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ABSTRACT: Multiprotein complexes such as the transcriptional Natural Mechanisms for Tuning Complex Assembly and Function

machinery, signaling hubs, and protein folding machines are typically
composed of at least one enzyme combined with multiple non-
enzymes. Often the components of these complexes are incorporated
in a combinatorial manner, in which the ultimate composition of the
system helps dictate the type, location, or duration of cellular
activities. Although drugs and chemical probes have traditionally
targeted the enzyme components, emerging strategies call for
controlling the function of protein complexes by modulation of
protein—protein interactions (PPIs). However, the challenges of

. (C) Dynamics

1, ®

(B) PTMs

Z @ (A) Allostery

(D) Localization

targeting PPIs have been well documented, and the diversity of PPIs

makes a “one-size-fits-all” solution highly unlikely. These hurdles are particularly daunting for PPIs that encompass large buried
surface areas and those with weak affinities. In this Review, we discuss lessons from natural systems, in which allostery and other
mechanisms are used to overcome the challenge of regulating the most difficult PPIs. These systems may provide a blueprint for
identifying small molecules that target challenging PPIs and affecting molecular decision-making within multiprotein systems.

P rotein—protein interactions (PPIs) form the backbone of
nearly every facet of cellular function, as illustrated by
proteome-wide maps composed of thousands of these
contacts." At the core of PPI networks are numerous
multiprotein complexes dedicated to major cellular tasks,
including systems involved in transcription, translation,
trafficking, energy production, protein folding, cytokinesis,
and signaling. These multiprotein complexes are typically
composed of at least one enzyme, such as an ATPase, and a
series of non-enzymatic factors, such as scaffolding proteins
(Figure 1). These non-enzyme partners associate either stably
or transiently with the complex and help fine-tune activity,
subcellular location, and/or selectivity. One traditional goal of
drug discovery and chemical biology has been to develop
compounds that target the enzyme components of multiprotein
complexes.” This approach has been fruitful, producing many of
the most widely used chemical probes and drugs. Yet, PPIs
within multiprotein complexes may provide an even greater
number of opportunities, a prospect that is supported by a
growing appreciation of the potential of PPIs as drug targets.”*

Although the goal of modulating PPIs with small molecules
has been recognized for some time, these interactions have
been historically challenging to interrupt.>>® Indeed, the
majority of PPIs have often been broadly classified as
“undruggable” and among the estimated 650,000 PPIs, far
less than 0.01% have been targeted with inhibitors.>®"®
However, a number of recent success stories, produced by
both academic and industrial groups, have challenged the view
that PPIs are uniformly insurmountable as targets.” "' Building
on these past successes, we believe that by understanding the
diverse strategies employed in nature to modulate PPIs,
chemical biologists can further improve their ability to discover
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PPI modulators. To support this more optimistic view of PPI
modulators, we highlight several representative examples of
successful PPI modulator programs and discuss potential ways
of accelerating their discovery in the future. In particular, we
focus on the most challenging PPIs, the weak interactions that
are central to many areas of biology yet remain the most
difficult to target with small molecules.

B ARCHITECTURE OF MULTIPROTEIN COMPLEXES

Given the central role of multiprotein complexes in biology,
perturbing the assembly and/or disassembly of these structures
has the potential to provide important insights. In this
discussion, a multiprotein complex is defined as a system of
proteins that assemble, either permanently or transiently, to
perform specific tasks in the cell. Most multiprotein complexes
contain at least one enzyme and typically have multiple non-
enzyme components. The role of the non-enzymes is often to
provide a scaffolding function, linking proteins together or
controlling subcellular localization, as seen in GPCR recycling
(Figure 1).'> Also, the PPIs between the enzyme and non-
enzyme can sometimes tune the biochemistry of the enzyme,
enhancing K, or k., as seen in the Ras GTPase cycle or the
Hsp70 ATPase system (Figure 1).'>'* Finally, the protein
surfaces used to form PPIs might be shared by multiple
components, such that subunits compete for binding. In this
way, complexes can be combinatorially assembled. This
combinatorial assembly is present within the Hsp70 system
to switch from a folding system to a degradation complex
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Figure 1. Multi-protein complexes are assembled from enzymes or receptors bound to multiple, non-enzyme partners through protein-protein
interactions. The majority of protein complexes in biology share the common features of being assembled from protein-protein interactions (PPIs)
between enzymes (red) and non-enzymes (white). These factors assemble into multi-protein systems that have emergent properties (e.g. biology not
engendered by any individual component) and essential roles in molecular processes in the cell. To illustrate this idea, a few of the major protein
complexes are shown. Switching components of these complexes can alter function; for example, the BAF4Sa component of the Brg/Brm complex
defines neuronal progenitors, while BAF45b is only found in differentiated neurons.

(Figure 1). As another prime example, BAF-type chromatin
remodeling complexes undergo subunit exchange during the
transition from a pluripotent stem cell into a neuron progenitor
cell and finally into a fully differentiated neuron (Figure 1).'>'®
In these systems, one appreciates why solely targeting the
enzyme component might not be the most informative
approach. Rather, inhibiting (or promoting) specific PPIs
could be of great value for understanding a wide range of
essential cellular processes.

In contrast to protein—ligand interfaces (PLIs) such as those
between enzymes and their substrates,”'” PPIs are larger and
flatter'® (Figure 2A), with an average surface area of 1940 +
760 A%, Sometimes, a disproportionate amount of the binding
free energy (AG) is found within specific residues, termed
“hotspots”."” Other times, AG is distributed over a larger
surface area or in a few regions separated by large distances.
Consistent with their distribution of contact areas, PPIs also
exhibit a wide range of affinity values, with examples of
picomolar dissociation constants in more stable complexes and
up to millimolar values in transient complexes,’*~>* Several
examples of PPIs with a range of affinities and contact areas are
highlighted in Figure 2.*7° The scope of this diversity is
postulated to be even wider than currently appreciated, given
the underrepresentation in the Protein Data Bank (PDB) of
transient, low affinity PPIs. >

To date, the PPIs characterized by tight affinities and small
surface areas (i.e., most similar to PLIs) have proven to be the
most amenable to targeting with small molecules. Often,
structure-based approaches have proven successful for this
category of interactions. For example, pioneering work has
been performed on SMAC mimetics (Figure 2A) and inhibitors
of p53-MDM2.'”"! These targets are characterized by binding
sites composed of a short peptide interacting with a deep
pocket, as in the SMAC interaction with IAPs (Figure 2A), or a
single o helix interacting with a well-defined cleft, as in p53-
MDM2. To explore how general these characteristics are for all
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known PPI inhibitors, the 2P2IDB and TIMBAL databases
were queried to sort known PPI inhibitors based on the surface
areas and affinities of their targets. We found that PPIs with
smaller surface areas (less than <1,800 A?) and relatively strong
affinity (less than 1 M) are targeted by 68% of reported small
molecules (Figure 2D).'>"" In contrast, only 10% bind to large
surface area-strong binding PPIs (Figure 2D). One potential
explanation for this preference is that concise, strong affinity
PPIs rely on binding pockets that are best “fit” by low
molecular mass (<500 Da) compounds, and these compounds
are most common in drug discovery libraries.”> Also, it is
relatively straightforward to envision how competitive inhib-
itors could block these interactions because the AG is
contributed by a handful (typically less than S) of tightly
clustered residues.”*

‘What are the specific challenges to circumvent in successfully
blocking the “difficult” PPIs, those with weak affinity and/or
large surface area? Large binding surface areas have been
particularly difficult to directly (i.e., orthosterically) inhibit with
small molecules, as the compound must compete with a much
larger protein for binding. In some cases, “hotspots” can be
used to generate potent inhibitors."” Still, accessing hotspots
often requires extensive structural knowledge, and in many
cases, hotspots are either far removed from each other or not
present at all. Another challenge is that inhibitors of large
surface areas tend to have high molecular weights, often not
conforming to the standard Lipinski’s Rule of 5 (R05).>>* In
fact, many successful PPI inhibitors deviate from the RoS,"!
potentially creating challenges with pharmacokinetics and oral
bioavailability. Another significant problem is that many
important PPIs are of weak affinity (Figure 1D). From a
practical perspective, these weak systems are also challenging to
study using traditional structural and biophysical methods, such
as ITC.** These challenges have slowed discovery of
successful inhibitors for the most challenging PPIs. In the
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Figure 2. Not all protein-protein interactions are created equal: some PPIs are harder to inhibit than others. (A) PPIs can be roughly categorized by
their apparent affinity and the buried surface area involved in the contact. This type of analysis creates four major quadrants of interactions: strong
and concise, strong and broad, weak and concise, and weak and broad. Examples of each type of interaction from the Protein Data Bank (PDB) are
shown. Strong and concise: XIAP-SMAC (2JK7, 1G73); strong and broad: IL-2-IL2R (2ER]); weak and concise: pS3-CBP NCBD complex (2L14);
weak and broad: cadherin-8 homer dimer (1ZXK). (B) Multiple categories of PPIs are often found within a single complex, as illustrated by the
Hsp70 system in which the four major types of PPIs are represented in interactions between Hsp70 and its associated partners: substrate (1DKY);
TPR-domain protein (3Q49); nucleotide exchange factor (3C7N); J-domain (2QWN). (C) The pS3 system is another example of a system in which
multiple types of PPIs are found in the same complex. The repressor Mdmx (3DAC); pS3 self-association (1PET); transcriptional coactivators
(2K8F). (D) PPIs with known inhibitors were acquired from the 2P2IDB and TIMBAL databases and their binding affinities (as reported in the
PDBbind''® and the surface are of the PPI (as measured by InterProSurf ''®) were determined. Placing these PPIs into categories revealed that small
molecules which target PPIs with smaller concise surface ares (<1,800 A) and relatively strong affinities (<1 mM) represent 68% of known PPI
inhibitors.

next section, we describe how nature has evolved mechanisms related enzyme family (eg, kinases) by taking advantage of
to circumvent these issues. their unique protein interactions rather than their highly
conserved active sites. Another advantage of allostery is that

B MODULATING PROTEIN—PROTEIN small molecules can sometimes be used to reshape even the
INTERACTIONS: LESSONS FROM NATURE most challenging PPI surfaces by binding to sites far from the

actual interface.*> This feature is particularly advantageous
when the PPI itself is very complex and shallow. In these cases,
it might be preferable to seek out allosteric sites that are deeper
and more amenable to binding. Finally, allosteric compounds

Allostery. Allostery is one of the most widely used
mechanisms by which natural ligands control the assembly
and disassembly of multiprotein complexes. Allostery is defined
as binding at one site which regulates a function at a distant

site*' and classic examples include cooperative oxygen binding can sometimes influence the decision to bind one protein
to hemoglobin or feedback inhibition within metabolic partner over another at shared interface.™ By subtly changing
pathways. Allosteric mechanisms can also be used to control the topology of a surface, these molecules can favor binding to
PPIs. For example, galactose promotes the formation of a stable specific components of a complex, thereby influencing function.
complex between Gal3p and Gal80p, which subsequently Such mechanisms are not possible with orthosteric compounds,
activates the transcription of galactose catabolizing enzymes in which compete for binding at a given interface and, as such,
yeast.*” In these systems, even low molecular weight cannot discriminate between two different proteins.
compounds are able to dramatically impact protein function Natural examples may point the way to synthetic strategies
by regulating PPIs at a distance. for controlling the assembly and disassembly of PPIs, especially
Nature’s use of allostery to control protein complex in systems that are particularly challenging for direct
formation is not surprising given several advantages of this inhibition.*' As such, a very active area of research is currently
strategy. First, allosteric binding sites are often distinct from focused on defining interactions between metabolites and/or
reactive centers in enzymes; thus, their topologies are not secondary messengers and proteins.*’ These efforts have the
constrained by active site chemistry. This feature means that it potential to greatly improve our ability to rationally target PPIs.
is sometimes possible to discriminate between members of a For example, porphobilinogen synthase (PBGS) regulates its
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Figure 3. Nature-inspired strategies for modulating difficult PPIs. Natural multi-protein systems use mechanisms such as allostery, PTMs, dynamics,
and subcellular localization to control their assembly and disassembly. Small molecules have been found to access similar mechanisms, such as; (A)
allosteric regulation of the Sec61 translocon by cotransin, with blocks translocation of VCAM-1 without affecting VEGFR2 (shown in green). (B)
conformational change in PKCe caused by Bim1, which allows binding to priming kinases, (C) altering microtubule dynamics with pacitaxel and
vinblastin, and (D) membrane localization of Akt induced by the kinase inhibitor A-443654. In all figures the blue hexagon denotes the small
molecules and red denotes phosphorylation or PIP3. Proteins and interacting proteins are shown in gray and black unless otherwise noted.

activity via a dynamic equilibrium between two alternative and
functionally distinct conformations, an active octamer and a low
activity hexamer. Only the active octamer binds to Mg**, which
enforces the conformational change. Appreciating this natural
conformation equilibrium and the ability of the magnesium ion
to influence the system, Lawrence and colleagues identified a
small molecule, Morphlock 1, which favors the low activity
hexamer by binding to an interface only accessible in the
conformation unique to hexamer assembly.***” We anticipate
that similar lessons from nature will be useful in providing paths
toward small molecules that target the most challenging of
PPIs.

Further illustrating the advantages of this approach, a number
of synthetic molecules with allosteric mechanisms have been
reported.**>' For example, a compound that binds the
inducible nitric oxide synthase (iNOS) leads to disruption of
a distant dimerization interface, inactivating the protein by
blocking dimer formation.>* In another example, Conn and
colleagues have applied allosteric regulators to target G-protein
coupled receptors (GPCRs), finding molecules that activate or
inhibit discrete subsets of downstream pathways by changing

the PPIs that occur between the GPCRs and their effector
proteins.’®> Another example is found in the allosteric
modulation of the Sec61 translocon (Figure 3A). The Sec61
complex is responsible for transporting nascent polypeptides
across the ER membrane.”* As a nascent polypeptide is
synthesized, a signal sequence in its N-terminus binds directly
to the Sec61 complex,*>*® which triggers an allosteric
conformational change to open the channel to the ER. Recently
both Besmer and Garrison identified small molecules that
modulate the Sec61 translocon complex in an interesting way.
These compounds, such as cotransin (CT), cause a selective
decrease in translocation of vascular cell adhesion molecule 1
(VCAML1) without affecting the levels of other membrane
proteins (Figure 3A).>”%® CT appears to block the interaction
between VCAM-1 and Sec61 « by favoring binding to Sec61p.
These examples and others illustrate how allostery can be used
to impact seemingly intractable PPIs.

Allostery, in concert with multivalency and other mecha-
nisms, can also tightly regulate subcellular localization of key
subunits. A classic example of the central role localization plays
in cellular function is signaling in the T-cell receptor (TCR)
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complex,® in which the antigen—MHC complex recruits TCRs
at the membrane. As with other mechanisms, this type of
regulation can be exploited by small molecules. For example, an
Akt kinase inhibitor was shown to activate Akt signaling by
inducing a conformational change, increasing affinity for
phosphatidylinositol (3,4,5)-triphosphate (PIP3) in the mem-
brane® (Figure 3D). In turn, localization to the membrane
promotes the interaction of Akt with priming kinases. This
example highlights how taking advantage of natural conforma-
tional changes can be used to alter localization and complex
formation.

Post-translational Modifications. A distinct and widely
used mechanism to regulate complex assembly is post-
translational modifications (PTMs) including phosphorylation,
glycosylation, acetylation, ubiquitination, neddylation, and
sumolyation, among others.”’ PTMs occur at many PPI
interfaces to promote or inhibit binding, as exemplified b
SH2 domain binding to phosphorylated tyrosine residues.®!
However, PTMs can also occur far from PPI surfaces, changing
protein stability, folding, or conformation and regulating
complex formation.®'

There are several ways small molecules could use PTM-like
mechanisms to bring about changes in PPIs. One dramatic way
is through formation of drug—protein adducts. Several
examples of covalent drugs with low toxicity are known,
including aspirin, proteasome inhibitors, and acetaminophen.62
Although these classic examples are all enzyme inhibitors,
similar mechanisms appear to operate at PPIs, such as those
used by compounds that target the NRF2—KEAP1 complex.*®
Another inventive mechanism in which small molecules
leverage PTMs is exemplified by the paradoxical activation
observed with a PKCe kinase inhibitor.** A K437 M mutant of
PKCe has been shown to be overcome by the binding of an
ATP active site inhibitor, which promotes a conformational
change that facilitates interaction with and phosphorylation by
priming kinases, effectively activating this signaling pathway
(Figure 3B). These studies exemplify how small molecules can
alter function through tuning PTMs and regulating PPIs.

B STRATEGIES FOR IDENTIFYING COMPOUNDS
THAT CAN INHIBIT OR PROMOTE COMPLEX
FORMATION

How can we take these lessons from nature and develop ways
to identify compounds that target PPIs? Toward these goals, a
variety of screening platforms and assays can be utilized. For
example, many of the compounds discussed earlier act
allosterically. Thus, techniques that identify small molecule
allosteric binding sites could have broad utility in the search for
PPI modulators. One of the first major techniques used for
finding PPI inhibitors, disulfide tethering, focused PPI inhibitor
discovery on hotspot residues using covalent coupling.®®
Disulfide tethering has also been utilized to identify novel
allosteric inhibitors. For example, an allosteric inhibitor of
caspase 1/7 that traps it in an inactive conformation was
identified using this technique.*® Another related approach to
this problem is fragment-based screening (FBS).” FBS
purposefully employs weak binding (mM) small molecule
“fragments” of less than ~200 Da. These chemical libraries are
screened using techniques sensitive enough to measure weak
affinity interactions, such as Thermofluor, ITC, NMR, surface
plasmon resonance, and X-ray crystallogralphy.68 These initial
hits are developed further by either linking or growing
fragments to improve affinity and activity. These methods
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have proven to be particularly powerful for PPIs because they
can identify unanticipated allosteric sites.”” Further, this
technique has been applied to find competitive inhibitors of
larger PPIs, such as the Bcl-XL/Bcl-2-BAD/BAX interaction.”’

Computational approaches offer a complementary method to
predict allosteric binding sites suitable for regulating PPIs.’
Some techniques leverage “statistical coupling” of amino acid
residues throughout evolution.”"”* The theory behind these
techniques is that if two positions are functionally coupled,
their amino acid identities should be constrained through
evolution. Other computational methods simulate mutations
and map structural ferturbations or perform computational
alanine scanning.”>”* Another approach, called anisotropic
thermal diftfusion, tracks the propagation of kinetic energy
emanating from a heated target location.”* Finally, the protein
structure can be searched using van der Waals probes to
identify potential ligand sites in allosteric locations.”*””® This
list is not meant to be inclusive but rather to illustrate that
computational efforts toward this goal have been extensive,
suggesting the possibility of rationally designing allosteric PPI
regulators. For example, the previously mentioned, Morphlock-
1, was identified through in silico screening of an allosteric
site.*

Another “nature-inspired” way to develop PPI modulators
may be to alter protein dynamics. Like many other cellular
complexes, both the ribosome and microtubules rely on the
dynamic interchange of subunits to function.””*® Upon looking
at the complicated and dynamic protein complexes that make
up microtubules and the ribosome, one might conclude that
these complexes would be very difficult drug targets. Yet, widely
used therapeutics, such as antibiotic and taxanes, demonstrate
that disrupting dynamics can enable small molecule modulation
of even the most challenging drug targets (Figure 3C). In
nature, the affinities of the PPIs in these systems are tightly
controlled to ensure that they are strong enough to form
complexes yet weak enough to allow exchange.®*> Thus, small
molecules need only to perturb this narrow affinity window to
disrupt dynamic exchange. One technique which may allow one
to identify such small molecules is Forster resonance energy
transfer (FRET), which remains a workhorse method to
monitor protein dynamics. This approach has been successfully
used to identify small molecules that alter protein conformation
and PPI dynamics both in wvitro and in vivo.>* ¢ Another
approach is to employ isotopically labeled unnatural amino
acids and NMR spectroscopy to measure conformational
changes in the presence of small molecules. An advantage of
this approach is that it simplifies the NMR spectra, making it
suitable for larger proteins. This approach was used to study the
binding of a small molecule to the thioesterase domain of fatty
acid synthase (FAS-TE), a protein of therapeutic interest in the
treatment of cancer and obesity.”” Finally, selective labeling of
side chain methyl groups, combined with NMR, has proven to
be sensitive to structure, dynamics, and conformational
changes.*® These spectroscopic methods provide valuable
information regarding conformational transitions and are
particularly well suited for discovery of PPI inhibitors that
alter dynamics. The goal in many of these discovery efforts is to
screen for compounds that shift an ensemble and stabilize
specific, active, or inactive conformers.®

Despite the challenges outlined above, a surprising number
of PPI inhibitors have been identified by HTS methods. For
example, ubistatins, which stabilize cyclin B by blocking
ubiquitin PPIs, were identified using a screen in Xenopus
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extracts.”’ Biochemical methods for screening difficult PPIs
include FRET, fluorescence polarization (FP), capillary electro-
phoresis, and flow cytometry, and several groups have explored
ways of makin§ these platforms favor the discovery of allosteric
molecules.””®> For example, high concentrations of an
interacting partner can be used to disfavor binding to
orthosteric ligands and enrich for allosteric compounds.
Other HTS methods have also been specially designed to
favor the identification of PPI inhibitors or activators. For
example, chemoproteomic profiling allows measurements of
drug-induced changes in protein complex formation.”*"*
Another promising approach is “grey-box” screening, in which
multiprotein complexes are reconstituted in vitro, and then an
HTS method is used to find molecules that impact the
biochemical properties of the complex. For example, in a screen
for inhibitors of the p21-activated kinase (Pakl), Deacon and
colleagues chose to use the full-length protein, including its
non-catalytic domain, in complex with an activator protein,
Cdc42, and a substrate, maltose binding protein.”® By including
this full complex, they identified a noncompetitive inhibitor
IPA-3 that binds the autoregulatory non-catalytic domain and
blocks activation by Cdc42. In another example, the prokaryotic
Hsp70 system, composed of DnaK and DnaJ, was reconstituted
and screened.”’ DnaK is an ATPase that is stimulated by the
non-enzyme DnaJ. An HTS method using a DnaK-DnaJ
mixture identified molecules that blocked ATPase activity by
selectivelzf disrupting the weak interactions between these two
proteins.”?®"” These examples suggest that “grey-box” screen-
ing has the potential to identify small molecules enriched in
their ability to “fine-tune” complex formation.

One powerful way to uncover inhibitors of PPIs is to directly
measure the binding between protein partners and screen for
compounds that disrupt this contact. However, one of the
challenges imposed by difficult PPIs is that most HTS
platforms for measuring binding affinities are less suited for
characterization of transient, lower affinity interactions.”®"
Toward that goal, several methods have proven useful in
identifying transiently interacting protein partners in cells
including yeast-2-hybrid (Y2H) systems, bimolecular fluores-
cence comglementation (BiFC), and in wvivo cross-linking
strategies.lo 103 Although there are caveats to each of these
methods, their proper implementation provides the ability to
measure transient, moderate affinity PPIs in cells. In vivo cross-
linking using unnatural amino acid mutagenesis has also
recently been identified as a powerful tool for covalently
capturing both high aflinity and transient, lower affinity
protein—protein interactions in yeast.'°"'®* Combined with
mass spectrometric methods, this technique creates a powerful
platform for characterizing weak PPIs and developing inhibitors
of these contacts.

B TOWARD COMPOUND LIBRARIES ENRICHED FOR
PPI INHIBITORS

Compounds that target PPIs tend to be higher molecular mass,
which is expected on the basis of the more complex topology of
these interactions."" In addition, many successful modulators of
PPIs are natural products, which are typically larger and more
topologically complex than average synthetic compounds.
These observations have led many groups to consider that
typical commercial chemical libraries may not be the most
appropriate for finding PPI inhibitors, owing to the tendency of
these collections to be composed of low mass and low
complexity molecules. Accordingly, many new methods such as
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DNA encoded combinatorial libraries (DELs) and improved
diversity-oriented synthesis (DOS) strategies have been
developed to produce more complex compounds.'®™'*®
Similarly, chemical-protein hybrids,'” secondary structure
mimetics,''® aptamers,''" and antibody-like molecules''* have
been developed in an attempt to better match the topology of
PPIs. Finally, natural products, metabolites, and natural
product-like collections are finding renewed use as sources of
PPI modulators."'>''* Unfortunately, these concepts have stil
not been widely adapted by public screening facilities; as of
2010, only 1% of the NIH Molecular Libraries Small Molecule
Repository was natural product-like.'” However, a greater
focus on the biology of PPIs, especially the most difficult PPIs,
may drive the development of additional commercial
collections that cater to the particular needs of these systems.

B SUMMARY

PPIs are emerging as promising drug targets, and reports of PPI
inhibitors have become increasing widespread. The next
frontier in PPI research is to go beyond the concise, tight
affinity PPIs that have constituted a majority of the published
success stories thus far. Rather, the next phase is to understand
how to target the PPIs with large and complex surface
topologies and those with weak, transient contacts. Because
these “challenging” PPIs are the least amenable to classic
orthosteric inhibitors, it seems likely that new strategies will be
needed. Herein we have discussed the varied ways in which the
cell naturally regulates and modulates PPIs. From these
observations, the themes of allosteric inhibition and PTMs
become readily apparent, and a few synthetic small molecules
have already accessed these natural regulatory mechanisms to
fine-tune protein complex formation. Deployment of new HTS
methodologies and carefully designed chemical libraries may
further accelerate discovery of molecules with activity on these
difficult systems. By continuing to look to nature for
inspiration, chemical biologists have the potential to expand
the number of “druggable” PPIs.
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Chemical probes: small molecules or chemical matter that
can be utilized as research tools to study biology
High-throughput screening (HTS): a discovery experiment
in which a rapid and efficient biological or chemical assay is
employed to evaluate large numbers of chemical or
biologicall agents for a particular activity
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