed have directly inhibited amyloid-f aggregation, a
different approach was taken by Gestwicki et al (2004).

They developed a bifunctional molecule that recruits the
FK506 binding protein (FKBP) family of chaperones to a
developing amyloid-f aggregate (Figure 2c). This series of
molecules was created by using various linkers to join
Congo red—a dye known to bind to amyloid-f—and SLF,
a synthetic ligand for FKBPs. By recruiting the chaperone,
the molecule dramatically increases its steric bulk and
is capable of inhibiting the aggregation of amyloid-f.
The recruitment of FKBP by this molecule is essential
for its activity, suggesting that this particular scaffold does
not disrupt the amyloid-f interaction energy as much as
some of the previously mentioned compounds. Tethering
large molecules together with selective bifunctional
small molecules may be an important and powerful
mechanism to modulate PPIs in the CNS, as many of
the current small molecule inhibitors are bulky and may
not have good permeability across the blood-brain
barrier. Furthermore, this approach allows for the develop-
ment of not just PPIIs, but also for the development
of PPI facilitators. There are instances where it would
clearly be desirable to promote PPIs in a cell rather than
inhibit them and through this general schema it may be
possible to selectively colocalize different molecules in a
single cell by varying one component of the bifunctional
molecule.

Although the pathophysiological mechanism behind the
development of AD has yet to be fully understood, it seems
reasonable to hypothesize that amyloid-f protofibril
formation is important in the progression of the disease.
Several small molecules have been developed that inhibit
the oligomerization of amyloid-f either in vitro or in vivo.
Although inhibiting amyloid-f aggregation may provide
therapeutic benefit on its own, the development of multi-
factorial agents such as memoquin has the potential to be
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much more efficacious in terms of treating the underlying
disease.

a-Synuclein Aggregation

PD is the second most common neurodegenerative disorder
in most Western countries (Elbaz and Tranchant, 2007;
Weintraub et al, 2008). This disease is characterized by the
loss of dopaminergic neurons in several brain regions,
including the substantia nigra pars compacta and other
regions important for higher order functioning (Lee and
Trojanowski, 2006). Histopathological evaluation of the
post-mortem brains of Parkinson’s patients has revealed
the presence of large intraneuronal aggregates termed ‘Lewy
bodies.” These aggregates are primarily composed of a 140
amino-acid protein, o-synuclein, although they are generally
not as homogenous as amyloid-f plaques (Lee and
Trojanowski, 2006). It has been shown that overexpression
of a-synuclein in several model organisms causes the
development of Parkinsonian-like symptoms (Bilen and
Bonini, 2005; Feany, 2004; Giasson et al, 2004). Further study
of a-synuclein has shown that the protein contains a highly
amyloidogenic domain that, when misfolded, oligomerizes
and forms a series of self-associating f-pleated sheets that
spontaneously form Lewy bodies (Duda et al, 2000; Norris
et al, 2004). Like amyloid-f oligomers in AD, it is believed
that it is the a-synuclein oligomers and not the fully formed
Lewy bodies that are the pathological factor in PD. The
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Figure 3. Examples of small molecule a-synuclein aggregation inhibitors.
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current hypothesis states that «-synuclein oligomers are
capable of forming membrane pores that disrupt organelle
function, leading to cell dysfunction and death (Lee and
Trojanowski, 2006).

Several inhibitors of a-synuclein aggregation have been
identified (Conway et al, 2001; Norris et al, 2005; Rochet
et al, 2004; Savitt et al, 2006; Skovronsky et al, 2006)
(Figure 3). An intriguing finding is that catecholamines are
capable of inhibiting «-synuclein aggregation (Conway et al,
2001; Norris et al, 2005). This has also been shown in a
mouse model of o-synuclein aggregation, where Lewy
bodies were dissolved in brain slices by the addition of 1-
dopa (Li et al, 2004a). It is known that the oxidation state of
the catecholamine was important for the activity, whereby
the several oxidation products of dopamine are more potent
at inhibiting o-synuclein aggregation than the parent
neurotransmitter (Li et al, 2004a) (Figure 3). The link, if
any, between dopaminergic neuron loss and the ability of
catecholamines to inhibit a-synuclein aggregation has yet to
be fully understood, but remains an intriguing concept in
the pathophysiology of PD.

A series of peptide inhibitors of «-synuclein aggregation
were identified by developing a library of overlapping
heptapeptides that span the a-synuclein sequence. The
active peptides were centered around residues 69-72 of
a-synuclein, suggesting that this region of the molecule was
important for self-association (Bodles et al, 2004; El-Agnaf
et al, 2004). It appears that short peptide fragments of
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a) One member of the series of catechols known to inhibit «-synuclein
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aggregation (Conway et al, 2001). (b) A noncatechol inhibitor from the same serles (Conway et al, 2001). (c) Baicalein, a natural product from the Chinese
skullcap (Scutellaraia baicalensis) (Johnston and Brotchie, 2006). (d) The presumed active oxidation product of baicalein that inhibits «-synuclein
aggregation (Johnston and Brotchie, 2006). () Dopamine, a known inhibitor of a-synuclein aggregation (Conway et al, 2001; Li et al, 2004), and
(f) dopaminochrome, one of the oxidation products of dopamine that has anti-aggregation properties (Li et al, 2004).

Neuropsychopharmacology REVIEWS



REVIEW

a-syncuclein also occur naturally, as the serine protease
neurosin degrades w«-synuclein into fragments that are
capable of inhibiting «-synuclein polymerization (Iwata
et al, 2003). Current work is focused upon developing
peptidomimetics and identifying small molecule inhibitors
of a-synuclein using both high-throughput screening (HTS)
and rational design from the information obtained in the
peptide library study (Amer et al, 2006).

Other small molecule inhibitors of a-synuclein have been
identified. Rifampicin and several of its derivatives can
inhibit both «-synuclein (Li et al, 2004b) and amyloid-f
(Tomiyama et al, 1994, 1996) aggregation in a concentra-
tion-dependent manner with reasonable potency (<10 uM
ICsp). A conclusive mechanism of rifampicin action has not
been fully elucidated, but it has been suggested that it could
act by binding directly to the developing plaque (Tomiyama
et al, 1994) and/or by acting as a free radical scavenger
(Tomiyama et al, 1996). Panacea Pharmaceuticals had also
developed a pair of a-synuclein inhibitors, PAN-408 and
PAN-527, that had progressed to preclinical trials, however,
there have been no recent reports of compounds with these
names (Johnston and Brotchie, 2004, 2006).

Polyphenolic compounds, like flavenoids or Congo red,
have been proposed to be a-synuclein aggregation inhibi-
tors (Porat et al, 2006). Many of these compounds are
derived from natural sources and have low micromolar
ICso values for protein aggregation inhibition. Baicalein
(Figure 3), a flavinoid isolated from the Chinese Skullcap
plant (Scutellaraia baicalensis), has been shown to directly
bind to a single site on a-synuclein with submicromolar
affinity and inhibit oligomerization (Zhu et al, 2004). It is
likely that a quinone oxidation product of this compound is
responsible for the observed inhibitory activity (Figure 3)
(Zhu et al, 2004). Interestingly, this compound has been
shown to inhibit a-synuclein aggregate nucleation but not
affect fibril elongation, suggesting that the molecule may be
acting by stabilizing the monomeric a-synuclein, but not by
dissolving aggregates themselves (Zhu et al, 2004). This
mechanism could be beneficial, as plaque disruption
could generate free protofibrils and lead to increased
cellular damage. Circular dichroism confirmed that binding
of baicalein stabilized the semifolded state of x-synuclein
(Zhu et al, 2004). Unfortunately, it was also found that
baicalein is capable of stabilizing an oligomeric species of
a-synuclein as well as monomer (Zhu et al, 2004). It is not
known whether the oligomeric species stabilized by
baicalein has neurodegenerative properties, however this
finding does not bode well for the family of polyphenoic
compounds as inhibitors of «-synuclein function. It is
unfortunately possible that these molecules could stabilize
the formation of the protofibrils that, as the current
hypothesis states, are the pathogenic factor in protein
aggregation diseases.

Protein aggregation diseases are a major cause of
morbidity in the elderly population of First World
countries. Although there are a number of therapeutics
currently in use to treat the symptoms of these diseases

CNS therapeutic agents
LL Blazer and RR Neubig

(Brunton et al, 2006; Johnston and Brotchie, 2004, 2006; Zhu
et al, 2004), there are very few if any actual treatments that
stop or reverse disease progression. If the hypothesis that
protein oligomers are the primary pathogenic factor in
these diseases is correct, then small molecules that prevent
or reverse protein oligomerization may provide a mechan-
ism to target the actual cause of the disease. There has been
substantial work put forth to develop inhibitors of protein
oligomerization and significant progress has been made.
There is, however, much more work that needs to be
performed in this field before a clinically useful agent will be
available for general use.

MODULATING SIGNAL TRANSDUCTION
THROUGH INHIBITING PROTEIN PROTEIN
INTERACTIONS

Signal transduction cascades are required for nearly all
biological functions. The importance of these systems is
further illustrated by the fact that a large proportion of all
clinically used therapeutics modulate signaling (Brunton
et al, 2006). The most common method to modulate
information processing through a signal transduction
pathway is to alter activity of the most upstream molecule
in the system: the receptor. These receptors come in many
forms including G-protein-coupled receptors, intracellular
steroid/glucocorticoid receptors, and tyrosine kinase-linked
receptors. Currently ~ 30 to 50% of all clinically used drugs
target GPCRs and a substantial portion of the remaining
drugs target other receptor systems (Brunton et al, 2006).
Although many of these drugs are effective therapeutics,
targeting regulation systems or molecules further down-
stream in the signaling pathway may provide advantages
not readily available when solely modulating receptor
activity.

Targeting downstream-signaling molecules in a signal
transduction pathway requires overcoming several signifi-
cant hurdles in drug development, including cell perme-
ability of the compound, achieving pathway specificity, and
avoiding unwanted or unexpected side effects. There are
currently several examples of clinically used drugs or drug
candidates that target downstream-signaling molecules in a
pathway. The majority of these are kinase inhibitors,
exemplified by Gleevec, that inhibit an enzymatic step in a
signal transduction cascade (Traxler et al, 2001). As
compared to a standard PPI, these enzymes are much more
amenable to small molecule targeting due to their posses-
sion of a well-defined active site binding pocket. Further-
more, they represent a critical step in the signal
transduction pathway that can be selectively inhibited.
With all of these qualities, it is easy to understand why a
kinase inhibitor could be a useful and safe therapeutic.

Many signal transduction steps do not rely upon an
enzymatic process but rather use PPIs to relay information.
Targeting these steps requires the development of small
molecules that inhibit the PPIs required for signal
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transduction. Common examples of this are the hetero-
trimeric G-protein subunits, of which the « and fy subunits
each interact through PPIs with a large number of down-
stream effectors, including adenylate cyclase, PI3K, PLCf,
voltage-gated Ca’* channels, GIRK channels, and others.
G-proteins, especially Ga subunits, also bind to regulatory
proteins that can alter the temporal and spatial-signaling
pattern of the subunit. Developing specific inhibitors of
various G-protein-effector or G-protein-regulator inter-
actions could provide a mechanism to selectively modulate
GPCR-signaling pathways. It is not difficult to imagine
several scenarios whereby modulating GPCR signaling
could provide significant therapeutic benefit, either by
potentiating positive actions of a drug or by inhibiting
undesirable side effects.

Selective Gpy Inhibitors

Owing to the prevalence of clinically important drugs that
target GPCRs, there has been great interest in the
therapeutic modulation of signaling downstream of these
receptors. Canonical signaling through GPCRs (Figure 4)
progresses through the activation of a receptor by ligand
binding, which stimulates the exchange of GDP for GTP by
the Go subunit of a heterotrimeric G protein. The GTP
bound Go and Gfy subunits of the G protein then dissociate
or at least undergo a conformational change to act upon
downstream effectors in the signaling pathway. As the first
signaling molecule downstream of a GPCR is the G-protein
heterotrimer, it has become an interesting target for
small molecule inhibition. Although there have been no
published reports of a small molecule inhibitor of Go/
effector PPIs, there have been a family of compounds that
bind to Gfy and selectively inhibit it’s interactions with
downstream effectors (Bonacci et al, 2006; Lehmann et al,
2008; Smrcka et al, 2008). The strategy used to identify these
inhibitors provides a clear example of a protocol being used

GAP
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to identify small molecule PPIIs. The first step that the
investigators took was to screen a random-peptide phage
display library to identify binding sites on Gfy (Scott et al,
2001). A series of peptides were identified, one of which was
capable of inhibiting the Gfy regulation of PI3K and PLCp,
but not of type I adenylate cyclase or N-type Ca>* channels,
suggesting that effector selectivity may be possible with
small molecule modulators of Gy activity. Analysis of the
crystal structure of Gf;y, bound to this selective peptide
inhibitor, it was possible to define the binding pocket into
which this peptide docks. By using this site as a binding
pocket in virtual screening, the investigators were able to
identify 85 small molecules (top 1% in the screen) that were
predicted to bind to the Gfy ‘hotspot’ (Bonacci et al, 2006).
Analysis of these compounds using an ELISA assay
identified nine actives that inhibited Gfy binding to their
lead peptide with reasonable ICs, values (100 nM-60 uM).
One of these compounds, M119 (Figure 5a), was able to
inhibit the Gy stimulation of PLCf and PI3Ky activity in
vitro and inhibited calcium release from activation of the
Goy-linked N-formyl peptide receptor in differentiated HL-
60 cells. The compound had no inhibitory activity upon the
calcium mobilization initiated by carbachol in HEK cells
stably expressing the Gug-linked M3 muscarinic receptor,
suggesting that M119 is selective for Gfiy-dependent
calcium mobilization. M119 also showed in vivo activity
when tested in a morphine antinociception assay in mice.
PLCA3 ™'~ mice have been shown to be 10 times more
sensitive to the antinociceptive effects of morphine and an
intracerebroventricular injection of M119 recapitulated this
augmentation of morphine activity in wild type animals
(Bonacci et al, 2006; Xie et al, 1999). As opioid receptors
have many Gpfy-dependent functions, the fact that M119
potentiates morphine-induced antinociception instead of
inhibiting it provides evidence that this compound is not
globally inhibiting Gfy activity. Another structurally
distinct compound identified by this approach, M201, also

fy-Effectors o-Effectors

e.g. e.g.
PI3K Adenylate cyclase
PLC PLC

GIRK MAPK

Ca?* channels

Figure 4. Canonical G-protein-signaling pathway. Note that the hydrolysis of GTP by G is accelerated by GTPase-activating proteins (GAPs) such as

members of the RGS family.
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Figure 5.

(a) Structure of M119, a pathway-selective inhibitor of Gy signaling (Bonacci et al, 2008). (b) Crystal structure of Gy bound to peptide SIGK.

This peptide, identified by phage display, binds to the identified ‘hot spot” on Gfy (Davis et al, 2005). Structure from PDB ID 1XHM.

showed an interesting selectivity profile in its ability to
inhibit Gfy-effector interactions. This compound showed
no ability to inhibit PLCf, activity, potentiated PLCf; and
PI3K activity, and inhibited GRK2 binding. The discovery of
effector-selective inhibitors of Gfy signaling M119 and
M201, has thus provided a clear example of how targeting
downstream-signaling molecules can be a viable approach
to modulating the pharmacological properties of a common
drug (eg morphine).

Potentiating GPCR Signaling by Inhibiting RGS
Proteins

Another approach to modulating GPCR signaling down-
stream of the receptor is to modulate the activity of the key
proteins that regulate signal transduction. The G-protein
pathways are regulated by a number of proteins, including a
family of GTPase accelerating proteins (GAP), the regulators
of G-protein signaling (RGS). These proteins bind directly to
the Go subunit and accelerate the intrinsic hydrolysis rate of
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GTP (Figure 4) (Hollinger and Hepler, 2002; Tesmer et al,
1997; Zhong and Neubig, 2001). The discovery of these
proteins provided a solution to the paradox of how rapid
regulation of GPCR signaling could occur given the slow
intrinsic rate of GTP hydrolysis by purified Go subunits. They
explain the subsecond regulation of G-protein signals
observed in excitable cells (Garzon et al, 2004; Neubig and
Siderovski, 2002; Tesmer et al, 1997; Zhong and Neubig, 2001)
and they can strongly inhibit cellular responses (Bodenstein
et al, 2007; Clark et al, 2003; Fu et al, 2006). There are over 20
identified RGS proteins that interact with limited selectivity
for all Gu subtypes (Neubig and Siderovski, 2002; Siderovski
and Willard, 2005; Tosetti, 2004; Woulfe and Stadel, 1999;
Zhong and Neubig, 2001). The only exception to this is Go,
for which no RGS interaction has been confirmed. There are
increasing reports of RGS selectivity for specific GPCR
signaling, suggesting that targeting an RGS may provide a
mechanism to selectively augment signaling through a
particular GPCR (Bernstein et al, 2004; Hague et al, 2005).
It is also being increasingly appreciated that RGS proteins are
very heterogeneously expressed throughout the body, includ-
ing in individual neuron tracks in given brain regions
(Doupnik et al, 2001; Grafstein-Dunn et al, 2001; Nunn
et al, 2006). The distinct expression patterns, presumed GPCR
selectivity, and the dependence on an active-signaling path-
way for function all suggest that small molecules that
modulate RGS activity could be potentially useful therapeu-
tics. Indeed, it has been found that mice expressing a mutated
(G184S) form of Goy, or Go, that render these G proteins
insensitive to RGS effects exhibit markedly enhanced potency
of agonists and substantial physiological phenotypes (Fu et al,
2004; Huang et al, 2006, 2008; Lan et al, 1998). Specifically,
mice with the Go;, G184S mutation knocked-in show reduced
fat mass and resistance to high-fat diet, possibly due to CNS
actions (Huang et al, 2008). They also show behaviors
consistent with enhanced 5HT,, signaling and a sponta-
neously antidepressant-like state as well as 10-fold increased
potency of 5HT-based antidepressant drugs (Talbot N et al,
submitted for publication). Mice with the RGS-insensitive
mutant Go, show increased antiepileptiform activity in
hippocampal slices by o,, agonists (Doze VA et al, in
preparation). Strikingly, the effects are quite specific where
the 5HT,;, potentiation is only seen for antidepressant-like
and not for hypothermia effects (Talbot JN et al, submitted

for publication).
These data suggest that RGS inhibitors could be of

significant interest therapeutically. Given alone, an RGS
inhibitor would be expected to accentuate signaling initiated
by endogenous ligands, a treatment that could be useful in a
variety of neurological conditions such as depression (by
enhancement of serotonin signaling), early stage Alzheimer’s
or PDs (by enhancement of cholinergic or dopaminergic
signaling, respectively). They could also be used as an adjunct
with a GPCR agonist. An RGS inhibitor could increase the
potency or selectivity of the drug by accentuating signal
transduction through the receptor. One could imagine that an
RGS9 inhibitor that accentuated dopaminergic signaling
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selectively in the striatum where RGS9 is expressed could
be a useful adjunctive therapy with l-dopa or synthetic
dopamine agonists in PD (Figure 6). Furthermore, an RGS
inhibitor that selectively accentuated opioid signaling in
neurons in the pain pathway may provide a mechanism to
selectively increase the analgesic properties of opioids but
might leave alone the undesirable actions of these drugs (ie
constipation, abuse liability) which might be regulated by
different RGS proteins. Thus, RGS inhibitors could serve as
GPCR agonist potentiators but would also enhance agonist
specificity in a cell-type or pathway-specific manner.

RGS4 is a prototypical RGS protein that is widely
expressed throughout the CNS but has limited expression
in peripheral tissues. It controls a variety of signaling
systems, and has been implicated as a risk factor for
schizophrenia (Bakker et al, 2007; Bowden et al, 2007;
Campbell et al, 2008; Chowdari et al, 2002, 2008; Gu et al,
2007; Guo et al, 2006; Ishiguro et al, 2007; Lane et al, 2008;
Lang et al, 2007; Levitt et al, 2006; Li and He, 2006; Mirnics
et al, 2001; Morris et al, 2004; Nicodemus et al, 2007, 2008;
O’Tuathaigh et al, 2007; Sanders et al, 2008; So et al,
2008; Sutrala et al, 2007; Talkowski et al, 2006; Vilella et al,
2008; Williams et al, 2004; Wood et al, 2007). RGS4, like
other RGS proteins interacts strongly with several members
of the Goy/, and Goy families and shows limited selectivity
between these proteins in in vitro binding and functional

RGS4 Low agonist

Low agonist
+ RGS4 inhibitor

Thalamus

Caudoputamen

RGS9

High agonist

Low agonist
+ RGS9 inhibitor

Figure 6. RGS inhibitors increase the tissue specificity of an agonist.
(Left) Graphical representation of the RGS4 and RGS9 protein expression
patterns in the brain (Gold et al, 1997). The red/green color denotes
regions of high expression, specifically cortex and thalamic regions for
RGS4, and basal ganglia for RGS9. (Center) Upon addition of a low or
high concentration of agonist, a response would be seen across all brain
regions that express the receptor. (Right) In the presence of an RGS
inhibitor, there would be tissue-specific enhancement of agonist effect in
the tissues where the RGS is expressed.
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studies (Roman et al, 2007; Roof et al, 2006; Tesmer et al,
1997; Zhong et al, 2003). The interaction interface between
RGS4 and Go;; has been clearly mapped in the crystal
structure by Tesmer et al (1997). This relatively flat
interface is comprised of the three switch regions in Guoy;
(residues 179-185 in switch 1, 204-213 in switch 2, and 235-
237 in switch 3) and several of the core helices in the RGS
box domain of RGS4 (Tesmer et al, 1997). The interaction
interface covers approximately 1100 A% and is composed
primarily of van der Waals and hydrogen bond interactions
(Figure 7). The binding affinity of the Ga/RGS complex is
dependent upon the nucleotide bound to the Go. There is
very little to no interaction when Go is in the GDP-bound
state, some affinity when bound with GTP, and a strong
interaction (~1 to 5nM) when the Gua is bound to GDP-
aluminum fluoride, a transition state mimic (Berman et al,
1996; Roman et al, 2007).

There has been significant interest in the literature
regarding the development of RGS inhibitors (Burchett,
2005; Neubig, 2002; Neubig and Siderovski, 2002; Riddle
et al, 2005; Traynor and Neubig, 2005; Zhong and Neubig,
2001). Two groups have published independent series of
peptide inhibitors of RGS function. One series was
rationally designed to mimic the switch 1 region of Go;
and expanded by screening of a constrained peptide library
(Jin et al, 2004; Roof et al, 2006, 2008). The other peptide
inhibitor series was developed by a random yeast two-
hybrid screening campaign (Wang et al, 2008). The lead
peptide from this latter campaign bears no resemblance to
the sequence of any known RGS4 interacting protein and
it’s mechanism of action is unclear. Both of these series
produced lead peptides with modest (mid-low micromolar)
activity in both binding and functional assays, suggesting
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that small molecule inhibition of RGS function may be more
tractable than previously thought (Roof et al, 2006; Wang
et al, 2008). The first small molecule inhibitor of RGS4
function was published in 2007 (Roman et al, 2007). This
compound, CCG-4986 (4-chloro-N-(N-(4-nitrophenyl)-
methoxysulfanyl)benzene-1-sulfonamide), was identified
through a flow-cytometry protein interaction assay (FCPIA)
based high-throughput screening campaign from a random
compound library. This compound was shown to have a
single digit micromolar ICs, value for the inhibition of
RGS4 binding to Go, and showed significant selectivity for
RGS4 over its closest relative based upon sequence
homology, RGS8. The activity of the compound was
confirmed by single turnover GTP hydrolysis assays, which
showed that CCG-4986 was capable of blocking the RGS-
stimulated increase in GTP hydrolysis rate by Ga,. The
compound bound directly to RGS4 as determined by
changes in intrinsic fluorescence of the RGS upon
compound binding. Further study of the mechanism of
CCG-4986 action showed that it did not function in a
cellular environment and it was determined that the
compound irreversibly formed a covalent adduct with the
RGS in both orthosteric (ie at the site of Ga binding)
(Kimple et al, 2007) (Roman DL, in preparation) and
allosteric interaction sites (Roman DL, in preparation).
Although this limits the utility of the compound as a
pharmacological tool, the development of CCG-4986 is
nonetheless exciting, as it clearly shows that RGS proteins
are susceptible to small molecule inhibition and also to
allosteric modulation which may provide greater specificity
among RGS proteins. Current efforts toward developing
small molecule RGS inhibitors using high-throughput
screening and rational design approaches are ongoing.

Figure 7.

(@) Crystal structure of RGS4 (blue ribbon) in complex with Ge;; (red surface). This stereotypical protein—protein interaction buries

approximately 1100 A?andis relatively featureless in termsoof readily identifiable small molecule binding sites. (b) Structure of RGS4 that has been rotated
to display the regions of the surface (red) that lies within 5 A of Go;;. Note the large diffuse contact interface. Structures from PDB ID 1AGR (Tesmer et al,

1997).
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Hopefully, specific, reversible small molecule inhibitors of
RGS proteins will be available in the not too distant future.

Although RGS inhibitors have the potential to accentuate
signaling through GPCRes, it is also possible to imagine a
scenario where augmenting RGS activity with ‘RGS agonists’
could be therapeutically beneficial. RGS4 has been shown to
be negatively regulated by acidic phospholipids (Ishii et al,
2005a, b; Popov et al, 2000). This inhibition can be reversed
by the binding of calmodulin to what is presumed to be the
same site (Ishii et al, 2005a,b; Popov et al, 2000). The
binding site for these molecules is distinct from the Gu
binding site and functions to allosterically inhibit the GAP
activity of RGS4 (Ishii et al, 2005b; Zhong and Neubig,
2001). A small molecule that inhibits the interaction
between RGS4 and acidic phospholipids and/or calmodulin
could provide a mechanism to ‘activate’ RGS4. By activating
RGS4, it may be possible to attenuate aberrant or overactive
GPCR neurotransmitter receptors. There is another ap-
proach by which the development of agonists at some RGS
proteins may be possible. Phosphodiesterase-y (PDEy) has
been shown to selectively potentiate the GTPase accelerating
activity of RGS9 but not RGS4, 16, or 19. It does this in part
by forming a ternary complex with Go and the RGS9/Gfs5
complex (Natochin et al, 1997; Nekrasova et al, 1997; Slep
et al, 2001; Wieland et al, 1997). It may be possible to
develop compounds that mimic PDEy or alter its ability to
bind to the Gu—-RGS complex providing a novel mechanism
to enhance RGS activity.

Figure 8.
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Whether the goal is to produce RGS inhibitors or RGS
activators, there are clear challenges as most actions do
require alterations in PPIs. However, small molecules that
regulate RGS function would provide novel approach to the
treatment of diseases stemming from or benefited by
changes in GPCR signaling.

Inhibition of PDZ Interactions

PDZ domains are important scaffolding components in many
signaling systems, with an extensive role in the development
and maintenance of both pre- and postsynaptic structures
(Garner et al, 2000; Jelen et al, 2003). Development of
reversible small molecule inhibitors that target neuron-specific
PDZ domains would provide useful tools to probe the many
functions of these important scaffolds (Lamprecht and Seidler,
2006). Of all canonical PPIs, PDZ domains are possibly the
most similar to a traditional ligand-receptor interaction, as the
interaction interface is comprised of a groove on the PDZ
domain binding to the last few (3-5) amino-acid residues in its
partner (Figure 8a) (Jelen et al, 2003). The small interaction
interface requires that the few amino acids compromising the
PDZ ligand contribute a great deal to the energetics of binding.
Having such a small PPI interface might suggest that these
interactions would be amenable to small molecule disruption.
To this end, there have been a few PDZ inhibitors described
based either upon rational design or from random high-
throughput screening (Figure 8b) (Chen et al, 2007; Fujii et al,
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(a) Crystal structure of the first PDZ domain from MAGI (surface) bound to the PDZ ligand of HPV18 E6 (ball and stick). Note how in this

protein—protein interaction, only a few (generally 3-5) residues are important in the binding energetics. Structure from PDB ID 2104 (Zhang et al, 2007). (b)
Examples of small molecule PDZ inhibitors. (i) General scaffold for a wide array of PDZ domains (Fuijii et al, 2003, 20072, b). Analogs of this structure have
been shown to inhibit the second PDZ domain of NHERF1 (Fuijii et al, 2007b). (i) f-Hairpin peptidomimetic developed to inhibit the a1-syntrophin PDZ
domain (Hammond et al, 2006). (i) Peptidomimetic developed to inhibit the NHERF1 PDZ domains (Mayasundari et al, 2008).
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2003, 2007a,b,c; Hammond et al, 2006; Mayasundari et al,
2008; Shan et al, 2005). Rational design of PDZ inhibitors
would appear to be relatively straightforward, as the PDZ
ligand is comprised of so few residues and the binding pockets
of many PDZ domains have been characterized structurally by
NMR or crystallography. Indeed, several peptidomimetic
scaffolds have been developed that inhibit PDZ interactions
(Figure 8b) (Fujii et al, 2007a, 2003; Hammond et al, 2006;
Mayasundari et al, 2008).

Cell permeant small molecule inhibitors of PDZ domains
will provide a mechanism with which to probe the complex
functions of these scaffolding proteins. For example, the
Na*/H" exchanger regulatory factor 1 (NHERF1) contains
two PDZ domains and has been shown to have altered
expression in many cancers (Cardone et al, 2007; Kreimann
et al, 2007; Pan et al, 2006; Shibata et al, 2003; Voltz et al,
2001). The role of NHERF1 in cancer is complicated and
appears to be dependent upon cellular context. Outside the
realm of oncology, NHERF1 has been shown to be a
multifunctional scaffolding protein that is capable of
regulating the trafficking and localization of many mem-
brane associated proteins (Shenolikar and Weinman, 2001).
Clearly, a tool which would allow for the acute and
reversible inhibition of NHERF1 could provide a powerful
mechanism with which to determine the physiological role
of this protein in different cellular contexts.

Currently, the best-defined PDZ inhibitors are directed
against the disheveled and the NHERF1 PDZ domains.
These compounds were originally designed as a treatment
for f-catenin-dependent tumor growth or to study the
controversial role of NHERF1 in cancer progression,
respectively. Although these compounds have limited utility
as centrally acting agents, they provide a clear example of
how a PDZ inhibitor could be developed for a more
centrally important PDZ domain containing proteins, of
which there are many (for reviews, see Collins and Grant,
2007; Dev et al, 2003; Garner et al, 2000; Jelen et al, 2003;
Kennedy, 1998; Nagano et al, 1998; O’Brien et al, 1998;
Sarrouilhe et al, 2006).

The first cell permeable PDZ inhibitor was developed by
Fujii et al (2003). This irreversible inhibitor was rationally
designed to bind to the second PDZ domain of MAGI (Fujii
et al, 2003). The compound dose-dependently (IC5, ~ 10 to
30 pM) inhibited the binding of a peptide corresponding to
the PDZ ligand of the lipid phosphatase PTEN to the
membrane-associated MAGI protein in a fluorescence
polarization assay. It also increased the activity of PKB
(or Akt) in cells, consistent with increased phosphatidyl
inositol 3,4,5-trisphosphate levels due to reduced PTEN
recruitment to the membrane (Fujii et al, 2003). Eventually,
this indole scaffold was developed into a reversible, albeit
weak (ICsy ~1 mM), inhibitor of the second PDZ domain of
MAGI (Fujii et al, 2007a). A similar indole scaffold was used
to develop an inhibitor of the disheveled PDZ domain, an
important scaffold in the Wnt/f-catenin pathway (Fujii
et al, 2007c). This compound, named FJ9, blocked the
interaction between the PDZ ligand at the C-terminal of the
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7TM receptor Frizzled 7 with the disheveled PDZ domain
both in vitro and in cells (in vitro 1Csy 30-60 uM). It also
suppressed the growth of tumor cells in a f-catenin-
dependent manner (Fujii et al, 2007c). Another inhibitor of
the disheveled PDZ domain has been described. This
relatively weak (~200uM ICsp) inhibitor was identified in
a virtual screen against the disheveled PDZ domain and was
capable of inhibiting Wnt signaling in a zebrafish embryo
model of Wnt signaling (Shan et al, 2005). HTS attempts to
develop PDZ inhibitors of the MINT1 PDZ domain have
been published, but to date there have been no published
structures of a selective MINT1 PDZ inhibitor (Chen et al,
2007). Inhibition of PDZ domains has the potential to
provide very useful pharmacologic tools for the study of
protein trafficking, synaptic function, and other scaffolding-
dependent processes. Although current compounds still
have only modest affinities, a selective inhibitor of some
particular PDZ domains may also provide useful therapeu-
tic agents, although this hypothesis needs to be tested.

CONCLUSIONS

The examples described in this chapter provide a view of
current approaches to the development of PPIIs. This
process often starts with the characterization of the protein
interaction interface, either through crystallographic
methods or by alanine scanning to identify interaction
‘hot spots.” Then, peptide inhibitors of the interaction are
developed using either a rational or screening approach.
With the information and assay tools obtained from the
peptide studies, small molecule peptidomimetics can be
designed or high-throughput random chemical screening
can be performed to identify small, ‘drug-like’ inhibitors.
This general method has provided the most consistent
chance of success in the development of PPIIs. In some
cases (eg the Gfy inhibitors) there is sufficient potency and
cellular activity to demonstrate CNS actions, however, even
in that case, blood-brain barrier penetration was not
achieved.

FUTURE RESEARCH DIRECTIONS

It is clear that substantial challenges lie ahead in the
development of PPI modulators for CNS therapeutics.
Continued progress is being made in the cancer arena
where the requirements of oral absorption and/or blood-
brain barrier penetration are less critical. Indeed, the
affinity of PPIIs in the cancer field has increased (to ICs,
values <10nM in vitro and 10-100s of nM in cells) and
molecular weight has decreased over the past 10 years. That
work and continued academic efforts to develop tool
compounds blocking PPIs of a range of CNS targets should
advance this field substantially. The need to maintain small
size and appropriate physicochemical properties of com-
pounds to access the CNS may require novel approaches.
Rather than targeting the immediate PPI site, the identifying
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and targeting of allosteric sites on the target protein may
permit the use of more suitable chemical structures. In the
cancer drug design arena, fragment-based design of PPIIs
has proven useful so applications to CNS targets should be
pursued. Also, identifying compounds that could make use
of neuronal uptake mechanisms could permit compounds
to achieve higher intracellular concentrations and result in
additional cell-type specificity of action.

There are a large number of potential CNS PPI targets
that could provide subtle modulation of neural signaling if a
successful drug could be developed. As with the history of
protein kinase inhibitors, overcoming initial reluctance to
embrace the concept will likely require a success story. At
present, it is hard to predict a major breakthrough in this
field but continued refinement of existing approaches and
further development of existing targets is likely to reach a
threshold of success in the not too distant future. In the
meantime, substantial genetic and biological studies will
continue to define novel PPI targets. With the rapid
advances in target identification, an increased pace of
chemical discovery related to PPIs will be critical to exploit
the potential of this novel field.
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