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ABSTRACT: Protein-protein interactions (PPIs) play an important role in many biological processes such as cell-cycle regu-
lation and multiple diseases. The family of 14-3-3 proteins is an attractive target as they serve as binding partner to various pro -
teins, and are therefore capable of regulating their biological activities. Discovering small-molecule modulators of such com-
plexes via traditional screening approaches is a challenging task. Herein, we pioneered the first application of dynamic combi-
natorial chemistry (DCC) to a PPI, to find modulators of 14-3-3 proteins. The amplified hits from the DCC experiments were 
evaluated for their binding affinity  via  surface plasmon resonance (SPR) technique, indicating that they are 14-3-3/synap-
topodin PPI stabilisers. Ongoing crystallization studies will hopefully provide with structural knowledge.



INTRODUCTION
The family of 14-3-3 proteins is  present in all  eukaryotic 

cell types, and its members are involved in several processes 
in the human body.1 They play significant roles ranging from 
signal  transduction,  regulation  of  metabolism  to  cell-death, 
and they are correlated to diseases such as Alzheimer’s and 
Noonan Syndrome.2,3 This is attributed to the ability of 14-3-3 
to establish protein–protein interactions (PPIs) with more than 
500 protein partners.4 There are seven human isoforms of 14-
3-3 known: beta (β), epsilon (ε), eta (η), gamma (γ), tau (τ), 
sigma (σ) and zeta (ζ). The binding partners feature three con-
served binding motifs for the binding groove in 14-3-3: RSXp-
SXP  (mode  1),  RXXXpSXP (mode  2)  and  pS/TX-COOH 
(mode 3), where pS denotes a phosphoserine residue.5–7 14-3-3 
proteins are potential drug targets and an increasing number of 
chemical  classes  that  modulate  14-3-3  PPIs  have  been  re-
ported, as was listed in Chapter 2. Modulators of 14-3-3 PPIs 
can be inhibitors, mostly small synthetic molecules, and sta-
bilisers,  which  include  bigger  scaffolds  (e.g.,  pyrrolidone1) 
and (semi-) natural  products,  e.g.,  fusicoccin-A.8–12 Dynamic 
combinatorial  chemistry  (DCC)  has  become  an  established 
technique for hit identification. Briefly, it allows a target-based 
amplification  of  the  best  binder(s)  from a  pool  of  reacting 
building blocks and the corresponding products existing under 
thermodynamic equilibrium. The types of reversible linkages 
that can be applied in DCC, reaction conditions, and analysis 
of the dynamic combinatorial library (DCL) have been com-
prehensively reviewed before.13–15 In the presented work, we 
exploited the power of DCC to identify new PPI modulators 
targeting the 14-3-3(ζ) isoform. For the DCC experiments, we 
used  acylhydrazone  formation  from  the  corresponding  hy-
drazide and aldehyde as a reversible reaction. The acylhydra-
zone linkage can take part in binding with the desired target, 
as it offers H-bond donor and -acceptor sites. The acylhydra-
zone formation is sufficiently reversible in acidic media, but 
also stable against hydrolysis.16 In basic media the reaction is 
too slow, therefore high pH values are used to freeze the equi-
librium prior to DCL analysis. Bhat et al. showed that the use 
of aniline can accelerate the formation of the equilibrium to 
only six hours at the near physiological pH value of 6.2.17 As a 
prerequisite for the acylhydrazone-based DCC, we studied the 
stability of our target protein 14-3-3(ζ) under acidic conditions 
using different buffers and pH values. We found that in MES 
buffer at pH 6.5, 14-3-3(ζ) is stable at room temperature up to 
seven  days.  Therefore,  we  selected  these  conditions  in  the 
presence of 10 mm aniline as a nucleophilic catalyst for the 
DCC  experiments.  In  order  to  confirm  that  the  protein  is 
folded correctly, we measured the circular dichroism (CD) of 
14-3-3. The obtained CD-spectrum matches that in literature 
(supporting information, Figure S4).18

RESULTS AND DISCUSSION
The initial design of the DCL and choice of building blocks 

were inspired by compound 1, a small-molecule inhibitor of 
14-3-3 that  was discovered by virtual screening.19 We envi-
sioned the acylhydrazone linkage between the two aromatic 
rings, resulting in compound 2 (Figure 1). This modification 
should maintain the length of the linker between the two aro-
matic moieties of 1 owing to the restricted flexibility of the 
acylhydrazone group. Accordingly, compound 2 was synthe-
sised in three consecutive steps starting with a condensation 

reaction  between  the  commercially  available  2-iodobenzhy-
drazide and 2,3-dichlorobenzaldehyde to form the acylhydra-
zone 3 (Scheme 1). A palladium-catalysed coupling between 
the aryl iodide 3 and triethyl phosphite followed, to afford the 
phosphate ester 4. This was achieved by first formation of a 
palladium phosphonate  complex at  150 °C,  followed by the 
addition of the acylhydrazone 3 at 100 °C. It was important to 
lower the temperature before adding the acylhydrazone 3 in 
order  to  prevent  its  decomposition.  Deprotection  of  4  was 
achieved by TMSBr, resulting in the target compound 2. Note-
worthy, trials to prepare the hydrazide building block with o-
phosphonic acid moiety, required for DCC, using the above-
mentioned coupling conditions were unsuccessful, and only an 
intramolecular N-arylation product was obtained. We therefore 
had to use compound 2 in our DCC experiments for in situ 
generation of the corresponding hydrazide and aldehyde. 

Figure 1. Design of DCL for 14-3-3 PPIs modulation based on 
the known small-molecule inhibitor 1.

Scheme 1. Synthetic route towards compound 2.

We evaluated  compound  2  for  its  biochemical  properties 
via fluorescence polarisation (FP) assay and surface plasmon 
resonance (SPR) (Figure 2 and supporting information Figure 
S5). The FP assay is based on the decrease of fluorescence po-
larisation of liberated fluorophore in this case a fluorescently 
labelled 21 amino acid long peptide (synaptopodin). A known 
stabilising molecule, fusicoccin, was used as a positive con-
trol, it results an increase of FP signal upon increased concen-
tration  (Figure  2).  In  agreement  with  our  design  approach, 
titrating compound  2 to the protein–peptide complex, lowers 
the signal, indicating an inhibitory effect with an EC50 value of 
120 µM (Figure 2).  Evaluation of the binding affinity  using 
SPR revealed that compound 2 shows low millimolar affinity 
(KD value 1.01 mM) towards 14-3-3(ζ) (Figure S5).



Figure 2. Fluorescent polarisation assay of compound 2: Titra-
tion of  2 to 400 nM 14-3-3ζ with 10 nM fluorescently labelled 
peptide synaptopodin, resulting in the displacement of the peptide 
(EC50 120 µM). Data obtained from single measurement.

Encouraged by these results we designed a DCL based on 
compound  2 (Figure 1 and Scheme S1). However, when we 
ran  the DCC experiment,  not  all  of  the  possible  acylhydra-
zones bearing o-phosphonic or o-sulfonic acid moieties could 
be observed by LC-MS analysis (Supporting information Fig-
ure S1). We therefore modified the DCL by omitting the acidic 
motifs as shown in Scheme 2. The DCL consisted of 3 aldehy-
des A1–A3 and 6 hydrazides H1–H6. Consequently, we ran 
three DCC experiments: (a) a library in which building blocks 
were  present  in  combination  with  the  14-3-3(ζ)/unlabelled 
synaptopodin complex as a PPI model; (b) a library containing 
the building blocks and 14-3-3 protein; and (c) a ‘blank’ in 
which only building blocks were present (Scheme 2).

The DCLs were allowed to equilibrate for 6 h and were ana-
lysed via HPLC-MS, resulting in the chromatograms shown in 
Figure 3. The most obvious differences are the two peaks at re-
tention times of 13.5 and 13.9 minutes corresponding to the 
compounds A1H3 and A2H3, respectively. In the presence 
of  14-3-3(ζ)  only and  in  the  PPI-complex (14-3-3(ζ)/synap-
topodin), these two acylhydrazones show a significant amplifi-
cation (> 2-fold, 148%) compared to the DCL in the absence 
of protein. Table 1 shows the ratios of the relative areas of 
each peak compared to the blank DCL. These two hits were 
then synthesised to confirm the identity of peaks (Figure S3) 
and  for  biochemical  characterisation.  Synthesis  was  accom-
plished through the reaction of the hydrazide H3 with a stoi-
chiometric amount of the appropriate aldehyde at room tem-
perature overnight to afford the corresponding acylhydrazones 
in a good to quantitative yield (Scheme 3).

Scheme 2. Dynamic combinatorial library (DCL) of acylhy-
drazones with aldehydes (100 µM each), hydrazides (300 µM 
each), DMSO (5%), aniline (10 mM) and: a) 14-3-3(ζ) (10 µM) 
and synaptopodin (10 µM); b) control with 14-3-3(ζ) (10 µM); 
and c) control without protein or synaptopodin.



Figure 3. UV-chromatograms at 290 nm of DCLs in duplicates, blank (B), in the presence of protein (P), and in the presence of protein  
plus synaptopodin (PS) at 6 h. Compounds A1H3 and A2H3 are amplified in P as well as PS compared to B.

Table 1. Amplification factors of the products formed in the 
DCC experiments  analysed  via the  relative surface areas  of 
peaks in the UV-chromatograms. The experiments were per-
formed in duplicate and the average values were taken.

Compound
Retention 
time (min)

Amplifica-
tion factor 
((RPApro-
tein–RPA-

blank)/RPA-
blank)*100%

Amplifica-
tion factor 
((RPAcom-
plex–RPA-

blank)/RPA-
blank)*100%

A3H2 4.76 –59.0 –44.0

A3H4 5.66 –33.9 –35.9

A3H6 6.62 –25.7 –16.4

A3H1 7.93 –33.1 –18.1

A1H2 & 
A3H5

8.21 –32.3 –35.1

A2H2 & 
A1H4

9.09 –28.0 –26.0

A2H4 9.73 –36.7 –32.9

A1H1 & 
A1H6

10.66 –20.4 –23.1

A3H3 10.79 –1.3 –15.0

A2H6 11.29 –22.5 –23.6

A2H1 11.49 32.2 29.5

A1H5 11.91 –12.2 –16.0

A2H5 12.49 12.8 14.6

A1H3 13.46 148.0 148.4

A2H3 13.91 148.5 153.6

Scheme 3. Synthetic route towards compounds A1H3 and 
A2H3.

We used SPR binding assays to follow binding events of the 
synthesised  DCC hits  to  the  14-3-3(ζ)  protein.  We checked 
first  whether  the  immobilised  protein  is  still  in  the  native 
folded state and can engage in PPIs by determining the bind-
ing affinity (KD) of synaptopodin to 14-3-3(ζ). The small pep-
tide showed a clear binding response with the same KD value 
of 1.38 µM obtained from either the Langmuir isotherm or the 
kinetic curves  (Supporting information,  Figure S6).  Encour-
aged by this result, we determined the affinity and binding ki-
netics of the  hit compounds in a similar manner. The acylhy-
drazones A1H3 and A2H3 showed low micromolar affinity 
to 14-3-3(ζ) (KD values 16 and 15 µM, respectively). Interest-
ingly, compound  A2H3 exhibited about 4.5-fold slower on-
rate and longer residence time compared to  A1H3 although 
they have similar binding affinities (Table 2 and supporting in-
formation, Figure S7 and S8).

Table 2.  Kinetic parameters of hit compounds  A1H3 and 
A2H3 to 14-3-3(ζ). Data obtained from single experiments.

Com-
pound

Rmax 

(RU)
kon (M–

1S–1)
koff (S–1)

KD 
(µm)

Res sd

A1H3 4.6 ± 
0.2

2.6 ± 
0.2 

×103

0.041 ± 
0.001

16 ± 1 0.38

A2H3 4.5 ± 
0.2

5.8 ± 
0.5 

×102

0.0087 
± 

0.0004
15 ± 1 0.50

B

P

PS

A1H
3

A2H3



Rmax: maximum analyte binding capacity;  kon: association rate 
constant; koff: dissociation rate constant; KD: equilibrium disso-
ciation constant; Res sd: residual standard deviation.

Intrigued by these findings, we next investigated the mode 
of binding of the new 14-3-3 PPIs modulators (compounds 2, 
A1H3, and A2H3) by SPR competition assays using synap-
topodin as a reference, which occupies the 14-3-3 main bind-
ing  pocket.  Modulators that  inhibit  14-3-3 PPIs  bind in  the 
phosphorylation binding pocket,  whereas stabilisers  bind al-
losterically to the binding pocket or at the interface between 
14-3-3 and its protein partners.20 To check whether the com-
pounds bind to the active site or elsewhere, compound 2 (1000 
µM), synaptopodin (1 µM), and a mixture of both at the same 
concentration were injected in sequence over immobilised 14-
3-3(ζ). The obtained response unit (RU) value of the mixture 
was compared to the theoretical sum of the RU values for the 
individual compounds. If 2 bound to the main binding pocket 
of  14-3-3,  it  would  compete  with  synaptopodin and  the  re-
sponse of the mixture should be less than the sum of RU val-
ues determined for the single compounds. On the other hand, 
if  2 bound  allosterically  to  the  active  site,  no  competition 
would occur and the response of the mixture should be equal 
to  the  sum of  RU values of  the  individual  compounds.  We 
found that  the  RU value  of  2  in  combination  with  synap-
topodin was less than the sum of the individual responses (Fig-
ure 4 and S9). This suggests that compound 2 competes with 
synaptopodin for the same binding pocket, however no com-
pound could completely displace the other at the tested con-
centrations. To verify this, the sum of responses was recalcu-
lated considering a fractional occupancy (FO) of 2 and synap-
topodin according to Perspicace et al.21 Indeed, the experimen-
tal RU value of the mixture was equal to the new estimated 
one (Figure 4), indicating that the compounds compete for the 
same binding site. The same results were obtained using dif-
ferent concentrations of  2 and synaptopodin (1000 µM vs 25 
µM; and 200 µM vs 1 µM), respectively (Figures S10 and S11). 

In  accordance with  the  result  of  the  FP-assay,  these  results 
clearly indicate that compound  2 binds to the active site of 
14-3-3, leading to disruption of PPIs.

Figure  4.  SPR  responses  of  compounds  2,  A1H3,  and 
A2H3 in the competition assays, using synaptopodin as a ref-
erence compound binding to the active site of 14-3-3.  

Using the same approach, the DCC hit compounds A1H3 
(25 µM) and A2H3 (25 µM) were injected alone and as a mix-

ture with synaptopodin (1 µM) over  immobilised 14-3-3, and 
their binding responces were analysed (Figure 5).

F
igures 5a and 5b. SPR competition assay:  (a)  Sensorgram 
overlay of A1H3 (25 µM, blue), synaptopodin (1 µM, red) and a 
A1H3–synaptopodin mixture (black), showing an additive effect, 
indicating a non-competitive binding; (b) Overlay of sensorgrams 
of A2H3 (25 µM, blue), synaptopodin (1 µM, red) and a A2H3–
synaptopodin mixture (black), showing a synergistic effect, indi-
cating a non-competitive binding and a stabilising effect. Curves 
obtained from single experiments.

Interestingly,  the  RU  values  of  the  mixtures  containing 
A1H3 or  A2H3 with synaptopodin were equal to or more 
than the sum of the individual responses (Figure 4 and 5). This 

a)

b)



indicates that these two compounds bind to 14-3-3 in a differ-
ent pocket than that of synaptopodin. Moreover, the increased 
binding response of the mixture compared to  the calculated 
sum indicates a stabilising effect of the acylhydrazones to the 
complex of  synaptopodin with  14-3-3(ζ).  This  confirms our 
findings from the DCC experiments, where the same amplifi-
cation factors for these hits were obtained in the presence of 
14-3-3 alone as well  as the 14-3-3(ζ)/synaptopodin complex 
(Table 1). Therefore, their binding site could be allosteric to 
the main binding pocket or at the interface of the 14-3-3(ζ)/
synaptopodin complex. Co-crystallisation studies are ongoing 
and would help to confirm the exact binding pocket of the 14-
3-3 protein.

Conclusions
We set out to develop novel PPI-modulators targeting the 

versatile 14-3-3 protein family. Firstly, we pursued a ligand-
based design of the acylhydrazone 2, which turned out to be 
an inhibitor of 14-3-3 PPIs. Next, we applied a DCC approach, 
using 14-3-3(ζ) in complex with synaptopodin as a PPI model, 
resulting  in  the  discovery  of  two  modulators  A1H3 and 
A2H3. No significant change was observed in the DCL com-
position  in  the  presence  of  only  14-3-3  compared  to  the 
14-3-3(ζ)/synaptopodin complex, indicating that the hit com-
pounds  bind independently to a different site than the main 
binding-groove of 14-3-3 involved in PPIs. Finally, we deter-
mined the binding affinities and kinetics of the hits  via SPR 
and investigated their binding site on 14-3-3. Results  of the 
SPR competition assays support our initial findings from the 
DCC experiments, suggesting that these small molecules sta-
bilise the 14-3-3(ζ)/synaptopodin complex either directly or al-
losterically. Cocrystallisation studies are ongoing in order to 
determine their exact binding site.
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