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ABSTRACT: The stabilization of protein complexes has emerged
as a promising modality, expanding the number of entry points for
novel therapeutic intervention. Targeting proteins that mediate
protein−protein interactions (PPIs), such as hub proteins, is
equally challenging and rewarding as they offer an intervention
platform for a variety of diseases, due to their large interactome.
14-3-3 hub proteins bind phosphorylated motifs of their
interaction partners in a conserved binding channel. The 14-3-3
PPI interface is consequently only diversified by its different
interaction partners. Therefore, it is essential to consider,
additionally to the potency, also the selectivity of stabilizer
molecules. Targeting a lysine residue at the interface of the
composite 14-3-3 complex, which can be targeted explicitly via
aldimine-forming fragments, we studied the de novo design of PPI stabilizers under consideration of potential selectivity. By applying
cooperativity analysis of ternary complex formation, we developed a reversible covalent molecular glue for the 14-3-3/Pin1
interaction. This small fragment led to a more than 250-fold stabilization of the 14-3-3/Pin1 interaction by selective interfacing with
a unique tryptophan in Pin1. This study illustrates how cooperative complex formation drives selective PPI stabilization. Further, it
highlights how specific interactions within a hub proteins interactome can be stabilized over other interactions with a common
binding motif.

■ INTRODUCTION

The emergence of small-molecule modulation of protein−
protein interactions (PPIs) has vastly expanded the druggable
proteome for therapeutic intervention.1 In combination with
the rise of fragment-based drug discovery as an established
approach for drug design,2−6 the development of PPI
inhibitors has rapidly matured.7,8 The orthogonal approach
of PPI stabilization has also emerged as a promising
therapeutic approach,9,10 illustrated by the development of
cooperative proteolysis targeting chimeras (PROTACs) and
immunomodulatory drugs (IMiDs), such as lenalidomide.11−13

Given that proteins typically engage in multiple protein
interactions, via a common interface, it is essential when
developing small-molecule PPI modulators to consider
selectivity. This is of particular relevance in the field of PPI
stabilizers as illustrated with the development of a cooperative
PROTAC, AT1,14 inducing non-native PPIs and IMiD
research which has expanded to a range of protein targets.15

Covalent tethering approaches are a valuable tool for drug
discovery,16−18 particularly for targeting challenging drug
targets, such as K-Ras.19 One of the most compelling
applications of covalent tethering is the ability to detect
weakly binding hit fragments, a result of out of equilibrium

bond formation between the fragment and the protein.2,20−22

Such site-directed fragment identification has broad applica-
tions to PPI stabilization, as we have shown previously using a
disulfide tethering approach for hub protein 14-3-3 in complex
with estrogen receptor α (ERα)23 and estrogen related
receptor γ (ERRγ).24 Further, we have also shown the
application of dynamic covalent imine tethering for the
stabilization of the 14-3-3/NF-κB complex.25

Stabilization of hub proteins with partner proteins, for
instance 14-3-3 with any of its multiple cellular interaction
partners,26 including c-Myc,27 p53,28 Raf kinases,29,30 p65,31

and CFTR,32 has promising therapeutic potential for the
treatment of numerous diseases including cancer and neuro-
logical diseases. The extensive 14-3-3 interactome presents an
excellent platform for investigating the development of PPI
stabilizers. However, this interactome comes with a significant
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challenge for developing chemical probes that are selective for
a specific interaction. 14-3-3 modulates cellular function by
binding phosphorylated partner proteins via a conserved
binding groove that recognizes a phosphorylated serine or
threonine.33 The highly conserved nature of the 14-3-3 binding
groove calls for diverse approaches to develop selective
chemical probes that stabilize specific 14-3-3 complexes. We
have previously shown that chemical probes that target 14-3-3
proteins have generalized selectivity for extended, bent, and
truncated partner proteins.34 However, the level of promiscuity
of such stabilizers toward partner proteins sharing a common
binding epitope remains to be addressed.
We selected the interaction between 14-3-3 and the

peptidyl-prolyl cis−trans isomerase NIMA-interacting 1
(Pin1) protein, which is closely involved in many disease
states, as a relevant case study. The formation of the 14-3-3/
Pin1/Myc complex is reported to drive the ubiquitination and
proteasomal degradation of oncogenic Myc.27,35

Here, we show that the unique topologies and functionalities
of various binding interfaces shaped by the complexes of 14-3-
3 will direct specific molecular fragments that selectively
stabilize a specific 14-3-3 PPI (Figure 1A). Utilizing an imine-
tethering approach,34 we demonstrate how selectivity can be

engineered in the early stages of the drug discovery process.
We exploit a privileged anchor point of Lys122 that lies at the
interface of the composite binding pocket formed by the
protein complex (Figure 1B,C). This binding pocket is situated
adjacent to the phospho-accepting pocket. Fragment binding is
only compatible with bent partner protein epitopes. Further
selectivity is driven by templating effects of the amino acid in
the plus one position relative to the phosphorylated residue of
the interaction partner.

■ RESULTS AND DISCUSSION

Elucidation of 14-3-3/Pin1 Interaction. Previously, we
have reported the development of an aldehyde fragment
screening approach, which targeted the p65/14-3-3σ PPI.34

This site-directed fragment screening approach forms an
aldimine bond between the aldehyde fragment and Lys122
of 14-3-3σ. Lysine presents an attractive anchoring point for
covalent drug discovery owing to the large representation of
lysine in the proteome.36−38 Lys122 is located within the
binding groove of 14-3-3, adjacent to the p65/14-3-3 interface
(Figure 1B,C).39 This privileged location of imine bond
formation offers the unique opportunity to evaluate the efficacy

Figure 1. Imine-based tethering for selective targeting of the Pin1/14-3-3 interaction. (A) Schematic representation of selective small molecule
(yellow star) stabilization of the Pin1/14-3-3 complex formation and the effect on other 14-3-3 mediated PPI interactions. Previous studies
identified complex stabilization (comp. stab.) of the p65/14-3-3 interaction by imine-forming fragments. The 14-3-3 complex with TAZ, p53, or
ERα was not affected by those fragments (no stab.).34 (B) Crystal structure of a 14-3-3σ monomer (cartoon representation with transparent
surface; PDB code 7AOG; for clarity the Pin1 partner peptide is hidden). Highlighted is Lys122 (orange sticks) and the phospho-accepting pocket
(white sticks). The purple box indicates the region depicted in panel C. The green box indicates the region depicted in panel E. (C) Crystal
structure of 4-imidazole-benzaldehyde (fragment L1, yellow sticks) binding to the interface of the p65-derived peptide (pS45) (purple sticks) and
14-3-3σ (white cartoon and sticks) complex revealed imine bond formation of L1 with Lys122 of 14-3-3σ (orange sticks) and L1 makes
hydrophobic contacts with Ile+1 of p65 (hydrophobic contacts indicated by transparent spheres) (PDB code 6YP2).34 (D) Fluorescence
anisotropy (r in mAU) depicting the binding of phosphorylated Pin1-peptides to 14-3-3γ. Shown are the mean ± SD (n = 3). (E) Cocrystal
structure of Pin1 (phosphorylated S72, green sticks) in complex with 14-3-3σ (cartoon and stick representation). The 2Fo − Fc electron density
map (green mesh) is contoured at 1σ. Polar interactions are shown with yellow dashes (PDB code 7AOG).
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and selectivity of aldehydes stabilizing complex formation with
the hub protein 14-3-3.
Research by Wen et al. has suggested that 14-3-3 binds the

Pin1 protein in a disordered loop region (Val6 −Thr81).35
Screening of the protein sequence with a 14-3-3 prediction
server40 further supported the proposed binding site being
within the loop region of Pin1. Amino acids Ser71 and Ser72
were identified as potential 14-3-3 recognition sites. Computa-
tional screening predicted that the pSer72 site was the more
likely binding motif (Table S1). Considering the proximity of
the two amino acids in the binding motif, we tested both
phosphorylation sites. We screened 17-mer phosphopeptides
representing the loop region of Pin1 whereby either Ser71 or

Ser72 was phosphorylated. The elucidation of binding affinities
was done using a fluorescence anisotropy (FA) assay with 14-
3-3γ. The pSer72 (Pin1_72) peptide elicited a KD of 22.2 ±
1.20 μM (Figure 1D). In contrast, a KD of ∼270 μM was
observed for the pSer71 peptide. Next, the Pin1_72 peptide
was crystallized in complex with 14-3-3σ at 1.5 Å resolution
(Table S2). Notably, we were unable to crystallize the pSer71
site. Analysis of the complex showed that Pin1_72 occupied
two-thirds of the amphiphilic phospho-binding groove of 14-3-
3 (Figure 1E). Of particular interest was the orientation of
Trp73 of Pin1_72 due to its hydrophobic interactions with the
14-3-3 surface. Further, the C-terminus of the peptide veers

Figure 2. Imine-based tethering revealed L2 and L3 as promising starting points for the development of Pin1/14-3-3 stabilizers. (A) Chemical
structures of L1, L2, and L3. (B) Fluorescence anisotropy (r in mAU) assay of fragments L1−L3 where the compound was titrated to 10 μM 14-3-
3γ and 50 nM fluorescently labeled Pin1. Shown are the mean ± SD (n = 3). (C) Ternary structure of 14-3-3/Pin1_72/L2 complex (PDB code
7AXN) overlaid with the binary structure of 14-3-3/Pin1_72 (PDB code 7AOG). Shown is the rearrangement of Trp+1 of Pin1 (binary, light
green; ternary, dark green) upon binding of L2 (yellow sticks). 2Fo − Fc electron density map (blue mesh) is contoured at 1σ. (D) The
benzaldehyde core of L2 (yellow sticks) forms π−π stacks with the indole moiety of Trp+1 of Pin1 (green sticks). (E) Overlay of L2 and L3
showing three pockets that can be probed during fragment optimization (PDB codes 7AXN and 7AYF). (F) Chemical structures of 3, 6, and 9. (G)
Compounds were titrated to 10 μM 14-3-3γ and 50 nM Pin1_72 in FA (r, mAU). Shown are the mean ± SD (n = 3). (H−J) Crystal structures of 3
(PDB code 7NIG), 6 (PDB code 7NJ6), and 9 (PDB code 7NJA) bound to 14-3-3σ in complex with Pin1_72. Shown are hydrogen bonds (yellow
dashes) and potential hydrophobic contacts (indicated by sphere representation) between 3 (H), 6 (I), and 9 (J) and 14-3-3σΔC (white cartoon
and sticks). The 2Fo − Fc electron density map (blue mesh) is contoured at 1σ.
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out of the binding groove, generating a composite pocket for
small molecule binding.
Site-Directed Aldimine Fragment Screening. Given

the solvent exposure of Lys122 of 14-3-3 in the complex with
Pin1_72, we selected 42 covalent fragments from an in-house
aldehyde fragment library for fragment screening with the
Pin1_72/14-3-3γ complex using a FA assay.34 Critical to this
selection was the knowledge that several fragments bound in
the p65/14-3-3σ complex, observed by X-ray,34 but did not
elicit a stabilizing effect in FA assays, herein termed silent
binders. Fragments were screened by titration to a fixed
concentration of 14-3-3γ (10 μM) and Pin1_72 (50 nM). As a
measure of activity, the inflection point of the curve was
determined, representing the half-maximum ternary complex
formation (CC50), where the ternary complex consists of the
14-3-3 protein, Pin1_72 peptide, and a ligand. From the

fragment screen, 11 compounds were found to stabilize the
Pin1_72/14-3-3γ complex (Figure S1). Of these fragments, L2
and L3 were shown to exhibit significant complex formation,
albeit that a lack of upper plateau limited accurate assignment
of the CC50 values (Figure 2A,B, Table 1). Notably, fragment
L1, which did not contain a halogen, was not active (Figure
2B). Inquisitive regarding the binding of L1, we also soaked
this fragment with the 14-3-3σΔC/Pin1_72 complex. X-ray
crystal structures of L1, L2, and L3 in complex with 14-3-
3σΔC/Pin1_72 confirmed that all fragments formed a
covalent imine bond with Lys122 (Figure 2C,D, Figure S2).
The binding of L1−L3 induced a conformational change in
Pin1_72 when compared with the binary complex (Figure
2C), where the binary complex is defined as the 14-3-3 protein
in complex with the interacting Pin1_72 peptide. Specifically,
Trp73 of Pin1, herein denoted Trp+1, describing its position

Table 1. Focused Library Investigating Potency and Stabilization Factors for the Pin1/14-3-3 Interaction

compd R1 R2 R3 R3 R4 Xa CC50 (μM)b apparent KD (μM)b SFc PDB coded

DMSO 22 ± 1e 7AOG
L1 H H H H H C >1000 7NIF
L2 H Cl H H H C 423 ± 130f 18 ± 1 1.3 7AXN
L3a H H Br H H N 480 ± 74f 9 ± 5 2.4 7AYF
1 H Br H H H >1000 nd
2 Cl H H H H 153 ± 42 8 ± 7 2.6 nd
3 Br H H H H 61 ± 7 6 ± 1 3.5 7NIG
4 H H H Me H >1000 7NRK
5 H H H H Me >1000 nd
6 H H H CF3 H >1000 7NJ6
7 H H H benzyl >1000 7NJ8
8 H H COOH H H >1000 nd
9 H H phenyl H H >500 7NJA
10 Cl H phenyl H H 166 ± 31 4.3 ± 0.2 3.6 7BDP
11 H Cl phenyl H H >500 nd
12 H Br phenyl H H >500 nd
13 Br H phenyl H H 101 ± 6 2.2 ± 0.1 10.8 7BDT
14 CF3 H phenyl H H 306 ± 42 9 ± 2 1.2 7AZ1
15 H CF3 phenyl H H >500 7AZ2
16 OMe H phenyl H H g 7BGQ
17 H OMe phenyl H H g 7BGV
18 Me H phenyl H H g 7BGR
19 OH H phenyl H H 19 ± 15 3.3 ± 0.2 4.9 7NRL
20 OCF3 H phenyl H H >500 n. bind.
21 OPh H phenyl H H g n. bind.
22 naphth phenyl H H g 7BGW
23 Br H 2-Br phenyl H H 24 ± 3 1.2 ± 0.1 18.9 7BG3
24 Br H 4-Br phenyl H H 106 ± 17 6.8 ± 0.3 3.3 n. bind.
25 Br H 4-OH phenyl H H >500 nd
26 Br H 3-pyridinyl H H 92 ± 8 8.5 ± 0.6 2.3 nd
27 Br H 2-F, 5-Br phenyl H H 118 ± 7 0.78 ± 0.02 56.6 7BDY
28 Br H 2,4-diF phenyl H H 79 ± 3 0.27 ± 0.02 96.8 7BFW

aX is only applicable to L1−L3. Fragments 1−28 contain a carbon atom in the 5 position of the aromatic ring. bMeasurements were taken after
overnight incubation and in the presence of 100 μM fragment. Values are given as the mean ± standard deviation (SD) of three separate
experiments (n = 3). cFold stabilization was measured based on the internal DMSO control and 100 μM fragment. dnd: not determined. n. bind.:
no extra electron density due to compound binding. eValue is a representative measurement and not specifically the value used to calculate the
stabilization factor (SF), which was dependent on the internal DMSO reference. fA lack of upper-plateau limits accurate determination of the
fragments CC5o value.

gCompound showed autofluorescence within the FP assay (Figure S3).
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relative to pSer72, was flipped ∼90° forming a π−π interaction
with the fragment (Figure 2D).
Fragment Extension and SAR Analysis. Having

identified L2 and L3 as hit fragments for optimization, we
sought to extend the fragments, with a focus on enhancing
potency for the Pin1_72/14-3-3 complex. Three key
subpockets were identified (P1, P2, and P3) as potential
points for fragment extension (Figure 2E). A focused library
was constructed utilizing a nucleophilic aromatic substitution
reaction, with substituted imidazoles or benzimidazole and
substituted 4-fluorobenzaldehydes (Table 1). Initial library
development focused on halogen substitution and shifting the

position of the halogen to probe pocket P1. Further, we
investigated the effect of substituted imidazoles to explore
pockets P2 and P3. Analysis using the FA assay showed that an
exchange of the chloride of L2 for bromine (1) resulted in a
loss of activity. In contrast, 2-substituted chlorine (2) and
bromine analogues (3) resulted in improved affinity to the
complex, with CC50 of 153 ± 42 μM and 61 ± 7 μM,
respectively (Table 1, Figure 2F,G). Decorations on the
imidazole ring (4−9) did induce minor to no complex
stabilization.
Analysis of X-ray crystal structures of these fragments

provided valuable insight into their activity profile (Figure

Figure 3. Fragment 28 is the most potent stabilizer of the Pin1_72/14-3-3 complex. (A) Schematic representation of the difference between
dissociation constant of the binary complex (KD, red line), concentration specific stabilization of the ternary complex (SFi, purple line), and α-factor
of the ternary complex (dark green line). Gray lines directly relate to panel E, where the apparent KD at a specific concentration of fragment is
represented (light to dark gray indicates fragment concentration as per the legend). The stabilization factor shows the shift in the apparent KD
relative to the binary complex at a set concentration of compound. The α-factor is a measure of the maximum stabilizing response at saturation of
the compound and measures the maximal cooperativity of the ternary complex. This schematic illustrates the limitation of only using a stabilization
factor as different compounds have differing cooperativity with the complex. (B) Chemical structures of 13, 23, 27, and 28. (C) Crystal structure of
the 13/Pin1_72/14-3-3σΔC complex (PDB code 7BDT). Hydrogen bonds are shown as yellow dashes, and the electron density map is shown as a
blue mesh (contoured at 1σ). (D) FA protein titrations in the presence of 100 μM fragment as indicated or DMSO control (n = 3). (E) 2D protein
titrations in the presence of increasing concentrations of 28 (n = 1). (F) Ratio of KD/apparent KD plotted against the fragment concentrations. The
data are derived from 2D titrations (see panel E and Figure S5). The saturation of the ratio represents the α-factor. (G) Comparison of stabilization
factors in the presence of 100 μM compound (SF100) and the α-factor. (H) Crystal structure of the 28/Pin1_72/14-3-3σΔC complex (PDB code
7BFW). Hydrogen bonds are shown as yellow dashes, and the electron density map is shown as a blue mesh (contoured at 1σ). (I) Overlay of FCA
(PDB code 4JDD; ERα-peptide and 14-3-3σ hidden for clarity) and the Pin1_72/14-3-3 complex shows a steric clash of Trp+1 of Pin1_72 and
FCA.
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2H−J, Figure S2, Table S3). All measured fragments, 1−9,
bound to Lys122 and induced a similar shift of the Trp+1
residue of Pin1_72, forming a π−π stack between the indole
side chain and the benzaldehyde ring of the fragment. Further,
a shift of the halogen to the 2-position probes the P1
subpocket formed by residues Asn42, Val46, Phe119, and
Lys122 of 14-3-3 (Figure 2E,H). Fragments 4, 5, and 7 probe
the P3 pocked comprising Asp215, Leu218, Ile219, and
Leu222 (Figure 2E,I, Figure S2). The occupancy of the
electron density map for fragment 4 is low and prevents
accurate positioning of the imidazole decorations. However,
the trifluoro of 6 reaches Asp215 of 14-3-3 (Figure 2I) and the
benzimidazole of 7 engages in hydrophobic contacts with
Leu218 and Ile219 in the roof of 14-3-3 (Figure S2). Lastly,
the installation of a carboxylic acid (8) or a phenyl ring in the
2-position of the imidazole ring (9) probed subpocket P2
formed by Ile168, Asn42, and Phe119 (Figure 2E,J, Figure S2).
Inspired by the binding poses of 3 and 9, we combined their

structural features to improve stabilization. Synthesis and
screening of compounds 10−22 identified that a 2-bromo (13)
or 2-hydroxy (19) substituted phenylimidazole provided CC50
values of 101 ± 6 and 19 ± 15 μM, respectively (Table 1,
Figure S2B, Table S3). The CC50 values were further
complemented by protein titration assays in the presence of
a constant concentration of compound (100 μM). In the case
of complex stabilization, a left shift of apparent KD values is
observed, here described as stabilization factor (SF) (Figure
3A). Protein titration assay showed that fragment 13 (apparent
KD = 2.16 ± 0.123 μM, SF = 10.8) elicited improved
stabilization of the ternary complex formation relative to 19
(apparent KD = 3.92 ± 0.247 μM, SF = 4.9).
Analysis of the ternary crystal structure showed that 13

bound in a similar conformation to fragments 3 and 9 (Figure
3B,C). Interestingly, a conformational change is observed in
Asn42 of 14-3-3 and the C-terminus of Pin1_72. This induces
a water-mediated hydrogen bond interaction between Gln+3
of Pin1_72 and Asn42. This conformational change is highly
advantageous as this enhances the polar contact between Pin1
and 14-3-3. Inspection of the electron density of 13 suggested
that its 2-phenyl freely rotated. Further, Asn42 of 14-3-3
occupied two different conformations indicating either a low
occupancy of the fragment or high conformational freedom.
We therefore investigated the introduction of bulky side
groups and/or hydrogen bonding groups to the 2-phenyl-
imidazole to impair free rotation (23−28, Table 1, Figure S2,
Table S3). The introduction of a hydrogen bonding group
proved to have limited effect (25 and 26) with 26 only
showing weak stabilization (SF = 2.3). Increasing the bulk of
the 2-phenyl ring proved highly effective in improving potency
and stabilization with 2-bromo (23), 2-fluoro-5-bromo (27),
and 2,4-difluoro (28) eliciting CC50 values of 24 ± 3, 118 ± 7,
and 79 ± 3 μM, respectively. To place this in context, the
natural product fusicoccin A (FCA) binds to the 14-3-3σ/ERα
complex with CC50 = 0.22 μM.23 Further, 23, 27, and 28
showed a significant shift in apparent KD ranging from low to
submicromolar activity (1.15−0.27 μM) (Figure 3D). This
translated to SFs ranging from 13- to 97-fold stabilization
(Figure 3G).
A thermal shift assay was used as an orthogonal method to

validate fragment induced 14-3-3/Pin1 complex stabilization
(Figure S4). Initially, we investigated the effect of the addition
of acetylated Pin1 peptide at 5 and 50 equiv on 14-3-3γ
melting temperature. The addition of 5 equivalents of Pin1

showed no significant increase in melting temperature, while,
50 equiv resulted in an ∼1 °C increase in melting temperature.
The addition of 27 or 28 to 14-3-3γ alone elicited no
significant effect on 14-3-3 melting temperature, indicating
weak to absent binding of the fragment to 14-3-3 alone.
Notably, the addition of 27 or 28 to the complex of 14-3-3/
Pin1, in the presence of 5 eq of Pin1, resulted in a 1.1 and 2.1
°C increase in melting temperature, respectively. The increase
of melting temperature observed with the 14-3-3/Pin1/27
complex or with the treatment of 50 equiv of Pin1 shows how
complex stabilization can significantly enhance 14-3-3 complex
avidity. These results show how cooperativity between the
three interaction partners leads to increased complex stability.
To benchmark the activity of fragment 28, we also screened

the known 14-3-3 stabilizer fusicoccin A (FCA) against Pin1.
FCA preferentially stabilizes 14-3-3 interaction partners with
C-terminal phosphorylation sites (pSer/pThr-X-COOH, X =
hydrophobic residue), like those present in the estrogen
receptor α (ERα). Protein titrations with FCA afforded an
apparent KD of 3.32 ± 0.251 μM, an order of magnitude less
potent than 28 (Figure 3D).

Cooperativity in Ternary Complex Formation. In
contrast to PPI inhibition, where affinity to one of the protein
pockets is the driving force for drug development, the design of
molecular glues is driven by cooperative ternary complex
formation. Both CC50 and SF values are concentration
dependent values and might differ based on assay design.
Hence, we were aiming to determine the cooperativity factor
(α) as a concentration independent measure of coopera-
tivity.39,41,42 Cooperative complex formation is often accom-
panied by structural changes to the interface of a complex
which translates to increased stability of the ternary
complex.41,43 To assess cooperativity of the ternary complex,
fragments 13, 23, 27, and 28 were selected for cooperativity
analysis. The α-factor of the fragments were determined using
14-3-3 titrations in the presence of a varied but constant
concentration of fragment in a dose-dependent manner. The
α-factor also describes the SF of a saturated system, where
higher compound concentrations do not further decrease the
apparent KD. Further, the interval of change in stabilization
describes the system’s cooperative behavior (Figure 3A).
Cooperativity analysis of 13 showed that the compound

induced an order of magnitude decrease of the apparent KD of
the 14-3-3/Pin_72 complex at 250 μM (Figure S5). However,
at higher concentration regimes significant assay interference
was observed, probably due to compound aggregation.
Fragments 23, 27, and 28 all reached saturation or approached
saturation enabling accurate determination of the α-factor. The
largest cooperativity value was observed for 28, with 2 orders
of magnitude increase in Pin1 stabilization (Figure 3E,F).
Fragments 13, 23, and 27 showed α-factors of approximately
60 (Figure 3F). Notably, 27 reached saturation at a
significantly lower concentration, compared to 23, resulting
in the previously observed difference of SFs (Figure 3G). The
14-3-3/Pin1/28 complex showed the highest cooperativity
with an α-factor = 270 and with only 1 μM of 28 necessary to
induce a 2-fold increase in PPI stabilization. Interestingly,
while FCA elicits stabilization for the 14-3-3/Pin1 complex at
concentrations of 8 μM (SF8μM ≈ 10), the observed shift of
apparent KD remains constant also at higher concentrations of
FCA (Figure 3F). This weaker cooperative profile may be a
function of the bulky hydrophobic properties of FCA, having a
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Figure 4. Investigation of 13 representative 14-3-3/peptide interactions reveals selective stabilization of the 14-3-3/Pin1_72 complex by 28. (A)
Radar plot of the SFs determined by FA protein titrations in the presence of 100 μM fragment. Fragment 28 shows preferential binding for the
Pin1_72/14-3-3γ comparable to the effect of FCA on the ERα/14-3-3γ interaction. Right: close-up. (B) SF values determined with 14-3-3γ
titrations in the presence of 100 μM 13, 27, or 28 in FA assays (n = 2). (C) Overlay of the binding pose of 13, 27, and 28 (line representation)
with the AS160 binding epitope (violet sticks; PDB code 7NIX). (D) Structural overlay of the known 14-3-3 binding epitopes used in this study.
(E) Overlay of crystal structures of 13 (orange sticks, 2Fo − Fc map at 1σ as blue mesh) binding to the p65_45 (violet sticks, carton)/14-3-3γ
complex (PDB code 7NQP) and the CFTR (cyan sticks, cartoon)/14-3-3 complex (PDB code 5D3F, FC-A hidden for clarity). Hydrophobic
contacts between 13 and Ile+1 of p65 and Val+1 of CFTR are indicated by transparent spheres. (F) Cooperative analysis of ternary complex
formation using 28 with Pin1 and p65 peptides shows that stabilization of the ternary complex is driven by the unique environment created by the
partner peptide binding.
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higher intrinsic affinity to 14-3-3 but being less compatible
with the size of Trp+1 for optimal stabilization (Figure 3I).41

To better understand how structural changes in 13, 23, 27,
and 28 translated to different cooperativity, the compounds
were soaked into 14-3-3/Pin1 crystals. Analysis of the crystal
structures shows conformational changes at the composite
interface that potentially drive cooperative behavior. The 14-3-
3/Pin1/28 complex showed a conformational change in Asn42
side chain of 14-3-3 induced by the presence of the 2,4-
difluorophenyl ring of 28. Specifically, this induces a
conformational change in Asn42 of 14-3-3 facilitating a direct
hydrogen bond with Gln+3 of Pin1 (Figure 3H). Notably, this
interaction is absent in the crystal structures of 13 and 27
(Figure 3C, Figure S6). Additionally, we observed that the 4-
fluoro occupies a deep pocket formed by Cys38, Arg41, and
Phe119, thereby locking the orientation of the 2,4-difluor-
ophenyl ring. It was also observed that the indole side chain of
Trp+1 has an inverted conformation compared to 13 and 27
(Figure 3C,H, Figure S6). Notably, the 14-3-3/Pin1/23
complex shows two conformations for Trp+1, suggesting that
the side chain is not in the lowest energy state (Figure S5).
Furthermore, the alternative Trp+1 conformation induced by
28 allows the formation of water-mediated hydrogen bonds
between the indole moiety of Trp+1 and Gln+3 of Pin1 and
Asn42 and Ser45 of 14-3-3 (Figure 3H). These additional
contacts at the interface of the complex potentially explain the
improved cooperative behavior. We further hypothesize that
these Pin1 specific interactions will result in high selectivity of
these fragments toward the Pin1/14-3-3 complex.
Selectivity Screening of Covalent Fragments. Drug-

ging the hub protein 14-3-3 raises the challenge of selectivity.
We hypothesized that the high level of cooperative behavior
for the 14-3-3/Pin1_72/28 complex is a function of the unique
functionality and topology of the interface, specifically the +1
and +3 amino acid of Pin1_72 with the covalent fragment
(Figure 3H). We further rationalized that this cooperativity
would likely translate to high selectivity. To test this, fragments
13, 27, and 28 were screened against a panel of 13 peptides as
diverse representatives of 14-3-3 client proteins, differing in
size and hydrophobicity of the +1 amino acid (Figure 4A).
First, 14-3-3 interaction partners with polar amino acids in the
+1 position were investigated. C-Raf has a threonine in the +1
position, whereby the hydroxyl group sufficiently abolishes any
stabilizing effect of 13, 27, and 28. Glutamic acid, glutamine,
cysteine, or serine, in this position, as offered by the B-
Raf_729, TBC1D237, ERRγ_179, and Mypt1_ 472 peptides,
showed no significant stabilization with 13, 27, and 28. A polar
amino acid in the +1 position is not compatible with these
imine forming fragments. This is likely due to the direct
hydrogen bond possible between Lys122 of 14-3-3 and the
polar side chain of the +1 amino acid, coupled with the
repulsive behavior of a polar amino acid perpendicular to the
aromatic ring of benzaldehyde. Similar to polar +1 amino acids,
a C-terminal phosphorylation motif, as prototypical for ERα,
was also not responsive to fragment stabilization with 13, 27,
and 28. Again, salt bridge formation between Lys122 and the
carboxylic acid terminus of ERα is the most logical rationale.44

This is in contrast to the natural compound FCA which elicits
a 160-fold stabilization of the 14-3-3/ERα complex.
Following the importance of the tryptophan for complex

stabilization of Pin1_72/14-3-3γ with the benzaldehydes, the
influence of phenylalanine (AS160) and tyrosine (Raptor) was
investigated (Figure 4A,B). No appreciable stabilization of the

AS160/14-3-3γ complex was observed with any of the
fragments (13, 27, and 28), with SFs ranging from 1.2 to
2.7. The crystal structure of AS160 shows that the phenyl side
chain employs similar hydrophobic contacts with the roof of
14-3-3 as Trp+1 of Pin1_72 (Figure 4C). Unlike Pin1_72, the
C-terminus of AS160 engages Phe+1 in intramolecular
hydrophobic contacts with Pro+4 and Pro+5. The +1
phenylalanine likely cannot rearrange to allow fragment
binding. The Raptor/14-3-3γ binary complex proved to be
more responsive to fragment stabilization with 28 showing a
9.5-fold stabilization of the binary complex. No structural data
are available for the Raptor/14-3-3 interface.
The aldimine formation with Lys122 was first identified for

the p65/14-3-3 interaction, with p65, which contains an
isoleucine at the +1 position.34 Hence, small hydrophobic
residues could potentially form hydrophobic contacts with the
benzaldehyde scaffold. This was investigated by comparing the
effect of 13, 27, and 28 on 14-3-3 interaction partners with a
leucine (Abl1pT735), isoleucine (p65pS45), or valine
(CFTRpS753) at the +1 position. Fragments 13 and 28
elicited some stabilizing activity for all three interaction
partners with SF values ranging from 4.7 for 13 with p65 to
12.5 for 27 with CFTR. Fragment 27 induced no significant
complex stabilization. The B-Raf_365 peptide with an alanine
in the +1 position was not responsive to complex stabilization
by any of the imine-forming aldehydes. This is likely a result of
the topology formed by the C-terminus of B-Raf_365, which
creates a smaller binding pocket occluding the fragments.29

This demonstrates not only the functionality of the C-terminus
of the partner protein is important, but the topology of the
binding pocket formed by the interaction partner also dictates
binding (Figure 4D).
Remarkably, none of the fragments showed any significant

inhibiting effects on binary complex formation, indicating a
very low intrinsic affinity of the aldehyde fragments toward 14-
3-3 alone. This is exemplified by peptides B-Raf_365 (Ala+1),
ERRγ (Cys+1) and C-terminally truncated ERα (Val+1-
COOH) where the addition of 100 μM fragment resulted in
no change in KD value of the binary complex formation (Figure
S7A). We further investigated whether these fragments elicited
competitive behavior against non-stabilized interactions in a
dose-dependent manner, by titrating the fragment to a fixed
concentration of 14-3-3 and partner peptide (Figure S7B). B-
Raf_365, which has a hydrophobic residue in the +1 position
and is not stabilized by the fragments, showed no inhibition of
14-3-3/partner peptide complex formation at concentration of
≤1.5 mM of 27 or 28 (Figure S7C). Titration of 27 or 28 to a
complex of 14-3-3/ERRγ or 14-3-3/ERα, which forms
hydrogen bonds with Lys122, showed no competitive behavior
at concentration of ≤750 μM. Notably, 28 and 27 showed
moderate to low inhibition of ERα at a high micromolar
concentration (750−1500 μM), respectively. In regard to
ERRγ, inhibition of peptide binding was only observed at a
concentration of 1.5 mM for 28. This suggests that the
aldehyde fragments have a low intrinsic affinity toward 14-3-3
alone. This leads to a desirable, noncompetitive binding mode.
Soakings of 13 and 23 into p65/14-3-3σΔC complexes

provided an explanation of selectivity. The ternary complex
with p65/14-3-3σΔC/13 showed a distinct binding pose to the
fragments in comparison with Pin1_72/14-3-3σΔC. Specifi-
cally, the 2-phenyl ring of 13 and 23 points toward Ile+1 of
p65_45 (Figure 4E, Table S4). In this orientation, the Ile+1
makes hydrophobic contacts with both benzene rings of 13

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c03035
J. Am. Chem. Soc. 2021, 143, 8454−8464

8461

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03035/suppl_file/ja1c03035_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03035/suppl_file/ja1c03035_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03035/suppl_file/ja1c03035_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03035/suppl_file/ja1c03035_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03035/suppl_file/ja1c03035_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03035/suppl_file/ja1c03035_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03035/suppl_file/ja1c03035_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03035/suppl_file/ja1c03035_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c03035?rel=cite-as&ref=PDF&jav=VoR


and 23, providing a rationale for the correlation of the size of
the hydrophobic residue and the observed complex stabiliza-
tion. With the increasing size of the +1 amino acid, the residue
fills more of the physical space between the two ring systems.
The additional bromine of 23 pushes the 2-phenyl ring away
from the roof of 14-3-3σΔC, explaining the lower activity
toward Abl1, p65, and CFTR (Figure S6). While a crystal
structure of 28 with p65 was not obtained, given the structural
similarities of the fragments, it can be assumed that 28 adopts a
similar binding pose. The conformational change of 13 and 23
within the p65/14-3-3 complex illustrates how the function-
ality and topology of the binding partner influence ligand
binding. While direct hydrophobic contacts were observed
with the fragments 13 and 23, compared with the Pin1_72/14-
3-3 complex, there are significantly fewer interactions
occurring at the composite interface within the p65/14-3-3
complex.
Finally, we performed a cooperativity analysis of the 14-3-3/

p65/28 complex to investigate how these structural observa-
tions translate to cooperativity. For the 14-3-3/p65/28
complex, saturation of the system was not achieved at
concentration of ≤1 mM with SF1mM = 37 (Figure 4F). This
stabilization effect remains relatively small compared to the
270-fold stabilization of the Pin1/14-3-3 complex by 28
already achieved at lower concentrations. This lower
cooperativity profile suggests that hydrophobic contacts of
the phenyl and benzaldehyde rings of 28 with Ile+1 of p65 do
not contribute significantly to the stabilization of the ternary
complex. More importantly, the lack of induced additional 14-
3-3/p65 contacts upon binding of 28, as seen with Pin1, likely
accounts for the disparity in cooperativity. The cooperative
interactions within the 14-3-3/Pin1/28 complex are thus
significant driving factors for selective stabilization.
A recent screening campaign mapping the effect of

PROTACS on cellular interaction networks suggests that a
disturbance of the E3-ligase interactome is predominately
responsible for the cellular activities of the tested com-
pounds.45 The high affinity of the compounds toward the E3-
ligases, which were supposed to label target proteins for
degradation, hijacked their natural interactome. A lower
intrinsic affinity of molecular glues toward hub proteins, like
the E3-ligases or 14-3-3 proteins, reduces the risk of a general
disturbance of the related interactome. This aligns with our
findings that the cooperative ternary complex formation with a
low intrinsic affinity of the fragment toward the hub protein is
beneficial for selective PPI stabilization.

■ CONCLUSIONS
Targeting hub proteins, such as 14-3-3, via PPI modulation
raises the challenge of achieving selectivity. Here we
demonstrate a covalent imine-based tethering approach for
de novo development of highly selective stabilizer fragments for
the hub protein 14-3-3, within only a few focused library
iterations. Critical to the development of selective stabilizers is
the location of the covalent anchor at the interface of the
composite pocket. In contrast to anchor points peripheral to
the interface, this approach biases fragments that are selective
for a specific PPI interaction by exploiting templating effects of
the partner protein. We show that by harnessing unique
topologies and functionalities within a composite binding
pocket, unique fragments specific for the complex can be
identified. Building upon these fragments to engage with the
partner protein enabled the rapid identification of fragment

based molecular glues which elicit submicromolar stabilizing
activity. Further, we show how the 14-3-3/Pin1 complex can
selectively be stabilized over other 14-3-3/complexes and
demonstrate that the use of aldehydes as reversible covalent
chemical probes does not lead to the inhibition of other 14-3-3
complexes formation. This highlights the advantage of dynamic
covalent tethering over nonreversible covalent bonds. Utilizing
cooperative analysis and X-ray crystallography, we elucidate
the cooperativity of this series of fragments and the mechanism
of action. Selectivity screening using a panel of 14-3-3 partner
peptides identifies fragment 28 as highly selective for the Pin1
interaction. This is an important step forward in PPI
stabilization of specifically hub proteins, such as 14-3-3,
showing that a specific interaction can be stabilized over other
interactions with a common binding motif. Finally, we show
that by exploiting cooperative behavior, we can drive selective
complex formation. Specifically, we observed that direct
communication through ligand−peptide interactions is critical
to cooperativity, inducing additional interactions between the
two protein partners that are relevant for the 14-3-3/Pin1/28
complex stability. The research shown here is relevant to the
ongoing growth of molecular glues as drug candidates. Further,
observations seen here are, for example, laterally translatable to
the field of cooperative PROTACS and to the further
understanding of biochemical cooperativity.46
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