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Introduction

Targeted drug discovery mainly concentrates on the devel-
opment of enzyme active site inhibitors. Although the
highly promising field of protein–protein interaction (PPI)
modulation has been elaborated with molecules that disrupt
PPIs,[1] the reverse strategy to stabilise PPIs with small,
drug-like molecules is underrepresented in medicinal
chemistry research.

An interesting case of PPIs is typified by the 14-3-3 pro-
tein family. These highly conserved, small (25–30 kDa) eu-

karyotic adapter proteins influence a plethora of physiologi-
cal processes by binding to hundreds of diverse protein part-
ners.[2,3] They bind their targets through short phosphorylat-
ed sequences and modulate their partners� subcellular locali-
sation, enzymatic activity or their ability to interact with
further proteins.[3–5] The seven human isoforms (b, g, e, h, s,
t, and z) regulate the activity of, for example, the kinase
CRaf,[6,7] the cell-cycle phosphatase Cdc25,[8,9] the transcrip-
tional modulator YAP,[10, 11] and stabilise the tumour suppres-
sor p53.[12, 13] The 14-3-3 proteins have been implicated in
a variety of human diseases. In addition to their participa-
tion in diverse cancers,[14] they have been associated with the
development of neurodegenerative diseases[15] or virulence
of human pathogenic organisms.[16,17]

The natural product fusicoccin A (FC-A)[18] produced by
the phytopathogenic fungus Phomopsis amygdali is a natural
modulator of a 14-3-3 protein–protein interaction and tar-
gets the complex of the plant plasma membrane H+

-ATPase (PMA) and 14-3-3 proteins.[19] FC-A binds to the
interface of the activated complex and enhances the affinity
of the two protein partners approximately 90-fold.[20] This
stabilisation induces permanent activation of the proton
pump, which translates into the maximal opening of the
plants� gas-exchanging stomatal pores and subsequent wilt-
ing.[21] Hence, FC-A is a potent herbicidal compound, but its
complex chemical structure and the potentially high costs of
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production most likely would prevent a successful practical
application. Therefore, by screening a compound library we
set out to identify synthetically more accessible molecules
that show stabilising activity towards 14-3-3–PMA.

As a result we recently reported that epibestatins and pyr-
rolinones stabilise the PMA (isoform 2)–14-3-3 interac-
tion.[22] The crystal structures of the corresponding ternary
complexes could be solved and explained the different dy-
namics of their mode of action. These molecules bind to the
rim of the interface of 14-3-3 and PMA2 establishing con-
tacts to both protein partners and show promising physio-
logical activity in a stomata-opening assay. Consequently,
they might be good starting points for the development of
novel herbicides with an as yet not explored mode of action.

Here, we report the synthesis of a pyrrolinone collection
starting from the initial screening hit 1.[22] We determined

their binding mode by solving the crystal structure of one
compound of this collection in complex with 14-3-3 and the
last C-terminal 30 amino acids of PMA2 harbouring a phos-
phothreonine-mimicking aspartate as penultimate residue
(PMA2-CT30YDI). One pyrazole analogue of the guiding
heterocycle showed enhanced stabilising activity towards the
14-3-3–PMA2 complex and is selective for this 14-3-3 PPI.

Results and Discussion

Synthesis of derivatives of 1: In order to identify possible
chemical derivatisations that enhance the stabilising activity
of the initial hit 1 a small focused compound library of pyr-
rolinones and pyrazoles with different substitution patterns
was prepared (Tables 1 and 2). In detail, the hydroxyl group
at R1 was either preserved (1, 2, 5, 9, 13, 17, 27, 32, 33, 35),
changed to a carboxyl (4, 7, 11, 14, 19, 22, 29, 31, 34, 36) or
omitted (3, 6, 8, 10, 12, 15, 16, 18, 20, 21, 23–26, 28, 30, 37).
The carboxyl group at R2 was kept in 18 out of 37 deriva-
tives. In 8, 16, 20, 23, 24, 26, 30, and 37 it was replaced by
a tetrazole moiety, and in 4, 7, 11, 12, 14, 19, 22, 29, 31, 34,
and 36 it was changed to a proton. For R3 the nitro group
was replaced by carboxylic acid (2–4, 9–12, and 17–20), thia-
zole (13, 14, 21–23, 25–30, and 35) or bromine (33). At R4

either a methoxy substituent (5–14, 25, 26, and 36) or bro-
mine (15–20, 27–30, and 37) was introduced. Conversion of
the corresponding pyrrolinone into a pyrazole rigidifies the
molecule, potentially enhancing binding affinity by reducing
the entropy penalty upon binding to the protein complex.

Initially all pyrrolinones listed in Table 1 and all pyrazoles
listed in Table 2 entries 1–5 were prepared.

Derivatives of 1 stabilise the 14-3-3–PMA2 interaction : To
investigate the stabilising activity of the synthesised com-
pound collection we employed a surface-based assay. In
brief, the binding of green fluorescent protein (GFP)-tagged
14-3-3 to surface-immobilised PMA2-CT66 (the C-terminal
66 amino acids of PMA2) fused with gluthatione S-transfer-
ase (GST) was monitored in the presence of the candidate
compounds. To compare the stabilising activity of the tested
compounds all fluorescence values were normalised to the
activity of 1, which was set to 100 % (Figure 1).

Of the alterations described above (Tables 1 and 2), all
were detrimental in terms of stabilising activity with the ex-
ception of the pyrazole derivative (32) of 1 (Figure 1).

Table 1. Derivatives of 1 prepared by Doebner condensation.

Cmp[a] R1 R2 R3 R4 Yield[b] [%]

1 OH COOH NO2 H
2 OH COOH COOH H 6
3 H COOH COOH H 11
4 COOH H COOH H 9
5 OH COOH NO2 OMe 12
6 H COOH NO2 OMe 56
7 COOH H NO2 OMe 33
8 H tetrazo-5-yl NO2 OMe 9
9 OH COOH COOH OMe 26
10 H COOH COOH OMe 25
11 COOH H COOH OMe 30
12 H H COOH OMe 25
13 OH COOH thiazo-2-yl OMe 18
14 COOH H thiazo-2-yl OMe 32
15 H COOH NO2 Br 64
16 H tetrazo-5-yl NO2 Br 58
17 OH COOH COOH Br 42
18 H COOH COOH Br 38
19 COOH H COOH Br 27
20 H tetrazo-5-yl COOH Br 23
21 H COOH thiazo-2-yl H 21
22 COOH H thiazo-2-yl H 7
23 H tetrazo-5-yl thiazo-2-yl H 16
24 H tetrazo-5-yl NO2 H 5
25 H COOH thiazo-2-yl OMe 45
26 H tetrazo-5-yl thiazo-2-yl OMe 29
27 OH COOH thiazo-2-yl Br 34
28 H COOH thiazo-2-yl Br 19
29 COOH H thiazo-2-yl Br 33
30 H tetrazo-5-yl thiazo-2-yl Br 32
31 COOH H NO2 H 20

[a] All compounds were at least 80% pure; [b] chemical synthesis yield.

Table 2. Pyrazole derivatives of 1.

Cmp[a] R1 R2 R3 R4 Yield[b] [%]

32 OH COOH NO2 H 72
33 OH COOH Br H 75
34 COOH H NO2 H 77
35 OH COOH thiazo-2-yl H 78
36 COOH H NO2 OMe 77
37 H tetrazo-5-yl NO2 Br 71

[a] All compounds were at least 80% pure; [b] chemical synthesis yield.
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Nonetheless, compounds 34, 15, 16, and 24 showed normal-
ised activities above 50 % of 1. Notably, of these, compound
34, like 32, is also a pyrazole. The other derivatives that still
showed activity were characterised by either a bromine at
R4 (15 and 16) or/and a tetrazole moiety at R2 (16 and 24).
Of these compounds EC50 values were determined
(Figure 2). As expected from the single concentration meas-
urements these values were quite similar, ranging from 286-ACHTUNGTRENNUNG(�62) mm (16), over 307 ACHTUNGTRENNUNG(�81) mm (15) and 368 ACHTUNGTRENNUNG(�96) mm (24)
to 383 ACHTUNGTRENNUNG(�82) mm (34). In order to elucidate the mechanistic
basis of the influence of the chemical modifications on the
protein complex, we pursued the co-crystallisation of the
compounds with 14-3-3e and PMA2-CT30YDI and succeed-
ed in the case of 34.

Structure of 34 in complex with T14-3e–CT30YDI : Crystals
of 34 in complex with the tobacco 14-3-3 protein T14-3e and
the PMA2 C-terminal construct CT30YDI appeared after
5–7 days in CHES (0.1m, pH 9.5), LiCl (1.0 m) and sucrose
(30 % w/v) at 4 8C and grew to dimensions of 500 �500 �
300 mm within two weeks. They diffracted to 3.4 � and the
electron density allowed building of 225 out of 231 residues
of T14-3e and the complete 30 residues of CT30. Details of
the statistics of the crystal structure are summarised in
Table 3.

Despite the rather low resolution, the solvent flattened
electron density for 34 was good (Figure 3 a, b) and allowed
the determination of the binding of 34 to the complex of
T14-3e and PMA2-CT30YDI (Figure 3 c, d, f). The 14-3-3
protein displayed the typical dimeric form with one PMA2-

Figure 1. Compounds stabilising the PMA2–14-3-3 interaction. Structures and activities of compounds from the library of derivatives of 1. The stabilising
activities of the candidate molecules were normalised to the HTS-Hit 1. Binding of the GFP-fused tobacco 14-3-3 protein T14-3e to immobilised PMA2-
CT66YDI in the presence of the compounds was measured by using a surface-based assay (see the Experimental Section). NC: no compound control.

Figure 2. Activity of PMA2–14-3-3 stabilising compounds compared to 1.
Binding of GFP–T14-3c to immobilised GST–CT52YDI in response to
the concentration of the stabilising molecules. For comparison the bind-
ing curve for fusicoccin is shown in black.
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CT30YDI peptide bound to each of the monomers (Fig-
ure 3 c).

The pyrazole 34 occupies a pocket that is concomitantly
formed by both proteins (Figure 3 d, f) and largely matches
that of 1 (Figure 3 e). As with 1 most of the contact surface
is contributed by the 14-3-3 protein; this might explain the
rather weak activity of both compounds with respect to sta-
bilising the T14-3e–PMA2-CT30YDI complex. Nevertheless,
in comparison with 1, 34 is localised nearer to a narrow cleft
between T14-3e and PMA2-CT30YDI (Figure 3 f). This po-
sitions the molecule deeper into the rim of the protein–pro-
tein interface, which is desirable for a PPI stabilising com-
pound. The fact that 34 is weaker than 1 in stabilising the
14-3-3–PMA2 complex might be due to the carboxylate at
R1 and a missing substituent at R2. Compound 32, for exam-
ple, stabilises the complex more strongly and bears a hydrox-
yl group at R1 and a carboxylate at R2.

Derivatives with enhanced stabilising potency : The structur-
al analysis of 34 in complex with T14-3e–PMA2-CT30YDI
prompted us to elongate 34 in R1 to fill the remaining space

Table 3. Crystallographic data.[a] (PDB ID: 4DX0)

cell dimensions [�] 98.450, 98.450,
216.710

space group I4122
resolution [�] 3.4 (3.6–3.4)
observations 45606 (7284)
unique Reflections 7386 (1131)
completeness [%] 96.1 (97.6)
I/s 13.98 (3.77)
Rsym [%] 10.3 (43.0)
Rcryst [%] 32.4
Rfree [%] 36.2
protein atoms 2020
ligand atoms 33
R.m.s.d. of bond length, count; RMS; weight [�] 2073; 0.007; 0.022
R.m.s.d. of isotropic thermal factor, count; RMS;
weight [�2]
m.c. bond
m.c. angle
s.c. bond
s.c. angle

1248; 0.370; 1.500
2001; 0.676; 2.000
825; 0.436; 3.000
794; 0.791; 4.500

[a] Data for the outermost shell are shown in parentheses.

Figure 3. Crystal structure of 34 in complex with T14-3e and PMA2-CT30YDI (PDB ID: 4DX0). a) Structure of 34. b) Final 2Fo-Fc electron density
(blue mesh, contoured at 1s) of 34 (magenta sticks) binding to the interface of T14-3e (green, semitransparent surface) and PMA2-CT30YDI (blue, sem-
itransparent surface). c) Overview of the T14-3e dimer (dark and light-green, semitransparent surface) complexed with PMA2-CT30YDI (dark and
light-blue, semitransparent surface) and 34 (magenta sticks). d) Binding of 34 (magenta sticks) to a T14-3e monomer (green surface) complexed with
PMA2-CT30YDI (blue surface). e) Superimposition of 1 (yellow sticks, PDB ID: 3M51) and 34 (magenta sticks) bound to the T14-3e–PMA2-CT30YDI
complex. f) Binding of 1 (yellow sticks and semitransparent surface) and 34 (magenta sticks and semitransparent surface) to the rim of the interface of
T14-3e (green surface) and PMA2-CT30YDI (blue surface). NC: no compound control.
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in the interface of the two proteins (Figure 3 f). This was at-
tempted by the generation of amides (Table S1 in the Sup-
porting Information). The resulting molecules derived from
34 were expected to form additional interactions with the
PMA2-CT30YDI surface (Figure 3 f, blue surface). Howev-
er, none of these amides showed any stabilising effect on
the 14-3-3–PMA2 complex in the surface-based assay (data
not shown). In a second approach we combined all chemical
modifications represented in the initial library that were
compatible with stabilising the 14-3-3–PMA2 interaction.
These are: 1) conversion into a pyrazole, 2) a tetrazole
moiety at R2, and 3) a bromine at R4. This combination gave
rise to molecule 37 (Table 2, entry 6, Figure 4).

Compound 37 was tested in the surface-based assay at
a single concentration (100 mm) and was found to be signifi-
cantly more active than 1 (Figure 4 and Figure 5). Here, es-
pecially interesting is the fact that the pyrazole 37 was about
three-times more active than its pyrrolinone counterpart 16 ;
this supports the pyrazole scaffold as being more suited than
the pyrrolinone. Another way to compare the compound�s
stabilising activity towards the 14-3-3–PMA2 complex is the
determination of the EC50 (Figure 5). Here, formation and
endurance of the GST–PMA2-CT66–GFP–T14-3c complex
is monitored at different concentrations of compounds. As
a reference we determined the EC50 of the natural product
FC-A to 498 ACHTUNGTRENNUNG(�65) nm (Figure 5). Compound 1 displays a sta-
bilising activity of 101 ACHTUNGTRENNUNG(�13) mm and 37 showed an EC50 of
33(�4) mm.

A structural explanation for the enhanced activity of 37
over 1 and 34 : Comparison of the crystal structures of 1 (Fig-

ure 6 a) and 34 (Figure 6 b) bound to the T14-3e–CT30YDI
complex allowed some explanation of the results from the
surface-based stabilisation assay with the compounds from
the first round of synthesis (Figure 1) and provided a possi-
ble rationale for the enhanced activity of 37 (modelled in
Figure 6 c). One crucial point in enhancing the stabilisation
the 14-3-3–CT30YDI complex by derivatives of 1 is to
strengthen the binding of the small molecule to CT30YDI.
The extreme C-terminal Ile956 of CT30YDI plays a special
role in this context. In the T14-3c–CT52–FC-A complex the
side chain and the free C terminus of this residue make the
main contacts between CT52YDI and FC-A.[23] Further-
more, the crystal structure of 34 bound to the T14-3e–
CT30YDI binary complex (this study) revealed a relatively
large pocket near Ile956 conjointly formed by both protein
partners. Modelling of 37 into the binding pocket of 34 in
the experimentally solved structure suggests that the tetra-
zole moiety at R2 could at least partially fill this pocket; this
would establish simultaneous contacts to Ile956 of
CT30YDI as well as Ser52, Ile175 and Ile226 of T14-3e (Fig-
ure 6 c). Since compounds 15 and 16 showed that bromine at
R4 was compatible with stabilisation of the complex
(Figure 1) we introduced this substitution into 37 (Figure 4).
As the modelling suggests, the hydrophobic contact surface
to Phe126 of T14-3e should be increased by this modifica-
tion (Figure 6 c) most probably accountings for a positive
overall effect on the stabilising activity.

Specificity of derivatives of 1 for the 14-3-3–PMA2 complex
stabilisation : Since 14-3-3 proteins interact with hundreds of
proteins in eukaryotic organisms,[3] specificity of pharmaco-
logical intervention is an important issue. We employed our
surface-based assay to test a potential stabilising effect of
derivatives of 1 towards the 14-3-3 PPI with CRaf and p53.
Protein 14-3-3 binds to CRaf through the phosphorylation
sites pS233, pS259 and pS621.[6] Protein p53 is bound to 14-
3-3 through its C-terminal phosphorylation sites pS378 and

Figure 4. The optimised compound 37 stabilises the PMA2–14-3-3 inter-
action more strongly than 1. The stabilising activities of the candidate
molecules were normalised to the HTS-Hit 1. Binding of the tobacco,
GFP-fused 14-3-3 protein, T14-3e, to immobilised PMA2-CT52YDI in
the presence of the compounds was measured by using a surface-based
assay (see the Experimental Section).

Figure 5. Enhanced stabilising activity of 37 compared to 1. Binding of
GFP–T14-3c to immobilised GST–CT52YDI in response to the concen-
tration of the stabilising molecules. For comparison the binding curve for
fusicoccin is shown in black.
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pT387.[12] As shown in Figure 7, all six compounds display
a stabilising effect towards binding of 14-3-3 proteins to
GST–PMA2-CT52YDI without showing any interference
with GST–p53319–393 or GST–CRaf229–268.

The versatile and widespread biological functions of 14-3-
3 proteins have given rise to an increasing interest in this
protein family as a novel target class for pharmacological in-
tervention.[5,14,15,24–28] Since 14-3-3 proteins display no enzy-
matic activity and harbour no active site, a direct pharmaco-
logical approach has to include PPI modulation. Very re-
cently, this possibility became a realistic option when the
first small molecule 14-3-3 PPI inhibitors were reported by

the groups of Yao, Botta, and Fu.[26–28] Complementary to in-
hibition, also the small-molecule stabilisation of PPIs is
a feasible approach. Hence, adding to these successes, we
have identified small molecules that are able to specifically
stabilise a 14-3-3 protein–protein interaction.[22] In this at-
tempt to find small molecules stabilising the PMA2–14-3-3
interaction, we have shown that the activity of a complex
natural product (FC-A) can in part be substituted by syn-
thetically much more accessible molecules.

Here we show how an initial primary screen hit (1) could
be used as the starting point to establish a feasible structure-
activity relationship (SAR) for stabilisation of a 14-3-3 pro-
tein–protein interaction. Crystallographic studies showed
that replacement of the pyrrolinone backbone by a pyrazole
orients one of the phenyl substituents closer into the rim of
the 14-3-3–PMA2 interface; this is a promising binding site
not addressed by 1 (Figure 3 f).

Although the potency of these molecules definitely needs
further improvement, their structure provides proof-of-con-
cept for the possibility of developing a rationale for the opti-
misation of small-molecule stabilisers of 14-3-3 PPIs. Apart
from the complex natural products FC-A[18–23] and cotyleni-
n A[30,31] and the recently published epibestatin and pyrroli-
done1[22] small molecule stabilisers of 14-3-3 PPIs have not
been identified.

In general, rational design and optimisation of small mol-
ecules with a PPI stabilising mode of action is in its infancy.
Exceptions are the immunosuppressants FK506[32] and rapa-
mycin[33] with their derivatives (AP1903, rapalogues)[34,35]

and other chemically induced dimerisers frequently used in
chemical biology basic research.[36,37] A strategy to success-

Figure 6. Details of the binding modes of 1 and derived molecules. Upper row: stereo figures of the compounds in their protein target pockets. Lower
row: schemes of the binding mode produced with MOE (http://www.chemcomp.com/). a) Compound 1 bound to T14-3e–CT30YDI (PDB �DID: 3M51).
b) Compound 34 bound to T14-3c–CT30YDI (this study). c) Compound 37 modelled into the 34 binding pocket.

Figure 7. Specificity of 37 and other derivatives of 1 to the PMA2–14-3-3
protein–protein interaction. The specificity of compounds from this study
was tested by measuring their stabilising potential towards the 14-3-3
protein–protein interaction with the 14-3-3 binding motif from CRaf and
p53, both of which were fused to GST.

www.chemeurj.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 0000, 00, 0 – 0

�� These are not the final page numbers!
&6&

C. Ottmann, H. Waldmann et al.

www.chemeurj.org


fully and specifically stabilise 14-3-3 PPIs would considera-
bly expand the options available for active ingredient devel-
opment in agriculture and the treatment of human disease,
for example, in oncology, neurodegenerative diseases, cardi-
ovascular diseases, obesity and diabetes.

Experimental Section

Chemical synthesis : All pyrrolinones were prepared by using a one-pot
Doebner condensation[38] of a methylene component and a Schiff base.
Pyrazoles were obtained by the treatment of the corresponding pyrroli-
nones with hydrazine (Scheme 1). The general procedure for the prepara-
tion of the methylene component is as follows. The acetophenone deriva-
tive (1.00 equiv) followed by diethyl oxalate (1.00 equiv) were added to
a solution of sodium ethoxide (1.00 m, 1.10 equiv) in EtOH at 0 8C. The
resulting suspension was stirred, overnight, at room temperature. Pentane
was added and the mixture was filtered. The residue was washed with
pentane and purified by recrystallisation.

General procedure for the preparation of pyrrolinones (Table 1): The
benzaldehyde derivative (1.00 equiv) followed by the aniline derivative
(1.00 equiv) were added to a suspension (~0.06 m) of the methylene com-
ponent (1.00 equiv) in acetic acid. The reaction mixture was stirred, over-
night, at 90 8C. After being cooled to room temperature the mixture was
diluted with Et2O and filtered. The residue was washed with Et2O to give
the desired pyrrolinone derivative after drying (method A). Alternatively,
the filtrate was evaporated and the residue was taken up in 1,4-dioxane
and stirred for 45 min at 120 8C. After being cooled to room temperature
the resulting suspension was filtered. The residue was washed with diox-
ane and dried, in vacuo, to give the desired pyrrolinone derivative (meth-
od B). The purity of the products was confirmed by RP-HPLC: C18
column (3 mm, CC 125/4), 0.5 mL min�1, starting from ACN/water+ 0.1%
TFA 20:80 (2 min) to 100:0 in 40 min.

General procedure for the preparation of pyrazoles (Table 2): Hydrazine
monohydrate (6.00 equiv) was added to a solution (0.06 m) of the corre-
sponding pyrrolinone (1.00 equiv) in acetic acid. The reaction mixture
was stirred for 2 h at 85 8C. After being cooled to room temperature
water was added and the mixture was extracted three times with EtOAC.
The combined organic layers were washed with brine, dried over MgSO4

and the solvent was evaporated, in vacuo, to give the desired product.

Protein preparation : The tobacco 14-3-3e isoform deleted from its C-ter-
minal 18 residues (T14-3eDC, amino acids 1–242 with a N-terminal RGS-ACHTUNGTRENNUNG[His]6-tag, eGFP or GST-tag) was expressed in E. coli and purified as de-

scribed before.[23] The C-terminal regions of PMA2 encompassing 30 or
66 amino acids (CT30, amino acids 927–956; CT66, amino acids 890–956)
and characterised by the C-terminal tripeptide YDI were expressed as
intein fusion peptides (IMPACT-CN, NEB) or GST fusions and purified
as described before.[22, 23]

Surface-based assay : A solution of GST–PMA2-CT66YDI (0.02 mg mL�1)
in Tris/HCl (25 mm, pH 7.5), MgCl2 (2 mm) and NaCl (150 mm) was im-
mobilised for 1 h at room temperature in a Costar 3925 96-well plate in
a volume of 200 mL per well. Wells were blocked with Tris/HCl (25 mm,
pH 7.5, 200 mL), MgCl2 (2 mm), NaCl (150 mm), Tween-20 (0.05 %) and
BSA (1 % w/v) for 1 h at room temperature followed by four washing
steps at room temperature with Tris/HCl (25 mm, pH 7.5, 200 mL), MgCl2

(2 mm), NaCl (150 mm) and Tween-20 (0.05 %). Subsequently, wells were
incubated for 2 h at 4 8C with Tris/HCl (25 mm, pH 7.5, 200 mL), MgCl2

(2 mm), NaCl (150 mm) and Tween-20 (0.05 %) BSA (0.1 % w/v) contain-
ing T14-3c–EGFP (0.02 mgmL�1) and test compound (100 mm). Four wash-
ing steps were performed as described above and EGFP fluorescence
was measured by using the Infinite�F500 plate reader from Tecan.

Protein crystallography : T14-3e and PMA2-CT30 were mixed in a 1:1.4
ratio in HEPES (20 mm)/NaOH (pH 7.5), MgCl2 (2 mm), DTT (2 mm) at
a final concentration of 10 mg mL�1 and incubated, overnight, in the pres-
ence of the stabilising molecule 34. Protein crystals were grown in hang-
ing drops at 4 8C in CHES (0.1 m, pH 9.0), Na-citrate (1.0 m) and sucrose
(30 % w/v) by mixing equal volumes of protein complex and reservoir so-
lution. After 2 days crystals appeared and grew within one week to di-
mensions of 300 � 200 � 200 mm. Crystals were directly transferred into
liquid nitrogen for flash-cooling.

Data collection, structure determination and refinement : Data collection
was performed in-house by using a Cu rotating anode (Rigaku) and was
processed with XDS.[39] The previously solved structure with 1 (PDB ID:
3M51) was used for a first round of refinement. The obtained model was
subjected to iterative rounds of model building and refinement by using
the programs COOT and REFMAC.[40,41] Figures were prepared with
PyMOL (www.pymol.org).
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An Optimised Small-Molecule Stabil-
iser of the 14-3-3–PMA2 Protein–
Protein Interaction

Glued together : An initial screening
hit that stabilises a 14-3-3 protein–pro-
tein interaction has been optimised by
means of chemical synthesis. The
resulting compound is three-times
more active than the initial hit and dis-
plays selectivity for the interaction of
14-3-3 proteins with the plant proton
pump PMA2 (see figure).
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