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Abstract

Nature uses a variety of tools to mediate the flow of information in cells, many of which control
distances between key biomacromolecules. Researchers have thus generated compounds whose
activities stem from interactions with two (or more) proteins simultaneously. In this Perspective,
we describe how these “bifunctional” small molecules facilitate the study of an increasingly wide
range of complex biological phenomena and enable the drugging of otherwise challenging
therapeutic targets and processes. Despite their structural and functional differences, all
bifunctional molecules employ Nature’s strategy of altering interactomes and inducing proximity
to modulate biology. They therefore exhibit a shared set of chemical and biophysical principles
that have not yet been appreciated fully. By highlighting these commonalities—and their wide-
ranging consequences—we hope to chip away at the artificial barriers that threaten to constrain
this interdisciplinary field. Doing so promises to yield remarkable benefits for biological research
and therapeutics discovery.
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Diverse biological consequences Diverse chemical structures

Multiple classes of perturbagens are often needed to study biological systems thoroughly.
Natural genetic or physiologic variations that affect outcomes of interest, for example, are a
particularly powerful source of insight, especially into human physiology. Alternatively,
experimental genetic or small-molecule perturbations can play complementary roles in
dissecting biological phenomena with levels of temporal and spatial control not often
afforded by natural variation.!

It is becoming increasingly clear that small molecules can achieve results not easily realized
by their experimental genetics-based counterparts; instead, the effects of small molecules
more closely resemble those of natural genetic alterations under positive selection. Small
molecules are often thought to be synonymous with the term “inhibitors,” but many
compounds either enhance the activities of their targets or impart novel functions. For
example, diacylglycerols, phorbol esters, and bryostatins are activators of protein kinase C
(PKC)—nhydrophilic motifs in the small molecules bind PKC, and hydrophobic moieties
recruit PKC to the plasma membrane.2~4 This mechanism of action (MoA) reveals another
underappreciated feature of small molecules: the ability to modulate biology by engaging
multiple targets. We will refer to such compounds as “bifunctional,” though they have also
been called “molecular glues”.?

Bifunctional small molecules come in many shapes and sizes (Fig. 1). Sometimes
bifunctionality is apparent from analysis of chemical structure alone. Such compounds often
comprise two small-molecule binders connected by a covalent linker, yielding “bivalent,”
dumbbell-shaped molecules that can be synthesized using rational design.8” In other cases,
bifunctionality is less obvious. The macrocyclic natural products rapamycin, FK506, and
cyclosporin A, for example, lack obvious linkers but are also bivalent as they each bind two
protein targets.8-10 These compounds engage their multiple binding partners in a defined
order such that the first binding event generates a “composite” compound—protein interface
that engages the second target. But because the compound alone often has low or no affinity
for the second binding partner,® the identification and de novo design of these types of small
molecules has been challenging. Both of these classes are distinct from “monovalent”
allosteric modulators that promote new protein— protein interactions without contacting the
second protein directly.11
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In lieu of a comprehensive list, this Perspective offers vignettes that highlight the range of
biology that can be studied with bifunctional compounds. The broad utility of molecular
glues as chemical tools was first demonstrated effectively by inducing the proximity of
designed, dominant drug-responsive fusion proteins.}2 Over time, this approach was adapted
to native proteins, facilitating the study and treatment of disease. These experiments have
often used linker-containing compounds to co-localize a specific pair of protein targets. But
it also appears that bifunctionality in synthetic compounds without linkers is far more
common than previously thought. Complex biological phenomena—from cellular signaling
to the behavior of the human immune system—have been studied using these types of
molecules.

Despite differences in structure, source, activity, and nomenclature (e.g. CIPs, CIDs,
PROTACS, dimerizers, and molecular glues), many bifunctional small molecules operate via
the same general mechanism: modulation of protein proximity. We believe that siloing these
compounds into distinct categories has obscured this important commonality. Therefore, this
Perspective will highlight a set of unifying chemical and biophysical principles that are
shared by the ensemble of bifunctional small molecules: 1) binding and co-localization of
more than one biomacromolecular binding partner to generate multimeric complexes, 2)
arrangement of binding partners in biologically meaningful orientations, and 3) orchestration
of extensive networks of intermolecular interactions. Recognizing that these outcomes can
be achieved with a wide variety of chemotypes presents researchers with opportunities to
modulate biological systems in novel ways.

Information transfer in biology

Biology operates in a crowded milieu. It is estimated that up to 40% of a cell’s total volume
is filled by proteins, nucleic acids, and other biomacromolecules.3 Signals must traverse
this congested landscape in a rapid—yet tightly regulated—manner, so Nature has several
approaches to encourage meaningful biomolecular interactions. Many involve the induction
of protein proximity to increase reaction rates. Co-localization allows reactants to interact
(pseudo-)intramolecularly, causing dramatic rate acceleration due to a decreased loss of
translational and rotational entropy. In some cases, the analogous intermolecular reaction
would require impossibly high reactant concentrations (=100 M) to achieve the same rate.1
This effect is measured using a term called effective molarity, which is equal to the quotient
of the intramolecular reaction’s first-order rate constant and the intermolecular reaction’s
second-order rate constant.1®

As noted decades ago by Albert Eschenmoser (among others), proximity alone is not always
sufficient to achieve rate acceleration; the participating species must also be able to adopt a
reactive orientation in three-dimensional space. In an instructive example, Eschenmoser
observed that a system ostensibly primed for a rapid intramolecular reaction actually
proceeds viaa multi-step intermolecular process. Despite the proximity of the nucleophile
and pendant electrophile—which would form a six-membered endocyclic transition state—
the molecular geometry prevents the two species from achieving the requisite orientation for
an Sn2 reaction to occur.18 Jack Baldwin later described “rules” for intramolecular ring
closure that extend this principle to a variety of ring sizes and electrophile geometries.’
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Returning to the cell, scaffolding proteins can increase reaction rates by adhering to the
physical organic chemistry principles outlined above. Scaffolding proteins both co-localize
enzymes and their substrates and arrange them in reactive orientations that minimize
entropic costs (Fig. 2).18 In doing so, they can regulate signaling pathways in several ways:
they can bind multiple signaling enzymes to increase the rates at which they interact,
localize signaling components to specific organelles or cellular compartments, or modulate
feedback mechanisms.19 A well-studied example is Ste5, which binds enzymes in the
mating mitogen-activated protein kinase (MAPK) signaling pathway in the yeast
Saccharomyces cerevisiae.29 Ste5 contains separate binding sites for the MAPK Fus3, the
MAPK kinase (MAP2K) Ste7, and the MAP2K kinase (MAP3K) Stell. It also facilitates
binding of input proteins, such as the MAP3K kinase (MAP4K) Ste20.18

Functionally related biomolecules can also be co-localized by liquid-liquid phase
separations. Just as lipid membranes define the boundaries of cellular compartments,
membrane-less, phase-separated droplets can do the same.2! This phenomenon helps to
explain the behavior of super-enhancers (SEs), which regulate the transcription of genes
critical for cell identity. SEs are clusters of enhancers that bind master transcription factors
and the Mediator complex to boost the transcription of nearby genes to levels higher than
traditional enhancers can achieve.22 Many SE components have large intrinsically
disordered domains that promote the formation of phase-separated “condensates” with high
densities of transcription-promoting molecules.?324 By squeezing the transcriptional
machinery into tiny volumes, SE phase-separated condensates maximize the rates of
intermolecular interactions and bio-organic reactions required for transcriptional activity.24

As can be seen in X-ray co-crystal structures, bifunctional small molecules leverage the
same set of physical organic chemistry principles. Rapamycin establishes high local molarity
of FKBP12 at a portal to the active site of mMTOR, thereby preventing kinase-mediated
information transfer to mTOR substrates (Fig. 3A).25 Changes in the location or orientation
of FKBP12 relative to mTOR likely would result in a different effect on mTOR activity.
Structural data can also provide insight into the mechanisms of targeted protein degraders. A
crystal structure of the linker-containing compound MZ1 complexed with VHL (an E3
ubiquitin ligase) and BRD4 reveals an extensive network of protein—protein and compound-
protein interactions (Fig. 3B).26 These contacts increase the half-life of the complex—and
thus the rate of BRD4 ubiquitination—by decreasing its dissociation rate.2” The non-linker-
containing degrader lenalidomide, meanwhile, “reprograms” the E3 ligase cereblon (CRBN)
by generating a composite surface that recognizes a different set of protein substrates, such
as the kinase CK1a (Fig. 3C).28 These three structures highlight principles common to all
bifunctional small molecules: multimeric complex formation, precise arrangement of
binding partners, and the organization of intermolecular interactions.

Bifunctional natural products

Despite the conventional wisdom that small molecules must be large and complex to
modulate protein—protein interactions (PPIs), natural selection has generated a set of
bifunctional natural products that exhibit a variety of chemical structures (Fig. 4). On one
end of the spectrum, the structurally unassuming phytohormones indole-3-acetic acid (IAA)
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and methyl jasmonate promote the degradation of their cognate receptors by recruiting E3
ubiquitin ligases,2%:39 which mirrors the MoAs of synthetic linker-containing protein
degraders. But unlike those dumbbell-shaped compounds, IAA and methyl jasmonate have
structures that suggest neither their MoA nor their bifunctional nature. The comparably
simple natural product abscisic acid binds pyrabactin resistance 1 (PYR1) in an internal
cavity, prompting dramatic conformational changes that increase the protein’s affinity for its
type 2C protein phosphatase (PP2C) binding partners.3! This activity is not contingent upon
direct contact with proteins other than PYRL.

On the other end of the structural complexity scale are stereocenter-laden macrocycles that
were early on noted for their ability to suppress the human immune system. FK506 and
rapamycin both bind FKBP12, but the resultant compound—protein complexes inhibit
different proteins to modulate intracellular signaling (calcineurin and mTOR, respectively).
8-10.32 These observations highlight that different small-molecule binders of the same
protein may result in divergent neo-binding abilities. Along those lines, the cyclic peptide
cyclosporin A is also a bifunctional calcineurin inhibitor like FK506,33 but it first binds
cyclophilin instead of FKBP12. Cyclophilin is also a target of sanglifehrin A, but the
resulting complex engages IMP dehydrogenase 2 instead of calcineurin.3* These discoveries
provided the early hints that altering interactomes and modulating protein proximity may
indeed be routine but previously cryptic features of small molecules.3®

Inducing proximity of fusion proteins

The scope of biology that can be modulated with natural products—Ilet alone the subset of
bifunctional natural products—is limited. In response, researchers who were inspired by the
mechanisms of bifunctional natural products wondered if proximity-based regulation of
protein activity could be extended to synthetic compounds and non-natural PPIs. Starting in
the early 1990s, they began to generate molecular glues known as “chemical inducers of
proximity” (CIPs).11:12.36 Rather than modulate protein function directly (e.g. by engaging
in competitive enzyme inhibition), these tool compounds co-localize their targets via
formation of a ternary complex. CIP-mediated increases in effective molarity were
hypothesized to mimic the reaction-rate-enhancing effects of scaffolding proteins, but do so
for pairs of proteins that natural selection had neglected.38 Many of the first molecular glues
were homo- or heterodimeric analogs of bifunctional natural products known to bind their
targets with high affinity and selectivity. Protein engineering was then used to extend the
utility of these molecules beyond their natural binding partners and signaling pathways. The
breadth and depth of biology that can be studied using this approach have already been
reviewed extensively,12 so we will instead highlight a handful of illuminating case studies.

Proteins containing FKBP12 domains can be brought in proximity via treatment with the
molecular glue FK1012: a cell-permeable FK506 dimer in which both ends retain their
ability to bind FKBP12. As a proof of concept, FK1012—synthesized from FK506 using a
single olefinmetathesis reaction3’—uwas first shown to activate T-cell receptor signaling in
cells containing an engineered version of the TCR ( chain.38 This strategy was then
extended to heterodimeric bifunctional molecules. An early example, FKCsA was developed

Nat Chem Biol. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gerry and Schreiber

Page 6

to induce the proximity of FKBP12- and cyclophilin-containing fusion proteins, yielding
control over different phases of cell-signaling cascades.3®

Not all dimerizers of fusion proteins, however, contain linkers. Rapamycin has been used to
assemble “split” versions of proteins whose halves have been fused to either FKBP12 or
FRB (the domain of mTOR that binds FKBP12—-rapamycin). One such example is the split-
Nla protease from the tobacco etch virus (TEV). Originally described in 2006, split-TEV
exhibits protease activity only in the presence of rapamycin.4? This tool has been used to
study many cellular phenomena, such as the consequences of caspase activation.*! Similarly,
an engineered split-Cas9 system has been developed in which rapamycin treatment induces
genomic or transcriptional manipulations.#2 To avoid the mTOR-mediated independent
actions of rapamycin in cells, a bump-hole system using methallyl-rapamycin and a mutant
FRB having a compensatory methallyl pocket was developed.*3

Induced proximity of fusion proteins has also been applied in the clinic. Cell-based therapies
for cancer can be hindered by life-threatening toxicity, particularly via graft-versus-host
disease (GVHD). One approach to limiting GVHD is the incorporation of a T-cell “safety
switch” that induces apoptosis upon small-molecule treatment. An engineered version of
caspase-9 that is fused to two FKBP12 domains was shown to be effective in patients who
had received stem-cell transplants to treat relapsed leukemia.** This in-human experiment
demonstrates that induced proximity is not only a useful tool for studying biology, but also a
potential strategy for treating disease.

Compounds with linkers that engage native proteins

As discussed above, experiments throughout the 1990s showed that rationally designed
bifunctional compounds could influence biology viathe simple act of bringing two fusion
proteins closer together in a cell. Having established this proof of concept with engineered
proteins, researchers then shifted to the engagement of native proteins with “direct” binders
that have minimal effects on intrinsic activity. Linker-containing molecular glues can be
synthesized by tethering two compounds that bind the targets of interest. Ideally, chemists
would use small-molecule binders that are already known to both 1) engage the desired
targets without altering their activity substantially, and 2) contain a position at which a long,
flexible linker can be attached without disrupting binding.#> Such a modular, “plug and
play” type of system can make the syntheses of these types of compounds more efficient.

Though easy to overlook, seemingly minor changes to the structure of the linker can have
dramatic biological consequences. Even if appropriate binding elements are placed at the
ends of the bifunctional molecule, they must be connected such that the bound proteins can
interact in a meaningful way.*6 Linkers, therefore, should be sufficiently long and flexible to
enable the proteins to adopt a reactive conformation, but short enough to minimize the
entropic costs of complexation. As seen in Figure 3B, some of these entropic costs can be
offset further via enthalpically favorable interactions between the linker and target proteins.
26 This phenomenon is reminiscent of the MoAs of non-linker “composite” binders, such as
rapamycin and FK506. A key difference, however, is that linker-containing compounds
typically engage their two binding partners independently. Without a defined binding order,
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linker compounds can exhibit a “hook effect” in which ternary complex concentration
paradoxically decreases at high ligand concentrations (due to the competing formation of
binary complexes).*” Complex7 stability is also contingent upon the complementarity of the
protein surfaces being co-localized.2® These factors all confound the prediction of optimal
linker properties a priori, so chemists often test a suite of analogs with different linkers.48

Despite these challenges, the study of wild-type proteins has several benefits. Experiments
with native proteins are more likely to be physiologically and therapeutically relevant than
those using engineered proteins not found in humans. Also, these rationally designed, linker-
containing compounds may be more easily adapted into therapeutic agents than ones acting
on genetic fusion targets. And finally, the use of synthetic ligands removes the need for
natural products and their derivatives, which can be challenging to synthesize. In recent
years, this direct-binder-based approach has exploded in popularity, sophistication, ambition,
and scope (Fig. 5).

Protein degradation.

Often separated into a class of its own, targeted protein degradation via linker-containing
bifunctional molecules is just one potential consequence of induced proximity, albeit the one
with arguably the greatest immediate opportunity for translation to novel types of
therapeutics. Though a detailed accounting of this technique lies beyond the scope of this
Perspective, it has been documented elsewhere.48:49

As mentioned above, a well-studied means to achieve degradation is to co-localize the target
protein with an E3 ubiquitin ligase, which results in polyubiquitination of the target and
degradation by the 26S proteasome.®? A well-known manifestation of this technique are
proteolysis-targeting chimeras (PROTACS), which were first developed in 2001.% This and
related strategies have yielded valuable chemical tools, such as a bifunctional degrader of
pathogenic tau protein accumulations.>? Researchers have also leveraged the linker’s
influence on ubiquitination efficiency to generate “photoswitchable” degraders whose
activities are controlled by light.53:54 The effectiveness of these technologies underscore the
importance of orientation when attempting to spark new biological interactions.

Bifunctional-compound-mediated degradation, however, need not involve binders of E3
ubiquitin ligases. Compounds containing solvent-exposed hydrophobic motifs can cause
molecular chaperones to mistakenly identify the target as misfolded and promote its
degradation.®>:56 Endosome targeting chimeras (ENDTACS) facilitate the degradation of
extracellular protein targets by recruiting them to CXCR7, inducing endocytosis, and
enabling degradation by the lysosome.®’ Lysosome targeting chimeras (LY TACs) comprise a
multivalent mannose-6-phosphate (M6P)-containing glycopolypeptide conjugated to an
antibody that binds an extracellular or membrane-bound target.>® After binding, the cation-
independent M6P receptor shuttles the complex to the lysosome for degradation. Irrespective
of the mechanism by which it is achieved, targeted protein degradation is a flagship example
of using bifunctional compounds to study biological phenomena.
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Protein—protein interaction inhibition.

Bifunctional small molecules can inhibit protein activity by means other than degradation.
Similar to how rapamycin must first bind FKBP12 before it can inhibit mTOR, a small
molecule—protein complex may be more capable of binding proteins that are otherwise
difficult to modulate with small molecules alone. Even if co-localization does not alter the
target’s activity directly, the newly recruited protein may hinder or block access to the
target’s active site (see Fig. 3A). This strategy can be applied to the inhibition of PPIs, which
often involve large, shallow binding planes. An early instance of this approach sought to
prevent the aggregation of p-amyloid (Ap) as a proposed strategy for treating Alzheimer’s
disease.>® The successful development of molecular glues that mitigate Ap fibrillogenesis
supported the notion that linker-containing bifunctional compounds can prevent protein
aggregation.®0

More recently, bifunctional inhibitors of K-Ras have been described.®! Ras mutants are
common drivers of cancer, but nearly all efforts to engage them with peptides or small
molecules have failed. Compounds that bind covalently to cysteine-containing K-Ras
mutants have been generated,®2 but they are ineffective against the most common oncogenic
variants. Using these binders as a starting point, it was hypothesized that recruitment of
immunophilin proteins (e.g9. FKBP12 and cyclophilin) v/a molecular glues would inhibit K-
Ras activity. Biochemical testing of compounds comprising K-Ras binders tethered to
immunophilin ligands revealed an inhibitor of the interaction between K-Ras(M72C) and its
effectors Raf and S0s.61 This unconventional medicinal chemistry campaign—which
focused primarily on linker chemistry—established that recruitment of a steric obstacle to
the proper location can inhibit oncogenic K-Ras.

Immune system direction.

Immunotherapies, particularly antibody-based checkpoint inhibitors, have significantly
advanced the treatment of cancer. Experiments in the early 1990s demonstrated that
bifunctional small molecules could also direct proteins—including components of the
immune system—to specific cell types. Though reminiscent of antibody-drug conjugates,53
the fundamental chemical biology of this technique is reversed: a small molecule recruiting
an antibody to achieve selective cell killing. In an early manifestation of this approach,
conjugation of dinitrobenzene (DNP) to either biotin or CD4 recruited a monoclonal anti-
DNP antibody to streptavidin or the HIV envelope protein gp120, respectively.8 This /n
vitro proof of concept was extended to live cells shortly thereafter.5>

Bifunctional compounds have more recently been used to recruit antibodies to cancer cells.
Structural data informed the design of molecular glues containing a non-peptidic binder of
the extracellular domain of a.,f3 integrin linked to the trisaccharide antigen galactosyl-a.(1-
3)galactose (a-Gal).%8 a-Gal-targeting antibodies bind much more tightly to multivalent
displays of antigen, so the high abundance of a3 integrin on the surfaces of tumors and
tumoral endothelial cells present an opportunity for bifunctional compounds to direct
antibodies towards those cell types.8” This hypothesis proved correct: the bifunctional
compounds only killed cell lines expressing high levels of a3 integrin, whereas the
chemotherapy doxorubicin tethered to the a/f3 integrin binder killed cells
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indiscriminately®®. Other research groups have generated antibody-recruiting small
molecules (ARMs) that target metastatic cancer cells and HIV particles, among others.89.70

This concept has been further extended to the recruitment of neutrophils to pathogenic fungi.
Molecular glues comprising the A-formylated tripeptide fMLP (which binds FPR1 on
neutrophils) covalently tethered to an antifungal drug successfully directed neutrophils to the
fungus Aspergillus fumigatus in model systems, including a zebrafish infection model.”®
Compound treatment also enhanced the fungicidal activity of patient-derived neutrophils.
These results, and others,”2 show that molecular glues can nudge the immune system
towards a wide variety of targets.

Transcription elongation.

Bifunctional molecules can also induce transcription at specific parts of the genome.
Proximity of RNA polymerase Il (Pol 1) is necessary but not sufficient for transcription at a
given genetic locus to take place; the positive transcription elongation factor b (P-TEFb)
must be present and active for Pol 11 to be in a productive elongation state.”® An
international collaboration of researchers generated bifunctional molecules that contain the
small molecule JQ1 (a binder of BRD4, which associates with active P-TEFb) linked to
polyamides that bind specific DNA sequences in a predictable manner. The molecular glue
Syn-TEF1 was shown to activate transcription of the ~X/ gene—which is silenced in
patients with the neurodegenerative disease Friedrich’s ataxia—in various disease-relevant
contexts.

Compounds without linkers that engage native proteins

Increasingly sophisticated and thorough studies of small-molecule MoAs have revealed that
bioactive compounds lacking canonical linkers often behave not as inhibitors of single
enzymes, but as modulators of biologically meaningful PPIs—they alter the interactomes of
their targets. Though they are more challenging to design “rationally,” they act v/athe same
biology described above: proximity as a regulator of activity.

Complex stabilization.

Small-molecule-induced stabilization of multimeric protein complexes can have pronounced
biological consequences. For example, the natural products paclitaxel and discodermolide
stabilize microtubule polymers in such a way that blocks mitosis and triggers apoptosis.” A
synthetic small molecule with the same MoA is synstab A (a portmanteau from “synthetic”
and “stabilizer”). Synstab A was identified from a commercially available compound
collection viaa phenotypic screen searching for small-molecule modulators of mitosis.
Though many of the assay positives destabilized microtubules (52/139), synstab A was
shown to be a stabilizer, promoting interactions between alpha and beta tubulin.”® Notably,
synstab A is significantly less complex than paclitaxel and discodermolide (Fig. 6A).

Complex stabilization can also result in enzyme inhibition. In one illustrative example, a
small-molecule screen uncovered an inhibitor (CC0651) of the E2 ubiquitin ligase hCdc34,
which was originally proposed to act viaan allosteric mechanism.” Further examination of
the CC0651-hCdc34A-ubiquitin ternary complex revealed that CC0651 stabilizes otherwise
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weak interactions between hCdc34A and ubiquitin by binding at the interface of the two
proteins.”® Like synstab A—as well as the auxin and jasmonate natural products—CC0651
is a structurally simple compound with a low molecular weight (442 Da). Complex
molecular features, therefore, are not a requirement for bifunctionality.

Counter-intuitively, small-molecule stabilizers can block PPIs indirectly. The transcription
factor Myc, a regulator of cellular proliferation, is overexpressed in many cancers. To
activate transcription, Myc must first form a heterodimeric complex with the transcription
factor Max. Myc has been unreceptive to small-molecule engagement, so attention has
shifted to disrupting the Myc—Max dimer. A recent small-molecule microarray screen
identified binders of purified Max protein. An optimized analog of an assay positive, KI-
MS2-008, was found to stabilize the Max homodimer and thus render Max less capable of
binding Myc. KI-MS2-008 treatment prompted a decrease of both Myc protein levels and
Myc-regulated transcripts in cells, and it exhibited significant efficacy against cellular and
murine models of Myc-driven cancers.”® Sequestering binding partners in stabilized protein
complexes, therefore, may prove to be a useful general strategy for modulating pathogenic
PPIs.

Advances in screening technology are needed to exploit more fully the biological and
therapeutic potential of small molecules that alter interactomes. To address this need, an
international collaboration between scientists from both academia and industry has recently
developed a disulfide-trapping-based platform to identify fragments that stabilize PP1s.80
The interaction between estrogen receptor a (ERa) and the regulatory protein 14-3-3c was
chosen as an initial test system. Screening a custom library of 1,600 disulfide-containing
fragments revealed compounds that stabilize the interaction between 14-3-3c and a 15-mer
phosphopeptide derived from ERa in a dose-dependent manner. These impressive results
establish a direct means to identify starting points for stabilizers of PPIs.

Protein destabilization.

Interactome

Alternatively, some non-linker bifunctional compounds destabilize their protein targets and
facilitate their degradation. Several estrogen receptor (ER) antagonists have been found
retrospectively to be ER degraders. The synthetic steroid fulvestrant, for example, degrades
ERa by enabling interactions with the intermediate filament proteins cytokeratins 8 and 18,
which associate with proteasomes in the nuclear matrix.8! Fulvestrant’s long alkyl side chain
inspired scientists at Genentech to develop GNE-0011, a JQ1-based BRD4 degrader that was
not linked to an E3 ligase binder.82 The only modification needed to convert JQ1 from an
inhibitor to a degrader of BRD4 was the replacement of an aryl chloride with a
propargylamine motif; no traditional linker was required (Fig. 6B). The ability of this minor
structural change to alter compound MoA suggests that targeted degraders may be more
common than previously realized.

modulation.

Just as linker-containing bifunctional small molecules can induce the proximity of proteins
that otherwise have minimal affinity for one another, non-linker molecular glues can alter the
interactomes of their targets. Immunomodulatory imide drugs (IMiDs) comprise the multiple
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myeloma drug thalidomide and its derivatives. Phthalimides linked to small-molecule
protein binders can effect targeted protein degradation,® but IMiD treatment alone is also
sufficient to alter the target specificity of the E3 ligase CRBN (see Fig. 3C). Thalidomide
blocks CRBN autoubigquitination,83 inhibits the ubiquitination of native substrates (e.g.
MEIS2), and promotes the ubiquitination of neo-substrates (e.g. IKZF1 and IKZF3).84
Biophysical experiments and X-ray crystallography data suggest that these new interactions
would not have taken place in the absence of IMiD.28

Similarly, researchers working independently at Eisai and the University of Texas
Southwestern Medical Center discovered that aryl sulfonamides known as SPLAMs (e.g.
indisulam and tasisulam) induce degradation of the RNA splicing factor RBM39 by
promoting interactions with the CUL4-DCAF15 E3 ubiquitin ligase.8%86 SPLAM-mediated
degradation of RBM39 causes RNA splicing defects to accumulate in a manner that is
harmful to cancer cell lines, and this sensitivity correlates with DCAF15 expression.
Indisulam appears to have no affinity for either RBM39 or DCAF15 in isolation, which
suggests that it binds both members of the complex simultaneously.5:85:86

Bifunctional interactome modulators can also induce the degradation of their target(s) in a
proteasome-independent manner. A recent study describes molecular glues that reduce levels
of pathogenic huntingtin protein (mHTT) by autophagic clearance in both cells and /n vivo
models of Huntington’s disease.8” A small-molecule microarray yielded compounds that
bind mHTT and microtubule-associated protein 1A/1B light chain 3 (LC3), which is
localized to the membranes of autophagosomes. While the structural bases of these
compound-protein interactions remain unclear, the authors suggest that their molecular
glues interact with the polyglutamine motif found in mHTT but not wild-type protein.8’

Interactome modulation need not always result in protein degradation. The sensitivity of
cancer cell lines to the synthetic compound DNMDP was shown to be correlated with
PDE3A expression, which encodes phosphodiesterase 3A.88 Further analysis revealed that
DNMDP not only induces an interaction between PDE3A with the protein Schlafen 12
(SLFN12), but also exhibits its greatest toxicity in cells with high PDE3A and SLFN12
expression; reduction of either PDE3A or SLFNI2mRNA levels decreases sensitivity to
DNMDRP. It remains unknown if DNMDP stabilizes an endogenous interaction or induces a
new interaction between PDE3A and SLFN12.

inhibition.

Natural products provided the original proof of concept that non-linker bifunctional small
molecules can inhibit protein activity viainduced proximity. Accordingly, a library of
45,000 rapamycin-inspired macrocycles termed rapafucins was recently synthesized.89 Like
rapamycin and FK506, rapafucins comprise two distinct “domains™; an FKBP-binding
domain that engages FKBP12, and a variable effector domain that promotes ternary complex
formation with a second protein.%0

Cell-based screening of the rapafucin library and subsequent optimization of assay hits
yielded rapadocin, an equilibrative nucleoside transporter 1 (ENT1) inhibitor that blocks
cellular nucleoside uptake.8 Surprisingly, rapadocin alone has affinity for both FKBP12 and
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ENTZ, though the presence of FKBP12 enhances ENT1 inhibition significantly. These
findings epitomize improved understandings of the design, synthesis, and potential
biological consequences of molecular glues without linkers.

Protein—protein interaction disruption.

This Perspective focuses on the ability of bifunctional molecules to bring proteins closer
together, but we also should note how they can obstruct PPIs. The small-molecule PPI
inhibitor literature is vast,%1 so we will focus on ostensible enzyme inhibitors functioning as
PPI disruptors.

Lysine-specific histone demethylase 1 (LSD1) is a candidate therapeutic target for acute
myeloid leukemia (AML), prompting the development of LSD1 inhibitors that were thought
to interfere with demethylase activity.92 However, an LSD1 inhibitor from Takeda was
determined to block the interaction between LSD1 and the transcription factor GFI1B,% and
LSD1 catalytic activity was shown to be unnecessary to maintain AML proliferation or
maturation arrest.%* To study the MoA of LSD1 inhibitors in greater detail, a method called
CRISPR-suppressor scanning was invented.%® This technique yielded a more nuanced and
comprehensive understanding of the MoA of LSD1 inhibitors, and it confirmed that
disruption of the LSD1- GFI1B interaction is the clinically relevant mechanism.

Similarly, recent experiments with kinase inhibitors have revealed that our understanding of
small-molecule-based kinase inhibition is incomplete. Several ATP-competitive kinase
inhibitors, including clinically approved drugs, lower the levels of their targets in cells. A
subset of these compounds appear to prevent their target kinases from interacting with
Cdc37, which blocks recruitment to the chaperone Hsp90.96 Other kinase inhibitors have
been found to promote either proteasomal or lysosomal degradation of their targets, though
in many cases the mechanistic details are unknown.%’

Concluding thoughts and future outlook

Bifunctional small molecules are everywhere. Not only does Nature use them to regulate
cellular information flow and homeostasis, but chemists also synthesize them—both
knowingly and unknowingly—to populate screening libraries and analyze biological
systems. Due to the difficultly of modeling the consequences of a compound-protein
binding event, rationally designed molecular glues have largely comprised known
“monovalent” binders that are stitched together with a covalent linker. The development of
rapadocin,8 however, suggests that detailed mechanistic information can aid the design of
bifunctional compounds that engage in “composite” or allosteric binding. And as methods to
study small-molecule MoAs continue to improve, researchers will be able to determine
which compounds regulate protein proximity and how they do so. These efforts would
benefit from the recognition that bifunctionality can have a broad range of chemical and
biological manifestations (see Fig. 5).

Conventional wisdom says that bifunctional molecules and PPI modulators should be large
and complex to engage multiple protein surfaces simultaneously. While this may be true in
some cases, it should also be recognized that compounds like auxin (MW = 175 Da) and
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thalidomide (MW = 258 Da) are bifunctional. Small, simple compounds like these can
facilitate complex formation because proteins appear to be primed for multimeric assembly.
In an illustrative study, the introduction of hydrophaobicity-raising point mutations into
protein complexes from £. coli prompted assembly into supramolecular fibrils or foci for
each of the 12 complexes tested.98 The ability of hydrophobic small molecules to engender
similar changes in protein topography, therefore, should not be surprising, and the
underlying mechanisms of these genetic- and binding-based perturbations are almost
certainly related.

We will end this Perspective with some prospective thoughts. Bifunctional small molecules
combined with protein engineering have enabled the detailed study of vast swaths of biology
over the past 25 years: signal transduction, chromatin remodeling, protein transport,
transcriptional regulation, and many other facets of cell behavior.12 Perhaps even more
importantly, each achievement derived from an engineered system also provides
evidence that the same result can be obtained via chemically induced proximity of the
native system. Different bifunctional compounds will be needed—a daunting hurdle, to be
sure—but the same chemical and biophysical principles apply in both scenarios. Therefore,
we find the future of bifunctional small molecules to be as exciting as its opportunities are
numerous.

The identification and development of bifunctional compounds, both with and without
linkers, would benefit from improvements in binding-based screening technology.
Biochemical enzyme inhibition assays have proven amenable to high-throughput screening,
but it remains challenging to detect small molecule—protein binding events with a similar
level of efficiency. Even if a small-molecule binder does not alter the activity or interactome
of its target directly, it could be tethered to another binder to realize new biology.
Biophysical techniques and library synthesis strategies (¢.g. DNA-encoded libraries and
fragment-based screening in cells)?%:190 that enable affinity-based screening are promising
developments.

Moving forward, we should continue to recognize the myriad ways in which small
molecules can interact with proteins. Bifunctional compounds have proven to be a powerful
but underappreciated modality. Be they synthesized in a lab or by Nature, bifunctional small
molecules exhibit activities that can be difficult to reproduce with other methods. And for all
their structural and functional differences, the principles undergirding their biological
mechanisms are the same. Nature has given us the blueprints; chemical biologists are
making them come to life.
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Fig. 1|. Bifunctional compounds can be grouped into two classes: with and without linkers.
Some bifunctional small molecules have dumbbell-like chemical structures that telegraph

their bifunctionality (top); the target-binding motifs are highlighted in blue, and the
ubiquitin-ligase-binding motifs are highlighted in green. Others have chemical structures
that are less suggestive (bottom). We refer to these sets as having or lacking linkers,
respectively.
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Fig. 2 |. Scaffold proteins leverage the physical organic chemistry principle of effective molarity
to acceler ate enzymatic reactions.

The co-localization and strategic orientation of reaction partners—functional groups (top) or
enzymes (bottom)—can raise reaction rates substantially.
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Fig. 3|. X-ray crystallography data reveal common mechanistic principles of molecular glues.
A, Rapamycin (cyan) inhibits the kinase activity of mTOR by promoting an interaction

between FKBP12 (purple) and FRB (red) that occludes the mTOR catalytic site; reproduced
and adapted from REF. 25. B, The ternary complex of MZ1 (yellow), VHL (cyan), and
BRD4 (green), is characterized by an intricate web of intermolecular interactions that are
required to maintain proximity; reproduced and adapted from REF. 26. C, The binding of
lenalidomide (orange) to CRBN generates a surface (purple) that can engage neo-targets
without disrupting ubiquitin ligase activity; reproduced and adapted from REF. 28.
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Fig. 4|. Bifunctional natural products exhibit a wide range of structural complexity.
Ten bifunctional natural products are arranged in order of increasing structural complexity,

and their protein targets are listed below the bolded compound names. This subset highlights
the structural diversity contained within the ensemble of bifunctional natural products.
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Fig. 5|. Bifunctional compounds exhibit a variety of biological activities.
Though not an exhaustive list, the biological activities described in this manuscript highlight

the breadth of biology that can be modulated and studied with bifunctional small molecules.
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Fig. 6 |. Triads of bifunctional molecules with differing sets of structural features but shared

biological activities.

A, Microtubule stabilizers. B, BRD4 degraders. The BRD4-binding motif is highlighted in

blue, and the CRBN-binding motif is highlighted in green.
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