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ABSTRACT: Dysregulation of protein−protein interactions
(PPIs) commonly leads 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 identifying
reversibly covalent small molecules. We explored the scope of
disulfide tethering for the discovery of selective PPI stabilizers
(molecular glues) using the hub protein 14-3-3σ. We screened
complexes of 14-3-3 with 5 biologically and structurally diverse
phosphopeptides derived from the 14-3-3 client proteins ERα,
FOXO1, C-RAF, USP8, and SOS1. Stabilizing fragments were found for 4/5 client complexes. Structural elucidation of these
complexes revealed the ability of some peptides to conformationally adapt to make productive interactions with the tethered
fragments. We validated eight fragment stabilizers, six of which showed selectivity for one phosphopeptide client, and structurally
characterized two nonselective hits and four fragments that selectively stabilized C-RAF or FOXO1. The most efficacious fragment
increased 14-3-3σ/C-RAF phosphopeptide affinity by 430-fold. Disulfide tethering to the wildtype C38 in 14-3-3σ provided diverse
structures for future optimization of 14-3-3/client stabilizers and highlighted a systematic method to discover molecular glues.

■ INTRODUCTION
Protein−protein interactions (PPIs) are essential to biology,
and their dysregulation is central to many diseases including
cancer and neurodegeneration.1−4 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.5 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.6−10 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 net-
work.11,12 Stabilization also has the potential to target
unstructured, difficult to drug proteins via composite PPI
binding pockets.13,14 Molecular glue degraders and natural
products have demonstrated the therapeutic value of stabilizing
native or non-native (neomorphic) PPIs.15−17 However, there
are few robust, generalizable strategies to discover PPI
stabilizers prospectively.11,18 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 toward challenging targets.19,20 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.21−24 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
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bond are detected by intact protein mass spectrometry (MS)
in a high-throughput screen.25 We utilize a library of
approximately 1600 disulfide molecules with diverse fragments
and linkers between the fragment and the disulfide.26 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 induction or disruption of other PPIs.13,27−29 14-3-3
typically binds to a phosphorylated serine/threonine in
intrinsically disordered regions of its clients.30 With several
hundred known interacting partners, the 14-3-3-binding
proteome provides diverse PPI interfaces with which to test
the scope and limitations of our screening technology.
Furthermore, 14-3-3/client stabilization could lead to ther-
apeutics in a variety of disease fields including oncology,
neurodegeneration, inflammation, and metabolic disease.29,31

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 α (ERα) and
C-RAF, respectively.14,32

We recently demonstrated the utility of disulfide tethering to
identify molecular glues of the 14-3-3/ERα PPI. We
discovered 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 ERα C-

terminal phosphopeptide up to 40-fold.25 We now focus on
targeting the native cysteine found in the 14-3-3 sigma isoform
(14-3-3σ), which offers greater translatability for covalent
molecules. Of the 7 isoforms found in mammalian cells, 14-3-
3σ is the only one that harbors a cysteine residue proximal to
the client binding groove, providing an additional degree of
isoform specificity (Figure 1A).30 The Protein Data Bank
contains dozens of crystallographic structures of 14-3-3 with
bound phosphopeptides derived from many of its binding
partners, as well as a few examples of CryoEM structures of full
length proteins.13,33−35 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 development
of potent lead compounds through structure-guided chemical
optimization. For our screens, we utilized the phosphopeptide
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 crystallog-
raphy.13,34

Here, we used the disulfide tethering technology to
systematically achieve selective PPI stabilization of 14-3-3
client phosphopeptides 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.14,36−39 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

Figure 1. 14-3-3/client stabilizer approach. (A) The client protein binding groove of a 14-3-3σ 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
14-3-3σ (white) without any phosphopeptide (top) and 14-3-3σ with the phosphopeptide client present (bottom). Fragments were assessed for
their covalent engagement of C38 via mass spectrometry, termed “% tethering”. Fragments that bound 14-3-3σ with a higher % tethering in the
presence of phosphopeptide than in the apo screen were selected for further analysis of cooperativity. (C) Crystallographic structures of the 5
phosphopeptide clients bound in the 14-3-3σ (white surface) binding pocket showing proximity to C38 (yellow surface). ERα (red sticks) has a C-
terminal motif with phosphothreonine (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 the +1 position. C-RAF (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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to client phosphopeptides. In particular, the C-RAF- 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 makes 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
14-3-3σ located proximal to the natural product binding pocket
within the phosphopeptide recognition groove (Figure 1A,
Figure S1). 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

14-3-3σ/client phosphopeptide complex than 14-3-3σ alone
due to cooperativity between the fragment and the peptide
(Figure 1B). The screening was performed on five different
peptide targets displaying three conceptually distinct 14-3-3
interaction motifs (Figure 1C): truncated (ERα),14,40 turned
(FOXO1),37 and linear (C-RAF, USP8, SOS1).32,35,38,41

14-3-3σ (100 nM) was screened in complex with the 5 client
phosphopeptides at a concentration twice their respective KD
values (Figure S2). This condition provided a consistent
presence of the 14-3-3σ/phosphopeptide composite interface
that the fragments would engage. The 14-3-3σ/phosphopep-
tide complex was incubated with a single concentration of
fragment (200 μM) under reducing conditions (250 μM β-
mercaptoethanol) for 3 h 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 2A). In the
quadrant of highest interest, potential stabilizing fragments
showed % tethering above the tethering threshold in the

Figure 2. Primary tethering screen results. (A) Scatterplot data illustrating the correlation of % tethering of fragments to 14-3-3σ in the presence of
the phosphopeptide (y-axis) as compared to apo 14-3-3σ (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 phosphopeptide (horizontal
line) and apo 14-3-3σ (vertical line). Compounds in the green quadrant showed increased binding to 14-3-3σ in the presence of phosphopeptide,
the yellow quadrant showed neutral binding to 14-3-3σ, and the red quadrant showed a reduced binding in the presence of phosphopeptide. (C)
Heat map of hit fragments across all 5 phosphopeptide screens and apo 14-3-3σ screen. Compounds clustered based on % tethering in each screen.
Compounds 1, 2, 5, and 7 were of primary interest as nonselective 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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peptide screen and % tethering below the tethering threshold
in the apo screen (Figure 2B, green quadrant). Neutral
compounds showed significant % tethering for both 14-3-3σ/
phosphopeptide and apo (Figure 2B, yellow quadrant).
Potential inhibitory fragments showed significant % tethering
above the tethering threshold in the apo screen but not in the
presence of peptide (Figures 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 2C). An
overlapping fragment hit cluster was identified for ERα, USP8,
and SOS1 (Figure 2C, green box), whereas a cluster of unique

hit fragments was identified for both C-RAF and FOXO1
(Figure 2C, yellow boxes), indicating a difference in the
abundance of selective stabilizers from the primary screens.
Each 14-3-3σ/phosphopeptide screen yielded potential

stabilizing fragments, but the number and binding efficiency
varied (Figure 2A,C,D, and Tables S1−S5). The initial screen
for ERα 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 C-RAF screen yielded 21 fragments
including 16 unique stabilizers and a 35% tethering threshold.

Figure 3. Overview of biochemical and structural properties of nonselective stabilizer 1. (A) In MS dose response (MSDR), the focus was on
compound binding to 14-3-3σ, measured by % tethering; fluorescence anisotropy dose response (FADR) experiments determined the degree of
stabilization, measured by phosphopeptide binding to 14-3-3σ in the presence of compound. (B) Chemical structure of stabilizer 1. (C) MSDR
curves for 1 showing percentage of fragment/protein conjugate formation with 14-3-3σ apo, or in the presence of ERα, FOXO1, C-RAF, USP8, or
SOS1 peptide. (D) 14-3-3σ titrations to fluorescein-labeled ERα, C-RAF, or USP8 in the presence of DMSO or 1 (1 mM), reporting a 19-, 81-, and
4-fold increase of the 14-3-3σ/peptide binding interface, respectively. (E) Crystal structure of 1 bound to 14-3-3σ C38 in complex with (from left
to right) ERα peptide, C-RAF peptide, and USP8 peptide. Distances are indicated (Å, black dashes). (F) Overlay of 1’s conformations when
interacting with ERα and C-RAF. (G) Overlay of 1 (yellow) bound to 14-3-3σ C38 and previously reported stabilizer (blue) bound to 14-3-3σ
mutant N42C (PDB ID: 6HMT) interacting with ERα phosphopeptides. (H) Overlay of 1 bound to 14-3-3σ C38 interacting with C-RAF and
USP8.
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The USP8 screen yielded 10 hit fragments including 5 unique
stabilizers and a 29% tethering threshold. The SOS1 screen
yielded 8 hit fragments including 4 unique stabilizers and a
22% tethering threshold (Figure 2A,D). Figure 2E depicts
representative chemical structures for each target.
Nonselective Stabilizing Compound 1. In the initial

screen, compound 1 was identified as top hit for ERα, C-RAF,
and USP8 (Figure 2). 1 was further characterized by three
dose−response experiments. Mass spectrometry (MSDR,
analyzing fragment binding to protein, quantified by DR50
values) and fluorescent anisotropy (FADR, analyzing peptide
binding to protein in the presence of compound, quantified by
EC50 values) defined the binding affinity for the fragment and
its effective concentration, respectively (Figure 3A). The
compound’s effect on the 14-3-3/client PPI was then
determined by titrating 14-3-3 in a fluorescence anisotropy
assay at constant peptide and compound concentrations
(quantified by KD_app). In all three validation assays, 1
displayed a strong preference for C-RAF, followed by ERα
and USP8, and had no activity with FOXO1 or SOS1.
Compound 1 showed DR50 values of 7 nM for C-RAF, 18.1
μM for ERα, and 24 nM for USP8 (Figure 3C) as well as EC50
values of 922 nM for C-RAF, 1.31 μM for ERα, and 3.38 μM
for USP8 (Figure S3). In the protein titrations, 1 increased
peptide affinity for 14-3-3σ by 81-fold in the C-RAF complex,
19-fold for 14-3-3σ/ERα, and 4-fold for 14-3-3σ/USP8 (Figure
3D and Table 1).

Crystal structures for compound 1 were obtained by
cocrystallizing with ERα, C-RAF, or USP8 bound to 14-3-3σ
(Figure 3E), with clear density for both 1 and the peptides
(Figure S4). Comparing the three cocrystal structures, the
strongest electron density and ligand occupancy for 1 was
observed in the cocrystal structure with ERα. For ERα, the
phenyl ring of 1 stacked against the +1 Val with a distance of
∼4 Å (Figure 3E). Compound 1 showed an identical binding
mode in the presence of C-RAF (Figure 3F), for which the +1
Thr was 3.5 Å from the phenyl ring, while the remainder of the
C-RAF peptide wrapped around the fragment. These addi-
tional hydrophobic interactions could explain the higher fold
stabilization with the C-RAF peptide compared to ERα
(Figure 3D,F). Interestingly, 1 shared the binding moiety
with N42C-tethered stabilizers that were discovered previously
for ERα (Figure 3G).25 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 14-3-3σ
pocket (Figure 3E). This conformational change seemed

necessary because the USP8 peptide allowed for less space
(Figure 3H). While the +1 Ser of USP8 did not show any
specific interaction with 1, its +4 Ile pushed the fragment
toward 14-3-3σ, 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 C-
RAF allowed for more space, thereby positioning 1 in a
preferred conformation. It is noteworthy that 1 did not
stabilize FOXO1 or SOS1 to 14-3-3σ. 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 S5A). In contrast, the +1 Ala residue of SOS1 would
not contact the phenyl ring of 1, perhaps explaining why no
stabilization was observed (Figure S5B).
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 14-3-3σ/FOXO1 phosphopeptide complex
over apo 14-3-3σ and the other phosphopeptide clients in the
initial screen (Figure 2D). Interestingly, the unique 21
FOXO1-stabilizers had a highly conserved scaffold, with the
phenyl ring engaging FOXO1 often decorated with halogens or
a triazole moiety (Figure S6). Eight of these compounds were
validated in the MSDR (Figure S7). Of the eight compounds,
five compounds had enough material to retest and were active
in the FADR assays (Figure 4A, Figure S8, and Table S2). The
binding affinity of compound 2 to 14-3-3σ was >10,000-fold
better in the presence of the FOXO1 phosphopeptide than apo
14-3-3σ and all other phosphopeptide clients (DR50 = 360 nM
vs >2 mM; Figure 4B and Table 2). Compounds 3 and 4 had
DR50 values >450-fold and >2,000-fold better, respectively
(Table 2 and Figure S7). Compounds 2, 3, and 4 showed the
greatest fold-stabilization in the protein titrations decreasing
14-3-3σ/FOXO1 KD values 5-fold, 4-fold, and 12-fold (Figure
4C, Table 2, and Figure S9). 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
phosphopeptide, with a KD value of 50 nM, already close to the
limit of detection of this assay.
A cocrystal structure for FOXO1/2/14-3-3σ was obtained,

with clear density for both 2 and the FOXO1 peptide (Figure
S10A). The phenyl ring of 2 stacked against the front of the
FOXO1 peptide consisting of the +1 Trp and the +2 Pro
residues (Figure 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 4E). Moreover, the hydroxyl on the phenyl ring of 2
made a hydrogen bond with the S45 of 14-3-3σ, explaining the
benefit of a hydrogen donor or, potentially, acceptor at that
position. Compound 3 was also cocrystallized with FOXO1
(Figure S10B), showing a highly similar binding mode, but a
lack of the hydrogen bonding with S45 of 14-3-3σ (Figure
S10C). 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 S11),
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.42 In that work, the Trp engaged in π−π 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 π−π stacking interaction

Table 1. Tethering and Stabilization of 14-3-3σ/Clients by
Compound 1

MSDR (250
μM BME)

FADR (50
μM BME)

protein titrations (50 μM
BME)

peptide DR50 (μM) EC50 (μM) KD_app KD_DMSO

fold
stab.

CRAF 0.007 0.922 106 nM 8.5 μM 81
ERα 18.1 1.31 21 nM 360 nM 19
USP8 0.024 3.38 1.1 μM 4.5 μM 4
SOS1 >2 mM >2 mM N/A N/A N/A
FOXO1 >2 mM >2 mM N/A N/A N/A
apo >2 mM >2 mM N/A N/A N/A
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with 2, while the +2 Arg of Pin-1 allowed π−π 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.
C-RAF Selective Stabilizers. Following FOXO1, C-RAF

had the highest number of stabilizers. Of the 21 initial C-RAF
stabilizers, 16 compounds showed selectivity for the 14-3-3σ/
C-RAF phosphopeptide complex over apo 14-3-3σ and the
other phosphopeptide clients in the primary screen (Figure
2D). Eleven compounds showed a similar scaffold which was
remarkably analogous to the conserved scaffold for the
FOXO1 stabilizers (Figure S12). However, the linker element
of these compounds was often longer in the case of C-RAF,
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 C-RAF (Thr for
C-RAF, Trp for FOXO1), thereby leaving more space for the
compound. Furthermore, two C-RAF stabilizers were shared
with ERα, both of which have a similar size in the +1 residue
(Val for ERα, Thr for C-RAF). Nine of the 16 selective
compounds were validated for potency and selectivity in the
MSDR (Figure S13). Four of the nine compounds
(compounds 5−8; Figure 5A) showed activity in FADR
(Figure S14 and Table S3) and stabilization in the protein
titrations (Table 3 and Figure S15).
Compounds 5 and 6 were the most effective stabilizers.

Compound 5 had a DR50 value >3,000-fold lower in the
presence of the C-RAF peptide compared to 14-3-3σ alone

(Figure 5B) and showed a 246-fold stabilization of the 14-3-
3σ/C-RAF phosphopeptide complex (KD = 23 μm to 92 nM;
Figure 5C). Compound 6 had a DR50 value 230-fold lower in
the presence of C-RAF compared to apo 14-3-3σ and a 426-
fold stabilization of the 14-3-3σ/C-RAF complex (Table 3,
Figures S13 and S15).
The crystal structure of 5 with C-RAF and 14-3-3σ revealed

a contact between the naphthalene ring of 5 and the +1 Thr
residue of C-RAF. The (R)-methyl group of 5 also seems
important for hydrophobic interactions with the methyl of the
+1 Thr residue of C-RAF, at a distance of 3.8 Å (Figure 5D,
Figure S16A). An overlay of the C-RAF peptide in the
presence of 5 with the apo C-RAF peptide showed no change
in conformation of the +1 Thr residue. In contrast, the +4 Val
residue of the C-RAF peptide changed conformation to make
space for 5 (Figure 5E).
We also crystallized compound 7 as a representative of the

other structural class of the selective C-RAF stabilizers (Figure
S16B). Compound 7 had a DR50 value >228-fold lower in the
presence of the C-RAF peptide than apo 14-3-3σ (Figure 5F)
and was less selective for C-RAF compared to 5 in the MSDR
(Figure S13). However, compound 7 showed no stabilization
of any of the peptides other than C-RAF in the FADR (Figure
S14C), reflecting the selectivity shown in the primary screen.
The weaker 14-3-3σ binding of 7 (12.2 μM DR50) was
reflected in a somewhat lower stabilization of the 14-3-3σ/C-
RAF complex compared to the other chemotype of 5 and 6
(77-fold vs 246- and 426-fold, respectively; Figure 5G, Figure
S15). Cocrystallization of 7 with C-RAF and 14-3-3σ revealed
a novel orientation of its phenyl ring toward the roof of 14-3-
3σ, positioning its trifluoromethyl group above the C-RAF
peptide (Figure 5H). While the conformations of 5 and 7 were
quite different, an overlay of the two structures showed that the
trifluoromethyl group of 7 occupied the same cavity as the
naphthalene ring of 5 (Figure S16C). Furthermore, an overlay
of the C-RAF peptide in the presence of 7 with the apo C-RAF
peptide revealed a conformational change of the +4 Val of C-
RAF, which stacked against the compound, pushing it toward
14-3-3σ. Additionally, a water-mediated hydrogen bond was
formed between 7 and the backbone of the C-RAF peptide

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

Table 2. Properties of Selective FOXO1 stabilizers

MSDR (250
μM BME)

FADR (50 μM
BME)

protein titrations (50 μM
BME)

Cmpnd DR50 (μM) EC50 (μM)
KD_app
(nM)

KD_DMSO
a

(nM)
fold
stab.

2 0.36 5.10 7.7 39 5
3 2.2 N/A 10.6 42 4
4 143 N/A 9.7 111 12

aKD 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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(Figure 5I). The lower specificity for C-RAF of 7 in the MSDR
could be due to its small size, leaving room for alternative +1
residues to have a cooperative effect on 14-3-3σ 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 binding modes similar to 7 in its structure with C-
RAF (Figure S16D,E).
Next to these C-RAF selective stabilizers, the nonselective

stabilizer compound 1 also showed a large fold-stabilization
toward the C-RAF peptide (Figure 3). A crystallographic
overlay of these three scaffolds revealed remarkable differences
in conformation of the C-RAF/compound interactions (Figure
S16F). These changes highlight the flexibility of the C-RAF

peptide, perhaps leading to its facility for stabilization,
especially in the case of the stabilizers’ phenyl ring, which
can occupy a wide range of positions and conformations in
combination with the C-RAF client phosphopeptide.

■ CONCLUSIONS
Systematic methods to discover small-molecule stabilizers of
PPIs 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 PPI 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 14-3-3σ and 5 biologically
and structurally diverse phosphopeptides derived from the 14-
3-3 client proteins ERα, FOXO1, C-RAF, USP8, and SOS1. Of
the 1600 fragments in the disulfide library, 62 showed activity
as stabilizers for one or more phosphopeptides 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 phosphopeptide. Finally, eight compounds

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

Table 3. Properties of Selective C-RAF Stabilizers

MSDR (250
μM BME)

FADR (50 μM
BME)

protein titrations (50 μM
BME)

Cmpnd DR50 (μM) EC50 (μM)
KD_app
(nM)

KD_DMSO
a

(μM)
fold
stab.

5 0.58 0.22 92 23 246
6 8.78 1.33 100 42 426
7 12.2 3.18 294 23 77
8 3.71 13.5 207 23 110

aKD for peptide is accurate within a 3-fold range. These values are
shown on the same plate as protein titrations with compound.
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showed cooperativity with the 14-3-3σ/phosphopeptide
complex via 14-3-3σ protein titrations, and six were structurally
characterized for their contacts with 14-3-3σ and the client
phosphopeptide via X-ray crystallography (Figure S17A).
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 the binding affinity of the 14-3-3σ/
phosphopeptide 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 phosphopeptide
clients due to the unique composite binding surface created by
the phosphopeptide/14-3-3σ interface (Figures 4 and 5). The
nonselective stabilizers also showed varying degrees of efficacy
in stabilizing different clients. Compound 1 facilitated a greater
than 80-fold shift in affinity for C-RAF, a 19-fold shift for ERα,
a more modest 4-fold shift for USP8, but had no effect on
SOS1 and FOXO1 (Figure 3).
The individual phosphopeptide binding motifs and C-

terminal residues following the phosphorylation site created a
distinct environment around the 14-3-3σ C38 fragment
binding pocket, dictating what chemical moieties effectively
facilitated cooperativity between 14-3-3σ, the phosphopeptide
client, and the fragments. The stabilizers for FOXO1 had a
highly conserved scaffold, consistent with the rigidity of this
peptide (Figure S17B). In contrast, the stabilizers of C-RAF
were larger and showed more chemical diversity in their
scaffold, emphasizing the flexibility of the C-RAF peptide. The
short ERα peptide resulted in limited selectivity, sharing many
stabilizers with C-RAF. Lastly, USP8 and SOS1 were the
hardest to target, likely due to the proximity of the peptide C-
terminus to C38 of 14-3-3σ, which was also reflected in the
small scaffold of the discovered stabilizers from the primary
screen (Figure S17B). Alternative cysteine tethering mutations
could sample different subpockets to stabilize peptides which
occupy more of the 14-3-3 binding groove. Taken together, the
intrinsic diversity of the 14-3-3/phosphopeptide composite
binding interface allowed for selectivity and precision when
targeting a specific 14-3-3/client PPI.
The stabilizing fragments we discovered can be further

optimized for chemical biology and therapeutics applications.
For instance, 14-3-3/FOXO1 stabilization could inhibit
FOXO1-fusion proteins in rare cancers and correct metabolism
in diabetes.43,44 Additionally, 14-3-3-mediated inhibition of C-
RAF is strongly implicated in RAS-mediated cancers and in the
developmental disorder Noonan’s syndrome, where mutations
in C-RAF and other proteins in the pathway lead to slight
upregulation of MAP kinase signaling.32,39

While the focus of the screen was the discovery of fragment
stabilizers, the screen also identified selective inhibitors,
nonselective inhibitors, and neutral compounds for each client
peptide and 14-3-3 (Figure S18). 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 PPIs. 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 for PPIs and novel therapeutics for previously

inaccessible biological challenges and diseases related to
intrinsically disordered proteins.
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