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ABSTRACT

Protein-protein interaction networks mediate diverse biological pro-
cesses by requlating various signaling hubs and clusters. 14-3-3
proteins, a family of phosphoserine/threonine-binding molecules, serve
as major interaction hubs in eukaryotic cells and have emerged as
promising therapeutic targets for various human diseases. In order to
identify chemical probes for mechanistic studies and for potential
therapeutic development, we have developed highly sensitive bioas-
says to monitor the interaction of 14-3-3 with a client protein. In this
study, we describe a homogenous time-resolved fluorescence reso-
nance energy transfer (TR-FRET) assay to detect the interaction of 14-
3-3 with Bad, a proapoptotic member of the Bcl-2 family. Through a
series of titration studies in which europium-labeled 14-3-3 serves as
an FRET donor and a Dy647-labeled phosphorylated Bad, the peptide
acts as an FRET acceptor, we have achieved a robust TR-FRET assay
that is suitable for high-throughput screening (HTS) with an excellent
signal-to-background ratio of >20 and Z' values >0.7. This assay was
further miniaturized to a 1,536-well format for ultra-HTS (uHTS), and
exhibited a similar robust performance. The utility and performance of
the assay for uHTS were validated by (i) known inhibitors, including
peptide R18 and small molecule FOBISINT01, and (ii) screening of a
51,200 compound library. This simple and robust assay is generally
applicable to detect the interaction of 14-3-3 with other client pro-
teins. It provides a sensitive and easy-to-use tool to facilitate the
discovery of 14-3-3 protein inhibitors as well as to study 14-3-3-
mediated protein-protein interactions.

INTRODUCTION

he family of 14-3-3 phosphoserine/threonine-binding pro-

teins consists of seven isoforms in mammalian cells.! The

isoforms are designated with Greek letters (B, €, 1, v, T, ©,

and () and encoded by genes that are located on different
chromosomes. More than 200 proteins have been reported to interact
with 14-3-3 proteins.>”® Through interactions with client proteins,
14-3-3 binding impacts multiple signaling pathways that control
diverse physiological processes, such as Bad-induced apoptosis, Raf-
mediated cell proliferation, apoptosis signal-regulating kinase 1
(ASK1)-mediated stress responses, and Cdc25-regulated cell cycle
progression."® Given the critical role of 14-3-3 proteins in such di-
verse signaling pathways, it is not surprising that dysregulated 14-3-
3/client protein interactions have been implicated in a wider range of
human diseases, such as cancer, inflammatory diseases, and neuronal
disorders."”~® For instance, 14-3-3( has been shown to be over-
expressed in patients with multiple solid tumor types, such as lung
and breast cancers. Importantly, overexpression of 14-3-3 correlated
with poor patient survival.'®"'* Thus, studies on 14-3-3/client pro-
tein interactions and development of tools to modulate these inter-
actions will not only provide critical insights into how intracellular
signaling pathways are regulated, but also offer valuable opportu-
nities for therapeutic intervention. The discovery of 14-3-3 inhibitors
will be critical for chemical biology studies and for 14-3-3-targeting
therapeutic development.

To discover 14-3-3 protein-protein interaction modulators, it is
essential to develop highly sensitive methods to monitor the specific
interaction of a 14-3-3 protein with its client proteins. High-
throughput screening (HTS) is a widely used approach in the field of
drug discovery and chemical biology to identify new chemical en-
tities. An assay suitable for HTS requires target specificity, a robust
readout, day-to-day and plate-to-plate reproducibility, technical
simplicity, and suitability for automation. Assay technologies for
monitoring biomolecular interactions in a homogenous format, such
as fluorescence polarization (FP) and time-resolved fluorescence
resonance energy transfer (TR-FRET), are extensively used in
HTS campaigns for the discovery of small molecules.'® Notably,
several HTS assays have already been developed for monitoring the
interaction of 14-3-3 with its client proteins, including Fp,'17
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AlphaScreen'® and label-free biosensor assays.'® We previously
performed an HTS of the LOPAC library using an FP-based assay for
the interaction of 14-3-3y and Raf-1 protein, an interaction critical
for mitogenic signal transduction,'® and identified a small molecule
compound, FOBSIN101, as a 14-3-3 protein inhibitor.?° In addition
to FOBOSIN101, several other small-molecule 14-3-3 inhibitors
have been identified through computational-based virtual screen-
ing?' and fragment-based combinatorial small-molecule micro-
array.”>*> However, none of these reported compounds showed both
high potency and on-target effect in any animal model systems.®??
Since chemical modifications of existing compounds require major
efforts, identifying novel chemical scaffolds that can efficiently and
selectively inhibit 14-3-3 protein interactions through alternative
HTS assays offers a new avenue of discovery.

The FP, AlphaScreen, and TR-FRET assay are well-established
technologies for HTS.'® However, it is well-accepted that the appli-
cation of different assay technologies often gives rise to different hit
lists even when monitoring the same biochemical interaction.**
TR-FRET assay format offers several potential advantages. For ex-
ample, the time-delayed measurement reduces fluorescence inter-
ference from library compounds, which presents one of the major
challenges in an HTS campaign.”® TR-FRET assay also has less inter-
well variation because of its ratiometric measurement.”® The primary
goal of the current study is to develop an improved detection method
with TR-FRET for monitoring 14-3-3/client protein interactions to
facilitate the discovery of 14-3-3 protein inhibitors.

To discover new classes of small molecule 14-3-3 inhibitors, we
designed and developed an HTS-suitable homogenous TR-FRET
assay to monitor the interaction of 14-3-3 proteins with a pro-
apoptotic protein, Bad. One of the major roles of 14-3-3 in cellular
physiology is the inhibition of apoptosis through binding to critical
pro-apoptotic proteins, such as Bad, a BH3-only member of the Bcl-2
family of proteins.*® In response to cell survival signals, Bad is
phosphorylated by survival kinases, such as Akt, leading to the
recruitment of 14-3-3. 14-3-3-bound Bad is sequestered in the
cytoplasm away from Bcl-2/Bcl-XL in mitochondria, resulting
in the attenuation of apoptosis.’® The effect of 14-3-3 on Bad is
largely controlled by phosphorylation of Bad at S136.° Using the
interaction of 14-3-3 protein with a peptide derived from the region
around the critical phosphorylated serine, pS136-Bad, as a model
system, we have developed a sensitive and simple TR-FRET assay
that can quantitatively measure the interaction of 14-3-3 with a
client protein peptide. The homogenous and mix-and-read format
allows the assay to be easily adapted to an HTS format. Results from
our validation and miniaturization experiments strongly support
the utility of the optimized 14-3-3/Bad interaction assay for large-
scale uHTS campaigns to identify compounds that disrupt 14-3-3
protein-protein interactions. Compared with our previous assays
for the interaction of 14-3-3y with pS259-Raf1 peptide (FP assay)'®
or R18 peptide (AlphaScreen assay),'® the current study based on
the TR-FRET detection technology requires ~100-fold less protein
for the generation of a robust signal. In addition, the use of different
14-3-3 isoform ({) and binding partner (Bad) in the assay may lead
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to the identification of isoform- or ligand-selective 14-3-3 protein
inhibitors.

MATERIALS AND METHODS
Reagents

Europium (Eu) chelate-conjugated anti-HexaHis-antibody (anti-
His-Eu) was purchased from PerkinElmer. All other reagents were
obtained from Sigma-Aldrich, unless otherwise stated. The phos-
phorylated S136 Bad peptide was synthesized and labeled with
Dy647 (Dyomics). The Dy647-pS136-Bad peptide consists of 17
residues: Dy647-LSPFRGRSR[pS]JAPPNLWA, and was dissolved
in 50% dimethyl sulfoxide (DMSO0)/50% H,0 (v/v) as a 0.5mM
stock solution and stored at —80°C. The following peptides were
synthesized and purified at the Emory Microchemistry and Pro-
teomics Facility: pS136-Bad (LSPFRGRSR[pS]JAPPNLWA), S136-Bad
(LSPFRGRSRSAPPNLWA), pS259-Raf (LSQRQRST[pS]TPNVHM),®
pS967-ASK1 (GSNEYLKSI[pS]LPVP],31 S967-ASK1 (GSNEYLKSIS
LPVP), and R18 (PHCVPKNLSWLNLEANMCLP).*?

Expression and Purification of Recombinant 14-3-3
Proteins

Recombinant HexaHis-tagged 14-3-3 (His-14-3-3) isoforms (g, B,
€, 1,7, T, and o) were expressed and purified essentially as previously
described.?® Briefly, BL21 (DE3) Escherichia coli were transformed
with His-14-3-3 expression vectors and grown in LB medium (con-
taining 100 pg/mL ampicillin) for protein auto-induction. After
overnight incubation at 37°C, the cells were harvested, and the pellet
was resuspended in ice-cold binding buffer (500 mM NaCl, 20 mM
Tris-HCl, pH8.0, and 5 mM Imidazole, 1.0 mM phenylmethylsulfonyl
fluoride, 1pg/mL leupetin, and 1pg/mL aprotinin). After sonica-
tion, the lysate was cleared by centrifugation (27,000 g, 20 min, 4°C)
and loaded onto an Ni**-charged histidine-binding column
(HiseBind Resin; Novagen). The protein-bound column was washed
with buffer (60 mM imidazole, 20 mM Tris-HCI, pH 7.9, and 500 mM
NaCl). His-14-3-3 proteins were eluted (1 M imidazole, 20 mM Tris-
HCl, pH 7.9, and 500 mM NaC(l), and salts were removed from the
pooled elution fractions using a PD-10 gel filtration column (GE
Healthcare) equilibrated in HEPES buffer (10 mM HEPES, pH 7.4,
150 mM NacCl, 0.05% Tween-20, and 0.5 mM DTT). Protein concen-
tration was measured using the Bradford method (BioRad). Purified
proteins were stored at —80°C until use.

Assay Development and Optimization

The 14-3-3 TR-FRET assay was performed in 384-well black solid
bottom plates (Corning Costar) in a total volume of 30 puL in each well.
To determine the binding affinity of His-14-3-3 to the Dy647-pS-
136-Bad peptide, titrations of both His-14-3-3{ and pS136-Bad
were carried out. The Dy647-pS136-Bad peptide or His-14-3-3( was
serially diluted in FRET buffer (20 mM Tris, pH 7.0, 0.01% Nonidet
P40, and 50 mM NaCl). The titrated peptide or protein was then mixed
with various amounts of His-14-3-3( protein or the Dy647-pS-136-
Bad peptide, respectively, in the presence of anti-His-Eu antibody
(final, 1 nM). The mixture (final, 30 pL) was dispensed to each well of
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384-well plates, and incubated at room temperature for the indicated
period of time. The TR-FRET signals were recorded using an EnVision
Multilabel plate reader (PerkinElmer; Eu ex 337 nm, Eu em 615 nm;
Dy647 em 665/7.5nm). A dual mirror at D400/D630 was used to
simultaneously measure 665 and 615 nm emission signals. The TR-
FRET signals were expressed as ratios (TR-FRET signal =F665 nm/
F615nmx 10%). The TR-FRET signal window was calculated by
subtracting the background TR-FRET signal from the Dy647-pS136-
Bad peptide and anti-His-Eu in the absence of 14-3-3 protein from
that obtained from reactions in which 14-3-3 proteins were included.

Analysis of Assay Performance

To evaluate the quality of the assay for HTS in the absence of test
compounds, we calculated the Z' factor based on the following
equation:

3% SDy, +3 X SD¢
Hy — He
where SD, and SDy are the standard deviations for bound (b) and free (f)
peptides, respectively, without 14-3-3 protein; whereas y, and y are
the mean TR-FRET signals for bound and free peptides, respectively.
The Z' factor reflects the quality of the assay and quantifies the suit-
ability of a particular assay for use in HTS. A Z’ factor between 0.5 and
1.0 indicates that the assay is suitable for HTS.>* To monitor

7'=1

the dynamic window and sensitivity of the assay, the signal-

to-background ratio (S/B) was calculated using the following

equation: S/B= /s Step
All experimental data were analyzed using Microsoft 1

Excel. The binding affinity was evaluated using GraphPad

Prism version 5.0.

body without His-14-3-3( protein, which defines the minimal signal;
and FRET, pagonist is the TR-FRET signal in the presence of antagonist
peptides or FOBISIB101.

Data were plotted against inhibitor concentrations and analyzed
using GraphPad Prism version 5.0. ICs, values were determined by
nonlinear curve fitting as the concentrations of inhibitors at which
50% of the control TR-FRET signal was inhibited.

Ultra-HTS Assay Development

The suitability of the TR-FRET assay for ultra-HTS (uHTS) was
determined by performing the assay in a 1,536-well plate format. The
total volume for all reactions was scaled down to 5 pL per well. His-
14-3-3( protein was diluted in FRET buffer and mixed with Dy647-
pBad peptide (20 nM) and anti-His-Eu (1 nM). The mixture (5 pL) was
dispensed to 1,536-well black plates (Corning Costar; Cat# 3724).
After incubation at RT for 2 h, the TR-FRET signals were recorded
using an EnVision Multilabel plate reader with laser excitation at
337 nm and emissions at 615 and 665 nm. The S/B ratio and the Z’
factors were calculated as described.

uHTS
For large-scale uHTS, a subset of the Molecular Library Screening
Center Network (MLSCN) library (51,200 compounds) was utilized.

Table 1. Ultra-High Throughput Screening Protocol

Parameter Value

Description

TR-FRET Competition Assay Development 2
For the competition assay, known 14-3-3 antagonist
peptides were dissolved in HEPES buffer (10 mM, pH 7.4),

Dispense reaction | 4.5 pl/well A mixture containing 14-3-3(

buffer (10nM), Dy647-pS136-Bad peptide
(20nM), and anti-His-Eu (1 nM),

Controls 4.5 pl/well A mixture of Dy647-pS136-Bad

peptide (20 nM) and anti-His-Eu
(1 nM) in one column (32 wells)

NaCl (150 mM), Tween-20 (0.05%), serial diluted, and added
to the reaction buffer containing His-14-3-3{ (10nM),

Library compounds | 100 nL/well

21.7 uM final from 1 mM stock
in DMSO

Dy647-pS136-Bad peptide (20nM), and anti-His-Eu anti-
body (1 nM) in a final volume of 30 uL. A small molecule 14- 4
3-3 inhibitor, FOBISIN101,%° and the appropriate vehicle

Incubation time 2h

Plates were incubated at room
temperature for 2 h

controls were included in the TR-FRET competition assay. The
plates were incubated at RT for 2-18 h before the TR-FRET
signal was measured. The effect of the inhibitors on the 14-3-
3/Bad interaction was normalized to the vehicle control and

Assay readout

Ex 337 nm; Em1 615nm, | Time-resolved fluorescence; Envision
Em2 665 nm; dual
mirror D400/D630

Multilabel plate reader

expressed as percentage (%) of control. The % of control was
calculated using the following equation:

FRETamagonist - 1:'R]E':Tbackground
FRETcontrol - FRETbackground

% of control=

where FRET oni01 1S the TR-FRET signal from wells con-

Step Notes

1. 1536-well black plates (Corning Costar; Cat. No. 3724) were used. The assay component
was mixed together in FRET buffer (20 mM Tris, pH 7.0, 0.01% Nonidet P40, and 50 mM
NaCl). The MultiDrop Combi (Thermo Scientific) was used for dispensing.

x 100% 2. One column (32-wells) in a 1536-well plate was used for the background control, which
defines the minimal signal.

3. Compounds were added using a Pin-Tool (VP Scientific) integrated with a Beckman NX
liquid handler (Beckman Coulter).

taining His-14-3-30 (10nM), Dy647-pS136-Bad peptide 4. Plates were stacked with the top plate lidded during incubation.

(20 nM), and anti-His-Eu antibody (1 nM), which defines the
maximum signal; FRET,ackgrouna i the TR-FRET signal from
wells containing Dy647-pS136-Bad and anti-His-Eu anti-

© MARY ANN LIEBERT, INC. e VOL. 11

5. A 50 s delay was used for the TR-FRET signal measurement.

DMSO, dimethyl sulfoxide; TR-FRET, time-resolved fluorescence resonance energy transfer.
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The assay was performed in forty (40) 1,536-well plates as described
in Table 1. Appropriate controls that defined the minimal and max-
imal FRET signals were included in each plate. Briefly, the reaction
buffer (4.5 uL/well) containing 10 nM His-14-3-3(, 20nM Dy647-
pS136-Bad peptide, and 1 nM anti-His-Eu was dispensed into 1,536-
well assay plates using a MultiDropCombi (Thermo-Fisher Scientific).
Thirty-two wells of 20 nM Dy647-pS136-Bad peptide and 1 nM anti-
His-Eu and 32 wells of the control solution (10 nM His-14-3-3(,
20nM Dy647-pS136-Bad peptide, and 1 nM anti-His-Eu) were in-
cluded in each plate to define the minimal (background) and maximal
(control) FRET signal, respectively. Using a Pin-Tool (VP Scientific)
integrated with a Beckman NX liquid handler (Beckman Coulter),
library compounds (0.1 pL of 1 mM stock in 100% DMS0) were then
added to the reaction, yielding a final compound concentration of
21.7uM and a final DMSO concentration of 2.2% (v/v). DMSO
(0.1 uL) was added as a vehicle control into all control wells. The
reactions were mixed thoroughly using a shaker integrated with a
Beckman NX and incubated at RT for 2 h. The plates were delivered
through integrated robotic systems to an EnVision Multimode reader
for TR-FRET signal measurement.

All screening data were analyzed using CambridgeSoft bioassay
software. The TR-FRET signals from control wells were used to cal-
culate the S/B ratios and Z' factors without test compounds. The
percent inhibition of a compound was calculated based on each plate
using the following equation:

FRETcnmpnund - FRETbackground
FRETcontrol - FRETbackground

% inhibition=100% — ( X 100%)

RESULTS
Design of a Homogeneous TR-FRET Assay
for Monitoring the 14-3-3/Bad Peptide Interaction

FRET can occur between two fluorophores with overlapping
emission and excitation spectra. Specifi-
cally, the emission spectrum of the donor

donor excitation and detection of acceptor emission,*® resulting in
the generation of a time-resolved FRET (TR-FRET) signal. The TR-
FRET signal, which is expressed as the ratio of the detected Dy647
emission at 665 nm and Eu emission at 615 nm after excitation of Eu
at 337 nm, is indicative of the extent of the interaction between 14-3-
3 protein and the pS136-Bad peptide. The time-delayed measurement
of acceptor emission makes the TR-FRET assay particularly suitable
for compound screening, as it minimizes interference from short-
lived background fluorescence, such as autofluorescence from
screening library compounds.

Development of the TR-FRET 14-3-3 Binding Assay
in a 384-well HTS Format

To develop a TR-FRET assay that monitors the interaction of a 14-
3-3 protein and its client protein, we initially used 14-3-3( and a
pS136-Bad peptide as assay components. In order to determine the
conditions that generate an optimal TR-FRET signal, titrations of
both 14-3-3( and pS136-Bad peptide were carried out in a 384-well
format. As shown in Figure 2A, increasing concentrations of Dy647-
pS136-Bad peptide resulted in a dose-dependent increase of the TR-
FRET signal. The maximal TR-FRET signal was observed at approx-
imately 300 nM of Dy647-pS136-Bad peptide for all concentrations
of HexaHis-14-3-3( protein tested. The maximum TR-FRET signal
window was ~10,000. The quality of the assay was evaluated by
calculating the S/B ratios and Z’ factors over the concentration range
tested. The S/B ratio increased with increase in the concentration of
Dy647-pS136-Bad peptide up to ~100 nM Dy647-pS136-Bad, and it
reached a maximum ratio of 46 at 10 nM His-14-3-3{ and 150 nM
Dy647-pS136-Bad peptide (Fig. 2B). The Z' factors were >0.8 when
the concentration of Dy647-pS136-Bad peptide was >2 nM (Fig. 20C).
Similar results were obtained when His-14-3-3( protein was titrated
against the Bad peptide. The TR-FRET signal increased dose-depen-
dently with increasing concentrations of His-14-3-3( (Fig. 3A). The
signal reached a plateau when the concentrations of His-14-3-3( and

fluorophore should significantly overlap
with the excitation spectrum of the acceptor
fluorophore. To monitor the 14-3-3/Bad
interaction, HexaHis-tagged 14-3-3 (His-
14-3-3) protein was indirectly labeled with
a Eu chelate through a Eu-conjugated anti-
His antibody. Bad peptide phosphorylated
at S136 was directly labeled with Dy647.
Importantly, Eu and Dy647 comprise a

14-3-3

&

anti-His + "~

1458 Ex: 337 nm
g_r A anti-Hi
Y 9 IS %
N '.”- *2615 nm

Dy647-pS136-Bad peptide X

665 nm

TR-FRET signal ]

fluorescence energy transfer pair. Interac-

tion of 14-3-3 protein and the pS136-Bad
peptide brings the two fluorophores into
close proximity, leading to an energy
transfer from Eu to Dy647 and the genera-
tion of FRET signals (Fig. 1). The use of
long-lived Eu as a donor allows for a tem-
poral delay (typically 50-150 ps) between
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Fig. 1. Design of a time-resolved fluorescence resonance energy transfer (TR-FRET) as-
say for monitoring the 14-3-3/pBad peptide interaction. His-14-3-3 protein is indirectly
labeled with a long-lived fluorophore, Europium (Eu), through an anti-His-Eu antibody
(PerkinElmer) to serve as a FRET donor. A phosphopeptide derived from Bad (pS136-Bad) is
directly labeled with Dy647 to serve as a FRET acceptor. Interaction of 14-3-3 with pS136-
Bad brings two fluorophores into proximity. On excitation at 337 nm, the energy emit-
ted from the Eu donor is transferred to the Dy647 acceptor, leading to the generation of a
FRET signal.
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pS136-Bad peptide were 12.5nM and 80nM, respectively. The
maximal S/B was 50 (Fig. 3B) and the Z’ factors were >0.8 when His-
14-3-3( protein was >6 nM (Fig. 3C). The Z’ factor of an assay in-
corporates both the dynamic range and variability of an assay into a
single measurement, and the Z’ factor should be between 0.5 and 1 for
reliable and robust assays for HTS.>* Both protein and peptide ti-
trations demonstrated consistent Z' factors of 0.8 over the concen-
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Fig. 2. Evaluation of the Dy647-pS136-Bad peptide in the 14-3-3 TR-
FRET assay in a 384-well high-throughput screening (HTS) format.
(A) Increasing concentrations of Dy647-pS136-Bad peptide (15 pL)
were mixed with the indicated concentrations of His-14-3-3( protein
(15 pL) in the presence of anti-His-Eu antibody (1 nM, final). TR-FRET
signals were recorded using an EnVision multilabel plate reader. The
FRET signal window was calculated by subtracting the background
signal from the Dy647-pS136-Bad peptide and anti-His-Eu only from
the FRET signal obtained in the presence of 14-3-3 protein, the
Dy647-pS136-Bad peptide, and anti-His-Eu (A). (B, C) The perfor-
mance of the assay for HTS was evaluated by the Z' factor and
signal-to-background ratio (S/B). S/B (B) and Z' (C) were calculated
and plotted against Dy647-pS136 peptide concentrations.

tration ranges, indicating that the TR-FRET 14-3-3 binding assay is a
robust and high-quality assay for HTS.

The 14-3-3 proteins are a family of homologous eukaryotic mol-
ecules with seven distinct isoforms in mammalian cells. 14-3-3
protein binding to Bad is conserved among the mammalian iso-
forms.>® For identification of isoform-specific 14-3-3 modulators, we
tested the utility of the TR-FRET assay for monitoring the interaction
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Fig. 3. Optimization of the 14-3-3/pBad peptide binding assay in a
384-well HTS format. (A) The TR-FRET signal increased by in-
creasing concentrations of His-14-3-3C protein. His-14-3-3( protein
was titrated against various concentrations of the Dy647-pS136-
Bad peptide in the presence of anti-His-Eu antibody (1nM). The S/
B (B) and Z’ factor (C) were calculated and plotted against His-14-
3-3C protein concentrations.
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of Dy647-pS136-Bad with the additional six isoforms of 14-3-3
proteins. As shown in Figure 4, increasing concentrations of all six
isoforms of 14-3-3 proteins with 20 nM Dy647-pS136-Bad peptide
resulted in dose-dependent increases in TR-FRET signals, which
eventually reached plateaus at high concentrations. The maximal TR-
FRET signals obtained varied across the six isoforms of 14-3-3 pro-
teins. However, the Kds of the interactions of 14-3-3 proteins with
Bad were similar between all isoforms. The Kd obtained for the in-
teractions of the 14-3-3y, o, 1, B, T, and ¢ isoforms with the Dy647-
pS136-Bad peptide were 6.0, 4.4, 2.0, 1.7, 2.3, and 2.4 nM, respec-
tively. The Kds (low nM) obtained here are consistent with what has
been previously reported for the interaction of 14-3-3 isoforms with
phosphorylated Bad determined by the surface Plasmon resonance

technique.?” These data indicate that the TR-FRET assay can be uti-
lized to monitor the interaction of all 14-3-3 isoforms with the
pS136-Bad peptide.

To examine the specificity of the TR-FRET assay for 14-3-3
binding, a ligand-binding defective mutant of His-14-3-3(, K49E,
was utilized in place of wild-type 14-3-3. As shown in Figure 5A,
increasing concentrations of His-14-3-3( K49E with Dy647-pS136-
Bad failed to generate any TR-FRET signal; while incubation of
His-14-3-3( with the Dy647-pS136-Bad peptide resulted in a dose-
dependent increase of TR-FRET signal. The Kd for the 14-3-3(/
pS136-Bad interaction was about 1.9 nM. These data indicate that
the TR-FRET signal obtained in our assay is dependent on 14-3-3
binding to the Dy647-pS136-Bad peptide.

Assay Validation with Known
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To validate the TR-FRET binding
assay for HTS, we developed a com-
petition assay with several known
peptide antagonists of 14-3-3 pro-
teins. A viable HTS assay for the
identification of 14-3-3 inhibitors
demands the ability to detect the re-
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versibility of the 14-3-3/Bad inter-
action in a competition mode, where
14-3-3 antagonist peptides or a small
molecule inhibitor should be able to
displace the Dy647-pS136-Bad pep-
tide by binding to 14-3-3. Based on
the protein and peptide titration re-
sults, reaction conditions (10 nM His-
14-3-3¢, 20nM Dy647-pS136-Bad
peptide, and 1nM anti-His-Eu) that
gave rise to robust TR-FRET signals
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4 6 ‘8 (Figs. 2 and 3) were selected for the
competition experiments. The effect
of an unlabeled pS136-Bad peptide
on the TR-FRET signal was first tes-
ted. A Bad peptide lacking phos-
phorylation at Ser136 (S136-Bad)
was used as a negative control. As
shown in Figure 5B, unlabeled
pS136-Bad  peptide successfully
completed the binding of the Dy647-
pS136-Bad peptide to His-14-3-3(

His-14-3-3f (M)

Kd: 2.4 nM

His-14-3-31 (nM)

0 4 8 12 16 0 6

and dose dependently decreased the
TR-FRET signal (ICsq ~2.2nM). In

Hierld:3:3e(nM) contrast, the unphosphorylated S136-

Fig. 4. The interaction of 14-3-3 isoforms with pS136-Bad as detected by the TR-FRET assay. Dy647-
pS136 Bad peptide (20nM) was mixed with increasing concentrations of the indicated His-14-3-3
isoforms in the presence of anti-His-Eu (1nM). The FRET signal was measured, and the FRET signal
window was calculated by subtracting the background signal without 14-3-3 protein from that in the

presence of 14-3-3 protein.
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Bad peptide was unable to compete
the binding of the Dy647-pS136-Bad
peptide to 14-3-3(. The TR-FRET
signal remained unchanged across all
peptide concentrations tested. These
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Fig. 5. The specificity of the 14-3-3/pS136-Bad TR-FRET assay. (A) His-14-3-3(, but not mutant His-14-
3-3( K49E, interacts with Dy647-pS136-Bad as measured by the TR-FRET assay. Increasing concen-
trations of His-14-3-3(, or His-14-3-3{ K49E protein, was incubated with the Dy647-pS136-Bad peptide
(20nM) and anti-His-Eu (1nM), and the TR-FRET signal was recorded. (B) The effect of unlabeled
pS136-Bad peptide and unphosphorylated Bad peptide on the TR-FRET signal generated from the

17.5nM for the R18 peptide. As ex-
pected, the negative ASK1 control
peptide without phosphorylation
(S967-ASK1) did not affect the TR-
FRET signal (Fig. 6A).

We also tested the effect of a small
molecule 14-3-3 protein inhibitor,
FOBISIN 101, in the TR-FRET com-
petition assay. FOBISIN 101 was
discovered by an FP-based HTS
campaign for 14-3-3 protein mod-
ulators.’® As shown in Figure 6D,
FOBISIN 101 dose dependently de-
creased the TR-FRET signal with an
ICs5o of ~26.2 uM. Together, these
data validate the TR-FRET 14-3-3
binding assay as specific and sensi-

interaction of 14-3-3 with the Dy647-pS136-Bad peptide.

results support the specific disruption
of the 14-3-3/Bad interaction by
phosphorylated Bad peptide for com-
petitive inhibitor studies.

To further validate the assay for
HTS, additional well-characterized
14-3-3 peptide antagonists were
tested, including phosphorylated
ASK1 (pS967-ASK1) and Raf-1
(pS259-Raf) peptides, and an unpho-
sphorylated 14-3-3 peptide antago-
nist, R18.'3%3% The pS259-Raf-1
peptide and pS967-ASK1 peptide
are derived from the 14-3-3 binding
sites in Raf-1 and ASK1, respectively.
R18 is a 20-amino-acid unpho-
sphorylated peptide obtained from
phage display libraries that exhibits a
high affinity for 14-3-3 proteins in a
solid-phase assay (Kd of 70-
90 nM).>* All of these peptides have
previously been shown to inhibit 14-
3-3/client protein interaction.'® As
shown in Figure 6, the addition of
increasing concentrations of pS967-
ASK1 peptide (Fig. 6A), pS259-Raf-1
peptide (Fig. 6B), and R18 peptide
(Fig. 6C) led to decreased TR-FRET
signals in a dose-dependent manner,
suggesting inhibited interaction of
His-14-3-3( with Dy647-pS136-Bad.
The ICsq was 1.7uM for pS967-
ASK1, 4.8 uM for pS259-Raf-1, and

tive for HTS. Furthermore, the
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Fig. 6. Validation of the 14-3-3/pS136-Bad interaction assay with known 14-3-3 inhibitors. An
increasing concentration of 14-3-3 peptide antagonists or a small-molecule inhibitor was added to a
reaction containing the Dy647-pS136-Bad peptide (20nM), His-14-3-3{ (10 nM), and anti-His-Eu
(1nM). After incubation at room temperature for 2 h, the TR-FRET signals were recorded. The effect
of the 14-3-3 inhibitors on the TR-FRET signal is expressed as % of control as described in the
Materials and Methods section. The effect of the pS976-ASK1 peptide, or a nonphosphorylated
ASK1 peptide (A), the pS259-Raf-1 peptide (B), R18 peptide (C), or FOBISIN101 (D), on the TR-FRET
signals from the 14-3-3/pS136-Bad interaction is shown.

© MARY ANN LIEBERT, INC. e VOL.11 NO.6 e JULY/AUGUST 2013 ASSAY and Drug Development Technologies 373




DU ET AL.

established conditions were shown to be
suitable for HTS application to identify
14-3-3 protein inhibitors.

Examination of Assay Stability
and DMSO Tolerance

An assay suitable for HTS should
show good stability over a reasonable
period of time. To evaluate the stability
of the TR-FRET 14-3-3 binding assay,
we monitored the binding of His-14-3-
3( to increasing concentrations of the
Dy647-pS136-peptide for various incu-
bation times. As shown in Figure 7A, The
TR-FRET signal did not change signifi-
cantly for ~18 h. This stability elimina-
tes concerns associated with dispensing
large numbers of assay plates for
scheduled readings during the high-
throughput screen. In addition to the
binding assay, we also examined the
stability of the competition assay with
the 14-3-3 peptide antagonists and
small-molecule inhibitor over time. The
inhibitory effect of the R18 peptide (Fig.
7B), pS259-Raf peptide (Fig. 7C), and
FOBISIN101 (Fig. 7D) on the TR-FRET
signal remained similar between 2 and

18 h of incubation. The stability of the competition assay renders
great flexibility for large-scale compound screening.
Compounds for HTS are generally dissolved in DMSO; therefore,
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Fig. 7. Evaluation of assay stability. The FRET reactions were performed as in Figure 5 and
incubated without peptide antagonist (A) or with increasing amounts of peptide antagonists R18
(B), pS259-Raf-1 (C), or FOBOSIN101 (D). The TR-FRET signals were measured after incubation
for the indicated time at room temperature (RT). The data were normalized to vehicle control
and expressed as % of control.

ditions established for 384-well plates, we did not observe significant
changes in the TR-FRET signals from the His-14-3-3({/Dy647-pS136-
Bad peptide interaction in a 1,536-well plate format (Fig. 9A). The Kgs

the HTS assay components should tolerate the presence of a certain
amount of DMSO. In the presence of increasing amounts of DMSO,
the TR-FRET signals did not appreciably decrease. The assay per-

obtained were 1.9 and 2.7 nM from titration experiments in 384-well
and 1,536-well plates, respectively. The Z’ values were >0.7 and the
S/B was >20 when the His-14-3-3( concentration was >6 nM in both

formance remains robust in 9% DMSO
with very little decrease observed in 18%
DMSO (Fig. 8A). The Z’ values remained
above 0.7 throughout the DMSO titra-
tion, and the S/B ratios decreased only
slightly with 18% DMSO (Fig. 8B). Thus,
the TR-FRET 14-3-3 binding assay is
stable in the presence of at least 18%
DMSO.

Development and Validation
of an uHTS Assay in a
1,536-Well Format

The use of high-density microplates
allows increased throughput with re-
duced reagent cost in a miniaturized
format. We, therefore, examined the
performance of the TR-FRET assay in a
1,536-well uHTS format. Using the con-

374 ASSAY and Drug Development Technologies

A B
= 2000 A 1.0 T - . . ; 24
-§ = B & & [ F ._.SKB.
S 1500 - O?O
= ) L 16
& = @
2 1000 0.5 ®
i -8
@ 500
(1Y

0 T T T T r | 0.0 . r : . . 0

0 06 1.1 23 45 90 180 0 4 8 12 16
DMSO (%) DMSO (%)

Fig. 8. The effect of dimethyl sulfoxide (DMSO) on 14-3-3/Bad TR-FRET assay. (A) Increasing
amounts of DMSO (0%-18%) were added to the TR-FRET reaction and incubated at RT for 2 h.
The TR-FRET signals were measured, and the FRET signal windows were calculated and plotted
against the amount of DMSO. (B) The quality of assay performance for HTS was evaluated by 7’
and S/B in the presence of increasing amounts of DMSO. Z' and S/B were calculated as
described in the Materials and Methods section.
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384- and 1,536-well format (Fig. 9B). This indicates that the opti-
mized TR-FRET assay conditions for monitoring 14-3-3/pBad pep-
tide binding are suitable for uHTS in a 1,536-well plate format. The
assay protocol is described in Table 1.

To demonstrate the utility of the TR-FRET 14-3-3 binding assay in
a 1,536-well plate format, we carried out a large-scale screening
campaign. Assay performance results are summarized from an ex-
ample set of uHTS data for 51,200 compounds from a total of 40
1,536-well plates. The day-to-day, plate-to-plate, and well-to-well
variations were determined by performing the screen on different
days. Various controls were included in each plate, including 32 wells
of blank control containing the Dy647-pS136-Bad peptide (20 nM)
and anti-His-Eu (1nM), and 32 wells of negative control with a
mixture of the Dy647-pS136-Bad peptide (20nM), His-14-3-3(
(10nM), and anti-His-Eu (1nM). The blank control defines the
minimal TR-FRET signal, and the negative control defines the
maximal TR-FRET signal. The average TR-FRET signal of each plate
from the blank and negative control wells was consistent across the
40 plates and was consistent from day-to-day (Fig. 10A). The average
TR-FRET signal from the 40 plates was 2060.4 with a standard de-
viation (SD) of 181.6. The S/B ratios, as determined from each plate,
were consistently higher than 20, and the average S/B from the 40
plates was 23.5+ 2.1 (Fig. 10B). The Z’ factor ranged from 0.7 to 0.9,
with an average 7’ of 0.87 (Fig. 100C). Together, these data demon-
strate a robust and consistent assay for uHTS.

We next evaluated the potential hit rate by excluding signals re-
sulting from fluorescent compounds. Compound interference is one
of the major causes for false positives in a primary screening cam-
paign for the discovery of small-molecule modulators. Due to the
ratiometric measurement of the TR-FRET signal (F665nm/F615
nm x 10%), compounds that increase or decrease donor (Eu) emission
signals at the 615 nm channel may interfere with the assay readout,
leading to false positives. To address this issue, in addition to ana-

lyzing the screening data with FRET signal ratios, we also analyzed
the fluorescence intensity (FI) of the 615 nm channel for Eu emission
across the screen. The FI is expressed as fold over control (FOC) and is
calculated by the following equation:

FI of compound

FOC=
FI of vehicle control without compound

After excluding compounds with possible fluorescence interference,
for example, fluorescence (FOC>1.5) and fluorescence quencher
(FOC<0.5), compounds that inhibited the binding of His-14-3-3( to
the Dy647-pS136-Bad peptide by more than 70% were considered
potential positives. The representative results for the screening of
51,200 compounds are shown in Figure 10D, and plotted as FI
(615 nm FOC) against % inhibition. A total of 317 compounds showed
% inhibition >70 as primary positive hits. However, among those
positives, 108 compounds decreased Eu emission signal at 615 nm
with FOC<O0.5. After excluding fluorescence interference com-
pounds (most Eu quenchers), a total of 269 compounds have been
identified as positives (shown as boxed in Fig. 10D). The resulting
primary hit rate is 0.53%. It is, thus, desirable to exclude false posi-
tives early in the HTS process to maximize productivity.
Dose-response experiments were carried out to test the effect of
269 primary positives on the interaction of 14-3-3( with Dy647-
pBad peptide. Out of these 269 TR-FRET primary hits, 134 com-
pounds were confirmed active in the dose-response with 1C55<30
HUM. As an example shown in Figure 10E, three hit compounds ex-
hibited dose-dependent inhibition of the interaction of 14-3-3 with
Dy647-pBad peptide with varying potency (ICses of 2.8, 3.6, and
14.6 uM, respectively). This result further supports the application of
the optimized TR-FRET assay for screening of 14-3-3 protein-protein
interaction inhibitors. The detailed results of a large-scale uHTS with
our optimized TR-FRET assay and the follow-up studies will be re-
ported in separate publications.
Among the 51,200 com-
pounds screened as summarized

in Figure 10D, 843 compounds

A B 30+ 0384-well were tested in the previous
E 24004 ® 1536-well %__—______T_—- ] FP assay for the interaction
£ // of 14-3-3y and pS259-Raf-pep-
E 16004 20 10 tide. This overlapping set of 843
g m __,;f/ compounds allows us to com-
'(%’ Kd (nM) 0 d N o5 pare the results of the current
K 800 Bt 384-well 1.9 101 ) TR-FRET (14-3-3¢/pBad peptide)
= 1536-well 2.1 [ 0.0 14,'3'3€ (FM) : assay with that from the FP (14-
' 5 10 15 3-3y/pRaf peptide) assay. As

00 é é 12 1'5 0(') 3 6 9 12 15 shown in Figure 10F, the TR-

FRET assay revealed more hits

14000 (M) 14-5:85 (M) (16 with % inhibition >70) than

Fig. 9. Miniaturization of the 14-3-3/Bad TR-FRET assay to a 1,536-well format for ultra-HTS (uUHTS).
Increasing concentrations of His-14-3-3( were incubated with the Dy647-pS136-Bad peptide (20 nM) in
the presence of His-Eu (1nM) in a 384-well (30 uL/well) or a 1,536-well (5 uL/well) plate. The TR-FRET
signal was measured after incubation at RT for 2 h. The FRET signal window was plotted against 14-3-3(
concentration (A). The S/B and Z’ factors were calculated and plotted against 14-3-3( concentration (B).
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the FP assay did (one hit with %
inhibition >30). There were no
overlapping hits from this small
set of compounds in these two
assays.
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Fig. 10. Validation of the 14-3-3/Bad TR-FRET assay in a uHTS format. The uHTS assay was validated by screening a library of 51,200
compounds. Average FRET signal (A), S/B (B), and Z’ factor (C) from the uHTS were evaluated across the forty (40) 1,536-well plates.
Background FRET signals from wells containing the Dy647-pS136-Bad peptide and anti-His-Eu in the absence His-14-3-3( is shown in (A).
(D) Summary of uHTS results. Percent inhibition of the 14-3-3(/pBad peptide interaction was plotted against compound fluorescence,
expressed as fluorescence intensity (FI; Eu 615 nM; fold over control (FOC) for 51,200 compounds. Positive hits from the uHTS were defined
as those with % inhibition >70 and 0.5 <FOC<1.5. (E) Dose-response curves of three representative positive hits. (F). Comparison of the
screening results for the overlapping set of 843 compounds between the current TR-FRET (14-3-3(/pBad peptide) assay with those from the

FP (14-3-3v/pRaf peptide) assay.

The TR-FRET Assay Exhibits Favorable Performance
for the Discovery of 14-3-3 Protein Inhibitors

To examine whether the observed differences in hit sets between
the TR-FRET and the FP assays are due to the assay technology
employed, we directly compared the sensitivity of these two assay

376 ASSAY and Drug Development Technologies JULY/AUGUST 2013

formats with the same pair of interacting proteins, 14-3-3{ and
pS136-Bad (Fig. 11). First, we optimized the assay conditions for both
TR-FRET and FP assay by titrating each assay component for com-
parison purpose. Through these experiments, robust TR-FRET signals
with Z’>0.5 for all assays were achieved for the interaction of 14-3-
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Fig. 11. Performance evaluation of the TR-FRET and FP assays for 14-3-3 inhibitor discovery. The dose-response effect of FOBISIN101 was
examined on the interaction of 14-3-3( with pBad-Dy647 peptide in TR-FRET and FP assay (A), the interaction of 14-3-3( or 14-3-3y with
pBad-Dy647 in the TR-FRET assay (B), and the interaction of 14-3-3( with pBad-Dy647 or pRaf-Dy647 peptide (C). (D) The dose-response
effect of Hit 10 on the interaction of 14-3-3( or y with pBad-Dy647 or pRaf-Dy647 in the TR-FRET assay. Increasing concentrations of
FOBOSIN101 or Hit 10 compound were added to the reaction buffer containing 14-3-3C and pBad-Dy647 for the FP assay. Four optimized TR-
FRET reactions contain the combinations of anti-His-Eu with (@) 14-3-3( and pBad-Dy647, (O) 14-3-3y and pBad-Dy647, (@) 14-3-3C and
pRaf-Dy647, and (Q) 14-3-3y and pRaf-Dy647. The inhibitory effect of the 14-3-3 inhibitors on the FP or TR-FRET signal was expressed as%
of control as described in the Materials and Methods section. IC,, values were obtained using GraphPad Prism version 5.o.

3( and 14-3-3y with Dy647-conjugated pS136-Bad and pS259-Raf
peptides, respectively.

In the FP assay for the same interaction pair, ~10-fold of 14-3-3
proteins were required to obtain the mP window of ~80 mP with
S/N>8 and Z' >0.5 for screening.'® It is clear that the TR-FRET assay
consumes fewer protein reagents than the FP assay in order to
achieve a similar robust signal window.

To directly compare the sensitivity between the TR-FRET and FP
assay for 14-3-3 inhibitor discovery, we tested the effect of the
known 14-3-3 small-molecule inhibitor, FOBISIN101, on the inter-
action of 14-3-3( with pBad-Dy647 peptide in both TR-FRET and FP
assays (Fig. 11A). FOBISIN101 led to a dose-dependent decrease in
both TR-FRE and FP signal. The ICs, in TR-FRET assay was 3.2 uM,
while the ICs, in FP assay was >400 pM. These data suggest that the
TR-FRET assay is more sensitive than the FP assay for detecting the
inhibition of the 14-3-3(/pBad interaction.

To evaluate whether 14-3-3 isoforms or binding partners utilized
in the assay contributed to the observed sensitivity difference of
the TR-FRET and FP screening to reveal positive hits (Fig. 10F), we
tested the effect of FOBSIN101 on the interaction of different 14-3-3
isoforms (£ and vy) with the same peptide (pBad or pRaf) in the same
TR-FRET assay format. FOBISIN101 exhibited a different effect on
the interaction of pBad with either 14-3-3( (ICso of 3.2 pM) or 14-3-
3y (ICso of 13.4uM; Fig. 11B), showing a 14-3-3 isoform effect.
Similarly, FOBISIN101 showed a differential effect on the interaction
of 14-3-3( with either pBad (ICs, of 3.2 pM) or pRaf (ICs, of 19.8 pM;
Fig. 11C), showing a 14-3-3 binding ligand effect. These data suggest
that different 14-3-3 isoforms and ligands used in the assay are ex-
pected to impact assay sensitivity for the identification of 14-3-3 in-
hibitors. To confirm this observation, we tested the effect of one of the
16 hit compounds, Hit 10, in the TR-FRET assay with different 14-3-3
isoforms and different ligands. As shown in Figure 11D, Hit 10
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exhibited different potencies when different combinations of 14-3-3
isoforms and ligands were utilized. Thus, it is likely that our observed
different set of hits in Figure 10F could be due to a combination of both
factors. TR-FRET assay appears to be more sensitive than the FP assay
for the 14-3-3 inhibitor discovery. Different 14-3-3 isoforms along
with different ligands also affect the sensitivity of the detection.

It remains possible that the TR-FRET assay is prone to compound
artifacts and, therefore, more likely to generate promiscuous hit
compounds. To address this issue, we compared the performance of
the top 16 hit compounds from the TR-FRET assay against that of
known promiscuous compounds by mining the PubChem database.
As shown in Table 2, the average number of bioassays tested for each
of these 16 compounds is 619. The average number of bioassays with
active flags was 14.4, which represents an average of 2.3% of active
in all bioassays tested for each hit compound. Remarkably, two
compounds showed activity only in our 14-3-3 inhibitor screening
among more than 600 bioassays profiled (Table 2). For comparison,
we also analyzed the data for 37 well-defined promiscuous com-
pounds, which are known redox cycling compounds (RCCs) that are

Table 2. Target Query of the PubChem Database: Promiscuity
Profile of 16 Hits from 14-3-3(/pBad TR-FRET Assay

No. of total No. of
Compound no. ‘ bioassays ‘ active flags % active®
2 632 1 0.2
3 537 42 7.8
4 686 65 9.5
5 475 12 2.5
6 766 7 0.9
7 738 3 0.4
8 472 8 1.7
9 684 19 2.8
10 695 21 3.0
11 523 17 33
12 770 12 1.6
13 451 6 1.3
14 736 1 0.1
15 480 5 1.0
16 726 2 0.3

*The % active was calculated from (# of active flags/# of total
bioassays) x 100.
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capable of generating H,0, in buffers containing dithiothreitol®® and
summarized the data with updated information from the PubChem
database (Table 3). For these 37 compounds, the average number of
total bioassays tested for each compound is 563. The average acti-
veflag of bioassays was 93, and the resulting average percentage of
active bioassays for each compound was 16.3%. It is obvious that the
active rate (2.3%) of the 16 14-3-3 hits from the TR-FRET assay is
significantly lower than that of the 37 RCCs compounds from pub-
lished PubChem bioassays (16.3%), supporting further experimental
validation of these 16 hit compounds. To confirm their true nature as
14-3-3 inhibitors, these hit compounds have to be evaluated in a
panel of bioassays, including the test of their direct binding to 14-3-3
or client proteins with technologies such as isothermal calorimetry or
surface plasma resonance, and an examination of the antagonistic
effect on 14-3-3/ligand interaction-mediated functions such as Bad-
mediated apoptosis or Raf-mediated ERK activation and cell prolif-
eration. Taken together, these results demonstrate that this TR-FRET
assay provides a simple, sensitive, reliable, and robust readout for
monitoring the 14-3-3/p-Bad peptide interaction to discover 14-3-3
protein modulators.

DISCUSSION

Here, we present details of the design, development, optimization,
and validation of a homogeneous TR-FRET assay to monitor the
interaction of 14-3-3 proteins with a client protein for the discovery
of 14-3-3 protein inhibitors. Using the interaction of His-14-3-3( and
a Dy647-pS136-Bad peptide as a model system, we established assay
conditions for an optimized TR-FRET assay in a 384-well format. The
14-3-3 TR-FRET assay exhibited a robust performance, good sta-
bility, and DMSO tolerance. Importantly, wild-type 14-3-3(, but not
mutant 14-3-3( K49E, generated robust TR-FRET signals when
paired with the Dy647-pS136-Bad peptide, which demonstrates the
specificity of the assay. This is consistent with previous findings that
a singlecharge-reversal mutation, K49 to E, in the amphipathic
groove of 14-3-3 is sufficient to disrupt 14-3-3/client protein in-
teractions.*® In addition to 14-3-3(, similar TR-FRET assays can be
developed for the other six isoforms of 14-3-3 proteins with a
phosphorylated Bad peptide as a binding partner. The similar binding
affinity of all isoforms of 14-3-3 proteins with the phosphorylated
Bad peptide reflects the highly conserved nature of the peptide
binding site on the amphipathic groove of 14-3-3 proteins.*°

The suitability and sensitivity of the HTS assay for the identifi-
cation of small molecule 14-3-3 inhibitors have been validated with a
competition assay with several known 14-3-3 antagonist peptides
and a small molecule 14-3-3 inhibitor. Unlabeled phosphor-peptides
derived from well-defined 14-3-3 client proteins, such as pS136-Bad,
pS967-ASK1, and pS259-Raf-1, were able to compete with the
Dy647-pS136-Bad peptide for 14-3-3 binding. Conversely, unla-
beled unphosphorylated peptides, such as S136-Bad and S967-ASK1,
failed to reduce TR-FRET signals from the 14-3-3/pS136-Bad peptide
interaction. These date further support the specificity of the FRET
signal from the interaction of 14-3-3 with the phosphorylated Bad
peptide. In addition, R18, a well-characterized 14-3-3 peptide
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Table 3. Updated Cross-Target Query of the PubChem Database: Promiscuity Profile of Confirmed Redox Cycling

Compounds from Soares et al.®

No. of total No. of No. of total No. of
PubChem-SID bioassays active flags ‘ % active® PubChem-SID bioassays ‘ active flags ‘ % active®
14727570 245 34 138 17510616 343 63 18.4
14727734 480 68 14.2 14727791 680 141 20.7
22404392 549 93 169 17510946 568 129 22.7
16952991 570 130 22.5 24813200 540 103 19.1
14719117 706 119 16.9 22400632 464 32 6.9
14730721 777 215 27.7 17433753 529 68 12.9
24809506 498 55 11.0 17513322 570 46 8.1
14742005 552 66 12.0 17505825 415 58 14.0
24812833 540 50 €3 14742003 523 76 14.5
14723875 570 159 27.9 17516177 605 26 43
845167 815 219 26.9 24825938 594 88 5.6
24809205 554 149 26.9 14742458 671 57 8.5
14726526 756 251 33.2 14742370 679 48 7.1
24814503 538 92 17.1 11532976 440 86 19.5
17507336 539 106 19.7 22412622 609 105 17.2
17508465 571 146 25.6 847359 457 94 20.6
17511877 505 43 8.5 857446 771 91 11.8
17510947 341 69 20.2 17504835 618 61 o159
22405508 645 73 1.3

“The % active was calculated from (# of active flags/# of total bioassays)x 100.

antagonist, and FOBOSIN101, a small molecule 14-3-3 inhibitor,
were able to effectively inhibit the FRET signal. Taken together, these
data validate the specificity of the TR-FRET assay and its utility for
identifying competitive 14-3-3/Bad binding inhibitors.

To enhance screening efficiency and further reduce costs, the HTS
assay has been miniaturized for uHTS in a 1,536-well format. No-
tably, the uHTS assay maintains the same vigorous assay perfor-
mance as that of the 384-well format. The utility of the miniaturized
TR-FRET assay for uHTS has been further validated with a large-scale
screen. The TR-FRET signals were consistent across the 40 plates
tested during the screen with minimal signal variation. The Z’ factors
were all greater than 0.5 and S/B ratios were above 20, indicating a
robust assay in a uHTS format.

To obtain some insight into different detection technologies for the
identification of 14-3-3 protein-protein interaction inhibitors, we
compared the performance of the developed TR-FRET assay with that

16,20

of a previously reported FP assay through the use of a set of 843
overlapping compounds screened in both assays (Fig. 10F). It appears
that more positives (16 compounds) were identified in the TR-FRET
assay than in the FP assay (1 compound), raising the possibility of a
superior performance of the TR-FRET assay. The higher number of
positives from the TR-FRET screening could be due to its increased
assay sensitivity compared with the FP assay. Indeed, the direct
comparison studies show that the TR-FRET assay is more sensitive
than the FP assay in showing the inhibitory effect of a known small
molecule 14-3-3 inhibitor, FOBISIN101 (Fig. 11A). One additional
advantage of the TR-FRET assay compared with the FP assay is clear
that the TR-FRET assay consumes ~100-fold less 14-3-3 protein than
the FP assay does (10 nM vs. 1 uM).

The sensitivity of the TR-FRET assay to small-molecule inhibitors is
also affected by the specific 14-3-3 isoform used along with a par-
ticular binding partner, as shown in Figure 11. Therefore, HTS
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campaigns with different 14-3-3 isoforms and different client proteins
may lead to the discovery of different sets of 14-3-3 inhibitors. Al-
though the TR-FRET assay shows high sensitivity for hit discovery, the
identified positive hits are unlikely to be those frequently revealed
promiscuous compounds (Tables 2 and 3). However, the follow-up
secondary binding and functional assays are essential to confirm the
direct binding of the hit compounds to 14-3-3 or its ligand and to
validate their antagonistic activity for future development.

In summary, we have developed and validated a simple “mix-and-
read” TR-FRET assay for measuring the interaction of 14-3-3 and a
client protein peptide. We have also demonstrated that the assay can
be applied to the interaction of all isoforms of 14-3-3. The ability of
multiple peptide antagonists and a small molecule 14-3-3 inhibitor to
disrupt the interaction of 14-3-3 with a pS136-Bad peptide demon-
strates the specificity of the TR-FRET assay for 14-3-3 and exhibits
the feasibility of revealing 14-3-3/Bad interaction inhibitors. Fur-
thermore, the assay has been successfully miniaturized to a 1,536~
well uHTS format without sacrificing signal window or assay
performance quality. Due to the high cost of large-scale compound
screening, the ability to perform the assay in a 1,536-well format
renders our TR-FRET assay particularly valuable for screening. The
concept and development of the TR-FRET assay for 14-3-3 protein/
ligand interaction will not only greatly facilitate the discovery of 14-
3-3 protein inhibitors, but also provide a sensitive and easy-to-use
tool to study 14-3-3-mediated protein-protein interactions.
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