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We report first non-covalent and exclusively extracellular inhibitors of
14-3-3 protein–protein interactions identified by virtual screening.
Optimization by crystal structure analysis and in vitro binding assays
yielded compounds capable of disrupting the interaction of 14-3-3r
with aminopeptidase N in a cellular assay.

Protein–protein interactions (PPIs) are crucial to all living organisms
and contribute to almost all biological processes. Although PPIs
are challenging targets, they are considered druggable.1,2 The
approximately 300 000 human PPIs thus constitute a rich
source of potential drug targets.3 14-3-3 proteins are important
molecular adapters with seven highly conserved mammalian
isoforms. They act via direct PPIs in a mainly phosphorylationdependent manner.4 Binding to 14-3-3 affects target proteins
subcellular localization, enzymatic activity or the ability to interact
with further proteins.5 To date, more than 200 intracellular
mammalian binding partners have been identified.6
In addition, 14-3-3 has been shown to be released into the
extracellular matrix (EM) by keratinocytes where they act as
signalling molecules on several fibroblasts.7,8 14-3-3 stimulation
leads to an overexpression of matrix metalloproteinase (MMP)
family members, especially MMP-1.9 MMPs are exported to the
EM where they hydrolyse other EM components.10 Thus, 14-3-3 can
influence tissue remodelling, a complex process where a sensitive
balance between matrix synthesis and degradation is vital. The
membrane receptor for 14-3-3 has recently been identified as
aminopeptidase N (APN).11 The interacting sequence and the underlying binding mode are yet unknown. Besides its enzymatic activity
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APN has various roles on the outer membrane like ligand sensing
or signal transduction.12 As an attractive target for therapeutic
intervention, the need for compounds addressing the distinct
functions of APN is growing. Modulating exclusively the extracellular
interaction of 14-3-3s and APN is thus of great interest and possibly
more promising than intracellular inhibitors due to 14-3-3’s
complex interaction network.
Several attempts have been made to develop small-molecule
inhibitors for 14-3-3 PPIs.13 Botta and colleagues employed
pharmacophore-based virtual screening on a small library and
identified compounds with anti-proliferative activity.14 Yao and
colleagues synthesized a peptide–small-molecule hybrid library
maintaining the central phosphoserine residue.15 Subsequent
microarray-based analysis identified peptidomimetics able to compete with known phosphopeptides. Fu and colleagues screened a
small library of pharmacologically active compounds and identified
a pyridoxal-phosphate derivative, which binds covalently to
multiple lysines on the surface of 14-3-3.16,17 Recently, we reported
a supramolecular scaffold also modulating 14-3-3 PPIs.18
The goal of this study was to identify non-peptidic and noncovalent small-molecule inhibitors of 14-3-3’s extracellular interaction with APN. We report the first small-molecule inhibitors of
this PPI identified by virtual screening (VS) able to suppress 14-3-3mediated MMP-1 expression in human fibroblasts. Biochemical
validation and X-ray crystallography of initial screening hits resulted
in an inhibitor scaﬀold. Analysis of further derivatives yielded
insights into structure–activity relationships (SARs) and more potent
inhibitors. The most promising candidate was active in a cellular
assay for inhibition of 14-3-3-enhanced MMP-1 transcription.
We started by analysing nine crystal structures of 14-3-3phosphopeptide complexes with a resolution below 2.5 Å (ESI†).
Binding geometries show a highly conserved coordination of the
central phosphoserine or phosphothreonine by 14-3-3 residues R56,
R129 and Y130, particularly that of the phosphate group (Fig. 1). We
concluded that the phosphate with an average root-mean square
deviation of 0.5 Å has the strongest pharmacophoric properties and
combined ligand-based VS with structure-based docking (Fig. 2a).
Maximum diversity in the virtual compound library was ensured
by using the ZINC all now subset (release 11) comprising
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Fig. 1 (a) Superposition of 14-3-3-phosphopeptide structures illustrating the
marginal flexibility of the phosphorylated residue (grey cartoon: 14-3-3s with
phospho-coordinating residues as stick model; coloured ribbons: phosphopeptides
with phosphorylated residues as stick model). (b) Coordination of the phosphate
group by 14-3-3 residues. Structure figures were created with BALLView.19

8 061 769 compounds.20 The first step was a substructure filter
using a generalized phosphonate. Successive filter steps aimed
at enriching drug-like molecules. Diverse selection yielded 512
compounds for docking into a high-resolution crystal structure
of 14-3-3s (PDB ID: 3P1N).21 From the 200 top-ranked docking
poses 14 compounds were selected by visual inspection for
in vitro screening (Table S1, ESI†). The primary selection criterion was the placement of the phosphonate group according to
our pharmacophore hypothesis (Fig. S1, ESI†).
The compounds’ potential to compete with binding of a
phosphopeptide to 14-3-3 was assessed using a fluorescence polarization (FP)-based assay derived from the setup described by Fu
and colleagues.22 Briefly, a FAM-labeled C-Raf phosphopeptide
was titrated with 14-3-3z in order to determine KD and select
appropriate concentrations for competition experiments. In this
context, screening against 14-3-3z is meaningful due to the entire
conservation of the mammalian amphipathic groove (Fig. S2, ESI†).
Based on the resulting KD of 13.7  0.6 mM and shape of
the binding curve a concentration of 20 mM 14-3-3 was chosen,
providing an optimal trade-oﬀ between a reasonable signal window
and high sensitivity. Employing these settings we verified two
compounds as true hits in an initial validation screen at 250 mM
compound concentration where A1 and A2 show a normalized PPI
inhibition above 50% (Fig. 2b).
For validation of our VS hypothesis and deeper insight into
the compounds’ mode of action we obtained crystal structures of
A1 and A2 in complex with 14-3-3s at 1.6 Å (Fig. S3c and f, ESI†).
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The phosphonate groups are coordinated as expected. Interestingly,
the compounds’ orientations are perpendicular to the peptide
backbones and the second ring moiety binds to a region that is
not occupied by any peptide (Fig. 3b). The compounds form an
intramolecular charge-assisted hydrogen bond between phosphonate oxygen and the amide nitrogen, which could explain
inactivity of all tertiary amides (A4–A9). Also p-substitutions seem
to be detrimental due to limited space (A10–A12). 14-3-3 undergoes
no major conformational changes. However, an important observation is the elongated side chain conformation of R60. Depending on
the binding partner of 14-3-3, this residue also occurs in a bent
conformation where the guanidinium group occupies the pocket
where the inhibitors’ variable moieties are located. Since we used a
14-3-3 structure with bent R60 for docking, the predicted docking
poses only match the phenylphosphonate moiety (Fig. S4, ESI†).
Evaluation of 31 additional compounds matching the identified
scaﬀold yielded nine further compounds with IC50 values below
200 mM. Compounds B1 and B2 (Fig. 2b) show IC50 values of 5 mM
and 15 mM, respectively. All inhibitors were also active in a
homogeneous time-resolved fluorescence (HTRF) assay (Table S2,
ESI†). Additionally, we obtained crystal structures for B1–B11 with
resolutions below 1.8 Å (Fig. 3 and Fig. S3, ESI†).
Exploration of the validated scaﬀold already provides basic SARs.
All inhibitors share an essentially conserved orientation of the
phenylphosphonic moiety, stabilized by an intramolecular H-bond
and hydrophobic contacts to 14-3-3. Thus, tertiary amides (R1 a H)
are not tolerated as exemplified by B2 (15 mM) and its methylated
derivative A9 (inactive), underlining the importance of this H-bond.
With regard to the scaﬀold’s anilide part, p-substitutions are not
tolerated as shown by many derivatives, for instance B4 (27 mM) and
its p-substituted inactive derivative B32. Bicyclic anilides fail for the
same reason (A14, B30). Extending the molecules’ linker part is
deleterious as demonstrated by B4 (27 mM) and inactive B12, which
is extended by a methylene group. Regarding aliphatic substituted
amides, only cyclic ones are active (B2, B10) and the larger cyclohexane
(B2) is about eightfold more active than cyclopentane (B10). A subtle
advantage is seen for small, electron-withdrawing groups in the
o-position (B4: 27 mM) over the m-position (B6: 32 mM) as well as an
additive eﬀect for their combination (B1: 5 mM).
All R2 moieties fill a shallow subpocket enclosed by R56, R60, K49
and a protein backbone. Comparison of B1 (R2 = 2,3-dichlorophenyl)

Fig. 2 (a) Virtual screening workflow to select compounds for in vitro screening. (b) The initial validation screen of selected VS compounds identified A1 and A2 as
active inhibitors, featuring a common scaﬀold. Initial SARs led to the identification of more inhibitors with B1 and B2 being most active.
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Fig. 3 (a) Crystal structure of B1 bound to 14-3-3s (grey cartoon; gold mesh:
mFo-DFc density map at the 3s contour level after protein refinement; blue mesh:
2mFo-DFc simulated annealing composite-omit map at the 1.2s contour level of the
final model). (b) Superposition of B1, B2 and the phosphopeptides from the pharmacophore analysis (grey solvent-excluded surface: 14-3-3s; ball-and-stick-models: B1 and
B2; coloured ribbons: phosphopeptides with phosphorylated residues as sticks).

compounds specifically modulating them. Further work will
include SAR studies of the phenylphosphonate moiety and a
more detailed analysis of binding events between 14-3-3 and
APN. The mode of action of the identified inhibitors clearly
suggests the phosphorylation-dependent binding of APN and
possibly facilitates the identification of its interaction motif.
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Notes and references

Fig. 4 Cellular assay. (a) Test of B1 and B2 on their potency to down-regulate
14-3-3s increased MMP-1 mRNA levels. (b) 14-3-3s stimulated MMP-1 levels
were downregulated upon B1 treatment in a concentration-dependent manner
yielding an IC50 value of 81  15 mM.

and B2 (R2 = cyclohexyl) in complex with 14-3-3, which fill
similar van der Waals volumes, suggests a mainly hydrophobic
contribution.
Evaluation of the inhibitors’ potency to suppress 14-3-3
triggered upregulation of MMP-1 mRNA levels was performed
in a cell-based assay using human lung fibroblasts. Briefly, the
influence of extracellular 14-3-3s on MMP-1 mRNA expression in
human lung fibroblasts was analysed by real-time quantitative
PCR.8 Treatment with 15 mg ml 1 14-3-3s for 24 h led to three-fold
increase in MMP-1 levels compared to untreated cells (Fig. 4a and
Fig. S5, ESI†). Simultaneous application of B1 and B2 markedly
reduced 14-3-3s mediated MMP-1 mRNA upregulation. Titration of
B1 yielded an IC50 value of 81  15 mM (Fig. 4b).
To exclude interfering intracellular eﬀects of the inhibitors we
tested the compounds ability to permeate cell membranes using the
parallel artificial membrane permeation assay (PAMPA, Table S6,
ESI†).23 The resulting flux values below 5% for B1 and B2 classify
these compounds as having low membrane permeability.
We identified non-covalent inhibitors for extracellular 14-3-3
PPIs by virtual screening. We have demonstrated that high-quality
structural data can be exploited to develop PPI inhibitors in silico.
We confirmed virtual screening hits in vitro and solved their
complex structures with 14-3-3. These initial data enabled us to
identify more potent inhibitors and to gain insights into SARs.
Finally, we demonstrated the ability of the most potent compound
to inhibit 14-3-3 induced overexpression of MMP-1 in human
fibroblasts.24 Knowledge of extracellular 14-3-3 PPIs is continuously
growing and research in this field can greatly benefit from
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