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ABSTRACT: Small-molecule modulation of protein−protein
interactions (PPIs) is one of the most exciting but also difficult
fields in chemical biology and drug development. As one of the
most important “hub” proteins with at least 200−300
interaction partners, the 14-3-3 proteins are an especially
fruitful case for PPI intervention. Here, we summarize recent
success stories in small-molecule modulation, both inhibition
and stabilization, of 14-3-3 PPIs. The chemical breath of
modulators includes natural products such as fusicoccin A and
derivatives but also compounds identified via high-throughput and in silico screening, which has yielded a toolbox of useful
inhibitors and stabilizers for this interesting class of adapter proteins. Protein−protein interactions (PPIs) are involved in almost
all biological processes, with any given protein typically engaged in complexes with other proteins for the majority of its lifetime.
Hence, proteins function not simply as single, isolated entities but display their roles by interacting with other cellular
components. These different interaction patterns are presumably as important as the intrinsic biochemical activity status of the
protein itself. The biological role of a protein is therefore decisively dependent on the underlying PPI network that furthermore
can show great spatial and temporal variations. A thorough appreciation and understanding of this concept and its regulation
mechanisms could help to develop new therapeutic agents and concepts.

The total number of PPIs in an organism, the
“interactome”, has been predicted to lie between

130,0001 and 650,0002 in humans, with the most recent
estimation centered around 300,000.3 Consequently, the
successful addressing of PPIs with small, drug-like molecules
will vastly expand our opportunities for pharmacological
intervention. With up to 500 identified protein interaction
partners in eukaryotic cells, the family of the so-called 14-3-3
proteins are an especially interesting case for small-molecule
PPI modulation.

1. 14-3-3 PROTEINS

14-3-3 proteins are ubiquitous eukaryotic adapter proteins
involved in the regulation of cell-cycle control, signal
transduction, protein trafficking, and apoptosis.4 They mediate
their physiological effects by binding to other proteins,
modulating their (clients’) subcellular localization, enzymatic
activity, or their ability to interact with further proteins.5 14-3-3
proteins are functional dimers with each of the monomers
displaying a so-called amphipathic groove that accommodates
the mostly phosphorylated interaction motifs of their partner
proteins (see Figure 1).6,7

Among the several hundred 14-3-3 interaction partners
described thus far are medicinally relevant proteins such as
CRaf,8,9 Serotonin-N-acetyl-transferase AANAT,10 the tran-
scriptional modulator YAP,11,12 and the tumor suppressor
p53.13,14 14-3-3 proteins have been implicated in a variety of

human diseases. In addition to their participation in diverse
cancers,15,16 they have been associated with oocyte develop-
ment,17 the occurrence of neurodegenerative diseases,18 or
virulence of human pathogenic organisms.19,20 The versatile
and widespread biological functions have facilitated a growing
interest in 14-3-3 proteins as a novel target class for
pharmacological intervention.15,16,21,22 This review manuscript,
rather than reviewing all 14-3-3 PPIs, provides a focused
analysis of the small molecule approaches taken for the
modulation of 14-3-3′s. These compounds provide the entry
point required both for the elucidation of the biology at hand
and for pharmacological targeting of this important class of
proteins.

2. STABILIZERS OF 14-3-3 PROTEIN−PROTEIN
INTERACTIONS

In contrast to protein−protein inhibitors (vide inf ra), the use of
protein−protein stabilizers is a vastly underexploited strategy
for the modulation of protein interactions. This is arguably due
to the added complexity of finding molecules capable of
stabilizing a ternary complex, either via an allosteric mechanism
through binding to only one of the partner proteins or via
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multiple simultaneous contact points with two (or more)
partner proteins. For example, the contact amino acid residues
of the interacting partners of protein interactions are
themselves frequently lead structures for the design of novel
protein−protein inhibitors. The same cannot be said for
stabilizers, however, which is evidenced by the current lack of
de novo protein−protein stabilizers in comparison to inhibitors.
Nevertheless, nature has been a rich source of therapeutically
relevant and naturally derived protein−protein stabilizers, such
as the anticancer drug paclitaxel,23 which stabilizes micro-
tubules, and the immunosuppressants rapamycin24 and
FK506,25 which bind to immunophilin FKBP12. In the latter
case, the binary FKBP12:small molecule complex formation
increases the affinity of binding to effector proteins calcineurin
and mTOR. As for protein−protein inhibitors and stabilizers of
other protein classes, the therapeutic payoff for discovering new
14-3-3 stabilizers is potentially very high. For example, in a
number of cases 14-3-3 binding has been shown to increase the

biostability and availability of numerous physiologically relevant
proteins, including TASK326 and CFTR.27 In the former case,
the misregulation of TASK3, TWIK related-acid-sensitive K+

channels, has been linked to cancer, inflammation, and
epilepsy.28 Small molecules that act to enhance the stability
of the TASK3:14-3-3 interaction, behaving thus as the
“molecular glue” that holds these two protein partners in
place, are expected to increase the functional expression of
TASK3 and therefore show promise as a basis for future anti-
cancer, anti-inflammation, and anti-epilepsy treatments. The
challenge of finding 14-3-3 stabilizers however remains great in
that it requires the design of small molecules capable of making
multiple simultaneous contact points with 14-3-3 and its
partner protein. Fortunately, nature has found a way to do this
job very effectively (vide inf ra) and in doing so has set very high
standards for future studies in this direction.

2.1. Natural Products Fusicoccin A and Cotylenin A.
2.1.1. Isolation and Molecular Physiology. Fusicoccin A (FC-

Figure 1. Small molecules acting on 14-3-3 proteins. (A) Co-crystal structure of the 14-3-3ζ dimer (blue and orange ribbon, semitransparent white
surface) and the two inhibitory 14-3-3 binding sites of CRaf (purple sticks, PDB ID: 4FJ3). (B) Crystal structure of the 14-3-3ζ dimer (blue and
orange ribbon) in complex with Serotonin-N-acetyltransferase (AANAT, light and dark red ribbon, PDB ID: 1IB1). (C) Co-crystal structure of the
tobacco 14-3-3 isoforms T14-3c (light and dark blue ribbon) in complex with the regulatory C-terminus of the plant plasma membrane H+-ATPase
PMA2 (light and dark green ribbon) and fusicoccin A (yellow and red spheres, PDB ID: 2O98). (D) The 14-3-3 PPI stabilizer cotylenin A (1)
bound to 14-3-3 (white ribbon) and the phosphorylated C-terminus of PMA2 (green sticks, PDB ID: 3E6Y). (E) The 14-3-3 PPI inhibitor
FOBISIN101 (2) bound to 14-3-3 (white ribbon, PDB ID: 3RDH). As semitransparent ribbon the structure of Exoenzyme S (cyan, PDB ID: 2O02)
and CRafpS259 (PDB ID: 4FJ3) is superimposed. (F) Chemical structures of 1 and 2.
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A, Figure 2, 3), a diterpene glycoside isolated from the
phytopathogenic fungus Phomopsis amygdali (formerly Fusicoc-
cum amygdali), was initially described in the mid-1960s to be a
wilt-inducing toxin.29 Studies on the molecular target resulted
in the identification of a complex between the regulatory
domain of the plasma membrane H+-ATPase (PMA) and 14-3-
3 adapter proteins as the primary receptor.30 We have reported
in two protein crystallography studies, that 3 binds to the rim of
the interface of the 14-3-3/PMA complex, establishes contacts
to both protein partners and increases their affinity about 90-
fold.31,32 In this regard, 3 is a “molecular glue” like the classical
examples of FK506 and rapamycin.24,25 However, in contrast to
the aforementioned immunosuppressive natural products, 3
binds not to the single components of the protein complex with
physiologically relevant affinity but exclusively targets the
preformed binary complex.31,32 Cotylenin A (Figure 1, 1) was
originally identified as a cytokinin-like bioactive substance
against plants produced by the fungus Cladosporium sp. 501-
7W.33 This natural product was reported to induce differ-
entiation in human acute myeloid leukemia in both cell culture
and mouse models.34,35Additionally, the combination of 1 with
other agents such as interferon α resulted in desirable
anticancer properties.36 The crystal structure of 1 bound to a
complex of 14-3-3 with the phosphopeptide derived from the
binding motif of the plant plasma membrane H+-ATPase
PMA2 (QQSYpTV-COOH) has been elucidated.37 By
comparing this structure with other 14-3-3/phosphopeptide
complexes, it has been possible to explain why 1 is capable of
stabilizing human, cancer-relevant 14-3-3 PPIs (in contrast to
3).
Thus, the core fusicoccin structure provides a powerful entry

point for the selective modulation of 14-3-3 signaling. Given
that fusicoccin’s stabilizing properties require the formation of

multiple contact points with both protein partners of the
ternary complex, facile access to designer fusicoccin analogues
will be of high importance for the programming of selectivity in
14-3-3 ternary complex formation. There are three comple-
mentary approaches to accessing unnatural fusicoccin ana-
logues, each with their own strengths: biosynthesis, total
synthesis, and semisynthesis.

2.1.2. Fusicoccin Biosynthesis versus Total Synthesis. The
isolation of 1, 3, and other related natural products fungii is
currently the only entry to access these important compounds.
In the years to come, however, an improved knowledge about
the biosynthetic gene cluster, the chain of proteins responsible
for the biosynthesis of these natural compounds in their
respective host organisms, will ensure a sustainable supply of
structurally unique analogues that would otherwise be difficult
to obtain via any other means. Some important steps have
already been made in this direction, toward the elucidation of
the biosynthetic gene cluster of 1 and 3. In 2007, Sassa and co-
workers characterized the highly unusual fusicoccadiene
synthase (PaFS) enzyme in the fusicoccin host fungus, P.
amygdali, which displays combined prenyltransferase and
terpene cyclase activities. PaFS is responsible for assembling
the key 5-8-5 ring aglycon of the fusicoccin subclass,
(+)-fusicocca-2,10-(14)-diene, from C5 isoprene units.38 The
same group has subsequently identified dioxygenases important
for the installation of key oxidation motifs at the fusicoccin A
and cotylenin A-type aglycon.39 More recently, the gene
encoding for a prenyltransferase, papt, was characterized, which
is responsible for selective prenylation of the glucose unit of 3
at the 6′-position.40 The total synthesis of fusicoccin,
unrestrained in terms of the possibilities for structural diversity,
will as well enable the preparation of unique fusicoccin
analogues, which are otherwise beyond the reach of biosyn-

Figure 2. (A) Chemical structures of natural product stabilizers: fusicoccin A (3) and the imidazole nucleoside mizoribine (4), a naturally derived
treatment for renal transplantation, lupus nephritis, and rheumatoid arthritis. (B) Synthetic analogues of fusicoccin H: ISIR-005 (5), ISIR-042 (6),
and the fluorescently labeled activity probe, 7. 'Nu' = · nucleophilic amino acid side chain residue, e.g. His or Ser.
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thesis. In this regard, biosynthesis and total synthesis can be
considered complementary approaches to the synthesis of
unnatural fusicoccin analogues. In anticipation of the first total
syntheses of 1 or 3, the highly instructive total syntheses of
related secondary metabolites, such as albolic acid and
ceroplastol II41 and cotylenol,42 are likely to be of benefit for
the design and synthesis of related analogues.43,44 Synthetic
studies into fusicoccin’s characteristic 5-8-5 hydrocarbon ring
system45−47 are sure to be helpful for the development of
simplified modulators of the 14-3-3 ternary complex.
2.2. Strength of the Semisynthetic Approach: Natural

Product Cotylenin A Analogues. With the biosynthesis and
total synthesis approaches still yet to reach full maturity, the
semisynthesis of unnatural fusicoccin analogues is currently the
most reliable source of novel fusicoccine-derived chemotypes.
The principle advantage of this approach is the sustainable
access to gram quantities of advanced intermediates. A
weakness, however, is the narrowed window for structural
diversity given that much of the core structure has already been
committed to a certain degree of shape and functional group
complexity. Nevertheless, the semisynthesis approach has
already been applied with great affect to the preparation of
useful unnatural fusicoccin analogues as exemplified by the
story of cotylenin A (Figure 1D and F, 1). The limited supply
of 1 from its natural sources and the presence of a metabolically
labile epoxide ring have so far restricted its usefulness as a novel
anticancer agent for clinical studies. Honma and co-workers48

have cleverly circumvented these problems by using semisyn-
thesis to prepare more stable cotylenin A derivatives starting
from the more readily available fusicoccin H (Figure 2B). One
of the highlights of this synthesis is the conversion of
intermediate ISIR-005 (Figure 2, 5) to ISIR-042 (6) where
the pyranose sugar is made to undergo a base-induced
rearrangement into a structurally interesting 5,5-fused furanose
ring system with the simultaneous introduction of a useful
amine linker group. Profiting from the efficient route to 6,
Ohkanda and co-workers subsequently reported on the
development of a reactive fluorescent probe derived from
ISIR-042 (Figure 2B),49 for the phosphopeptide-dependent

labeling of 14-3-3ζ proteins. Their approach incorporates a
previously engineered bioorthogonal phenylsulfonylmethylene
(tosylate) group, attached to 6 via amide coupling, to forge the
reactive probe 7. Formation of the FC-14-3-3-peptide ternary
complex thus triggers covalent labeling through the entropically
favored nucleophilic attack of proximal surface residues.

2.3. Mizoribine. Another naturally derived compound
proposed to act as a stabilizer of a 14-3-3 protein−protein
interaction is Mizoribine (Figure 2A, 4).50 This imidazole
nucleoside, isolated from the culture media of Eupenicillum
brefaldianum in Japan in 1974,51 shows immunosuppressive
activity52 and has been approved in Japan for therapy after renal
transplantation and for lupus nephritis and rheumatoid arthritis.
In the absence of a structural basis for the interaction of 4 with
14-3-3, knowledge about its synthesis would clearly be useful
for future structure−function studies.53−56

2.4. Non-natural 14-3-3 PPI Stabilizers. Stabilizers for
14-3-3 PPIs can be discovered via mechanism-based analysis of
the action of natural products, as sketched above. Typically
these natural compounds provide strong binding affinity and
proven physiological activity. Their synthetic access is some-
times challenging, as sketched above. Therefore recently the
first small-molecule PPI stabilizers were identified from high-
throughput screening of a compound library.57 Two com-
pounds, the pyrrolidone, pyrrolidone 1 (Figure 3A, 8), and the
dipeptide epibestatin (Figure 3A, 10), were found to stabilize
the interaction of 14-3-3 proteins with the plasma membrane
H+-ATPase PMA2. The crystal structures of the ternary
complexes of epibestatin and pyrrolidone1 with 14-3-3 and a
30-amino-acid fragment of PMA2 revealed that these
compounds occupied different binding pockets in the rim of
the protein−protein interface. The extent to which epibestatin
and pyrrolidone1 contact the 14-3-3 protein and PMA2
simultaneously is different and reflects the disparities in
potency of both compounds.
Very recently, a successful optimization of the 14-3-3-

stabilizing activity of 8 was reported through conversion of the
pyrrolidone scaffold into a more rigid pyrazole-derived ring
system (9).58 Based on crystallography studies, this mod-

Figure 3. (A) Pyrrolidone1 (8), identified by high-throughput screening, and the pyrazole derivative 9 with improved 14-3-3 stabilizing properties.
(B) Peptidase inhibitor epibestatin (10) forms a stable ternary complex with 14-3-3/PMA2. (C) Co-crystal structure of 8, 9, and 10 showing
simultaneous contacts to both 14-3-3 and PMA2 in the binding cleft.
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ification facilitated a deeper binding of the molecule at the rim
of the interface between 14-3-3 and PMA2. The synthesis of 8
and 9 was achieved using a highly efficient one-pot Doebner
condensation reaction, which also enabled the preparation of
structurally diverse pyrrolidones and pyrazoles. Epibestatin
(10) was originally developed nearly 30 years ago as a peptidase
inhibitor and is derived from a bacterial metabolite, bestatin.59

An efficient modular synthesis of epibestatin was recently
reported using Sharpless asymmetric dixhydroxylation followed
by a regioselective Mitsunobu stereoinversion to set the correct
stereochemistry of the unusual α-hydroxy-β-amino acid seg-
ment.60 The work presented on these two classes of molecules
highlights the potential of identifying novel 14-3-3 inhibitors
with unique modes of binding via high-throughput screening.
Furthermore, due to the improved synthetic tractability of these
compounds compared with the more complex fusicoccane
structures, the activity of the compounds can be more readily
optimized using a rational design approach guided by the co-
crystal structure data and synthetic chemistry. This overall
approach lays important foundations for the discovery of novel
14-3-3 stabilizers as 14-3-3 tools and future drug molecules.

3. INHIBITORS OF 14-3-3 PROTEIN−PROTEIN
INTERACTIONS

The discovery of inhibitors of 14-3-3-mediated protein−protein
interactions is in principle more straighforward than for 14-3-3
stabilizers, as the phosphorylated peptide sequence of the

protein binding partner provides a useful anchor point for de
novo design. As for 14-3-3 stabilizers, the therapeutic benefits of
inhibiting the 14-3-3-mediated ternary complex are potentially
significant, given the role of 14-3-3 as an adapter molecule for a
range of disease-relevant proteins like pro-apoptotic BAD61 or
the FOXO transcription factors62 both important in, e.g., cancer
biology. Thus the development of small molecule 14-3-3
inhibitors is essential to enable the elucidation of the
mechanistic and biological significance of such interactions
for cancer and other diseases.

3.1. Phage Peptide Inhibitor R18 and Dimeric
Difopein. The first inhibiting agent of 14-3-3 protein−protein
interactions was the 20-amino-acid peptide R18 (PHCVPRDL-
SWLDLEANMCLP) identified from a phage display by the Fu
laboratory.63 This peptide comprised the central sequence
WLDLE that was shown in the 14-3-3 complex crystal structure
to be coordinated by the highly conserved phospho-accepting
pocket within the amphipathic groove of 14-3-3.64 Later, it has
been shown that expression of a 64-amino-acid peptide
comprising a dimeric form of this 14-3-3 inhibitor peptide,
so-called Difopein, resulted in apoptosis, sensitized cancer cells
for the anti-neoplastic drug cisplatin, and suppressed tumor
growth in mice.65,66 Although certainly not a small molecule,
R18 proved the principal feasibility of inhibiting 14-3-3 PPIs.

3.2. Cell-Permeable Phosphoserine Mimetics. As the
next important step, the Yao group reported in 2010 a small-
molecule microarray (SMM) technique for the identification of
novel 14-3-3 inhibitors (Figure 4A).67 Based on the amino-acid

Figure 4. (A) Screening of small molecule mimetics of the 14-3-3 binding peptide sequence 11 identified phosphoserine derivative 12; the
difluoromethylenephosphoserine analogue 13 functions as a potent and cell-permeable 14-3-3 inhibitor. (B) Chemical structures of BV02 (14),
BV01 (15), and BV101 (16), small molecule inhibitors of the c-Abl/14-3-3 interaction.

ACS Chemical Biology Reviews

dx.doi.org/10.1021/cb300599t | ACS Chem. Biol. 2013, 8, 27−3531



sequence RFRpSYPP (11), which is optimal for 14-3-3 binding,
a library of small-molecule/peptide hybrids was synthesized in
which either 50 diverse amines were coupled to the N-terminal
peptide (RFRpS) or 243 diverse acid building blocks were
introduced to the C-terminal peptide (pSYSPP). The resulting
293 single hybrids were spotted on a glass slide, and binding of
fluorescently labeled GST-14-3-3 (isoform sigma) was
measured. Five compounds, including 12 (Figure 4A), showed
robust 14-3-3 binding, and the subsequent titration revealed a
Kd of 0.25 μM for the control peptide (Biotin-GG-RLSH-
pSLPG) and dissociation constants for the five “hit”
compounds between 0.6 and 1.03 μM. In an orthogonal,
fluorescence polarization (FP) competition assay, the entire
compound library was again tested for 14-3-3 binding and the
five “hit” compounds from the SMM were verified, yielding
IC50 values comparable to the microarray-measured Kd values.
Of these five compounds, three were structurally diverse in the
N-terminal peptide region (Figure 4A, R1) and two at the C-
terminal peptide region (Figure 4A, R2). The six possible
combinations of these fragments were then tested in the FP
competition assay giving rise to molecules with IC50 values
between 2.6 and 3.6 μM. Very recently, a phosphoserine
mimetic prodrug (Figure 4A, 13), inspired by the structure of
12, was reported to show potent 14-3-3 inhibitory activity in
cells.68

3.3. BV01, BV02, and BV101. Botta's group reported the
identification of a small-molecule inhibitor of the c-Abl/14-3-3
interaction by employing structure-based pharmacophore
modeling, virtual screening, and molecular docking simulations
(Figure 4B). They started with roughly 200,000 compounds, of
which finally 14 compounds were tested in cellular and
biochemical assays, resulting in the identification of one lead
structure, BV02 (14).69 However, in part motivated by the
chemical instability of 14 under ambient conditions, the same
group performed further computational studies that uncovered
two additional promising “hit”compounds: dinitrobenzoic acid
derivative BV01 (15) and aminopyrimidine BV101 (16). The
14-3-3-inhibiting properties of these two compounds were
confirmed by NMR and biochemical methods.70

3.4. Lacosamide. Recently, the groups of Kohn and Liu
reported 14-3-3ζ as a target protein for lacosamide (Figure 5A,
17), an anti-epilectic drug that has been introduced in the USA
and Europe for the adjunctive treatment of partial-onset
seizures in adults.71 The authors showed that effective
interaction of lacosamide with 14-3-3 depended on the
presence of xanthine. Employing mass spectrometry, K120 of
14-3-3ζ was identified to be covalently bound by the
isothiocyanate group of (18), which was used as an affinity
bait unit for target identification through attachment of biotin
label 19 and rhodamine dye molecule 20. The lysine at position
120 is proximal to the phospho-motif binding channel of 14-3-

Figure 5. (A) Anti-epileptic drug lacosamide (17) is known to function as a 14-3-3 inhibitor on the basis of affinity probe target identification studies
using the Affinity Bait and Chemical Reporter (AB&CR) agent (18), which enables functionalization with biotin (19) and a rhodamine dye (20).
(B) General structure of potential small molecule inhibitor of the HSP20/14-3-3 interaction, 21. (C) UTKO1 (22), selective inhibitor of the 14-3-3/
RacGEF Tiam interaction, and biotinylated UTKO1 pull-down probe, 23. (D) Pyridoxal-phosphate derivatives as 14-3-3 inhibitors: 24 (see also
Figure 1D and F, 1).
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3, making it plausible that lacosamide binding could directly
modulate the interaction with a 14-3-3 partner protein.
3.5. HSP20/14-3-3. By screening a 58,019-compound

library, researchers at Prolexys Pharmaceuticals and the Johns
Hopkins Bloomberg School of Public Health identified 268
compounds that decreased the interaction of a phosphorylated
heat shock protein 20 (HSP20) peptide with 14-3-3.72 A small
subset of these hits belonging to the scaffold PRLX24905
(Figure 5B, 21) caused relaxation of isolated human airways
smooth muscle (ASM) cells in vitro and attenuated active force
development of intact tissue ex vivo. Although no direct binding
to 14-3-3 has been shown for these compounds, the assay setup
based on fluorescence polarization (FP) of a FAM-labeled 8-
mer phosphopeptide derived from HSP20 to full-length 14-3-3γ
(247 amino acids) strongly indicates that the 14-3-3 protein
rather than the peptide is the primary binding partner for the
PPI inhibitor.
3.6. Moverastin Analogue, UTKO1. In 2006, the Imoto

group reported a natural product, moverastin, as an inhibitor of
cancer cell migration with farnesyl transferases (FTases)
identified as molecular targets.73 Later, a moverastin derivative,
UTKO1 (Figure 5C, 22), with enhanced potency in migration
inhibition was described.74 Interestingly, this molecule showed
no FTase inhibition. Instead, it was demonstrated by
coprecipitation studies employing biotin-labeled UTKO1 (e.g.,
23 via oxime ligation of the corresponding biotinylated
hydroxylamine linker group) that 14-3-3 proteins are the direct
targets of this molecule. This result was confirmed by pull down
assays with recombinant glutathione-S-transferase (GST)-14-3-
3 fusions, and its physiological relevance was supported by
siRNA experiments downregulating 14-3-3. Concerning the
issue of which of the many 14-3-3 PPIs is relevant in the
context of cell migration, the authors provided experimental
evidence that UTKO1 probably acts by disrupting the
interaction of 14-3-3 with the RacGEF Tiam.
3.7. Phosphonate-Type Inhibitors. In 2011, the first

covalent 14-3-3 inhibitor was reported.75 Fu's group identified
from the LOPAC library a pyridoxal-phosphate derivative
(Figure 1E and F, 2) that they named FOBISIN101
(FOurteen-three-three BInding Small molecule INhibitor).
This molecule inhibits binding of phosphorylated as well as
unphosphorylated 14-3-3 partners by covalently attaching to
Lys120 in the proximity of the highly conserved phosphoser-
ine/threonine-accepting pocket in the amphipathic groove of
14-3-3. This unexpected mode of action was revealed by
protein crystallography and the inhibitory potency was
demonstrated by GST-14-3-3 affinity chromatography employ-
ing COS-7 cell lysates. In the presence of FOBISIN101,
interaction of 14-3-3 with C-Raf or PRAS40 was dose-
dependently inhibited. Furthermore, in a functional assay, the
molecule also inhibited the phosphorylation-independent
activation of ExoS by 14-3-3 proteins leading to an efficient
impairment of ADP-ribosylation of soybean trypsin inhibitor
(SBTI). Very recently, pyridoxal derivative 24 (Figure 5D) was
identified as a 14-3-3 inhibitor, by means of virtual screening.76

The crystal structure of 24 complexed to 14-3-3σ was solved to
a resolution of 1.8 Å and was found to covalently bind 14-3-3 in
a similar way to FOBISIN101 (Figure 1D and F) via a lysine
residue located nearby to the phospho-accepting pocket.

4. CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

In recent years the 14-3-3s have been recognized as an
important target class of proteins in chemical biology.
Triggered by the elucidation of the mode of action of the
natural products fusicoccin A and cotylenin A, specific small-
molecule stabilization of distinct 14-3-3 PPIs was approached
successfully with either semisynthetic derivatives or with new
molecules identified from high-throughput screening. Likewise,
the first small-molecule inhibitors have been identified and were
shown to be useful molecules displaying physiological activity.
Especially in the case of the 14-3-3 PPI stabilizers it can be
envisioned that this kind of molecule could lead to the
development of new and specific therapeutic agents for a
variety of indications. Here, specificity is mediated by the
compound’s simultaneous binding to the highly variable rim of
the PPI interface, opening up the unique opportunity for
targeted manipulation of the extensive 14-3-3 interactome. In
the case of inhibitors of 14-3-3 PPIs introduction of specifity
will be more challenging; however, different approaches such as
addressing the 14-3-3 surface outside the conserved phospho-
accepting pocket might, for example, be a promising strategy. In
conclusion and considering the recent advances, it can be
expected that in the very near future additional molecules will
soon be published both in the field of stabilization and
inhibition of 14-3-3 PPIs, furthering this exciting field of
chemical biology.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: c.ottmann@tue.nl.

Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Venkatesan, K., Rual, J. F., Vazquez, A., Stelzl, U., Lemmens, I.,
Hirozane-Kishikawa, T., Hao, T., Zenkner, M., Xin, X., Goh, K. I.,
Yildirim, M. A., Simonis, N., Heinzmann, K., Gebreab, F., Sahalie, J.
M., Cevik, S., Simon, C., de Smet, A. S., Dann, E., Smolyar, A.,
Vinayagam, A., Yu, H., Szeto, D., Borick, H., Dricot, A., Klitgord, N.,
Murray, R. R., Lin, C., Lalowski, M., Timm, J., Rau, K., Boone, C.,
Braun, P., Cusick, M. E., Roth, F. P., Hill, D. E., Tavernier, J., Wanker,
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