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Exploring Molecular Glues for 14-3-3 Protein-Protein Interactions
Johanna Mae Virta
Abstract

14-3-3 regulates the activity of thousands of client proteins in various biological
pathways through physical occlusion, structural conformations, and scaffolding protein-protein
interactions (PPIs). Utilizing the role of 14-3-3 to regulate client proteins, the Arkin lab has
developed molecule glues (MGs) that stabilize native 14-3-3/client interactions, harnessing the
negative regulatory interactions to “turn off” client proteins’ functions in disease. By targeting
PPIs as opposed to singular proteins, selectivity can be enhanced through selective MGs that
bind the unique composite interfaces for a PPI of interest. This also allows for unstructured
proteins/regions that were previously difficult to target to gain new induced binding pockets for
modulators for the development of novel therapeutics.

The work presented in this dissertation showcases the work on exploring MGs for
various 14-3-3/client interactions, with focus on the 14-3-3/ERa and 14-3-3/CRAF complexes.
These client proteins represent crucial targets in cancer (ERa and CRAF) and in developmental
RASopathies (CRAF) that have distinct functions and binding modes to 14-3-3. Capitalizing on
the differences allowed for the development of selective MGs and assays to characterize the
effects of stabilizing these 14-3-3/client interactions. Work along each step of the drug discovery
and development for 14-3-3/client MGs is presented in this dissertation: screening and
validation of stabilizing fragments, optimization of fragment hits into selective MGs, and
characterization of cell-active MGs. The lessons learned in each chapter provide insight into 14-
3-3 biology in the regulation of transcription factors (ERa) and kinases (CRAF) as well as

serving as building blocks to expand stabilization to other native or neomorphic PPIs.
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Chapter 1

Stabilization of native protein-protein interactions with molecular glues



Conspectus

Protein-protein interactions (PPIs) play a key role in homeostasis and are often dysregulated in
disease. PPIs were traditionally considered “undruggable” due to their flat surfaces and
disordered domains. Recently, the identification of PPI stabilizers or molecular glues (MGs),
compounds that bind cooperatively to PPI interfaces, has provided a new direction for the field.
MGs offer exciting opportunities for chemical biology and drug discovery, particularly for
intrinsically disordered domains. To date, many of the fascinating MGs were discovered
serendipitously and their molecular glue mechanism of action was understood retrospectively.
Our collaborative contribution has been the development of systematic, rational approaches for
the identification, optimization and validation of MGs.

This review focuses on the modulation of the native PPIs between the hub protein 14-3-
3 and its client proteins. 14-3-3 recognizes specific phospho-serine/threonine motifs on
disordered domains of hundreds of clients and -- depending on the phospho-site -- can activate
or inhibit signaling pathways. Until recently, only the natural product fusicoccin-A (FC-A) and its
analogs were known to bind at the structured 14-3-3/client interfaces and modulate cellular
pathways. The complexity of the natural products significantly hindered chemical biology
approaches and did not provide sufficient insight for the systematic, selective targeting of the
client of interest.

Inspired by the natural products, our team used fragment-based screens to identify new
chemical matter for 14-3-3/client PPIs. Using disulfide-tethering technology, we targeted
reversibly either engineered cysteines on 14-3-3 or the native cysteine (C38) on 14-3-30. Five
clients (ERa, C-RAF, FOXO1, USP8 and SOS1), representing varying sequences, binding
modes and physiological roles, were included in the initial screens. We identified both selective
and non-selective fragments, suitable for medicinal chemistry optimization.

Starting from a fragment that stabilized two 14-3-3 clients, estrogen-receptor a (ERa)

and C-RAF, we developed cell-active MGs selective for ERa. ERa is a well validated target in



breast cancer and 14-3-3 is a negative regulator that blocks ERa transcriptional activity. We
used structure-guided design to optimize ligand-protein interactions at the composite PPI
surface. The molecular glues were validated in biophysical assays, including intact mass
spectrometry (MS) and fluorescence anisotropy (FA) assays, allowing the quantification of
binding, kinetics and cooperativity.

We explored alternative strategies for the identification and optimization of MGs. For the
14-3-3/ERa complex, we demonstrated fragment linking to generate non-covalent stabilizers
and a scaffold-hopping approach using multi-component reaction chemistry. For the 14-3-3/C-
RAF complex, we used a fragment-merging approach to selectively stabilize the inhibited state
of C-RAF. Binding of 14-3-3 to the inhibitory phospho-S259 site prevents C-RAF dimerization
and activation, offering an alternative mechanism to block the MAPK pathway. Finally, we
validated compounds in cells, using pathway-specific assays and a series of proximity-based
NanoBRET assays to measure cellular PPls.

These approaches have led to first-in-class MGs for the 14-3-3/ERa and 14-3-3/C-RAF
targets. Overall, we have developed a systematic platform for the identification of molecular

glues for native PPIs applicable to the broad 14-3-3 interactome and beyond.



Introduction

Protein-protein interactions (PPIls) play a fundamental role in maintaining homeostasis and
controlling multiple cellular processes under normal conditions.>® The dysregulation of native PP
networks either through mutations, altered post-translational modifications or disrupted signaling
leads to various diseases from malignancies to developmental disorders.”® From a drug-
discovery perspective, the typically flat, large, hydrophobic surfaces of PPls and the presence of
intrinsically disordered domains led to the common characterization of these systems as
“undruggable.”®'® In the past 25 years, there have been beautiful examples of PPI inhibition,
often taking advantage of transient or “cryptic” pockets in otherwise shallow sites. By contrast,
PPIs formed from intrinsically disordered proteins have been harder to address. This situation has
begun to change with the discovery of molecular glues (MGs), compounds that bind cooperatively
at PPl interfaces that — as individual proteins — lacked well-defined pockets.'"

MGs include various types of compounds, from natural products to small molecules, with
the CELMoDs'?""* (CRBN E3 ligase modulatory drugs) being one of the most famous examples.
Most of these fascinating compounds were discovered serendipitously, and the understanding of
their mechanism of action was retrospective. The challenge of how to rationally discover MGs for
a PPI of interest remains a fundamental goal for advancing the field.

To address this issue, we have developed systematic approaches for the discovery and
optimization of MGs, particularly for native PPIs. Our main focus is on the hub protein 14-3-3, a
scaffolding protein that recognizes specific phospho-S/T motifs on disordered domains of its
clients.”® The interactome of 14-3-3 includes hundreds of clients, involved in many signaling
pathways, thus offering exciting opportunities for chemical biology and drug discovery.'” To date,
many 14-3-3 clients are still considered “undruggable” due to their intrinsically disordered
domains. However, upon binding to 14-3-3, a structured binary interface is formed that can be
rationally targeted by a MG with the appropriate features of shape complementarity and molecular

recognition.



In this review we will elaborate on three major aspects of our work on 14-3-3/client MGs:

1) screening approaches and techniques we have used for the identification of new chemical
matter

2) rational, structure-guided medicinal chemistry optimization and the key principles

3) development of cell-based assays to validate MGs

The results of these studies are readily applicable to native PPIs and will be useful to experts

and non-experts interested in molecular glues.

Screening Approaches
When we started working on these projects, the only cell-active compounds known to
stabilize 14-3-3/client interactions were the natural products fusicoccin-A (FC-A), cotylenin-A

(CN-A) and their semi-synthetic analogs'®® (

Fig 1.1A-B). The co-crystal structures of the
natural products bound to the 14-3-3/client interfaces provided valuable proof for the
ligandability of the site; however, their complex structures were difficult to translate towards
rational, client-selective glues. At the same time, traditional high-throughput screening had met

t,20-22 they were not

with limited success, and while screening hits provided proof of concep
advanced to cell-active chemistry. To address the need to identify new, advanceable chemical
matter, we turned to fragment-based screening approaches, which have been successful for
challenging drug targets such as PPI inhibitors.?*?® Fragment-based drug discovery is an
established philosophy for discovering ligands with low molecular weight and complexity,
followed by optimization towards a drug-like molecule.?’~%° In support, crystallography-based
fragment discovery methods have identified diverse chemical structures that bind to 14-3-
3/client complexes near the natural-product binding site.*~*2

Utilizing a site-directed, disulfide tethering screen®, we identify cysteine-reactive

fragments that bind in the natural-product binding site and stabilize 14-3-3/client interactions."*



The principle behind disulfide tethering is that, because the disulfide bond is rapidly reversible,
fragment hits are selected based on thermodynamic principles. Our inhouse disulfide library is
comprised of ~2000 fragments spanning chemical space. These fragments contain a mixed
disulfide, where one side contains a fragment-like molecule attached to a variable linker and the
other side contains a solubilizing group such as 2-(dimethylamino)ethane-1-thiol.

While tethering had been used in the discovery of diverse inhibitors,*=" it had not
previously been employed for discovery of MGs. Of the 7 highly homologous 14-3-3 isoforms in
humans, only the sigma isoform contained a cysteine residue (C38) positioned at one end of the
client-binding groove (Fig 1.1A-B). Screening therefore used the 14-3-30 protein and client
phospho-peptides that mimicked the 14-3-3 binding motif." The phospho-peptides were
considered reasonable models for the full-length client protein because the 14-3-3-binding
domains containing the phosphorylation site were already intrinsically disordered. The peptide-
protein interaction was incubated with a reducing agent (typically BME) and a single dose of
fragment (200 uM) for 3 hours to allow the reaction to reach equilibrium. Fragment binding was
measured by the mass shift via intact protein mass spectrometry (MS). To identify fragments
that stabilized a PPI cooperatively, screens were run in the presence and absence of the client
phospho-peptide; hits were classified as stabilizers (cooperative fragments) if they preferentially
bound in the presence versus the absence of the client peptide (or “apo”). Neutral binders
showed similar percent tethered in both screens, whereas inhibitory fragments had high percent
tethered in the apo screen, but not in the presence of the phospho-peptides. This distinction
allowed the classification of fragments based on their potential binding cooperativity (Fig 1.1C).
The first examples of tethering for 14-3-3/client interactions discovered cooperative fragments
tethered either to the native or engineered cysteine residues near the FC-A binding site (Fig
1.1).3* To evaluate the scope and limitations of the approach, we then screened 14-3-30 against
the native cysteine (C38) with five diverse client peptides, derived from two transcription factors

(ERa and FOXO1), a kinase (C-RAF), a RAS guanine nucleotide exchange factor (SOS1), and



a deubiquitinating enzyme (USP8)." The clients encompassed different binding motifs with
unique sequences surrounding the phospho-residue to form different composite binding
pockets. We identified both selective and non-selective hits for the five clients. Effective hits
were validated for four of the clients, with selective fragments discovered for FOXO1 and C-
RAF. Fragment 1 (see below) was a top hit for three clients: ERa, C-RAF, and USP8.
Fragments 5 and 7 were identified as selective stabilizing hits for C-RAF (Fig 1.1D).

We continued to characterize 1, 5, and 7 across a series of biophysical and structural
assays. In addition to measuring dose responses with MS, we used fluorescence anisotropy
(FA) to measure the effect of compound binding on the affinity of the peptide-protein complex.
FA assays included fluorescein-labeled phospho-peptide client, at a concentration of peptide
and 14-3-3 near the ECy for the 14-3-3/peptide interaction. Binding of the MG then induced
peptide binding to 14-3-3, leading to an increase in anisotropy. Varying the compounds’
concentration yielded an ECs value; titrating 14-3-3 at constant compound concentration
yielded a AAppK, for the 14-3-3/client complex (Fig 1.1E). In these validation assays, 1 acted as
a MG for both 14-3-3/ERa and 14-3-3/C-RAF, with a similar ECso value (1 yM) for both targets,
but higher efficacy of stabilization for C-RAF (81x vs 19x for ERa). 5 and 7 were validated as C-
RAF-selective hits with ECs values of 0.58 uM (5) and 12.2 uM (7) and efficacies of 246-fold (5)
and 77-fold (7).

The validated hits were crystallized with 14-3-3c/phospho-peptide complexes to
elucidate their key interactions with the composite interface. The structural observations were
consistent with the compounds’ biophysical activities. For example, comparing multiple fragment
hits provided insight into how different scaffolds stabilized C-RAF’s interaction with 14-3-30 (Fig
1.1D). Fragment 1 and the C-RAF selective fragments 5 and 7 represented different chemical
scaffolds that uniquely altered the conformation of the C-RAF peptide, particularly around the +4
Val (V263) residue. FOXO1, by contrast, was rigidly oriented in the 14-3-30 pocket, but the side

chain of the +1 Trp (W25) rotated to interact with two distinct fragment structures. Thus, specific



interactions with residues C-terminal to the phospho-S/T in the client were critical for formation
of 14-3-3/client/MG complexes. Furthermore, characteristics of the clients — such as peptide
flexibility — facilitated the identification of selective MGs from the disulfide screen. Altogether,
disulfide tethering uncovered MG chemotypes for diverse targets with diverse 14-3-3/client

structures.

Medicinal Chemistry Strategies
Structure-guided optimization from a disulfide fragment to an irreversible MG

The crystal structures of 1 with the 14-3-3/ERa and 14-3-3/C-RAF complexes served as
a starting point for medicinal chemistry optimization (Fig 1.2A). The fragment lacked selectivity
and preferentially stabilized C-RAF; however, in the crystal structures, it adopted a similar
binding mode with both clients. While the interactions between the fragment and 714-3-3 were
similar, distinct interactions were formed between the fragment and the client phospho-peptides.
On ERaq, the phosphorylation occurred on the penultimate residue on the C-terminus (T594) and
the ultimate residue (+1) was hydrophobic (V595). This created an open, solvent-exposed
interface, where the fragment primarily formed hydrophobic interactions with V595. In stark
contrast, the C-RAF phosphorylation occurred as part of an internal sequence (S259), the +1
residue was polar (T260), and the rest of the sequence created a pocket that was shielded from
the solvent. The bound fragment was oriented towards T260, and the rest of the peptide was in
proximity but did not form favorable interactions. Based on the crystallographic insight, we made
structure-guided chemical modifications in five parts of the molecule, aiming to tune the
selectivity towards the 14-3-3/ERa complex by optimizing favorable interactions at the PPI
interface, and at the same time reducing the binding to the 14-3-3/C-RAF complex via increased
steric hindrance (Fig 1.2A).2

The initial fragment had a reversible disulfide linker, which interacted with C38 on 14-3-

30. The reversible nature of the bond was advantageous for the tethering screen (see above)



but was unsuitable for cell assays. Therefore, the first two modifications focused on replacing
the disulfide with irreversible warheads with varying linker lengths. This change required
adaptation of the previously described MS assay, which was now run as a time-course to
evaluate binding kinetics. For most compounds, both the MS and the FA assay required
overnight incubation to achieve maximum increase in signal. Diverse electrophiles varied
significantly in their observed binding affinity and kinetics. The chloroacetamide warhead
demonstrated good binding affinity and moderate reactivity and was therefore selected for
further SAR optimization.

The next two modifications aimed at optimizing the interactions between the compounds
and V595 on ERa. Since the residue was hydrophobic, we replaced the gem-dimethyl group
with linear or cyclic hydrophobic groups. Increasing the ring size and introducing heteroatoms
on the rings (-F, -O, -N) improved both the potency and selectivity towards the 14-3-3/ERa
complex. Replacing the ether group with an aniline allowed the compounds to adopt a different
conformation, oriented towards the front of the pocket. For both ethers and anilines, the
presence of a p-chloro-phenyl substituted ring in the K122 pocket was crucial for the
stabilization effect. These modifications successfully allowed the formation of specific
compound—peptide interactions, both with V595’s hydrophobic sidechain and the terminal
carboxylic acid.

The last modification, at the rim of the PPI interface, focused on optimizing the warhead
linker length and restricting its conformation by introducing spirocycles. The best analog of the
series, compound 181, showed favorable interactions both with 14-3-3 and ERa, shape
complementarity, and a favorable conformation in the composite 14-3-3/ERa interface (Fig
1.2A). The key interactions included a halogen bond with K122 (14-3-3), multiple hydrophobic
interactions from the 2,6-dimethyl tetrahydropyran (L218, 1219, L222 of 14-3-3 and V595 of
ERa) and a water-mediated hydrogen bond between the aniline nitrogen and the terminal

carboxylic acid of V595 (ERa). Additionally, it showed fast kinetics in the MS assay and



cooperative binding in the FA assay, leading to a compound ECso value of 1 uM for 14-3-3/ERa,
with an 18 nM AppKd (116-fold stabilization). The compound also showed selectivity when
tested against a small panel of eight 14-3-3 clients, including C-RAF. A comparison between 181
and the natural product FC-A showed similar cooperativity in the FA and isothermal calorimetry
assays, although 181 binding was more strongly driven by enthalpy (DH = -8.6 kcal/mol vs -5.8

kcal/mol for FC-A).

Fragment linking towards non-covalent MGs

Structural information from two series of fragments was also a useful starting point for
optimization. We ran a screen with an engineered cysteine on 14-3-3 (C42) in the presence of
the ERa phospho-peptide and crystallized the hits, including the one shown in Fig 1.2B (C42-
fragment).** It had the same chlorophenyl binding element as seen in 1, but tethered to C42
with a shorter linker, putting the chlorophenyl in the same location and leading to a similar
degree of 14-3-3/ERa stabilization. A separate crystallographic screen for the 14-3-3/p53
complex had identified a non-covalent amidine fragment, which was bound at the rim of the
interface, forming a salt bridge with E14 (14-3-3).3 The amidine fragment was positioned far
from the client phospho-peptide and lacked interactions with it. Co-crystallization of the two
fragments provided the structural insight for a fragment-linking campaign to yield non-covalent
MGs for the 14-3-3/ERa complex.®® In the optimized linked analogs, the original fragment-
protein interactions were largely conserved. The best compounds of the series showed 25-fold
stabilization of the 14-3-3/ERa complex in the FA protein titration assay. Notably, similarities in
the SAR were observed between the covalent and non-covalent series. In both cases, the p-
chloro-phenyl substituted rings in the K122 pocket and the bulky cyclic rings with heteroatoms (-
O or -N) proximal to V595 were necessary for the stabilization of the 14-3-3/ERa complex. To

summarize, functionally active disulfides, coupled with structurally adjacent but inactive
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fragments, provided a remarkably effective optimization strategy and highlighted a potentially

systematic approach to targeted MGs.

A scaffold hopping approach using multi-component reaction chemistry

We recently disclosed a computational scaffold-hopping approach?® using
pharmacophore-based docking of virtual libraries based on multi-component reaction chemistry
(MCR).>*%° MCRs combine at least three starting materials in a single step to form a complex
scaffold, thus allowing fast synthesis of analogs and rapid development of SAR. As a starting
point, we used compound 127, an intermediate analog of our first series of 14-3-3/ERa MGs.?
The compound had favorable interactions in the composite surface and was one of the first
aniline analogs that showed the optimal ligand conformation (Fig 1.2C).

Our aim in the scaffold-hopping approach was to explore new chemical space by
designing a rigid, drug-like scaffold that would maintain the 3D shape and ideal shape
complementarity in the 14-3-3/ERa interface. Pharmacophore-based queries using
AnchorQuery™ revealed that the most suitable scaffolds derived from the Groebke-Blackburn-
Bienaymé reaction (GBB); a three-component reaction using aldehydes, 2-aminopyridines and
isocyanides to form to imidazo[1,2-a]pyridines.*' To target C38, we kept the chloroacetamide
warhead constant in most of the analogs since, in our previous experience, it had moderate,
tunable reactivity.

Using structure-guided design, we varied one building block at a time, starting with the
isocyanide position, which according to our design was expected to occupy the K122 (14-3-3)
pocket, in close proximity to the ERa peptide. For this position, we observed different SAR
compared to our previous series; the p-chloro-phenyl analogs did not result in improved
binding/stabilization. Instead, the o-position had a more favorable effect, especially in the case
of double-ortho-methyl substituted rings which correlated with rapid, cooperative binding. We

made additional changes in the other two components of the GBB reaction. First, we added

11



hydrophobic substitutions on the 2-aminopyridines, which led to extensive hydrophobic
interactions with 14-3-3 (L218, 1219, L222). We also modified the aldehyde building blocks and
to a smaller extent the electrophilic warheads -- both positioned at the rim of the interface.

Based on MS data and crystal structures of ternary complexes, we combined the best
modifications in compound 41, which included the 2,6-dimethylaniline in the isocyanide
position, an additional methyl group on the imidazopyridine ring and an o-F group on the aryl
ring at the rim of the interface (Fig 1.2C). Structurally, the 2,6-dimethylaniline groups in the K122
pocket formed favorable hydrophobic interactions. The first o-Me group was oriented in the back
of the 14-3-3 pocket, which was primarily hydrophobic, forming hydrophobic interactions with
1219 (3.2A) and facing V595 of ERaq; the second o-Me group was oriented in the front of the
pocket and formed hydrophobic interactions with F119 of 14-3-3 (3.8 A). The imidazopyridine
ring occupied the hydrophobic pocket of 14-3-3 formed by L218 and 1219. The additional
methyl group on the imidazopyridine ring formed hydrophobic interactions with L222 of 14-3-3.
The o-F group on the second aryl ring was oriented “outwards” and made multiple stabilizing
interactions both intermolecular (N42 of 14-3-3) and intramolecular with the o-Me substituent
and aniline nitrogen of the compound itself. These additional interactions favorably restricted the
rotational bonds, resulting in fast cooperative binding. Finally, the aniline nitrogen formed a
water-mediated hydrogen bond with the terminal carboxylic acid of V595 (ERa).

The optimized covalent analogs from both series, 181 and 41, had similar potencies in
biophysical assays. Both compounds showed fast, cooperative binding in the MS assay and
yielded low nanomolar AppKq for 14-3-3/ERa in a TR-FRET assay (5-8 nM). This manuscript
also described a surface plasmon resonance (SPR) method to quantify AppKq for 14-3-3/client
complexes stabilized by a covalent MG. First, the covalent compounds were pre-incubated with
the 14-3-3/ERa complex, followed by immobilization of 14-3-3 on the SPR surface and
extensive washing to remove bound peptide. Peptides were then flowed over the SPR surface,

and the binding kinetics and Ky values were determined. In this format, 181 and 41 yielded
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AppKg values of 3.9 nM and 10.1 nM, respectively, and increased the half-lives from 3.4s to

62.5s and 47.6s, respectively.

Fragment merging for selective MGs stabilizing the 14-3-3/C-RAF complex

In contrast to the C-terminus of ERa, the C-RAF pS259-containing peptide afforded
diverse interactions with MGs. Crystal structures of 1 and an analog with a chloroacetamide
warhead (1074202, Fig 1.2D) revealed unfavorable interactions between the hydrophobic part
of the fragment and T260 of C-RAF. We used a fragment-merging approach to combine parts of
1074202 with an aldehyde aryl sulfonamide fragment (TC-521) that was reported to bind to 14-
3-3/p65 and could position the hydrophilic sulfonamide near T260 (C-RAF).*° The aldehyde of
TC-521 bound reversibly to K122 (14-3-3) via an imine bond. We merged the two fragments and
tested a doubly covalent analog (compound 21), which included both a cysteine- and lysine-
targeting warhead, and a series of only-cysteine-targeting analogs, such as 23. We thus sought
to improve the interactions with T260 and additional C-RAF residues that extended into the MG-
binding site. Crystallography showed that 21 was indeed double-covalently bound; however, it
lacked specific interactions with the C-RAF peptide.

On the other hand, 23 adopted a surprising, unique, upward conformation, where the C-
RAF peptide “wrapped” around the main core of the compound, thus significantly covering the
binding groove. The key interactions were formed from the sulfonyl group and included a
charged-assisted hydrogen bond with K122 (14-3-3) and a hydrogen bond with T260 (CRAF).
The aryl-iodo group was positioned between the hydrophobic pocket formed by L218 and 1219
(14-3-3), V263 (C-RAF) and M265 (C-RAF). The chloroacetamide warhead formed two
hydrogen bonds with R41 and N42 (14-3-3), in addition to the covalent bond with C38. The
binding mode of 23 correlated with fast, cooperative binding in the MS assay and very little
binding to 14-3-3 (apo) whereas 21 showed significant binding to 14-3-3 (apo). In FA protein

titrations, 23 yielded an AppKgq of 30 nM for the 14-3-3/C-RAF complex — a 280-fold stabilization
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— whereas 21 showed only 9-fold stabilization. Additionally, 23 showed remarkable selectivity
when tested in a panel consisting of eighty 14-3-3/client complexes in FA format. Only four
clients were stabilized by 23; all showed weaker stabilization than C-RAF259, indicating that the

compound’s multiple interactions with C-RAF favorably correlated with selectivity.

Cell Assays

In general, properly phosphorylated full-length 14-3-3 client proteins are challenging to
isolate. Thus, our biophysical assays have utilized phospho-peptides derived from clients, and it
is particularly critical to verify MGs efficacy towards full-length PPIs. We have therefore
developed cellular assays to assess PPI stabilization and its downstream effects in target-

specific functional assays (Fig 1.3A).

Characterization of full-length PPls via NanoBRET

To evaluate MG stabilization of the full-length PPIs, we developed a bioluminescence
resonance energy transfer (NanoBRET) assay with HaloTag (HT) fused to the C-terminus of 14-
3-30 and Nanoluciferase (Nluc) fused to the client’s N- or C-terminus.* The constructs were
transfected into HEK293T cells and fluorescent HT ligand was added. Interaction between the
tagged proteins resulted in BRET and HT-ligand fluorescence. The assay was developed to
detect a basal level of BRET signal that could be increased upon compound treatment. Assay
sensitivity was also enhanced by using HEK293T cells, which did not express endogenous 14-
3-30 and minimally expressed the clients ERa and C-RAF; thus, the transfected proteins did not
compete with their endogenous counterparts.

NanoBRET assays validated the ability of MGs to stabilize 14-3-3/client complexes with
overnight MG treatment (Fig. 1.3B, C). Compounds were ranked based on their ECs, values
and their maximum fold-increase in normalized BRET signals. Chemically similar, inactive

compounds (ERa: 85, C-RAF: 8) resulted in no change in signal. The ECs, values of the
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compounds in the NanoBRET assays showed a 1-5-fold shift between the values obtained from
FA. For example, 181 had an ECs value of 5.2 uM in the 14-3-30/ERa NanoBRET (vs 1 uM in
FA). The MCR scaffold 41 had a similar BRET ECso of 5 uM (Fig 1.3B); interestingly, 41 resulted
in a higher fold- increase in the BRET signal (2.6 vs 1.7 for 181).> For C-RAF, 23 was the most
potent with the highest maximum BRET signal and an ECso of 0.18 uM (Fig 3C). These results
indicated that phospho-peptides served as reasonable mimics for the 14-3-3 client proteins and
that covalent MGs were cell permeable and selective enough to bind their targets in the

presence of other cellular proteins and glutathione.

Biological effects of 14-3-3/client MGs

We then designed orthogonal cell-based assays to evaluate the downstream effects of
14-3-3/client stabilization. For example, 14-3-3 binding to was known to pT594 negatively
regulate ERa, blocking binding to chromatin.' As expected, in the ER+ breast cancer cell line
MCF7, the basal state of ERa was primarily non-phosphorylated at T594, leading to minimal
native interaction with 14-3-3 and high ERa-mediated transcription. We expected that, upon
binding to 14-3-3, the client phospho-residue would be shielded from dephosphorylation (Fig
3A).*? Indeed, upon treatment with 181, we saw that pT594 was strongly increased, in
agreement with increased 14-3-3/ERa complex formation observed by NanoBRET.*? Our
collaborators then generated a reporter assay in MCF7 cells in which luciferase expression was
dependent on ERa binding to the estrogen response element (ERE). In this assay, 181 (1 uM)
strongly inhibited luciferase expression compared to DMSO or the inactive compound.
Additional assay formats supported on-target activity for 181. For instance, we observed a
reduction in proliferation in ER+ cells, no change in proliferation in ER- cells, activity in patient-
derived organoids, and complex formation using proximity-ligation assays.

We used a similar workflow to characterize MGs that stabilized 14-3-3/CRAF.

Compound 23 and related MGs increased pS259 levels up to 3.2-fold (Fig 1.3D) and increased
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the 14-3-30/CRAF interaction seen via co-immunoprecipitation, corroborating the NanoBRET
results. We also developed NanoBRET assays to evaluate how 14-3-3/C-RAF stabilization
prevented formation of downstream CRAF PPls. CRAF/NRAS and CRAF/CRAF were known
critical steps in the activation mechanism of CRAF;**~¢ 23 inhibited formation of both these
complexes, with I1Cso values comparable to the ECs, for 14-3-3/CRAF stabilization. We then
monitored dose-dependent reduction in ERK phosphorylation, indicating inhibition of CRAF
kinase activity.

Strong upregulation of the RAS/RAF/MAPK pathway leads to cancer, but modest
upregulation by activating mutations in the pathway can lead to developmental “RASopathies”
such as Noonan Syndrome (NS).*"#® We have demonstrated that mutations upstream of 14-3-
3/CRAF modestly lower CRAF pS259 and that our MGs protect pS259 in these contexts. More
challenging are NS mutations in CRAF near the pS259 site. These mutations, including S257L,
impair CRAF’s inhibitory interaction with 14-3-3 and can lead to debilitating infant cardiac
hypertrophic myopathy.*® Compound 23 and related MGs restore the 14-3-3/CRAF interaction,

protecting phosphorylation of pS259, and reducing levels of pERK.

Conclusions and Perspective

The highlighted papers showcase our progress towards the identification, optimization,
and validation of MGs for the 14-3-3 interactome. MS-based fragment screens have enabled the
systematic identification of new chemical matter for diverse 14-3-3/client interactions. Disulfide
fragments provided multiple starting points for medicinal chemistry by optimizing, merging,
scaffold-hopping, or linking fragments; both covalent and noncovalent strategies have been
demonstrated. We adapted or developed new biophysical assay formats to validate the unique
features of MGs, such as cooperativity. The extraordinary availability of high-resolution, ternary
crystal structures from the Ottmann and Brunsveld labs provided the opportunity for rational

optimization of client-specific interactions at the 14-3-3/client composite interface, affording high
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selectivity for the PPI of interest. These strategies resulted in cell-active MGs for two 14-3-3/client
interactions, allowing us to study disordered clients via an unprecedented mechanism.

In addition to the MS tethering screens, 14-3-3-binding fragments have been identified
using different assay readouts and screening libraries. Fluorescence polarization (FP) screens
have identified fragments covalently bound to cysteine on 14-3-3%° or on the phosphopeptide
client.>! Libraries containing aldehydes have targeted imine-formation with K122, a deeply
buried residue conserved across 14-3-3 isoforms. Stabilizing fragments were identified for 14-3-
3/p65°° and analogs from this screen were further optimized towards 14-3-3/Pin1.3! Several
non-covalent fragment libraries have also been screened using x-ray crystallography,
differential scanning fluorimetry,®? nuclear magnetic resonance spectroscopy,®® and TR-FRET.>*

Traditional libraries have also been screened. Two structurally distinct hits were
identified for 14-3-3/PMA2 from a 37,000-member library using an ELISA-like assay format.?
The 14-3-3/SLP76 complex was screened using an HTRF assay and a chemically diverse
library of 20 K compounds.?' Additionally, macrocycles have been reported to restore the
impaired activity of the chloride channel CFTR by stabilizing the 14-3-3/CFTR interaction. The
macrocycles were identified in an FP screen of 5760 compounds of Cyclenium’s proprietary
small-molecule macrocycle library and bound to a novel site on the complex.®

Unique 14-3-3/client interfaces have enabled unique chemical approaches. A particularly
powerful example is ChREBP, one of the few 14-3-3 clients that is not phosphorylated. Our
collaborators reported a virtual screening strategy that included phosphate and phosphonate-
based compounds that bind in the peptide-phosphate site and selectively stabilize the 14-3-
3/ChREBP complex. Structure-guided optimization yielded cell-active MGs that protect beta
cells from glucolipotoxicity and therefore show promise for treatment of type 2 diabetes.*¢’
Taken altogether, is a wealth of chemical starting points that can be combined and

dissected in various ways to develop a suite of MGs and 14-3-3-binding ligands for a variety of
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applications. In particular, pan-14-3-3-isoform ligands are needed for tissues that do not express
14-3-30.

We are entering a golden age for chemical biology. Many heretofore undruggable targets
can now be addressed using chemistries — including covalent ligands and beyond-rule-of-five
molecules — that were once verboten but have demonstrated translation from bench to bedside.
Leading the way are bifunctional molecules and molecular glues that induce biology by enhancing
proximity between two biomolecules. Our focus is on stabilizing native PPIs because these
systems invite systematic discovery and predictable biological outcomes. Native interactions also
lay a foundation for learning how to stabilize PPIs more generally. Our 14-3-3 experiences suggest
that 1) reversible covalent fragments provide site-directed screens and reduce the three-body-
problem intrinsic to highly cooperative ternary complex formation, 2) biophysical and structural
analysis provides a critical mechanistic understanding of cooperative binding, 3) highly selective
MGs are made by optimizing interactions with both sides of the PPI, even if one member of the
complex is intrinsically promiscuous, and 4) high selectivity leads to small shifts in ECso values
between biophysical and cell-based measurements of PPl formation. We propose that these
strategies and techniques will be broadly applicable to other native PPIs and to the even broader

domain of neomorphic interactions.
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Figure 1.1: Crystal structures of 14-3-3/client interaction and overview of biophysical assays

A-B) Crystal structures of the natural products with 14-3-3, ERa, and C-RAF pS259. Targeted cysteine for
MGs highlighted in yellow. C) Overview of MS tethering screen. D) Crystal structures 14-3-3/C-RAF with
selective fragments. E) Overview of biophysical assays for validation of hits.
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A systematic approach to the discovery of protein-protein interaction stabilizers
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Abstract

Protein-protein interactions (PPIs) are responsible for the proper function of biological
processes and, when dysregulated, commonly lead to disease. PPI stabilization has only
recently been systematically explored for drug discovery despite being a powerful approach to
selectively target intrinsically disordered proteins and hub proteins, like 14-3-3, with multiple
interaction partners. Disulfide tethering is a site-directed fragment-based drug discovery (FBDD)
methodology for screening small molecules in a quantitative, high-throughput manner. We
explore the scope of the disulfide tethering technology for the discovery of selective fragments
as starting points for the development of potent small molecule PPI stabilizers and molecular
glues using the hub protein 14-3-30. The complexes with 5 biologically and structurally diverse
phospho-peptides, derived from the 14-3-3 client proteins ERa, FOXO1, CRAF, USP8, and
SOS1, were screened for hit identification. Stabilizing fragments could be found for 4/5 client
complexes with a diversified hit-rate and stabilizing efficacy for the different 14-3-3/client
phospho-peptides. Extensive structural elucidation revealed the ability and adaptivity of the
peptide to make productive interactions with the tethered fragments as key criterion for
cooperative complex formation. We validated eight fragment stabilizers, six of which showed
selectivity for one phospho-peptide client, and structurally characterized two nonselective hits
and four fragments that selectively stabilized CRAF or FOXO1. The most efficacious of these
fragments increased 14-3-30/CRAF phospho-peptide affinity by 430-fold. Disulfide tethering to
the wildtype C38 in 14-3-3oprovided diverse structures for future optimization of 14-3-3/client

stabilizers and highlighted a systematic method to discover molecular glues.
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Introduction

Protein-protein interactions (PPIs) are essential to biology and their dysregulation is
central to many diseases including cancer and neurodegeneration.’™ Many of these important
PPIs include “hub proteins” that interact with a large number of protein partners, ranging from a
few dozen to a few thousand.® Small molecules that inhibit or stabilize individual PPIs within
these networks would be powerful tools to understand the effect of a single PPI on cellular
function. Although PPIs were historically considered “undruggable”, there has been much
progress in developing small molecule PPI inhibitors as biological probes and therapeutics.®~"°
By contrast, PPI stabilization has remained largely underexplored, despite its potential to be a
selective method for the manipulation of a single interaction within a protein network."1?
Stabilization also has the potential to target unstructured, difficult to drug proteins via composite
PPI binding pockets."'* Molecular glue degraders and natural products have demonstrated the

517 However, there are

therapeutic value of stabilizing native or non-native (neomorphic) PPlIs.
few robust, generalizable strategies to discover PPI stabilizers prospectively."'® Here, we
describe a robust and instructive approach, using site-directed fragment based drug discovery
(FBDD) to systematically discover molecular glues.

FBDD is a well-established method for the discovery of small molecules towards
challenging targets.'®?° Fragments are simple chemical building blocks that — owing to their
small number of atoms — sample chemical space efficiently. FBDD involves screening for weakly
binding fragments that target subsites within a binding site, followed by fragment optimization
via linking two fragments or elaborating a fragment-sized core. Disulfide tethering is a method of
FBDD that capitalizes on a native or engineered cysteine residue proximal to an envisaged
ligand binding site.?""** In the context of orthosteric PPI stabilization, this binding site is
composed of both members of the protein complex (the composite PPI interface). Fragments

that bind to this site with the correct positioning to form a protein-fragment disulfide bond are

detected by intact protein mass spectrometry (MS) in a high-throughput screen.?®> We utilize a

29



library of approximately 1600 disulfide molecules with diverse fragments and linkers between
the fragment and the disulfide.?® To test the efficacy of this technology to discover PPI
stabilizers, we have selected the hub protein 14-3-3 and a set of its diverse partner proteins.
14-3-3 is ubiquitously expressed in mammals and plays multiple roles within the cell, including
phosphorylation protection, conformational changes, subcellular trafficking, and in-duction or
disruption of other PPIs."327-2° 14-3-3 typically binds to a phosphorylated serine/threonine of
intrinsically disordered regions of its clients.30 With several hundred known interacting partners,
the 14-3-3-binding proteome pro-vides diverse PPI interfaces with which to test the scope and
limitations of our screening technology. Furthermore, 14-3-3/client stabilization could lead to
therapeutics in a variety of disease fields including oncology, neurodegeneration, inflammation,
and metabolic disease.?*' Previous studies using natural products such as Fusicoccin (FC-A)
and Cotylenin-A (CN-A) have shown that stabilizing 14-3-3/client interactions regulates the
activity of important cell signaling pathways including estrogen receptor a (ERa) and CRAF,
respectively.'**2

We recently demonstrated the utility of disulfide tethering to identify molecular glues of
the 14-3-3/ERa PPI. We dis-covered a series of disulfide fragments that stabilized the complex
when bound to an engineered cysteine residue in the binding groove of 14-3-3, enhancing
binding of the ERa C-terminal phosphopeptide up to 40-fold.?*> We now focus on targeting the
native cysteine found in the 14-3-3 sigma isoform (14-3-30), which offers greater translatability
for covalent molecules. Of the 7 isoforms found in mammalian cells, 14-3-30 is the only one that
harbors a cysteine residue proximal to the client binding groove, providing an additional degree
of isoform specificity (Figure 2.1A).>° The Protein Data Bank contains dozens of crystallographic
structures of 14-3-3 with bound phospho-peptides derived from many of its binding partners, as
well as a few examples of cryo-EM structures of full length proteins.'®**-%° This wealth of
structural information allows for direct visualization of the various 14-3-3/client binding interfaces

which could be capitalized on for the discovery of selective fragment stabilizers and the
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development of potent lead compounds through structure-guided chemical optimization. For our
screens, we utilized the phospho-peptide mimetics of 14-3-3 PPI partners which bind 14-3-3 in a
similar fashion to the unstructured regions of the full-length proteins but offer greater synthetic
flexibility and simplified crystallography.'®3*

Here, we used the disulfide tethering technology to systematically achieve selective PPI
stabilization of 14-3-3 client phospho-peptides with diverse sequences and structures. The
selected clients are also modulated by 14-3-3 in a way that could be therapeutically useful in
cancer, metabolic disease, and/or rare disease.'***=° For four of the five targets, effective PPI
stabilizers were identified. Crystallographic and functional data highlight the molecular
recognition of fragments for the distinctive composite PPI interfaces formed by 14-3-3 bound to
client phospho-peptides. In particular, the CRAF- and FOXO1-based peptide-protein
interactions with 14-3-3 yielded fragments with high selectivity and/or stabilization factors. The
diversity of sequences and conformations found in 14 3 3/client complexes make the 14-3-3
interactome particularly promising for small-molecule PPI stabilization; furthermore, the disulfide
tethering approach is remarkably effective at selecting chemical starting points for further design

of potent and selective PPI stabilizers.

Results and Discussion
Primary Screen for 14-3-3/Client Stabilizers

The disulfide tethering screen targeted C38, a native cysteine on 14-3-3c located
proximal to the natural product binding pocket within the phospho-peptide recognition groove
(Figure 2.1A, Figure S2.1). The cysteine forms a reversible covalent bond with the fragment
thiol through disulfide exchange; the amount of bound fragment is measured by MS. A fragment
stabilizer is expected to show a higher “% tethering” in the presence of the 14-3-3c/client
phospho-peptide complex than 14-3-3c alone due to cooperativity between the fragment and

the peptide (Figure 2.1B). The screening was performed on five different peptide targets
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displaying three conceptually distinct 14-3-3 interaction motifs (Figure 2.1C): truncated
(ERa),"*% turned (FOXO01),*" and linear (CRAF, USP8, SOS1).32:35:3841

14-3-30 (100 nM) was screened in complex with the 5 client phospho-peptides at a
concentration twice their respective Kp values (Figure S2.2). This condition provided a
consistent presence of the 14-3-3a/phospho-peptide composite interface that the fragments
would engage. The 14-3-3a/phospho-peptide complex was incubated with a single
concentration of fragment (200 uM) under reducing conditions (250 uM B-mercaptoethanol) for
3 hours before samples were measured by intact-protein LC/MS. The % tethering threshold for
hit selection was three standard deviations (3*SD) above the average % tethering for that
condition (Figure 2.2A). In the quadrant of highest interest, potential stabilizing fragments
showed % tethering above the tethering threshold in the peptide screen and % tethering below
the tethering threshold in the apo screen (Figure 2.2B, green quadrant). Neutral compounds
showed significant % tethering for both 14-3-3a/phospho-peptide and apo (Figure 2.2B, yellow
quadrant). Potential inhibitory fragments showed significant % tethering above the tethering
threshold in the apo screen but not in the presence of peptide (Figure 2.2B, red quadrant).
Compounds were clustered in a heat map based on % tethering in each of the five peptide
screens and apo 14-3-3 screen (Figure 2.2C). An overlapping fragment hit cluster was identified
for ERa, USP8, and SOS1 (Figure 2.2C, green box), whereas a cluster of unique hit fragments
was identified for both CRAF and FOXO1 (Figure 2.2C, yellow boxes), indicating a difference in
the abundance of selective stabilizers from the primary screens.

Each 14-3-3a/phospho-peptide screen yielded potential stabilizing fragments, but the
number and binding efficiency varied (Figure 2.2A, 2.2C, 2.2D, and Tables S2.1-S2.5). The
initial screen for ERa yielded 15 hit fragments including 7 unique stabilizers and a 33% tethering
threshold. The FOXO1 screen yielded 23 hit fragments including 21 unique stabilizers and a
28% tethering threshold. The CRAF screen yielded 21 fragments including 16 unique stabilizers

and a 35% tethering threshold. The USP8 screen yielded 10 hit fragments including 5 unique
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stabilizers and a 29% tethering threshold. The SOS1 screen yielded 8 hit fragments including 4
unique stabilizers and a 22% tethering threshold (Figures 2.2A and 2.2D). Figure 2.2E depicts

representative chemical structures for each target.

Non-Selective Stabilizing Compound 1

In the initial screen, compound 1 was identified as top hit for ERa, CRAF and USP8
(Figure 2.2). 1 was further characterized by three dose-response experiments. Mass
spectrometry (MSDR, analyzing fragment binding to protein, quantified by DRso values) and
fluorescent anisotropy (FADR, analyzing peptide binding to protein in the presence of
compound, quantified by ECso values) defined the binding affinity for the fragment and its
effective concentration, respectively (Figure 2.3B). The compound’s effect on the 14-3-3/client
PPl was then determined by titrating 14-3-3 in a fluorescence anisotropy assay at constant
peptide and compound concentrations (quantified by appKp). In all three validation assays, 1
displayed a strong preference for CRAF, followed by ERa and USP8, and had no activity with
FOXO1 or SOS1. Compound 1 showed DRs values of 7 nM for CRAF, 18.1 uM for ERa, and
24 nM for USP8 (Figure 2.3C) as well as ECs values of 922 nM for CRAF, 1.31 uM for ERq,
and 3.38uM for USP8 (Figure S2.3). In the protein titrations, 1 increased peptide affinity for 14-
3-30 by 81-fold in the CRAF complex, 19-fold for 14-3-30/ERa, and 4-fold for 14-3-36/USP8
(Figure 2.3D and Table 2.1).

Crystal structures for compound 1 were obtained by co-crystallizing with ERa, CRAF, or
USP8 bound to 14-3-30 (Figure 2.3E), with clear density for both 1 and the peptides (Figure
S2.4). Comparing the three co-crystal structures, the strongest electron density and ligand
occupancy for 1 was observed in the co-crystal structure with ERa. For ERa, the phenyl ring of
1 stacked against the +1 Val with a distance of ~4 A (Figure 2.3E). Compound 1 showed an
identical binding mode in the presence of CRAF (Figure 2.3F), for which the +1 Thr was 3.5 A

from the phenyl ring, while the remainder of the CRAF peptide wrapped around the fragment.
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These additional hydrophobic interactions could explain the higher fold stabilization with the
CRAF peptide compared to ERa (Figure 2.3D, 2.3F). Interestingly, 1 shared the binding moiety
with N42C-tethered stabilizers that were discovered previously for ERa (Figure 2.3G).?°
Whereas compound 1’s chloro-group was not positioned identically, the longer linker of 1
bridged the larger distance from C38 compared to N42C. In the presence of the USP8 peptide,
the phenyl ring of 1 was turned, thereby shifting the fragment up and back into the 14-3-30
pocket (Figure 2.3E). This conformational change seemed necessary because the USP8
peptide allowed for less space (Figure 2.3H). While the +1 Ser of UPS8 did not show any
specific interaction with 1, its +4 lle pushed the fragment towards 14-3-30, which was not an
ideal position for this fragment as was reflected by the weak electron density and the minimal
stabilization for USP8. By contrast, the +4 Val of CRAF allowed for more space, thereby
positioning 1 in a preferred conformation. It is noteworthy that 1 did not stabilize FOXO1 or
SOS1 to 14-3-30. A crystallographic overlay of 1 with the FOXO1 peptide showed a steric clash
with the +1 Trp of FOXO1, explaining its lack of stabilization (Figure S2.5A). In contrast, the +1
Ala residue of SOS1 would not contact the phenyl ring of 1, perhaps explaining why no

stabilization was observed (Figure S2.5B).

FOXO1 Selective Stabilizers

The FOXO1 peptide showed the highest number of stabilizing hits in our initial screen.
For FOXO1, of the 23 initial stabilizers, 21 showed selectivity for the 14-3-30/FOX0O1 phospho-
peptide complex over apo 14-3-3c and the other phospho-peptide clients in the initial screen
(Figure 2.2D). Interestingly, the unique 21 FOXO-stabilizers had a highly conserved scaffold,
with the phenyl ring engaging FOXO1 often decorated with halogens or a triazole moiety (Figure
S2.6). Eight of these compounds were validated in the MSDR (Figure S2.7). Of the eight
compounds, five compounds had enough material to retest and were active in the FADR assays

(Figure 2.4A, Figure S2.8, and Table S2.2). The binding affinity of compound 2 to 14-3-30 was
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>10,000-fold better in the presence of the FOXO1 phospho-peptide than apo 14-3-3c and all
other phospho-peptide clients (DRso = 360 nM vs. >2 mM; Figure 2.4B and Table 2.2).
Compounds 3 and 4 had DRs values >450-fold and >2,000-fold better, respectively
(Table 2.2 and Figure S2.7). Compounds 2, 3, and 4 showed the greatest fold-stabilization in the
protein titrations decreasing 14-3-30/FOXO1 Kp values 5-fold, 4-fold, and 12-fold (Figure 2.4C,
Table 2.2, and Figure S2.9). It should be noted that while a high % tethering was observed for
the FOXO1 stabilizers, the protein titrations only showed a modest shift in stabilization. This is
likely due to the tight binding of the FOXO1 phospho-peptide, with a Kp value of 50 nM, already
close to the limit of detection of this assay. A co-crystal structure for FOX0O1/2/14-3-30 was
obtained, with clear density for both 2 and the FOXO1 peptide (Figure S2.10A). The phenyl ring
of 2 stacked against the front of the FOXO1 peptide consisting of the +1 Trp and the +2 Pro
residues (Figure 2.4D). Strikingly, in the presence of 2, the Trp of FOXO1 underwent a
conformational change to form a hydrogen bond with its NH and the amide carbonyl of 2 (Figure
2.4E). Moreover, the hydroxyl on the phenyl ring of 2 made a hydrogen bond with the S45 of 14-
3-30, explaining the benefit of a hydrogen donor or, potentially, acceptor at that position.
Compound 3 was also co-crystallized with FOXO1 (Figure S2.10B), showing a highly similar
binding mode, but a lack of the hydrogen bonding with S45 of 14-3-30 (Figure S2.10C). An
overlay of 2 with the other peptides revealed that 2 could not reach the smaller +1 residues in
the other client peptides or that the peptides sterically clashed (Figure S2.11), potentially
explaining its selectivity for FOXO1 over the other peptides. Previous work discovered imine-
based stabilizers for the 14-3-3/Pin-1 complex which, similar to FOXO1, has a +1 Trp.* In that
work, the Trp engaged in -1 stacking interactions with an aromatic ring of the stabilizers. By
contrast, the +2 Pro of FOXO1 locked the conformation of the +1 Trp and thereby prevented
such a -1 stacking interaction with 2, while the +2 Arg of Pin-1 allowed -1 stacking to take
place. Thus, while the compound 2/3 scaffold emphasized the chemical moieties necessary for

stabilizing FOXO1, crystal structures also expose a lack of flexibility of the FOXO1 peptide.
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CRAF Selective Stabilizers

Following FOXO1, CRAF had the highest number of stabilizers. Of the 21 initial CRAF
stabilizers, 16 compounds showed selectivity for the 14 3 30/CRAF phospho-peptide complex
over apo 14-3-3c0 and the other phospho-peptide clients in the primary screen (Figure 2.2D).
Eleven compounds showed a similar scaffold which was remarkably analogous to the
conserved scaffold for the FOXO1 stabilizers (Figure S2.12). However, the linker element of
these compounds was often longer in the case for CRAF, and the phenyl ring was decorated
with large cyclic groups while for FOXO1 only smaller halogen groups were tolerated. This is
likely due to the smaller +1 residue of CRAF (Thr for CRAF, Trp for FOXO1), thereby leaving
more space for the compound. Furthermore, two CRAF stabilizers were shared with ERa, both
of which have a similar size in +1 residue (Val for ERa, Thr for CRAF). Nine of the 16 selective
compounds were validated for potency and selectivity in the MSDR (Figure S2.13). Four of the
nine compounds (compounds 5-8; Figure 2.5A) showed activity in FADR (Figure S2.14 and
Table S2.3) and stabilization in the protein titrations (Table 2.3 and Figure S2.15).

Compounds 5 and 6 were the most effective stabilizers. Compound 5 had a DRs value
>3,000-fold lower in the presence of the CRAF peptide compared to 14-3-30 alone (Figure
2.5B) and showed a 246-fold stabilization of the 14-3-30/CRAF phospho-peptide complex (Kp =
23 puM to 92 nM; Figure 2.5C). Compound 6 had a DRs, value 230-fold lower in the presence of
CRAF compared to apo 14-3-30 and a 426-fold stabilization of the 14-3-30/CRAF complex
(Table 2.3, Figure S2.13 and S2.15).

The crystal structure of 5 with CRAF and 14-3-30 revealed a contact between the
naphthalene ring of 5 and the +1 Thr residue of CRAF. The methyl group of 5 also seems
important for hydrophobic interactions with the +1 Thr residue of CRAF, at a distance of 3.8 A
(Figure 2.5D, Figure S2.16A). An overlay of the CRAF peptide in the presence of 5 with the apo
CRAF peptide showed no change in conformation of the +1 Thr residue. In contrast, the +4 Val

residue of the CRAF peptide changed conformation to make space for 5 (Figure 2.5E).
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We also crystallized compound 7 as a representative of the other structural class of the
selective CRAF stabilizers (Figure S2.16B). Compound 7 had a DRsy value >228-fold lower in
the presence of the CRAF peptide than apo 14-3-30 (Figure 2.5F) and was less selective for
CRAF compared to 5 in the MSDR (Figure S2.13). However, compound 7 showed no
stabilization of any of the peptides other than CRAF in the FADR (Figure S2.14C), reflecting the
selectivity shown in the primary screen. The weaker 14-3-30 binding of 7 (12.2 uM DRso) was
reflected in a somewhat lower stabilization of the 14-3-30/CRAF complex compared to the other
chemotype of 5 and 6 (77-fold vs 246- and 426-fold, respectively; Figure 2.5G, Figure S2.15).
Co-crystallization of 7 with CRAF and 14-3-30 revealed a novel orientation of its phenyl ring
towards the roof of 14-3-30, positioning its trifluoromethyl group above the CRAF peptide
(Figure 2.5H). While the conformations of 5 and 7 were quite different, an overlay of the two
structures shows that the trifluoromethyl group of 7 occupied the same cavity as the
naphthalene ring of 5 (Figure S2.16C). Furthermore, an overlay of the CRAF peptide in the
presence of 7 with the apo CRAF peptide revealed a conformational change of the +4 Val of
CRAF, which stacked against the compound, pushing it towards 14-3-3c. Additionally, a water-
mediated hydrogen bond was formed between 7 and the backbone of CRAF peptide (Figure
2.51). The lower specificity for CRAF of 7 in the MSDR could be due to its small size, leaving
room for alternative +1 residues to have a cooperative effect on 14-3-30 engagement. Stabilizer
8 had an almost identical structure to 7, differing only in a chloro-group in the para-position of
the phenyl ring, and showed similar binding modes to 7 in its structure with CRAF (Figure
S2.16D and E).

Next to these CRAF selective stabilizers, the non-selective stabilizer compound 1 also
showed a large fold-stabilization towards the CRAF peptide (Figure 2.3). A crystallographic
overlay of these three scaffolds revealed remarkable differences in conformation of the
CRAF/compound interactions (Figure S2.16F). These changes highlight the flexibility of the

CRAF peptide, perhaps leading to its facility for stabilization, especially in the case of the
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stabilizers’ phenyl ring, which can occupy a wide range of positions and conformations in

combination with the CRAF client phospho-peptide.

Conclusions

Systematic methods to discover small-molecule stabilizers of PPl would enable chemical
biologists to probe challenging biological systems with potency and precision. By trapping
proteins in complexes, stabilization can target proteins with intrinsically disordered regions and
allow manipulation of a specific PPl from among related hub protein complexes within a
network. Disulfide tethering, a powerful FBDD technique, is readily tunable to a specific site on a
protein of interest, amenable to HTS, and provides a direct quantitative measurement of
fragment binding.

Here, we explored the scope of the disulfide tethering technology using the hub protein
14-3-30 and 5 biologically and structurally diverse phospho-peptides derived from the 14-3-3
client proteins ERa, FOXO1, CRAF, USP8, and SOS1. Of the 1600 fragments in the disulfide
library, 62 showed activity as stabilizers for one or more phospho-peptides and were assessed
by MSDR. 36 of the 62 compounds were taken forward into the FADR assays to determine
stabilization of a 14-3-3 client phospho-peptide. Finally, eight compounds showed cooperativity
with the 14-3-3o/phospho-peptide complex via 14-3-3c protein titrations, and six were
structurally characterized for their contacts with 14-3-3c and the client phospho-peptide via x-
ray crystallography (Figure S2.17A). Thus, the disulfide tethering strategy systematically
discovered stabilizers for a range of peptide sequences, conformations, and affinities.

Of the 5 peptide targets selected, we discovered stabilizers for four clients, two of which
also had selective stabilizers. Fragments increased binding affinity of the 14-3-3o/phospho-
peptide complex as much as 430-fold in the case of 6 and 250-fold for our best structurally
characterized hit, 5. Selective stabilizers distinguished between phospho-peptide clients due to

the unique composite binding surface created by the phospho-peptide/14-3-30 interface
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(Figures 2.4 and 2.5). The non-selective stabilizers also showed varying degrees of efficacy in
stabilizing different clients. Compound 1 facilitated a greater than 80-fold shift in affinity for
CRAF, a 19-fold shift for ERa, a more modest 4-fold shift for USP8, but had no effect on SOS1
and FOXO1 (Figure 2.3).

The individual phospho-peptide binding motifs and C-terminal residues following the
phosphorylation site create a distinct environment around the 14-3-30 C38 fragment binding
pocket, dictating what chemical moieties effectively facilitated cooperativity between 14-3-30,
the phospho-peptide client, and the fragments. The stabilizers for FOXO1 had a highly
conserved scaffold, consistent with the rigidity of this peptide (Figure S2.17B). In contrast, the
stabilizers of CRAF were larger and showed more chemical diversity in their scaffold,
emphasizing the flexibility of the CRAF peptide. The short ERa peptide resulted in limited
selectivity, sharing many stabilizers with CRAF. Lastly, USP8 and SOS1 were the hardest to
target, likely due to the proximity of the peptide C-terminus to C38 of 14-3-30, which was also
reflected in the small scaffold of the discovered stabilizers from the primary screen (Figure
S2.17B). Alternative cysteine tethering mutations could sample different sub-pockets to stabilize
peptides which occupy more of the 14-3-3 binding groove. Taken together, the intrinsic diversity
of the 14 3 3/phospho-peptide composite binding interface allowed for selectivity and precision
when targeting a specific 14-3-3/client PPI.

While the focus of the screen was the discovery of fragment stabilizers, the screen also
identified selective inhibitors, non-selective inhibitors, and neutral compounds for each client
peptide and 14-3-3 (Figure S2.18). Therefore, disulfide tethering is a versatile tool that can be
expanded to meet a wide range of conditions and results in hits that disrupt or stabilize PPlIs.
14-3-3 provides an exciting proof of concept due to its large roster of clients, involvement in
many biological processes, therapeutic potential, and extensive structural data, but the
applicability of FBDD reaches beyond targeting a singular protein. It is due to this ease of

access and applicability that disulfide tethering lends itself to the discovery of biological probes
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for PPIs and novel therapeutics for previously inaccessible biological challenges and diseases

related to intrinsically disordered proteins.
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Figure 2.1: 14-3-3/client stabilizer approach

A) The client protein binding groove of a 14-3-30 monomer (white surface) highlighting the native cysteine
(C38; yellow surface) and target thiol. B) General schematic of the primary disulfide tethering screen.
Fragments were incubated with apo 14-3-3c0 (white) without any phospho-peptide (top) and 14-3-3c with
the phospho-peptide client present (bottom). Fragments were assessed for their covalent engagement of
C38 via mass spectrometry, termed “% tethering”. Fragments that bind 14-3-3c with a higher % tethering
in the presence of phospho-peptide than in the apo screen are selected for further analysis of
cooperativity. C) Crystallographic structures of the 5 phospho-peptide clients bound in the 14-3-30 (white
surface) binding pocket showing proximity to C38 (yellow surface). ERa (red sticks) has a C-terminal
motif with phospho-threonine (pT) in the penultimate position and C-terminal valine (V) in the +1 position.
FOXO1 (pink sticks) has a curved motif with tryptophan (W) in +1 position. CRAF (blue sticks), USP8
(orange sticks), and SOS1 (green sticks) extend to various degrees into the 14-3-3 binding groove, with
threonine (T), serine (S), and alanine (A) residues in the +1 position, respectively. PDB left to right: 4JC3,
6QZR, 4FJ3, 6F09, 6Y44.
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Figure 2.2: Primary tethering screen results
A) Scatterplot data illustrating the correlation of % tethering of fragments to 14-3-30 in the presence of
the phospho-peptide (y-axis) as compared to apo 14-3-30 (x-axis). Hit selection threshold (mean + 3*SD)
in each screen is indicated by a black dashed line. Compounds 1, 2, 5 and 7 are indicated as yellow,
orange, red and cyan circles, respectively. B) Schematic of compound scatterplots. Quadrants are
outlined by dotted lines signifying 3*SD above average % tethering for compounds in the presence of
phospho-peptide (horizontal line) and apo 14-3-3c (vertical line). Compounds in green quadrant showed
increased binding to 14-3-3c in the presence of phospho-peptide, yellow quadrant showed neutral
binding to 14-3-30, and red quadrant showed a reduced binding in presence of phospho-peptide. C) Heat
map of hit fragments across all 5 phospho-peptide screens and apo 14-3-3c screen. Compounds
clustered based on % tethering in each screen. Compounds 1, 2, 5 and 7 were of primary interest as non-
selective and selective stabilizers. (D) Number of stabilizers of each peptide that were: unique, shared
with one other peptide, shared with two other peptides, or shared with three other peptides (green bars
with the darker color shared with more peptides). (E) Chemical structures of highlighted fragment hits 1,
2,5 and 7.
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Figure 2.3: Overview of biochemical and structural properties of non-selective stabilizer 1

A) In mass spec dose response (MSDR), the focus was on compound binding to 14-3-30, measured by
% tethering; fluorescence anisotropy dose response (FADR) experiments determined degree of
stabilization, measured by phospho-peptide binding to 14-3-3c in presence of compound. B) Chemical
structure of stabilizer 1. C) MSDR curves for 1 showing percentage of fragment/protein conjugate
formation with 14-3-30 apo, or in the presence of ERa, FOXO1, CRAF, USP8 or SOS1 peptide. D) 14-3-
3o titrations to fluorescein-labeled ERa, CRAF or USP8 in the presence of DMSO or 1 (1 mM), reporting
a 19-, 81-, and 4-fold increase of the 14-3-3a/peptide binding interface, respectively. E) Crystal structure
of 1 bound to 14-3-3c0 C38 in complex with (from left to right) ERa peptide, CRAF peptide, and USP8
peptide. Distances are indicated (A, black dashes). F) Overlay of 1’s conformations when interacting with
ERa and CRAF. G) Overlay of 1 (yellow) bound to 14-3-3c C38 and previously reported stabilizer (blue)
bound to 14-3-30 mutant N42C (PDB ID: 6HMT) interacting with ERa phospho-peptides. H) Overlay of 1
bound to 14-3-30 C38 interacting with CRAF and USP8.
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Figure 2.4: Overview of selective stabilizers for FOXO1

A) Chemical structures of highlighted FOXO1 selective stabilizers 2-4. B) MSDR curves for 2 showing
percentage of fragment/protein conjugate formation with 14-3-30 apo, or in the presence of ERa, FOXO1,
CRAF, USP8 or SOS1 peptide. C) 14-3-30 titrations to fluorescein-labeled FOXO1 in the presence of
DMSO or 2 (1 mM), reporting a 5-fold increase in 14-3-30/FOXO1 binding. D) Crystal structure of 2
(orange) bound to 14-3-3c (white) C38 in complex with FOXO1 phospho-peptide (pink). E) Overlay of
FOXO1 peptide in the apo-structure (white) with the FOXO peptide (pink) in presence of 2 (orange).
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Figure 2.5: Overview of selective stabilizers for CRAF

A) Chemical structures of highlighted CRAF selective stabilizers 5-8. B) MSDR curves for 5 showing
percentage of fragment/protein conjugate formation with 14-3-30 apo, or in the presence of ERa, FOXO1,
CRAF, USP8 or SOS1 peptide. C) 14-3-30 titration to fluorescein-labeled CRAF in the presence of DMSO
or 5 (1 mM), reporting a 246-fold increase of 14-3-30/CRAF binding. D) Crystal structure of 5 (red) bound
to 14-3-30 (white) in complex with CRAF phospho-peptide (blue). E) Overlay of CRAF peptide in the apo-
structure (white) with the CRAF peptide (blue) in presence of 5 (red). F) MSDR curves for 7 showing
percentage of fragment/protein conjugate formation with 14-3-30 apo, or in the presence of ERa, FOXO1,
CRAF, USP8 or SOS1 peptide. G) 14-3-30 titration to fluorescein-labeled CRAF in the presence of DMSO
or 7 (1 mM), reporting a 77-fold increase of 14-3-30/CRAF binding H) Crystal structure of 7 (teal) bound
to 14-3-30 (white) in complex with CRAF phospho-peptide (blue). I) Overlay of CRAF peptide in the apo-
structure (white) with the CRAF peptide (blue) in presence of 7 (teal).
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Tables

Table 2.1: Tethering and stabilization of 14-3-3c/clients by compound 1

MSDR  FADR
(250 uM (50 uM

Protein Titrations

BME) BME) (50 uM BME)

. DRso ECso Fold
Peptide (uM) (uM) Kb _app Kb pmso Stab.
CRAF 0.007 0.922 106 nM 8.5 uM 81
ERa 18.1 1.31 21 nM 360nM 19
USP8 0.024 3.38 1.1uM 4.5 uM 4
SOS1 >2 mM >2 mM N/A N/A N/A
FOX01 >2 mM >2 mM N/A N/A N/A

apo >2 mM >2 mM N/A N/A N/A

Table 2.2: Properties of selective FOXO1 stabilizers
MSDR FADR
(250 M (50 uM

Protein Titrations

BME)  BME) (50 WM BME)
DRso ECso N Fold
Cmpnd (uM) (uM) Kbp_app Kb_pmso Stab.
2 0.36 5.10 7.7 nM 39 nM 5
3 2.2 N/A 10.6 nM 42 nM 4
4 143 N/A 9.7 nM 111 nM 12

*Kbp for peptide is accurate within 3-fold range. These values are
shown on the same plate as protein titrations with compound.

Table 2.3: Properties of selective CRAF stabilizers
MSDR FADR
(250 pM (50 pM

Protein Titrations

BME)  BME) (50 uM BME)
Cmpnd ?uRI\Z()) (E:l;o) Kbp_app Kbp_pmso* gtoal l;l
5 0.58 022 92nM  23uM 246
6 8.78 133  100nM  42uM 426
7 12.2 318  294nM 23 uM 77
8 3.71 135 207nM  23uM 110

*Kp for peptide is accurate within 3-fold range. These values
are shown on the same plate as protein titrations with
compound.
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Supplementary Figures

14-3-30 14-3-3

Figure S2.1: Crystal structures of natural product stabilizers
A) Fusicoccin-A (green sticks) and B) Cotylenin-A (pink sticks) bound to 14-3-3 (white surface) and clients

ERa (red sticks) and CRAF (blue sticks), respectively. Cysteine 38 depicted as white sticks. PDB ID:
4JDD and 4IHL.
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Figure S2.2: 14-3-3c/phosphopeptide binding curves

A) Protein titration with 14-3-3c in presence of 100 nM FITC-labeled FOXO1 11-mer peptide determined
Kb. B) Competition assay used to determine Ki of acetylated FOXO1 11-mer peptide (Ac-FOXO1) for
mass spectrometry experiments. Ac-FOXO1 was titrated from high to low concentration in presence of
100 nM FITC-FOXO1 peptide and 14-3-30 at 3/2 Ko value determined in (A). C) Protein titration with 14-
3-30 in presence of 100 nM FITC-labeled CRAF 36-mer peptide determined Kp. D) Competition assay
used to determine Ki of acetylated CRAF 11-mer peptide (Ac-CRAF). E) Protein titration with 14-3-30 in
presence of 100 nM FITC-labeled ERa 15-mer peptide determined Kp. F) Competition assay used to
determine K of acetylated ERa 15-mer peptide (Ac-ERa). G) Protein titration with 14-3-30 in presence of
100 nM FITC-labeled USP8 13-mer peptide determined Kp. H) Competition assay used to determine Ki of
acetylated USP8 13-mer peptide (Ac-USP8). ) Protein titration with 14- 3-3c in presence of 100 nM
FITC-labeled SOS1 13-mer peptide determined Kp. J) Competition assay used to determine Ki of
acetylated SOS1 13-mer peptide (Ac-SOS1). K) Table of peptide affinities to 14-3-30 based on data from
A-J.
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Figure $2.3: FADR curves for non-selective stabilizer 1

Top black dashed line signifies maximum anisotropy control, the value of which was determined by
peptide bound to 250 uM 14-3-3c (at least 50-fold excess of peptide Kp). Bottom dashed line signifies
minimum anisotropy control, value determined by peptide only and no 14-3-3c. From left to right: 917949
dose-dependent stabilization of ERa phospho-peptide (red) binding to 14-3-30; 917949 stabilization of
CRAF (blue) binding to 14-3-30; 917949 stabilization of USP8 (orange) binding to 14-3-3c. SOS1 (green)
and FOXO1 (pink) showed no stabilization as compared to DMSO control (grey). From left to right ECso
values: 1.31 uM (ERa); 922 nM (CRAF); 3.38 uM (USP8); >2000 pM (SOS1); >2000 uM (FOXO1).
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Figure S2.4: Crystal structures of Compound 1 bound to 14-3-3a/client complexes

A-C) Crystal structures of Compound 1 (yellow sticks) with (A) ERa (red sticks) (B) CRAF (blue sticks)
and (C) USP8 (orange sticks) complexed with 14-3-30 (white cartoon and surface). D-F) Overlay of
crystal structures of compound 1 (yellow sticks) — peptide complex with (D) ERa (red sticks when
complexed with compound 1, white sticks as apo), (E) C- RAF (blue sticks when complex with compound
1, white sticks as apo), (F) USP8 (orange sticks when complexed with compound 1, white sticks as apo).
PDB ID apo structures: 4JC3, 4FJ3, 6F09. 2Fo-Fc electron density maps are contoured at 10.
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Figure S2.5: Overlays of compound 1 bound with different 14-3-3c client peptides
Crystallographic overlay of compound 1 (yellow sticks) with A) FOXO1 (pink sticks) and B) SOS1 (green
sticks) in 14-3-3 (white surface), highlighting the clash of compound 1 with these peptides. PDB ID apo

structures: 6QZR and 6Y44.
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Figure S$2.6: FOXO1 stabilizer structures
Scatter plot and chemical structures of the discovered stabilizers for FOXO1 from the primary screen, with
in the light green box the unique stabilizers, the darker green box stabilizer shared with ERa and in the
darkest green box the stabilizer shared with CRAF, USP8 and SOS1.
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Figure S$2.7: MSDR results for top FOXO1 selective stabilizers

A) MSDR for FOXO1 hit compound 917234 showing selectivity for FOXO1 over other four 14-3-3c client
phospho-peptides and apo. DRso: 16.9 uM. B) MSDR for FOXO1 selective hit compound 917261. DRso:
3.61 uM. C) MSDR for FOXO1 selective hit compound 917316. DRso: 42 nM. D) MSDR for FOXO1
selective hit compound 917383 (compound 4 in main text). DRso: 143.4 uM. E) MSDR for FOXO1
selective hit compound 917701 (compound 3 in main text). DRso: 2.2 yM. F) MSDR for FOXO1 selective
hit compound 917726 (compound 2 in main text). DRso: 360 nM. G) MSDR for FOXO1 selective hit
compound 917800. H) MSDR for FOXO1 selective compound 917992. DRso: 48.7 uM.
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Figure S2.8: FADR for FOXO1 selective stabilizers

Fluorescence anisotropy dose response (FADR) curves for FOXO1 selective stabilizers 917726, 917701,
and 917383 (compounds 2-4 in main text, respectively). Top black dashed line signifies maximum
anisotropy control, the value of which was determined by peptide bound to 250 uM 14-3-3c (at least 50-
fold excess of peptide Kp). Bottom dashed line signifies minimum anisotropy control, value determined by
peptide only and no 14-3-3c0. Controls were measured per plate. A) 917726 dose-dependent stabilization
of FOXO1 phospho-peptide (pink) binding to 14-3-30. ECso value with FOXO1: 5.1 uM. ERa (red), CRAF
(blue), USP8 (orange), and SOS1 (green) showed no increase in anisotropy over DMSO control (grey)
indicating no stabilization. B) 917701 stabilization of FOXO1 (pink) binding to 14-3-30. ECso value with
FOXO1: 850 nM. No increase stabilization over DMSO control (grey) observed for ERa (red), CRAF
(blue), USP8 (orange), or SOS1 (green). C) 917383 stabilization of FOXO1 (pink) binding to 14-3-30.
ECso value with FOXO1: 6.69uM. No increase stabilization over DMSO control (grey) observed for ERa
(red), CRAF (blue), USP8 (orange), or SOS1 (green).
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Figure S2.9: Fluorescence anisotropy protein titrations with selective compounds 2 and 3
Fluorescence anisotropy protein titrations for FOXO1 and CRAF selective stabilizers 917701 and 917383
(compounds 2 and 3 in main text, respectively. A) Addition of 1 mM 917701 (compound 3; pink curve)
resulted in 4-fold decrease in 14-3-30/FOXO1 Kp (10.6 nM vs. 42 nM) compared to DMSO control (grey
curve). B) Addition of 1 mM 917383 (compound 4; pink curve) resulted in 12-fold decrease in 14-3-
30/FOX01 Kb (9.7 nM vs. 111 nM) compared to DMSO control (grey curve).

A B C Overlay
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S45

Figure S2.10: Comparison of compounds 1 and 2 binding to the 14-3-36/FOX0O1 complex

Crystal structures of A) compound 2 (orange sticks) in complex with FOXO1 (pink sticks) and 14-3-3
(white surface) and B) compound 3 (blue sticks) with FOXO1 (pink sticks) and 14-3-3 (white surface). C)
Crystallographic overlay of compound 2 (orange sticks) and compound 3 (blue sticks) with the FOXO1
peptide (peptide color matching compound complexed with) in 14-3-3 (white surface). Hydrogen
interactions are depicted as orange dashed lines for compound 2 and blue dashed lines for compound 3.
2Fo-Fc electron density maps are contoured at 10.
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Figure $2.11: Crystallographic overlay of compound 2 with various 14-3-30 clients
Crystallographic overlay of compound 2 (orange sticks) with ERa (red sticks), CRAF (blue sticks), USP8
(light orange sticks) and SOS1 (green sticks) in 14-3-3 (white surface). (PDB ID: 4JC3 (ERa), 4FJ3
(CRAF), 6F09 (USP8), 6Y44 (SOS1).
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Figure S2.12: CRAF stabilizer structures

Scatter plot and chemical structures of the discovered stabilizers for CRAF from the primary screen, with
in the light green box the unique stabilizers, in darker green box the stabilizers shared with ERa, in the
darker green box shared with ERa and USP8 (= compound 1) and in the darkest green box shared with
FOXO1, USP8 and SOS1.
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Figure $2.13: MSDR for CRAF selective stabilizers

Mass spectrometry dose response (MSDR) curves (blue) for top CRAF selective stabilizers. A) MSDR for
CRAF hit compound 916851 (compound 7 in main text) showing preferential binding in presence of CRAF
phospho-peptide over other four 14-3-30 client phospho-peptides and apo. DRso values: 12.2 uM (CRAF),
5.62 uM (ERa), 8.54 uM (USP8), >2000 pyM (SOS1), >2000 uM (SOS1), >2000 uM (apo). B) MSDR for
CRAF hit compound 916856 (compound 8 in main text). 916856 was also a hit stabilizer in ERa primary
screen and shows dose dependent engagement of 14-3-3c in MSDR. DRso values: 4.96 uM (CRAF), 14.5
UM (ERa), 7.05 uM (USP8), >2000 uM (SOS1), >2000 uM (FOXO1), >2000 uM (apo). C) MSDR for
CRAF selective hit compound 917215. DRso: 5.1 uM. D) MSDR for CRAF selective compound 917746.
DRso: 910 nM. E) MSDR for CRAF selective compound 917755. DRso: 5.82 uM. F) MSDR for CRAF
selective compound 917963. DRso: 5.29 pM. G) MSDR for CRAF selective compound 917982. DRso: 5.45
pMM. H) MSDR for CRAF selective hit compound 917999 (compound 5 in main text). DRso: 580 nM. I)
MSDR for CRAF selective hit compound 918039 (compound 6 in main text). DRso: 8.78 uM.
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Figure S2.14: FADR for FOXO1 selective stabilizers

Fluorescence anisotropy dose response (FADR) curves for CRAF selective stabilizers 917999, 918039,
916851, and 916856 (compounds 5-8 in main text, respectively). Top black dashed line signifies
maximum anisotropy control, the value of which was determined by peptide bound to 250 uM 14-3-30 (at
least 50-fold excess of peptide Kp). Bottom dashed line signifies minimum anisotropy control, value
determined by peptide only and no 14-3-3c. Controls were measured per plate. A) 917999 dose-
dependent stabilization of CRAF phospho-peptide (blue) binding to 14-3-30. ECso values with CRAF: 220
nM. ERa (red), USP8 (orange), SOS1 (green), and FOXO1 (pink) showed no increase in anisotropy over
DMSO control (grey) indicating no stabilization. B) 918039 stabilization of CRAF (blue) binding to 14-3-
30. ECso value with CRAF: 1.33 uM. No increased stabilization over DMSO control (grey) observed for
ERa (red), USP8 (orange), SOS1 (green), or FOXO1 (pink). C) 916851 stabilization of CRAF (blue)
binding to 14-3-30. ECso value with CRAF: 3.18 pM. No increased stabilization over DMSO control (grey)
observed for ERa (red), USP8 (orange), SOS1 (green), or FOXO1 (pink). D) 916856 stabilization of
CRAF (blue) binding to 14-3-30. ECso value: 13.5 uM. Not sufficient compound for FADR with other
peptides.
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Figure $2.15: FA protein titrations with selective compounds 6 and 8

Fluorescence anisotropy protein titrations for FOXO1 and CRAF selective stabilizers 918039 and 916856
(compounds 6 and 8 in main text, respectively. A) Addition of 1 mM 918039 (compound 6; blue curve)
resulted in 426-fold decrease in 14-3-30/CRAF Kp (100 nM vs. 42 uM) compared to DMSO control (grey
curve). B) Addition of 1 mM 916856 (compound 8; blue curve) resulted in 110-fold decrease in 14-3-
30/CRAF Kb (207 nM vs. 23 yM) compared to DMSO control (grey).
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Figure S$2.16: Crystal structures of CRAF stabilizers

A) Electron density of compound 5 (red sticks) complexed with C- RAF (blue sticks) in 14-3-3 (white
surface). B) Electron density of compound 7 (light blue sticks) complexed with CRAF (blue sticks) in 14-3-
3 (white surface). C) Crystallographic overlay of compound 5 (red sticks) and compound 7 (light blue
sticks) with CRAF (color peptide matching the compound complexed with) in 14-3-3 (white surface). D)
Electron density of compound 8 (violet sticks) with CRAF (blue sticks) in 14-3-3 (white surface). E)
Crystallographic overlay of compound 7 (light blue sticks) and compound 8 (violet sticks) with CRAF
(color peptide matching the compound. F) Crystallographic overlay of all crystallized stabilizers with
CRAF with compound 1 (yellow sticks), compound 5 (red sticks), compound 7 (light blue sticks) and
compound 8 (violet sticks) with CRAF represented as cartoon (color matching the compound complexed
with) in 14-3-3 (white surface). 2Fo-Fc electron density maps are contoured at 10.
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Figure $2.17: Overview of the screens performed

A) The screening funnel starting with the primary screen at the left depicted as a Venn diagram with the
number of stabilizers discovered for each peptide and at the right the validation approach taken after the
primary screen with the number of validated compounds per peptide per assay. B) Conserved scaffold
needed for stabilization of each peptide discovered from the primary screen.
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Figure S$2.18: Overview of the number of inhibitors and neutral binders discovered
A) Number of discovered inhibitors for each peptide depicted as (left) bar plots and (right) as a Venn
diagram. B) Number of discovered neutral binders for each peptide depicted as (left) bar plots and (right)

as a Venn diagram.
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Supplementary Tables

Table S2.1: Tethering and stabilization of 14-3-306/CRAF primary screen hit compounds

Primary S];’;f[%‘; (250 M (gg%]ﬁ/[ (I;gDml\{/[ Protein Titrations (50 pM BME)
BME) BME)
SMDC ID % Tethering DRs (1M) ECso (uM)  Kbp app K";"MS Fold Stabilization
916851 (7) 424 122 3.18 294nM 23 uM 77
916856 (8) 583 4.96 13.5 207nM 23 uM 110
916935 449 >2000 — — — —
917041 38 >2000 — — — —
917072 62.8 465 >2000 — — —
917215 40.4 5.01 >2000 — — —
917215 383 5.01 >2000 — — —
917285 56.7 5.61 — — — —
917285 38.4 5.61 — — — —
917323 425 >2000 — — — —
917426 40.9 5.76 — — — —
917692 62.2 >2000 >2000 — — —
917725 425 — — — — —
917729 385 5.24 — — — —
917746 354 <0.91 19.4 — — —
917748 15.8+/-17 >2000 — — — —
917755 51.1 5.82 >2000 — — —
917845 13.9+/-16 — — — — —
917866 522 >2000 >2000 — — —
917908 64.7 >2000 — — — —
917922 47.1 >2000 >2000 — — —
917949 (1) 85.3 0.007 0.922 106nM 8.5 uM 81
917963 52 5.29 >2000 — — —
917982 63.7 5.45 0.58 — — —
917988 55.4 >2000 — — — —
917995 41.7 >2000 — — — —
917999 (5) 37.1 0.58 0.22 92 23 uM 246
918000 60.4 3.95 — — — —
918039 (6) 483 8.78 1.33 100nM 42 M 426
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Table S2.2: Tethering and stabilization of 14-3-306/FOXO1 primary screen hit compounds

g;%lirgdsgﬁg @5 Ol\ﬁ/]I)gME) (50 iII?ADI;{ME) Protein Titrations (50 pM BME)
SMDC ID % Tethering DRso (nM) ECso (uM) Kb app Kb pmso Fold Stabilization
917034 29.7 >2000 — — — —
917041 343 >2000 — — — —
917222 50.6 — — — — —
917234 343 16.9 — — — —
917261 57.5 3.61 — — — —
917282 48.4 — — — — —
917316 83.6 0.042 — 117 nM 87 nM —
917346 36.5 >2000 — — — —
917383 (4) 343 143.4 6.69 9.7 nM 111 ntM 12
917429 28.5 >2000 — — — —
917607 354 — — — — —
917701 (3) 68.7 2.2 0.85 10.6 nM 42 nM 4
917720 31.4 >2000 — — — —
917726 (2) 67.6 0.36 5.1 7.7 aM 39 ;M 5
917748 14.8+/-14 >2000 — — — —
917773 475 >2000 — — — —
917800 66.6 4.78 241 69 nM 66 nM —
917845 13.8+/-14 — — — — —
917848 10.4+/-13 >2000 — — — —
917922 57.9 >2000 — — — —
917967 31.2 >2000 — — — —
917986 38 >2000 — — — —
917992 38.9 48.7 — — — —
957764 30.7 >2000 — — — —
957769 38.6 >2000 — — — —
960037 31.9 — — — — —
966848 28 >2000 — — — —
966851 37.1 >2000 — — — —
966864 434 >2000 — — — —
966943 40.2 >2000 — — — —
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Table S2.3: Tethering and stabilization of 14-3-30/ERa primary screen hit compounds

gggmsgﬁg @s Ol\:{:/][) II?.{N[E) (50 mD§ME) Protien Titrations (50 uM BME)
SMDC ID % Tethering DRso (nM) ECso (uM) Kb app Kb pmso Fold Stabilization
916848 40.9 >2000 >2000 — — —
916854 35.1 786 — — — —
916856 (8) 35.7 14.5 — — — —
916874 473 >2000 — — — —
916933 45.6 >2000 — — — —
916935 43 >2000 — — — —
916936 333 >2000 — — — —
916945 56.9 >2000 — — — —
916974 34.9 133 — — —
917101 38.1 74.1 — — — —
917607 40.5 1900 >2000 — — —
917692 473 >2000 — — — —
917717 36.7 >2000 >2000 — — —
917725 51.5 >2000 — — — —
917730 37.6 >2000 1.51 — — —
917748 20.8+/-17 18.5 129 — — —
917750 18.3+/-14 >2000 >2000 — —
917770 17.3+/-13 >2000 — — — —
917848 17.2+/-13 >2000 >2000 — — —
917878 36.1 >2000 — — — —
917922 73.1 3.67 — — — —
917949 (1) 73.1 18.1 1.31 21 nsM 360 nM 19
917952 334 >2000 — — — —
917982 37.1 >2000 — — — —
918016 35.7 4.47 — — — —
957766 44.9 459 — — — —
957779 63.6 >2000 — — — —
960009 49.4 — — — — —
960037 56.2 8.31 — — — —
966784 33.8 >2000 — — — —
966840 43 >2000 — — — —
993941 342 — — — —
994336 38.2 — — — — —
994825 39.8 — — — — —
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Table S2.4: Tethering and stabilization of 14-3-30/USP8 primary screen hit compounds

Fzr;?)larplzl/[ S];:Ir\;%r; @5 Ol\ﬁlf/?gME) (50 l:t;\\/ID;(ME) Protein Titrations (50 uM BME)
SMDC ID % Tethering DRso (uM) ECso (nM) Kb _app Kb _pmso Fold Stabilization
916848 0 >2000 421 — — —
916933 383 >2000 — — — —
916945 36.5 >2000 — — — —
916974 394 >2000 — — — —
917041 30.1 >2000 >2000 — — —
917252 44.1 >2000 — — —
917340 50.4 648 1140 — — —
917644 18.7+/-23 — — — —
917659 28.9 >2000 >2000 — — —
917692 51.1 240 — — — —
917748 19.5+/-19 — — — — —
917848 15.5+/-13 >2000 — — — —
917949 (1) 523 0.024 3.38 1.1 4.5 4
957766 39.7 1636 >2000 — — —
957779 59.8 >2000 >2000 — — —
957817 35.1 >2000 — — — —
957821 57.5 — — — — —
957824 36 >2000 — — — —
957999 29.4 >2000 — — — —
958001 53.9 >2000 >2000 — — —
960009 67.6 — — — — —
960031 12.8+/-13 >2000 — — — —
960037 52.9 1749 >2000 — — —
967287 35.8 — — — — —
967289 304 — — — — —
994439 36.1 — — — — —
994487 41.1 — — — — —
994782 31 — — — — —
994821 48.2 — — — — —

64



Table S2.5: Tethering and stabilization of 14-3-30/SOS1 primary screen hit compounds

é@%ﬁ%ﬁg o sohﬁfx?gm) 50 l:d\A/ID;{ME) Prot Titrations (50 uM BME)
SMDC ID % Tethering DRso (uM) ECso (M) Kbp_app Kb_pmso Fold Stabilization
916848 283 >2000 1598 — — —
916933 32.5 >2000 297 — — —
916935 223 — — — — —
916992 28.4 >2000 >2000 — — —
917041 23 >2000 — — — —
917101 26.9 >2000 — — — —
917340 27.2 >2000 55.1 — — —
917447 37.1 >2000 148 — — —
917602 9.33+/-12 >2000 — — — —
917609 11.3+/-14 >2000 — — — —
917611 9.73+/-12 >2000 — — — —
917621 10.7+/-13 >2000 — — — —
917692 27.3 325 >2000 — — —
917748 15.1+/-16 4.26 — — — —
917845 9.67+/-12 266 — — — —
917848 14.1+/-15 >2000 — — — —
917879 10.4+/-12 >2000 — — — —
917922 72.9 1912 — — — —
917941 232 >2000 >2000 — — —
957779 54.1 >2000 — — — —
957795 55.3 >2000 — — — —
957999 37.1 >2000 — — — —
958001 67.8 >2000 — — — —
960009 50 282 — — — —
960031 15.2+/-15 >2000 — — — —
960037 61.9 562 241 — — —
960039 7.73+/-10 >2000 — — — —
966837 26.3 >2000 — — — —
966840 55.9 >2000 — — — —
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Materials and Methods

Protein Expression and Purification

The 14-3-3 o isoform with a truncated C-terminus after T231 (AC; to enhance crystallization)
and an N-terminal His6 tag was expressed in RosettaTM 2(DE3)pLysS competent E. coli
(Novagen) from a pPROEX HTb expression vector. After transformation following
manufacturer’s instructions, single colonies were picked to inoculate 30 mL precultures (LB),
which were added to 1.5 L terrific broth (TB) medium after overnight growth at 37 °C, 250 rpm.
Expression was induced upon reaching OD600 1.9-2.1 by adding 400 uM IPTG. After overnight
expression at 30°C, 150 rpm, cells were harvested by centrifugation at 6,500 rpm, resuspended
in lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 20 mM imidazole, 10% glycerol, 1 mM
TCEP), and lysed by sonication. The His6-tagged protein was first purified by Ni-affinity
chromatography (Ni-NTA Agarose, Invitrogen) (Wash buffer 50 mM HEPES pH 7.5, 500 mM
NaCl, 20 mM imidazole, 1 mM TCEP; Elution buffer 50 mM HEPES pH 7.5, 500 mM NaCl, 500
mM imidazole, 1 mM TCEP) followed by His-tag cleavage by TEV protease during dialysis (50
mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP) overnight at 4 °C. The flowthrough of a second
Ni-affinity column was collected and analyzed for purity by SDS-PAGE and Q-Tof LC/MS. The
protein was buffer exchanged (Storage buffer 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM
TCEP) and concentrated to ~13 mg/mL and aliquots flash-frozen for storage at —80°C. 14-3-
30AC used for crystallography was concentrated to ~70 mg/mL and aliquots were flash-frozen

for storage at -80 °C.

Peptide Sequences

Peptides for disulfide trapping were ordered from ScenicBio (Houston, Texas) as lyophilized
solids. Sequences were as follows: ERa-pp (Ac-KYYITGEAEGF-PA{pT}V-COOH); SOS1-pp
(Ac-PRRRPE{pS}APAESS-CONH2); USP8-pp (Ac- KLKRSY{pS}SPDITQ-CONH2); CRAF-pp

(Ac-RQRST{pS}TPNVH-CONH2); FOXO1-pp (Ac-RPRSC{pT}WPLPR-CONH?2.
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2 mM peptide stocks were suspended in water. Fluorescein-labeled peptides were ordered from
ScenicBio and Elim Biopharmaceuticals, Inc. (Hayward, CA) as lyophilized solids. Sequences
were as written above with N-terminal 5-FAM-label for ERa-pp, SOS1-pp, USP8-pp, and
FOXO1-pp. CRAF-pp sequence was as follows: (5-FAM-
QHRYSTPHAFTFNTSSPSSEGSLSQRQRST{pS}TPNVH-CONH2). 20 uM stocks were
suspended in water. Peptides for crystallography were ordered from Genscript Biotech Corp.
Sequences were as follows: ERa-pp (Ac-AEGFPA{pT}V-COOH); USP8-pp (Ac-
KLKRSY{pS}SPDITQ-CONH2); CRAF-pp (QRST{pS}TPNVHH-CONH2); FOXO1-pp (Ac-
RPR{pS}C{pT}WPLPR-CONH2). 5 mM stocks were suspended in Complexation Buffer (25 mM

HEPES pH 7.5, 2 mM MgCI2 and 2 mM BME).

Disulfide Tethering Screen and Data Processing

The primary disulfide tethering screen was performed by incubating target 14-3-30
protein/phospho-peptide complex with small molecule in a 384-well plate format. The UCSF
Small Molecule Discovery Center (SMDC) custom 1600 disulfide-containing fragment library
was available as 50 mM stock solutions in DMSO. The screen was performed using 100 nM 14-
3-30 AC protein diluted in buffer (10 mM Tris, 250 uM B-mercaptoethanol (83ME), pH 8.0) and
plated in 384-well plates (25 pL/well). 100 nL of each fragment was pinned from library master
plates using non-sterile disposable 384 polypropylene pin tools (V & P Scientific) to give a final
concentration of 200 uM. The peptide screens additionally contained a concentration of peptide
equivalent to twice the Kp as established by fluorescence anisotropy and competition
experiments: (2 yM ERa-pp, 10 uM SOS1-pp, 10 uM USP8-pp, 18 uM CRAF-pp, and 750 nM
FOXO1-pp). The reactions were incubated at room temperature for 3 hours before being
measured by LC/MS (I-class Acquity UPLC/ Xevo G2-XS Quadrupole Time of Flight mass
spectrometer, Waters). Data collection and automated processing followed a custom workflow,

as previously described. Compound resynthesis was done following the published procedures.
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Dose Response LC/MS Experiments

The initial mass spectrometry dose response follow-up experiments were performed under the
same conditions as the primary screen with the exception that the compounds were titrated from
50 mM to 23 uM in a 3-fold dilution series in DMSO. Then 1 pL of the compound was
transferred into 24 L of protein-peptide solution for final concentrations of 2 mM — 914 nM and
4% DMSO. A final well of DMSO without compound was used as a control at the end of every
dilution series. Compounds which displayed dose dependent activity in the presence of
phospho-peptide were taken forward into more extensive dose responses in order to determine
DRso values. Fragments were titrated from 50 mM to 0.129 nM in a 3-fold dilution series in
DMSO. Then 1 pL of the compound was transferred into 24 pL of protein-peptide solution for
final concentrations of 2 mM - 5.16 pM and 4% DMSO. A final well of DMSO without compound
was used as a control at the end of every dilution series. Initial validation was done in single
replicate. Hits were taken forward to fluorescence anisotropy experiments. DRso curves were
graphed and calculated using log(agonist) vs. response — Variable slope (four parameters) from
GraphPad Prism version 9.0 for Mac, GraphPad Software, San Diego, California USA,

www.graphpad.com.

Dose Response Fluorescence Anisotropy Experiments

The fluorescence anisotropy compound dose responses were performed using 100 nM
fluorescein-labeled peptides (with the exception of FOXO1-pp which was 10 nM) and 14-3-30
protein diluted in buffer (10 mM HEPES pH 8.0, 150 mM NaCl, 0.01% TWEEN-20). 14-3-3c0
protein concentration was equivalent to approximately half of the Kp determined by fluorescence
anisotropy and competition experiments (CRAF: 1 uM 14-3-30; ERa: 250 nM 14-3-30; FOXO1:
25 nM 14-3-30; USP8: 2.5 yM 14-3-30). Fragments were titrated from 50 mM to 11.9 nM in a 2-
fold dilution series in DMSO. 1 pL of compound was transferred in triplicates into 24 pL of

protein-peptide solution for final concentrations of 2 mM — 0.477 nM and 4% DMSO. A final well
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of DMSO without compound was used as a control at the end of the dilution series. A row of 5-
FAM-labeled peptide alone was used as a lower limit and a row of 5-FAM-labeled peptide with
14-3-3 excess of the Kp was used as an upper limit when calculating the ECs of the fragments.
ECso measurements were graphed and calculated using log(agonist) vs. response — Variable
slope (four parameters) from GraphPad Prism version 9.0 for Mac, GraphPad Software, San
Diego, California USA, www.graphpad.com. 14-3-30 protein titrations were performed using 2-
fold dilution of 14-3-30 in buffer from starting concentration of 250 uM to 59.6 pM for CRAF and
USP8 and 25 uM starting concentration to 5.96 pM for FOXO1 and ERa. Final well contained
only 5-FAM-labeled peptide and compound as a control. 5-FAM-peptides were used at 100 nM
except FOXO1 which was at 10 nM. Fragments were added at a single concentration of 1 mM
in order to maximize 14-3-30 engagement. Apparent Kp values of 14-3-3c/phospho- peptide in
presence of compounds were compared to Kp values of DMSO control. Fold stabilization (AKp)
was determined as the quotient of the apparent Kp of the DMSO control over the apparent Kp
with compound. ECso and apparent Ko measurements were graphed and calculated using
log(agonist) vs. response — Variable slope (four parameters) from GraphPad Prism version 9.0

for Mac, GraphPad Software, San Diego, California USA, www.graphpad.com.

X-ray Crystallography

The 14-3-30AC protein, acetylated ERa, CRAF and FOXO1 peptides and fragments (stock
solution of 50mM in DMSQO) were dissolved in complexation buffer (25 mM HEPES pH 7.5, 2
mM MgCI2 and 2 mM BME) and mixed in a 1:2:2 molar stoichiometry (protein:peptide:fragment)
at a final protein concentration of 12 mg/mL. The complex was set up for sitting-drop
crystallization after overnight incubation at 4 °C, in a custom crystallization liquor (0.095 M
HEPES (pH 7.1, 7.3, 7.5, 7.7), 0.19 M CaCl2, 24-29 % PEG 400 and 5% (v/v) glycerol). Crystals
grew within 10 — 14 days at 4 °C. Crystals were fished and flash-cooled in liquid nitrogen. X-ray

diffraction (XRD) data were either collected at the Deutsche Elektronen-Synchrotron (DESY)
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PETRA Il beamline P11, Hamburg, Germany (all datasets except for 14-3-
30/CRAFpS259/Compound 1) or at the Diamond Light Source (DLS) beamline 103, Oxfordshire,

United Kingdom (14-3-30/CRAFpS259/Compound 1).

Automatic processing was done by DESY or DLS using XDS9 for data indexing and integration
Initial processed data was then scaled using AIMLESS and Molrep was used for limited
molecular replacement using PDB ID’s 4JC3 and 3IQU as template. Presence of co-crystallized
ligands was verified by visual inspection of the Fo-Fc and 2Fo-Fc electron density maps in Coot.
If electron density corresponding to the co-crystallized ligand was present, its structure and
restrains were generated using eLBOW before final model rebuilding and refinement was done
using phenix.refine and Coot. See Table S2.6 and S2.7 for data collection and refinement
statistics. The structures were submitted to the PDB with IDs 8AFN, 8AV0, 8ADM, 8A62, 8A65,

8A68, BA6H, 8AGF.
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Chapter 3

Development of a NanoBRET assay for evaluation of 14-3-30 molecular glues
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Abstract

We report the development of a 384-well formatted NanoBRET assay to characterize molecular
glues of 14-3-3/client interactions in living cells. The seven isoforms of 14-3-3 are dimeric hub
proteins with diverse roles including transcription factor regulation and signal transduction.
14-3-3 interacts with hundreds of client proteins to regulate their function and is therefore an
ideal therapeutic target when client selectivity can be achieved. We have developed the
NanoBRET system for three 14-3-30 client proteins CRAF, TAZ, and estrogen receptor a (ERa),
which represent three specific binding modes. We have measured stabilization of 14-3-3o/client
complexes by molecular glues with ECso values between 100 nM and 1 uM in cells, which align
with the ECso values calculated by fluorescence anisotropy in vitro. Developing this NanoBRET
system for the hub protein 14-3-3c allows for a streamlined approach, bypassing multiple
optimization steps in the assay development process for other 14-3-30 clients. The NanoBRET
system allows for an assessment of PPI stabilization in a more physiologically relevant, cell-
based environment using full-length proteins. The method is applicable to diverse protein-
protein interactions (PPIs) and offers a robust platform to explore libraries of compounds for

both PPI stabilizers and inhibitors.
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Introduction
Protein-Protein Interactions

Protein-protein interactions (PPIs) are crucial for various cellular processes and
modulation of these interactions, by inhibition or stabilization, results in profound effects on
cellular function."™ Molecular glues are small molecules that stabilize the interaction between
two proteins by binding cooperatively to the PPI interface.>” Recent work on PPI stabilization
has focused on developing molecular glues and bifunctional small molecules, called PROTACs,
that link a ubiquitin ligase to a protein of interest to induce the protein’s degradation.®®
Generally, PROTACs and molecular-glue degraders induce neomorphic interactions to degrade
target proteins selectively.®”° However, an intriguing and relatively underexplored approach lies
in harnessing the potential of molecular glues as non-degradative stabilizers of PPIs.>' This
novel perspective offers a promising approach to precisely modulate and stabilize PPIs for
therapeutic interventions and for a deeper understanding of cellular processes.

Systematic technologies geared towards the identification of native PPI stabilizers'™"*
tend to be target-directed, compared to cell-based technologies for molecular glue degraders.'
'® For instance, we have established biochemical fragment-based assays for the identification,
validation, and optimization of PPI stabilizers. Our workflow employs a mass spectrometry (MS)-
based site-directed disulfide tethering approach that has identified highly cooperative stabilizers
for multiple 14-3-3/client complexes.""'>'" During chemical optimization, PPI stabilizers are
evaluated using MS- and fluorescence anisotropy (FA)-based assays. These technologies
measure stabilization of 14-3-3 and a peptide derived from the client protein, facilitating
screening and x-ray crystallography.'"'2'8 With effective PPI stabilizers in hand, we sought a
systematic approach to measure stabilization of full-length protein complexes. Ideally, such an
approach would be suitable to lysate and cellular contexts. Here we describe the validation of
NanoBRET assays to evaluate PPI stabilizers for the hub protein 14-3-3 bound to diverse

protein partners.
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The Hub Protein 14-3-3

14-3-3 modulates the function of hundreds of disease-relevant ‘client’ proteins through
binding to linear sequences containing phosphorylated serine and threonine residues. Within
the 14-3-3 family there are seven isoforms, each encoded by different genes.'®?° Notably, these
isoforms exhibit pronounced sequence similarity within the phospho-binding groove,
underscoring a shared mechanism of interaction with phosphorylated regions of client
proteins.?'?? Peptides derived from the client proteins interact with the 14-3-3 binding groove via

distinct conformations,?%#223

including: (1) turning out of the groove after a
phosphoserine/phosphothreonine (pS/pT) residue, typically guided by a proline in the +2
position, (2) binding straight through the phospho-binding groove, and (3) using a truncated
sequence with a pS/pT at the penultimate residue of the protein. The three clients we describe
here represent these three binding modes, with CRAF representing mode 1, TAZ reflecting
mode 2, and Estrogen Receptor a (ERa) binding as mode 3 (Figure 3.1A; Figure S3.2).24-26
Figure 3.1B illustrates the 14-3-3a/client pocket we aim to target and example molecular glues.
14-3-3 plays important biological roles in the regulation of CRAF, TAZ, and ERa. 14-3-3
is involved in both the inhibition and activation of CRAF, with CRAF pS259 acting as a
regulatory switch that is only phosphorylated in the inhibited state. In the activation of CRAF,
pS259 releases from 14-3-3 and can be dephosphorylated.?’-*? Stabilizing the 14-3-30/CRAF
pS259 interaction with molecular glues could therefore represent a novel method of inhibiting
the MAPK pathway in various cancers (Figure 3.1C).*2 The interaction between 14-3-3 and TAZ
is a regulatory mechanism in the Hippo pathway. Phosphorylation of TAZ at S89 promotes
association with 14-3-3, preventing TAZ translocation into the nucleus and activation as a
transcription factor.?>* Stabilizing the 14-3-30/TAZ pS89 interaction with molecular glues would
inhibit the oncogenic role of TAZ in driving cell proliferation and survival (Figure 3.1D). 14-3-3
binds to ERa at the penultimate residue pT594. Binding to 14-3-3 inhibits ERa by preventing its

dimerization and DNA binding. This interaction is crucial in the context of ER-positive breast
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cancer, where stabilizing the 14-3-30/ERa pT594 interaction may offer a potential therapeutic

strategy to disrupt estrogen-driven tumorigenesis (Figure 3.1E).% Not only do these clients

represent different binding modes, but also different subcellular locations and functions.
Distinct classes of molecular-glue stabilizers of 14-3-3/client complexes have been

20,26,34-38

discovered. Fusicoccane natural products and semisynthetic analogs, non-covalent

synthetic compounds,®*4°

and lysine-reactive fragments bind in the 14-3-3 phospho-binding
groove and stabilize clients to all 14-3-3 isoforms.*"*2 We have also identified disulfide
fragments that bind to a cysteine residue at the periphery of the binding groove of the sigma
isoform only and stabilize diverse 14-3-3s/client complexes.'"'? Structure-guided optimization
towards 14-3-3/ERa stabilizers yielded cysteine-reactive molecules with ECso values in the low
MM range in biochemical assays and the ability to stabilize the complex by 120-fold, eg, Kp,app =
2 uM to 18 nM (Figure S3.1)."® We and our colleagues have also developed 14-3-3s-specific

stabilizers for CRAF and TAZ phosphopeptides. These three chemical series require cell-based

validation of their ability to act as molecular glues for 14-3-3s and full-length proteins.

NanoBRET Assay

NanoLuciferase bioluminescence resonance energy transfer (NanoBRET) assays are
widely adopted methods for measuring PPI and protein/small-molecule interactions in live
cells.>>**%6 This innovative approach utilizes fusion proteins to quantify energy transfer, a
process contingent upon the proximity between the tagged proteins of interest. NanoBRET
assays have been effectively harnessed to measure PPI inhibition in cells and to measure
formation of ubiquitin ligase/target complexes for PROTACs, showcasing their utility in probing
the effects of modulating PPIs.***"4® However, to our knowledge, NanoBRET systems have not
been used to measure PPI stabilization in the presence of molecular glues. We selected

NanoBRET over related technologies such as cell-based fluorescence resonance energy
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transfer (FRET) or NanoLuc Binary Technology (NanoBiT) due to its improved sensitivity and
geometric flexibility, respectively. 474950

Here we report a 384-well plate-based cellular NanoBRET method for the evaluation of
14-3-30/client molecular glues. The optimized assay allows for a statistically robust (Z’ = 0.7-
0.95) increase in the BRET signal of 14-3-3a/client interactions in the presence of small-
molecule stabilizers. This 14-3-30o/client stabilization NanoBRET methodology can be

universally applied to characterize stabilizers for other PPIs, employing a similarly efficient and

systematic approach.

Materials & Methods

Construct Design and Cloning

14-3-30 and client proteins CRAF, TAZ, and ERa were cloned into the Promega
NanoBRET vectors (Promega N1811) using Gibson Assembly (NEB E2611) with a GSSG linker
between the protein and the tag. Linker length between the protein of interest and tags can be
optimized depending on structural constraints.5'*? 17 residues were deleted from the C-
terminus of 14-3-30 to reduce dynamics of C-terminal tags; therefore, all 14-3-3c constructs
contain residues 1-231. The sigma isoform was used due to the presence of cysteine 38, which
is not present in the other six isoforms, for compound engagement. Additionally, 14-3-30 is the
only isoform known to preferentially homodimerize.>® 14-3-30 AC and full-length constructs bind
to client proteins with nearly identical affinities and engagement in biochemical and cellular
assays (data not shown). NES-TAZ and NES-ERa constructs contain an engineered nuclear
export signal (NES) on the N-terminus with a GSSG linker before the NanoLuc tag. Final

construct sequences can be found in Table S3.1.
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Compounds

CRAF-01-05 were synthesized in house and will be disclosed in due course. TAZ-01-03
were identified in a high-throughput screening campaign; the structures have not been disclosed
(Ambagon Therapeutics). ERa-01 and ERa-02 were published as compounds 85 and 181,
respectively.® Fusicoccin-A was purchased from Enzo Life Sciences (BML-EI334-0001) and

XMU-MP-1 was purchased from MedChemExpress (HY-100526).

Cell Lines

HEK293T cells were purchased from ATCC (CRL-3216) and used as recommended. To
avoid signal inhibition by endogenous, unlabeled proteins, we selected HEK293T cells because
they express minimal to no 14-3-30, TAZ, and ERa. HEK293T cells also have an inactive MAPK
pathway, suggesting that transfected CRAF would be phosphorylated at S259. If the
endogenous expression level of proteins of interest is a concern, knockdown or knockout can be
used to reduce endogenous protein levels. Alternatively, different cell lines can be used with
various expression levels of the proteins of interest. MCF7 (HTB-22) and MDA-MB-231 (HTB-

26) cells were purchased from ATCC and used as recommended for 14-3-30/ERa studies.

NanoBRET

NanoBRET assays were performed as described by Promega. Four constructs (two for
ERa) were generated for each client protein to test in combination with four constructs of
14-3-30. Combination tests were performed at a 1:10 ratio of NanoLuc:HaloTag; ratios of 1:1,
1:10, 1:100, and 1:1000 were then tested with selected combinations. Plasmids were
transfected using jetOPTIMUS transfection reagent following the manufacturer's protocol and
cells were plated in white, flat bottom TC-treated 384-well microplates (Corning 3570) after
transfection in Gibco FluoroBrite DMEM with 4% fetal bovine serum (FBS; Sigma-Aldrich). ERa
experiments were conducted with 4% charcoal dextran stripped FBS (Corning 35-072-CF).

Each experiment was performed in triplicate and included no-acceptor controls and samples
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with the HaloTag NanoBRET 618 Ligand. Plates were read on an EnVision XCite 2105 plate
reader at 618 nm (HaloTag) and 460nm (NanoLuc) (Filters: M647 CWL=647nm BW=75nm;

M460 CWL=460nm BW=80nm Mirror: LUM/D585).

Fluorescence Anisotropy Measurements

ERa FA measurements were performed as previously described.'® For CRAF and TAZ,
peptides were purchased from Elim Biopharmaceuticals, Inc (CRAF: QRSTpSTPNVH; TAZ:
RSHpSSPASLQ).

For CRAF, fluorescein-labeled peptides (5-FAM), full-length 14-3-3c protein, the
compounds (50 mM stock solution in DMSQO) were diluted in buffer (10 mM HEPES, pH 7.5, 150
mM NacCl, 0.1% Tween20, 1 mg/mL Bovine Serum Albumin (BSA; Sigma-Aldrich). Final DMSO
in the assay was always 1%. Dilution series of 14-3-3 proteins or compounds were made in
black, flat-bottom 384-microwell plates (Greiner Bio-one 784900) in a final sample volume of 10
uL in triplicate. For compound titrations the initial 50 mM compound stock solutions in DMSO
were diluted to 20mM in a 384-well master plate, followed by a serial 2-fold dilution. Then, 500
nl of the dilution series were transferred in the assay plates. A master mix containing 10 nM
fluorescein-labeled peptide and 5 uM full-length 14-3-30 (concentration at ECy value of the
protein-peptide complex) in buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Tween20, 1
mg/mL BSA) was dispensed on the assay plates. The final volume per well was 10uL, with final
top concentration of compounds dose response series at 1mM. Each compound was measured
in triplicate, in two independent experiments. Fluorescence anisotropy measurements were
performed directly and after overnight incubation at room temperature. Protein titrations were
made by titrating 14-3-30 in a 2-fold dilution series (starting at 250 uM) to a mix of fluorescein-
labeled peptide (10 nM) and DMSO or compound (100 yM). Fluorescence anisotropy
measurements were performed after overnight incubation at room temperature. Fluorescence

anisotropy values were measured using a Molecular Devices ID5 plate reader (filter set Aex: 485
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+ 20 nm, Aem: 535 £ 25 nm; integration time: 50 ms; settle time: 0 ms; shake 5sec, medium, read
height 3.00 mm, G factor = 1. Data reported are at endpoint. ECso and apparent Kp values were
obtained from fitting the data with a four-parameter logistic model (4PL) in GraphPad Prism.
Data was obtained and averaged based on two independent experiments.

TAZ FA experiments were done as described for CRAF with the following exceptions: final
sample volume was 25 pL using 384-well plates (Corning 3575), final peptide concentration was
100 nM 5-FAM-TAZ, and final full-length 14-3-3c protein concentration was 300 nM in the
compound titration. Measurements were taken at 1 hour and 24 hours for compound titration

and protein titration, respectively.

Procedure

We have developed a NanoBRET assay to test small molecule molecular glues of
14-3-3a/client PPIs (Figure 3.2A). To test new PPIs, eight NanoLuc/HaloTag-fused protein
constructs were cloned, and all eight combinations were tested. After selecting the desired
combination, four ratios of NanoLuc:HaloTag plasmid were used to determine the optimal
transfection ratio before testing compounds to measure their effects on PPI stabilization (Figure

3.2B).

Construct Design

14-3-30 and client proteins were cloned into NanoLuc and HaloTag vectors with N- or C-
terminal tags. The constructs were named based on the placement of the tag, with “HaloTag-
14-3-30” denoting N-terminal placement of the tag, and “14-3-30-HaloTag” denoting C-terminal
placement. Because the C-terminus of ERa is crucial for binding to 14-3-3, ERa was only
cloned with N-terminal tags. A nuclear export signal (NES; LPPLERLTL) was inserted at the N-
terminus of TAZ and ERa for the “NES-client” constructs.>* The DNA binding domain (185-250)

was truncated out of ERa to make the “ADBD-ERa” construct.
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Assay Setup

Generally, we followed the manufacturer’s protocol.***° In short, plasmids were
transfected in HEK293T cells in bulk for 48 hours. Ratios of NanoLuc:HaloTag plasmids were
transfected by keeping the amount of HaloTag plasmid constant and decreasing the amount of
NanoLuc plasmid. For example, a 1:10 transfection ratio could include 1 pg of HaloTag plasmid
plus 0.1 pg of NanoLuc plasmid. The decrease in the amount of NanoLuc plasmid transfected is
reflected in the amount of protein expressed as measured by western blot (Figure S3.3A). Cells
were trypsinized and counted before adjusting the cell density to 250,000 cells/mL and adding
HaloTag ligand (1 L ligand/1 mL of media). A no-HaloTag-ligand control was also made
wherein DMSO was added instead of ligand at the same % v/v (1 yL/1 mL). 30 uL of the
cell/HaloTag ligand or DMSO mixture was added to each well in a 384-well assay plate.
Compound (or DMSO) was diluted in media to 4x the final concentration. Then, 10 pL of this 4x
compound stock was added to corresponding wells. All samples had the same final percent
DMSO of less than 0.5%. After 24 hours, NanoLuc substrate was added, and assay plates were
read to measure luminescence in the NanoLuc and HaloTag channels (Figure 3.2C).

An alternative approach can be used to measure NanoBRET in lysate using the
detergent digitonin. This approach can be used if the compounds are not cell permeable or are
cytotoxic at the desired concentration range. Digitonin permeabilizes the outer membrane to
release cytosolic proteins into the media (Figure S3.3B). As exemplified for CRAF, we added

digitonin at 200 ug/mL after seeding cells and before dosing with compound.

Data Analysis
The following formulas were used to calculate the raw milliBRET units (mBU), mean
corrected mBU, and fold change. Data was then analyzed and visualized in GraphPad Prism to

obtain ECsg values by fitting the data with a 4PL model.
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acceptor emission value (618nm)

1,000 = mBU
donor emission value (460nm) * mn

mean mB Uexperimental — mean mBUno HaloTag ligand control = mean corrected mBU

mB Uexperimental

= fold change
mB UDMSO control f g

Results

CRAF/14-3-30 NanoBRET

To measure cysteine-targeting stabilizers of the 14-3-306/CRAF pS259 interaction, eight
constructs were cloned for 14-3-30/CRAF: HaloTag-14-3-30, 14-3-30-HaloTag, NanoLuc-
14-3-30, 14-3-30-NanoLuc, HaloTag-CRAF, CRAF-HaloTag, NanoLuc-CRAF, and CRAF-
NanoLuc. With these constructs, eight combinations were tested at a 1:10 NanoLuc:HaloTag
transfection ratio (Figure 3.3A). Combinations where the NanoLuc was fused to 14-3-30 and the
HaloTag fused to CRAF resulted in low BRET signal. Two combinations, NanoLuc-
CRAF/14-3-30-HaloTag and CRAF-NanoLuc/14-3-30-HaloTag (Z' = 0.91 and 0.92,
respectively), were selected for ratio testing. CRAF-NanoLuc/14-3-30-HaloTag gave higher
signal and was chosen to move forward with. In these ratio tests, 1:10 and 1:100 CRAF-
NanoLuc:14-3-30-HaloTag gave the highest signals (Z' = 0.90, Z’ = 0.95, respectively; Figure
3.3B). Ratios of 1:1 and 1:1,000 were excluded due to low signal and high background,
respectively.

When using NanoBRET to identify molecular glues, careful selection of a combination
and ratio is essential to ensure that the protein complex is not completely formed, such that it

maintains sensitivity to stabilization by small molecules. Thus, we evaluated both 1:10 and

87



1:100 in the presence of stabilizers. 1:10 resulted in higher fold-stabilization with molecular
glues than 1:100 (Figure S3.4A); thus, we proceeded with this condition.

We tested three compounds, initially identified as molecular glues through MS and FA
assays, along with one negative control, in the CRAF/14-3-30 NanoBRET system. The negative
control was structurally related to the stabilizers but inactive in the FA assay. The molecular
glues exhibited up to 1.6-fold increase in NanoBRET signal, and ECs values in the sub-uM to
low-uM range (Figure 3.3C). The fold increase in signal and the Z’ values were similar between
the NanoBRET and FA assays, suggesting similar sensitivity. These compounds were
dependent on the presence of C38 in 14-3-30, as mutation of this residue rendered the
compounds ineffective in stabilizing the interaction (Figure S3.4B).

In comparing the ECso values obtained from FA and NanoBRET, it is noteworthy that FA
was performed in vitro with a fully phosphorylated CRAF pS259 peptide with the 14-3-3c
concentration kept at its EC20, while NanoBRET was performed in cells with the full-length
CRAF that may not have been fully phosphorylated. Moreover, the degree of phosphorylation of
CRAF may increase over the time of compound incubation, since increased 14-3-3 binding
protects clients from dephosphorylation. These factors make it difficult to quantitatively compare
ECso values from the biochemical and cell-based binding assays. Nevertheless, the trends in
ECso values track between NanoBRET and FA, with the negative control CRAF-01 exhibiting a
non-stabilizing effect. In contrast, CRAF-02 emerged as the most potent stabilizer with an ECso
value of 0.18 uyM and the highest maximum signal. CRAF-03 had a similar ECs, value of 0.20
uM, but a lower maximum signal. CRAF-04 demonstrated a comparatively diminished stabilizing
capacity with an ECso value of 1.1 uM, making it the weakest of the three molecular glues (Table
3.1). The difference in signal maximum was reproducible and consistent with the FA data
(Figure S3.1A-E). The calculated ECso values from the NanoBRET assay for CRAF-02 and
CRAF-03 were lower than those calculated from FA assays (Table 3.1), but the rank order was

maintained.
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Using the procedure described above, we introduced the detergent digitonin into the
assay to permeabilize the cell membrane, releasing the NanoBRET pair into the media. In the
cellular NanoBRET assay, CRAF stabilizers were tested up to 10 uM based on their cytotoxicity
in HEK293T (data not shown). To compare the lysate and cell-based assays, we measured
CRAF-05 activity in the CRAF/14-3-30 NanoBRET with four doses, from 1 — 250 uM in lysate
and 1 — 10 yM in cells. The results in both assays were similar, with CRAF-05 showing
significant stabilization even at 1 yM. The lower signal ratio at the maximum concentrations
(1.3- vs 1.5-fold) led us to use the cell-based assay going forward (Figure S3.4C). Thus, PPI
stabilization can be measured either in cells or in lysates using the same transfection ratio and

assay formats.

TAZ/14-3-30 NanoBRET

The following four constructs were cloned to test both donor and acceptor tags on the N-
or C-terminus of TAZ: HaloTag-TAZ, TAZ-HaloTag, NanoLuc-TAZ, and TAZ-NanoLuc. To aid in
developing the 14-3-30/TAZ NanoBRET system, we used an MST1/2 inhibitor, XMU-MP-1
(“XMU”), at 60 pM to prevent phosphorylation of TAZ, which in turn inhibited the 14-3-30/TAZ
interaction (Figure 3.1D). After testing all eight NanoBRET combinations of 14-3-30 and TAZ,
we chose to move forward with NanoLuc-TAZ/14-3-30-HaloTag because it produced the largest
BRET signal (24 mBU) with the most significant difference between untreated and XMU treated
samples (fold change = 1.4, Z’ = 0.84; Figure 3.4A). NanoLuc:HaloTag ratios were then
evaluated, and 1:10 gave the largest fold-change between untreated and XMU treated samples
(fold-change = 1.4, Z’ = 0.90; Figure 3.4B).

14-3-30 controls trafficking of TAZ between the cytoplasm and the nucleus, so we
evaluated whether manipulating NanoLuc-TAZ subcellular localization would alter the BRET
signal. We engineered a nuclear export signal (NES) into the N-terminus of the TAZ construct

before the NanoLuc tag. With this NES-NanoLuc-TAZ (NES-TAZ) construct, the basal
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NanoBRET signal increased 3.1-fold (Figure 3.4C). While the raw mBU signal varied between
biological replicates, perhaps due to transfection efficiency, the BRET signal was consistently
larger with the NES construct.

We compared the 14-3-30/TAZ complex formation with C38-reactive molecular glues,
TAZ-02 and TAZ-03, along with an inactive compound, TAZ-01 (Figure S3.5). The NES-TAZ
construct led to increased mBU values but decreased the fold-change compared to NanoLuc-
TAZ itself. For instance, TAZ-02 increased the BRET signal by 4.2-fold and 2.2-fold with
NanoLuc-TAZ and NES-TAZ, respectively (Figure 3.4C). Nevertheless, the compound dose-
responses yielded similar ECso values with both TAZ constructs. The negative control TAZ-01
had no effect on the BRET signal, while TAZ-02 had an ECs, of 730 nM; TAZ-03 did not reach a
plateau, with an estimated ECso of 120 nM (Figure 3.4D). In FA assays, TAZ-02 and TAZ-03
performed similarly to each other with ECs values of 1.2 uM and 1.6 pM, respectively (Figure
S3.1F-I; Table 3.1). Thus, the TAZ/14-3-30 NanoBRET assays confirmed the stabilizing effects

of these molecular glues.

ERa/14-3-30 NanoBRET

ERa binds 14-3-30 at its penultimate residue, pT594. Therefore, only N-terminal tag
constructs were developed for ERa to avoid interference with 14-3-3c0 binding. ERa combination
and ratio tests were performed in the presence of a natural product stabilizer, Fusicoccin-A (FC-
A) at 30 uM. Similar to CRAF and TAZ, little to no signal was measured for the combinations in
which 14-3-30 was tagged with NanoLuc. The NanoLuc-ERa plus 14-3-30-HaloTag
combination gave the largest signal and fold stabilization for the positive control FC-A (Z’ = 0.79,
Figure 3.5A). In the ratio test, 1:10 was the only combination where there was a measurable
difference between DMSO and FC-A (Z' = 0.96, Figure 3.5B). Therefore, this ratio was selected
to advance to the subsequent testing phase for new 14-3-30 specific, cysteine-reactive

molecular glues (Figure S3.6A). The most potent molecular glue, ERa-02, resulted in 2.5-fold
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stabilization with an ECso of 2.4 uM (Figure 3.5C). In FA dose-responses, ERa-02 had a similar
ECso value of 1.0 uM when tested with the ERa peptide (Figure S3.1J,K)." The inactive
compound, ERa-01, had no effect in NanoBRET or FA dose response assays (Figure 3.5C,
Table 3.1). FC-A resulted in low fold stabilization (Figure 3.5A,B) likely because binding of the
NanoBRET pair was diluted by binding to other 14-3-3 isoforms and clients. Because HEK293T
cells did not contain endogenous 14-3-30, the sigma-specific stabilizer, ERa-02, was highly
effective at binding to the transfected 14-3-30.

Since ERa is also a transcription factor, a significant fraction could be localized in the
nucleus, resulting in a low NanoBRET signal. We therefore engineered two cytoplasmic
constructs containing an NES at the N-terminus (“NES-ERa”) or removing the DNA-binding
domain (aa 185-250; "ADBD-ERa”). While both methods increased the BRET signal, from 5-10
to 10-15 mBU, the stabilizer dose response effects were diminished (Figure 3.5D), possibly due
to reaching maximal signal of the system. Although these methods did not improve the
ERa/14-3-30 NanoBRET assay to evaluate molecular glues, they are useful techniques to apply
when troubleshooting low NanoBRET signal for other PPl NanoBRET systems, as seen with
TAZ.

A benefit of developing the ERa/14-3-30 NanoBRET assay in HEK293T cells was the
low endogenous expression of both proteins. We extended these experiments to an ER-positive
breast cancer cell line, MCF7, where both ERa and 14-3-3c were expressed, and MDA-MB-
231, an ER-negative breast cancer cell line, where only 14-3-30 was endogenously expressed.
Comparing the ERa/14-3-30 NanoBRET assay in these three cell lines, HEK293T cells had the
largest signal window with minimal background (Figure S3.6B-D). Thus, using a cell line that
does not endogenously express the proteins of interest ensured that the tagged proteins were

not outcompeted by endogenous proteins.
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Discussion

14-3-30 NanoBRET Summary and Workflow

Traditional NanoBRET assay development involves a four-step workflow: (1) generating
eight constructs of 14-3-30 and the client tagged with NanoLuc or HaloTag, (2) testing eight
combinations, (3) evaluating four ratios of the best combination, and (4) subsequently testing
molecular glues (Figure 3.2B). In developing analogous NanoBRET assays for three
14-3-30/client complexes, we learned that the HaloTag acceptor was always preferred on
14-3-30 and that varying the subcellular localization of the client protein sometimes improved
the BRET signal, depending on the biology of the complex (Table 3.2). Since 14-3-30 is the
more promiscuous protein compared to these three clients, this could explain the preference for
the HaloTag on 14-3-30. The NanoLuciferase donor conjugated to 14-3-3c would lead to
unquenched BRET when bound to endogenous clients lacking the HaloTag acceptor.
Leveraging the insights gained from our results across 14-3-3o/client systems, we propose a
streamlined workflow that condenses the NanoBRET assay design for 14-3-3a/client
interactions into three efficient steps: (1) constructing two client constructs (or one depending on
client binding restrictions, e.g. ERa), (2) test two combinations, and (3) evaluate molecular glues
(Figure 3.6). This simplified workflow promises expedited discovery of 14-3-3co/client molecular-

glue stabilizers, offering a potentially impactful resource for diverse therapeutic applications.

Assay Throughput

NanoBRET assays to discover and characterize molecular glues can be set up in a low-,
medium-, or high-throughput format depending on materials and instruments employed.
Generally, we have run approximately 200-2,000 samples at a time. Because optimizing the
transfection ratio is necessary to detect PPI stabilizers, the NanoBRET assay requires a
transient transfection. This manual step reduces throughput and precision; in particular, raw

mBU values can vary between experiments. Nevertheless, with automation for cell seeding and
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compound dosing, the NanoBRET assay for PPI stabilizers can be performed in a high-
throughput manner.

To increase assay throughput, additional techniques can be implemented. Structural and
computational methods can be used to predict optimal tag placements on the proteins of
interest. In our system, 14-3-3 binds unstructured domains; thus, computational modeling of
NanoLuc and HaloTag conjugated proteins with techniques such as AlphaFold may not
accurately depict tag placement and ideal NanoBRET combinations for these multi domain,

flexible PPls.

Conclusions
We describe the development of a NanoBRET assay designed to characterize
molecular-glue stabilizers of 14-3-3c/client PPIs. Building from the published NanoBRET

1, we have identified multiple factors that required careful evaluation. Specific to PPI

protoco
stabilizers, it is critical to select a combination of protein constructs and transfection ratio that
leads to a measurable but incomplete formation of the PPI, such that the assay can detect an
increase in BRET signal. Additional general considerations include optimizing the cell
permeability and colocalization of the protein partners. For example, digitonin releases
cytoplasmic proteins into the media, allowing for higher compound concentrations and
effectively transforming the assay into a lysate assay. Furthermore, adding a nuclear export
signal increased mBU values for the transcription factor/14-3-30 complexes, suggesting that
localization motifs should be considered if the BRET signal is low. Lastly, choice of cell line
should account for the endogenous expression levels of the proteins of interest. With these
considerations, our NanoBRET results closely mirror the sensitivity of FA and the NanoBRET

ECso values were consistent with the FA ECso values measured for diverse molecular glues.

Thus, NanoBRET is a valuable tool to characterize stabilizers targeting 14-3-3c/client
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interactions. Notably, the distinct advantage of NanoBRET is the physiological relevance of the
assay, as it is performed in a cellular environment with full-length proteins.

This comprehensive method can be efficiently adapted and streamlined for the
exploration of other 14-3-30 client proteins. Moreover, the systematic approach can be readily
applied to other hub protein systems and to discover novel molecular glues. As research in this
domain progresses, the integration of NanoBRET assays for PPI stabilization could significantly
broaden the repertoire of techniques available for studying PPls and their implications in cellular

processes.
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Figure 3.1: 14-3-3o/client binding and regulatory mechanisms

A) Crystal structure overlay of 14-3-3c (grey) bound to CRAF (purple), ERa (pink), and TAZ (blue)
peptides illustrating the three different binding modes. pS/T residues are shown to illustrate the overlap in
this position of the peptide. PDBs: CRAF 4IHL, ERa 4JDD, TAZ 3MHR. B) Visualization of the molecular
glue binding pocket within the 14-3-30 phospho-binding groove. Both the fragment stabilizer (dark green)
and Fusicoccin-A (light green) bind in the 14-3-30 phospho-binding groove proximal to the ERa peptide
(pink). 14-3-30 C38 is highlighted in yellow. PDB 8AFN with Fusicoccin-A overlaid from PDB 4JDD. C)
Proposed 14-3-3/CRAF mechanism. 14-3-3 binding to CRAF pS259 (red) maintains the inhibited state of
CRAF. 14-3-30/CRAF pS259 molecular glues would prevent the opening and subsequent activation of
CRAF. D) 14-3-3 regulation of TAZ in the Hippo signaling pathway. MST1/2 activity leads to the
phosphorylation of TAZ at pS89 (red). In the nucleus, TAZ binds TEAD transcription factors and activates
transcription. 14-3-306/TAZ pS89 molecular glues would localize TAZ in the cytoplasm, impeding its role as
a transcription factor. E) 14-3-3 regulation of ERa. 14-3-3 binds ERa at pT594 (red) to prevent ERa
dimerization and binding to DNA. 14-3-30/ERa pT594 molecular glues would prevent ERa dissociation
and activation.
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A) Schematic representation of the 14-3-3/client NanoBRET assay, where one protein is tagged with
NanoLuc (NL) and the other with HaloTag (HT). Addition of molecular glues is expected to increase the
BRET signal. B) Steps to set up a NanoBRET assay for a new PPI. C) Procedure to set up NanoBRET
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Figure 3.3: NanoBRET results for CRAF/14-3-3c¢
A) Combination test (n = 3). 14-3-3c with a C-terminal HaloTag and CRAF with an N- or C-terminal
NanoLuc tag resulted in the highest signal. B) CRAF-NanoLuc/14-3-30-HaloTag ratio test (n = 3). C)

CRAF-NanoLuc/14-3-3c-HaloTag NanoBRET data with 4 compounds, three stabilizers (CRAF-02-04) and
one negative control (CRAF-01) (n = 3). Data shown in C are representative of 5 biological replicates.

96



A B 15+
20
10+
) - =)
)
£ 0l £
H |
0 | L T 1 | — 7T 0-
XMU: - + - + - + - + - + - + - + -
NL-TAZ  TAZNL  NL-TAZ  TAZNL  NL-14-3-30 14-3-30-NL NL-143-30 14-3-30-NL XMu: -+ -+ -+ -+
HT-14-3-30 14-3-30-HT HT-TAZ TAZ-HT 1 1:10 1:100  1:1000
NanoLuc:HaloTag Ratio
c 15- ® DMSO D
= TAZ-01 3 25 ¢ TAZ-01
= TAZ-02 Dg - TAZ-02
10 2 2.0+ TAZ-03
o} E &
: 3 4
3 _/ r
5+ E 1.5+
(]
g o l/!FI
£ 1.0: -—If" k% Yo ﬁi....
k!
: i
| 1 | |
TAZ NES-TAZ -8 -7 -6 -5
[compound] (uM) log[compound(M)]

Figure 3.4: NanoBRET results for TAZ/14-3-30¢

A) Combination test comparing untreated and XMU (60 uM) treated samples (n = 3). NanoLuc-
TAZ/14-3-30-HaloTag gave the highest signal and largest fold change with XMU. B) NanoLuc-
TAZ/14-3-30-HaloTag ratio test (n = 3). C) Comparison of TAZ and NES-TAZ constructs with one inactive
compound (TAZ-01) and one stabilizer (TAZ-02) (n = 3). A subset of tested compound concentrations is
shown. D) NES-TAZ/14-3-30 NanoBRET results with two TAZ/14-3-30 stabilizers (TAZ-02 and TAZ-03)
and TAZ-01 with all data points in the dilution series shown (n = 3). Data shown in C and D are
representative of 3 biological replicates.
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Figure 3.5: NanoBRET results for ERa/14-3-30

A) Combination test comparing untreated and FC-A (30 yM) treated samples (n = 3). NanoLuc-
ERa/14-3-30-HaloTag gave the only significant difference with DMSO vs FC-A treatment. B) NanoLuc-
ER0/14-3-30-HaloTag ratio test (n = 3). C) ERa/14-3-30 NanoBRET results with one molecular-glue
stabilizer (ERa-02) and one inactive compound (ERa-01) (n = 3). D) Comparison of different ERa
constructs with ERa-01 and ERa-02 (n = 3). Data shown in C and D are representative of 3 biological
replicates.

client ?
CO & e =

jent) + ' 14-3- 1433 &
@ ent @ciert) + 14339 @ "
Molecular,
client@NED client@NED+ 14-3-3@ - glue
E Negative
control
1. Make client 2. Combination test [compound]
constructs

with NanoLuc 3. Test molecular glues

Figure 3.6: Simplified NanoBRET workflow for identification of 14-3-3c/client molecular glues
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Tables

Table 3.1: ECso values for 14-3-3o/client NanoBRET and FA (n = 3)

NanoBRET Complex Compound NanoBRET ECso (uM) FA ECso (uM)
CRAF-NanoLuc/14-3-30-HaloTag CRAF-01 >10 >150
CRAF-02 0.18 1.0
CRAF-03 0.20 1.2
CRAF-04 1.1 1.2
NES-NanoLuc-TAZ/14-3-30-HaloTag | TAZ-01 >20 >150
TAZ-02 0.73 1.2
TAZ-03 0.12 (est.) 1.6
NanoLuc-ERa/14-3-30-HaloTag ERa-01 >20 >150
ERa-02 24 1.0

Table 3.2: Tag placement for 14-3-30/CRAF, TAZ, and ERa NanoBRET assays

14-3-30 client NanoLuc HaloTag

CRAF CRAF (C-terminus) 14-3-30 (C-terminus)
TAZ TAZ (N-terminus) 14-3-30 (C-terminus)
ERa ERa (N-terminus) 14-3-30 (C-terminus)
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Supplementary Figures
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Figure S3.1: CRAF pS259, TAZ pS89, and ERa pT594 peptide FA compound and protein titrations
A) CRAF-01-04 compound titrations. B) CRAF-01 protein titration. C) CRAF-02 protein titration. D) CRAF-
03 protein titration. E) CRAF-04 protein titration. F) TAZ-01-03 compound titrations. G) TAZ-01 protein
titration. H) TAZ-02 protein titration. ) TAZ-03 protein titration. J) ERa-01 and ERa-02 compound
titrations. K) ERa-02 protein titration. All experiments n = 3.
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Figure S3.2: 14-3-3/client peptide affinities
A) CRAF pS259 peptide FA KD assay (n = 3). B) TAZ pS89 peptide FA KD assay (n = 3).
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Figure S3.3: Protein expression and effects of detergent

A) NanoLuc:HaloTag plasmid transfection ratios reflected in protein expression in HEK293T cells. B)
Western blot for 14-3-3 without and with digitonin treatment (n=3). Cytosolic proteins are released into the
media when treated when cells are treated with digitonin.
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Figure S3.4: CRAF/14-3-30 NanoBRET optimization

A) CRAF/14-3-30 1:10 and 1:100 ratio comparison (n = 3). 1:10 resulted in a larger fold increase. B) 14-
3-30 WT vs 14-3-30 C38N NanoBRET. Stabilizers were dependent on the presence of C38 (n = 3). C)
Comparison of lysate and in cell NanoBRET assays (n = 3). Both showed stabilization with CRAF-05.
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Figure S3.6: ERa/14-3-30 NanoBRET optimization
A) ERa NanoBRET with 14-3-30 C38N (n = 3). Compounds are dependent on C38. B) ERa/14-3-30
NanoBRET cell line comparison with FC-A (30 uM) and ERa-02 (10 uM) treatment (n = 3). HEK293T
showed a measurable stabilization with ERa-02. C) Raw HaloTag luminescence intensity in HEK293T,
MCF7, and MDA-MB-231 (n = 3). D) Raw NanoLuc luminescence intensity in HEK293T, MCF7, and

MDA-MB-231 (n = 3).
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Supplementary Tables

Table $3.1: Amino acid sequences of final NanoBRET constructs

Construct Amino Acid Sequence
14-3-30- MERASLIQKAKLAEQAERYEDMAAFMKGAVEKGEELSCEERNLLSVAYKNVVGG
HaloTag QRAAWRVLSSIEQKSNEEGSEEKGPEVREYREKVETELQGVCDTVLGLLDSHLIK

EAGDAESRVFYLKMKGDYYRYLAEVATGDDKKRIIDSARSAYQEAMDISKKEMPP

TNPIRLGLALNFSVFHYEIANSPEEAISLAKTTFDEAMADLHTLSEDSYKDSTLIMQL
LRDNLTLWTGSSGEDLYFQSDNDGSEIGTGFPFDPHYVEVLGERMHYVDVGPRD

GTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFFDDHVRF

MDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPE
FARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDR

EPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARL
AKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLSTLEISG

CRAF-NanoLuc

MEHIQGAWKTISNGFGFKDAVFDGSSCISPTIVQQFGYQRRASDDGKLTDPSKTS
NTIRVFLPNKQRTVVNVRNGMSLHDCLMKALKVRGLQPECCAVFRLLHEHKGKKA
RLDWNTDAASLIGEELQVDFLDHVPLTTHNFARKTFLKLAFCDICQKFLLNGFRCQ
TCGYKFHEHCSTKVPTMCVDWSNIRQLLLFPNSTIGDSGVPALPSLTMRRMRESV
SRMPVSSQHRYSTPHAFTFNTSSPSSEGSLSQRQRSTSTPNVHMVSTTLPVDSR
MIEDAIRSHSESASPSALSSSPNNLSPTGWSQPKTPVPAQRERAPVSGTQEKNKI
RPRGQRDSSYYWEIEASEVMLSTRIGSGSFGTVYKGKWHGDVAVKILKVVDPTPE
QFQAFRNEVAVLRKTRHVNILLFMGYMTKDNLAIVTQWCEGSSLYKHLHVQETKF
QMFQLIDIARQTAQGMDYLHAKNIIHRDMKSNNIFLHEGLTVKIGDFGLATVKSRW
SGSQQVEQPTGSVLWMAPEVIRMQDNNPFSFQSDVYSYGIVLYELMTGELPYSHI
NNRDQIIFMVGRGYASPDLSKLYKNCPKAMKRLVADCVKKVKEERPLFPQILSSIEL
LQHSLPKINRSASEPSLHRAAHTEDINACTLTTSPRLPVFGSSGVFTLEDFVGDWR
QTAGYNLDQVLEQGGVSSLFQNLGVSVTPIQRIVLSGENGLKIDIHVIIPYEGLSGD
QMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVFDGKKIT
VTGTLWNGNKIIDERLINPDGSLLFRVTINGVTGWRLCERILA

NanoLuc-TAZ

MVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQNLGVSVTPIQRIVLSGENGLK
IDIHVIIPYEGLSGDQMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGR
PYEGIAVFDGKKITVTGTLWNGNKIIDERLINPDGSLLFRVTINGVTGWRLCERILAG
SSGMNPASAPPPLPPPGQQVIHVTQDLDTDLEALFNSVMNPKPSSWRKKILPESF
FKEPDSGSHSRQSSTDSSGGHPGPRLAGGAQHVRSHSSPASLQLGTGAGAAGS
PAQQHAHLRQQSYDVTDELPLPPGWEMTFTATGQRYFLNHIEKITTWQDPRKAM
NQPLNHMNLHPAVSSTPVPQRSMAVSQPNLVMNHQHQQQMAPSTLSQQNHPT
QNPPAGLMSMPNALTTQQQQQQKLRLQRIQMERERIRMRQEELMRQEAALCRQ
LPMEAETLAPVQAAVNPPTMTPDMRSITNNSSDPFLNGGPYHSREQSTDSGLGL
GCYSVPTTPEDFLSNVDEMDTGENAGQTPMNINPQQTRFPDFLDCLPGTNVDLG
TLESEDLIPLFNDVESALNKSEPFLTWL

NES-NanoLuc-
TAZ (NES-TAZ)

MLPPLERLTLGSSGMVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQNLGVSV
TPIQRIVLSGENGLKIDIHVIIPYEGLSGDQMGQIEKIFKVVYPVDDHHFKVILHYGTL
VIDGVTPNMIDYFGRPYEGIAVFDGKKITVTGTLWNGNKIIDERLINPDGSLLFRVTI
NGVTGWRLCERILAGSSGMNPASAPPPLPPPGQQVIHVTQDLDTDLEALFNSVMN
PKPSSWRKKILPESFFKEPDSGSHSRQSSTDSSGGHPGPRLAGGAQHVRSHSSP
ASLQLGTGAGAAGSPAQQHAHLRQQSYDVTDELPLPPGWEMTFTATGQRYFLN
HIEKITTWQDPRKAMNQPLNHMNLHPAVSSTPVPQRSMAVSQPNLVMNHQHQQ
QMAPSTLSQQNHPTQNPPAGLMSMPNALTTQQQQQQKLRLQRIQMERERIRMR
QEELMRQEAALCRQLPMEAETLAPVQAAVNPPTMTPDMRSITNNSSDPFLNGGP
YHSREQSTDSGLGLGCYSVPTTPEDFLSNVDEMDTGENAGQTPMNINPQQTRFP
DFLDCLPGTNVDLGTLESEDLIPLFNDVESALNKSEPFLTWL

103




Construct

Amino Acid Sequence

NanoLuc-ERa

MVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQNLGVSVTPIQRIVLSGENGLK
IDIHVIIPYEGLSGDQMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGR
PYEGIAVFDGKKITVTGTLWNGNKIIDERLINPDGSLLFRVTINGVTGWRLCERILAG
SSGMTMTLHTKASGMALLHQIQGNELEPLNRPQLKIPLERPLGEVYLDSSKPAVYN
YPEGAAYEFNAAAAANAQVYGQTGLPYGPGSEAAAFGSNGLGGFPPLNSVSPSP
LMLLHPPPQLSPFLQPHGQQVPYYLENEPSGYTVREAGPPAFYRPNSDNRRQGG
RERLASTNDKGSMAMESAKETRYCAVCNDYASGYHYGVWSCEGCKAFFKRSIQ
GHNDYMCPATNQCTIDKNRRKSCQACRLRKCYEVGMMKGGIRKDRRGGRMLKH
KRQRDDGEGRGEVGSAGDMRAANLWPSPLMIKRSKKNSLALSLTADQMVSALLD
AEPPILYSEYDPTRPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQV
HLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATS
SRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRVLDKITDTLIHLM
AKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKCKNVVPLYDLLLEMLDA
HRLHAPTSRGGASVEETDQSHLATAGSTSSHSLQKYYITGEAEGFPATV

NES-NanoLuc-
ERa (NES-ERa)

MLPPLERLTLGSSGMVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQNLGVSV
TPIQRIVLSGENGLKIDIHVIIPYEGLSGDQMGQIEKIFKVVYPVDDHHFKVILHYGTL
VIDGVTPNMIDYFGRPYEGIAVFDGKKITVTGTLWNGNKIIDERLINPDGSLLFRVTI
NGVTGWRLCERILAGSSGMTMTLHTKASGMALLHQIQGNELEPLNRPQLKIPLER
PLGEVYLDSSKPAVYNYPEGAAYEFNAAAAANAQVYGQTGLPYGPGSEAAAFGS
NGLGGFPPLNSVSPSPLMLLHPPPQLSPFLQPHGQQVPYYLENEPSGYTVREAG
PPAFYRPNSDNRRQGGRERLASTNDKGSMAMESAKETRYCAVCNDYASGYHYG
VWSCEGCKAFFKRSIQGHNDYMCPATNQCTIDKNRRKSCQACRLRKCYEVGMM
KGGIRKDRRGGRMLKHKRQRDDGEGRGEVGSAGDMRAANLWPSPLMIKRSKKN
SLALSLTADQMVSALLDAEPPILYSEYDPTRPFSEASMMGLLTNLADRELVHMINW
AKRVPGFVDLTLHDQVHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQG
KCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEK
DHIHRVLDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMK
CKNVVPLYDLLLEMLDAHRLHAPTSRGGASVEETDQSHLATAGSTSSHSLQKYYIT
GEAEGFPATV

NanoLuc-
ADBD-ERa
(ADBD-ERa)

MVFTLEDFVGDWRQTAGYNLDQVLEQGGVSSLFQNLGVSVTPIQRIVLSGENGLK
IDIHVIIPYEGLSGDQMGQIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGR
PYEGIAVFDGKKITVTGTLWNGNKIIDERLINPDGSLLFRVTINGVTGWRLCERILAG
SSGMKGGIRKDRRGGRMLKHKRQRDDGEGRGEVGSAGDMRAANLWPSPLMIK
RSKKNSLALSLTADQMVSALLDAEPPILYSEYDPTRPFSEASMMGLLTNLADRELV
HMINWAKRVPGFVDLTLHDQVHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLD
RNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLK
SLEEKDHIHRVLDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEH
LYSMKCKNVVPLYDLLLEMLDAHRLHAPTSRGGASVEETDQSHLATAGSTSSHSL
QKYYITGEAEGFPATV
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Chapter 4

Scaffold-hopping for molecular glues for the 14-3-3/ERa complex
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Abstract

Molecular glues, small molecules that bind cooperatively at a protein-protein interface, have
emerged as powerful modalities for the modulation of protein-protein interactions (PPIs) and
“‘undruggable” targets. The systematic identification of new chemical matter with a molecular
glue mechanism of action remains a significant challenge in drug discovery. Here, we present a
scaffold hopping approach, using as a starting point our previously developed molecular glues
for the native 14-3-3/estrogen receptor alpha (ERa) complex. The novel, computationally
designed scaffold is based on the Groebke-Blackburn-Bienaymé multi-component reaction
(MCR), leading to drug-like analogs with multiple points of variation, thus enabling the rapid
derivatization and optimization of the scaffold. Structure-activity relationships (SAR) are
developed using orthogonal biophysical assays, such as intact mass spectrometry, TR-FRET
and SPR. Rational structure-guided optimization is facilitated by multiple crystal structures of
ternary complexes with the glues, 14-3-3 and phospho-peptides mimicking the highly disordered
C-terminus of ERa. Cellular stabilization of 14-3-3/ERa for the most potent analogs is confirmed
using a NanoBRET assay with full-length proteins in live cells. Our approach highlights the
potential of MCR chemistry, combined with scaffold hopping, to drive the development and

optimization of unprecedented molecular glue scaffolds.
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Introduction

The stabilization of native protein-protein interactions (PPls) with small molecules offers
an attractive strategy for the activation or inhibition of signaling pathways in a therapeutic
context."? PPIs were traditionally considered difficult targets due to the lack of well-defined
pockets and the presence of large, hydrophobic surfaces.*® The fundamental understanding of
the mechanism of action of molecular glues — small molecules that bind cooperatively at PPI
interfaces and strengthen weak, pre-existing interactions — has enabled the stabilization of PPIs
by taking into account the elements of cooperativity, molecular recognition and shape
complementarity.®’

A particularly challenging class of PPIs includes proteins that are intrinsically disordered
and only become partially structured when bound to a protein partner, such as a chaperone
binding to a client protein.®® 14-3-3 is an abundant scaffolding protein that recognizes specific
phospho-serine or phospho-threonine motifs on disordered domains of the client and upon
binding creates a structured binding interface.”® Of note, 14-3-3 proteins lack function — the
function is instead encoded on the client protein and in particular on the phospho-site that is being
recognized, leading either to activation or inhibition of signaling pathways."

Among the extensive interactome of 14-3-3, here we focus on its native interaction with
the hormone regulated transcription factor estrogen receptor a (ERa). 14-3-3 recognizes the
protein sequence surrounding phospho-T594 on the disordered C-terminus on the F-domain of
ERa and acts as a negative regulator by inhibiting ERa binding to chromatin and blocking ERa-
mediated transcription.’>' To date, ERa small molecule drugs, acting either as inhibitors or
degraders, target the adjacent ligand binding domain (LBD)."'" However, mutations in the LBD
are often associated with acquired endocrine resistance.'® Thus, stabilization of the native 14-3-
3/ERa PPI could be useful as an alternative strategy to block ERa transcriptional activity in ERa
positive breast cancer, especially in cases of acquired endocrine resistance. The feasibility of this

approach, targeting the F-domain, is corroborated by studies using the natural product fusicoccin-
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A (FC-A) and its semi-synthetic analogs that stabilize the interaction between 14-3-3 and the C-
terminus of ERa."® Drug-like chemical probes and leads are now required to define the biological
impact of targeting the F-domain to inhibit ERa in hormone-positive breast cancer.

We have applied different strategies for the identification of chemical matter to stabilize
the 14-3-3/ERa complex. We used a site-directed fragment-based technology, termed “disulfide
tethering” with intact mass spectrometry as the readout to identify reversible fragments bound at
the native cysteine (C38) of 14-3-30 in the presence of a phosphorylated peptide that represented
the disordered C-terminus of ERa.?’ Rational, structure-guided optimization of the reversible
disulfide fragments led to irreversibly covalent, selective molecular glues that bound at the
composite surface of 14-3-30/ERa.?" For the development of non-covalent molecular glues, we
used a fragment-linking approach, derived from the crystal structures of two diverse fragments
that were identified in crystallographic and disulfide tethering screens.? Thus, the 14-3-3/ERa
PPI has served as a valuable system to test diverse molecular-glue discovery strategies.

Here, we present a scaffold-hopping approach based on multi-component reaction
chemistry (MCR). Multi-component reactions are defined as synthetic approaches where at
least three starting materials react in a single step to form a complex scaffold, where basically
all or most of the atoms contribute to the newly formed product. This broad definition covers
reactions with various synthetic mechanisms.?*2* MCR chemistry, due to its highly divergent
character, is an enticing strategy for developing new scaffolds and rapid structure-activity
relationships (SAR), as it allows the combination of short synthetic routes with high diversity and
complexity. MCR has emerged as an attractive alternative to multistep linear convergent
synthetic approaches and has been successfully applied to the synthesis of active

2530 Here, we describe our strategy for the development of a

pharmaceutical ingredients (API).
drug-like MCR scaffold stabilizing the 14-3-30/ERa complex. The most potent analogs of the
series showed efficacy in orthogonal biophysical assays and cell-based PPI stabilization in the

low micromolar range.
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Results
Structure activity relationships (SAR)

Structurally, 14-3-3 binds ERa by recognizing phospho-T594, the penultimate residue on
the C-terminus of ERa. This creates a large, open, solvent-exposed pocket that can
accommodate a small molecule. Although steric factors are not an issue for targeting the
composite surface of the 14-3-3/ERa complex, we found it was important to rigidify an initially

t. 2! Our aim in this work was to design a

flexible scaffold to maximize the stabilization effec
scaffold that would be more rigid from the beginning, locking in a favorable three-dimensional
shape complementary to the large pocket.

To this end, we used the freely accessible software AnchorQuery™, which performs
pharmacophore-based screening of approximately 31 million compounds that are readily
synthesizable through one-step multi-component reaction (MCR) chemistry.®"*? Although
AnchorQuery™ was originally developed for PPI inhibitors®, in this case it was successful in
proposing MCR scaffolds for PPI stabilizers. AnchorQuery™ requires a ligand-bound crystal
structure or docked binding pose as a starting point. We used the crystal structure of the
previously disclosed compound 127 (PDB 8ALW) that was bound at the composite surface of
the 14-3-30/ERa complex, with a favorable ligand conformation, based on our biophysical
data.?’ The compound formed multiple favorable interactions both with 14-3-3c and the
phospho-ERa peptide (Fig 4.1a). In the co-crystal structure, the irreversible chloroacetamide
warhead of compound 127 formed a covalent bond with C38 of 14-3-30. The p-chloro-phenyl
ring occupied a small hydrophobic pocket that formed a halogen bond with K122 of 14-3-3. The
tetrahydropyrane ring adopted a favorable conformation that allowed the formation of
hydrophobic interactions with 14-3-3 residues (L218, 1219), the terminal Val595 of ERa, and a
water-mediated hydrogen bond from the oxygen atom in the ring, which was part of a large
water network. The overall ligand conformation also led to a key water-mediated hydrogen bond

between the aniline nitrogen and the terminal carboxylic acid of Val595 of ERa, significantly
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contributing to molecular recognition. In this compound series, the introduction of large non-
aromatic rings, such as the tetrahydropyrane, combined with aniline rings were necessary to
limit the multiple ligand conformations and improved the affinity to the complex.

Understanding the binding mode of 127, we were able to use AnchorQuery™ for a
scaffold-hopping approach. The software contains a virtual library; to query the library, the user
inputs two feature sets that derive from the binding mode of the initial ligand (compound 127, in
this case). The first feature is an anchor motif on the ligand that is bioisosteric with an amino
acid residue. A suitable anchor in our case is the p-chloro-phenyl ring that is deeply buried at the
PPI interface in the small pocket surrounding K122 of 14-3-3 (Fig. S4.1). This motif serves as
the “phenylalanine anchor”, which is kept constant for all pharmacophore-based searches of the
database. The second feature set consists of three additional pharmacophore points on different
parts of the ligand; the three-point pharmacophore could include all possible ligand-protein
interactions, such as hydrogen bond donors or acceptors, aromatic rings, hydrophobic residues
or charged ions. Testing different combinations of pharmacophore points allows greater
chemical space coverage and the rapid optimization of ligand-protein interactions that might be
sub-optimal in the original ligand. We applied an additional filter, limiting the molecular weight of
the hits to 400 Da. AnchorQuery then screens a 31M+ member library (2B conformers) from 27
MCR reactions, covering a large chemical space of different MCR scaffolds (from typical Ugi
reactions to heterocyclic scaffolds, such as tetrazoles, thiophenes, imidazo[1,2-a]pyridines,
pyrroles and so on).

Based on the selected pharmacophore points, the software provided a list of potential
docking hits from all possible scaffolds ranked according to energy minimization or RMSD fit.
Since we were aiming for hits with similar 3D shape to compound 127, we used the RMSD fit for
hit ranking. We screened all 27 MCR reactions, but interestingly all our top hits were based on
the Groebke-Blackburn-Bienaymé (GBB) three-component reaction (GBB-3CR).3**® The GBB-

3CR utilized aldehydes, 2-aminopyridines and isocyanides, leading to imidazo[1,2-
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a]pyridines.>”® This privileged scaffold has been present in several clinical candidates and
marketed drugs, such as zolpidem, miroprofen, minodronic acid, and olprinone.*

Comparison of the docking pose of the proposed GBB compounds with the co-crystal
structure of compound 127 revealed a considerable shape complementarity and an almost
identical 3D shape of the two scaffolds (Fig 4.1b). Additionally, the GBB scaffold was drug-like
and more rigid compared to our original ligand, potentially restricting the possible ligand
conformations. After selecting the main GBB scaffold we performed more rounds of docking and
selection of suitable substituents to achieve favorable ligand — protein interactions with the
docking software SeeSAR [version 14.0.0; BioSolvelT GmbH, Sankt Augustin, Germany, 2024,
www.biosolveit.de/SeeSAR]. For molecular glues, the goal of structure-guided design was to
incorporate the optimal ligand interactions in the composite surface, thus simultaneously
improving the interactions with 14-3-3 and ERa. Although MCR chemistry allowed combinatorial
synthesis, where all building blocks could be varied for each compound simultaneously, from
our previous experience with molecular glues®' we were aware that small changes in even one
substituent could have a significant effect on cooperative binding and this could be difficult to
predict. Thus, we decided to vary one building block at a time and keep the rest of the ligand
constant to elucidate the SAR step-by-step.

Once compounds were selected for synthesis, synthetic routes were established using
commercially available aldehydes and 2-aminopyridines, whereas isocyanides were
synthesized from primary aromatic amines (Fig 4.1c-1d). The selection of building blocks was
based on SeeSAR docking, aiming to achieve specific ligand-protein interactions, as explained
in detail later. Two general, three-step synthetic routes were developed based on the type of
aldehyde building blocks used. In the first synthetic route (route A), Boc-protected aldehydes
reacted with 2-aminopyridines and isocyanides in methanol, using scandium triflate as a Lewis
acid catalyst to form the GBB intermediate. The Boc-protecting group was removed under acidic

conditions and the chloroacetamide warhead was introduced with an amidation reaction, either
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with chloroacetyl chloride or an amide coupling. In the second synthetic route (route B), to
reduce the cost of certain Boc-protected aldehydes, nitro-substituted aromatic aldehydes were
used instead. The GBB-3CR was performed under the same experimental conditions, followed
by a nitro-reduction. The nitro-group was reduced either using iron trichloride and zinc or using
ammoniotrihydroborate and gold catalysis with Au/TiO,.*° The two reduction methods led to
comparable, almost quantitative yields. The last step, as previously, was the introduction of the
electrophilic warhead. Thus, the GBB-3CR allowed multiple combinations of the three main
building blocks, facilitating the synthesis of analogs. Synthetic details are provided in the
Supplementary Information.

Since ERa is phosphorylated on the penultimate residue, the binding interface to 14-3-3,
creates a large, solvent-exposed pocket that can accommodate a small molecule. In general,
14-3-3 molecular glues are expected to stabilize 14-3-3/client complexes based on molecular
recognition and shape complementarity. For the 14-3-3/ERa complex, the only accessible
contact with ERa is the C-terminal V595, which is located close to the small pocket formed
around K122 of 14-3-3, as shown for 127 (Fig. 4.1a). Thus, for the MCR scaffold, our first
modifications focused on the K122 pocket/V595 composite interface. To test whether this
scaffold was suitable for the development of 14-3-30/ERa stabilizers we synthesized a small set
of derivatives varying only the isocyanide position, which according to our design was expected
to interact with K122 of 14-3-3. We included two types of isocyanides: benzyl and phenyl
isocyanides with a diverse substitution pattern on the aryl ring. The size of the pocket allowed
the presence of aromatic rings; since surrounding 14-3-3 amino acids were primarily
hydrophobic, we chose appropriate hydrophobic substituents for SAR exploration. We
maintained the covalent chloroacetamide warhead, based on our extensive investigation of
electrophiles in our previous work.?'

The compounds were tested in an intact mass spectrometry (MS) assay, which

monitored the formation of the covalent bond with C38 of 14-3-30. Binding measurements were
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made in the presence or absence of the phospho-ERa peptide and as a function of time to
distinguish between cooperative stabilizers and neutral binders and to select compounds with
fast binding kinetics. The phospho-ERa peptide was used at a concentration 2-fold above the
dissociation constant (Kd). The assay was performed as a compound titration (Fig. S4.2-3). We
additionally quantified compound binding at 1 uM (10:1 compound:protein) over several time
points (Table S4.1). Throughout this work, we reference the time-course data as bar graphs,
using grey bars to represent binding to 14-3-3c alone (“apo”) and colored bars to represent
binding to 14-3-3 o/ERa complex.

Testing the first analogs in the MS assay revealed striking differences among benzyl and
phenyl analogs (Fig 4.1e, Fig. S4.4, Table S4.1). The benzyl analog 1, which lacked aryl ring
substitutions, was a neutral binder (for example, in the 8hr measurement, at 1 yM compound we
observed 35.7% binding for apo 14-3-3 and 55.7% binding to 14-3-3 in the presence of ERa).
Introduction of electron withdrawing groups, such as halogens or nitro-groups in the o-, m- or p-
position (compounds 2-9) reduced binding in the presence of ERaq, even in the case of a small
F-substitution. The introduction of halogens and their effect in the different positions was based
on previous knowledge; during the optimization of our first series of molecular glues targeting
the 14-3-3 o/ERa, the p-Cl substituent was beneficial for cooperative binding.?' The fact that the
SAR did not translate directly between the two series implied potential differences in the binding
mode. Interestingly, the non-substituted phenyl analog 10 showed increased binding to 14-3-30,
but still lacked cooperativity, since it showed increased binding in the presence or absence of
ERa (in the 8hr measurement, at 1 yM compound we observed 56.3% apo binding and 68.9%
binding in the presence of ERa). Introduction of halogens in the p-position significantly reduced
apo binding, improving compound cooperativity (compounds 11 and 12). For example, for 11 in
the 8hr measurement, at 1 yM compound binding to 14-3-3 alone was 3.4% and binding in the
presence of ERa rose to 24.3%. However, in contrast to the SAR observed in our previous

series?', less binding was observed for the p-Cl analog (11), compared to the non-substituted
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analog (10). Remarkably, a Me-group in the o-position (13) led to the first molecular glue of the
series; compound 13 showed binding in the presence of ERa and very low apo binding (in the
8hr measurement, at 1 yM compound apo binding was 1.4% and binding in the presence of
ERa 42.1%). Bigger substitutions in the o-position significantly decreased the observed binding,
indicating unfavorable steric effects (14-16) (Fig. S4.4).

We solved co-crystal structures of the 14-3-36/ERa complex with compounds 1, 2 and
10 to elucidate their binding modes (Fig 4.1f-i). The crystal structure of compound 1 revealed a
comparable binding mode to the original ligand 127, supporting the design and docking
hypothesis (Fig 4.1f-g). The chloroacetamide moiety of 1 bound covalently to C38 of 14-3-30,
and two water-mediated hydrogen bonds were formed between the carbonyl group and R41
and the backbone of E115, and one direct hydrogen bond with N42 of 14-3-3 at 3A. The
imidazopyridine ring was positioned towards the hydrophobic residues (L218, 1219, G171 and
L222) at the “roof” of the 14-3-3 pocket. In addition, the nitrogen of the five-membered ring
formed a hydrogen bond with D215 of 14-3-3, which adopted two conformations upon binding of
compound 1. Importantly, a large water network was formed between the benzylamine of 1 to
N42, S45 of 14-3-3, which reached the terminal carboxylic acid of V595 and the pT594 of ERa,
and K122 of 14-3-3. The benzyl ring, adjacent to the electrophilic warhead was positioned
between the hydrophobic 14-3-3 residues F119 and 1168, (Fig 4.1g). The structural overlay of
analogs 1 and 2 showed an identical binding mode with the additional o-F substituent forming a
halogen bond with 1219 of 14-3-3 (Fig 4.1h). Replacing the benzyl ring (1) with a phenyl ring
(10) resulted in a slight turn of the compound that placed the aryl rings of both analogs in the
same position in the pocket surrounding K122. The water network that connected the amine of
compound 1 to residues of 14-3-3 and ERa was conserved upon modification of the benzyl ring
(1) to a phenyl ring (10). The removal of the methylene group positioned the aniline nitrogen of
(10) closer the terminal carboxylic acid of ERa, in the position previously occupied by the

methylene group of (1). Additionally, it led to increased axial rotation of the bond between the
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nitrogen and the aryl ring, which might have resulted in the increased apo binding in the MS
assay, since this axial rotation was not possible for the benzyl analogs (Fig 4.1i).

Since the o-Me substitution correlated with improved binding in the presence of ERa in
the MS assay and taking into account the rotational nature of the aniline — phenyl ring bond, we
designed and synthesized a series of analogs with double o-substitutions (Fig 4.2a, Fig. S4.5).
The symmetrical 2,6-di-Me analog 17 showed significantly faster binding in the presence of ERa
and almost no apo binding, indicating molecular-glue-like binding. Analog 18 with an o-Et group
in addition to o-Me, was weaker, indicating unfavorable steric effects (Fig. S4.5). Analogs 19,
20, and 21 with additional 0-OMe, o-F and o-CI groups respectively, showed similar, rapid
binding to the symmetric analog 17 and low apo binding. In agreement with our previous
observation for the effect of p-substitutions (compounds 11 (p-Cl) and 12 (p-Br)), the
introduction of additional substitutions in the p-position (-Cl, -Me, -OH) significantly reduced
binding (compounds 22-25), especially for the triple substituted analogs (double o- and p-
positions).

Co-crystal structures of the 14-3-30/ERa complex with compounds 17,19, 20, 21, and 25
revealed differences in the positions of the double-ortho substituents (Fig 4.2b-e). In the case of
the symmetric analog 17 one o-Me group was oriented in the back of the pocket, which was
primarily hydrophobic, forming hydrophobic interactions with 1219 (3.2A) and facing Val595 of
ERa. The second o-Me group was oriented in the front of the pocket and formed hydrophobic
interactions with F119 (3.8 A). The formation of these interactions seemed to favorably restrict
the axial rotation of the aniline-phenyl bond, locking its position in a highly complementary
shape with the composite 14-3-3/ERa surface. In analog 19 the larger o-OMe group was
positioned in the front of the pocket and formed, together with the aniline nitrogen, a water-
mediated hydrogen bond with the terminal carboxylic acid of Val595 of ERa. The orientation of
the warhead amide differed in two analogs, but in both cases a direct hydrogen bond with N42

of 14-3-3 was formed (3.0 A). For the halogen-containing analogs o-F (20) and o-Cl (21) the
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halogens interacted with 1219 and the common o-Me group with F119, whereas the aniline
nitrogen interacted with the terminal carboxylic acid of Val595 of ERa via a water mediated-
hydrogen bond. Our NMR data for these compounds do not imply restricted axial rotation. Our
assumption is that most of these analogs could be classified as class-1 atropoisomers,*' which
are commonly treated as achiral. From a chemical perspective, the rotational bond in these
cases can sample the full 360 degrees of rotational conformations about the axis. From a
biological perspective, they typically bind to a given target in only a subset of these
conformations, as observed for analogs 17, 19, 20, and 21, with analogs 19 and 21 adapting the
two extreme rotational positions to form favorable interactions with 14-3-3, as demonstrated by
crystallography. The binding mode of the triple substituted analog 25, although overall
comparable with the double substituted analog 17, showed an additional hydrogen bond
between the p-OH group and the backbone carbonyl group of 1168 (3.2 A). The presence of this
direct interaction seemed to negatively affect the axial rotation of the aniline-phenyl bond,
resulting in significantly reduced binding in the MS assay and loss of cooperativity.

Notably, the alignment of the co-crystal structures of compounds 17 and 25 (Fig 4.2¢)
was almost identical, including the orientation of the common electrophilic warhead. The
different interactions based on the compounds’ substitution pattern on the p-position
dramatically affected the observed binding in the mass spec assay (Fig 4.2a). Even though the
warhead orientation was the same, compound 17 was a fast, cooperative binder in the MS
assay, whereas 25 was barely bound. We therefore concluded that the speed of binding was
due to cooperativity and shape complementarity, rather than binding solely driven by the
electrophilic warhead.

We synthesized analogs of compound 21, maintaining the 2-Cl,6-Me substitutions and
varied positions X and Y on the scaffold (Fig 4.3a, Fig. S4.6). Position X referred to substitutions
on the imidazopyridine ring and was expected to contribute to additional hydrophobic

interactions with Val595 of ERa. Position Y included modifications that were expected to
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improve interactions with the rim of the 14-3-3 pocket, primarily with variations of the aldehyde
building blocks and to a smaller extent with different electrophilic warheads. Although
modifications in position Y were quite far from the ERa terminal valine, they could result in
altered ligand conformations and additional interactions with 14-3-3. In both cases, even the
introduction of small groups led to surprising effects in the binding modes, as revealed by crystal
structures.

For position X, aiming for hydrophobic interactions with Val595 of ERa, we introduced
groups with a range of radii (-F (26), -Cl (27), -Me (28), -i-Pr (29), -CF3 (30)). Steric effects
seemed to play a bigger role than electronic effects, since the best tolerated substitutions were -
Cl (27) and -Me (28). For position Y, derived from the aldehyde building blocks, the o-F analog
(31) was tolerated, but was weaker compared to the unsubstituted (21); a plausible explanation
being the rotational nature of the aryl ring—imidazopyridine ring bond, which lost axial symmetry
with the presence of the o-F group. Introduction of a methylene linker (32) or replacement of the
aryl ring with a cyclohexyl ring (33) that had a similar size made the compounds almost unable
to bind in the MS assay. Modifications in the position of the electrophilic warhead were also not
tolerated. The less-reactive ester analog (34) was inactive, whereas halogenated
chloroacetamides (35-37) did not lead to the expected mass adducts, showing instability in the
MS and unclear chemical reactivity with 14-3-3. A plausible explanation was their increased
reactivity, which correlated with reduced stability. The sulfamate warhead (38) was tolerated in
the MS assay, but was significantly weaker than the chloroacetamide analog, in addition to
being less atom efficient.

Crystal structures were solved for 28, 32, and 33 and were compared as overlays with
analog 21 (Fig 4.3b-e). The -Me group on the imidazopyridine ring of 28 was expected to
contribute to hydrophobic interactions with Val595 of ERa. However, it disrupted the previously
observed binding mode and instead moved the imidazopyridine ring upwards, in the

hydrophobic pocket of 14-3-3 formed by L218, 1219 and L222. This upward movement affected
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the conformation of L218, which moved upwards but maintained contact with 28. The movement
in the pocket also altered the interactions of the double-ortho-substituted aryl ring; while the o-Cl
still interacted with 1219 on the roof of the binding site, the o-Me group moved further away from
F119 in the bottom of the pocket, and the interaction was lost. The direct hydrogen bond
between the amide and N42 and the water-mediated bond between the aniline nitrogen and the
carboxylic acid of Val595 were maintained. Overall, the changes in binding mode were
associated with slower binding, but a similar apparent Kd in the MS assay (Fig. S4.3). Analog
32, with an additional methylene group on the electrophilic warhead linker showed a slightly
disrupted binding mode. While the biggest difference was the position of the aryl ring next to the
longer linker, the imidazopyridine ring also moved further away from ERa; the latter correlated
negatively with the binding observed in the MS assay. In contrast to the previous analogs, the o-
Cl group on the aryl ring of 32 pointed out of the 14-3-3 pocket and due to increased distance,
was unable to interact with F119. Thus, the presence of an additional methylene group on the
linker was sufficient to make the compound unable to stabilize the complex. Analog 33 bearing a
cyclohexyl ring instead of an aromatic ring maintained the interaction between the o-Cl group of
the aryl ring and lle219, but not the interaction of the o-Me group with F119. The orientation of
the amide bond next to the warhead also differed; however, the hydrogen bond with N42 was
still formed. The presence of the cyclohexyl ring, which had the possibility of adopting more
conformations compared to the more rigid aryl ring, correlated with reduced binding to the 14-3-
3/ERa complex in the MS assay.

Investigation of modifications in positions X and Y provided valuable input in the groups
that were tolerated; however, these single-point substitutions did not significantly improve the
stabilization effect in the MS assay. Based on the crystallographic input, we synthesized four
analogs combining the favorable substitutions from positions X and Y with the symmetric double
o-Me analog 17, hypothesizing that a symmetric rotatable bond would correlate with improved

potency (Fig 4.4a). This hypothesis was readily confirmed by evaluating the symmetric analogs
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39-42 in the MS assay. Analogs 39 and 40 included the -Me group on the imidazopyridine ring
(X position) and the -F group on aryl ring (referred to as W position), respectively. Analogs 41
and 42 both had the F group in W position and a -Me or -Cl group in X position, respectively. All
analogs showed comparable, fast, cooperative binding to 14-3-3/ERa in the MS assay,
indicating that the symmetry of the 2,6-di-Me-aniline ring was more favorable compared to the
asymmetric 2-Cl,6-Me. All four analogs showed low apo binding with analog 41 showing the
lowest.

Crystal structures were solved for the symmetric analogs 40, 41 and 42, highlighting the
significance of two rotational bonds in the scaffold: the aniline-aryl ring bond, as previously
discussed and the aryl ring—imidazopyridine ring bond (Fig 4.4b-c). The o-F substituent in W
position, adjacent to the aryl ring-imidazopyridine rotational bond, adopted two different
orientations; an inward orientation for analog 40 and an outward orientation for 41 and 42, which
each had an additional substituent on the imidazopyridine ring. With the inward conformation of
analog 40, the o-F substituent interacted with P167 of 14-3-3, whereas for 41 and 42 the o-F
group was oriented to made multiple stabilizing interactions, being approximately 3 A from N42
of 14-3-3, and the o-Me substituent and aniline nitrogen of the compound itself, thus contributing
both to ligand-protein interactions and intramolecular interactions, restricting the axial bond
rotation. In agreement with previous observations, the presence of a substituent in the X
position (41 and 42) led to an upward movement of the imidazopyridine ring, orienting the
substituent toward the hydrophobic residues 1219 and L222. Overall, the presence of the
additional substituent on the imidazopyridine ring in the last two analogs, even though in a
distant position compared to the o-F-substituted ring, correlated favorably with the restriction of
the rotational bond on the F-aryl ring. Additionally, since the 14-3-30/ERa composite surface
was primarily hydrophobic, the optimized analog 41, with the additional hydrophobic
substituents, achieved favorable shape complementarity (Fig. S4.7). For analogs 41 and 42, the

different substituents of the imidazopyridine ring, -Me (41) or -Cl (42), did not affect the position
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of the stabilizer in the crystal structures; however, in the MS assay the Me group showed lower

apo binding to 14-3-3, resulting in higher cooperativity of the ternary complex.

TR-FRET
Up to this point, the SAR was developed using the intact MS assay and supported by

k222 we relied on a fluorescence anisotropy assay (FA) to

crystallography. In our previous worl
confirm cooperativity. The FA assay typically used (5-carboxylfluorescein) FAM-labeled
phospho-peptides to quantify peptide binding to the compound/14-3-3 complex. For the MCR
scaffold, however, this assay proved to be unsuitable, since the extensively conjugated ring
system was intrinsically fluorescent in the same wavelengths as the FAM-labeled peptide (480
nm and 520 nm). To circumvent this issue, we turned our attention to far-red fluorescent dyes.
The cy5-labeled ERa-peptide with excitation wavelength of 651 nm and emission wavelength of
670 nm, significantly affected the Kd of the 14-3-3/ERa complex. The reported Kd using the
acetylated ERa peptide in an isothermal calorimetry (ITC) experiment or the FAM-labeled-ERa
in an FA assay is in the range of 1-2 uM.?' The cy5-ERa-peptide, however, resulted in a Kd of 6
nM, indicating significant dye binding (Fig. S4.8).

As a suitable alternative to the FA assay, we developed a time-resolved fluorescence
energy transfer (TR-FRET) assay*?, using HIS-tagged-full-length 14-3-30, biotin-labeled-ERa
peptide, an anti-HIS-tag monoclonal antibody conjugated with a Tb(lll) cryptate as the donor
and streptavidin conjugated with the D2 dye as the acceptor. The observed Kd for this system
was 30 nM. To ensure that the observed difference in Kd from ITC or the FAM-labeled-ERa in
an FA assay was not related to the biotin-tag on the peptide, we performed a competition assay
with the FAM-labeled peptide. The Kd of the biotin-peptide was 2.5 uyM, in good agreement with
the FAM-peptide’s Kd (Fig. S4.8). This result suggested that the lower Kd in the TR-FRET assay

was due to avidity*®; since 14-3-3 and the antibody were both dimers and streptavidin was
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tetravalent, different multivalent complexes could form, resulting in differences in the observed
binding affinity between the labeled and the unlabeled proteins.

We performed assay optimization with 2D-titrations of 14-3-3, biotin-ERa and
donor/acceptor ratios. We then tested the synthesized compounds using the optimized
experimental conditions: 200 nM 14-3-3 (top concentration, 2-fold dilution), 50 nM biotin-ERa,
0.166 nM MADb anti-6HIS Tb and 6.25 nM SA-D2. The compounds were tested at 100 uM and
DMSO was used as negative control. 14-3-3 was titrated using an Echo acoustic dispenser,
followed by the addition of the compounds and the peptide; after 1h incubation at room
temperature, the donor and acceptor were added. In contrast to the MS assay, maximum signal
was obtained after 2h rather than 16h — a plausible explanation again being avidity. The tight Kd
in the TR-FRET assay resulted in a small assay window and a hook effect was observed at
higher protein concentrations (ca. 50 — 100 nM 14-3-3).

Nevertheless, the TR-FRET assay was sensitive to the addition of molecular glues. In
addition to quantifying fold stabilization for the 14-3-3/ERa complex
(AppKdcompounag) APPKdpmso)), We also quantified the fold increase in the TR-FRET signal (the
ratio of observed Emax and Emin). To validate the TR-FRET assay, we included two positive
controls: the natural product FC-A and our previously described stabilizer compound 181%'. The
two compounds gave comparable results. FC-A had an AppKd compouna) Of 11 NM, fold-
stabilization of 3.09, and fold-increase of 5.52. Compound 181 had an AppKd compound) Of 8.6 NM,
fold-stabilization of 3.95 and fold-increase of 5.52 (Fig. S4.9, Table S4.2). In good agreement
with the MS data, neutral binders 1 and 10 showed only a small signal shift compared to the
DMSO control (Fig 4.4d, Fig. S4.9). The 2-Me analog 13 showed 4.19-fold-stabilization and
2.36-fold increase, whereas 2,6-di-Me analog 17 showed 4.78-fold-stabilization and 2.58-fold
increase, the same rank order as the MS assay. The more sterically hindered analog 18 (o-Me,
o-Et) showed weaker stabilization (3.06-fold-stabilization and 2.14-fold increase). Analogs 19,

20, and 21, all bearing the o-Me group and additional o-OMe, o-F and o-Cl groups respectively,
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showed comparable stabilization (4.41 — 5.23-fold stabilization and 2.1 — 2.48-fold increase).
The highest stabilization effect was observed for the final symmetric analogs 39 — 42. Analog 39
with a -Me group in X position had an AppKd compouna) Of 7.8 NM, fold-stabilization of 4.35 and
fold-increase of 2.61, whereas 40 with the -F group in W position had an AppKd compouna) Of 8.4
nM, fold-stabilization of 4.04 and fold-increase of 3.12. Analog 41, which had both the -Me group
in X position and the -F group in the W position had the lowest AppKd compouna) (5.2 NM) and the
highest fold-stabilization (6.53) and fold-increase (3.71) of the series. Analog 42, which differed
only in the X position (-Cl instead of -Me group) appeared weaker (AppKdcompound) 8.8 nM, fold-
stabilization of 3.87 and fold-increase of 2.97). In summary, while the fold-changes were
dampened by avidity, 14-3-3/ERa molecular glues showed the same rank-order in the TR-FRET

assay as in the mass spectrometry assay used for initial SAR.

SPR

Surface Plasmon Resonance (SPR) was then used to analyze the kinetic parameters of
the ERa peptide binding to 14-3-30 in the presence of compounds 181, 17 and 41, and to
compare the AppKd compoung) @and kinetics to the binary ERa/14-3-30 interaction (Fig 4.4e, Fig.
S4.10 - 11, Table S4.3). Here, 14-3-30 tagged with a Twinstrep-tag was captured on a SPR chip
coated with Strep-Tactin XT, after which a 2-fold dilution series of acetylated ERa phospho-
peptide was injected. For the binary interaction, the fast dissociation rate (ko) reached the limit
of detection of the SPR instrument, due to a relative weak interaction with a Kd of 1.1 uM, which
was in line with the ITC and FA experiments. The covalent bond between the chloroacetamide
warhead of the compounds and C38 of 14-3-30 was formed after overnight incubation in the
presence of ERa. Immobilization of this complex on the chip, followed by extensive washing to
remove the bound ERa peptide, allowed us to determine the kinetics of ERa binding to the 14-3-
3o/stabilizer complex. The previously described stabilizer 181 decreased the off-rate to 0.016 s™

and simultaneously increased the association rate (kon) by a factor of 16, resulting in a low
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nanomolar affinity constant (3.9 nM; stabilization = 282-fold). The analogs of the newly designed
scaffold, 17 and 41, both showed an 8-fold increase in association rate compared to the binary
interaction. The binding of compound 41 induced a stronger decrease in dissociation rate of
ERa compared to 17, which resulted in Kd values of 10.1 nM and 15.1 nM for 41 and 17,
respectively. The higher stabilizing potency of 41 compared to 17 (stabilization = 110-fold for 41
and 71-fold for 17) were in rank-order agreement with the TR-FRET data. The decreased
dissociation rates in the presence of the stabilizers, especially for 41 and 181, increased the
residence time of ERa binding to 14-3-3 from approximately 3.4 s to 47.6 s and 62.5s,

respectively.

NanoBRET

To test the effects of the compounds on the full-length PPI, we used a NanoLuciferase
bioluminescence resonance energy transfer (NanoBRET) assay we developed
previously**.Compounds were tested using a C-terminal fusion14-3-30-HaloTag and full length,
N-terminal fusion NanoLuc-ERa (Fig 4.4f-g; Table S4.4). Briefly, NanoLuc-ERa and 14-3-30-
HaloTag plasmids were transfected in 1:10 ratio in hormone deprived HEK293T cells. After 48
hours post transfection, cells were seeded in assay plates with the experimental wells treated with
100 nM HaloTag NanoBRET 618 ligand (Promega) and no-ligand control wells treated with DMSO
(v/v). Cells were treated for 24 hours with compounds in 1:2 dilution series starting at 40 uM. The
BRET signal was read and normalized against DMSO treated samples. All active compounds
resulted in an increase in BRET signal compared to the negative control, 85. The previously
described compound 181%" stabilized the 14-3-30/ERa complex in cells with an ECs value of 5.2
uM and a 1.7-fold increase in the BRET signal, which was higher than the observed BRET signal
with the natural product FC-A, tested at 30 yM. Of the MCR compounds tested, the neutral binder
10 was less effective than 181 (ECso value > 100 pM, 1.6-fold increase). Compound 13 showed

an improved ECso and fold-increase compared to 10 (12 uM and 1.8-fold). Compound 17 had the
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lowest ECso value of 2.7 yM and showed a 1.8-fold increase in BRET signal, a slight improvement
compared to 181. Compounds 40 and 42 had the same 2-fold-increases in BRET signal, though
exhibited slightly different ECso values (7.2 and 4.6 pM, respectively). Compound 41 resulted in
the highest increase in BRET signal, a 2.6-fold increase; however, it had a similar ECso value to
181 of 5 uyM. In the NanoBRET assay, compounds 17 and 41 performed most effectively, based
on the ECso value (17) and fold-increase in BRET signal (41) of the panel of compounds tested.
The majority of MCR stabilizers showed similar ECso values to the previous scaffold represented
by 181 but consistently showed improved fold-increase in BRET signal.

Compounds 181, 17, and 41, along with the negative control, 85, were tested in a
NanoBRET assay where the cysteine of interest in 14-3-30 C38, was mutated to an asparagine,
14-3-30°*N-HaloTag (Fig. S4.12a). The BRET signal did not increase for 85, 181, or 17 with
increasing compound concentration. There was a minimal increase in BRET signal for compound
41, from 2.5 to 3.5 mBU at 20 uM 41. In comparison to the assays done with 14-3-30""-HaloTag,
the non-normalized BRET signal increased from 6.7 to 16.1 mBU at the same concentration of
41 (data shown as normalized). The natural product FC-A was also tested as a positive control;
however, since the compound is non-covalent, the effect was not specific to the 14-3-3 sigma
isoform and an increase in BRET signal was observed for both constructs (Fig. S4.12b). In
summary, when C38 was not present in 14-3-30, the covalent compounds were unable to bind

and stabilize the full-length 14-3-30/ERa complex in cells (Fig. S4.12).

Discussion

Using MCR chemistry, we demonstrated the potential of a scaffold-hopping approach for
molecular glues stabilizing a native 14-3-3/client PPI. Our approach combined computational de
novo design with multi-component reaction chemistry, which included short, efficient synthetic
routes with multiple points of variation, accelerating the synthesis of analogs. Thus, two distinct

optimization approaches led to two highly diverse chemical series, converging on similar
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efficacies as 14-3-3s/ERa molecular glues. It is noteworthy that the natural product FC-A
stabilizes the 14-3-3/ERa complex to a similar extent.?’ Since ERa terminates at the FC-A
pocket, only the C-terminal valine residue is available for binding; it may be that these three
distinct series have maximized the binding energy available for gluing this protein-protein
interaction.

In the MCR approach, structure-activity relationships were established with an intact
mass spectrometry assay, which allowed the distinction between neutral binders and stabilizers
— cooperative molecular glues. Overall, the SAR showed that the introduction of even small
substituents in the case of molecular glues could profoundly affect their potency and
cooperativity. Crystal structures of ternary complexes were crucial in elucidating small changes
in the binding modes of otherwise highly similar analogs. Starting from the weak neutral binder 1
and by removing one methylene group, we significantly increased binding to the complex for
compound 10. Introduction of substituents in the o-position was sufficient to reduce apo binding
and turn the compounds from neutral binders to cooperative molecular glues. Although the
number of rotational bonds is generally kept to a minimum, in this case we took advantage of
two rotational bonds in the scaffold and with appropriate substituents achieved favorable ligand
conformations resulting in increased potency, as shown for analogs 17 and 41. Notably, most of
the synthesized analogs contained the same electrophilic warhead but varied significantly in
their binding and stabilization potential. Thus, we were able to demonstrate that binding was not
solely driven by the covalency, but rather that specific, favorable interactions of the ligands in
the PPl composite surface contributed to molecular recognition and shape complementarity.
Additionally, since the 14-3-3/ERa interface was largely hydrophobic, most of the favorable
ligand modifications were non-polar, indicating that the overall shape complementarity was a
key factor in improving stabilization of the complex.

Several biophysical assays provided complementary strategies for evaluating these

novel molecular glues. A TR-FRET assay circumvented the issue of scaffold fluorescence,
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which could have been a limiting factor in establishing SAR and allowed the rank-ordering of
analogs. A new SPR assay, in which the covalent ligand was pre-associated with 14-3-3s before
immobilization, provided an insightful analysis of binding/unbinding kinetics and started to hint at
differences between the two series of molecular glues. Taken together, biophysical assays
allowed the quantification of cooperativity (MS, TR-FRET) and kinetics (SPR); importantly, the
observed SAR was consistent among these three assays. The NanoBRET assay further
showed good correlation with the biophysical protein/phosphopeptide assays while
demonstrating stabilizing of the full-length proteins in intact cells.

Overall, we showed that the compounds that were binding the fastest and at the lowest
concentrations in the presence of the peptide in the mass spectrometry assay also showed the
largest stabilization by TR-FRET and NanoBRET. Stabilization was further validated and
explained by 100+-fold reductions in Kd for the protein-peptide interaction, driven mostly by
reduced off-rates. Thus, the observed ranking and SAR of the compounds translated across
different assay formats. Thorough characterization and validation of molecular glue scaffolds in
orthogonal assays was beneficial for rational scaffold optimization. Structural studies indicated
minor changes in the shapes of the molecules but large changes in stabilization that correlated
closely with improved interactions with the protein and shape complementarity. Taken together,
the optimized, cell-active MCR scaffold will facilitate chemical biology approaches to study the
14-3-3/ERa interaction, which has so far been unexploited for drug discovery. We also propose
that the scaffold-hopping strategy will be broadly applicable in the rapidly evolving field of

molecular glues, where we are just beginning to explore ‘glue-like’ chemical space.

Methods
Protein expression and purification
The 14-3-3 o isoform (full-length for mass spectrometry and TR-FRET assays, AC for

crystallography) with an N-terminal His6 tag was expressed in Rosetta™ 2(DE3)pLysS
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competent E.coli (Novagen) from a pPROEX HTb expression vector. After transformation
following manufacturer’s instructions, single colonies were picked to inoculate 30 mL precultures
(LB), which were added to 1.5 L terrific broth (TB) medium after overnight growth at 37°C, 250
rpm. Expression was induced upon reaching ODsoo 1.9-2.1 by adding 400 pM IPTG. After
overnight expression at 30°C, 150 rpm, cells were harvested by centrifugation at 6,500 rpm,
resuspended in lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 20 mM imidazole, 10%
glycerol, 1 mM TCEP), and lysed by sonication. The His6-tagged protein was purified by Ni-
affinity chromatography (Ni-NTA Agarose, Invitrogen) (Wash buffer 50 mM HEPES pH 7.5, 500
mM NaCl, 20 mM imidazole, 1 mM TCEP; Elution buffer 50 mM HEPES pH 7.5, 500 mM NacCl,
500 mM imidazole, 1 mM TCEP) and analyzed for purity by SDS-PAGE and Q-Tof LC/MS. The
protein was buffer exchanged (Storage buffer 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM
TCEP) and concentrated to ~16 mg/mL and aliquots flash-frozen for storage at -80°C. The AC
variant was truncated at the C-terminus after T231 to enhance crystallization and after the first
Ni-affinity chromatography column, the construct was treated with TEV protease to cleave off
the His6 tag during dialysis (25 mM HEPES, pH 7.5, 200 mM NacCl, 5% glycerol, 10 mM MgCly,
250 uM TCEP) overnight at 4 °C. The flow-through of a second Ni-affinity column was subjected
to a final purification step by size exclusion chromatography (Superdex 75 pg 16/60 size
exclusion column (GE Life Science) (SEC buffer: 25 mM HEPES pH 7.5, 100 mM NaCl, 10 mM
MgCl, 250 uM TCEP). The protein was concentrated to ~60 mg/mL, analyzed for purity by

SDS-PAGE and Q-Tof LC/MS and aliquots flash-frozen for storage at -80 °C.

Peptides

Peptides for mass spectrometry, fluorescence anisotropy and TR-FRET assays were purchased
from Elim Biopharmaceuticals, Inc. (Hayward,CA). Peptides for SPR and X-ray crystallography
were purchased from GenScript Biotech Corp. The following peptides were used:

Ac-KYYITGEAEGFPA{pT}V-COOH (MS assay, 15-mer),
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5-FAM-AEGFPA{pT}V-COOH (FA assay, 8mer ERa-pp),
cy5-KYYITGEAEGFPA{pT}V-COOH (FA assay, 15-mer),
biotin-KYYITGEAEGFPA{pT}V-COOH (TR-FRET assay, 15-mer),

Ac-EGFPA{pT}V-COOH (crystallography and SPR, 7-mer)

Intact mass spectrometry assay

Mass spectrometry dose response assays were performed on a Waters Acquity UPLC/ Xevo
G2-XS Q-Tof mass spectrometer. A Waters UPLC Protein BEH-C4 Column (300 A, 1.7 um, 2.1
mm x 50 mm) was used to desalt the samples prior to application on the mass spectrometer.
For 19-point MS dose responses, 50 mM compound stocks in DMSO were serially diluted in 3-
fold increment in a master plate, then 1000 nl of the compounds were transferred to the assay
plates. Master mixes containing 100 nM full-length wild type 14-3-30 in the absence or presence
of 2 uM ERa were then dispensed into 384 well plates (Greiner Bio-One, catalog number
784201). Assay buffer was TRIS (10 mM, pH 8.0) and final volume per well was 50 pl, with final
top concentration of compounds dose response series at 1 mM. The reaction mixtures were
incubated for 1h at rt before subjected to MS. Four measurements (1h, 8h, 16h, 24h) were
performed for time-course experiments. The injection volume for each sample was 6 pl. 24 pl of
sample were needed for the time-course experiments, so the total volume in the assay plate
was adjusted to 50 pl, to account for the dead volume in the injections. Data collection and
automated processing followed a custom workflow, as previously described.*® z Plots were
created using GraphPad Prism with the log(agonist) vs. response (variable slope, four

parameters) fitting model.

Kb Determination for FAM-, cy5- and Biotin-labeled ERa peptides
For Kp determination, N-terminal fluorescein-labeled ERa peptide (5-FAM) or cy5-labeled ERa

peptide and HIS-tag FL 14-3-30 were diluted in buffer (10mM HEPES pH 7.5, 150mM NacCl,
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0.05% tween 20, 0.05% BGG (bovine gamma globulin)). Two-fold dilution series of 14-3-3 were
made in black, round-bottom 384-microwell plates (Greiner Bio-one 784900) in a final sample
volume of 10 L in triplicates. FAM- or cy5-labeled ERa peptides (final assay concentration
10nM) were dissolved in assay buffer and mixed with the protein dilution series on the plates.
Fluorescence anisotropy measurements were performed after 1h incubation at room
temperature on an Envision HTS Dual Detector 2105 plate reader (for FAM-labeled ERa
peptide: filter set lex: 480, lem: 535, and D505fp/D535 advanced dual mirror). For cy5- labeled
ERa peptide filter set lex: 620, lem: 688 nm, and D658fp/D688 advanced dual mirror). Data
were reported at endpoint. Prism 10 (GraphPad) was used to generate plots using the [agonist]

vs response (variable slope, four parameters) fitting model to determine the Kp values.

For Ko determination of the biotin-labeled ERa peptide a competition assay was performed. 5-
FAM- and biotin-labeled ERa peptide were diluted in buffer (10mM HEPES pH 7.5, 150mM
NaCl, 0.05% tween 20, 0.05% BGG (bovine gamma globulin)). Two-fold dilution series of biotin-
labeled ERa peptide were made in black, round-bottom 384-microwell plates (Greiner Bio-one
784900) in a final sample volume of 10 pL in triplicates. A mastermix of 14-3-3c and 5-FAM-ERa
was dispensed on the assay plate (final assay concentrations: 6 yM 14-3-30 (ICgo) and 10 nM 5-
FAM-ERa). Fluorescence anisotropy measurements were performed after 1h incubation at room
temperature using a Molecular Devices ID5 plate reader (filter set lex: 485 + 20 nm, lem: 535 +
25 nm; integration time: 50 ms; settle time: 0 ms; shake 5 sec, medium, read height 3.00 mm,
G-factor = 1). Data were reported at endpoint. Prism 10 (GraphPad) was used to generate plots
using the [agonist] vs. response (variable slope, four parameters) fitting model to determine Kp
values. The obtained Kp value was corrected using the Cheng-Prusoff equation.

Kd = ICso/(1 + [S}/Km)

Kd =6.9/(1+50 nM/30 nM) = 2.5 pM
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TR-FRET protein titrations

For assay optimization, 2D titrations of biotin-labeled ERa peptide, HIS-tag FL 14-3-3c and
streptavidin-D2 were performed in assay buffer (10mM HEPES pH 7.5, 150mM NaCl, 0.05%
tween 20, 0.05% BGG (bovine gamma globulin)). The donor (MAb anti-6HIS Tb cryptate gold,
(Revvity, 5000 tests #61HI2TLA)) concentration was kept constant at 0.166 nM. For TR-FRET
protein titrations, biotin-labeled ERa peptide (50 nM), the compounds or DMSO (100 pM), MAb
anti-6HIS Tb cryptate gold (0.166 nM) and streptavidin-D2 (6.25 nM) were mixed in assay buffer
(10mM HEPES pH 7.5, 150mM NaCl, 0.05% tween 20, 0.05% BGG (bovine gamma globulin)).
2-fold serial dilutions of HIS-tag FL 14-3-30 were performed (200 nM top assay concentration,
12-point dilution series). The assay was performed in 384-well microplates (Corning 4513, low
volume white) at a volume of 10 pl per well. The following procedure was used: The compounds
(50 mM stocks in DMSO) were transferred to echo LDV masterplates. 20 nL were transferred
from the masterplate to the assay plate to achieve 100 uM compound concentration in the
assay using Echo acoustic dispensing. The biotin-labeled ERa peptide was dissolved in assay
buffer (10mM HEPES pH 7.5, 150mM NaCl, 0.05% tween 20, 0.05% BGG (bovine gamma
globulin)) and dispensed in the assay plate using Dragonfly. 14-3-3 dilution series were
prepared using Echo acoustic dispensing. Assay plates were incubated for 1hr at room
temperature before the addition of a mastermix containing the donor (MAb anti-6HIS Tb cryptate
gold) and acceptor (streptavidin-D2) in assay buffer. The mastermix was dispensed with
Dragonfly. Assay plates were incubated for 2hr at room temperature prior to TR-FRET
measurements using the Envision HTS Dual Detector 2105 plate reader equipped with the TR-
FRET filter set (320/615/665 nm) and a D407/D630 advanced dual mirror. A 50 ps delay was
employed to reduce background fluorescence. The TR-FRET signal was obtained through
calculating the ratio of 665 nm to 615 nm fluorescence (x 1000), and Prism 10 (GraphPad) was
used to generate plots using the [agonist] vs. response (variable slope, four parameters) fitting

model. For each compound three independent experiments were performed (n=3).
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SPR

The SPR experiments were performed at 25°C using a Biacore X100 (Cytiva) and a 200 nm
Strep-Tactin XT derivatized linear polycarboxylate hydrogel chip, medium charge density
(XanTec Bioanalytics). All proteins and peptides were dissolved in fresh running buffer prepared
with ultrapure water and filtered through a 0.2 ym filter (10 mM HEPES pH 7.4, 200 mM NaCl,
50 uM EDTA, 0.005% P20). First the surface was conditioned with a 1 min injection of 3 M
Guanidine HCI. Then, the recombinant 14-3-3c-Twinstrep protein (250 nM) was captured on
flow cell 2 of the sensor chip at a flow rate of 10 yL/min for 2 minutes, which resulted in a
capture level of 1000 RU. For the ternary interaction, 14-3-30-Twinstrep protein (250 nM) was
first incubated overnight with 1 yM Ac-ERa peptide and 20 uM compound prior to immobilization
to the chip (similar flow rate and injection time used as for apo 14-3-3). The bound ERa peptide
was washed away using running buffer flowed over the chip for 15 min at flow rate of 30 pL/min.
Flow cell 1 was left blank as a reference surface. After immobilization of the protein, the Biacore
X100 was primed with running buffer. Multi-cycle kinetic measurements were conducted at a
flow rate of 30 yL/min. A 2-fold dilution series of analyte (Ac-ERa peptide) in running buffer were
injected over the sensor chip for 2 min, followed by dissociation of 3 min (binary interaction), 7
or 13 minutes (ternary interaction) until full dissociation of peptide. For the binary interaction, the
highest concentration of ERa was 50 yM, and for the ternary interactions this was 250 nM.
Between cycles of one multi-cycle measurement, no regeneration step was performed due to
complete dissociation of the analyte. After a measurement, the chip was regenerated by 2 times
30 sec injections at flow rate 10 uL/min of 3 M Guanidine HCI. The data collection rate of the
instrument is 1 datapoint/sec. The data was corrected by double subtracting to the reference
surface (flow cell 1) and buffer injection (blank) and analyzed using 1:1 interaction fitting model
with the BIA evaluation software (2020). All parameters were fitted using global fitting, including
the Rmax, because a single immobilization was used for all analyte concentrations. The Rl was

set constant at 0 RU. Next to kinetic fitting, the affinity fit was made using a 1:1 binding model
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by plotting the response (RU) at steady state over the analyte concentration (Fig. S4.11). This
was not possible for the data with compound 181 since steady state was not reached for all

analyte concentrations.

X-ray crystallography data collection and refinement

The 14-3-30AC protein, acetylated ERa and compounds (50 mM stock in DMSO) were
dissolved in complexation buffer (25 mM HEPES pH=7.5, 2 mM MgCl, and 100 uM TCEP) and
mixed in a 1:2:3 or 1:2:5 molecular stoichiometry (protein : peptide: compound) with a final
protein concentration of 12 mg/mL. The complex was set-up for sitting-drop crystallization after
overnight incubation at 4 °C, in a custom crystallization liquor (0.05 M HEPES (pH 7.1, 7.3, 7.5,
7.7), 0.19 M CaCls, 24-29% PEG400, and 5% (v/v) glycerol). Crystals grew within 10-14 days at
4 °C. Crystals were fished and flash-cooled in liquid nitrogen. X-ray diffraction (XRD) data were
collected at the European Synchrotron Radiation Facility (ESRF Grenoble, France, beamline
ID23-1, ID30A-3/MASSIF-3, or ID23-2) or at the Deutsches Elektronen-Synchrotron (DESY
Hamburg, Germany, beamline PETRA 1ll). Data was processed using CCP4i2 suite (version
8.0.019). After indexing and integrating the data, scaling was done using AIMLESS. The data
was phased with MolRep, using PDB 4JC3 as template. The presence of co-crystallized ligands
was verified by visual inspection of the Fo-Fc and 2Fo-Fc electron density maps in COOT
(version 0.9.8.93). If electron density corresponding to the co-crystallized ligand was present, its
structure, restraints, and covalent bond were generated using AceDRG. After building in the
ligand, model rebuilding and refinement was performed using REFMACS5. The PDB REDO
server (pdb-redo.edu) was used to complete the model building and refinement. The images

were created using the PyMOL Molecular Graphics System (Schrodinger LLC, version 4.6.0).
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NanoBRET

NanoBRET assays were performed as previously described.** HEK293T cells were cultured
DMEM, high glucose (Gibco) supplemented with 10% charcoal stripped Fetal Bovine Serum
(FBS; Gibco) and 1% penicillin/streptomycin. Cells were transfected with a 1:10 ratio of
Nanoluc-ERa:14-3-30-HaloTag plasmid for 48 hours using jetOPTIMUS transfection reagent
(Polyplus). Cells were then seeded at 8,000 cells per well in a 384-well plate (Corning #3570) in
FluoroBrite DMEM (phenol red-free; Gibco) with 4% charcoal stripped FBS and treated with 100
nM HaloTag NanoBRET 618 Ligand (Promega) or equivalent volume of DMSO as a no ligand
negative control. Following plating, cells were treated for 24 hours with compound in 1:2 dilution
series starting at 40 uM (0.35% DMSO final concentration). After 24 hours, the BRET signal was
read using an EnVision XCite 2105 plate reader at 618 nm (HaloTag) and 460 nm (Nluc). The

final corrected NanoBRET ratio was calculated using the following equation:

618nm 618nm

4'6077'7'n>HaloTag Ligand (460nm>No ligand control

Corrected BRET ratio = (

The BRET ratios were normalized to samples treated with DMSO.
Docking

Computational design for SAR optimization and docking was performed with SeeSAR version

14.0.0; BioSolvelT GmbH, Sankt Augustin, Germany, 2022, www.biosolveit.de/SeeSAR
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Figure 4.1: Overview of the scaffold hopping approach

SAR and crystal structures of selected benzyl and aniline analogs. a) Crystal structure of compound 127
(yellow sticks) with 14-3-3c (grey surface) and phospho-ERa peptide (orange sticks). Interacting amino
acids are shown as sticks and water molecules as red spheres (PDB 8ALW). b) Chemical structure of
compound 127 and ligand overlay of compound 127 and docking pose of the new MCR scaffold. c)
General multi-component reaction scaffold (MCR) based on the Groebke-Blackburn-Bienaymé (GBB)
reaction and main points of variation. d) Overview of general synthetic routes. Detailed experimental
conditions are described in the Sl. e) Mass Spectrometry (MS) bar graphs at 1 uM. For each compound,
time course experiments were performed with measurements at 1h, 8h, 16h and 24h. ERa data are
shown with different colors for each compound, and apo data in grey. f) Crystal structure overlay for
compounds 1 (cyan sticks) (PDB 916Y) and 127 (yellow sticks) (PDB 8ALW) bound to 14-3-3c (grey
surface) /ERa (orange sticks). g) Crystal structure of compound 1 (cyan sticks) (PDB 9I6Y) with 14-3-
30/ERa. Interacting amino acid residues are shown as sticks and interacting water molecules as red
spheres. h-i) Structural overlays of compounds 2 (brown sticks) (PDB 916Z), and 10 (dark red sticks)
(PDB 9172) with compound 1 (cyan sticks) (PDB 9I6Y).
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Figure 4.2: SAR and crystal structures of selected double-ortho substituted analogs

a) MS bar graphs at 1 uM. For each compound, time course experiments were performed with
measurements at 1h, 8h, 16h and 24h. ERa data are shown with different colors for each compound, and
apo data in grey. b-e) Crystal structures of 14-3-30/ERa with compounds 17 (dark pink sticks)

(PDB 9I70), 19 (teal sticks) (PDB 9171) and overlays of crystal structures for compounds 17 (dark pink
sticks) (PDB 9170), 20 (pale green sticks) (PDB 9173), 21 (pale purple sticks) (PDB 9174) and 25 (bright
yellow sticks) (PDB 9175).
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Figure 4.3: SAR and crystal structures of analogs substituted in positions X and Y

a) MS bar graphs at 1 uM. For each compound, time course experiments were performed with

measurements at 1h, 8h, 16h and 24h. ERa data are shown with different colors for each compound, and

apo data in grey. b-e) Crystal structure of 14-3-30/ERa with compound 28 (dark yellow sticks)

(PDB 9I6S), and overlays of crystal structures for compounds 28 (dark yellow sticks) (PDB 916S), 32

(pink sticks) (PDB 9I6T) and 33 (emerald green sticks) (PDB 916U) with 21 (pale purple sticks)

(PDB 9174).
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Figure 4.4: SAR and crystal structures of 2,6-di-Me analogs substituted in positions X and W
Biophysical data (MS, TR-FRET, SPR) and cell data (NanoBRET). a) MS bar graphs at 1 uM. For each
compound, time course experiments were performed with measurements at 1h, 8h, 16h and 24h. ERa
data are shown with different colors for each compound, and apo data in grey. b-c) Overlays of crystal
structures of 14-3-30/ERa ternary complexes with compounds 40 (orange sticks) (PDB 9I6V), 41 (red
sticks) (PDB 916W), and 42 (blue sticks) (PDB 9I6X). d) Time-resolved fluorescence energy transfer
(TR-FRET) schematic and protein titration data for representative compounds at 100 yM compound or
DMSO. (Figure caption continued on the next page).
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(Figure caption continued from previous page). For each compound, three independent experiments were
performed (n=3). (TR-FRET schematic was created in BioRender. Konstantinidou, M. (2025) e) Chemical
structures of compounds 181, 17 and 41 used in SPR and compound 85, used in NanoBRET as a
negative control. f) Surface Plasmon Resonance (SPR) data for the binary 14-3-30/ERa interaction and
ternary interactions with 181, 17 and 41 (mean +/- SD, n=2). g-h) 14-3-30-HaloTag/Nluc-ERa
NanoLuciferase bioluminescence resonance energy transfer (NanoBRET) assay in HEK293T cells with
compound titrations (1:2 dilution, starting at 40 uM). Data points excluded where compound dosage was
toxic to the cells. MCR compounds compared to the previously described stabilizer 181 and 85, an
inactive compound as the negative control. The natural product FC-A was used as a control, dosed at 30
MM (black dashed line). Bar graphs quantifying pECso values. Data points presented are mean values +/-
SD (n=3 technical) and representative of 4 biological replicates.
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Figure S4.1: Overview of AnchorQuery™
The crystal structure of compound 127 bound to the 14-3-36/ERa complex (PDB 8ALW) was used as a
starting point for the design of an MCR scaffold.
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Figure S4.4: SAR of benzyl and phenyl analogs
MS bar graphs at 1 yM compound. For each compound, time course experiments were performed with
measurements at 1h, 8h, 16h and 24h. ERa data are shown with different colors for each compound, and
apo data in gray.
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Figure S4.5: SAR of analogs with double o-substitutions

MS bar graphs at 1 yM compound. For each compound, time course experiments were performed with
measurements at 1h, 8h, 16h and 24h. ERa data are shown with different colors for each compound, and
apo data in gray.
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Figure S4.6: SAR of analogs varying positions X and Y on the scaffold

MS bar graphs at 1 yM compound. For each compound, time course experiments were performed with

measurements at 1h, 8h, 16h and 24h. ERa data are shown with different colors for each compound, and

apo data in gray.

NA

Figure S4.7: Surface representation of 14-3-3c bound to the ERa peptide and compound 41
Colored by atom (carbon = white, oxygen = red, nitrogen = blue, sulfur = yellow, fluoro = cyan). The
groove occupied by the compound was primarily hydrophobic. Polar amino acids were located at the rim
of the interface. The close-up surface representation of the compound indicated favorable shape
complementarity with the 14-3-30/ERa complex.
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Figure S$4.9: TR-FRET protein titrations
For each compound three independent experiments were performed (n=3).
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Figure S4.10: SPR replicates
Binary 14-3-30/ERa interaction and ternary interactions with 181, 17 and 41.
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Affinity fits for SI Figure 10 that reached equilibrium by plotting the response (RU) over the ERa peptide
concentration (UM for the binary interaction, nM for compounds 17 and 41). The Rmax, KD value and Chi?

are reported for each replicate.
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Figure S4.12: 14-3-3/ERa NanoBRET

A) 14-3-30°*N/ERa NanoBRET. 1:10 ratio of Nluc- ERa:14-3-30%%N-HaloTag plasmids. Cells treated with
compound for 24 hours. B) 14-3-30/ERa NanoBRET and 14-3-30%*N/ERa NanoBRET for the natural
product FC-A, indicating that the effect is not specific to the sigma isoform. Data points presented are mean
values +/- SD (n=3 technical).
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Flgue $4.13: Densities and PDB IDs of MCR molecular glues
Represented as sticks, compound number at top left. 2Fo-Fc electron density maps (blue mesh) are

contoured at 10.
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Figure S4.14: Omit density maps (Fo-Fc) of MCR molecular glues
Represented as sticks, compound number at top left, which are contoured at 10.
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Supplementary Tables

Table S4.1: Percentage bound
Compound (1 yM) to 14-3-30 (100 nM) measured by mass spectrometry in the absence of peptide
(apo) or with ERa peptide (2 uM) after 1, 8, 16 and 24 hours.

APO ERa

No. SMDC ID 1h 8h 16h 24h 1h 8h 16h 24h
(1) 1076388 2 357 401 585 | 315 5657 649 732
(2) 1083860 2 4.8 9.1 13.4 3.8 115 173 29
(3) 1083861 2 4.8 74 13.4 5.2 7.3 154 238
(4) 1083857 1.4 33 102 121 24 11.8 163 319
(5) 1084657 4.3 99 205 276 10 263 453 62.9
(6) 1083858 1 3.9 4.3 9.1 1 3.8 6.9 20.9
(7) 1083859 1 2 3.4 4.7 1 2 4.7 74
(8) 1084659 9.5 20 29 44.2 14.1 22 31.7 459
(9) 1083866 0 0.5 1.5 24 1.5 1.5 24 3.8
(10) 1124905 30.5 56.3 78.8 94 436 689 926 96.6
(11) 1083865 1.5 3.4 5.2 7.4 114 243 445 785
(12) 1084656 102 164 283 387 124 314 592 73.2
(13) 1124899 0 1.4 1.5 2.9 249 421 742 858
(14) 1084652 1.9 2.9 5.2 7.4 6.5 176 233 30.7
(15) 1124900 3.8 3.8 4.3 4.3 4.8 134 171 23.4
(16) 1124902 0.5 1.9 2.4 14.4 122 186 372 62.3
(17) 1084662 1.5 24 3.4 6.1 66.8 88.5 98.5 99
(18) 1124901 0 0 3.8 5.2 23 42.5 66 81.9
(19) 1124904 3.4 52 134 274 | 563 832 943 96.5
(20) 1124906 2.9 5.2 7 145 | 659 844 972 97.5
(21) 1124907 3.4 5.2 5.2 127 | 623 852 939 98.2
(22) 1084654 3.8 6.5 9.1 22.8 21 432 717 925
(23) 1124903 0.5 24 2.4 5.6 105 16.2 339 349
(24) 1124908 5.2 5.6 5.6 6.1 281 452 60.6 74.5
(25) 1124909 5.2 5.2 9.1 9.1 7.1 105 147 19.6
(26) 1132336 0 0 0 0 10.4 31 549 76.9
(27) 1132335 0 0.5 2.9 13.4 191 422 60.2 85.8
(28) 1132334 0 0 1 5.6 34.7 546 833 933
(29) 1132332 0 0 0 3.8 3.4 31.5 509 793
(30) 1132333 0 0 0 0 1.5 121 259 455
(31) 1132337 0 0 0 0 6.5 19.1 50 721
(32) 1132338 0 0 2.9 4.3 4.7 122 192  29.8
(33) 1132339 0 0 0 1 6.5 211 36.2 499
(34) 1132341 0 0 0 0 0 0 0 0

(35) 1132340 0 0 1.9 6.7 0 0 0 0

(36) 1132342 0 0 0 3.8 0 0 0 0

(37) 1132343 0 0 0 0.9 0 0 0 0

(38) 1133566 0 0.9 0.9 3.4 173 376 879 83.5
(39) 1132364 0.9 24 145 236 | 461 709 854 93.2
(40) 1132365 3.4 6.5 9.9 152 | 416 677 833 877
(41) 1132366 0 3.8 3.8 6.5 47 69 86.3 953
(42) 1132367 1.9 19 145 202 47 722 912 933
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Table S4.2: TR-FRET protein titrations data

AppKd, Emax (at observed protein concentration), fold-increase and fold-stabilization values refer
to measurements after 2h-incubation at room temperature. Fold increase = Emax/Emin. Fold
stabilization = AppKd compound/ APPKdpmsoy. NT = not tested in this experiment, NA = not applicable.

No. SMDC ID AppKd compound EMax Fold Fold
(nM) increase stabilization
(1) 1076388 NA - - -
(10) 1124905 NA - - -
(11) 1083865 NA - - -
(12) 1084656 NA - - -
(13) 1124899 8.1 887.8 2.36 4.19
(14) 1084652 NA - - -
(15) 1124900 NA - - -
(16) 1124902 NA - - -
(17) 1084662 71 991.6 2.58 4.78
(18) 1124901 11.1 742.8 2.14 3.06
(19) 1124904 7.7 818.7 2.1 4.41
(20) 1124906 7.1 894.0 247 4.78
(21) 1124907 6.5 772.7 2.28 5.23
(22) 1084654 NA - - -
(23) 1124903 NA - - -
(24) 1124908 16.7 628.6 1.85 2.03
(25) 1124909 NA - - -
(26) 1132336 13.4 757.7 2.1 2.53
(27) 1132335 8.4 761.3 2.1 4.04
(28) 1132334 10 627.7 1.73 3.40
(29) 1132332 NA - - -
(30) 1132333 NA - - -
(31) 1132337 9.7 753.5 2.13 3.50
(32) 1132338 8.6 810 2 3.95
(33) 1132339 12.1 855.8 2.11 2.80
(34) 1132341 NA - - -
(35) 1132340 NA - - -
(36) 1132342 NA - - -
(37) 1132343 NA - - -
(38) 1133566 NA - - -
(39) 1132364 7.8 1017.2 2.61 4.35
(40) 1132365 8.4 1184.8 3.12 4.04
(41) 1132366 5.2 1359.3 3.7 6.53
(42) 1132367 8.8 1036.7 2.97 3.87
(181) 1083744 8.6 1725.3 5.52 3.95
- FC-A 11 1715.2 5.52 3.09
- DMSO 34 - - -
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Table S4.3: SPR data
Fitted parameters of 1:1 binding model, with ka (association constant), kd (dissociation
constant), KD (affinity constant), the standard error (SE), and the maximal signal (Rmax). Other

arameters (tc, Chi?, U-value) indicate the quality of the fit.

ERa binary ERa + 181
Replicate 1 | Replicate 2 Average + Replicate 1 Replicate 2 Average +
SD SD
Kinetic 2.6E+05 4.2E+06+
fit ka (1/Ms) 2.63E+05 2.50E+05 9 3E+03 3.41E+06 4.96E+06 1 1E+06
SE (ka) 2.70E+04 1.40E+04 - 6.40E+04 6.30E+04 -
0.292 £ 0.016 =
kd (1/s) 0.309 0.274 0.025 0.0163 0.0147 0.001
SE (kd) 0.013 0.005 - 0.0003 0.0002 -
1.1E-06+ 3.9E-09
KD (M) 1.18E-06 1.10E-06 5 6E-08 4.79E-09 2.97E-09 1 3E-09
Rmax
(RU) 20 27 - 21 23 -
tc 1.46E+12 6.65E+14 - 1.28E+7 1.14E+7 -
Chi? (RU?) 1.76 1.04 - 0.323 0.176 -
U-value 15 9 - 4 2 -
Affinity 1.51E-06+
fit KD (M) 1.61E-06 1.42E-06 1 33E-07 - - -
Rmax
(RU) 18.6 26.7 - - - -
ERa + 17 ERa + 41
Replicate 1 | Replicate 2 Average + Replicate 1 Replicate 2 Average +
SD SD
Kinetic 2.1E+06% 2.1E+06%
fit ka (1/Ms) 2.03E+06 2.12E+06 6.5E+04 2.24E+06 1.97E+06 1 9E+05
SE (ka) 3.40E+04 3.50E+04 - 3.10E+04 2.00E+04 -
kd (1/s) 0.0339 0.0301 0603331 0.0214 0.0211 0.021+ 0.000
SE (kd) 0.0003 0.0003 - 0.0002 0.0001 -
1.5E-08+ 1.0E-08
KD (M) 1.67E-08 1.42E-08 1 8E-09 9.55E-09 1.07-08 8.3E-10
Rmax
(RU) 17 17 - 19 20 -
tc 1.58E+13 8.81+11 - 8.80E+09 3.65E+09 -
Chi? (RU?) 0.228 0.346 - 0.353 0.265 -
U-value 4 4 - 3 2 -
Affinity 2.2E-08+ 9.5E-09 +
fit KD (M) 2.42E-08 1.91E-08 3 6E-09 9.64E-09 9.37E-09 1.9E-10
Rmax
(RU) 18 18 - 20 20 -
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Table S4.4: 14-3-30-HaloTag/Nluc-ERa NanoBRET data

Calculated ECso values from compound titrations (2-fold dilution series, starting at 40 uM), pECso
values, and the maximum fold-increase in BRET signal for each compound. Average ECs values
from 3 biological replicates.

No. SMDC ID ECso (M) PECso Fold Increase
(181) 1083744 5.19 53 1.66
(10) 1124905 383 34 1.59
(13) 1124899 11.7 4.9 1.78
(17) 1084662 2.69 5.6 1.84
(40) 1132365 7.21 5.1 1.96
(41) 1132366 4.97 53 2.63
(42) 1132367 4.56 5.3 2.01
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Chapter 5

Modulation of the 14-3-30/C-RAF autoinhibited complex by molecular glues
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Abstract

Molecular glues, compounds that bind cooperatively at protein-protein interfaces are
revolutionizing chemical biology and drug discovery, allowing the modulation of traditional
“‘undruggable” targets. Here, we focus on the native protein-protein interaction (PPI) of C-RAF, a
key component of the MAPK signaling pathway, with the scaffolding protein 14-3-3. Although
extensive drug discovery efforts have focused on the MAPK pathway, its central role in
oncology and developmental disorders (RASopathies), still requires alternative approaches,
moving beyond direct kinase inhibition. Indeed, stabilization of native PPlIs is a relatively
unexplored territory in this pathway. The function of C-RAF is regulated on multiple levels
including dimerization, phosphorylation and complex formation with the hub protein 14-3-3. 14-
3-3 prevents C-RAF activation by molecular recognition and binding at the phospho-serine 259.
We used a fragment-merging approach to design a molecular glue scaffold that would bind to
the composite surface of the 14-3-3/C-RAF “auto”inhibited complex. The synthesized molecular
glues stabilized the 14-3-3/C-RAF complex up to 300-fold in biophysical assays; their glue-
based mechanism of action was confirmed with several crystal structures of ternary complexes.
Selectivity among the other RAF isoforms and other RAF phosphorylation sites was evaluated
with biophysical assays. The best compounds showed excellent selectivity among a broad
panel of 80 14-3-3 clients. Validation in cell assays showed on-target engagement, enhanced
phosphorylation levels of the C-RAF pS259 site, reduced RAF dimerization and reduced ERK
phosphorylation. Overall, this approach enables chemical biology studies on a C-RAF site that
is intrinsically disordered prior to 14-3-3 binding and has not been targeted previously. These
molecular glues will be useful as chemical probes and starting points for further drug discovery
efforts to elucidate the effect of native PPI stabilization in the MAPK pathway with applications in

oncology and RASopathies.
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Introduction

RAF kinases are central regulators of the RAS-RAF-MEK-ERK signaling pathway
(MAPK), which controls multiple cellular processes, including cell proliferation, differentiation,
and survival.! Frequent mutations, especially on RAS and the B-RAF isoform, lead to aberrant
downstream signaling and occur in different types of cancer.?® Direct inhibitors for components
of the MAPK pathway have been the focus of drug discovery efforts for decades. *°

Recently, single-molecule cryo-EM has started to elucidate the structural aspects of
MAPK protein-protein interactions (PPIs) as well as the underlying dynamics of pathway
activation, providing new opportunities for therapeutic interventions.®® The regulation of RAF
kinases is controlled on different levels®'® by phosphorylation, conformation, dimerization, and

.12 "adaptor proteins that recognize specific phospho-serine or

binding to 14-3-3 proteins
phospho-threonine motifs on client proteins.’'* The three RAF isoforms (A-, B-, C-) have highly
conserved amino acid sequences and consist of three main domains: the CR1 domain on the N-
terminus with the RAS binding domain (RBD) and the cysteine-rich domain (CRD), the CR2
which includes phosphorylation sites, and the C-terminus (CR3), which includes the kinase
catalytic domain (CAD)."®'® The 14-3-3 binding sites are located in the conserved regions (CRs)
on either side of the kinase catalytic domain (Fig 5.1A). The two 14-3-3 binding sites have
opposite functions on the regulation of the pathway; the sites located on CR2 (pS214 for A-RAF,
pS365 for B-RAF, pS259 for C-RAF) inhibit RAF activation, while sites located on the CR3
domain (pS582 for A-RAF, pS729 for B-RAF, pS621 for C-RAF) are activating."’

Although cryo-EM structures with full length C-RAF are not yet reported, C-RAF
activation is hypothesized to proceed in a similar manner as B-RAF."® A recent single-molecule
FRET (sm-FRET) study on C-RAF supports this hypothesis.'® In analogy to the B-RAF cryo-EM
structures, in the proposed model C-RAF is maintained in the autoinhibited, closed state via

interactions of the N- and C-terminal domains with a 14-3-3 dimer (Fig 5.1B). The pS259 site

(corresponding to the B-RAF pS365 site) and the pS621 site (corresponding to the B-RAF
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pS729 site) are each bound in an amphipathic, phosphopeptide-binding groove in the 14-3-3
dimer. Upon pathway activation, C-RAF is recruited to the membrane and interacts with RAS via
the RBD domain. This is followed by the release of the CRD domain from the autoinhibited
complex and its subsequent interaction with RAS and the membrane. This conformational
change exposes the inhibitory C-RAF pS259 site to the phosphatase SHOC2-PP1 for
dephosphorylation.?®?" RAF is then activated through dimerization of the catalytic domains,
stabilized through binding to 14-3-3 via the C-terminal phosphorylation sites only (pS621 for C-
RAF and pS729 for B-RAF). Homodimers and heterodimers between all three RAF isoforms are
reported.??23
Despite the sequence similarity in RAF isoforms, distinct roles are starting to emerge.
Recent reports show that C-RAF depletion inhibits tumor growth but not ERK signaling in K-
RAS mutant cells,?® whereas pan-RAF inhibition affects PI3K-signaling in multiple myeloma.?
The roles of heterodimerization is also an active area of research. The current thinking is that
the B-RAF/C-RAF heterodimer is the primary species involved both in native and oncogenic
signaling.?>?® Notably, the dimerization of C-RAF with A-RAF is also thought to be involved in K-
RAS driven tumor growth? and RAF heterodimers are an important mechanism linked to RAF
inhibitor resistance (including ‘paradoxical activation’) in cancer therapy.?”%8

Here, our aim is to disrupt the transition from the closed C-RAF monomer to the open,
active dimer by stabilizing the autoinhibited C-RAF pS259/14-3-3 complex with molecular glues
(MGs), as an alternative approach to direct C-RAF kinase inhibition (Fig 5.1C). Although direct,
selective inhibition of C-RAF has not yet been achieved clinically, a recent study utilizing bio-
orthogonal ligand tethering showed that selective C-RAF inhibition promotes paradoxical
activation, thus potentially leading to resistance mechanisms.? To date, reported stabilizers of
the autoinhibited C-RAF pS259/14-3-3 complex are the natural product cotylenin-A%° (CN-A, Fig

S5.1) and disulfide-tethered fragments identified by our lab*. These disulfide fragments show

two distinct binding conformations in crystal structures, although neither appear to make specific
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contacts with the residues C-terminal to C-RAF259* (Fig S5.1). Here, we used a fragment
merging approach to design molecular glues for the unique composite surface of the 14-3-3/C-
RAF259 complex, aiming at specific ligand — protein interactions, including the formation of a
covalent bond with C38 (on 14-3-30) and polar interactions with T260 (+1 residue on C-RAF259
phosphorylation site). The most potent stabilizer, compound 23 resulted in 280-fold stabilization
of the 14-3-30/C-RAF259 complex in fluorescence anisotropy assays, had an ECso of 0.18 uyM
in a cellular 14-3-3/C-RAF NanoBRET assay and partially blocked N-RAS/C-RAF dimer
formation in cells. Compound 78, although less potent than 23, showed higher selectivity for C-
RAF over the other RAF isoforms in cell assays. Thus, a fragment-based development of MGs
provided a tunable selectivity that will help elucidate specific roles of RAF complexes in normal

and oncogenic signal transduction.

Results
SAR development and biophysical assays

Our scaffold design strategy combined a chloroacetamide piperidine moiety (inspired by
analog 1074202, cysteine-targeting 14-3-3/ERa stabilizer®') with fragments bearing a sulfonyl
group (inspired by TC-521, a lysine-targeting 14-3-3/p65 stabilizer®?) (Fig 5.1D). We
hypothesized that the sulfonyl group in the new scaffold would serve to induce a pronounced
conformational bend in the MG scaffold and act as a flexible handle for potential polar
interactions with T260. Chemical modifications were then performed to optimize the designed
scaffold (Fig 5.1E). Modification (l), in close proximity to the peptide, included optimizing the
linkage of the two merged fragments and substitutions on the aryl ring. Modification (Il) focused
on replacing the piperidine ring with spiro-cycles and fused ring systems with varying sizes and
orientations. Lastly, combinations of modifications (I) and (ll) aimed at exploring synergistic

effects.
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In analogy to our previous work, two orthogonal assays were used for screening®' (Fig
S5.2). Briefly, the mass spectrometry (MS) assay monitored the formation of the covalent bond
between electrophiles and the native cysteine (C38) on 14-3-30. Dose responses of compounds
were performed in the absence and presence of the C-RAF259 phospho-peptide to distinguish
between neutral binders and cooperative molecular glues. The experiment was performed as a
time-course, with measurements every 8 hours, after an 1h incubation. Additionally, the
compounds were tested in a fluorescence anisotropy (FA) assay in the presence of FAM-labeled
C-RAF259 peptide. For effective MGs, a significant increase in anisotropy was observed in the
overnight measurement. The full dose-response data for all compounds are available in the SI
(tables S5.2-S5.5, Fig S5.5-S5.8, Fig S5.15-S5.18, Fig S5.25-S5.32, Fig S5.37-S5.39). The
dose-response data from both assays were also visually compared in the form of bar graphs.
For the MS data, the bar graphs represented the % bound at 1 yM compound concentration and
100 nM 14-3-30 (10:1 ratio) in the absence or presence of peptide. For FA experiments, the
ECso values from the overnight measurement were calculated and were plotted as bar graphs
showing the positive log ECso value (pECso). Compounds acting as MGs were expected to show
an increase in both types of bar graphs.

The first key modification on the newly designed scaffold focused on the appropriate
linkage of the two merged fragments. Chemically, benzyl or aryl sulfonyl chlorides could be
reacted with the appropriate piperidine moiety. Initial screening data from both MS and FA
assays showed that benzyl analogs were inactive (compounds 6-9, Fig S5.3, S5.5-S5.7),
whereas for phenyl analogs a SAR began to emerge as substituents were added on the phenyl
ring (Fig S5.4, S5.5-S5.7). Various substituents in o-/m-/p-positions were added, including
electron-withdrawing and electron-donating groups. As a general trend, electron-donating
groups were not tolerated, whereas halogens in the p-position significantly improved potency,
stabilization, and cooperativity (Fig 5.2A,B, Fig S5.4-S5.7, tables S5.2-S5.3). In the MS assay,

analogs 11 (p-F) and 12 (p-Cl) showed binding in the presence of the C-RAF259 peptide and
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only very low binding in the apo screen (no peptide), indicating cooperative binding. In FA
compound titrations, 11 and 12 showed low micromolar ECso values (17 £ 3 and 3 £ 1 uM,
respectively) (table S5.1, Fig S5.7). The two compounds were further validated as 14-3-30/C-
RAF259 molecular glues in FA protein titrations. 14-3-30 was titrated into 10 nM FAM-labeled C-
RAF259 peptide in the presence of DMSO or saturating concentration of the compounds (100
pMM). Compounds 11 and 12 decreased the dissociation constant for the 14-3-3s/C-RAF259
peptide complex by 4-fold and 22-fold, respectively (table S5.1, Fig S5.8). Increasing the linker
length of the warhead or replacement of the phenyl ring with a pyridine ring led to loss of
potency and these modifications were not investigated further (Fig S5.4-S5.7).

To test whether the observed stabilization was unique to halogen substituents or other
electron donating groups could be tolerated, the p-formyl analog 21 was synthesized. The two
covalent warheads of this analog could potentially interact simultaneously with C38 and K122
on 14-3-30. The analog was weak in the MS assay and despite the low ECs value (5 £ 1.0 uM)
in the FA compound titrations (Fig 25.A,B, Fig S5.4-S5.7), it resulted in only 9-fold stabilization
of the 14-3-3s/C-RAF259 complex in the FA protein titrations (table S5.1, Fig S5.8). Based on
these observations, the presence of halogens seemed to be crucial, and thus bulkier halogens
were introduced (p-Br (22) and p-1 (23)). Both compounds showed faster binding in the MS
assay (Fig 5.2A), and remarkably the p-l analog showed almost no binding to 14-3-3a alone;
thus, 23 binding was highly cooperative for the 14-3-30/C-RAF259 complex. In the FA assay
both compounds showed low micromolar ECsos (1 £ 0.5 uM). Consistent with high cooperativity,
in protein titrations, the appKq of the 14-3-30/C-RAF259 decreased from 8427 nM to 47 nM in
the presence of 22 and to 30 nM in the presence of 23. Thus, 22 and 23 stabilized the 14-3-
30/C-RAF 259 complex by 179- and 280-fold, respectively (table S5.1, Fig S5.8).

Crystal structures of the ternary complexes with 14-3-30 and a 10-mer C-RAF259
phospho-peptide were solved for 12, 21, 22 and 23 (Fig 5.2C, D). Overall, 12, 22, and 23 form

compact, L-shaped molecules that form multiple interactions with both the C-RAF peptide and
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14-3-3. Taking 12 as an example, in addition to the covalent bond with C38 of 14-3-3, two
hydrogen bonds were formed between the warhead amide, R41 of 14-3-3a (2.7A), and the
backbone carbonyl of C38 (3.3A). N42 of 14-3-3 directly interacted with the backbone H264 of
C-RAF via two hydrogen bonds (3.0A). The sulfonyl group of 12 interacted with K122 of 14-3-3
via a charged-assisted hydrogen bond (3.2A) and with T260 (+1 position) of C-RAF via a
hydrogen bond (3.4A).

Based on our past designs®' and the conformation of the aldehyde fragment TC521 (Fig
5.1D), we anticipated that the halogenated/formylated aryl ring would point these substitutions
down into a pocket that includes K122 on 14-3-30. Instead, 12 (p-Cl) adopted a surprising
upward conformation at the 14-3-3/peptide interface (Fig 5.2C, Fig S5.9) with the halogen
pointing into a shallow pocket towards the top of the 14-3-3 binding groove, potentially allowing
the formation of halogen bonds with D215, L218, 1219 of 14-3-3 or V263 of C-RAF to increase
the stabilization of the complex. In stark contrast, 21 (p-CHO) showed a different binding mode,
interacting with C38 and K122 via the two covalent warheads. While this conformation more
closely mirrored our prediction, no additional interactions were observed with 14-3-3 or C-RAF
(Fig 5.2C). An overlay of the two crystal structures showed a significant conformational change
of helix 9 of 14-3-3 for 12 (Fig 5.2C). The helix moved to a downward position, closer to the
compound, thus “clamping” the compound in the 14-3-3 binding grove and causing
conformational changes to D215, L218 and 1219. An overlay with a previously published binary
structure further confirmed that the movement of the helix was compound-induced (Fig 5.2C).

Crystal structures of 22 (p-Br) and 23 (p-1) showed an upward binding mode, consistent
with 12 (Fig 5.2D, Fig S5.10). The key ligand-protein and ligand-peptide interactions were
maintained. Different water-networks were formed for 22 and 23. For 22, N42 formed a water-
network that interacted with D215 of 14-3-3. For 23, a more extensive water-network was
observed, which facilitated additional interactions between the compound, N42 (14-3-3) and the

C-RAF residues and extended to the phospho-S259 residue. Interestingly, an overlay of the
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three structures showed that the C-RAF residues (N262, V263, H264) also adopted different
conformations with bigger changes in the case of 23 (Fig 5.2D, Fig S5.10).

Notably, the C-RAF sequence is internal and extends well beyond H264. Although
shorter peptides are usually favored for crystallography, we hypothesized that longer peptides
might be a better representation of the binding mode for full-length C-RAF. To this end, we
solved a binary complex of 14-3-3c0 with a 12-mer C-RAF peptide and an additional ternary
complex for 23 (Fig 5.2D, Fig S5.11). The presence of the compound significantly improved the
density observed for the C-RAF sequence and allowed the visualization of M265, which
“wrapped” around the main core of the compound, thus significantly covering the binding
groove. An overlay of the two ternary complexes for 23 with the 10-mer and 12-mer peptides
showed similar conformations for N262, V263, and H264; the latter was oriented toward the
outer side of the binding grove in both structures. Consistently, helix 9 adopted a downward
conformation in both structures with 23 (Fig 5.2D).

Structure-guided optimization led to the synthesis of double- and triple- halogenated
derivatives to investigate additional electronic and steric effects at the protein-peptide interface
(Fig 5.3A,B, Fig S5.12, Fig S5.5-5.7). While keeping the electron-withdrawing groups in the p-
position, the introduction of additional o-F substituents was less favorable than m-F
substituents. In m-position bulkier substituents than the F-group significantly decreased both the
binding in the MS assay and the stabilization in the FA assay, indicating steric hindrance (tables
S5.2-S5.3). Analogs 29 (m-F, p-Cl), 32 (m-F, p-CF3) and 37 (m-F, p-Br) were representative
examples of the observed SAR (Fig 5.3A,B, Fig S5.12). Consistent with previous observations,
analog 37 bearing a p-Br group showed fast and cooperative binding in the MS assay. In the FA
compound titrations analogs 29, 32 and 37 showed similar ECso values (between 1-5 uyM). In
protein titrations, 37 was slightly more potent than 29 and 32 (appKq492 nM compared to 100 nM
and 140 nM, respectively). Triple-substituting analogs were also tested, however in protein

titrations, led to lower stabilization compared to 37 (table S5.1, Fig S5.8).
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Crystal structures with 14-3-30 and 10-mer C-RAF259 were solved for 29, 32 and 37
(Fig 5.3C, Fig S5.13). In all cases, the compounds showed similar conformations with helix 9
adopting the downward conformation, as previously observed. The additional m-F group was
positioned inwards and interacted with 1219 of 14-3-3 (3.2A). This orientation supported the
observed SAR, where larger substituents in m-position were not tolerated. In p-position, the
bulkier p-Br group formed the most favorable interactions, which correlated with faster kinetics
and slightly improved stabilization in the biophysical assays. Although other electron-
withdrawing groups in p-position could potentially interact with the same amino acid residues,
differences in the size of the halogens (steric effects), as well as differences in electrostatic
effects and o holes® had a direct effect on the biophysical assays.

Thus, the (m-F, p-Br)-substitution pattern of 37 was kept constant in the next
modification, which focused on the piperidine ring (Fig S5.14-S5.18). Substituted piperidines,
spiro-cycles and fused ring systems were investigated. Most of these changes had a negative
impact on the potency and in certain cases, on the cooperativity, due to increased apo binding
in the absence of C-RAF. One notable exception was analog 70, with a spiro-ring bearing an
oxygen atom. Although in the MS assay, it showed less binding than the linear analog 37, in the
FA assay it showed promising stabilization (ECso = 2 uM, appKq 58 nM, 95-fold stabilization) (Fig
5.3A,B, Fig S5.14-S5.18). An overlay of the crystal structures of 37 and 70, showed that the
spiro-ring was slightly shifted, compared to the piperidine ring, and formed a hydrogen bond
with N42 (14-3-3) at 3.0A. An extended water-network was observed, similar to analog 23,
reaching the phospho-S259 residue (Fig 5.3C, S5.19).

Regarding the warhead position, two variations of the chloroacetamide electrophile were
tested. Both analogs were completely inactive in both assays, indicating potentially steric
hindrance and unfavorable geometry that prevented access to C38. Warhead modifications
were not pursued further, instead we focused our attention on potential synergistic effects, by

combining favorable aryl ring substituents with spiro-cycles (Fig 5.4A,B, Fig S5.20, Fig S5.15-
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S5.18). Analogs 78 and 79, bearing the same oxo-spiro ring as 70 and p-Br and p-| substituents
respectively, showed less binding in the MS assay, which correlated with their poor solubility in
the assay conditions. In the FA assay, the two analogs showed potent stabilization with ECso = 2
MM in compound titrations and appKq4 35-40 nM (fold-stabilization 210-240, table S5.1, Fig
S5.15-S5.18). To determine whether the aryl ring or the spiro ring were more important for
binding and stabilization we synthesized analogs 80 and 83. Replacing the favorable halogen
bonds with a p-CF3 group in analog 80, while maintaining the spiro-ring dramatically reduced the
potency, indicating that the interactions between the aryl ring and V263 (C-RAF) were more
significant than the hydrogen bond between the spiro ring and N42 (14-3-3). Similarly, analog
83, with the same spiro-ring lacking the oxygen, showed slightly reduced potency, compared to
70 (ECs0 = 5 uM, appKq = 100 nM, 83-fold stabilization). A pair of enantiomers bearing a 5-
membered fused system was also tested (86, 89). The R-enantiomer showed more binding in
the MS assay and potent stabilization in the FA assay (ECso = 1 uM, appKq = 28 nM, 300-fold
stabilization), in stark contrast to the S-enantiomer, which despite binding in the MS assay,
showed no stabilization in the FA assay.

Crystal structures with 14-3-30 and 10-mer C-RAF259 were solved for 78, 79, 80, 83
and 86 and revealed unexpected changes (Fig 5.4C, S5.21). Although all ligands showed a
similar binding mode as 70, and the expected hydrogen bond with N42 (14-3-3) when the
appropriate oxo-spirocycle was present, significant changes were observed in the interactions
with 14-3-3. For 78, 83 and 86, helix 9 adopted the downward conformation, “clamping” the
compounds and inducing conformational changes in D215, L218 and 1219 (14-3-3). However,
for 79 and 80, the helix was in an upward conformation, thus the compounds lacked these
interactions with 14-3-3. The C-RAF residues showed smaller dynamic changes, indicating that
the formation of the halogen bond with V263 was not affected. This puzzling effect for helix 9
prompted us to further investigate the binding mode and we attempted to solve crystal

structures with the longer 12-mer C-RAF peptide, which was more challenging. We obtained
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crystals with 78 and 86, and in contrast to their binding mode with the shorter peptide, in this
case 14-3-3 helix 9 was in the upward conformation. Additionally, less density was visible for C-
RAF residues with the longer peptide (V263 instead of H264 for the shorter peptide), hinting
potentially to unfavorable steric effects from the spiro-cycle. The overall observations imply that
the movement of helix 9 was not entirely compound-induced, but it could also be affected by the
length of the peptide used for crystallography. Thus, the significance of some of these
interactions needs to be interpreted with caution, since the positioning of helix 9 affects the

formation of compound-protein interactions.

Selectivity assessment with biophysical assays

After establishing SAR for C-RAF259, we aimed at evaluating potential selectivity; first
with the A-RAF and B-RAF inhibiting sites, then with the activating sites and finally in a broader
selectivity panel of diverse 14-3-3 clients. We selected 11 compounds for biophysical assays
(22, 23, 29, 32, 37,70, 78, 79, 80, 83, 86 and compound 8 as an inactive control, as it lacked an
effect on C-RAF259).

The sequences of the RAF isoform inhibiting sites are largely conserved in the regions
recognized by 14-3-3; A-RAF214 and C-RAF259 have the same sequence (+1 to +6 amino
acids C-terminal to pS259, “TPNVHM”), whereas B-RAF365 differs at the +1 position (A instead
of T). The +6/+7 residues for B-RAF also differ compared to A-RAF214 and C-RAF259. More
differences occur in the sequences N-terminal to the phosphoserines, which are further away
from the compound binding site and were expected to have a minor effect on the selectivity
(detailed peptide sequences in the Methods). Based on the binding mode of the compounds,
which interacted with the +1 (T), +4 (V) and +6 (M) residues of C-RAF, we thus expected similar
binding/stabilization to A-RAF and lower binding/stabilization in the case of B-RAF.

Initially we tried to assess selectivity from a structural perspective, using 12-mer

peptides for crystallography. We solved the 14-3-3 binary complexes for A-RAF214, B-RAF365
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and ternary complexes with 22, 23, 78 and 86 for both peptides (Fig 5.5A, S5.22-S5.24) and
compared them to the C-RAF259 structures. For the binary complexes, 14-3-3 helix 9 was in
the upward conformation, similar to C-RAF259. The observed density for the RAF peptides
extended to the +4 residue (V218 for A-RAF214 and V369 for B-RAF365). In the presence of
piperidine-containing compounds 22 and 23 with A-RAF214, the +6 M residue was visible and
helix 9 was in the downward conformation. For the spiro-cycles 78 and 86 the visible density did
not extend beyond the +4 V residue and helix 9 was in the upward conformation. We noticed
similarities between the ternary complexes with A-RAF and C-RAF, especially for 22 and 23 with
a water network extending to the phosphate group. The key hydrogen bonds with backbone
C38, R41, N42 (14-3-3) and the interactions with V218 and T215 (A-RAF) were consistent. For
B-RAF365, for all four compounds the visible density stopped at the +4 V residue and helix 9
was in the downward conformation with the exception of 78. The hydrogen bonds with
backbone C38, R41, N42 (14-3-3) were consistent, however the compounds lacked specific
interactions with the +1 A residue, which is typically considered significant for molecular
recognition. As mentioned for C-RAF259, the importance of the movement of helix 9 was
ambiguous, so instead we tried to correlate the ligand-protein and ligand-peptide interactions
with biophysical data.

14-3-3 is considered to recognize between 2 and 20 amino acid residues on the client.®*
However, the ideal phosho-peptide length, representative of the recognition motif for various 14-
3-3 clients has not been thoroughly investigated. Typically, the +1 residues were expected to be
the main driving force for molecular recognition, but in the ternary complexes of our glues with
14-3-3/CRAF259, the +4 and +6 residues were also significantly contributing to binding. Thus,
taking into account the differences in C-RAF259 ternary complexes with the 10- and 12-mer
peptides, we reconsidered whether this effect might also extend to the biophysical assays and
further tested the compounds with peptides with different lengths. Up to this point, to establish

the SAR for C-RAF we used an 11-mer acetylated peptide for the MS assay and a 10-mer FAM-
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labeled peptide for the FA assay. For a better comparison with crystallography, we tested the
compounds again using 15-mer C-RAF peptides, before comparing them to A-RAF and B-RAF
peptides. In the MS assay with the 15-mer C-RAF peptide, we noticed similar or increased
binding for the piperidine-containing compounds (22, 23, 29, 32, 37), but a significant decrease
in binding for the spiro-cycles (78, 79, 80, 83, 86) (table S5.2, Fig S5.25). In FA protein titrations,
22 and 23 appeared more potent with appKq of 5 nM and 2400-fold stabilization with the 15-mer
peptide (30-47 nM, 179-280-fold stabilization with the 10-mer peptide). Compounds 29, 32 and
37 showed similar appKq values with both peptides (126 — 154 nM), whereas, in agreement with
the MS data, the spiro-cycles (78, 79, 80, 83, 86) showed 2-3-fold weaker stabilization (appKg
110 — 334 nM) (table S5.3, Fig S5.26). The data with the longer peptide were thus in support of
the crystallography data; for the spiro-cycles fewer peptide residues were visible compared to
compounds like 22, where the density extended to the +6 M and the peptide tightly wrapped
around the compound. This observation indicates potential steric hindrance of the longer RAF
peptides with the spiro-cyclic compounds and testifies to additional opportunities for MG affinity
and selectivity regulation.

To determine compound selectivity, we compared the 15-mer C-RAF data to 15-mer A-
RAF. In the MS assay, the piperidine-containing compounds (22, 23, 29, 32, 37) showed
significant binding, comparable or slightly higher to C-RAF, whereas low binding was observed
for the spirocycles (table S5.2, Fig S5.27). In FA protein titrations, there were variations in the
appKq values, however it was difficult to establish a clear trend (table S5.3, Fig S5.28). We also
noticed that although the A-RAF and C-RAF 15-mer peptides had similar Ky values (8-10 uM),
the appKgin the presence of DMSO differed between A-RAF and C-RAF (3 uM and 12 uM,
respectively). This difference did not affect ranking of the compounds with the individual
peptides but resulted in higher fold-stabilization values for C-RAF.

In the case of B-RAF365 we tested two different peptides: a 10-mer and a 15-mer and

the results varied considerably, indicating that the 10-mer peptide was probably not a good
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representation of this PPI. In both assays, the compounds had a very small effect when the 10-
mer peptide was used (table S5.2, S5.5, Fig S5.29-S5.30). The 15-mer B-RAF showed
increased binding compared to the 10-mer. When comparing the two B-RAF peptides with A-
and C-RAF 15-mer peptides, less binding was observed with the MS assay for the piperidine
analogs and consistently low binding for the spiro-compounds (table S5.2, Fig S5.31). A similar
effect was observed in the FA assay, where the compounds showed lower stabilization of B-RAF
in comparison to the A- and C-RAF 15-mer peptides; 22 and 23 showed appKgof 5 nM and 448-
fold-stabilization; or in other words, they were 3-fold weaker than C-RAF. Consistently, lower
fold-stabilization was observed with the spiro-cycles (table S5.3, Fig S5.32). These observations
were in good agreement with the crystal structures, where the compounds lacked interactions
with the +1 residue and less peptide density was visible compared to A- and C-RAF.

The kinetic fundamentals behind RAF isoform selectivity were evaluated using surface
plasmon resonance (SPR) experiments. 14-3-30, tagged with a Twinstrep-tag, was immobilized
on a Strep-Tactin XT coated SPR chip. Subsequently, a 2-fold dilution series of acetylated 12-
mer C-RAF-, A-RAF, and B-RAF peptides were injected. The analysis of these peptides’ binary
interactions with 14-3-30 revealed Ky values ranging between 2.0 — 2.7 uM, determined through
both kinetic- and affinity-based data fitting (Fig 5.5B, S5.33). The affinities of A-RAF and B-RAF
were consistent with results from FA experiments, while for C-RAF, the Ky value measured by
SPR was lower compared to FA (2.6 uM versus 10 uM, respectively), though this difference
might be due to the fast ko, which makes precise measurement difficult. To compare the kinetic
parameters of the binary interactions with those of the molecular glue-bound state of 14-3-30,
the covalent bond between the chloroacetamide warhead of the compounds and C38 of 14-3-30
was formed by overnight incubation in the presence of the C-RAF peptide. This resulting
complex was immobilized on the chip and extensively washed to remove the C-RAF peptide.
Afterwards, the kinetics of RAF peptides binding to the 14-3-3c/molecular glue complex were

analyzed. In the presence of 23, the association rate (kon) increased 100-fold for all three RAF
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isoforms compared to their binary interactions, suggesting that the 14-3-30/23 interface is
recognized more rapidly by the RAF peptides than 14-3-3c alone. Furthermore, the Ko
significantly decreased in the presence of 23, yielding AppKa(compound) Values in the low
nanomolar range (Fig 5.5B, S5.34-S5.36). Notably, the presence of the molecular glue resulted
in mass-transport limitations, driven by the high association rate and peptide rebinding. These
effects were accounted for during the fitting process. The affinity increase was most pronounced
for A-RAF and C-RAF (1000-fold and 2000-fold, respectively), whereas a weaker increase (400-
fold) was observed for B-RAF, aligning with the selectivity measured in FA experiments. Since
the shift in kon was similar for all RAF isoforms, the difference in affinity among isoforms was
attributed to a faster ko for B-RAF compared to A-RAF and C-RAF. This indicated that the
interactions of +1 and +6 residues (+1A and +6l for B-RAF, +1T and +6M for A-, C-RAF) with 23
were crucial for decreasing the ko, thereby increasing the residence time of RAF binding to 14-
3-30. In addition, 22 induced a comparable change in kon for A-RAF and C-RAF binding, relative
to 23. However, the kot was increased, leading to a reduced apparent affinity, in line with FA
experiments. While no notable difference was observed between 22 and 23 for B-RAF, the
apparent affinity of B-RAF to 14-3-3/22 complex remained the weakest among the RAF
isoforms (Fig. S5.34-S5.36).

Regarding the activating A-RAF582, B-RAF729 and C-RAF621 sites, all isoforms
contain the same +1 to +4 residues (EPSL). The +1 glutamic acid in a published binary complex
with C-RAF®?! formed an ionic bond with K122 of 14-3-3 (PDB: 4IEA). We hypothesized that this
bond could not be disrupted by the compounds, and it would also prevent the compounds
binding, due to repulsive electrostatic interactions with the sulfonyl group of the compounds.
This hypothesis was easily confirmed with FA protein titrations, where no stabilization was
observed (Fig S5.37-S5.39).

To evaluate selectivity more broadly in vitro, we tested 22 and 23 in a selectivity panel

that included 80 peptides representing a diverse set of 14-3-3 clients (Fig S5.40). Briefly, the 14-
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3-30 protein concentration was set at 20% of the maximum effect for each individual peptide.
The compounds were incubated overnight at calculated ECgy concentrations (under this assay’s
conditions: 10.5 uM for 22 and 23) in the presence of 14-3-3 and 100 nM client peptides. A
client peptide with a high 14-3-3c concentration (50 uM, maximum effect) was used as
reference for normalization. As a qualitative output, clients were classified as hits when a
positive change in anisotropy of more than 15 units (ca. 15%) was observed. Both compounds
showed remarkable selectivity; for 23 only four clients emerged as hits (SOS1, TAZ, KC1A,
TSC2), and six for 22 (SOS1, TAZ, ARGH2, H31, KC1A, TSC2). Strikingly, there were no
apparent similarities in the peptide sequence for these off-target hits, except for the +2 P, which
is a very common residue in 14-3-3 clients (Fig S5.41A). The lack of similarities in the peptide
sequences suggested that conformational adaptivity was a key factor in the formation of ternary
complexes and molecular recognition among different 14-3-3 clients. FA compound titrations
were then performed for the common hits SOS1, TAZ, KC1A, TSC2 (Table S5.4, Fig S5.41B)
and FA protein titrations were performed for SOS1, TAZ and TSC2 (Table S5.5, Fig S5.41C).
The assay conditions and the C-RAF259 peptide length differed from the ones used to establish
the SAR, leading to an ECso = 5 uM (vs 1 uM routinely seen with the standard conditions).
Nevertheless, the compounds showed greater fold-stabilization and lower ECs, values for C-

RAF, with the second-most prominent hit being TAZ.

Evaluation in cell assays

We further evaluated 10 compounds in cellular assays; the same compounds tested for
RAF isoform selectivity, excluding the weak analog 80. Compound 8, as previously, served as
negative control. A NanoBRET assay was developed to measure binding of full-length 14-3-3c
to C-RAF in HEK293T cells.*® HEK293T cells only weakly express 14-3-30, express a low level
of C-RAF, and have an inactive MAPK pathway; thus, the transfected C-RAF and 14-3-3 ¢

would be monitored without interference from endogenous expression. C-RAF was tagged with
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NanoLuciferase and 14-3-3c was tagged with HaloTag/fluorescent HaloTag ligand. Stabilization
of the interaction with a molecular glue was expected to lead to an increase in the BRET signal.
The tested compounds resulted in a range of increased fold-stabilization (up to 1.6) and cellular
ECso values between 0.1 and 1.2 uM (Fig S5.42A, table S5.6). Piperidine-containing compounds
22 and 23 showed similar ECso values (0.20 and 0.18 uM respectively) and fold-stabilization of
1.5 and 1.6-fold, respectively (Fig 5.6A). For the spiro-cycles 70 and 78, cellular fold-
stabilization was lower (1.3 and 1.4, respectively), in good agreement with the signal window
observed in FA data. No increase in the BRET signal was observed for the negative control
compound 8. The stabilization effect was specific to C38 of the o isoform of 14-3-3 — the
molecular glues did not increase the BRET signal when the native C38 was mutated to N, the
residue in the other 14-3-3 isoforms (Fig S5.42B).

Binding of full-length 14-3-30/C-RAF was further validated in HEK293T cells through co-
immunoprecipitation (co-IP) at 10 uM compound. NRAS Q61L, an activating mutation of the
MAPK pathway, FLAG-C-RAF, and HA-14-3-30 were transfected and IP was performed with
anti-FLAG beads. We measured a 5.3-fold increase for 23, 5.1-fold for 22 and 1.6-fold for 78 in
a 14-3-30 pull-down with FLAG-C-RAF normalized to FLAG band intensity (Fig 5.6B). This
effect was not observed without transfecting C-RAF, as shown for 22 (Fig S5.43A).

In addition to binding assays, we quantified the effect of the molecular glues on a 14-3-3
specific function — the protection of phosphorylated residues on the client proteins from
phosphatases (Fig 5.6C, table S5.6). By western blots in HEK293T cells, with 10 yM compound
we measured 2.4-fold and 3.2-fold increases in phosphorylation of the C-RAF259 site relatively
to total C-RAF for 22 and 23, respectively. The spirocycles 70 and 78 showed a slightly smaller
effect (2.1-fold and 2.2-fold, respectively). In MIA PaCa-2 cells, a KRAS G12C dependent cell
line, compounds 22 and 23 showed a 1.4-fold and 1.5-fold increase in endogenous C-RAF

pS259 levels relative to total C-RAF (Fig S5.43B, table S5.6).
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As mentioned in the introduction, the activation mechanism of C-RAF is assumed to
proceed in a similar manner as B-RAF, where the first step is the translocation to the membrane
and the interaction with RAS. To study the effect of the molecular glues on this step of the
pathway, we developed a NanoBRET assay to measure the interaction between N-RAS Q61L
and C-RAF in HEK293T cells (Fig 5.6D). For the quantification of the N-RAS/C-RAF
NanoBRET, we set the DMSO-treated cell-signal as 100% and the signal for NRAS/C-RAF
R89L, a C-RAF mutation that prevented C-RAF from interacting with RAS, as the 0%
control.?83 The stabilization of the interaction between 14-3-30 and C-RAF259 by the molecular
glues was expected to compete for the interaction of N-RAS/C-RAF. As expected, treatment
with 23 resulted in 75% signal reduction of the N-RAS Q61L/C-RAF interaction and 52% with
22. For 70 and 78 no clear trend was observed. Compound 8 did not affect N-RAS Q61L/C-RAF
binding.

The final activation step of the pathway includes the dimerization of RAF kinase
domains. Dimer formation is quite complex and different RAF homo- and hetero-dimers can
occur, depending on the cell type or cancer type. We aimed to study potential effects of the
molecular glues on RAF-dimer formation using a NanoBRET assay. The C-RAF/C-RAF
NanoBRET assays were performed with N-RAS Q61L to ensure pathway activation®” (Fig 5.6E).
We observed 43% decrease in C-RAF homodimer formation with 22, 47% decrease with 23,
and ~20% for 70 and 78.

To test the downstream MAPK effects of stabilizing 14-3-3/C-RAF, we developed a Lumit
immunoassay to analyze the levels of pERK. The secondary antibody pair, lysis buffer, and
primary antibody concentration were optimized for the ERK/pERK antibodies used (data not
shown). 14-3-30 and C-RAF were transfected in a 1:1 ratio in HEK293T cells. Cells were
treated with 23, a MEK inhibitor (Trametinib, 100 nM), or a pan-RAF inhibitor (LY3009120, 100
nM) in 0.5% FBS FluoroBrite DMEM for 24 hours, followed by EGF stimulation (100 ng/uL, 30

minutes) before performing the Lumit immunoassay protocol. We corrected for cell number
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using the fluorogenic live cell GF-AFC substrate. Data was normalized to DMSO-treated
samples. Compound 23 dosed at 10 uM inhibited the phosphorylation of ERK to a similar extent
as the MEK inhibitor (Trametinib) and slightly increased the inhibition of pERK compared to the
pan-RAF inhibitor (LY3009120); the ICso value for 23 was 4.4 uM (Fig 5.6F). The Lumit data
suggested stabilization of 14-3-3/C-RAF was an effective target to modulate the MAPK pathway.

We developed additional NanoBRET assays to quantify compound binding to 14-3-30/A-
RAF and 14-3-30/B-RAF and determined RAF selectivity in a cellular context (Fig 5.6G, 5.6H,
Fig S5.44, table S5.7). Compounds 22 and 23 showed binding in the 14-3-30/A-RAF
NanoBRET, giving 1.6-fold and 1.7-fold increase, respectively, at 10 uM; dose-response data
did not plateau. 70 was inactive and 78 showed an effect only in the two highest compound
concentrations. Similarly, in the 14-3-30/B-RAF NanoBRET, increased binding was observed in
the presence of 22 and 23 (1.40-fold increase) and a minor effect for 70 and 78. Quantitively, 22
and 23 showed comparable fold-stabilization for A- and C-RAF, whereas 70 and 78 showed
significant selectivity for C-RAF, especially in lower compound concentrations. In all cases,
binding was dependent on C38, as the compounds were inactive with the C38N mutant (data
not shown). We also tested the formation of C-RAF heterodimers, A-RAF/C-RAF and B-RAF/C-
RAF. Compound 23 exhibited inhibition of heterodimers, decreasing the A-RAF/C-RAF
interaction by 23% and the B-RAF/C-RAF dimer by 15% (Fig 5.6l).

The compound effect on the phosphorylation protection of the inhibiting A-RAF pS214
site was also quantified and compared to the effect on the C-RAF pS259 site (Fig S5.45, table
S5.7). Compound 23 resulted in 1.3-fold increase in the case of A-RAF and 3.2-fold increase in
the case of C-RAF. Compound 70 did not increase the A-RAF phosphorylation, whereas it
showed 2.1-fold increase for C-RAF. A similar experiment was performed for the B-RAF pS365
site; however, the quantification of the Western blots was inconsistent, potentially due to the

antibody used (data not shown).
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Taken together, the cell data suggests on-target activity on the C-RAF259/14-3-30
complex for the most potent compounds 22 and 23, a protective effect on C-RAF259
phosphorylation, disruption of C-RAF active kinase dimers, and decrease in phosphorylation of
the downstream MAPK target pERK. Regarding SAR, the presence of a piperidine ring was
more favorable in cell assays, compared to the spirocycles, supporting our crystal structures,
where interactions occur with M265 (+6 residue). Interestingly, while the piperidine containing
22 and 23 favored C-RAF over A- and B-RAFs, the spirocycles showed an even stronger

selectivity for C-RAF.

Discussion

In summary, we describe a fragment-merging approach for the development of cell-
active molecular glues targeting the inhibitory 14-3-30/C-RAF259 complex. Validation of the
compounds in multiple biophysical assays, from mass spectrometry to fluorescence anisotropy
and surface plasmon resonance allowed the quantification of binding, stabilization, and kinetics,
elucidating the factors involved in the formation of cooperative ternary complexes. The
establishment of SAR for the 14-3-30/C-RAF259 complex was achieved with biophysical assays
using phospho-peptides as representations of the full-length client. MS and FA assays were in
good agreement in establishing SAR for a given peptide length for C-RAF259. However, we
found that the longer C-RAF peptides led to differentiated results, especially in the case of the
spirocyclic compounds, where the rigid part of the compound was in close proximity to the
flexible region of the peptides. These effects were not exclusively steric, based on space-filling
models; rather, we hypothesized that entropy and/or less optimal interactions with the +4 and +6
peptide residues were also involved. The peptide length also had a strong effect on compound
evaluation for B-RAF, indicating again that residues involved in molecular recognition can
extend well beyond the +1 — here, as far as the +4 and +6 residues. By comparing data using

peptides of different lengths, we aimed to emphasize that for 14-3-3 clients where the
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phosphorylation site lies on a highly dynamic loop, conformational adaptivity can have a
significant effect both on the biophysical assays and crystallography. Thus, in cases where the
sequence is internal the length should be chosen carefully.

From crystal structures with different RAF peptide lengths, we observed differences not
only in the peptide conformation, which was expected, but also in the positioning of helix 9 of
14-3-3. The movement was not always compound- or peptide-specific, but it could have a
significant effect on the formed ligand-protein interactions. It is noteworthy that the downward
positioning of this helix is consistent with a cryo-EM structure of 14-3-3/B-RAF (PDB 6NYB),
indicating that it is unlikely to be a crystallographic observation (Fig S5.46). Full length, inhibitory
14-3-3/C-RAF cryo-EM structures are still missing, thus a direct comparison with our crystal
structures is not feasible yet.

We further evaluated the 10 most potent compounds from the biophysical assays in cell
assays with the full-length RAF clients. We noticed good potency correlation in most of the
cases. Compounds 22 and 23 were the most potent in cell assays and stabilized both the 14-3-
3/C-RAF and 14-3-3/A-RAF complexes, whereas spirocycles 70 and 78 showed greater
selectivity for C-RAF in the NanoBRET assay and the protection of phosphorylation. Taken
together, our cell data indicate that the molecular glues showed on target activity, stabilizing the
14-3-30/C-RAF interaction and protecting the pS259 site from dephosphorylation.
Mechanistically, we see the expected inhibition of the N-RAS/C-RAF interaction, as well as C-
RAF dimerization in an activated pathway for the most potent analogs. These data indicate that
the molecular glues targeted the “auto”inhibited 14-3-3/C-RAF monomer, thus shifting the
equilibrium away from the active form of C-RAF. The effect on the structurally similar A-RAF
isoform was chemotype-dependent, with piperidine compounds 22 and 23 being less selective
compared to spirocycles 70 and 78. The observed differences in A-RAF stabilization are
intriguing, considering the sequence similarity with C-RAF on the 14-3-3 binding grove. Possible

explanations could be differences in the N-terminus, dynamics, or regulation on a cellular level.
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The similarity of the A-RAF isoform could explain the observed inhibition of A-RAF/C-RAF
complexes with 23 whereas the B-RAF/C-RAF dimer was minimally affected.

Quantifying the downstream effects of stabilizing 14-3-3/C-RAF, 23 prevented the
phosphorylation of ERK to similar levels as other modes of MAPK modulation. However, 23,
was slower to modulate the pathway than Trametinib or LY3009120, taking 18 to 24 hours
compared to 3 hours. We hypothesize that the time delay is due to the slow reaction of the
covalent warhead, rather than the intrinsic biology of 14-3-3/C-RAF stabilization. The kinetics do
complicate the biological analysis, since the MAPK pathway includes multiple feedback loops
and varied dimer formation. These might explain why we do not see full inhibition of NRAS/C-
RAF, nor do we observe on-target cell death in cancer cells like MIA PaCa-2. Additionally, recent
literature suggests that C-RAF has roles independent from the MAPK signaling pathway, which
we have not explored. For instance, Venkatanarayan et al. showed that C-RAF depletion inhibits
tumor growth but not ERK signaling in KRAS mutant cells, and upon C-RAF loss, A-RAF dimers

promote ERK signaling, leading to cell-cycle arrest.?®

Sanclemente et al. reported that in
KRASG12V/Trp p53 mutant lung tumors, systematic abrogation of C-RAF expression did not
inhibit canonical MAPK signaling, which in contrast to MEK inhibitors, resulted in limited
toxicities.® For these types of tumors, significant levels of phospho-MEK and phospho-ERK
expression were retained, despite the elimination of C-RAF expression in most of their cells.*
Alternatively, the C-RAF preference of our glues may limit phenotypic changes. Miiller et al.
showed that selective knockdown of a single RAF isoform had at best partial effects on the
phosphorylation levels of MEK1/2 and ERK1/2 indicating functional redundancy and/or
compensatory mechanisms between the RAF isoforms, while pan-RAF activity affected PI3K-
dependent signaling.?* Deciphering the precise effect of these molecular glues on the C-RAF
biology and broader pathway changes is beyond the scope of the current study. We believe,

however, that our molecular glues will be useful chemical biology tools that extend beyond direct

inhibition and focusing on regulation of protein-protein interactions. Additionally, our cell-active
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compounds could be useful starting points for medicinal chemistry campaigns aiming either at

pan-RAF/14-3-3 glues or RAF-isoform specific glues to further elucidate pathway biology.

Methods

Protein expression and purification

The 14-3-30 isoform (full-length for mass spectrometry and fluorescence anisotropy assays, AC
for crystallography) with an N-terminal His6 tag was expressed in Rosetta™ 2(DE3)pLysS
competent E. coli (Novagen) from a pPROEX HTb expression vector. After transformation
following manufacturer’s instructions, single colonies were picked to inoculate 30 mL precultures
(LB), which were added to 1.5 L terrific broth (TB) medium after overnight growth at 37°C, 250
rpm. Expression was induced upon reaching ODesoo 1.9-2.1 by adding 400 uM IPTG. After
overnight expression at 30 °C, 150 rpm, cells were harvested by centrifugation at 6,500 rpm,
resuspended in lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 20 mM imidazole, 10%
glycerol, 1 mM TCEP), and lysed by sonication. The His6-tagged protein was purified by Ni-
affinity chromatography (Ni-NTA Agarose, Invitrogen) (Wash buffer 50 mM HEPES pH 7.5, 500
mM NacCl, 20 mM imidazole, 1 mM TCEP; Elution buffer 50 mM HEPES pH 7.5, 500 mM NacCl,
500 mM imidazole, 1 mM TCEP) and analyzed for purity by SDS-PAGE and Q-Tof LC/MS. The
protein was buffer exchanged (Storage buffer 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM
TCEP) and concentrated to ~16 mg/mL and aliquots flash-frozen for storage at =80 °C. The AC
variant was truncated at the C-terminus after T231 to enhance crystallization and after the first
Ni-affinity chromatography column, the construct was treated with TEV protease to cleave off
the His6 tag during dialysis (25 mM HEPES, pH 7.5, 200 mM NacCl, 5% glycerol, 10 mM MgCly,
250 uM TCEP) overnight at 4 °C. The flow-through of a second Ni-affinity column was subjected
to a final purification step by size exclusion chromatography (Superdex 75 pg 16/60 size

exclusion column (GE Life Science) (SEC buffer: 25 mM HEPES pH 7.5, 100 mM NaCl, 10 mM
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MgCl, 250 uM TCEP). The protein was concentrated to ~60 mg/mL, analyzed for purity by

SDS-PAGE and Q-Tof LC/MS and aliquots flash-frozen for storage at -80 °C.

For SPR, the 14-3-3 o isoform (FL) with a N-terminal His6-tag and C-terminal Twinstrep-tag was
expressed in BL21(DE3) competent E.coli (Novagen) from a pET28a expression vector. After
transformation, following manufacturer’s instructions, single colonies were picked to inoculate
30mL precultures (LB), which were added to 1.5 L terrific broth (TB) medium after overnight
growth at 37 °C, 250 rpm. Protein expression was induced at OD6¢o ~ 0.8 by adding isopropyl -
D-1-thiogalactopyranoside (IPTG; 0.4 mM) and cells were harvested by centrifugation (10 min,

4 °C, 16,000 x g) after overnight expression (18 °C, 140 rpm). Pellets were resuspended in wash
buffer (50 mM Tris pH 8.0, 300 mM NaCl, 12.5 mM imidazole and 2 mM -mercaptoethanol
(BME)). After homogenizing the cells (40 bar, Emulsiflex-C3 homogenizer), the soluble fraction
was collected by centrifugation (30 min, 4 °C, 40,000 x g) and loaded onto a Ni?*-affinity column
pre-equilibrated with wash buffer. After a washing step (wash buffer + 20 mM imidazole), the
bound protein was eluted with 200 mM imidazole. After Ni-affinity chromatography the elution
fraction was loaded on a StrepTactin XT column (Iba lifesciences) (wash buffer 100 mM Tris pH
8, 150 mM NacCl, 1 mM EDTA,; elution buffer 100 mM Tris pH 8, 150 mM NacCl, 1 mM EDTA, 50
mM biotin) and analyzed for purity by SDS-PAGE and Q-Tof LC/MS. The protein was buffer
exchanged (storage buffer 25 mM HEPES pH 8, 100 mM NacCl, 10 mM MgCi2, 0.5 mM TCEP)

and concentrated to 34.8 mg/mL and aliquots flash-frozen for storage at -80 °C.

Peptides

Peptides for mass spectrometry assays were purchased from Elim Biopharmaceuticals, Inc.
(Hayward,CA). Peptides for X-ray crystallography were purchased from GenScript Biotech
Corp. Fluorescein-labeled (5-FAM) peptides for fluorescence anisotropy assays were purchased

from Elim Biopharmaceuticals, Inc. (Hayward,CA) or GenScript Biotech Corp.
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The following acetylated peptides were used in the MS assay:
C-RAF pS259 (11-mer): Ac-RQRST{pS}TPNVH-CONH>,
C-RAF pS259 (15-mer): Ac-SQRQRST{pS}TPNVHMV-CONH,
A-RAF pS214 (15-mer) Ac-LQRIRST{pS}TPNVHMV-CONH,
B-RAF pS365 (10-mer): Ac-DRSS{pS}APNVH-CONH-,

B-RAF pS365 (15-mer): Ac-GQRDRSS{pS}APNVHIN-CONH,.

The following 5-FAM-labeled peptides were used in the FA assay:
C-RAF pS259 (10-mer): 5-FAM-QRST{pS}TPNVH-CONH-,

C-RAF pS259 (15-mer): 5-FAM-SQRQRST{pS}TPNVHMV-CONH-,
A-RAF pS214 (15-mer) 5-FAM-LQRIRST{pS}TPNVHMV-CONH.,
B-RAF pS365 (10-mer): 5-FAM-DRSS{pS}APNVH-CONH-,

B-RAF pS365 (15-mer): 5-FAM-GQRDRSS{pS}APNVHIN-CONH.,
A-RAF pS582 (15-mer): 5-FAM-PKIERSA{pS}EPSLHRT-CONH:,
B-RAF pS729 (15-mer): 5-FAM-PKIHRSA{pS}EPSLNRA-CONH>,

C-RAF pS621 (15-mer): 5-FAM-PKINRSA{pS}EPSLHRA-CONH..

The following peptides were used for crystallography:

C-RAF pS259 (10-mer): QRST{pS}TPNVH,

C-RAF pS259 (12-mer): RQRST{pS}TPNVHM (used also for SPR),
A-RAF pS214 (12-mer): RIRST{pS}TPNVHM (used also for SPR),

B-RAF pS365 (12-mer): RDRSS{pS}APNVHI (used also for SPR).

The following peptides were used in the FA selectivity panel:
C-RAF pS259: FAM[AhX]RQRST{pS}TPNVHMVS-CONH>,
SOS1 pS1161: FITC-Ahx-PRRRPE{pS}APAESS-CONH>,

TAZ pS89: FITC-Ahx-QHVRSH{pS}SPASLQLGTGA-CONH-,
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KC1A pS218: FAM-Ahx-LMYFNRT{pS}LPWQGLK-CONHz,
TSC2 pS1254: FAM-Ahx-LYKSL{pS}VPAASTAK-CONH.,

ARHG2 pS886: FAM-Ahx-PVDPRRR{pS}LPAGDAL-CONH..

Intact mass spectrometry assay

Mass spectrometry dose response assays were performed on a Waters Acquity UPLC/ Xevo
G2-XS Q-Tof mass spectrometer. A Waters UPLC Protein BEH-C4 Column (300 A, 1.7 um, 2.1
mm x 50 mm) was used to desalt the samples prior to application on the mass spectrometer.
For 19-point MS dose responses, 50 mM compound stocks in DMSO were serially diluted in 3-
fold increment in a master plate, then 1000 nL of the compound solutions were transferred in the
assay plates. Master mixes containing 100 nM full-length wild type 14-3-3c in the absence or
presence of either 18 yM C-RAF259 or 16 yM A-RAF214 or 5 uM B-RAF365 were then
dispensed into 384 well plates (Greiner Bio-One, catalog number 784201). Assay buffer was
TRIS (10 mM, pH 8.0) and final volume per well was 50 pL, with final top concentration of
compounds dose response series at 1 mM. The reaction mixtures were incubated for 1h at rt
before subjected to MS. Four measurements (1h, 8h, 16h, 24h) were performed for time-course
experiments. The injection volume for each sample was 6 uL. 24 pL of sample were needed for
the time-course experiments, so the total volume in the assay plate was adjusted to 50 pL, to
account for the dead volume in the injections. Data collection and automated processing
followed a custom workflow, as previously described.* z-Plots were created using GraphPad

Prism with the log(agonist) vs. response (variable slope, four parameters) fitting model.

Fluorescence anisotropy measurements
N-terminal fluorescein-labeled peptides (5-FAM), 14-3-3c FL protein, the compounds (50 mM
stock solution in DMSO) were diluted in buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 0.1%

Tween20, 1 mg/mL Bovine Serum Albumin (BSA; Sigma-Aldrich). Final DMSO in the assay was
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less than 1%. Dilution series of 14-3-3 proteins or compounds were made in black, round-
bottom 384-microwell plates (Greiner Bio-one 784900) in a final sample volume of 10 yL in

triplicates.

For compound titrations echo acoustic dispensing was used to prepare 2-fold serial dilution
series. A master mix containing 10 nM fluorescein-labeled C-RAF-pS259 peptide and 5 uM full
length 14-3-30 (concentration at ECy value of the protein-peptide complex) in buffer (10 mM
HEPES, pH 7.5, 150 mM NaCl, 0.1% Tween20, 1 mg/mL BSA) was dispensed in the assay
plates. The final volume per well was 10 uL, with final top concentration of compounds dose
response series at 1mM. Each compound was measured in triplicates, in two independent
experiments. Fluorescence anisotropy measurements were performed directly and after
overnight incubation at room temperature. The high protein concentration used in this assay
limits the sensitivity for potent compounds (ECso < 1uM). Protein titrations were made by
titrating 14-3-30 in a 2-fold dilution series (starting at 250 uM) to a mix of fluorescein-labeled
peptide (10 nM) and DMSO or compound (100 uM). Fluorescence anisotropy measurements
were performed after overnight incubation at room temperature. Protein titrations were more
sensitive than compound titrations for highly potent compounds and the appKp values obtained
were not limited by the protein concentration used. Fluorescence anisotropy values were
measured using a Molecular Devices ID5 plate reader (filter set lex: 485 £ 20 nm, lem: 535 + 25
nm; integration time: 50 ms; settle time: 0 ms; shake 5 sec, medium, read height 3.00 mm, G-
factor = 1. Data reported are at endpoint. ECso and apparent Kq values were obtained from
fitting the data with a four-parameter logistic model (4PL) in GraphPad Prism 10 for Windows.

Data was obtained and averaged based on two independent experiments.
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Selectivity panel

For single point measurements: N-terminal fluorescein-labeled peptides (5-FAM) and 14-3-3c0
FL protein were diluted in buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM MgCl., 0.1%
Tween20, 1 mg/mL Bovine Serum Albumin (BSA), 100 uM B-mercaptoethanol (3-ME))
transferred to black, round-bottom 384-microwell plates (Greiner Bio-one 784900). The
concentration of the FAM-peptide panel was 100 nM, and the 14-3-3c protein concentration was
set at 20% of the maximum effect for each individual peptide. Compounds 22 and 23 were
dispensed to the 384 well plate at 10.5 yM using the Tecan D300e digital dispenser. As
reference a TAZ peptide with a high 14-3-30 concentration (50 uM, maximum effect) was used.
Plates were incubated overnight at room temperature, after which anisotropy values were
measured using a BioTek Synergy H1 microplate reader (excitation at 485 nm, emission at 528
nm). The signal plotted is the anisotropy value with compound minus the anisotropy value
without compound, giving the anisotropy change (AAU). Compound titrations were performed to
follow-up the single point selectivity panel. A mastermix containing 10 nM of FAM-labeled
peptides (C-RAF, SOS1, TAZ, KC1A, TSC2) and the corresponding 14-3-3c concentration at
EC2o of the protein-peptide complex in buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM
MgClz, 0.1% Tween20, 1 mg/mL BSA, 100 uM B-ME) was dispensed in assay plates.
Compounds 22 and 23 were dispensed with the Tecan D300e digital dispenser in a 3-fold
dilution series (starting at 250 uM). Plates were incubated overnight at room temperature, after
which anisotropy values were measured using a BioTek Synergy H1 microplate reader
(excitation at 485 nm, emission at 528 nm). Protein titrations were performed by titrating 14-3-
30FL protein in a 2-fold dilution series (starting at 300 uM) to a mix of 10 nM FAM-labeled
peptides (CRAF, SOS1, TAZ, TSC-2) and 100 pM of compounds 22 and 23, or DMSO in buffer
(10 mM HEPES, pH 7.4, 150 mM NaCl, 0.1% Tween20, 1 mg/mL BSA). After overnight

incubation, anisotropy values were measured using a Tecan Infinite F500 plate reader (filter set
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excitation: 485+20 nm, emission: 535+25 nm, mirror: Dichroic 510, flashes: 20, integration time:

50 ms, settle time: 0 ms, gain: optimal).

Surface plasmon resonance

The SPR experiments were performed at 25°C using a Biacore X100 and a 200 nm Strep-Tactin
XT derivatized linear polycarboxylate hydrogel chip, medium charge density (XanTec
Bioanalytics). All proteins and peptides were dissolved in fresh running buffer prepared with
ultrapure water and filtered through a 0.2 pm filter (10 mM HEPES pH 7.4, 200 mM NaCl, 50 uM
EDTA, 0.005% P20). First the surface was conditioned with a 1 min injection of 3 M Guanidine
HCI. Then, the recombinant 14-3-30-Twinstrep protein (250 nM) was captured on flow cell 2 of
the sensor chip at a flow rate of 10 yL/min for 2 minutes, which resulted in a capture level of
1000 RU. For the ternary interaction, 14-3-30-Twinstrep protein (250 nM) was first incubated
overnight with 1 uM Ac-C-RAF peptide and 20 uM compound prior to immobilization to the chip.
The bound C-RAF peptide was washed away using running buffer flowed over the chip for 15
min. Flow cell 1 was left blank as a reference surface. After immobilization of the protein, the
Biacore X100 was primed with running buffer. Multi-cycle kinetic measurements were conducted
at a flow rate of 30 yL/min. A 2-fold dilution series of analyte (Ac-A-, B-, C-RAF peptides) in
running buffer were injected over de sensor chip for 2 min, followed by dissociation of 3 min
(binary interaction), 15 minutes (ternary interaction). For the binary interaction, the highest
concentration of the RAF peptides was 50 uM, and for the ternary interactions this was 250 nM.
Between cycles of one multi-cycle measurement, no regeneration step was performed due to
complete dissociation of the analyte. After a measurement, the chip was regenerated by 2 times
30 sec injections of 3 M Guanidine HCI. The data was corrected by double subtracting to the
reference surface (flow cell 1) and buffer injection and analyzed using 1:1 interaction fitting

model with the BIA evaluation software (2020).
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X-ray crystallography data collection and refinement

The 14-3-30AC protein, Ac-C-RAF/B-RAF/A-RAF and compounds (50 mM stock in DMSO)
were dissolved in complexation buffer (25 mM HEPES pH=7.5, 2 mM MgCl, and 100 uM TCEP)
and mixed in a 1:2:3 or 1:3:5 molecular stoichiometry (protein : peptide : compound) with a final
protein concentration of 11 or 12 mg/mL. The complex was set-up for sitting-drop crystallization
after overnight incubation at 4 °C, in a custom crystallization liquor (0.05 M HEPES (pH 7.1, 7.3,
7.5,7.7),0.19 M CaCl; 24-29% PEG400, and 5% (v/v) glycerol). Crystals grew within 10-14
days at 4 °C. Crystals were fished and flash-cooled in liquid nitrogen. X-ray diffraction (XRD)
data were collected at the European Synchrotron Radiation Facility (ESRF Grenoble, France,
beamline ID23-1, ID30A-3/MASSIF-3, or ID23-2). Initial data processing was performed at
ESRF using autoPROC after which pre-processed data was taken towards further scaling steps,

molecular replacement, and refinement.

Data was processed using CCP4i2 suite (version 8.0.003). After indexing and integrating the
data, scaling was done using AIMLESS. The data was phased with MolRep, using PDB 3IQU as
template. The presence of co-crystallized ligands was verified by visual inspection of the Fo-Fc
and 2Fo-Fc electron density maps in COOT (version 0.9.6). If electron density corresponding to
the co-crystallized ligand was present, its structure and restraints were generated using
AceDRG. After building in the ligand, model rebuilding and refinement was performed using
REFMACS. The PDB REDO server (pdb-redo.edu) or phenix.refine form Phenix software suite
(version 1.19.2-4158) was used to complete the model building and refinement. The images

were created using the PyMOL Molecular Graphics System (Schrédinger LLC, version 4.6.0).
NanoBRET assays
NanoBRET assays were performed as previously described.®® Briefly, eight constructs were

generated, and combination and ratio tests were performed in HEK293T cells for development
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of the initial 14-3-30/C-RAF NanoBRET. All NanoBRET assays were performed in HEK293T
cells at a 1:10 transfection ratio of NanoLuc:HaloTag plasmids. Compounds were tested in a 2-
fold dilution series starting at 10 yM with C-RAF-NanoLuc (C-terminal tag)/14-3-3-HaloTag (C-
terminal tag). 14-3-30/A-RAF and 14-3-30/B-RAF NanoBRET were performed with the same
conditions and tag placements. N-RAS/C-RAF NanoBRET was performed with C-RAF-NanoLuc
(C-terminal tag)/HaloTag-NRAS Q61L (N-terminal tag) with HA-14-3-30 transfected in addition
at a 1:1 ratio with C-RAF-NanoLuc. C-RAF/C-RAF NanoBRET used C-RAF-NanoLuc/HaloTag-
C-RAF with HA-14-3-30 and FLAG-N-RAS Q61L at a 1:1 ratio with C-RAF-NanoLuc.

Data was analyzed as previously described.* Briefly, miliBRET units (mBU) were calculated as
a ratio of acceptor/donor and mean mBU values were corrected by subtracting the mean mBU
of controls with no HaloTag ligand. Fold change was calculated by dividing mBUcompound by
MBUbwmso control. FOr N-RAS/C-RAF NanoBRET, 100% was considered the DMSO mBU and 0%

the mBU value of NRAS/C-RAF R89L.

Cell culture and western blots

HEK293T (CRL-3216) and MIA PaCa-2 (CRL-1420) cells were purchased from ATCC. Both cell
lines were grown in DMEM, high glucose (Gibco) with 10% Fetal Bovine Serum (FBS). All
compound treatments were 24 hours. Anti-phospho-C-RAF pS259 (Invitrogen 44-502), anti-C-
RAF (BD Biosciences 610152), anti-phospho-A-RAF pS214 (Thermo-Fischer BS-3005R), anti-
A-RAF pS214 (OriGene Technologies TA803662), anti-phospho-B-RAF pS365 (Thermo-Fischer
BS-3013R), anti-phospho-ERK (Cell Signaling Technology 4370S), anti-ERK (Santa Cruz
Biotechnology sc-514302), anti-Vinculin (Cell Signaling Technology 13901S), anti-FLAG (Cell
Signaling Technology 8146S), and anti-14-3-30 (Invitrogen SD2070) antibodies were used for
protein detection. Antibodies were used at a 1:1,000 dilution except anti-Vinculin, which was
used at 1:2,000. Western blots were imaged on a LI-COR imaging system and analyzed using

Image Studio.
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Co-immunoprecipitation

HEK293T cells were dosed with 10 uM compound for 24 hours before lysis (Triton X-100).
Clarified lysate was incubated with Pierce anti-FLAG magnetic beads (Thermo Fisher A36797)
following the manufacturers protocol. Lysate and IP samples were analyzed using antibodies

described above.

Lumit Immunoassay

Lumit immunoassays were performed according to the manufacturer (Promega W1331). Briefly,
HEK293T cells were transfected in a 1:1 ratio of HA-14-3-30:FLAG-C-RAF in 10% FBS DMEM
(Gibco). 24 hours after transfection, cells were re-seeded in 384-well plates (10,000 cells per
well) in 0.5% FBS FluoroBrite DMEM media (Gibco). Cells were treated with compound 23 in a
2-fold dilution series, starting at 10 uM, or LY3009120 (100 nM; Selleck Chemicals S7842) or
Trametinib (100 nM; Selleck chemicals S2673) for 24 hours before performing the Lumit
protocol. After compound treatment, media was replaced with 10 uyL media supplemented with
fluorogenic live cell GF-AFC substrate (50 uM) for normalization purposes and 100 ng/mL EGF
to stimulate the MAPK pathway. Cells were incubated for 30 minutes before proceeding. The
protocol was optimized for the antibodies used: digitonin (0.1%) lysis buffer, 100 ng/uL pERK
antibody (Cell Signaling Technology 4376), 100 ng/uL ERK antibody (Santa Cruz Biotechnology
514302), and 0.1 yL/well of secondary antibodies (SmBIT mouse, LgBiT rabbit). The ratio of cell
lysate:antibody:substrate was 2:2:1. Cells were lysed for 40 minutes at 800 rpm before
incubation with the antibody mix for 90 minutes (2 minutes at 400 rpm prior to incubation). After
antibody incubation, substrate was added and incubated for 2 minutes at 400 rpm.
Luminescence was then read on an EnVision Xcite 2105 plate reader. Luminescence was
normalized against the total fluorescence from the GF-AFC (Luminescence/Total fluorescence).

Values were then normalized to DMSO treated cells (experimental/DMSO). Data was analyzed
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using GraphPad Prism and fit using a 4PL model. Data represents the average of 3 technical

replicates, confirmed over 3 biological replicates.

Docking

Computational design for SAR optimization and docking was performed with SeeSAR version

11.2.0; BioSolvelT GmbH, Sankt Augustin, Germany, 2022, www.biosolveit.de/SeeSAR
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Figure 5.1: RAF isoforms, 14-3-3/C-RAF pS259 complex and fragment merging approach

A) Inhibiting and activating sites on A-, B- and C-RAF. B) Proposed model for the auto-inhibited C-RAF
monomer complex bound to a 14-3-3 dimer. C) Crystal structure of 14-3-3c (gray surface) bound to a
phospho-C-RAF259 peptide (cyan surface). C38 (14-3-3) is shown as yellow sticks. PDB: 9EW?7 D) Left:
crystal structure of 1074202/14-3-30/ERa (PDB 8AWG). Right: crystal structure of TC521/14-3-3/p65
(PDB 6YOW). E) Top: Fragment merging approach towards a designed scaffold for the 14-3-30/C-RAF
pS259 complex. Bottom: Representative examples and their binding mode (14-3-3 is omitted for clarity,
C38 is shown as yellow sticks, and C-RAF as cyan sticks).
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Figure 5.2: SAR and crystal structures of selected phenyl analogs

A) MS bar graphs at 1 uM. For each compound, time course experiments were performed with
measurements at 1h, 8h, 16h and 24h. C-RAF259 data are shown with different colors for each
compound, and apo data in black. B) Bar graphs of FA compound titration pECso values after overnight
incubation. C-RAF259 data are shown with different colors for each compound. Full dose-response
curves in Fig S$5.22, S24, S26. C) Top: Crystal structures of 12 (pink sticks) and 21 (light purple sticks)
with 14-3-3c (white surface) and C-RAF pS259 10-mer peptide (blue sticks). Bottom: overlays of 12 with
21 (left), and 12 with a binary complex (PDB 3IQU, right). D) Left: crystal structures of 12 (pink sticks)/22
(turquoise sticks)/23 (purple sticks) with 14-3-30 and C-RAF259 (overlay). Middle: detailed interactions of
23/14-3-30/C-RAF259 10-mer (left) and 12-mer (right). Interacting water molecules are shown as red
spheres. Left: overlay of the structures.
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Figure 5.3: SAR and crystal structures of selected phenyl and spiro analogs

A) MS bar graphs at 1 uM. For each compound, time course experiments were performed with
measurements at 1h, 8h, 16h and 24h. C-RAF259 data are shown with different colors for each
compound, and apo data in black. B) Bar graphs of FA compound titration pECso values after overnight
incubation. C-RAF259 data are shown with different colors for each compound. Fig $5.22 — §5.27. C)
Top: Crystal structures of 29 (yellow sticks) and 37 (green sticks) with 14-3-3c (white surface) and C-RAF
pS259 10-mer peptide (blue sticks). Bottom: crystal structure of 70 (salmon sticks) with 14-3-30/C-
RAF259 10-mer and overlay with 37. Interacting water molecules are shown as red spheres.
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Figure 5.4: SAR and crystal structures of aryl and spiro/fused rings combinations

A) MS bar graphs at 1 uM. For each compound, time course experiments were performed with
measurements at 1h, 8h, 16h and 24h. C-RAF259 data are shown with different colors for each
compound, and apo data in black. B) Bar graphs of FA compound titration pECso values after overnight
incubation. C-RAF259 data are shown with different colors for each compound. Full dose-response
curves in Fig S5.27. C) Top: Crystal structure of 78 (light green sticks) with 14-3-30/C-RAF259 10-mer
and overlay with the 83 and 86 crystal structures. Bottom: crystal structure of 78 (light green sticks) with
14-3-30/C-RAF259 12-mer (left) and overlay of the two ternary complexes (right).
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Figure 5.5: Crystallography and SPR with RAF isoforms

A) Crystal structures of 23 (top) and 78 (bottom) with 14-3-30/C-RAF-259 (left), 14-3-30/A-RAF214
(middle) and 14-3-30/B-RAF365 (right) 12-mer peptides. Interacting water molecules are shown as red
spheres. B) SPR data of A-RAF (yellow), B-RAF (pink), C-RAF (blue) 12-mer peptides binding to 14-3-3c
(top panel), and 14-3-3c covalently bound to molecular glue 23 (parameters shown mean + SD, n=2).
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Figure 5.6: Evaluation of MGs in cell assays

A) 14-3-30/C-RAF NanoBRET schematic (left) and dose-response curves in HEK293T cells. B) Co-IP
western blots and quantification. C) Protection of phosphorylation of the C-RAF pS259 site in HEK293T
cells. D) N-RAS/C-RAF NanoBRET; 100% was considered the DMSO mBU and 0% the mBU value of
NRAS/C-RAF R89L, which does not bind to C-RAF. E) C-RAF/C-RAF homodimers NanoBRET dose-
response curves. F) Lumit immunoassay for pERK levels in dose-responses with 23. G) 14-3-30/A-RAF
NanoBRET. H) 14-3-30/B-RAF NanoBRET. I) NanoBRET for heterodimer formation for A-RAF/C-RAF and
B-RAF/C-RAF, compared to C-RAF homodimers NanoBRET for 23.
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Figure S5.1: Crystal structures of known molecular glues bound to 14-3-3/C-RAF259
(14-3-3 is omitted for clarity, C38 is shown as yellow sticks, and CRAF as blue sticks.
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Flgure $5.2: Overview of assays

Left: mass spectrometry time-course experiments were performed at 1h, 8h, 16h and 24h in the presence
of C-RAF259 phosphopeptide. Bar graphs were used to represent % bound at 1 yM compound
concentration (1:10 [protein]:[compound] ratio). Right: fluorescence anisotropy compound titrations were
performed in the presence of FAM-labeled C-RAF259 phosphopeptide. ECso values were calculated from
the overnight measurement. pECso bar graphs represent the positive log ECso value.
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Figure S5.7: FA compound titrations (C-RAF259) for aryl-ring modifications
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Figure S5.8: FA protein titrations (C-RAF259) for aryl-ring modifications
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Flgure S$5.9: Crystal structure of 12 in complex with C-RAF pS259 10-mer peptlde and 14-3-30
12 (magenta), C-RAF pS259 10-mer peptide (blue), and 14-3-3c (white). Close-up views on interacting amino
acids. 2Fo-Fc electron density maps (mesh) were contoured at 10.

compound 23

B compound 23
C-RAF (10-mer) .

C-RAF (12-mer)

Flgure S$5.10: Crystal structures of 22 and 23 in complex with C RAF pS259 10-mer peptide and 14-
3-3o0

22 (turquoise), 23 (purple). Peptide lengths for 23 as indicated in the figure. Close-up views on interacting
amino acids. Interacting water molecules are shown as red spheres. 2Fo-Fc electron density maps (mesh)
were contoured at 10.

Flgure S$5.11: Crystal structure binary and ternary complex comparison
Left: Binary complex of 14-3-3c with C-RAF pS259 12-mer peptide. Right: ternary complex of 23 (purple)/14-
3-30/ C-RAF pS259 12-mer peptide (cyan sticks). Movement of helix 9 is indicated by a gray arrow.
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i scaffold : 181624

(27)  (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39)  (40)
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(27) (28) (29) (30) (31) (32) (33) (34) (35 (36) (37) (38) (39) (40)
Figure S$5.12: SAR of double- and triple- halogenated derivatives

A) MS bar graphs sat 1 yM. For each compound, time course experiments were performed with
measurements at 1h, 8h, 16h and 24h. C-RAF259 data are shown with different colors for each
compound, and apo data in black. B) Bar graphs of FA compound titration pECso values after overnight
incubation. C-RAF259 data are shown with different colors for each compound. Inactive compounds are
described as non-applicable (NA).

pIEC, M

compound 32

Flgure S$5.13: Crystal structures of 29 32and 37 in complex with C-RAF pS259 10-mer peptide and
14-3-30

29 (yellow), 32 (orange), and 37 (green). Close-up views on interacting amino acids and overlays.
Interacting water molecules are shown as red spheres. 2Fo-Fc electron density maps (mesh) were
contoured at 10.
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Figure S5.14: SAR of modifications on the piperidine position
A) MS bar graphs sat 1 yM. For each compound, time course experiments were performed with
measurements at 1h, 8h, 16h and 24h. C-RAF259 data are shown with different colors for each
compound, and apo data in black. B) Bar graphs of FA compound titration pECso values after overnight
incubation. C-RAF259 data are shown with different colors for each compound. Inactive compounds are
described as non-applicable (NA).
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Figure S5.15: MS dose-response curves (apo) for piperidine modifications and combinations
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Figure S5.16: MS dose-response curves (C-RAF259) for piperidine modifications and
combinations
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Figure $5.17: FA compound titrations (C-RAF259) for piperidine modifications and combinations

213



C-RAF 259: Protein titrations
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Figure S5.18: FA protein titrations (C-RAF259) for piperidine modifications and combinations



compound 70

—— X 1
Figure S5.19: Crystal structure of 70 in complex with C-RAF pS259 10-mer peptide and 14-3-30
Close-up views on interacting amino acids interacting water molecules are shown as red spheres (70:
salmon). 2Fo-Fc electron density maps (mesh) were contoured at 10.
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Figure $5.20: SAR of aryl and spiro/fused rings combinations

A) MS bar graphs sat 1 uM. For each compound, time course experiments were performed with
measurements at 1h, 8h, 16h and 24h. C-RAF259 data are shown with different colors for each
compound, and apo data in black. B) Bar graphs of FA compound titration pECso values after overnight
incubation. C-RAF259 data are shown with different colors for each compound. Inactive compounds are
described as non-applicable (NA).
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compound 78

C-RAF (10-mer) GEBD -

compound 83

compound 86
C-RAF (10-mer)

compound 78
C-RAF (12-mer)

S
14

| compound 86
| C-RAF (12-mer) @&

Figure S5.21: Crystal structures of 78, 79, 80, and 86 in complex with C-RAF p8259 10-mer peptide

and 14-3-3o0

Top: Densities and crystal structures of 78 (light green sticks), 79 (lilac), 80 (teal), 83 (sky blue), 86 (orange) in
complex with C-RAF pS259 10-mer peptide and 14-3-3c. Close-up views on interacting amino acids
Interacting water molecules are shown as red spheres. 2Fo-Fc electron density maps (mesh) were contoured
at 10. Bottom: overlays, crystal structures of 78 (light green sticks) and 86 (orange) in complex with C-RAF
pS259 12-mer peptide and 14-3-3c and close-up views of interacting amino acids.
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Binary complex

A-RAF (12-mer)

compound 22 compound 23

Flgure SS 22: Densities and crystal structures WIth 14-3- 3cIA RAF p8214 12 -mer peptide
Top right: binary complex. Middle and bottom: ternary complexes of 22 (turquoise), 23 (purple), 78 (light
green) and 86 (orange) with A-RAF pS214 12-mer peptide and 14-3-30. Close-up views on interacting

amino acids Interacting water molecules are shown as red spheres. 2Fo-Fc electron density maps (mesh)
were contoured at 10.
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Binary complex

B-RAF (12-mer)

compound 22 y o compound 23

Figure S5.23: DenSItles and crystal structures with 14-3-30/B-RAF pS365 12-mer peptlde

Top right: binary complex. Middle and bottom: ternary complexes of 22 (turquoise), 23 (purple), 78 (light
green) and 86 (orange) with B-RAF pS365 12-mer peptide and 14-3-30. Close-up views on interacting
amino acids Interacting water molecules are shown as red spheres. 2Fo-Fc electron density maps (mesh)
were contoured at 10.

I
I

| e I A-RAF (12-mer)
I B-RAF (12-mer)
I C-RAF (12-mer)

Flgure S$5.24: Overlays of ternary complexes
23 (purple) and 78 (light green) with A-RAF pS214, B-RAF pS365 and C-RAF pS259. Close-up views on
peptide conformations.
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Figure S5.25: MS dose-response curves (C-RAF259 15-mer peptide)
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C-RAF 259 (15-mer): Protein titrations
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Figure S5.26: FA protein titrations (C-RAF259 15-mer peptide)
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Figure S5.27: MS dose-response curves (A-RAF214 15-mer peptide)
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A-RAF 214 (15-mer): Protein titrations
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Figure S5.28: FA protein titrations (A-RAF214 15-mer peptide)
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Mass spectrometry B-RAF365 (10-mer)
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Figure S5.29: MS dose-response curves (B-RAF365 10-mer peptide)
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Anisotropy r (mAU)

B-RAF 365 (10-mer): Protein titrations
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Figure S5.30: FA protein titrations (B-RAF365 10-mer peptide)
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Mass spectrometry B-RAF365 (15-mer)
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Figure S5.31: MS dose-response curves (B-RAF365 15-mer peptide)
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B-RAF 365 (15-mer): Protein titrations
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Figure S5.32: FA protein titrations (B-RAF365 15-mer peptide)
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Figure S$5.33: Affinity fitting of SPR data

Acetylated 12-mer A-, B-, C-RAF peptides binding to 14-3-3c captured on a chip (n=2). Response at

equilibrium is plotted against peptide concentration to determine the affinity constant (only possible for

binary interactions as for ternary interactions no equilibrium is reached during association).

A kon koff | KD B kon koff | KD
60- ams)| (ss) | qum) 50+ ams)| (s | qum)
14-3-30 11x10°| 032 | 28 14-3-30 16x10°| 0.38 | 2.4
501 [C-RAF] 40 [C-RAF]
] ﬁ:"&l [ | -
540 ] 5 30 -
4 ] 4 |
€ 304 = ]
0] [ | Q d
@ ] @ 20 ]
g 204 ] <3 [ |
2 2 10 Sammmmemenesy
o 10 14 vy
0 L-u—-—-
-10 T T T T . -10 T T T T 1
-50 0 50 100 150 200 -50 0 50 100 150 200
Time (s) Time (s)
c 14-3-30 + |22 D 14-3-30 + [22
40- 407
kon koff | KD kon koff | KD
(1/Ms) | (1/s) | (nM) [C-RAF] @ams)| (15s) [ (nm)  [C-RAF]
30 1.0 x107|0.040| 3.8 — 30 1.2 x107(0.040| 3.3
5 =)
74 x
Q -
2 204 @ 20
o] o
S Q.
8 10 3 10-
@ 1 ['q
0+ 041
0 200 400 600 0 200 400 600
Time (s) Time (s)
14-3-30 + P&
E . F 14-3-30 + E
407 kon koff | KD 407 [C-RAF]
amsy| (17s) | (nmy  [C-RAF] kon | koff | KD
304 T1x1070.013| 12 || 304 ams)| i) |ov)
=) =) 11x107|0.013] 1.2 |
= 3
? 20 8 204
c c
o o
7 7
8 10 8 10-
0+ 0-4
0 200 400 600 0 200 400 600
Time (s) Time (s)

Figure S$5.34: Kinetic fitting of C-RAF SPR data

Acetylated 12-mer C-RAF peptide binding to 14-3-3c captured on a chip without molecular glue and in

the presence of compounds 22 and 23 (n=2).
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Figure S$5.35: Kinetic fitting of A-RAF SPR data

Acetylated 12-mer A-RAF peptide binding to 14-3-3c captured on a chip without molecular glue and in the
presence of compounds 22 and 23 (n=2).
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Figure S5.36: Kinetic fitting of B-RAF SPR data

Acetylated 12-mer B-RAF peptide binding to 14-3-30 captured on a chip without molecular glue and in the
presence of compound 22 and 23 (n=2).
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A-RAF 582 (15-mer): Protein titrations
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Figure S5.37: FA protein titrations (A-RAF582 15-mer peptide)
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B-RAF 729 (15-mer): Protein titrations
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Figure S5.38: FA protein titrations (B-RAF729 15-mer peptide)
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C-RAF 621 (15-mer): Protein titrations
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Figure S5.39: FA protein titrations (C-RAF621 15-mer peptide)
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FA selectivity panel
Compounds 23 (A) and 22 (B) with 14-3-3c0 and 80 client peptides. Six client hits were identified: SOS1,

TAZ, ARGH2, H31, KC1A and TSC2.

Figure S5.40



Peptide | Phosphosite -2 -1 Phospho +1 +2 +3
C-RAF pS259 S T pS T P N
A-RAF pS214 S T pS T P N
B-RAF pS359 S S pS A P N
SOS1 pS1161 P E pS A P A
TAZ pS89 S H pS S P A
KC1A pS218 R T pS L P W
TSC2 pS1254 S L pS V P A
ARGH?2 pS886 R R pS L P A
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Figure S5.41: FA selectivity panel follow-up

A) Phospho-sites and sequences around the phospho-site for client peptides that emerged as hits. B) FA
compound dose-response follow-up for the four common clients. C) FA protein titrations follow-up. ECso
values, appKas and fold-stabilization are shown in tables S5.5 and S5.6.
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14-3-30/C-RAF NanoBRET
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Figure S5.42: 14-3-30/C-RAF NanoBRET

A) 14-3-30/C-RAF NanoBRET dose-response data in HEK293T cells. Left: piperidine-containing
compounds, rights: spirocycles. B) 14-3-3 C38N/C-RAF NanoBRET dose-response data in HEK293T
cells. Left: piperidine-containing compounds, rights: spirocycles
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Figure S5.43: Stabilization of endogenous C-RAF
A) Co-IP for 22, comparing endogenous and transfected C-RAF. B) Protection of phosphorylation of C-RAF
pS259 site in MIA PaCa-2 cells.
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14-3-30/A-RAF NanoBRET
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Figure S5.44: 14-3-30/A-RAF and 14-3-30/B-RAF NanoBRET

A) 14-3-30/A-RAF NanoBRET dose-response data in HEK293T cells. Left: piperidine-containing
compounds, rights: spirocycles. B) 14-3-30/B-RAF NanoBRET dose-response data in HEK293T cells.
Left: piperidine-containing compounds, rights: spirocycles.
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Figure S5.45: Protection of phosphorylation of A-RAF pS214 site in HEK293T cells
The assay was performed with the pS259 C-RAF antibody.
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Figure S5.46: Overlay of 14-3-3/B-RAF cryoEM structure with the crystal structure of 14-3-
30/CRAF259/23
Compound 23 is shown as purple sticks, B-RAF365 as pink sticks and C-RAF259 as cyan sticks. Helix 9
is in the same position for both structures. PDB 6NYB

Supplementary Tables

Table S5.1: ECs values derived from FA compound titrations

In the presence of 10 nM of C-RAF259-FAM labeled peptide and 5 yM 14-3-30. Protein titrations with C-
RAF-259-FAM for compounds with ECso < 20 uM (10 nM of C-RAF259-FAM, 100 uM compound, 250 uM
14-3-3 starting concentration, 2-fold dilution). ECso and appKd values refer to overnight measurements.

Compound Protein
titrations titrations
Compound ECso value Apparent Kd (nM) Kd with DMSO Fold stabilization

No. C-RAF259 (uM) | (100 pM compound) reference (100 pM compound)
(6) >1000 NA NA NA
(@) >1000 NA NA NA
8) >1000 6600 nM 6700 nM 1
) >1000 NA NA NA
10) 66 + 4 uM NA NA NA
(11) 17+ 3 uM 400 nM 1325 nM 4
(12) 3£l uM 190 nM 4200 nM 22
(13) >1000 NA NA NA
(14) 82+ 6 uM NA NA NA
as) 879 uM NA NA NA
(16) > 150 NA NA NA
a7 > 150 NA NA NA
(18) 17+ 1 M 280 nM 4200 nM 15
(19) 13+3 uM 213 nM 3050 nM 14
(20) >150 NA NA NA
(21) 5£1.0uM 480 nM 4200 nM 9
22) 1£0.5uM 47 nM 8427 nM 179
(23) 1£0.5uM 30 nM 8427 nM 280
(24) 14+ 1M 110 nM 2277 nM 21
(25) 57+£9uM NA NA NA
(26) 26+ 3 uM NA NA NA
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Compound Protein
titrations titrations
Compound ECso value Apparent Kd (nM) Kd with DMSO Fold stabilization

No. C-RAF259 (uM) | (100 pM compound) reference (100 pM compound)
27) >150 uM NA NA NA
(28) 882 uM NA NA NA
(29) 1£0.5uM 100 nM 8427 nM 84
30) 12+2 uM 780 nM 2277 nM 3
31 8+ 1 uM 1420 nM 2277 naM 2
32) 4+£1uM 140 nM 8427 nM 60
33 9+1uM 230 nM 3050 nM 13
(34) > 1000 NA NA NA
35) > 1000 NA NA NA
36) 25+2 uM 240 nM 4200 nM 18
37 5£1uM 92 nM 8427 nM 92
38) 2+1uM 218 nM 8427 nM 39
39 173 uM 420 nM 4200 nM 7
(40) 2+1uM 320 nM 4200 nM 13
43) > 1000 NA NA NA
(46) 11+1uM 170 nM 8427 nM 49
(49) 47 +4 WM NA NA NA
(52) 94+ 9 uM NA NA NA
(55) > 1000 NA NA NA
(58) 12+1uM 450 nM 2700 nM 6
(61) 78 £ 7 uM NA NA NA
(64) 15+£2uM 1160 nM 2277 nM 2
(67) 14+1uM 250 nM 2700 nM 11
(70) 2+1uM 58 nM 5514 nM 95
(73) > 1000 NA NA NA
(74) > 1000 NA NA NA
(75) > 1000 NA NA NA
(78) 2+1uM 40 nM 8427 nM 210
(79) 2+1uM 35nM 8427 nM 240
(80) 9+2uM 420 nM 4600 nM 11
(83) 5£2uM 102 nM 8427 nM 83
(86) 1£1uM 28 nM 8427 nM 300
(89) > 250 620 nM 5514 nM 9

Table S$5.2: Mass spectrometry percentage (%) bound 1 yM compound to 14-3-3o0
14-3-30 (100 nM) in the presence of C-RAF259 peptide (18 uM) or A-RAF214 peptide (16 uM) or B-
RAF365 peptide (5 uM) after 1, 8, 16 and 24 hours. Peptide lengths are described in the tables below.

A-RAF214 (15mer) B-RAF365 (10mer) C-RAF259 (11mer)
Compound 1h 8h 16h 24h 1h 8h 16h 24h 1h 8h 16h 24h

No.

() 0 0 0 0 0 0 2.5 2.5 0 0 1.9 2.9
(22) 54.1 75 81.4 88.5 1 1.9 1.9 11.6 61 85.5 94.8 98.5
(23) 92 95.5 975 97.5 0 1.4 24 5.6 55.6 78.5 88.9 91
(29) 79 96.5 97 97 0 1.4 11.4 21.2 20.5 38.1 57.1 80.1
(32) 582  82.1 94.3 95.2 0 1 34 15.9 14.1 21.6 39.3 74.1
37 90.9 98 99 99 0 4.2 7 17.3 48.7 77.1 95.2 98
(70) 5.2 12.6 18.5 323 24 9.9 19.3 32.2 30 47.5 68 87.2
(78) 2.9 9 15.5 28 1 5.2 11.9 23 8.3 25.3 35.6 70
(79) 4.7 8.2 15.2 23.5 0 1.9 5.1 14.1 15 29.5 52.6 72
(80) 1.9 3.8 6.5 9 1 4.7 11.4 18.6 6 7 15.2 25.1
(83) 4.7 9.5 16.5 24.5 1.9 4.2 8.6 12.6 27 52.5 66.3 84
(86) 113 21.7 352 44.5 1 5.2 9.9 11.8 64.6 93.1 97.1 98.5
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A-RAF214 (15mer) B-RAF365 (15mer) C-RAF259 (15mer)
Compound 1h 8h 16h 24h 1h 8h 16h 24h 1h 8h 16h 24h

No.

() 0 0 0 0 0 0 0.9 3.8 0 0 0 0
22) 54.1 75 81.4 88.5 39 56 71 83 48 58.9 84.5 89.3
(23) 92 95.5 975 97.5 12.8 21.2 36.2 46.7 50 66 72 91
(29) 79 96.5 97 97 45.5 87.8 93.9 96.2 56.8 85.9 92.2 95.3
32) 582 821 94.3 95.2 4.7 23.1 36.4 51.6 59.7 86.7 89.9 94.4
37 90.9 98 99 99 32.1 69.5 81.7 92.7 64.3 91.3 92 94.4
(70) 5.2 12.6 18.5 323 1.4 2.9 34 4.3 2 3.8 5.6 5.6
(78) 2.9 9 15.5 28 1.9 9.8 16.8 21.8 2 4.7 14 15
(79) 4.7 8.2 15.2 23.5 34 8.3 15.2 19.2 7.4 9 16.8 24.5
(80) 1.9 3.8 6.5 9 0 1.9 2.9 4.3 1.9 1.9 3.8 5.6
(83) 4.7 9.5 16.5 24.5 1.4 2.9 2.9 6.5 2.9 4.7 8.3 9.09
(86) 113 21.7 352 44.5 2.9 34 5.2 7.3 7.4 16.7 18.5 23.1

Table S5.3: Protein titrations in the presence of 10 nM FAM-labeled peptides
A-RAF214, B-RAF365 or C-RAF259, 100 uM compound, 250 uM 14-3-3c starting concentration, 2-fold
dilution. Apparent Kd (appKd) values refer to overnight measurements.

A-RAF 214 B-RAF 365 C-RAF 259
(15mer) (10mer) (10mer)
No. App Kd fold App Kd fold App Kd App Kd fold
stab. stab. DMSO stab.
®) NA NA NA NA NA 6700 nM NA
22) 9 nM 328 180 nM 4 47 nM 8427 nM 179
23) 5nM 591 105 nM 6 30 nM 8427 nM 280
29) 30 ;M 99 140 nM 5 100 nM 8427 nM 84
32) 50 nsM 59 112 nM 6 140 nM 8427 nM 60
37 25 nM 118 52 nM 13 92 nM 8427 nM 92
(70) 110 nM 27 41 nM 15 58 nM 5514 nM 95
(78) 120 nM 25 41 nM 15 40 nM 8427 nM 210
(79) 115 nM 26 100 nM 6 35nM 8427 nM 240
(80) 1100 nM 3 110 nM 6 420 nM 4600 nM 11
(83) 265 nM 11 180 nM 4 102 nM 8427 nM 83
(86) 140 nM 21 155 nM 4 28 nM 8427 nM 300
DMSO | 2955nM | - 650 nM - - - -
A-RAF 214 B-RAF 365 C-RAF 259
(15mer) (15mer) (15mer)
No. App Kd fold App Kd fold App Kd App Kd fold
stab. stab. DMSO stab.
) NA NA NA NA NA 12000 nM NA
22) 9 nM 328 5nM 448 5nM 12000 nM 2400
23) 5nM 591 5nM 448 5nM 12000 nM 2400
29) 30 ;M 99 14 nM 160 154 nM 12000 nM 78
32) 50 nsM 59 245 nM 9 126 nM 12000 nM 95
37 25 M 118 25 nM 89 136 nM 12000 nM 38
(70) 110 nM 27 70 nM 32 100 nM 12000 nM 120
(78) 120 nM 25 55nM 40 110 nM 12000 nM 110
(79) 115 nM 26 60 nM 37 135 nM 12000 nM 90
(80) 1100 nM 3 220 nM 10 332 nM 12000 nM 36
(83) 265 nM 11 94 nM 24 145 nM 12000 nM 83
(86) 140 nM 21 95 nM 24 140 nM 12000 nM 85
DMSO | 2955 nM - 2240 nM - 12000 nM - -
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Table S5.4: Compound titration follow-up from the selectivity panel

100 nM FAM-labeled peptides: C-RAF259, SOS1, TAZ, KC1A, TSC2, 14-3-30 concentration at EC2o for
each protein-peptide complex, 250 uM compound starting concentration, 3-fold dilution. ECso values refer
to overnight measurements.

No. C-RAF259 | SOS1 TAZ KC1A TSC2
22) 5uM 35.7 M 6.2 uM 87.4 WM 20.3 uM
23) 5.1 uM 24.2 yM 11.7 yM 38.1 ;M 19.2 yM

Table S5.5: Protein titration follow-up from the selectivity panel
10 nM FAM-labeled peptides: C-RAF259, SOS1, TAZ, TSC2, 100 uM compound, 300 uM 14-3-30 starting
concentration, 2-fold dilution. Apparent Kd (appKd) values refer to overnight measurements.

C-RAF259 SOS1 TAZ TSC2
No. App Kd fold | AppKd | fold | App Kd | fold | App Kd fold
stab. stab. stab. stab.
22) 400 nM 28 54 uM 1.5 105 nM 11 600 nM 7
(23) 68 nM 162 21 uM 4 27 nM 41 100 nM 40
Dlgs 11 M o saam | - |l 1aaM | - | 4uMm -

Table S5.6: Cell data for 14-3-3/C-RAF
NanoBRET, co-IP, pS259 protection of phosphorylation in HEK293T and MIA PaCa-2 cells. NA = non-
applicable, NT = not tested.

C-RAF
14-3-3/C- 14-3-3/C- 14-3-3/C- C-RAF pS259 pS259
No. RAF RAF RAF co-IP protection protection
NanoBRET NanoBRET fold change fold change fold change
ECso (nM) fold stab. (HEK293T) (MIA PaCa-
2)
(22) 0.2 1.5 5.1 24 1.4
(23) 0.18 1.6 5.3 32 1.5
29) 0.14 1.3 NT 2.2 1.5
32) 0.1 1.4 NT 1.9 1.2
37 NA 1.3 NT 24 1.4
(70) 0.12 1.3 NT 2.1 1.1
(78) 1.2 1.4 1.6 2.3 0.9
(79) NA 1.5 NT 1.3 1.0
(83) 1.1 1.4 NT 1.3 0.9
(86) 0.3 1.2 NT 1.0 0.6

Table S5.7: Cell data for 14-3-3/A-RAF and 14-3-3/B-RAF

NanoBRET and pS214 protection of phosphorylation in HEK293T cells. NA = non-applicable, NT = not

tested.
14-3-3/A- 14-3-3/B- A-RAF
RAF RAF pS214
No. NanoBRET NanoBRET protection
fold stab. fold stab. fold change
(HEK293T)
(22) 1.6 1.4 1.2
23) 1.7 14 1.3
(29) 1.4 1.3 1.1
32 14 1.1 1.4
37 1.5 1.3 1.2
(70) 1.0 1.1 1.1
(78) 14 1.2 1.3
(79 1.5 1.2 1.3
(83) 14 1.2 1.0
(86) 0.3 1.2 1.0
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Abstract

Noonan Syndrome (NS) is a RASopathy, a developmental disorder that derives from the
dysregulation of the MAPK pathway. NS results from modestly activating mutations in various
proteins. To date, NS-specific therapeutic options are lacking. Trametinib, a MEK inhibitor has
shown promising results for certain NS-complications. CRAF activity represents a key NS
regulatory node that has not been exploited. CRAF exists in closed/inactive and
open/dimeric/active states, governed by the adaptor protein 14-3-3. The 14-3-3/CRAF pS259
complex adopts a closed, inactive conformation in which CRAF does not bind to RAS or to other
RAFs. Activating mutations upstream of CRAF reduce S259 phosphorylation and thereby
activate CRAF. NS mutations on CRAF occur at residues surrounding S259 (CRAFNS). Here,
we quantify how these mutations impair 14-3-3/CRAF, both through decreased phosphorylation
levels (64-97%) and decreased binding affinity to 14-3-3 (2- to over 12-fold compared to
CRAF"T). We also explore the potential of restoring homeostasis in NS by using molecular
glues (MGs) to enhance the 14-3-3/CRAF inhibitory complex. We report that mutant effector
proteins upstream of CRAF reduce pS259 levels and that MGs restore phosphorylation to a
wildtype level. The MGs also stabilize 14-3-3/CRAF"S interactions to varying degrees (2 to
>100x) and strengthen the levels of pS259 phosphorylation up to 4.6-fold, leading to decreased
activation of CRAF by NRAS and decreased formation of the active CRAF kinase dimers.
Ultimately, inhibition of the CRAF activation mechanism leads to decreased phosphorylation of
the downstream target ERK to similar extents as Trametinib in three different NS variants
(activation of the phosphatase SHOC2 and CRAF mutations S257L and V263A). These results
demonstrate the scope and limitations of stabilizing mutation-weakened complexes. They also

reveal a novel therapeutic strategy for NS and related RASopathies.
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Significance Statement

CRAF kinase, a key component of the MAPK signaling pathway, is ‘auto’inhibited by
phosphorylation (p) at S259, which induces binding to the adaptor protein 14-3-3 and formation
of an inactive complex. We recently discovered molecular glues that stabilize this 14-3-3/CRAF
pS259 complex, preventing CRAF activation. Here, we demonstrate that these molecular glues
also restore 14-3-3/CRAF complexes in the context of a RASopathy called Noonan Syndrome
(NS). NS mutations upstream of CRAF lower pS259 levels; NS mutations in CRAF itself reduce
the binding affinity and by inhibit phosphorylation to impair the interaction with 14-3-3. Molecular
glues rescued pS259 levels, increased 14-3-3/CRAF complexes, and inhibited pathway activity.

This approach provides a new therapeutic opportunity for restoring homeostasis in RASopathies
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Introduction

Protein-protein interactions (PPIs) are fundamental to nearly every biological process,
governing the spatial and temporal regulation of cellular signaling, metabolism, and structural
organization." By enabling transient or stable associations between proteins, PPIs act as
molecular switches or scaffolds to modulate the activation or inhibition of signaling pathways.
Disruption or dysregulation of these interactions is a common feature in a wide range of
diseases, including cancer, neurodegeneration, infectious diseases, and developmental
disorders.? Importantly, PPIs also represent a growing frontier in drug discovery, offering
opportunities to modulate protein function by inhibiting or stabilizing PPIs.>™

One of the most tightly regulated signaling networks reliant on PPls is the mitogen-
activated protein kinase (MAPK) pathway, which plays a central role in cell proliferation,
differentiation, and survival. Within this cascade, dynamic PPIs orchestrate the assembly and
activation of kinase complexes in response to extracellular cues.®® A critical player in this
process is the hub protein 14-3-3, a phospho-binding scaffold protein that regulates the function

10—

and subcellular localization of hundreds of client proteins.'®'2 The seven mammalian 14-3-3

isoforms are 69-88% conserved, allowing the isoforms to overlap in their functions.™ "¢ In
particular, 14-3-3 binds to RAF kinases through phosphoserine motifs to maintain an
autoinhibited conformation or promote active dimerization, depending on the cellular context.'®
1217 In CRAF, 14-3-3 engages two phosphorylated serine residues, pS259 and pS621, to
modulate its activation state.'®?? When 14-3-3 is bound to pS259, CRAF is contained in its
“auto’inhibited state which secludes the RAS binding domain (RBD) in CRAF and prevents
activation by RAS.2°2"2 This inhibitory interaction between 14-3-3 and CRAF also sterically
blocks CRAF dimerization, the active kinase form?® In the activation mechanism of CRAF, the
holophosphatase SHOC2 complex dephosphorylates CRAF pS259 to reduce binding to 14-3-

3.24%5 Hyperphosphorylation of CRAF can prevent its activation by upstream growth factors or

activated RAS and is an important component in the negative feedback of ERK signaling.?®
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Germline mutations that affect components of the MAPK pathway underlie a group of
developmental syndromes collectively known as RASopathies.?”?® These disorders include
Noonan syndrome (NS), Costello syndrome, cardiofaciocutaneous (CFC) syndrome, and
neurofibromatosis type 1 (NF1), among others that cause hypo- or hyper-activation of the MAPK
pathway. Although each condition has distinct features, they often share overlapping
characteristics such as craniofacial abnormalities, cardiac defects, growth delays, skin

18,28

abnormalities, and an increased risk of certain cancers.'®?-3° While RASopathies arise from
subtle dysregulation of MAPK signaling -- often resulting in a 2- to 10-fold increase in pathway
activity, compared to up to 600-fold in cancer -- their developmental impact is profound due to
the sensitivity of embryonic tissues to MAPK signaling.®' Studying RASopathies provides
valuable insights into the physiological thresholds of MAPK activity, deepening our
understanding of how pathway dynamics influence development and disease.

Noonan syndrome is the most prevalent RASopathy, occurring in approximately 1 in
2,000 live births.'®3%*2 This heterozygous, autosomal dominant disorder arises from mutations in
genes encoding proteins that regulate MAPK signaling. The most frequently mutated genes
include PTPN11 (encoding Shp2, ~50% of cases), SOS1 (~15%), and CRAF (~8%; Fig 6.1).%
Mutations in CRAF (also known as RAF1) is the third most mutated protein in NS with mutations
clustering around the pS259 site that impair the binding to 14-3-3.%"3* These mutations,
collectively referred to as CRAFN® here, weaken the autoinhibitory interaction between CRAF
and 14-3-3 by reducing phosphorylation at pS259 and altering the local binding motif, leading to
an increase in CRAF kinase activity. Clinically, these mutations are frequently associated with
hypertrophic cardiomyopathy (HCM), a serious cardiac manifestation that contributes
significantly to morbidity and mortality in NS patients carrying CRAFN® mutations.'®*
Despite the promiscuity of 14-3-3, recent work demonstrates the feasibility of

developing molecular glues (MGs) that selectively stabilize specific 14-3-3/client

interactions.***3° These MGs bind cooperatively at the composite interface formed by 14-3-3
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and its target protein, thereby enhancing the binding affinity and stabilizing the PPI.3*** The
discovery of MGs that preferentially stabilize the 14-3-306/CRAF" interaction offers a promising
therapeutic avenue, particularly in the context of RASopathies like NS, where loss of this
interaction leads to pathogenic MAPK hyperactivation. Here, we demonstrate that, indeed, MGs
developed for 14-3-30/CRAF" lead to inhibition of the NS pathway activated either by
upstream mutations or by mutations in the 14-3-306/CRAFN® complex itself. Unlike traditional
kinase inhibitors, MGs offer a nuanced strategy to fine-tune signaling by restoring regulatory

%638 As such, molecular glue stabilization of the 14-3-3/CRAF interaction

protein complexes.
represents a compelling approach to rebalance MAPK signaling in NS and related
RASopathies, potentially restoring developmental homeostasis without broadly suppressing

MAPK activity.

Results
Molecular glue enhances CRAF"™ phosphorylation in NS mutant backgrounds

First, we evaluated mutations that occur upstream of CRAF to assess the effects of
stabilizing the 14-3-30/CRAF"T regulatory interaction as a mode of modulating the MAPK
pathway in a NS context. Transfected HEK293T cells containing known NS mutations in Shp2
or SOS1 were treated with the previously validated 14-3-30/CRAF"T MG, compound 23 (Fig
S6.1). The 14-3-30/CRAF"T MGs target a native cysteine only present in the o isoform of 14-3-
3. We evaluated the most common mutations (Shp2: N308S, N308D, Q510P; SOS1: R552G,
R522S), which together account for NS variants in approximately 65% of patients. NS mutations
in Shp2 cluster in domains that are involved in the regulation of phosphatase activity.>” These
mutations stabilize Shp2 in its active conformation to constitutively activate MAPK signaling.®
SOS1 regulates RAS activation, and NS mutations destabilize its inhibitory conformation to

cause hyperactivation of RAS.%:3°
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We monitored CRAF pS259 as evidence of 14-3-3s/CRAF"T complex stabilization and
pathway modulation?* (Fig 6.2A, B; Fig S6.2). By western blot, minimal effects from the NS
mutations were observed in the basal state of CRAF pS259; for instance, SOS1R%%2¢ decreased
the basal level of phosphorylation of CRAF pS259 by 14% compared to the control without
SOS1 transfection. Upon treatment with compound 23, the intensity of the pS259 increased at
least 1.5-fold across all SOS1 and SHP2 mutations compared to the basal level (“no mutant”;
Table 6.1). For SOS17%%2¢ compound 23 increased CRAF pS259 by 2.0-fold compared to
DMSO control (1.8-fold compared to the no-mutant control).

Shp2 and SOS1 indirectly activate CRAF, so we next analyzed a mutation in SHOC2
(SHOC2%2°) that is directly responsible for dephosphorylating CRAF pS259. SHOC?2 is the
regulatory subunit of the phosphatase complex, and the S2G mutation leads to increased
phosphatase activity.*>*? Transfection of SHOC25%® decreased the CRAF pS259 level by 37%
(Fig 6.2C, D). Treatment with compound 23 restored the CRAF pS259 to the WT
phosphorylation level (1.9-fold increase). In summary, these sets of NS mutations in SHOC2,
Shp2, and SOS1 had minimal-to-measurable effects on phosphorylation of CRAF pS259. In all
cases, compound 23 enhanced CRAF pS259, likely through stabilization of 14-3-36/CRAF-

pS259 complex.

CRAF NS mutations directly impair the regulatory 14-3-3/CRAF interaction

Mutations in CRAF account of a third most common cause of NS with mutations tending
to occur around the regulatory pS259 site to impair the inhibitory interaction with 14-3-3. As
such, we evaluated known CRAFN® mutations that lie N- and C-terminal to the pS259 (R256S,
S257L, P261A, and V263A). Of the CRAFN® mutants, the S257L mutation is the most common
CRAF mutation in NS."®3%45 The 14-3-3/CRAF"® regulatory interaction is weakened through a
loss of binding and loss of phosphorylation at pS259.%" This was confirmed via fluorescence

anisotropy (FA) binding analysis and immunoblotting for pS259 (Fig 6.3).
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In the FA binding assay, 14-3-30 was titrated with FAM-labeled phosphorylated CRAF
peptides that mimic the 14-3-3 binding region to ensure the effects on the binding affinity where
solely due to the mutations and not the phosphorylation status of pS259. The CRAFN® mutants
weakened the binding affinity with increased Ky values from 3.2-fold to >100-fold compared to
CRAF"T (Fig 6.3A). The mutations more proximal to the pS259, S257L and P261A, exhibited
greater increases in the Ky values (67-fold and >100-fold, respectively). Whereas the mutations
further away from the pS259, R256S and V263A, increased the Ky value 7.6-fold and 3.2-fold,
respectively. To assess the basal phosphorylation status, the CRAFN® mutants were transfected
in HEK293T cells that have an endogenous inactive MAPK pathway. These mutations
decreased the amount of pS259 compared to CRAF"T, but phosphorylation was still present
unlike the CRAF®2°%* mutant (Fig 6.3B, C). The loss in phosphorylation at pS259 caused the

CRAF kinase to become hyperactivated compared to CRAFVT

, shown through a drastic
increase in phosphorylation of the downstream target pERK (Fig 6.3B, D). These CRAF"®
mutants resulted in a loss of binding and phosphorylation to weaken the inhibitory interaction

with 14-3-3 to cause MAPK hyperactivation.

Biochemical 14-3-30/CRAF"S stabilization and structural insights

Because the CRAFN® mutations impaired the binding affinity with 14-3-30, we aimed to
restore the interaction to that of the 14-3-30/CRAF"T utilizing the previously optimized MGs. To
understand the effects on the binding affinity, FA experiments were conducted as
aforementioned with the addition of DMSO or MG (100 uM) to obtain the apparent Ky (appKa)
and fold-stabilization (AappKg) values. Chemically similar compounds 22 and 23 were the most
efficacious of the MGs when tested against 14-3-30/CRAF"T; whereas compound 78 was more

CRAF-selective over other 14-3-3 clients, but less potent compared to 22 and 23 (Fig S6.1).
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The MGs (22, 23, and 78) restored the appKg values of all of the CRAFN® mutants back to the
binding affinity of CRAF"T except for P261A that was only minimally affected (Fig 6.4A-D, Fig
S6.3). Overall, compounds 22 and 23 stabilized the 14-3-30/CRAFN® protein-peptide complexes
more than compound 78 (Fig 6.4A-D, Table 6.3). For example, the fold-stabilizations for
compounds 22 and 23 for S257L were 236x and 425x, respectively, compared to 44x for
compound 78. For the V263A mutant, all the MGs tested stabilized the 14-3-306/CRAFY26%A
interaction greater than 1,000x (UM to nM). The Val to Ala mutation was a minimal change
compared to the other mutations (R->S, S -> L, and P -> A), although the mutation occurred in
the region of the peptide crucial for forming interactions with the MGs. To further understand the
binding of the MGs to the 14-3-30/CRAF™S interface, we turned to x-ray crystallography.

Crystal structures of the ternary complexes (14-3-306/CRAFN$/MG) were solved to
elucidate any differences across the CRAFN® mutations compared to CRAF"". From the crystal
structures with compound 23, differences arose in the backbone of the CRAF peptides in the C-
terminus, closest to the MG binding pocket (Fig 6.4E-H). Both of the N-terminal mutants, R256S
and S257L, showed differences in the peptide overlay close to the mutations, but the C-termini
of the peptides confirmed the same conformation as the WT peptide (maximum 1.0 A shift at the
+4 Val). On the N-terminus of the peptides at the a carbon of the mutations, R256S shifted 1.8 A
and S257L shifted 5.2 A from the corresponding a carbons in the WT peptide. The V263A
mutant differed the greatest from the CRAF" peptide C-terminus with the C-terminus shifted
towards compound 23. This shift started after the +2 Pro where the main chain a carbon on the
+3 Asn differed by 2.0 A that caused the main chain a carbon the +4 residue to move 2.9 A from
the WT structure and the B carbon of the +4 Ala (V263A mutated residue) to be 4.2 A away from
the comparable the y carbon of the +4 Val (WT; Fig 6.4H). The other MGs (22 and 78) exhibited
minimal to no change in the C-terminus, similar to the 23 with R256S and S257L mutant

peptides although the MG conformations shifted slightly (Fig S6.4).
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14-3-30/CRAF"S stabilization in cells

The efficacies of the MGs against full-length CRAFN® mutants interacting with 14-3-3c
were confirmed using a proximity-based bioluminescence resonance energy transfer
(NanoBRET) assay to probe the 14-3-30/CRAF PPI in cells. In the assay set up, 14-3-30 was
fused to the energy acceptor, HaloTag, and the energy donor, Nanoluciferase (Nluc), was
conjugated to the CRAFNS mutant proteins. This format allowed for direct comparison of the 14-
3-3/CRAF interaction between the biochemical CRAFN® peptide model results and full-length
proteins containing the mutations and reduced phosphorylation at pS259 reflecting cellular
levels. The NanoBRET assay recapitulated the weakened binding of 14-3-3c and CRAFNS
mutants via a decrease in BRET signal, exhibiting similar trends of impairment between the
mutants (Fig S6.5). This supports that the weakened PPI is caused by both altering the binding
motif with mutations (FA binding experiments) as well as loss of phosphorylation needed to
recognize 14-3-3 (pS259). Utilizing the NanoBRET assay, we set out to measure the restoration
of the mutant PPIs to the WT interaction in cells.

All three MGs were evaluated against the four CRAFN® mutants and were expected to
increase the BRET signal, suggesting increased PPI formation. As anticipated, 22 and 23
significantly increased the BRET signal of all four CRAFN® mutants at 20 uM (Fig 6.5A, B).
However, 22 did not restore the S257L or P261A mutant PPls, the most impaired PPIs of those
tested, to the WT interaction (Fig 6.5B). Compound 23 did restore the S257L mutant PPI to the
WT level (Fig 6.5B). The CRAF-selective compound 78 exhibited the least stabilization (fold-
increase in BRET) for CRAF"™ and CRAFN® mutants; although 78 was able to significantly
increase S257L and V263A, only the V263A PPl was restored (Fig 6.5C). Compound 23
outperformed compounds 22 and 78 by restoring three of the four 14-3-30/CRAFNS mutant
interactions to the basal inhibitory 14-3-30/CRAF"T interaction level. The ECso values for
compound 23 ranged from 3.7 to 7.7 uM across the four CRAFNS mutants with maximum fold-

increases of 1.2- to 1.7-fold (Table 6.3, Fig S6.5). The compounds were less potent against the
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14-3-30/CRAFMS interaction compared to 14-3-30/CRAF"T but were similarly or more
efficacious than CRAF"" as seen through the increase in the BRET signal for each PPI
(CRAF"T: ECs0 = 0.2 — 1.8 uM, 1.1 — 1.4-fold increase).

After the stabilization of full-length 14-3-30/CRAFN® mutant PPIs was assessed, the
protection of pS259 was analyzed upon MG treatment because the regulatory interaction
between 14-3-3 and CRAF requires pS259 (Fig 6.5D-F, Fig S6.6). Again, the basal
phosphorylation of pS259 was reduced in the CRAFN® mutants compared to CRAFYT, with
S257L and P261A exhibiting the greatest reduction in pS259. Treatment with compounds 22,
23, and 78 increased the intensity of phosphorylation of pS259 in the CRAFN® mutants and
CRAF"T. CRAF"T was already highly phosphorylated at pS259 due to the endogenous inactive
MAPK pathway in HEK293T cells, resulting in a larger population of CRAF"T in the inhibited
state bound to 14-3-3 (pS259). The CRAF™® mutants decreased the inhibited CRAF population
and allowed for greater pS259 enhancement/protection. Phosphorylation of pS259 with S257L
increased the most of the CRAFN® mutants with all the MGs tested (23: 2.1-fold, 22: 2.2-fold,
and 78: 1.9-fold). Whereas pS259 only increased up to 1.6-fold with R256S, the overall CRAFN®
mutant whose pS259 state was least impacted by MG treatment. The western blot analysis
confirmed that stabilization of the 14-3-30/CRAFNS interaction enhanced the phosphorylation

state of pS259 to restore the regulatory PPI.

Inhibition of the CRAF kinase activation mechanism

In its activation mechanism, CRAF is first recruited to plasma membrane by RAS for
activation, followed by dimerization of CRAF to form the active kinase®>?'® (Fig 6.6A). To
understand the effects of 14-3-30/CRAFN® stabilization on CRAF’s activation mechanism, we
used NanoBRET assays to evaluate these additional CRAF PPIs with compound 23 as it
performed overall best in the previous assays. First, we analyzed the transition state through the

interaction between CRAF™® (Nluc) and the activator NRAS (HaloTag). Each CRAFN® mutant
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showed increased NRAS/CRAF™® interaction compared to CRAF"T, suggesting an increase in
the kinase activation state caused by the NS mutations (Fig 6.6B). However, only S257L and
V263A showed significant inhibition of the NRAS/CRAF™S interaction with MG treatment (Fig
S6.7). The S257L mutant significantly decreased the NRAS/CRAFS%"- inhibition with compound
23 with an ICso value of 0.12 uM (p-value < 0.01, Fig 6.6C). Compared to a mutation in CRAF
that prevents the interaction with NRAS (R89L), there was only partial inhibition, 57%, to
recover the inactive WT state (Fig 6.6C, D). Compound 23 reduced the transition state of NRAS
recruiting and activating CRAF™® through stabilization of the 14-3-30/CRAFN® complex.

Next, we characterized the active CRAF dimer state by probing the CRAF"T/CRAFN®
dimerization since NS is heterozygous disorder and cells carry both WT and mutant CRAF.*® In
this NanoBRET assay, HaloTag was conjugated to CRAF"T and Nluc to CRAFN® to monitor the
dimerization. Across all of the CRAFN® mutants, there was an increase in the dimerization
compared to inactive CRAF"T that recapitulated the binding, phosphorylation, and
NRAS/CRAFN® results in the basal state (Fig 6.6E). Treatment of compound 23 with all four of
the CRAFN® mutants resulted in signification decreases in the CRAFVT/CRAF™S interaction (Fig
S6.7). However, only partial recovery back to the WT inactive level. The most common mutation,
S257L, had a 40% reduction in CRAF dimerization compared to WT (ICso value 0.11 uM; Fig
6.6F, G). This supports that stabilization of regulatory 14-3-30/CRAFN® complex with compound
23 prevented the critical steps in the activation mechanism to form the active CRAF kinase
dimer.

Finally, we assessed the kinase activity of CRAF by measuring the phosphorylation of
the downstream target pERK using a Lumit Immunoassay with a split luciferase target
conjugated to secondary antibodies to monitor total and phosphorylated protein.*” This assay
format allowed for multiple doses and replicates to be tested with ease compared to a traditional
immunoblot methods and reduced the time compared to other immunoassays. In the Lumit

assay, the mutations that showed the greatest efficacy with compound 23 were assessed; the
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upstream mutation SHOCS?®, CRAFS%" and CRAF"#%*A (Fig 6.6H). Samples were treated with
DMSO, compound 23 (10 uM), or the MEK inhibitor Trametinib as a control. Trametinib is a
current MEK inhibitor treatment for NS patients however shows significant toxicity in the
clinic.3>*® Trametinib (100 nM) decreased the phosphorylation of pERK for all three mutants.
Compound 23 decreased pERK by 70% in the SHOC25%¢ background, more than Trametinib
(50%), with overnight treatment (p-values < 0.001). For the CRAFN® mutants tested, 23 inhibited
phosphorylation of pPERK compared to DMSO to a similar extent as Trametinib for CRAF'2¢3* (p-
value < 0.05) but did not significantly decrease pERK in the CRAFS%"" background (p-value =
0.075). Across the assays measuring the activation of CRAF kinase, compound 23 decreased
the activation of the CRAF kinase through inhibition of NRAS recruitment and CRAF

dimerization to prevent the kinase cascade to phosphorylate pERK.

Discussion

This work showcases the use of molecular glues to rescue weakened PPlIs in
dysregulated stated as a method to restore homeostasis. This was done through the study of
the RASopathy Noonan Syndrome and targeting the regulatory 14-3-30/CRAF interaction in the
MAPK pathway. The disorder arises through a variety of mutations that can occur in upstream
activators of CRAF or directly in CRAF to cause an impaired 14-3-3/CRAF PPI. Through
stabilization of this PPI with MGs, we showed restored binding of the 14-3-30/CRAFN® complex
biochemically and in cells, phosphorylation protection of the necessary phospho-residue
required for the interaction, and downstream effects of inhibiting the kinase activity of CRAF
through this novel method of targeting a regulatory PPI.

In the inhibition of the CRAF activation mechanism and downstream effects, only partial
inhibition was achieved. Various reasons could be at play here such as other RAS isoforms able
to activate CRAF, RAF heterodimers forming, and exclusively targeting the 14-3-30 isoform with

cysteine reactive MGs. The seven isoforms of 14-3-3 share clients and thus our MGs are only
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targeting a proportion of the 14-3-3/CRAF population. Because NS is a heterozygous disorder,
only the CRAFVT/CRAFN® dimers were analyzed to more closely reflect the disease state. The
study of other RAS/CRAF interactions and CRAF heterodimers is an avenue to explore for
future study with pan 14-3-3 MGs. More advanced models (iPSCs, animal models, etc) would
also provide additional evidence to tease apart the required amount of stabilization needed to
overcome the pathology of Noonan syndrome. Mutant selective molecular glues are another
alternative route for future exploration in recovering weakened PPlIs in disease. Taken together,
the study presented here provides a foundation for restoring homeostasis in dysregulated

disease states using native PPI stabilization.

Materials and Methods
Molecular Cloning and Mutagenesis

CRAFNS mutant plasmids were generated from CRAF"T

plasmid containing either a N-terminal
FLAG or NanoLuc tag using Q5 site-directed mutagenesis (NEB KLD enzyme kit M0554) and

expressed in NEB 5a competent E. coli (NEB C2987).

Protein Expression and Purification

14-3-30 was expressed and purified as previously described (full-length for mass spectrometry
and fluorescence anisotropy assays, AC for crystallography).***3° The 14-3-30 with an N-
terminal His6 tag were expressed in Rosetta™ 2(DE3) pLysS competent E. coli (Novagen) from
a pPROEX HTb expression vector and transformed following the manufacturer’s protocol.
Single colonies were used to inoculate 25 mL LB starter cultures for overnight incubation (37°C,
250 rpm). Starter cultures were then added to 1.5 L TB medium. Expression was induced at

ODsgoo ~2 with 750 uM IPTG and cultures expressed overnight at 30°C, 250 rpm. Cells were
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harvested at 6,500 rpm and resuspended in lysis buffer (50 mM HEPE pH 7.5, 500 mM NacCl,
20 mM imidazole, 10% glycerol, 1 mM TCEP) before sonication. Protein was purified using Ni-
affinity chromatography (Ni-NTA Agarose, Invitrogen; Wash buffer: 50 mM HEPES pH 7.5, 500
mM NaCl, 20 mM imidazole, 1 mM TCEP; Elution buffer: 50 mM HEPES pH 7.5, 500 mM NaCl,
500 mM imidazole, 1 mM TCEP). Purified proteins were analyzed by SDS-PAGE and Q-Tof
LC/MS. Following a buffer exchange (25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP),

protein was concentrated to 500 uM and flash-frozen for storage at 80°C.

14-3-30AC was truncated after T231 to enhance crystallization and after the first Ni-affinity
chromatography column, the construct was treated with TEV protease to cleave off the His6 tag
during dialysis (25 mM HEPES, pH 7.5, 200 mM NaCl, 5% glycerol, 10 mM MgCl,, 250 yM
TCEP) overnight at 4 °C. The flow-through of a second Ni-affinity column was subjected to a
final purification step by size exclusion chromatography (Superdex 75 pg 16/60 size exclusion
column (GE Life Science) (SEC buffer: 25 mM HEPES pH 7.5, 100 mM NacCl, 10 mM MgCly,
250 yM TCEP). The protein was concentrated to ~60 mg/mL, analyzed for purity by SDS-PAGE

and Q-Tof LC/MS and aliquots flash-frozen for storage at -80 °C.

Peptides
Fluorescein-labeled (5-FAM) peptides used in fluorescence anisotropy assays were purchased
from Elim Biopharmaceuticals, Inc. (Hayward, CA). Peptides for X-ray crystallography were

purchased from GenScript Biotech Corp.

Peptides for fluorescence anisotropy:
CRAF"T pS259 (15-mer): 5-FAM-SQRQRST{pS}TPNVHMV-NH;
CRAFR?%%5 3259 (15-mer): 5-FAM-SQRQSST(pS)TPNVHMV-NH:

CRAFS?t pS259 (15-mer): 5-FAM-SQRQRLT(pS)TPNVHMV-NH;
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CRAFFP?1A n3259 (15-mer): 5-FAM-SQRQRST(pS)TANVHMV-NH,
CRAFY2%% 13259 (15-mer): 5-FAM-SQRQRST(pS)TPNAHMV-NH;
Peptides for crystallography:

CRAFR?%6S n3259 (11-mer): Ac-QSST(pS)TPNVHM-NH,
CRAFS%™ p3259 (11-mer): Ac-QRLT (pS)TPNVHM-NH,

CRAFV#3A hS259 (11-mer): Ac-QRST(pS)TPNAHM-NH;

Fluorescence Anisotropy Protein Titrations

FA experiments were conducted as previously described.** Briefly, 14-3-3 protein was serially
diluted (2-fold) in buffer (10 mM HEPES pH 7.5, 150 mM NacCl, 0.1% Tween20) at a staring
concentration of 250 uM in black, flat-bottom 384-well assay plates (Corning 3575). 5-FAM
labeled peptides were added to a final concentration of 100 nM (final sample volume of 25 pL).
Assay plates were incubated at room temperature with gentle rocking. The fluorescence
anisotropy was measured after 30 minutes to determine the binding affinity (Kq) for each
peptide/14-3-3 complex using a Molecular Devices iD5 SpectraMax plate reader (filter set Aex:
485 + 20 nM; Aem: 535 + 25 nM). Kq values were obtained using a four-parameter logistic model

(4PL) in GraphPad Prism. Assays were performed in triplicate.

For experiments with compound, the previous protocol was followed with these modifications:
buffer (10 mM HEPES pH 7.5, 150 mM NacCl, 0.1% Tween20, 0.1% BSA, final sample volume
10 uL (black, flat-bottom 384-well assay plate, Geriner Bio-One #784900), and 100 uM

compound (or same % v/v DMSO). Fluorescence was measured at 1 hr and 24 hr.
X-ray Crystallography
Crystallography was performed as previously described.***® The 14-3-30AC protein, Ac-CRAF,

and compounds (50 mM stock in DMSO) were dissolved in complexation buffer (25 mM HEPES
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pH=7.5, 2 mM MgCl; and 100 uM TCEP) and mixed in a 1:2:3 or 1:3:5 molecular stoichiometry
(protein:peptide:compound) with a final protein concentration of 11 or 12 mg/mL. The complex
was set-up for sitting-drop crystallization after overnight incubation at 4 °C, in a custom
crystallization liquor (0.05 M HEPES (pH 7.1, 7.3, 7.5, 7.7), 0.19 M CaCl, 24-29% PEG400, and
5% (v/v) glycerol). Crystals grew within 10-14 days at 4 °C. Crystals were fished and flash-
cooled in liquid nitrogen. X-ray diffraction (XRD) data were collected at the European
Synchrotron Radiation Facility (ESRF Grenoble, France, beamline 1D23-1, ID30A-3/MASSIF-3,
or ID23-2). Initial data processing was performed at ESRF using autoPROC after which pre-
processed data was taken towards further scaling steps, molecular replacement, and

refinement.

Data was processed using CCP4i2 suite (version 7.1.010). After indexing and integrating the
data, scaling was done using AIMLESS. The data was phased with MolRep, using PDB 3IQU as
template. The presence of co-crystallized ligands was verified by visual inspection of the Fo-Fc
and 2Fo-Fc electron density maps in COOT (version 0.9.3). If electron density corresponding to
the co-crystallized ligand was present, its structure and restraints were generated using
AceDRG. After building in the ligand, model rebuilding and refinement was performed using
REFMACS. The PDB REDO server (pdb-redo.edu) was used to complete the model building
and refinement. The images were created using the PyMOL Molecular Graphics System

(Schrodinger LLC, version 2.4.1). See Sl table 1 for data collection and refinement statistics.

Cell culture
HEK293T were purchased from ATCC (CRL-3216) and maintained as recommended in DMEM,
high glucose (Gibco) supplemented with 10% Fetal Bovine Serum (FBS), 1%

penicillin/streptomycin, and 1% non-essential amino acids.
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Western Blot

HEK293T cells were seeded in 6-well plates (Corning 3516) and transiently transfected 1:1 of
HA-14-3-30:FLAG-CRAF"S. After at least 24-hours, media was replaced with DMEM (4% FBS)
and treated with compound at 10 yM (or same % v/v DMSO) for 24 hours. Cells were lysed with
Triton X-100 buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM MgClz, 1% Triston X-100,
phosphatase inhibitor, protease inhibitor). Cell lysate was clarified at 15,000 rpm for 10 minutes.
Anti-phospho-CRAF pS259 (Invitrogen 44-502), anti-C-RAF (BD Biosciences 610152), anti-
phospho-ERK (Cell Signaling Technology 4376), anti-ERK (Santa Cruz Biotechnology 514302),
and anti-Vinculin (Cell Signaling Technology 13901S antibodies were used for protein detection.
Antibodies were used at a 1:1,000 dilution except anti-Vinculin (1:2,000) and anti-ERK (1:500).
Western blots were imaged on a LI-COR imaging system and analyzed using Image Studio

(version 5.2.5).

NanoBRET Assays

NanoBRET assays were performed as previously described.*® All NanoBRET assays were
performed in HEK293T cells. Compounds were tested in a 2-fold dilution series starting at 20
uM. CRAFNS-NanoLuc (C-terminal tag)/14-3-3-HaloTag (C-terminal tag) plasmids were
transfected at a 1:10 ratio. NRAS/CRAF NanoBRET was performed at a 1:1:1 ratio of CRAFNS-
NanoLuc (C-terminal tag), HaloTag-NRAS (N-terminal tag), and HA-14-3-30. CRAFNS/CRAF
NanoBRET used CRAFNS-NanoLuc/HaloTag-CRAF"T with HA-14-3-30 at a 1:1:1 ratio.

Data was analyzed as previously described.*® Briefly, miliBRET units (mBU) were calculated as
a ratio of acceptor/donor and mean mBU values were corrected by subtracting the mean mBU
of controls with no HaloTag ligand. Fold change was calculated by dividing mBUcompound by
MBUbwmso contro. FOr NRAS/CRAF NanoBRET, 100% was considered the DMSO mBU and 0%

the mBU value of NRAS/CRAFR®!_ Statistical significance determined via unpaired t-test.
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Lumit Immunoassay

Lumit immunoassays were performed as according to the manufacturer (Promega W1331).
Briefly, HEK293T cells were transfected in a 1:1 ratio of HA-14-3-30:FLAG-CRAF"® in 10% FBS
DMEM (Gibco). 24 hours after transfection, cells were re-seeded in 384-well plates (10,000 cells
per well. Cells were treated with compound in a 2-fold dilution series, starting at 10 uM, or
LY3009120 (100 nM; Selleck Chemicals S7842) or Trametinib (100 nM; Selleck chemicals
S2673) for 24 hours before performing the lumit protocol. After compound treatment, media was
replaced with 10 pL media supplemented with fluorogenic live cell GF-AFC substrate (50 uM)
for normalization purposes. Cells were incubated for 30 minutes before proceeding. The
protocol was optimized for the antibodies used: digitonin (0.1%) lysis buffer, 100 ng/uL pERK
antibody (Cell Signaling Technology 4376), 100 ng/uL ERK antibody (Santa Cruz Biotechnology
514302), and 0.1 uL/well of secondary antibodies (SmBiT mouse, LgBiT rabbit). The ratio of cell
lysate:antibody:substrate was 2:2:1. Cells were lysed for 40 minutes at 800 rpm before
incubation with the antibody mix for 90 minutes (2 minutes at 400 rpm prior to incubation). After
antibody incubation, substrate was added, incubated for 2 minutes at 400 rpom. Luminescence
was then read on an EnVision Xcite 2105 plate reader. Luminescence was normalized against
the total fluorescence from the GF-AFC (Luminescence/Total fluorescence). Values were then
normalized to DMSO treated cells (experimental/DMSQO). Data was analyzed using GraphPad
Prism. Data was collected in 3 biological replicates and averaged. Statistical significance

determined via unpaired t-test.
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Figure 6.1: Noonan Syndrome mutations dysregulate the MAPK pathway
A) MAPK pathway. Highlighted proteins in dark blue have known NS mutations. B) Distribution of proteins
mutated in NS.
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Figure 6.2: CRAF pS259 phosphorylation protection in upstream NS mutant backgrounds

A) Western blot of SOS1 and Shp2 mutations with and without overnight treatment with compound 23 in
HEK293T cells. B) Quantification of pS259/CRAF intensity. Normalized to “no mutant” background (with
14-3-30 and CRAF transfection, but no SOS1 or SHP2 transfection). C) Western blot of SHOC2 mutant
background with and without overnight treatment with compound 23 in HEK293T cells. D) Quantification
of pS259/CRAF intensity. Normalized to “no mutant” background.
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Figure 6.3: CRAF mutational effects on binding affinity and phosphorylation

A) FA protein titration of 14-3-3c protein with CRAF phospho-peptides (average + SD, n=3). Mutations in
the binding motif weakened the binding affinity to 14-3-30. B) Western blot comparing CRAFN® mutations
to WT, S259A, and S259D for pS259 and pERK. C) Quantification of pS259/CRAF intensity. Normalized

to WT intensity. D) Quantification of pERK/ERK intensity.
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Figure 6.4: Biochemical stabilization of 14-3-36/CRAFM® protein-peptide complexes

A-D) FA protein titrations of 14-3-30 and CRAFNS peptides with compound (100 uM) or DMSO (average +
SD, n = 3). Fold-stabilizations derived from the appKad values. E-H) Crystal structures of ternary
complexes 14-3-30/CRAF/compound 23. 14-3-30 represented as grey surface. E) Overlay of CRAFNS
mutant peptides with CRAFVT. 23 shown in blue. F) R256S (orange) overlay with WT (green). G) S257L
(salmon) overlay with WT (green). H) V263A (purple) overlay with WT (green).
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Figure 6.5: 14-3-30/CRAF stabilization in cells
A-C) 14-3-30/CRAF NanoBRET. Comparison of DMSO treated samples (basal level) to the maximum
fold-increase in BRET signal with each compound (average + SD, n = 3; t-est, p-value: * < 0.05, ** < 0.01,
*** <0.001. D) Western blot of compound effects on pS259. E-F) Quantification of pS259/CRAF intensity
and fold-increase upon compound treatment compared to DMSO. Normalized to corresponding CRAF

DMSO samples.
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Figure 6.6: Inhibition of CRAF kinase activation through 14-3-30/CRAFNS stabilization

A) Schematic of 14-3-3/CRAF mechanism from the inhibited stated bound to 14-3-3 at pS259 to the
transition state of CRAF activation by RAS and the final active CRAF kinase dimer. B) NRAS/CRAF
NanoBRET comparison of basal interaction of the transition activation state (average + SD, n = 3).
C)NRAS/CRAF®25’- NanoBRET dose-response of 23, normalized to DMSO and a CRAFR®L mutant that
does not bind NRAS (average + SD, n = 3). D) Bar graph of NRAS/CRAFS?5’- BRET signal comparing
non-activated CRAF"T (green) to the hyperactive CRAFS?"! (basal level, dark salmon) and maximum
decrease with compound 23 (light salmon), p-value < 0.01 (t-test, average + SD). E) CRAF/CRAF
NanoBRET comparison of basal interaction of the active kinase dimer (average + SD, n = 3). F)
CRAFWYT/CRAFS?7L NanoBRET dose-response of 23, normalized to DMSO and the inactive CRAFWT
state (average + SD, n = 3). G) Bar graph of CRAFWT/CRAFS257- BRET signal comparing the inactive
CRAF"T state (green) to the hyperactive CRAFS?%- (basal level, dark salmon) and maximum decrease
with 23 (light salmon), p-values < 0.001 (t-test, average + SD). H) Lumit Immunoassay measuring pERK
of different NS mutant backgrounds (SHOC2%2C: navy; CRAFS%7L: salmon; CRAFV2¢3A: purple) comparing
DMSO, 23 (10 uM), and Trametinib (100 nM). T-test, p-value: * < 0.05, ** < 0.01, *** < 0.001. Average +
SD, n=3.
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Tables

Table 6.1: Upstream NS mutations pS259 protection

-(23) +(23)
Western Blot 1 (Fig 2A)
No mutant 1 15
SOS1R%526 0.91 1.8
SOS1R%528 0.94 1.5
Shp2N308s 1.2 1.8
Shp2N308D 1.1 1.8
Western Blot 2 (Fig 2C)
No mutant 1 1.9
SHOC2s2¢ 0.6 1.2

Table 6.2: FA experimental values of 14-3-36/CRAF"® peptides
AppKq values with MGs (100 uM) and fold-stabilizations (AappKa).

DMSO (23) (22) (78)
AppKa | AappKa AppKd AappKq AppKd AappKq AppKd AappKq
(uM) (uM) (uM) (uM)

WT 12 - 0.005 > 1000x 0.005 > 1000x 0.110 110x
R256S 15.9 -- 0.318 50x 0.369 43x 0.818 19x
S257L 48.0 - 0.113 425x 0.203 236X 1.10 44x
P261A 770 - 290 2.7X 380 2.0x 600 1.3x
V263A 13.5 - 0.008 > 1000x 0.001 > 1000x 0.010 > 1000x

Table 6.3: NanoBRET ECs, values and fold-stabilization
(23) (22) (78)

Max fold- Max fold- Max fold-

ECso (M) increase ECso (M) increase ECso (M) increase
WT 0.18 1.4 0.2 1.3 1.2 1.1
R256S | 7.71 1.4 ~20 1.5 - 1.1
S257L | 3.71 1.3 ~20 1.4 ~20 1.4
P261A | 6.13 1.2 6.93 1.3 ~20 1.1
V263A | 3.78 1.7 6.57 1.9 ~20 1.5

Table 6.4: CRAF"® fold-change in pS259 protection
(23) (22) (78)
WT 1.2 1.3 1.1
R256S 1.3 1.6 1.3
S257L 2.1 2.2 1.9
P261A 1.7 2.4 1.3
V263A 1.6 2.8 1.2
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Supplemental Figures
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Figure S6.1: Chemical structures of 14-3-306/CRAF molecular glues
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Figure S6.2: Upstream MAPK mutations western blot replicates
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Figure S6.3: FA protein titrations of negative control molecular glue
14-3-30 protein titration with CRAFN® peptides and negative control compound 8 (100 uM) or DMSO (v/v).
Average + SD, n=3
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i S257L

Figure S6.4: Crystal structures of compounds 78 and 22

14-3-30 shown as grey surface R256S shown in orange, S257L shown in salmon, V263A shown in
purple, WT shown in green. Compounds conformations shown in corresponding colors. CRAFNS ternary
complexes overlaid with CRAFYT complexes (14-3-30 crystallized with CRAFYT shown in green cartoon).

A) Compound 78 overlays. B) Compound 22 overlays.
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Figure S6.5: 14-3-306/CRAFNS NanoBRET

Basal full-length PPI interaction comparison of 14-3-3c with CRAF"T and CRAFN® mutants. Dose-
response of fold-change in BRET signal for 14-3-30/CRAFNS, 3-fold dilution, top concentration 20 uM
(average * SD, n=3).
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Figure S6.6: Western blot replicates of CRAFNS pS259 protection with compound treatment
Quantification of pS259/CRAF normalized to WT to store rescue of phosphorylation upon compound
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Figure S6.7: CRAFNS activation inhibition

NRAS/CRAFN® NanoBRET dose-response and bar chart showing basal level of transition state with
hyperactive CRAFNS mutants compared to maximum inhibition of NRAS/CRAFNS interaction.
CRAF/CRAFNS NanoBRET dose-response and bar chart of basal level of active kinase dimer state of
hyperactive CRAFN® mutants and maximum inhibition of CRAF dimerization. Both compared to inactive
WT state (green).
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Chapter 7

Screening for Noonan mutant-selective 14-3-3/CRAF stabilizing fragments
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Abstract

14-3-3 regulates the activity of the kinase CRAF in the MAPK pathway. The 14-3-3/CRAF
inhibitory interaction (CRAF pS259) is impaired in the RASopathy Noonan Syndrome to cause
dysregulation of the MAPK pathway and hyperactivation of CRAF. One mode of impairment is
through mutations surrounding the pS259 site needed to bind to 14-3-3 in the inhibited state.
Disease mutations in CRAF (CRAF"®) weaken the binding affinity to 14-3-3. However, there are
seven isoforms of 14-3-3 that vary in expression level and binding affinity to client proteins. In
this work, the binding affinities of three 14-3-3 isoforms were compared with different CRAFNS
mutants to optimize the interaction conditions to screen for modulators of 14-3-3/CRAFNS.
Previously synthesized 14-3-3/CRAF"T molecular glues (MGs) were tested against the CRAF
mutants with the 14-3-30 isoform originally used in the testing of these MGs and a cysteine
mutant of the 14-3-3y isoform to ensure MG efficacy between isoforms. This isoform
comparison elucidated that the basal binding affinities differed between isoforms and shift the
assay window between DMSO and MG treatment. Expanding upon the previous work from the
Arkin lab to find client-selective stabilizers of 14-3-3/client PPIs using a mass spectrometry (MS)
disulfide tethering screen, here mutant-selective stabilizing hits for 14-3-3/CRAF"® for three
different disease mutants of CRAF were identified for chemical optimization into cell active

molecular glues.
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Introduction

Protein-protein interactions (PPIs) play critical roles in regulating biological processes
from signal transduction to apoptosis.’? Although previously perceived as “undruggable” or
difficult to target, PPIs form induced pockets at the interaction interface to target and modulate
PPIs.??® Targeting the interaction instead of a singular protein has promise of improved
specificity."*® Previous work has explored systematically dissecting a protein’s interactome
through the discovery and development of specific client protein modulators for the hub protein
14-3-3 with various client proteins.®~'® The work described here expands on this by exploring
disease mutants of one of the client proteins, CRAF, to find mutant-selective modulators.

14-3-3 is a hub protein that binds phospho-residues in client proteins to regulate their
activity.'®2' There are seven mammalian isoforms (g, 0, y, n, 6, B, ¢) of 14-3-3 that are 69-88%
conserved.???® 14-3-3 proteins typically form heterodimers with only the o isoform forming
homodimers.?? The isoforms share client proteins as the majority of conserved residues lie in
the client binding groove (Figure 7.1). Only the o isoform contains the native cysteine at the
edge of the binding groove (C38, Figure 7.2A). Due to the presence of this cysteine (C38), 14-3-
30 is advantageous to for the discovery and development of molecular glues containing a
cysteine reactive warhead.®'"?* However, the o isoform is less abundant in cells and binds
client proteins more weakly than other 14-3-3 isoforms."'° Of the seven isoforms, 14-3-3C has
rich structural data with most of the previously published structures of 14-3-3 being the { isoform
as well as being the predominant isoform expressed in cells.?> Whereas the y isoform is known
to have improved client binding affinities (lower Kq values) among the rest of the 14-3-3 isoforms
and is highly expressed in most cells."®2>%

14-3-3 regulates the kinase CRAF by binding the phospho-residue S259 in the inhibited
state.?’~®! Mutations around the pS259 in CRAF impair the regulatory interaction with 14-3-3 to
lead to hyperactivation of the MAPK pathway, causing the developmental disorder Noonan

Syndrome (NS).*27** Majority of these mutations flank the pS259 site.*? Molecular glues (MGs)

285



have been developed to stabilize 14-3-30/CRAF"T and have potency towards CRAF Noonan
mutants (CRAFNS; Chapters 5-6). Targeting the 14-3-3/CRAF inhibitory interaction could provide
a novel therapeutic route for modulating the MAPK pathway.*® Mutations C-terminal to the
pS259 would affect the compound binding pocket as these residues make direct contacts with
the MGs, suggesting mutant-selective MGs could improve potency and selectivity toward
CRAFNS 8 NS is also a heterozygous disorder, so patients have a mutant and wild-type allele.®
Overstabilization of 14-3-3/CRAF by targeting both WT and mutant CRAF interactions could
lead to overcorrection of the MAPK pathway, also suggesting a need for mutant-selective
MGs.*

The use of a mass spectrometry (MS) disulfide tethering screen to find hits that
modulate PPIs has been used to find stabilizers of 14-3-3/client interactions.®'"® Stabilizing hits
bind cooperatively to the composite surface of PPI at a cysteine of interest. The o isoform of 14-
3-3 has previously been used as it contains a native cysteine (C38) proximal to the natural
product binding pocket.® In the tethering screens, a model system of full-length 14-3-3 protein is
used with peptides that mimic the 14-3-3 binding region of the client protein containing the
phospho-residue as they similarly disordered. Hits from the tethering screens are validated and
can be optimized to gain selectivity and potency to be turned into cell active compounds.”81%%

Using a MS disulfide tethering screen of ~2000 disulfide fragments, mutant-selective hits
were identified for 14-3-3/CRAFN® for the mutations S257L, P261A, and V263A in CRAF. The
optimization of the screening conditions showcases the difference in 14-3-3 isoforms and use of
engineered cysteines for screening. Optimized MGs were also tested against a native and
engineered cysteine to ensure potency. The results from these screens provide a starting point

for chemical optimization to develop mutant-selective MGs for 14-3-3/CRAFNS.
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Results

To screen for Noonan Syndrome (NS) mutant-selective stabilizers, the optimal 14-3-3
isoform was first determined because the mutations in CRAF decrease the binding affinity to 14-
3-3 (increase Kg values). The binding affinities of CRAF with varying 14-3-3 isoforms were
determined via fluorescence anisotropy (FA) protein titration experiments using WT and mutant
CRAF peptides (all at 100 nM peptide). From these experiments, there was minimal to no
improvement in the Ky values with the ¢ isoform in comparison to the o isoform (Table 7.1,
Figure 7.2B-D). For example, the K values for CRAFY2%3* with 14-3-3c was 11.0 uM, compared
to 0.934 uM with 14-3-3¢. The largest improvement in the binding affinities was with the y
isoform where the Kq value for CRAFY?%3* decreased 21x (o: 11.0 uM, y: 0.525 uM. The two
mutant peptides that bound the least to 14-3-30 (S257L and P261A) resulted in the greatest
increase in binding affinity with y isoform, > 100 uM to ~10 yM (S257L: 9.45 uM, P261A: 12.1
uM). By identifying the 14-3-3 isoform with the overall lowest K4 values across the CRAF
mutants, this allowed for the screening conditions to be optimized to use a lower concentration
of CRAF™® peptides (concentration of peptide ~2x Kaq).

After determining the binding affinities for the CRAF peptides, cysteines were
engineered at the residues of interest. From an alignment of 14-3-3 isoforms, the Asn residue at
position 39 in 14-3-3y overlayed with C38 in 14-3-30, so the 14-3-3y cysteine mutant was
constructed lacking the C-terminal tail, 14-3-3y"**°AC (Figure 7.1). Another cysteine engineered
at position 38 in 14-3-3y (S38C), to allow for comparison of fragments binding at residue on the
edge or the adjacent residue outside of the binding groove (Figure 7.3A).

The binding affinities of the CRAF peptides were determined with these 14-3-3y cysteine
mutants via FA protein titrations. Engineering in the cysteines for 14-3-3y affected the binding
affinities for the CRAF peptides. The Ky values increased at least 5x compared to 14-3-3y"'" (5-
14x for CRAFNS, >100x for CRAF"T), except for the K4 value of CRAFS%"t that was relatively

unchanged (9.45 uM vs 6.51 uM, 14-3-3y"'T and 14-3-3y"**CAC, respectively; Table 7.1, Figure
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7.3B). The binding affinities for 14-3-3y5*° followed similar trends as 14-3-3y"*°*°AC where the
Ka value of CRAF®2°"t remained unchanged (10.8 uM) and the Kg values of the remaining
CRAFNS peptides increase 4-30x compared to 14-3-3y"V" (Table 7.1, Figure 7.3C).

Compounds were optimized for CRAF to contain a chloroacetamide cysteine-reactive
warhead to replace the disulfide. During the optimization of these compounds, they were
validated using the 14-3-30 protein that contains the native C38. These compounds were tested
against the 14-3-3yN**AC protein to confirm their potency towards an engineered cysteine in
the y isoform compared to the native cysteine in the o isoform.

Comparing the fold-stabilization (AappKa), MG 23 stabilizes the 14-3-30/CRAFN®
complexes 3.2x to over 1000x compared to DMSO treated samples (Table 7.2, Figure 7.4). The
CRAFNS mutants that lie further away from pS259, R256S and V263A, had appKq values of 16
and 14 uM, R256S and V263A, respectively. Whereas the mutants that affected the binding
affinity the most, S257L and P261A, were estimated to be high yM Ky values with DMSO as the
binding curves did not reach a plateau at high concentration of 14-3-3c. Upon treatment with 23,
the appKy values were sub uM with R256S, S257L, and V263A. The P261A mutant was
minimally stabilized, 3.2x. In comparison with 14-3-3yN**°AC, the DMSO appKd values
improved to low uM, except for P261A the appKd value was improved to 49 uM (vs. >100 pM
with 14-3-30). Treatment with 23 stabilized the 14-3-3yN**°AC/CRAFN® complexes 22-400x with
sub uM appKd values for all CRAFNS mutants. The fold-stabilization decreased for the CRAFNS
mutants with 14-3-3yN**°AC, except for P261A that increased (3.2x and 53x for 14-3-30 and 14-
3-3y"°CAC, respectively) due to the binding affinities being more easily measurable in the FA
assay with this 14-3-3 protein. The binding curves for 23 and 14-3-30, overlay with the binding
curves for DMSO with 14-3-3yN**CAC for all the CRAFN® mutants except of V263A. The binding
curves for DMSO with 14-3-30 exhibit the lower end of the range whereas the binding curves for

23 with 14-3-3y"**CAC suggest the upper end of the range of the FA assays, providing the
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maximum dynamic range. Although basal binding affinities were improved with 14-3-3yN*°CAC,
the fold-stabilization was limited due to assay window (Table 7.1, Figure 7.4).

The C-terminal CRAF mutants were first screened to find mutant-selective fragments
because these residues are more proximal to the fragment binding pocket and change the
composite surface the fragments bind than the N-terminal residues (Figure7.2A). Of the N-
terminal mutants, only CRAFS%"" was screened as it is the most common mutation in Noonan
patients carrying a CRAF mutation. To find mutant-selective fragments, a site-directed disulfide
tethering MS screen was used to identify fragments from a library of ~2000 disulfides that bound
cooperatively to 14-3-3 and CRAF (Figure 7.5A). The screens were run in the presence and
absence (apo) of CRAF"® peptides to separate hits into stabilizing fragments, neutral binders, or
inhibiting fragments. The apo screens (only 14-3-3 protein) were compared between the 14-3-
3yN¥CAC and 14-3-3y5%C proteins. From the comparison, the majority of fragments bound both
cysteine mutants similarly where only 1.5-1.8% of the fragments were unique hits for either 14-
3-3y protein (Figure 7.5B). Since the fragment hits were not unique to the 14-3-3 construct, only
the 14-3-3y"**CAC screen results were analyzed for the CRAF™® peptides (CRAFNS screens also
conducted with 14-3-3y5%¢, data not shown).

The 14-3-3y"*°*°AC/CRAFN® screening conditions were similar to those previously
described® at concentration of CRAFNS peptide 2x the K4 except for P261A where the
concentration of peptide was set to 30 uM due to the large K4 value (60 uM) and instrument
limitations. The results from the screens of the CRAFN® mutants, the V263A mutant had a 3.1%
hit rate of identifying stabilizing fragments compared to 6.0% for P261A and 6.7% for S257L
(Figure 7.5C-E). The larger hit rate for S257L and P261 was likely due to the BME concentration
needing to be further optimized for those CRAFN® mutant peptides. From the hits, mutant-
selective fragments were identified: 0.48% V263A-selective, 1.7% P261A-selective, 1.2%
S257L-selecitve, and 0.58% CRAFN® mutant-selective over CRAFT out of the fragment library

(Figure 7.5F). The mutation V263A likely had the least amount of selective hits due to the
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mutation being minimal (Val vs. Ala). The Pro to Ala mutation eliminates a highly structure region
of CRAF to cause a greater change to the compound binding pocket. Surprisingly, the S257L
mutant peptide resulted in selective hits although the mutation lies N-terminal to the pS259 and
is not proximal to the compound binding pocket. The S257L mutation may have caused
conformational changes in the N-terminal region that triggered the C-terminal region to alter the
binding pocket. From the comparison of CRAFN® and CRAF"T screening results, selective hits

were discovered for all CRAF peptides screened.

Discussion

The binding affinity analysis of the 14-3-3 isoforms confirmed the y isoform bound client
proteins more tightly than the o and C isoforms. Engineering a cysteine in 14-3-3y caused a loss
in binding affinity but still exhibited improved binding affinities compared to the other isoforms.
Impaired PPIs can be difficult to study, so the use of the 14-3-3y cysteine mutant provided
measurable binding affinities.

The 14-3-3y cysteine mutant allowed for optimized screening conditions of the impaired
14-3-3/CRAF interaction because the CRAFN® mutants weakened the inherent binding affinities.
Mutant-selective hits were identified for the CRAFN® mutants screened. Validated hits provide
starting points for optimization of MGs through SAR of 14-3-3/CRAF™ to improve mutant-
selectivity and potency to target the site of interest at the composite interface between 14-3-3
and CRAF™S, The results from these screens showcase how a cysteine can be engineered at a
site of interest to identify fragments that bind. However, only 14-3-30 contains the native
cysteine of interest and is not highly expressed in cells, so cysteine-reactive MGs would only
target a small population of client protein bound to 14-3-30. To overcome this, noncovalent MGs
need to be developed to be efficacious towards all 14-3-3 isoforms such as the example of

aldehydes targeting the conserved N42 residue.
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This work provides insight into the discovery of mutant-selective molecular glues for 14-
3-3/CRAF in Noonan Syndrome to gain efficacy towards CRAF disease mutants. By selectively
targeting and stabilizing the impaired mutant 14-3-3/CRAF interaction, the hyperactivation of the

MAPK pathway could be reserved and lead to a novel therapeutic route for Noonan patients.
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Figure 7.1: 14-3-3 isoform comparison

Crystal structure of 14-3-3 dimer (top left, bottom left) in white with conserved residues among the 7
isoforms (>80%) shown in blue. Front on view of 14-3-3 binding groove (top right). PDB 4IHL. Sequence
alignment of 7 isoforms highlighting conserved residues, showing only the first ~45 residues. C38 in the o
isoform with corresponding residues in the other isoforms highlighted in yellow.
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Figure 7.2: 14-3-3 isoform binding affinity comparison

A) Crystal structure of 14-3-3 (white surface) with C38 residue (14-3-30) highlighted in yellow bound to
CRAF peptide (N-terminal region in orange, C-terminal region in blue in regard to pS259). PBD: 3CU8. B-
D) FA binding assays comparison the o, y, and ¢ 14-3-3 isoforms between WT and mutant CRAF
peptides. Data points represent mean +/- SD, n = 3.
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Figure 7.3: 14-3-3y cysteine mutant binding analysis

A) Crystal structure of 14-3-3 (white surface) and CRAF peptide (sage green). Residues in 14-3-3y, S38
and N39, that were mutated to cys highlighted in yellow and orange. B, C) FA binding assay of 14-3-3y
cysteine mutants with CRAF mutant peptides. Data points represent mean +/- SD, n = 3. B) 14-3-
3yN3CAC C) 14-3-3ySC,
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Figure 7.4: Binding affinity effects of molecular glue between14-3-3 isoforms
Structure of molecular glue 23. FA binding assays of CRAFNS mutants comparing the 14-3-30 and 14-3-
3yN3CAC proteins. Data points represent mean +/- SD, n = 3.
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Figure 7.5: CRAF"S mutant disulfide tethering screens

A) Schematic of disulfide tethering. B) Scatterplot comparing the results from the 14-3-3yN**€AC and 14-
3-3y538C apo screens. C-E) Scatterplots of CRAFNS vs apo screens. Green quadrant = stabilizing hits,
yellow quadrant = neutral binders, red quadrant = inhibiting hits. F) Heatmap of disulfide hits among
CRAFNS and CRAFT. % tethered normalized to 3SD value (threshold for hits) for each screen. Values >
1.0 indicate hits at or above 3SD.
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Tables

Table 7.1: Binding affinity comparison of CRAF peptides between 14-3-3 isoforms and

cysteine mutants

Ka (UM)
Peptide 14-3-30 14-3-37 | 14-3-3y | 14-3-3yN*CAC 14-3-3yS%C
WT 7.3 14 0.094 18 --
R256S 14 47 0.25 3.6 7.4
S257L ~200 ~200 9.5 6.5 11
P261A > 200 > 200 12 60 44
V263A 11 0.93 0.53 4.7 3.0

Table 7.2: Molecular glue effects on 14-3-3/CRAF"S binding affinities

14-3-30 14-3-3y"™°°AC
appKs""*° (uM) | appKs**® (uM) | appKs""°C (uM) | appK**® (uM)
R256S | 16 0.32 (50x) 0.16 (97x) 0.0076 (22x)
S257L | 48 0.11 (430x) 1.7 (28x) 0.0043 (400x)
P261A 410 32 (3.2x) 49 (8.2x) 0.93 (53x)
V263A | 14 0.0076 (>1000x) | 1.2 (12x) 0.019 (67x)

Materials and Methods

Protein Expression and Purification

The 14-3-3 proteins (o, {, y) with an N-terminal His6 tag were expressed in Rosetta™ 2(DE3)
pLysS competent E. coli (Novagen) from a pPROEX HTb expression vector. Plasmids were
transformed following the manufacturer’s protocol. Single colonies were used to inoculate 25 mL
LB starter cultures for overnight incubation (37°C, 250 rpm). Starter cultures were then added to
1.5 L TB medium. Expression was induced at ODgoo ~2 with 750 uM IPTG and cultures
expressed overnight at 30°C, 250 rpm. Cells were harvested at 6,500 rpm and resuspended in
lysis buffer (50 mM HEPE pH 7.5, 500 mM NaCl, 20 mM imidazole, 10% glycerol, 1 mM TCEP)
before sonication. Protein was purified using Ni-affinity chromatography (Ni-NTA Agarose,

Invitrogen; Wash buffer: 50 mM HEPES pH 7.5, 500 mM NacCl, 20 mM imidazole, 1 mM TCEP;
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Elution buffer: 50 mM HEPES pH 7.5, 500 mM NaCl, 500 mM imidazole, 1 mM TCEP). Purified
proteins were analyzed by SDS-PAGE and Q-Tof LC/MS. Following a buffer exchange (25 mM
HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP), protein was concentrated to 500 uM and flash-

frozen for storage at 80°C.

Cysteine residues were engineered into 14-3-3y (S38C and N39C), and the C-terminus (S235-
N248) was removed from the 14-3-3yN*%© construct (14-3-3y"*°CAC) for future crystallographic

studies.

Peptides
Peptides were purchased from Elim Biopharmaceuticals, Inc. (Hayward, CA). Fluorescein-

labeled (5-FAM) peptides were used in fluorescence anisotropy assays.

Peptides for mass spectrometry:

CRAFS2°" 3259 (14mer): Ac-SQRQRLT(pS)TPNVHM-NH2
CRAFP?1A nS259 (14mer): Ac-SQRQRST(pS)TANVHM-NH2
CRAFY2%% 13259 (14mer): Ac-SQRQRST(pS)TPNAHM-NH2
Peptides for fluorescence anisotropy:

CRAF"T pS259 (15-mer): 5-FAM-SQRQRST{pS}TPNVHMV-NH
CRAFR#%S p3259 (15-mer): 5-FAM-SQRQSST(pS)TPNVHMV-NH;
CRAFS?" p3259 (15-mer): 5-FAM-SQRQRLT(pS)TPNVHMV-NH,
CRAFFP?1A n3259 (15-mer): 5-FAM-SQRQRST(pS)TANVHMV-NH,

CRAFY2%%A pS259 (15-mer): 5-FAM-SQRQRST(pS)TPNAHMV-NH;

Fluorescence Anisotropy Protein Titrations
FA experiments were conducted as previously described in Chapter 5. Briefly, 14-3-3 protein

was serially diluted (2-fold) in buffer (10 mM HEPES pH 7.5, 150 mM NaCl, 0.1% Tween20) at a
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staring concentration of 250 uM in black, flat-bottom 384-well assay plates (Corning 3575). 5-
FAM labeled peptides were added to a final concentration of 100 nM (final sample volume of 25
uL). Assay plates were incubated at room temperature with gentle rocking. The fluorescence
anisotropy was measured after 30 minutes to determine the binding affinity (Kq) for each
peptide/14-3-3 complex using a Molecular Devices iD5 SpectraMax plate reader (filter set Aex:
485 + 20 nM; Aem: 535 + 25 nM). Ky values were obtained using a four-parameter logistic model

(4PL) in GraphPad Prism. Assays were performed in triplicate.

For experiments with compound, the previous protocol was followed with these modifications:
buffer (10 mM HEPES pH 7.5, 150 mM NacCl, 0.1% Tween20, 0.1% BSA, final sample volume
10 uL ((black, flat-bottom 384-well assay plate, Geriner Bio-One #784900), and 100 uM

compound (or same % v/v DMSO). Fluorescence was measured at 1 hr and 24 hr.

Disulfide Tethering Mass Spectrometry Screening

Screens were ran as previously described in Chapter 2.° The screens were run with either 14-3-
3yS%C or 14-3-3yN¥9CAC (250 — 500 nM), peptide concentration of ~2x the K4 (determined by FA
protein titration) or 30 yM (maximum limit set for instrument), 250 yM BME, and 200 M
disulfide library fragments in buffer (10 mM Tris pH 8.0). Assay plates were incubated for 3
hours at room temp with gentle rocking and then read via LC/M (Waters Acquity UPLC/Xevo
G2-HS Q-Tof mass spectrometer). Data collection and automated processing followed a

previously described custom workflow.

14-3-3 Protein CRAF mutant peptide
14-3-3y°>%C (300 nM) -

14-3-3y°>%C (300 nM) S257L (22 uM)
14-3-3y°>%*C (300 nM) P261A (30 uM)
14-3-3y°>%*C (300 nM) V263A (3 uM)

14-3-3y"**°AC (500 nM
14-3-3y"**°AC (250 nM
14-3-3y"**°AC (250 nM
14-3-3y"**°AC (500 nM

S257L (14 pM)
P261A (30 M)
V263A (10 uM)

— — " —
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