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The development of protein-protein interaction (PPI) inhibitors
has been a successful strategy in drug development. However,
the identification of PPI stabilizers has proven much more
challenging. Here we report a fragment-based drug screening
approach using the regulatory hub-protein 14-3-3 as a platform
for identifying PPI stabilizers. A homogenous time-resolved
FRET assay was used to monitor stabilization of 14-3-3/peptide
binding using the known interaction partner estrogen receptor
alpha. Screening of an in-house fragment library identified

fragment 2 (VUF15640) as a putative PPI stabilizer capable of
cooperatively stabilizing 14-3-3 PPIs in a cooperative fashion
with Fusicoccin-A. Mechanistically, fragment 2 appears to
enhance 14-3-3 dimerization leading to increased client-protein
binding. Functionally, fragment 2 enhanced potency of 14-3-3
in a cell-free system inhibiting the enzyme activity of the nitrate
reductase. In conclusion, we identified a general PPI stabilizer
targeting 14-3-3, which could be used as a tool compound for
investigating 14-3-3 client protein interactions.

Introduction

In recent years significant advances have been made in drug
discovery regarding protein-protein interaction (PPI) inhibitors
targeting sites previously regarded as undruggable.[1] In con-
trast, the development of PPI stabilizers has proven to be much
more difficult. Potential PPI stabilizers, unlike inhibitors, are
required to contact both proteins on the interaction interface to
function as a molecular glue, increasing the affinity, duration
and stability of this complex.[2] Nonetheless, the development
of PPI stabilizers is attractive as it could potentially allow for the
development of cooperatively binding compounds with a
higher selectivity as the targeted interaction interface is unique
for each PPI complex.
A key family of proteins studied in the context of PPI

stabilization is the essential scaffolding and regulatory protein
family 14-3-3 found in all eukaryotes.[3] In mammalian cells,
there are seven different isoforms known (α, β, γ, ɛ, ζ, η and θ)
that are active either as monomers or as homo- and
heterodimers.[4] Structurally a 14-3-3 monomer consists of nine
anti-parallel alpha-helices that dimerize at the N-terminus to
form a wedged-shaped protein.[5] Each monomer contains an

amphipathic binding groove in which 14-3-3 can bind client
proteins based on their phosphorylated motifs such as the RAF
kinases B- and C-RAF.[5,6] The binding motifs recognized in client
proteins are subdivided into different modes with mode-I
(RSX[pS/pT]XP) and II (RXXX[pS/pT]XP) occurring anywhere in
the client protein sequence, whereas mode-III (XXX[pS/pT]X-
COOH) binding motifs are found at the extreme C-terminus of
the client protein.[7,8] Mode I and II 14-3-3 interactions have
been extensively studied, with more than 200 client proteins
identified.[9,10] Mode III interactions have been less extensively
studied and these interactions differ structurally from mode I
and II as the C-terminus of the client protein terminates inside
the 14-3-3 binding groove.[8] As a result, a cavity is formed by
the surface of the 14-3-3 groove and the C-terminal amino acid
of the client protein that a PPI stabilizer can target.[7]

The first example of a PPI stabilizer targeting 14-3-3/client
protein interactions was the natural product Fusicoccin-A
(FC-A), a diterpene glucoside isolated from the fungus Phomop-
sis amygdali.[11] FC-A was shown to target the interaction
between 14-3-3 and the plant H+-ATPase PMA2. Since the
discovery of FC-A as a PPI stabilizer, several mammalian 14-3-3/
FC-A targets have been identified, including the cystic fibrosis
transmembrane conductance regulator (CFTR) and the stress
response regulator GCN1.[12,13] Previously, we have shown in
human MCF-7 breast cancer cells that FC-A targets the mode-III
interaction between 14-3-3 and the nuclear transcription factor
the estrogen receptor alpha (ERα).[14] FC-A stabilization of the
14-3-3/ERα interaction prevents ERα dimerization and subse-
quent transcriptional activity, which results in decreased cellular
proliferation providing a new avenue for targeting ERα-driven
breast cancer.[14]

Unlike PPI inhibitors, FC-A contacts both 14-3-3 and ERα,
acting as a molecular glue to increase the affinity of the
complex. Consequently, the 14-3-3 proteins provide a unique
setting to study PPI stabilization. Unlike other PPI stabilizers
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such as Rapamycin or Tafamidis that target a fixed set of
protein interactions, the 14-3-3 protein family interacts with
many different client proteins providing opportunities to target
and modulate PPIs in many different settings. The 14-3-3/ERα
interaction complex has emerged as a novel platform for
developing PPI stabilizers.[15,16]

In the present study, we set out to identify novel PPI
stabilizers targeting 14-3-3 using a fragment-based screening
approach. Fragment screening is an approach that is comple-
mentary to high-throughput screening and is able to efficiently
sample chemical space of protein binders by using small
libraries of small molecules.[17,18] Fragment approaches targeting
the 14-3-3 interface with various protein interaction partners
using both covalent and non-covalent fragments have been
reported.[19–26] Whereas the 14-3-3/ERα interface has previously
been targeted by stabilizing covalent fragments,[22] here we
target the 14-3-3/ERα interaction with stabilizing non-covalent
fragments. Our in-house fragment library of 1600 non-covalent
fragments was screened using a homogenous time-resolved
FRET assay (HTRF). Fragment 2 was identified as a hit and
validated in an orthogonal fluorescent polarization assay (FP).
We show that fragment 2 acts cooperatively with FC-A to
stabilize 14-3-3 PPIs. HTRF and protein cross-linking data
suggest that fragment 2 stabilizes 14-3-3 dimers. The binding of
fragment 2 to 14-3-3 translated into a functional effect as
fragment 2 could enhance the potency of 14-3-3 in an enzyme
assay inhibiting the plant nitrate reductase.

Results and Discussion

The 14-3-3/ERα HTRF assay setup

This study employed a fragment screening approach to identify
putative stabilizers of the 14-3-3/ERα interaction complex. Our
in-house fragment library[27,28] was screened using an HTRF
readout in which 14-3-3 protein binding to an ERα peptide was
monitored (Figure 1A). For this screen, we used recombinant N-
terminally GST-tagged 14-3-3η, which was labeled with a
europium cryptate conjugated anti-GST antibody. The binding
of an N-terminally biotinylated phosphorylated ER-alpha pep-
tide (Bio-KYYITGEAEGFPApT594V; ERα-TV) labeled with streptavi-
din-XL665 to 14-3-3η was evaluated (Figure 1B). Titrating
increasing amounts of ERα-TV peptide to GST-14-3-3η increased
the peptide/14-3-3η binding, observed as an increase in the
FRET-ratio (Figure 1B). Moreover, the addition of 10 μM of the
known interaction stabilizer FC-A (Figure 1E) induced a leftward
shift of the concentration-response curve, indicative of an
enhanced affinity of the peptide for 14-3-3η (Figure 1B). These
data validate the HTRF assay as a tool for detecting PPI
stabilizers of the ERα/14-3-3 complex in vitro.

Primary screening of 1600 fragments against the 14-3-3/ERα
interaction

In total, 1600 fragments were screened at 200 μM in a 384-
well format using the HTRF assay in a single-point format
(Figure 1C & Figure S1A–E). Z’ factors were determined using
three control conditions per plate, and amounted to �0.79
for individual plates, indicating a high sensitivity for detect-
ing 14-3-3/ER-alpha stabilizers.[29] Hits were characterized as
fragments with a Z-score of 10 or greater (Figure 1C). The
initial screen yielded 133 fragments with Z-scores >10; of
these 23 were dropped for excessively exceeding the Z-score
of the reference compound FC-A. Another 15 compounds
were excluded due to solubility issues at assay concentra-
tions. Next, the following selection criteria were applied:
putative hits should stabilize the 14-3-3/ERα-pTV interaction
whilst not affecting the HTRF signal in the absence of 14-3-3
and the ERα-pTV peptide. A total of 95 fragments were tested
in a single point format at 200 μM, of which only one
fragment met the selection criteria and was therefore
selected for further analysis (Figure 1D, S2C & H).
The fragment had been synthesized about a decade before

our current research commenced and had been stored since at
room temperature and protected from light. Its recorded
structure was 1, but structure validation using NMR spectro-
scopy comparing to a commercial sample of 1, as well as MS
analysis, did not support this, but instead suggested the
fragment being of structure 2 (Figure 1F). To confirm its
identity, fragment 2 was newly synthesized by an indirect
reductive amination between racemic quinuclidin-3-amine
dihydrochloride and quinuclidin-3-one hydrochloride. The
chemical analyses (NMR, LC–MS) of newly synthesized fragment
2 as well as its biochemical properties as measured by the two
orthogonal 14-3-3 assays (vide supra) matched those of the
initial hit fragment. We therefore used this new batch of
fragment 2 for our subsequent work. Control fragment 3 was
designed to lack one terminal basic center compared to
fragment 2 (Figure 1F). It was prepared analogously to 2 but
with bicyclo[2.2.2]octan-2-one. We were unable to unequivo-
cally assign the stereochemical composition of fragments 2 and
3. To the best of our knowledge (Reaxys search engine
executed December 2021), neither fragment 2 nor fragment 3
have been disclosed in the peer-reviewed and patent literature
before. Noteworthy, with all atoms being sp3-hybridised, these
fragments have an unusually high three-dimensionality and
their study will align well with ongoing investigations on 3D
fragments in the field.[30]

Concentration-response curves with selected fragments

The stabilizing effect of the selected fragment 2 on the ERα-
pTV/14-3-3η interaction was further characterized and com-
pared to the effect of FC-A. The ERα-pTV/14-3-3η interaction
was stabilized in a concentration-dependent manner by both
FC-A and fragment 2 with pEC50 values of 5.8 and 3.5
respectively (Figure 2A, Table S3). Notably, increases in the
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HTRF ratio at saturating concentrations were significantly
higher for fragment 2 than FC-A (P=0.0016). Commercial 1
was also tested as a negative control, but it did not display

any stabilizing effect in our HTRF assay, confirming the
reassignment in the structure of the initial hit (vide supra)

Figure 1. Fragment library screen for PPI stabilizers of the ERα/14-3-3 interaction complex. A) Cartoon illustrating our homogeneous time resolved FRET
(HTRF) assay in which an N-terminally GST tagged 14-3-3η is targeted with an anti-GST europium (Eu) cryptate labelled monoclonal antibody and ERα
peptides used are N-terminally biotinylated and labelled with streptavidin conjugated to XL665. Europium is excited at a wavelength 337 nm resulting in
emission at a wavelength of 620 nm. If the 14-3-3 interacts with the ERα peptide, resonance energy transfer can occur resulting in excitation and emission of
XL665 at a wavelength of 665 nm. B) ERα-pTV peptide binding to 10 nM GST14-3-3η in the absence (blue) or presence of 10 μM Fusicoccin (FC-A, red).
C) Overview of HTRF based fragment library screen. D) XY plots of fragments selected for further validation in which the effect on the 14-3-3/ERα-pTV
interaction complex is plotted against the effect on only the HTRF probes in absence of the protein or peptides. E) Structure of FC-A. F) Structure of
compound 1–3. Representative figures are shown of n=3 experiments; data are shown as mean�SD.
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and indicating that both quinuclidine rings are needed for
activity (Figure 2A).

Orthogonal fluorescent polarization assay

A fluorescent polarization (FP) setup was used as an orthogonal
assay to further validate fragment 2 as a putative stabilizer of
the 14-3-3/ERα interaction complex (Figure 2B). In this setup,
the ERα-pTV peptide is N-terminally labeled with fluorescein
(FAM). The binding of GST14-3-3η to the FAM-ERα-pTV peptide
increases the fluorescent polarization values over that of the
free peptide (Figure 2B). Increases in polarization levels de-
tected in the presence of a molecule such as FC-A is a measure
of protein/peptide stabilization. First, GST14-3-3η was titrated

into a solution of FAM-ERα-pTV combined with saturating levels
of FC-A (100 μM), fragment 2 (1 mM) or a buffer-control
(Figure 2C). The pEC50 value of the GST14-3-3η binding to FAM-
ERα-pTV was 5.13�0.006 (mean�SEM) in the absence of any
compound. The pEC50 value was enhanced by fragment 2 to
5.92�0.015 due to the addition of fragment 2 or to 6.16�
0.013 in the presence of FC-A (Table S4). Interestingly, the max
mP values observed for fragment 2 were significantly higher
than that of FC-A in these experiments; 360�0.86 mP
compared to 284�0.58 mP (p<0.0001) respectively (Figure 2C).
Next, we investigated the concentration-dependent effect of
FC-A and fragment 2 on the GST14-3-3η/FAM-ERα-pTV inter-
action. FC-A and fragment 2 enhanced the observed protein/
peptide interaction with pEC50 values of 5.23 and 3.22,

Figure 2. Validating fragment 2 in HTRF and orthogonal fluorescent polarization assay. A) Concentration-response curves of FC-A, fragment 2 and compound
1 generated with the HTRF assay with 50 nM ERα-pTV peptide and 10 nM GST14-3-3η. B) Cartoon of fluorescent polarization assay. C) GST14-3-3η titration
against fixed saturating concentrations of FC-A (100 μM), fragment 2 (1 mM) or buffer control (CTL) in combination with 100 nM FAM-ERα-pTV in fluorescent
polarization assay. D) Concentration-response curves of FC-A and fragment 2 generated in the fluorescent polarization assay using 100 nM of the FAM – ERα-
pTV peptide and 1.5 μM of GST14-3-3η with or without a fixed 100 μM of the non-labelled 14-3-3 inhibitor peptide difopein. E) Concentration-response curves
of fragment 2 and fragment 3 generated in the fluorescent polarization assay using 100 nM of FAM-ERα-pTV peptide and 1.5 μM of GST14-3-3η.
Representative figures are presented of n=3 experiments. Data are shown as mean�SD.
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respectively, comparable to the HTRF assay (Figure 2D; Ta-
ble S4).
Next, we sought to establish that the observed effect of

fragment 2 in our FP assay was specific for FAM-ERα-pTV
binding to 14-3-3 and not the result of fragment 2 exerting
effects on FAM-ERα-pTV fluorescence. To this end, we used
difopein, a non-labeled bivalent peptide that competes for ERα
peptide binding as it binds 14-3-3 dimers in both grooves in a
phosphorylation-independent manner.[31] The stabilizing effect
exerted by both FC-A and fragment 2 could be inhibited in the
presence of a fixed concentration of difopein, indicating that
the observed effects are ERα-pTV peptide dependent (Fig-
ure 2D). The measured FP baseline in the case of difopein is
lower than that of FC-A or fragment 2 only as difopein is
capable of almost completely displacing the FAM-ERα-pTV
peptide. Finally, the effect of fragment 2 on FAM-ERα-pTV
binding to GST14-3-3η was compared to fragment 3, an analog
lacking one terminal basic center (Figure 1F). In contrast to

fragment 2, fragment 3 did not stabilize the ERα/14-3-3
interaction (Figure 2E).
In conclusion, fragment 2 was validated to stabilize the

ERα/14-3-3 interaction in HTRF and FP assays, with a higher
efficacy but lower potency than FC-A.

Fragment 2 functions additively with FC-A

We next investigated whether the combination of fragment 2
and FC-A had an additive or competitive effect on the GST14-3-
3η/FAM-ERα-pTV interaction. Fragment 2 concentration-re-
sponse curves were generated in the absence and presence of
a saturating concentration of FC-A (Figure 3A). The obtained
pEC50 values for the FC-A -response curve were 5.12, 3.22 for
fragment 2 and 3.47 for the combination of fragment 2 plus a
fixed 100 μM of FC-A (Figure 3A; Table S4). Strikingly, fragment
2 induces an additive concentration-dependent effect in the
presence of a saturating concentration FC-A with a minimal

Figure 3. Testing of fragment 2 in combination with FC-A. A) Concentration-response curves generated with FC-A, fragment 2 or fragment 2 combined with a
fixed 100 μM concentration of FC-A in the presence of 100 nM of the FAM-ERα-pTV and 1.5 μM of GST14-3-3η. B) Table showing the name and sequence of
five different ERα peptides used. Amino acid classes color coded; positively charged (blue), negatively charged (red) hydrophobic side chains (green), polar
uncharged sides chains (purple) and phosphorylated residue (yellow). C, D) Concentration-response curves of FC-A and fragment 2 against 50 nM of the
different peptides listed in the table above and 10 nM of GST14-3-3η. Representative figures are presented of n=3 experiments. Data are shown as
mean�SD.
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difference in potency. This indicates that fragment 2 and FC-A
can bind simultaneously in a non-competitive manner to
stabilize the GST14-3-3η/FAM-ERα-pTV interaction. As such,
these findings raise the question of whether fragment 2 targets
the canonical FC-A pocket or another allosteric site of the ERα/
14-3-3 interaction complex as no competition was observed
with FC-A.
Because fragment 2 was shown to enhance GST14-3-3η/

FAM-ERα-pTV binding in an additive manner when combined
with FC-A (Figure 3A), we next explored whether fragment 2
targets the canonical FC-A pocket formed by the 14-3-3
groove and the ERα peptide or another region of the 14-3-3
protein. To this end, we generated fragment 2 concentration-
response curves against modified peptides in which either
the C-terminal Valine was replaced by a Phenylalanine, an
amino acid not compatible with FC-A binding (ERα-pTV!
ERα-pTF) or where the FC-A pocket was occluded by
extending the peptide into the FC-A pocket (ERα-pTV!ERα-
pTVF; Figure 3B). In addition, two peptides were included
that retained susceptibility to FC-A mediated stabilization,
where the amino acid sequence upstream of the phosphor-
ylation site forming the rest of the interaction interface
differed markedly from that of the WT peptide. Namely, a
peptide (ERα-P592 N; KYYITGEAEGFNApT594V) in which
Pro592 had been substituted for asparagine or a C-terminal
peptide of the ERα derived from the Californian condor (ERα-
Condor; FYINSKEEENMQNpT585I) (Figure 3B). As expected, FC-
A was capable of stabilizing the interactions between the
ERα-pTV, ERα-P592 N and ERα-Condor peptides but not that
of the ERα-TF or ERα-TVF peptides, in which the FC-A pocket
had been perturbed (Figure 3C; Table S3). In contrast, frag-
ment 2 stabilized the interaction between all ERα peptides
with similar pEC50 values ranging from 3.39 to 3.5 (Figure 3D;
Table S3). Similar to what was observed for the ERα-pTV
peptide, the absolute HTRF ratio was significantly higher for
fragment 2 at saturating levels in combination with the ERα-
P592 N and ERα-Condor than for FC-A (p<0.0001). The
obtained results suggest that firstly fragment 2, unlike FC-A,
can enhance ERα/14-3-3 binding in a setting where the FC-A
pocket has either been altered or occluded. Secondly,
changes in the rest of the ERα/14-3-3 interface do not change
the stabilizing effect observed for fragment 2 on ERα/14-3-3
binding.

Fragment 2 stabilizes 14-3-3 dimerization

We set out to determine the mechanism of action by which
fragment 2 stabilizes the interaction between 14-3-3 and the
ERα peptide. Our FP and HTRF data suggest that fragment 2
does not target the canonical FC-A pocket and does increase
the maximally observed polarization level compared to FC-A.
This indicates that fragment 2 targets an allosteric site in 14-
3-3, altering dimer formation and/or inducing conformational
changes in the protein. As such, we formulated a hypothesis
that explains the aforementioned findings, namely; fragment
2 affects 14-3-3 dimerization and subsequently induces a

conformational change that results in enhanced peptide
binding. It has, for example, been well documented that as a
result of conformational changes, the 14-3-3 binding groove
can adopt a more open or closed conformation, facilitating
binding to a large subset of proteins of varying sizes and
sequences.[5]

To test the hypothesis that fragment 2 affects dimer
(con)formation, we used a modified HTRF assay. We produced
and purified two recombinant 14-3-3 isoforms, 14-3-3η and 14-
3-3γ, which were labeled with different tags, GST and His
respectively. In an HTRF assay GST-14-3-3η monomers can bind
to antibodies labeled with the HTRF donor Europium and His-
14-3-3γ monomers can bind to the acceptor streptavidin-XL665
(Figure 4A). It has been shown for both 14-3-3η and 14-3-3γ
that monomer swapping can occur between homodimers of
these isoforms resulting in heterodimers.[5,32] If, upon mixing of
the two isoforms no heterodimers (GST-14-3-3η/His-14-3-3γ) are
formed, the HTRF signal will be low as the donor and acceptor
are not in close proximity. However, the dimer/monomer
equilibrium is dynamic and heterodimers can form (to different
degrees in an isoform-dependent manner).[5] If that happens, a
GST-14-3-3η/His-14-3-3γ heterodimer will yield an HTRF signal
as now the donor and acceptor are brought in close proximity.
Figure 4B shows that FC-A and fragment 3 do not affect the
basal HTRF signal in an assay where both GST-14-3-3η and His-
14-3-3γ are present. However, titration with fragment 2 resulted
in a concentration-dependent increase in the HTRF signal with
a pEC50 value of 3.62�0.02 (Figure 4B). This effect of fragment
2 is independent from the binding of a client peptide, as shown
by the absence of an effect of a fixed concentration of the ERα-
pTV peptide (Figure 4B). From these results, we conclude that
the effect of fragment 2 on the binding of phospho-peptides to
14-3-3 is driven by a direct interaction with 14-3-3 and not with
the binding peptides. This corroborates the conclusion drawn
from Figure 3D, namely that the enhanced binding of phospho-
peptides to 14-3-3 in the presence of fragment 2 is sequence-
independent.
Allosteric binding (allosteric to the FC-A pocket) of

fragment 2 to 14-3-3, driving a conformational change and
inducing a more closed conformation of the binding groove,
can explain many of the described results. However, it cannot
be excluded that this allosteric binding site is at the interface
of the two monomers that form a dimer as compounds have
previously been reported that target this interface.[33] We
used the same experimental HTRF setup as described above
to address this question. Our hypothesis was that fragment 2
binds at the dimer interface (homo- or hetero) and stabilizes
dimer formation. If that is the case, then a pre-incubation of:
(i) (GST-14-3-3η+ fragment 2) and (His-14-3-3γ+ fragment 2)
separately for 2 h, followed by mixing and addition of HTRF
probes, or (ii) (GST-14-3-3η+His-14-3-3γ) for 2 h, followed by
mixing and addition of fragment 2 and HTRF probes, should
yield different HTRF signals (Figure 4C & D). In the first
example, the homodimers are fixed by fragment 2 and no
heterodimers can form upon mixing, whereas in the second
example heterodimers are formed first followed by stabiliza-
tion by fragment 2. We used the same mixing schemes as a
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Figure 4. Testing of fragment 2 on 14-3-3/14-3-3 interactions. A) Cartoon overview of 14-3-3 interaction assay using GST14-3-3η labelled with Europium
cryptate and His14-3-3γ labelled with the acceptor XL665. B) Fragment 2, fragment 3 and FC-A concentration-response curves generated with Europium
cryptate labelled GST14-3-3η and XL665 labelled His14-3-3γ. Fragment 2 curve generated in the presence and absence of 50 nM ERα-pTV peptide. A
representative figure is shown of three independent experiments. C) Cartoon overview of Europium cryptate labelled GST14-3-3η (shown in green) and XL665
labelled His14-3-3γ (shown in blue) pre-incubation experiments with fragment 2 (orange diamond). In which GST14-3-3η and His14-3-3γ are pre-incubated
with fragment 2 followed by the addition of HTRF probes or D) GST14-3-3η and His14-3-3γ are mixed together before the addition of fragment 2 and the
HTRF probes. E) HTRF 665/620 ratios of fragment 2 pre-incubation experiments. Data are presented as the mean�SEM of three independent experiments.
Differences analyzed by one-way ANOVA (α=0.05, p<0.0001). F) Paraformaldehyde cross-linking of His14-3-3γ in the presence of buffer (CTL), fragment 2 or
fragment 3. Samples were ran on a SDS-PAGE gel and visualized by instant blue staining. G) Quantification of the SDS-PAGE gel seen in panel F, ratios of the
65 kDa band over the 30 kDa band are shown. Differences analyzed by one-way ANOVA (α=0.05, p=0.003). Data are presented as the mean�SEM of three
independent experiments.
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control, but then without fragment 2. Figure 4E shows that
even as the end composition of the solutions is the same, the
resulting HTRF signal is determined by the order in which the
different components are mixed. If the 14-3-3s are first
exposed separately to fragment 2 and thereafter mixed, the
HTRF signal only marginally increases above baseline (Fig-
ure 4E, separate). However, if both 14-3-3 isoforms are mixed
(and monomer exchange can proceed), then the addition of
fragment 2 induces a robust increase in the HTRF signal
(Figure 4E, mixed). This result supports our hypothesis that
fragment 2 does affect the formation/stabilization of dimers.
To support this conclusion, we measured the relative

amount of 14-3-3 dimers in a given sample by cross-linking
with paraformaldehyde (PFA) and subsequent analysis on SDS-
PAGE. As the SDS-PAGE conditions are denaturing, 14-3-3
dimers dissociate and mainly run as monomers. Without cross-
linking (no PFA), His14-3-3γ indeed showed a distinct band at
30 kDa corresponding to the monomeric form of the protein
and a light band at approximately 65 kDa (Figure S3A). The
latter was significantly increased after cross-linking with 0.2%
PFA, because cross-linked monomers remain in the dimer form
on SDS-PAGE (Figure S3A). If the dimer/monomer ratio is higher

in a given sample, then PFA-induced cross-linking of the 14-3-3
monomers will be more efficient. After SDS-PAGE, a higher ratio
of the intensity of the 65 and 30 kDa bands will reflect the
relative dimerization state. Figures 4F and G show that with
fragment 2 (but not with the inactive analog fragment 3), the
65 kDa band becomes more prominent resulting in an
increased 65 :30 kDa ratio (p=0.0003). Thus, these results
confirm that fragment 2 affects 14-3-3 dimer formation
independent of peptide binding.

Fragment docking

Efforts to elucidate the binding mode of fragment 2 with 14-3-3
with X-ray analysis after co-crystallization or soaking approaches
failed. To illustrate the shape complementarity between frag-
ment 2 and the 14-3-3 dimer, we used the molecular modelling
package MOE (Chemical Computing Group, version 2020.09).
Protein structure 7nmz.pdb[34] of 14-3-3h was protonated (pH=

7.4) and possible ligand binding sites were identified by using
the Site Finder module. Our attention focused on the binding
site that forms the central pore between the dimeric structure,

Figure 5. Molecular docking studies suggest fragment 2 can bind in the central cavity of 14-3-3. A) Docking pose 1# and B) 3# are shown in which fragment 2
(green surface structure) is docked in the central pore of 14-3-3η. The 14-3-3η dimer is represented as a stick and ribbon structure with monomers colored
purple (left) and orange (right). Amino acids relevant for fragment 2 binding are color coded and shown on the right.
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which has previously been targeted with small molecules.[33] We
specifically focused on the binding site that is aligned by the
following listed residues: Chain A: GLN16, ALA17, GLU18,
ARG19, TYR20, ASP21, ASP22, ASN51, VAL52, ALA55, ARG56,
SER58, SER59, GLU92; Chain B: ALA17(B), GLU18(B), ARG19(B),
TYR20(B), ASP21(B), ASP22(B), ASN51(B), VAL52(B), ALA55(B),
ARG56(B), SER58(B), SER59(B), VAL62(B), GLU92(B)). A ligand
conformation database was prepared that consisted of all
stereoisomers, all protonation states and all low energy con-
formers of fragment 2. This database was docked using MOE’s
Dock module in which the post-placement refinement included
induced fit, thereby allowing some protein flexibility during
optimization. A total of 42 docking solutions passed the default
scoring and energy criteria. The best scoring docking solution
(mode #1) binds to Asp23 and Glu94(B) (Figure 5A). The third
best docking solution binds symmetrically to Asp23 and
Asp23(B) (Figure 5B). Other docking solutions either did bind
with only one of the quinuclidine rings to the protein, had
similar binding modes as #1 and #3 and/or had poor docking
scores. These results illustrate that the central pore on the
protein dimer interface has the size and shape that can

potentially accommodate fragment 2. More thorough model-
ling and experimental studies are needed to validate these
preliminary studies.

Fragment 2enhances 14-3-3mediated inhibition of the
nitrate reductase

Finally, we tested whether fragment 2 can modulate the
functional role of 14-3-3 in the regulation of a full-length 14-3-3
client enzyme. The enzyme chosen is the well-established 14-3-
3 client nitrate reductase (NR) of plants, a 100 kDa enzyme
which contains a mode-I 14-3-3 binding motif.[35] NR activity is
controlled by reversible post-translational regulation to ensure
a rapid response to light/dark changes. In daylight, NR is not
phosphorylated (= active) and reduces nitrate (NO3

� ) to nitrite
(NO2

� ). At the onset of darkness, NR-Ser529 is rapidly
phosphorylated in response to reduced light intensity, creating
a 14-3-3 binding site. 14-3-3 binding to the NR inhibits the
enzyme (Figure 6A & B).

Figure 6. Targeting the nitrate reductase/14-3-3 interaction complex with fragment 2. A) The NR is phosphorylated in the dark at Ser529 allowing 14-3-3
binding and subsequent inhibition of the enzyme and no nitrite is produced whereas B) in the light the NR remains unphosphorylated and 14-3-3 is unable to
bind. Consequently, the NR remains active in the light and reduces nitrate to nitrite. Colorimetric detection of produced nitrite at 540 nm is used as a measure
of NR activity. C) 14-3-3 inhibition curves of either the phosphorylated (NR-pS529) or non-phosphorylated nitrate reductase isolated from Hordeum vulgare.
D) Concentration dependent inhibition of either the phosphorylated (NR-pS529) or non-phosphorylated nitrate reductase by fragment 2 in the presence of a
fixed GST14-3-3η concentration. Data are presented as the mean�SEM of three independent experiments.
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NR extracts were made from barley leaves grown in the
light (NR-Ser529) or in darkness for 2 h (NR-pSer529). The
ammonium-sulfate precipitation used to make the extracts
removes most of the endogenous 14-3-3 protein. Extracts from
dark-grown plants did show NR activity and this activity could
be inhibited by adding recombinant GST14-3-3η in a concen-
tration-dependent manner with a pIC50 value of 7.4 (Figure 6C).
As the residual NR activity at saturating 14-3-3 concentrations
was close to zero, we conclude that NR from these dark-grown
plants was fully phosphorylated at Ser529. In contrast, NR
isolated from light-grown plants was only marginally sensitive
to 14-3-3, which indicates that the level of Ser529 phosphor-
ylation was low (Figure 6C).
Next, we investigated the effect of fragment 2 on 14-3-3

mediated inhibition of NR activity in the light- and dark-extracts.
The assay was done in the presence of a fixed concentration of
GST14-3-3η, using the IC50 concentration of GST14-3-3η ob-
tained in Figure 6C. Titration with fragment 2 showed a
concentration-dependent inhibition of NR activity in extracts
from dark-grown plants with a pIC50 of 5.77 (Figure 6D,
Table S5). In contrast, NR activity in extracts from light-grown
plants was largely insensitive to fragment 2 (Figure 6D). Taken
together, these results show that fragment 2 not only enhances
the binding of phospho-peptides to 14-3-3, but also potentiates
14-3-3 mediated inhibition of the full-length NR enzyme from
dark-grown plants. This effect is clearly 14-3-3 related as the
activity of the 14-3-3 insensitive NR was also insensitive to
fragment 2.

Conclusion

Here we report the results of a fragment screen targeting the
14-3-3/ERα interaction complex. Hit fragment 2 (VUF15640) was
found to enhance ERα peptide binding to 14-3-3 in the
presence of FC-A in a non-competitive manner suggesting that
it does not target the canonical FC-A pocket. Mechanistically,
fragment 2 does not directly contact the peptide ligand, as is
the case with FC-A. Instead, it appears to enhance 14-3-3
dimerization and alters the conformation of 14-3-3 such that it
binds peptide ligands with a higher affinity. Finally, the effect of
fragment 2 on 14-3-3 interactions was shown to translate into a
functional effect as it could enhance the potency of 14-3-3 in a
cell-free system inhibiting the NR-Ser529’s enzymatic activity.
The unusual structure of non-covalent fragment 2 with its high
3D character supports potential merits for three-dimensional
fragments. Equally important, fragment 2 may serve as a tool
for detailed investigations of the 14-3-3 dimer interface and
interactions with various other client proteins.
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