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From Tethered to Freestanding Stabilizers of 14-3-3 Protein-
Protein Interactions through Fragment Linking

Emira J. Visserlell*] Priyadarshini JaishankarPl[*], Eline Sijbesmal@l*] Marloes A.M.
Penningsl@, Edmee M.F. Vandenboornl@l, Xavier Guilloryl@l, R. Jeffrey Neitz[?!, John
Morrow!?l, Shubhankar Duttal’!, Adam R. Renslo®!, Luc Brunsveld@l, Michelle R. Arkin[?],
Christian Ottmannlal

[l aboratory of Chemical Biology, Department of Biomedical Engineering and Institute for
Complex Molecular Systems (ICMS), Eindhoven University of Technology, Den Dolech 2, 5612
AZ Eindhoven, The Netherlands

bIDepartment of Pharmaceutical Chemistry and Small Molecule Discovery Centre (SMDC),
University of California San Francisco (UCSF), San Francisco 94143, United States

Abstract

Small-molecule stabilization of protein-protein interactions (PPIs) is a promising strategy in
chemical biology and drug discovery. However, the systematic discovery of PPI stabilizers
remains a largely unmet challenge. Here we report a fragment-linking approach targeting the
interface of 14-3-3 and a peptide derived from the Estrogen Receptor alpha (ERa) protein. Two
classes of fragments — a covalent and a non-covalent — were co-crystallized and subsequently
linked, resulting in a non-covalent hybrid molecule where the original fragment interactions
were largely conserved. Supported by twenty crystal structures, this initial hybrid molecule was
further optimized, resulting in selective, 25-fold stabilization of the 14-3-3/ERa interaction. The
high-resolution structures of both the single fragments, their co-crystal structures and those of the
linked fragments document a feasible strategy to develop orthosteric PPI stabilizers by linking to
an initial tethered fragment.

Graphical Abstract
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combine two fragment
fragments linking

We describe the first linked fragments for molecular glue development for the 14-3-3/ERa
protein-protein interactions (PPI). Two classes of fragments were co-crystallized and subsequently
linked, resulting in a non-covalent hybrid molecule that was further optimized, guided by twenty
crystal structures, resulting in a selective 25-fold stabilization of the 14-3-3/ERa PPI.
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fragment linking; drug discovery; proteins; fragment-based drug discovery; molecular glues

Introduction

Pharmacological intervention of PPIs is undoubtedly a very attractive approach to modulate
protein function. Whereas both convincing success stories and proven strategies exist for
developing PPI inhibitors, conceptually validated approaches for targeted and specific
stabilization of PPIs are scarce. However, adding to the initial description of natural product
therapeutics like rapamycin and FK506 as ‘molecular glues’[1], the tremendous success

of PROTACs (PROteolysis Targeting Chimeras), IMiDs (Immunomodulatory Drugs) and
‘molecular glue degraders’ have sparked significant interest in the ‘three-body-challenge’ of
small-molecule PPI stabilization.[=3] While there are examples of bioactive small molecules
that act by stabilizing PPIs, in the majority of cases their discovery was due to serendipity
rather than prospective mechanistic insight.[4]

One protein class attractive for PPI stabilization is the 14-3-3 family of phosphoserine/
threonine-recognizing adapter proteins. These proteins interact with several hundred
partner proteinsl®] and modulate the activity of disease-driving proteins e.g., Raf kinases[®-
8], p53[9-12] (cancer), Taul3-15] (Alzheimer’s), LRRK2[16:17] (Parkinson’s), NFxB[18.1]
(Inflammation), and ExoS[20-211 (Infection). Not surprisingly, molecules able to modulate
these interactions have been of significant interest for chemical biology and increasingly
as guiding principles for potential therapeutic intervention.[22:23] |n addition to natural
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products(24-26] sypramolecular ligands[2”], and more ‘conventional’ molecules28.2%1 our
groups have recently proposed fragments as starting points for the development of 14-3-3
PPI stabilizers.[30-33]

Fragment-based drug discovery (FBDD) is a widely applied technology to find ligand-
efficient chemical matter in drug discovery projects. In FBDD, molecules with a molecular
weight below 200 Da, which typically bind with low affinities in the mM range, are
identified by sensitive biophysical techniques like NMR, SPR-, and X-ray crystallography.
Approved drugs like the B-RAF inhibitor vemurafenib[34] and Bcl-2 inhibitor venetoclax[35]
have been developed using FBDD. Although one of the promises of fragment-based
development was to link neighboring fragments[36], successful use of the strategy has

been described in only a few cases.[37:38] Two challenges that confound fragment linking
are identifying linker chemistry that conserves the binding orientations of both fragments
and the lack of suitable neighboring pockets in many protein targets.[36:391 Consequently,
the vast majority of fragment optimization is achieved by ‘fragment-growing’ rather than
‘fragment-linking’.[40.41] Nonetheless, when fragment linking has worked, high affinity was
rapidly achieved[36:42:43],

In two previous screening campaigns, we identified fragments that bound near the interface
of the adapter protein 14-3-3 with a phospho-peptide derived from the C-termini of the
transcription factors ERa (Estrogen Receptor alpha) and p53. One class of fragments
(class I) were covalent molecules identified via ‘tethering’, which employed an engineered
cysteine in 14-3-3 near the ERa. phospho-peptide binding sitel3% (Figure 1a). These
fragments stabilized the 14-3-3/ERa complex up to 40-fold by engaging the C-terminal
residue of ERa,, Val595. The second group of fragments (class I1), identified via soaking
of 14-3-3/p53 crystals with fragment cocktails, bound to 14-3-3 further from the peptide
binding sitel33! (Figure 1b). Herein, we demonstrate an approach for linking a tethered

and non-covalent fragment using constraints defined by co-crystallography (Figure 1c).
The resulting non-covalent molecules stabilized the 14-3-3y/ERa-phospho-peptide complex
efficiently and selectively. Such compounds are promising starting points for medicinal
chemistry optimization, and are among[44] the first examples of molecular glues discovered
by fragment linking. This work also represents a rare example of covalent fragments
yielding reversible, non-covalent leads for a PPI.

Results and Discussion

The first class of fragments, exemplified by compound 1, was ‘tethered’ via an engineered
cysteine at position 42 in the 14-3-3 protein and extended a halogenated benzyl ring
(chlorophenyl) into a deep composite pocket formed between 14-3-3 and the C-terminal
valine of the ERa. phospho-peptide (Figure 1a, d). The other class of fragments

consisted of a benzo[ 6]thiophene-2-carboximidamide (Core A) or a 4-phenylthiophene-2-
carboximidamide (Core B) (Figure 1b, d, Figure S1). Soaking the thiophene-containing
fragments (A-1-A-3 and B-1-B-3) into 14-3-3/ERa co-crystals revealed engagement of
their amidine functional group with Glu14 of 14-3-3 via a salt-bridge, defining the primary
anchoring point of these fragments[33] (Figure S2). To determine if fragments bound
compatibly with compound 1, 14-3-3/ERa crystals were soaked with compound 1 and the
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class 1l fragments. Comparison of the single benzothiophene soaks with their compound 1
co-soaks, revealed a slight tilt of the benzo[ 6]thiophene fragments to prevent a steric clash,
while the conformation of compound 1 remained unchanged (Figure S3a—c). In this slightly
altered conformation, the binding sites of the two fragment groups lay next to each other,
within a distance of 3 to 4 A (Figure 1e, Figure S3d—f).

Based on the structural information of the co-soaks, we designed four benzothiophene-
containing linked fragments with varying linker length and rigidity (compounds 2-5), aiming
to retain key binding contacts, including the amidine-mediated binding to Glu14 of 14-3-3
and the positioning of the p-chlorophenyl ring towards the C-terminal valine of ERa (Figure
2a). Only compound 5 showed partial electron density for both the benzothiophene and
p-chlorophenyl rings of the hybrid molecule (Figure 2b). Overlaying its structure with those
of single and co-soaks of the benzothiophene cores (Figure S4) revealed that the orientation
of the benzothiophene in the hybrid molecule was spatially between its orientation in

single and co-soaked structures. The p-chlorophenyl ring of 5 also adopted a different
conformation than compound 1 (Figure 2c). The slightly different positions of the linked
fragments as compared to that in their individual soaks suggested a non-ideal linker, perhaps
explaining the lack of density in this region of the complex structure of 5.

Next, we designed and synthesized three linked fragments (compounds 6-8) containing the
phenylthiophene moiety (Figure 2d). Excitingly, continuous electron density was visible for
amidine 6 (Figure 2e), which also showed modest stabilization of 14-3-3/ERa in the high
UM to mM range (Figure S5a). Of note, neither the amidoxime 7 nor carboxamide analog 8
were active (Figure S5a). A crystallographic overlay of the hybrid molecule 6 with the single
phenyl-thiophene soaks (Figure S5b) and compound 1 (Figure 2f) revealed that indeed the
primary binding modes of the original individual fragments were largely conserved in the
linked fragment. We therefore synthesized additional analogs of 6 with the aim of improving
its stabilization properties. A Fluorescence Anisotropy (FA) assay was used to analyze the
stabilizing properties of the linked fragments. Compounds were titrated in the presence

of 14-3-30 and FAM-labeled ERa phospho-peptide. For stabilizers, a dose-dependent
increase in anisotropy was expected. It is noteworthy that for several linked fragments we
observed an increase in anisotropy in the absence of 14-3-3, indicative of spectroscopic
interference or compound-induced aggregation of the peptide. We crystallized twenty of the
synthesized analogs, chemical optimization thus being guided by crystallography. Improved
compounds from the series stabilized 14-3-3/ERa binding without significantly interfering
with anisotropy in the absence of protein (see below).

We evaluated the structure-activity relationships (SAR) by inspection of the crystal structure
of 6 (Figure S6). We hypothesized that a modification of the chlorophenyl moiety was

most likely to improve stabilization efficiency because it interacted with both 14-3-3 and
the ERa phospho-peptide. The gem-dimethyl group made hydrophobic interactions with
the side chain of Val595 of ERa as well as Leu218 and 11e219 of 14-3-3. Furthermore,

the chlorophenyl moiety was buried in a hydrophobic pocket formed by Phe119, Pro167,
11e168 and Gly171 of 14-3-3 and Val595 of ERa.. Based on these observations, we made the
following chemical modifications: introducing an amine instead of an ether ('), changing
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the chemical nature of the para (W) and meta (V) substituent on the phenyl ring and, finally,
replacing the gem-dimethyl group with larger cyclic groups (X) (Figure 3a, Table S1).

Exchanging the ether to an amine at position Y (9) resulted in a similar binding
conformation with a slightly weaker stabilization effect (Figure 3b, S7a). The chlorophenyl
moiety buried between the +1 amino acid of the ERa phospho-peptide and 14-3-3 appeared
to play an important role for binding of the linked fragment to the protein/peptide complex.
When removing this substituent in either the ether (10) or the amine variant (11) of the
hybrid molecules (Figure 3b), the phenyl ring was less anchored resulting in a reduction

of electron density (Figure S7b, c). We tested the influence of the substitution of the
phenyl ring by changing the chemical nature of the para substituent and preparing different
combinations of halogen substituents (Figure 3c). Exchanging the chloride with bromide
(12) or trifluoromethyl (13), had no effect on the conformation of the linked fragment nor
on that of Lys122 of 14-3-3 (Figure S8a,b). The same held true for an additional halogen
decoration in the meta position as in 14 (chloro) and 15 (fluoro) (Figure 3d, Figure S8c, d).

Deep in the chlorophenyl-accepting pocket, Lys122 was close (4 A) to the chloride position
in 6, suggesting the possibility of introducing a polar H-bond or buried charge-charge
interaction in this otherwise hydrophobic site near the terminal amino group of Lys122.
However, exchanging the chloride substituent for an acetyl in 16 resulted in a substantial
decline of the quality of the electron density map (Figure 3c, Figure S8e) and did not lead
to the engagement of Lys122. Substitution of a methoxy group at the para position (17)
improved electron density (Figure S8f), with the distance of the oxygen to the amine of
Lys122 being reduced to 3.3 A. No density was visible for the para carboxylic acid group in
analogue 18 however.

We next focused on the gem-dimethyl (position X) which was in close proximity to a
hydrophobic patch in the ‘roof” of the 14-3-3 channel, including Leu218 and 11219,

and the hydrophobic side chain of Val595 of ERa (Figure S9a). Derivatives with cyclic
elaborations of the gem-dimethyl moiety- were synthesized and soaked into crystals of the
14-3-3a/ERa phospho-peptide complex (Figure 3e). Four-, five-, and six-membered rings
(19-21, respectively) were well tolerated and produced high-occupancy crystal structures
with clear density for the entirety of the molecules (Figure S9b-d).

In addition to the cycloalkyl rings, three compounds were synthesized bearing heterocycles,
including a tetrahydropyran (22) and piperidine (23), or a 4-aminocyclohexyl group

(24) at position X (Figure 3e). All three compounds showed complete electron density
coverage (Figure S10); however, the amino-cyclohexyl group in 24 seemed to be less
well-defined. Importantly, these compounds did not exhibit an undesirable increase in
anisotropy in control experiments lacking 14-3-3, but showed clear 14-3-3/ERa phospho-
peptide stabilization (Figure 3h). The addition of solubilizing either or amine functionality at
position X (22-24) might thus have enhanced solubility and decreased aggregation potential.
The aniline (Y = N) variant 25, bearing a piperidine ring as in ether 24, showed a similar
stabilization efficiency and electron density (Figure 3f-h, and S10). A more detailed analysis
of the binding modes revealed that the introduction of a hydrogen bond acceptor (22) or
donor (23, 24, 25) in the cyclic group X allowed for participation in a network of water
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molecules, thereby enabling water-mediated interactions with the terminal carboxyl group
of Val595 or the carbonyl oxygen of ERa (Figure 3i). These introduced polar interactions
thus facilitated interactions with both 14-3-3 and ERa,, likely leading to the stabilization
observed in FA.

Surprisingly, removal of the para-chloro substituent in the context of unsubstituted
cyclohexyl (26), 4,4-difluorocyclohexane (27) or tetrahydropyran ring analog (28; Figure
30) resulted in a new binding mode wherein the alicyclic or heterocyclic rings replaced

the unsubstituted benzene in the interface pocket between 14-3-3 and peptide (Figure S1la—
c). In the case of the 4,4-difluorocyclohexane analog, even the re-introduction of the chloro-
substituent (29) did not revert the binding mode (Figure S11d), perhaps highlighting the
strong preference for halogen decorations for this interface pocket. Additionally, this switch
in binding mode caused three other structural effects: (1) in the case of the cyclohexyl

(26) and the difluoro-cyclohexyl (27) compounds, density was observed for an alternative
conformation of Val595 of ERa, pointing towards the compound (Figure S11a, b). This
effect is also observed for natural product FC-A[4%], where it was proposed to be a favorable
conformation for stabilization. (I1) The phenyl ether oxygen and aniline nitrogen atoms,
being displaced from the deeper pocket, were now able to participate in the water network,
allowing for water-mediated H-bonds with the C-terminal carboxyl group of ERa (Figure
S11e). (111) The difluoro-group of 27 interacted directly with Lys122 of 14-3-3 and the
carboxy group of ERa., with a distance of 3.2 A and 2.8 A, respectively (Figure S11f).
Compounds 26-27, by virtue of the alternate binding mode they adopt, can be viewed as a
second, orthogonal, chemical scaffold for the discovery of more potent stabilizers of ERa
and 14-3-3.

We further evaluated the most potent analogs (23, 24, and 25; ECsq values 118 pM, 151

UM, and 143 pM, respectively) via FA 2D-protein titrations (Figure 4a). 14-3-3y was titrated
to FAM-labeled ERa phospho-peptide (10 nM) in the presence of varied concentrations

of each compound, resulting in a 21-fold, 25-fold and 15-fold maximum increase in PPI
stabilization at 500 UM of 23, 24 and 25, respectively. The most potent stabilizer, 24, was
evaluated for its selectivity versus ten representative 14-3-3 client-derived phospho-peptide
motifs (Figure 4b). These motifs were selected based on their distinct binding sequences.
Compound titrations showed a high selectivity for ERa., which can be explained by the
structural overlay of 24 with each peptide client (Figure S12), showing steric clashes with
almost all other peptides.

In summary, the stabilization of the 14-3-3/ERa interface by small-molecule linked
fragments as described herein is driven by a number of polar and hydrophobic contacts,

as exemplified by the complex structure of compound 24 (Figure 4c). The most prominent
polar interaction is the salt-bridge between compound 24’s amidine moiety and the side
chain of 14-3-3’s Glul4. Furthermore, water-mediated contacts between compound 24’s
amidine and Glu39 and Ser45 of 14-3-3 and the water network involving Glul115 and
Asp215 are established by the carbonyl oxygen and the linker nitrogen and oxygens of

24. At the site of the ERa interface, the 4-amino group of the cyclohexyl ring interacts
with a water network involving the backbone of 14-3-3 and the carboxyl terminus of ERa.
Important hydrophobic interactions are mediated by the cyclohexyl ring and the side chains
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of Val595 of ERa as well as Leu218 and 11219 of 14-3-3c. The p-chlorophenyl moiety is
buried in a hydrophobic pocket formed by Phel119, Prol167, 1le168 and Gly171 of 14-3-3 and
Val595 of ERa phospho-peptide. Finally, the co-planar phenyl and thiophene rings rest on
the terminal amide pi surface, and side-chain methylene of Asn42.

Conclusion

Here we have demonstrated the potential of fragment linking for the development of

novel PPI stabilizers, or molecular glues. Our approach utilized one tethered fragment and
one reversibly bound, non-covalent fragment as well as crystallography of the quaternary
complex including both fragments, 14-3-3, and ERa phospho-peptide. The proximity and
positioning of fragments, as revealed in the quaternary structure, allowed for a linker design
that conserved the orientations of the individual fragments at the 14-3-3/ERa. interface.
These initial linked compounds were rapidly developed into more potent and selective
stabilizers of the 14-3-3/ERa interaction, making this approach very attractive for the
rational design of PPI stabilizers for 14-3-3 PPIs and beyond. We further speculate that
fragment linking may be generally more successful when initiated from a tethered fragment
as the starting point. Since the tether to cysteine introduces its own constraints on fragment
binding, tethering-based screens may intrinsically identify fragment-protein interactions that
are more tolerant of non-idealized geometries and distances. This in turn may make their
linking to adjacent non-covalent fragments more forgiving of a less-than-perfect linker.
Clearly, additional studies involving different and more diverse targets, as well as full-length
proteinst6l, will be required to further validate this intriguing notion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Overview of fragment linking approach. a) Schematic and X-ray crystal structure of
previously discovered C42 tethered fragment 1 (blue sticks) in complex with 14-3-3c
(N42C, C38A) (white surface) and ERa phospho-peptide (orange sticks) (pdb ID: 6HMT).

b) Schematic and X-ray crystal structure of previously discovered amidine fragment (red

sticks) in complex with 14-3-3c (white surface) and p53 phospho-peptide (green sticks)
(pdb 1D: 6S40). c) Schematic of fragment linking approach taken here and crystallographic

overlay of the two previously discovered fragments to show their proximity. d) Structures

of two fragment classes with disulfide tethered fragment 1 and benzothiophene Core A and
phenyl-thiophene Core B. e) X-ray crystal structure of co-soak of compound 1 (blue sticks)

and A-1 (red sticks) in complex with 14-3-3c (white surface) and ERa phospho-peptide

(orange sticks). 2Fo-Fc electron density map is contoured at 1o.
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Figure 2.

Discovery of first linked fragments. a) Molecular structures of the different linker lengths
of benzothiophene building blocks. b) X-ray crystal structure of 5 (pink sticks) in complex
with 14-3-3¢ (white surface) and ERa phospho-peptide (orange sticks). ¢) Crystallographic
overlay of 5 (pink sticks) with C42-tethered fragment 1 (blue sticks), in complex with
14-3-3c and ERa phospho-peptide (orange sticks). d) Molecular structures of diphenyl- and
phenyl-thiophene building blocks. e) X-ray crystal structure of 6 (green sticks) in complex
with 14-3-3o (white surface) and ERa phospho-peptide (orange sticks). f) Crystallographic
overlay of 6 (green sticks) with C42-tethered fragment 1 (teal sticks), in complex with

14-3-3¢ and ERa phospho-peptide (orange sticks).
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Figure 3.
Overview SAR optimization of linked fragments. a-g) Molecular structures of linked

fragments with compound 1D number (6-29) and ECsgq yaiues (UM; green text). If the control
(no 14-3-3 protein) also shows an increase in anisotropy, the ECsq value is indicated with a
~ sign. An asterisk (*) indicates that the molecule was crystallized. a) Scaffold highlighting
positions that were altered at X, Y, V and W. b) Molecules with an ether (Y = Q) or

an aniline (Y = N) at position Y, with and without a chlorophenyl at position W. c)
Molecules with different substituents on the para position of the phenyl ring (position W).
d) Molecules with different substituents on the meta position of the phenyl ring (position V)
e) Substitution of larger cyclic groups at the gem+dimethyl position (position X). ECsg value
of active compounds in green box. f) Molecule with piperidine substitution at position X,
and an aniline at position Y. ECsg value given in green box. g) Molecules synthesized with
cyclic substitutions at position X, with or without a chloropheny! substitution at position W.
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h) Fluorescence anisotropy (FA) dose-response curves for the linked fragments with a cyclic
group at position X containing a hydrogen bond donor or acceptor. Compounds are titrated
into FAM-labeled ERa phospho-peptide (10 nM; grey dots) or to a mixture of FAM-labeled
ERa phospho-peptide (10 nM) and 14-3-3y (1 uM; blue squares). i) X-ray crystal structures
of 22 (cyan sticks), 23 (green sticks), 24 (marine sticks), and 25 (red sticks), in complex
with 14-3-3c (white surface) and ERa phospho-peptide (orange sticks). Hydrogen bonds are
visualized by black dashes and water molecules as red spheres.
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Figure 4.

Characterization of stabilizing linked fragments. a) FA 2D titrations with titration of 14-3-3y
to FAM-labeled ERa phospho-peptide (10 nM) against varying concentrations of 23, 24, or
25 (ranging from 0 to 500 uM). b) FA with multiple doses of 24 added to ten different client
peptides (10 nM each; grey dots), or a mixture containing the peptide and 14-3-3+y (blue
squares). ¢) X-ray crystal structure of 24 (marine sticks) in complex with 14-3-3¢ (white
surface) and ERa phospho-peptide (orange sticks). Polar interactions are visualized as black
dashes and water molecules as red spheres.
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