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Abstract

Regulatory protein-protein interactions are ubiquitous in biology, and small molecule protein-
protein interaction inhibitors are an important focus in drug discovery. Remarkably little attention
has been given to the opposite strategy — stabilization of protein-protein interactions, despite the
fact that several well-known therapeutics act through this mechanism. From a structural
perspective, we consider representative examples of small molecules that induce or stabilize the
association of protein domains to inhibit, or alter, signaling for nuclear hormone, GTPase, kinase,
phosphatase, and ubiquitin ligase pathways. These SPLINTS (small-molecule protein ligand
interface stabilizers) drive interactions that are in some cases physiologically relevant, and in
others entirely adventitious. The diverse structural mechanisms employed suggest approaches for a
broader and systematic search for such compounds in drug discovery.

Introduction

Biological assemblies frequently encompass a large number of subunits, many of which only
transiently associate. In this review, we highlight representative examples of small molecules
that stabilize regulatory interactions in signal transduction through nuclear hormone
receptors, GTPases, kinases, phosphatases, and ubiquitin ligases. We refer broadly to these
compounds as SPLINTS, or small-molecule protein ligand interface stabilizers, and we
focus on selected examples that exhibit diverse structural and mechanistic features in these
signaling pathways. We have not attempted to be comprehensive in our analysis; excellent
recent reviews cover a panoply of additional examples of agents that both stabilize and
disrupt protein interactions[1-3]. We consider well-known natural products such as
cyclosporin and rapamycin, which induce adventitious binding of immunophilins to target
proteins, as well as synthetic small molecules such as GNF2, which was developed to
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stabilize autoinhibitory interactions within the Bcr-Abl oncoprotein. Some SPLINTS are
endogenous regulators or mimics thereof, while others exploit binding sites with no known
physiologic ligands. Structurally, these examples exhibit diverse mechanisms. In some cases,
they act as “molecular glue”, contributing contacts to both protein or domain partners to
stabilize an interface. In other examples, SPLINTS do not directly participate in the
interface, but instead act to remodel a protein surface to induce an interaction-competent
conformation. Finally, we discuss the broader implications of these examples for drug
discovery.

Nuclear hormones and remodeling of transcription factors

Nuclear hormone receptors function as ligand-dependent transcription factors[4] that are
subject to regulation by steroid hormones and other metabolites. The large family of nuclear
hormone receptors are comprised of two folded domains, a highly conserved two Zinc-finger
DNA binding module, and a ligand binding, dimerization and transactivation domain, known
as the AF-2 (ligand dependent activation function 2) domain (Figure 1a). On structural
grounds, agonist/antagonist binding induces a conformational change that modulates the
ability of the receptor to recruit co-receptors (Figure 1a) [5-7]. Agonist binding to the
interior of the AF2 domain directly influences the conformation of an « -helix (H12 in the
retinoic acid receptor), and results in productive co-receptor binding. In the productive
conformation, this helix facilitates binding of the L-x-x-L-L motif of the co-receptor, while
in the ligand-free, or antagonist bound form, co-receptor binding is disfavored.

Trapping of a GTPase/GEF complex by the fungal metabolite Brefeldin A

The Sec7 family of proteins act as guanine nucleotide exchange factors (GEFs) for ARF
GTPases. Transient complex formation between ARF1-GDP and Sec7 occurs as part of the
GTPase cycle. Brefeldin A (BFA) is a fungal metabolite that selectively binds the complex
of ARF-GDP and Sec7 and prevents guanine nucleotide release[8]. By inhibiting the Golgi-
associated guanine nucleotide exchange for Arfl, BFA interferes with the assembly of COPI
coats on the Golgi and impairs vesicular transport between endoplasmic reticulum and
Golgi[9-11]. BFA does not interact with isolated ARF1-GDP or Sec7. Rather, it binds only
to a site formed in the complex, where it stabilizes the interaction between ARF1-GDP and
Sec7 and enforces a conformation that does not permit GDP release from ARF1 (Figure 1b).
Brefeldin A is a planar lactone macrocycle, decorated with keto- and hydroxyl-groups.
Crystal structures of ternary ARF1-BFA-Sec7 complexes reveal that BFA is fully buried at
the interface of Sec7 and Arf1-GDP, where it contacts both proteins[11,12]. The
predominant interactions between BFA and Arfl involve the switch 1 and 2 loops of the
Arfl GTPase. A hydrophobic cage that is largely composed of Arfl aromatic residues
encircles the macrocyle on three sides. The BFA hydrophilic groups are bound in this
hydrophobic environment together with buried water molecules. Consistent with
biochemical studies, the overall Sec7/Arfl surface area in the absence/presence of BFA is
extensive, such that the natural product stabilizes a distinct Arfl conformation, rather than
driving complex association per se.
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Cyclosporin A and FK506, de novo complex formation

Cyclosporin A (CsA) and FK506 are natural microbial products with immunosuppressant
activity[13]. CsA is a non-ribosomal cyclic peptide, while FK506 is a macrolide lactone
ring. CsA and FK506 bind to their cellular receptors cyclophilin A (CypA) and FKBP12,
respectively. Both CypA and FKBP12 belong to a family of small cis-trans peptidyl-prolyl
isomerases termed immunophilins. While CsA and FK506 are strong inhibitors of their
cognate isomerase, the immunosuppressant activity stems from ligand induced binding of
the CsA-cyclophilin or FK506-FKBP12 complex to calcineurin (CaN), a Ser/Thr
phosphatase important for T-cell activation (also referred to as Protein phosphatase 2B). The
CaN heterodimer consists of subunit A (CaNA) and subunit B (CaNB). CaNA comprises a
globular catalytic domain (residues 14 - 342), an extended helical domain involved in CaNB
binding (residues 343 — 373) followed by a largely unstructured c-terminal region (374 —
521). The structure of the FKBP12-FK506-CaN complex (Figure 1c) reveals that FK506 and
surrounding residues of FKBP12 contribute to extensive interactions with both CaN
subunits[14,15]. The CyPA-CsA complex (Figure 1d) binds to the same interface of the
CaNA-CaNB dimer[16,17]. Both, CyPA-CsA and FK506-FKBP12, share a common set of
signature residues on CaN. Despite the large number of shared residues, distinct contacts for
CyPA-CsA or FK506-FKBP12 exist, with differences in the detailed hydrogen bonding
networks resulting in distinct binding modes. The ability of calcineurin to accommodate two
structurally diverse immunophilin-drug complexes with distinct binding modes, may be
indicative of an interface evolved to recognize a multitude of different substrates.

Kinase inhibition via stabilization of domain interfaces, by chance and by

design

Interestingly, the immunophilin FKBP12 can also be hijacked as an inhibitor of the protein
kinase mTOR. Binding of FKBP12 to mTOR is induced not by FK506, but by the
structurally-related macrolide rapamycin[18-20]. mTOR (mammalian target of rapamycin)
is a member of the PI3K-related protein kinase family. The mTOR kinase is the catalytic
engine of two distinct multiprotein complexes termed mTORC1 and mTORC2. These
regulators control cellular processes including protein and lipid synthesis, energy
metabolism, and autophagy in response to a variety of inputs including amino acid levels,
stress and growth factor signaling[21]. The mTORC1 complex, for example, controls protein
synthesis by phosphorylating translational regulators 4E-BP1 and S6 kinase 1 (S6K1).
Rapamycin binds FKBP12 in a manner similar to FK506, but the composite surface of the
rapamycin/FKBP12 complex creates a recognition interface for mTOR, rather that
calcineurin. The rapamycin/FKPBP12 complex binds the FRB region of mTOR, a small
helical bundle that extends from the N-terminal lobe of the kinase domain. The structure of a
ternary FRB/rapamycin/FKBP12 complex revealed extensive interactions between
rapamycin and both FKBP12 and the mTOR FRB domain, and also significant contacts
between the two proteins, including hydrogen bond interactions on either side of the
sandwiched rapamycin molecule[22]. This interaction interferes with normal mTOR
function by altering access of protein substrates to the kinase active site[23]. While no
structure is available for an intact mTOR kinase inhibited by rapamycin and FKBP12,
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superposition of the ternary complex described above on the recently elucidated structure of
a partial mMTORC complex reveals that the induced interaction of FKBP12 with the FRB
domain constricts access to the kinase catalytic cleft[23] (Figure 2a). In addition, the highly
conserved FRB surface that is blocked by FKBP12 is important for recruitment of a key
substrate of the mMTORC1 complex, S6K1 [23].

Recruitment of FKBP12 by rapamycin as an inhibitor of mTOR is apparently adventitious;
FKBP12 has no known physiologic role in mTOR signaling. However, kinases are typically
regulated by inter- or intra- molecular protein interactions, and small molecules that stabilize
such regulatory interactions have also been developed. One illustrative example is the serine/
threonine kinase AKT1 (also known as protein kinase B, PKB). AKT1 is one of three AKT
isoforms[24], and is maintained in an autoinhibited state by intramolecular interaction of its
N-terminal pleckstrin-homology (PH) domain with the kinase domain[25]. AKT1 is
activated in the course of PI13-kinase signaling by binding of its PH domain to phospholipids,
including PI1[3,4,5]P3, the product of PI3-kinase[26]. Phosphoinositide binding results in
recruitment of AKT to the membrane, and concomitantly, in release of the autoinhibitory
interaction of the PH domain with the kinase domain. Release of the PH domain interaction
also promotes activating phosphorylation of AKT1 by upstream kinases including PDK1 and
the mMTORC2 complex. While most AKT inhibitors (and the vast majority of all kinase
inhibitors) bind in the ATP-site and exert their effect by blocking binding of this substrate,
allosteric inhibitors that stabilize the inhibitory interaction of the PH domain have also been
developed[27]. A breakthrough structural study of one such agent, inhibitor VI1II, revealed
that the compound binds at the interface between the PH and kinase domains, interacting
extensively with both and effectively “cementing” the autoinhibitory contacts of the PH
domain[28] (Figure 2b). The interactions of the PH domain disrupt the ATP-site, and also
displace and disorder the C-helix, which plays an important role in catalysis in AKT and
other kinases. A recent a co-crystal structure with a chemically unrelated allosteric AKT
inhibitor revealed a closely similar binding site and AKT conformation[29], supporting the
hypothesis that these agents are further stabilizing a physiologically relevant regulatory
interaction between the kinase and PH domains.

Such intramolecular, autoinhibitory interactions are a recurring theme in kinase regulation.
Diverse non-receptor tyrosine kinases are regulated by intramolecular contacts of their
modular targeting domains. Src, Abl, and Tec family kinases all contain an SH3-SH2-kinase
module in which contacts of the SH3 and SH2 domains with the “back” of the kinase
domain stabilize an autoinhibited conformation of the kinase domain[30-33]. In Abl, this
constellation of inhibitory interactions is promoted by insertion of an N-terminal myristoyl
group into a pocket on the C-lobe of the kinase domain. Insertion of this lipid group
remodels a helix (Helix-1) on the surface of the C-lobe, creating the conformation required
for the inhibitory SH2 domain interaction [32,34]. A crystal structure of myristate-bound
Abl is shown in Figure 2c. In Ber-Abl, the oncogenic fusion protein produced by a 9:22
chromosomal translocation, loss of this lipid modification and other inhibitory contacts in
the Abl N-terminus renders the kinase constitutively active and leads to chronic
myelogenous leukemia (CML). A cell-based screen for inhibitors of Ber-Abl led to the
discovery of compounds GNF-2 and GNF-5, which inhibit the oncoprotein by binding the
vacant myristate pocket[35-37]. A series of elegant mechanistic studies including
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crystallography, NMR and hydrogen deuterium exchange mass spectrometry have shown
that like the myristoyl madification, these compounds inhibit the kinase by remodeling
Helix-1 in the C-lobe so as to restore docking of the SH2 domain[36,38] [39] (Figure 2c,
right panel). Interestingly, variants of GNF-2 that retain the ability to bind the myristate
pocket but fail to remodel Helix-1 act as agonists rather than antagonists of the kinase[40].

The plant hormone auxin, a molecular glue for a ubiquitin ligase

The phytohormone auxin (indole-3-acetic acid) is an essential regulator of plant
development[41-44]. The Cullin-RING ubiquitin ligase SCFT'R! serves as the auxin
receptor, which ubiquitinates the Aux/IAA transcriptional repressors in response to
auxin[45]. Structural studies[46] established the TIR1 subunit of the SCFT'R1 complex as
the hormone receptor. TIR1 is a canonical F-box protein connected through its F-box
domain to an ASK1-CUL1-RBX1 ligase module[47]. Following the three-helix F-box
domain, TIR1 comprises a leucine-rich-repeat (LRR) domain with 18 LRR motifs, which
binds inositol hexakiphosphate (InsPg) at the center of the LRR solenoid adjacent to the
auxin (Figure 3a). Auxin is accommaodated in a hydrophobic pocket on the top surface of the
LRR domain, which simultaneously provides the majority of interactions to bind a peptide
derived from the auxin-responsive protein IAA7. The IAA7 peptide stacks directly on top of
the auxin molecule, utilizing a hydrophobic motif conserved across Aux/IAA variants by
which it fully engulfs auxin. Additional hydrophobic interactions are provided by extended
loops of the LRR motifs adjacent to the pocket. Neither binding of auxin, nor Aux/IAA,
results in significant structural rearrangements of TIR1. Auxin hence serves as “molecular
glue”, which by filling the gap at the bottom of the Aux/IAA binding pocket increases the
available hydrophobic surface area for Aux/IAA binding to strengthen the interaction.

Thalidomide and its IMiD derivatives

Thalidomide and its second-generation derivatives lenalidomide and pomalidomide,
collectively known as IMiDs, are low molecular weight drugs commonly used in the
treatment of hematological malignancies[48,49]. The thalidomide efficacy target is CRBN,
the substrate receptor of a Cullin-RING ubiquitin ligase (CRL4CRBN) complex[50].
Thalidomide and its derivatives prevent the CRBN receptor from engaging an endogenous
substrate[51,52]. IMiD binding to CRBN further induces recruitment and degradation of the
Ikaros/Aiolos transcription factors and Casein Kinase 1 alpha (Ck1 a) [53-56]. These factors
likely represent neo-substrates, which are exclusively degraded by CRL4CRBN in the
presence of the drug. Their degradation depends on the exposed C4, C5 and C6 positions of
the phthalimide ring. While the structural basis of Ikaros/Aiolos and Ck1 a recruitment to
CRBN induced by the drug is unclear, thalidomide and its derivatives likely function as
molecular glue, similar to auxin, whose binding will most likely involve surrounding
residues of CRBN.

Concluding Remarks

As the examples above illustrate, small molecules that act by stabilizing protein interfaces
are not rare. By nature, their mechanisms of action are highly idiosyncratic, a property that
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recommends them for further exploitation in drug discovery. In contrast to active-site
directed inhibitors, for which refining specificity for a particular member of a large enzyme
family can be a major challenge (kinases or serine proteases, for example), SPLINTS can
exhibit intrinsically greater specificity by exploiting regulatory interactions that are unique
to a particular target of interest.

For target classes in which endogenous small molecules act as regulators of protein
interactions (nuclear hormone receptors, for example), development of pharmaceutical
antagonists and agonists is obviously a long-established paradigm. By contrast, the
seemingly random recruitment of cyclophilins to calcineurin and mTOR has quite
understandably not inspired broad efforts to reproduce this mechanism with alternate targets.
However, the “accidental” discovery of stabilizers of interdomain interactions in proteins
such as AKT and Bcr-Abl and of the E3-ligase altering agents like thalidomide does argue
that compounds with such unique mechanisms of action can be more systematically
discovered and exploited with greater awareness of the “splinting” mechanism and attention
to assay design. Many protein classes of pharmaceutical interest are enzymes regulated by
inter- or intramolecular protein interactions or are part of larger regulated complexes. A few
examples include diverse protein kinases (BRAF, Tec, Jak, and Src-family kinases),
phosphatases (PP2A, SHP2), ubiquitin ligases, and epigenetic modifiers (histone acetyl
transferases or histone methyl transferases such as EZH2). A focus on the discovery of
active site-directed inhibitors of these targets often leads to screening of truncated proteins
containing only the isolated catalytic domain or subunit. Developing assays in which full-
length proteins are used, where regulatory elements remain intact and inhibited states are
kinetically accessible, is expected to lead to the discovery of more compounds that exploit
these autoregulatory contacts. In principle, finding small-molecules that contribute a small
amount of binding energy to stabilize an inhibitory interface should be much more tractable
than finding those with sufficient binding energy to disrupt activating or targeting
interactions.
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Highlights
SPLINTS are small-molecules that stabilize/remodel protein-protein interactions
They mimic physiological regulators, or confer de novo regulatory function

SPLINT compounds offer novel possibilities for drug discovery

Curr Opin Struct Biol. Author manuscript; available in PMC 2017 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fischer et al. Page 12

(a)
RXRa- Apo RXRa-Agonist RXRa- Antagonist(partial)
\./ (»
@ ¢ @ ¢ V@) &
,)1@& "1@' @,
/:&@g ¥ /// 2 L@/ )
[ OTTR S \}5’
He € J,§ £ ¢
¢ .7‘ € 7, ﬁ N%cleartrecle ptor ¢ 3 > ),
oW o Gty ¢ Tas b P
_e ¥ SR
» é < e
3 S
H12 Oleic acid
(Synthehc agonlst)
\\
(c) (d)

)

Calcineun‘n A
(Catalytic subunit)

Calcineurin B Calcmeurln B °©
(Regulartory subunit) (Regulartory subunit)

Figure 1.
(a) Structural comparison among three different conformational state of nuclear receptor

ligand binding domain. Activation domain is represented red helix in Apo (left, PDB ID:
1LBD), Agonist (middle, PDB ID: 1FBY) and Antagonist (Right, PDB ID: 2DKF). (b)
Structure of Arf-Sec7 in complex with Brefeldin A (BFA). BFA is represented by space
filling model (PDB ID: 1S9D). (c),(d) Structural comparison between FKBP-FK506-
calcineurin (PDB ID:1TCO) and Cyclophilin-CyclosporinA-calcineurin(PDB ID:1M63),
respectively.
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Figure 2.
Small molecules that inhibit kinases by inducing or stabilizing domain interactions. (a)

Rapamycin recruits FKBP12 to mTOR, thereby restricting access of substrates to the kinase.
The crystal structure of a partial mMTOR complex revealed the structure and interactions of
the mTOR FAT, kinase and FRB domains, and of the mLST8 subunit (shown in tan, blue
and green, respectively, drawn from PDB ID 4JSP). Modeling of the interaction of
rapamycin and FKBP12 with mTOR, based on superposition of the structure of an
FRB:rapamycin:FKBP12 ternary complex (PDB ID 1FAP), showed how this induced
protein interaction occupies a substrate binding surface on the FRB domain and constricts
access to the kinase active site (shown with nucleotide substrate analog ATPyS bound). (b)
Structure of human AKT in complex with allosteric inhibitor compound VIII (PDB ID:
3096). The inhibitor stabilizes the interaction of the PH domain with the kinase domain,
rendering it inactive due dismantling of key elements of the active site. (c) Allosteric
Inhibition of Ber-Abl by restoration of autoinhibitory interactions of the SH2 domain. In
autoinhibited cAbl (PDB ID: 10PK), insertion of the N-terminal myristoyl group
(represented by myristate in this structure) into a pocket on the kinase domain promotes
docking of the SH2 and SH3 domains onto the kinase domain. These interactions lock the
kinase in an inactive conformation. In the oncogenic Bcr-Abl fusion protein, this myristoyl
group is not present, but docking of the SH2 domain can be restored by small molecules
such as GNF2, which mimic the action of myristate. Superposition of the Abl kinase domain
determined in the presence of absence of GNF2 (right panel, blue and tan ribbons
respectively) showed that the compound induces the “kinked” conformation of helix |
required for the inhibitory SH2 domain interaction (drawn from PDB ID codes 2F4J and
3K5V).
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(a) Structure of TIR1-ASK1 complex with auxin and IAA7 degron peptide (PDB ID: 2P1Q).
A detailed view of the TIR1-auxin-1AA7 interface is shown in the inset, with key residues
labeled. (b) Structure of DDB1-CRBN E3 ligase in complex with thalidomide (PDB ID:
4CI1). The predicted site of substrate recognition is indicated as schematically. Inset: Close
up of the Thalidomide binding pocket in the CRBN-CTD with key residues depicted as

sticks.
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