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Chapter 1  

Introduction  

Abstract  

Protein-protein interactions (PPIs) cover a wide range of biological functions and 
consequently have become one of the favorite targets for new therapeutic strategies. To 
date, many research programs have aimed to the discovery of selective PPIsÕ modulators 
and many approaches have been applied in this field.  
Among the plethora of strategies applied in PPI modulators design, fragment-based (FB) 
approach is the most promising one since it enables to shape the ligand Òbrick-by-brickÓ 
directly within the complex interface. Moreover, its high flexibility is demonstrated by 
the constantly raising presence of several fragment-derived clinical candidates and one 
marketed drug for PPIs modulation. While PPIsÕ inhibition has been fully explored its 
counterpart Ð PPIsÕ stabilization Ð has not been fully rationalized and exploited despite 
Ð as shown by drugs as Taxol, Rapamycin and Lenalidomide Ð its therapeutic prospect 
is significant. A widely reported example for stabilization purposes are the 14-3-3 
adaptor protein complexes, involved in several biological pathways. 
This thesis focuses on the application of fragment-based approaches to the development 
of novel synthetic small molecules able to stabilize 14-3-3/client complexes.  
Use of fragments covalently bound at complex interface is discussed as well as the 
optimization of the identified hit molecules.  
 
 
 
 
 
 
 
 

Part of this chapter has been published: D. Valenti , S. Hristeva, D. Tzalis, C. Ottmann. Clinical 
candidates modulating protein -protein interactions: the fragment -based experience. European 
Journal of Medicinal Chemistry, 167 (2019) 76-95. 

Authors contributions: DV wrote the review under the supervision of SH, DT and CO.  
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1.1 Protein -protein Interactions (PPIs) modulation as a 
therapeutic opportunity  

Protein-protein interactions (PPIs) have been reported as one of the widest occurring 
biological events.[1,2]  They can be mainly described as weak interactions taking place 
between two different proteinsÕ surfaces and they are generally classified as lipophilic 
interactions, $ -stacking, $-cation stacking,[3]  hydrogen bonding[4]  or ionic 
interactions. [5]  Despite their complexity, PPIs are constituents of numerous biological 
functions such as cellular signaling,[6]  protein translocation, [7]  enzymatic activity 
modulation, [8]  cell cycle regulation,[9]  structural maintenance [10]  and many others. 
Consequently, the development of small molecules able to influence the desired protein -
protein networks offers a broad range of intervention points for the development of new 
therapies. Some examples engaging PPI modulation in the clinic refers to well-known 
natural products such as Taxol (Paclitaxel¨), Rapamycin (Sirolimus¨) and 
Cyclosporine (Neoral¨, Sandimmune¨ etc.) used in cancer chemotherapy and as 
immunosuppressants, respectively. Other remarkable examples of marketed drugs 
influencing a protein -protein complex are Tafamidis (Vyndaqel ¨ ) employed in familial 
amyloid polyneuropathy (FAP) therapy and Lenalidomide (Revlimid ¨ ) acting as 
immunomodulator. Despite the challenges represented by the complexity of superficial 
contacts, in the last ten years the number of clinical candidates targeting PPIs has 
constantly grown succeeding with the FDAÕs approval of Venetoclax (Venclexta¨, 
Venclyxto¨) an inhibitor for treatment of chronic lymphocytic leukaemia. [11,12]  
Nowadays, many research programs are focused on the discovery of novel PPIs 
modulators with a plethora of strategies Ð such as librariesÕ high throughput screening 
(HTS) or ligand-based, structure-based and fragment-based approaches Ð applied in 
both hit identification and/or hit -to-lead optimization.  

1.2 Fragment -based (FB) approaches as strategy for PPIsÕ 
modulation  

Among the various strategies applied in the discovery of novel drugs or candidates, 
fragment-based approaches have been successfully employed in many programs during 
the last decade, gaining an ever-growing role in medicinal chemistry. [13-15]  It is worth to 
note that Ð in regard to PPIsÕ modulation Ð circa one third of the clinical candidates or 
approved drugs has been obtained by application of a fragment-based campaign. 
Furthermore, these proceedings have proven to be fruitful and rewarding when trying to 
modulate challenging targets such as PPIs. Application of FB approaches in PPIsÕ 
modulation has been summarized by the entries in Table 1 that describes the different 
lead molecules and approved drugs that entered the clinical evaluation phase. In 
particular, one of  these molecules Ð Venetoclax Ð received FDA approval and is currently 
marketed in both North America and Europe, while eight of  them are under clinical 



                                                                                       Introduction  
______________________________________________________  

 7 

evaluation and five have been unsuccessful for various reasons. A percentage 
distribution of their stat e in the drug discovery process is presented in Chart 1. It is worth 
to consider that within the 35.71% of Òunsuccessful moleculesÓ are ascribed some of the 
first examples of PPIsÕ modulators obtained by FB such as ABT-737, SGX393, 
Indeglitazar and LP-261 Ð all disclosed between 2005 and 2009 Ð while AZD5099 was 
a more recent lead (2014). 
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Name  Structure  Developer  Targeted PPIs  Status  

ABT -199 

(Venetoclax)  

 

AbbVie/  

Genentech  
Bcl -2 

FDA 

approved  

ABT -236  

(Navitoclax)  

 

Abbott 

Laboratories  
Bcl -2/Bcl -xL  Phase I I  

AT13387  

(Onalespib)  
 

Astex 

Pharmaceuticals  
Hsp90  Phase II  

CPI -0610  

 

Constellation 

Pharmaceuticals  
BRD4 -BDI  Phase II  

AZD5991  

 

AstraZeneca  Mcl -1 Phase I  

S64315/MIK665  

 

Vernalis/  

Servier/  

Novartis  

Mcl -1 Phase I  

ABBV -075  

(Mivebresib)  

 

AbbVie  BRD4 -BDII  Phase I  
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ABBV -774 

 

AbbVie  BRD4 -BDII  Phase I  

ASTX660  

 

Astex 

Pharmaceutical  
XIAP/cIAP  Phase I  

AZD5099  

 

AstraZeneca  

Bacterial 

Topoisomerase 

II  

Phase II*  

Indeglitazar  

 

Plexxicon  PPAR  Phase II*  

ABT -737 

 

Abbott 

Laboratories/  

Idun 

Pharmaceuticals  

Bcl -2/Bcl -xL  Phase I*  

LP -261 

 

Locus 

Pharmaceutical  
Tubuline  Phase I*  

SGX -393  

 

SGX 

Pharmaceutical  
BCR -Abl  Phase I*  

Table 1. Clinical candidates or approved drugs for PPIs modulation derived by fragment -based 
approach. * = failed in  clinical trials.  
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Chart 1. Fragment-based candidates in the clinic. 35.71% (red) of them has failed the trials, 
35.71% (green) is currently in phase I, 21.43% (orange) in completing phase II, 7.14% (blue, 
Venetoclax) has been already approved by FDA. 

1.3 General principles of Fragment -based Drug Discovery 
(FBDD)  

The concept behind FBDD is easy to comprehend and offers numerous advantages. It 
originates from the fascinating idea to build up piece-by-piece a ligand for the targetÕs 
pocket using low molecular weight molecules as starting bricks. From a practical point 
of view, application of FB approaches in drug discovery sounds like putting together the 
pieces of a puzzle of which the final picture is still unknown and stays variable until the 
end of the scientific experience. 
Nonetheless, starting from a molecule with less than 300 Da molecular  weight offers a 
wide range of possibilities for extending its chemical space into different spatial 
vectors.[16]  Moreover, the piece-by-piece building fashion of the ligand enables a 
constant check of the moleculeÕs evolution legitimacy. 
Generally, FB approaches present a multistep workflow involving different scientific 
backgrounds and a wide range of biophysical, biochemical and biological techniques, as 
shown in Figure 1. The first step of this approach involves the selection of the fragmentsÕ 
set. The collection components are normally chosen considering the CongreveÕs Rule of 
Three[17]  (described in Chapter 2). 
The second step of the workflow consists in the performance of a primary screening of 
the collection against the chosen target. During this screening phase, different 
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biophysical methods are employed (usually one main technique and a few orthogonal 
ones). Such techniques are for example X-Ray Crystallography, 1D-/2D -NMR, Surface 
Plasmon Resonance (SPR), Fluorescence Polarization (FP), IsoThermal Calorimetry 
(ITC) or Differential Scanning Fluorimetry (DSF). Noteworthy , as well as for the other 
drug discovery strategies, application of biophysical techniques does not represent the 
only way to screen a moleculesÕ set. Some recent contributions in both FB approaches[18] 
and PPIs modulation[19]  highlighted the use of virtual screening as main method in 
primary screening later supported by biophysical techniques. In silico  techniques are 
indeed establishing more and more their position in drug discovery programs in reason 
of their rapidly raised efficiency that is translated in very rapid execution and high hit 
rates.[ 20-22] 
The outcome of this second phase is the identification of one or more fragment hits: low 
mass molecules displaying a weak affinity for the target (generally expressed in mM or 
µM). The fragment hit represents t he starting point for the third step of the process: the 
hit -to-lead optimization phase. The aim of this last phase is to improve the 
pharmacodynamic properties of the fragment hit increasing and/or enhancing its 
contacts with the amino acid residues composing the target binding pocket. During this 
phase both a structure-based and a ligand-based strategy can be applied, in relation to 
the available information about the fragment -protein(s) binding site and the fragment 
binding mode.  
Generally, this structural expansion step benefits from the application of three differe nt 
strategies Ð named ÒgrowingÓ, ÒlinkingÓ and ÒmergingÓ respectively Ð that provide a 
drug-like molecule by either expanding a selected structure, linking two different 
fragments closely located in the binding site or combining two binding entities into o ne. 
The proposed leads enter then the fourth stage of the process where evaluation by both 
biophysical and biochemical assays is performed. The aim of this stage is to conduct a 
SAR study and eventually identify a clinical -phase candidate (fifth phase). A failure at 
this stage means a step back to the hit-to-lead optimization phase. 
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Figure 1. Representation of the fragment-based workflow. Each phase is inserted in his own 
competency areas. The dashed grey arrow represents the step back to the hit evolution phase in 
case of failure of the optimized compounds whereas the black arrows represent the progression to 
the next step of the process. 
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1.4 Application of f ragment -based approaches to PPIsÕ 
modulation  

In this chapter section are resumed Ð from the Medicinal Chemistry perspective Ð the 
cases that up to date led to approved drugs and current clinical candidates, their 
associated hit-to-lead evolution together with a statistical analysis of both hits and the 
candidatesÕ physchem properties. 
Table 2 resumes in brief the starting hits found to modulate a target complex and the 
derived candidates or approved drugs. Noteworthy, all the discovered leads come from 
programs that aimed to inhibition of the protein -protein complex formatio n. 

Fragment Hit  Clinical Candidate  Targeted PPI  

 

 

Bcl Family 

Name: 4'-fluoro -[1,1'-

biphenyl] -4-carboxylic 

acid 

MW: 216.21 Da 

clogP: 3.42 

Kd: 300 µM Name: ABV-236 (Navitoclax)  

LE: 0.30 MW: 974.61 Da 

 

clogP: 8.06 

Name: 5,6,7,8-

tetrahydron aphthalen-1-ol 
Ki: < 0.5 nM 

MW: 148.21 Da LE: > 0.20  

clogP: 3.12 

 

Kd: 4.3 mM 

LE: 0.29 

 

Name: [1,1'-biphenyl] -4-ol Name: ABT-199 (Venetoclax) 

MW: 170.21 Da MW: 868.45 Da 

clogP: 3.32 clogP: 6.76 

Kd: 6 mM Ki: < 0.010 nM (Bcl -2) 
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LE: 0.23 LE: > 0.25 

 

 

XIAP and cIAP1 

Name: 2-(piperazin -1-yl)-

1-(piperidin -1-yl)ethan-1-

one 

Name: ASTX660 

MW: 211.21 Da MW: 539.70 Da 

clogP: -0.38 clogP: 2.62 

IC50: > 5 mM 

 (XIAP/cIAP1)  

IC50: 2.8 nM (XIAP) /  

0.22 nM (cIAP1) 

LE: < 0.21  (XIAP/cIAP1)  
LE: 0.29 (XIAP) /  

0.32 (cIAP1) 

 

 

BRD4 

Name: ABBV-075 (Mivebresib)  

MW: 459.47 Da 

clogP: 2.65 

Ki: 1.5 nM  

LE: 0.35 

 

Name: 2-methyl -5-

(methylamino) -6-

phenylpyridazin -3(2H) -

one 

Name: ABBV-774 

MW: 215.26 Da MW: 491.56 Da 

clogP: 1.13 clogP: 4.23 

N

O
N

NH

N
O

N

F
OH

N

N
O

N
H

N
N

N
H

O

S
O

O

N
H

O

FF

N

O
H
N

N

O
H
N

O

F

NH

O

OH



                                                                                       Introduction  
______________________________________________________  

 15 

Ki: 160 µM 
Kd: 2.1 nM (BRD4 BDII) /  

6.85 µM (BRD4 BDI)  

LE: 0.32 
LE: 0.33 (BRD4 BDII) /  

0.20 (BRD4 BDI)  

 
 

Name: 3-methyl -4-

phenylisoxazol-5-amine 
Name: CPI-0610 

MW: 174.20 Da MW: 365.82 Da 

clogP: 1.38 clogP: 3.06 

Ki: 20 µM IC50: 39 nM  

LE: 0.52 LE: 0.37 

  

Hsp90 Name: Ethamivan Name: AT13387 (Onalespib) 

MW: 233.27 Da MW: 409.53 Da 

clogP: 1.52 clogP: 3.43 

Kd: 790 µM Ki: 48 nM  

LE: 0.26 LE: 0.41 

 

 

Mcl -1 Name: (5,6-

diethylthieno[2,3 -

d]pyrimidin -4-yl)-L-

alanine 

Name: S64315 / MIK665 

MW: 279.36 Da MW: 875.41 Da 

clogP: 3.50 clogP: 4.85 

Ki: 50 µM Ki: 48 pM 
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LE: 0.31 LE: 0.23 

 

 

Name: 5-bromo-1-methyl -

1H-indole-2-carboxylic 

acid 

Name: AZD5991 

MW: 254.08 Da MW: 672.26 Da 

clogP: 3.40 clogP: 7.70 

IC50: 81 µM Kd: 170 pM  

LE: 0.29 LE: 0.29 

Table 2. Fragment-to-lead case studies for PPIs modulators. clogP and MW have been calculated 
by ChemAxon JChem for Excel (version 16.10.1700.1231). Ligand Efficiency (LE) is expressed in 
units of kcal x mol-1 per non-hydrogen atom and is calculated with R = 0.001987 kcal x mol-1 x K-1 

and T = 298 K. 

In some cases Ð such as Bcl family, bromodomain BRD4 and Mcl-1 Ð a PPI complex was 
modulated by two or more molecules both coming from different FB campaigns or 
related to each other. Regarding the latter case, from the medicinal chemistry 
perspective, it is not unusual to witness the evolution of a previously found lead 
compound that showed some side effects during the clinical trials. This situation  has 
been reported for Navitoclax[23,24]  and Mivebresib[25] Ð showing respectively platelet 
depletion[26-31]  and gastrointestinal toxicity, [ 32]  Ð that have been gone through further 
optimization originating Venetoclax [11]  Ð currently marketed against CLL and SLL cases 
presenting a relapse, a resistance or a 17p gene deletion[12,33,34]  Ð and ABBV-774[32] that 
just entered phase I of clinical trials. [ 35]  For an in-dept medicinal chemistry description 
of the adopted strategies in the hit-to-lead development of each fragment, the recently 
published review on Eur.J.Med.Chem.[36]  is advised to be consulted. 
Since Ð due to chronological reasons Ð the development of ABBV-774,[32]  AZD5991[37,38] 
and S64315/MIK665[39-41]  has not been in-dept evaluated in that review, the best option 
remains to check the related literature. Nevertheless these last three stories have been 
included in the statistical evaluation hereby presented. 

1.4.1 Rule of Three and Rule of Five compliance analysis  

Here we discussed case by case the application of fragment -based approaches to the 
discovery of clinical candidates and approved drugs targeting protein-protein 
interactions. For each of all the reported case in Table 2 an analysis of the covered 
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therapeutic area, the ownership of the discovery and moreover the physico-chemical 
properties related to both the starting hits and the candidates has been performed and 
results are discussed in this section. Not surprisingly, the totality of them is covering the 
oncologic area targeting proteins involved in apoptotic pathways (see Navitoclax, 
Venetoclax, ASTX660, AZD5991 and S64315/MIK665), in the transcription process (see 
Mivebresib, ABBV-774 and CPI-0610) and in protein folding (see Onalespib). 
It is also interesting to evaluate the shared participation of big and medium-size 
pharmaceutical companies in each of the analyzed case studies. Chart 2 shows that in 
30% of the cases a medium-size company was leading the PPIs modulatorÕs 
development. Big companies alone delivered the half of the clinical candidates and 10% 
of the leads by a co-participation with both medium -size enterprises or academic 
institutes. No clinical candidate has been developed just by Academia and this is easily 
understandable considering the wide complexity of drug discovery fragment-based 
approachÕs workflow. 

 
Chart 2. Ownership distribution of the clinical candidates/approved drugs modulating PPIs.  
 

It is also worth to point out Ð in agreement with the importance of the hit identification 
step Ð the predominance of coupled NMR and X-Ray crystallography as chosen 
biophysical techniques in primary screening of the fragment sets. A case apart is CPI-
0610 where the primary screening technique applied was DSF. Fluorescence 
Polarization has been chosen as an orthogonal assay in 39.7% of the cases (see Bcl-2 
inhibitors and S64315) while ITC and TR-FRET each confirmed the hits in 22,2% and 
30.1% of the cases respectively. SPR was employed just in one out of nine cases (11.1%). 
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Of note, the hit rates are conform to the FB experiences on other targets showing a 0.23% 
average. 
Considering the physico-chemical properties of the starting fragments compliance with 
the Rule of Three for oral bioavailability [17]  is consistent since just one structure out of 
nine (11.1%) doesnÕt fulfill completely the indicated parameters (Chart 3, a). 
 

Chart 3. a)  Rule of Three compliance of the fragment hits. b) Rule of Five compliance of the 
clinical candidates/approved drugs.  

 
All the reported fragments present a MW below 300 Da and number of H -bond donors 
less or equal to 3. The majority of them (88.9%) presents a number of H-bond acceptors 
less or equal to 3 and PSA values below the 60 •2 threshold. On the other hand, just 45% 
of them have a clogP value below 3 and the 11.1% possess more than 3 rotatable bonds. 
Since the number of rings and the saturation index seem to be important structural 
features[42-45]  we analyzed them as well for each hit, concluding that all the hits contain 
no more than 2 rings. More than a half of the structures (66.6%) present a completely 
flat core Ð fsp3 ranging from 0 to 0.3 Ð while 22.2% have an intermediate saturation 
character Ð fsp3 0.4-0.7 Ð and just 11.1% of them shows a fully-three-dimensional 
character with an fsp3 value over 0.8 (Chart 4). Ligand efficiency is on average 0.30. 
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Chart 4. a)  Fragment hitsÕ MW and clogP distribution. The dashed red lines delimit the Ro3 
space. b)  Fragment hitsÕ number of H-bond acceptors, H-bond donors, Rotatable bonds and rings. 
c)  Fragment hitsÕ PSA distribution. d)  Fragment hitsÕ saturation character distribution. 

 
Considering the clinical candidates, 60% Ð Chart 3, b Ð fulfils completely the Rule of 
Five[46]  for oral bioavailability. Ironically, the remaining 40% is represented by 
Venetoclax (FDA approved drug), Navitoclax (in advanced clinical phase II) and the 
newly discovered AZD5991 and S64315 (both in phase I). Chart 5 gives an overview on 
their physico-chemical properties. Among the analyzed entities, 55.5% present a MW 
over 500 Da and 33.3% show a clogP greater than 5. It is worth to specify that the wide 
range of molecular weights covered by the candidates is not to be considered unusual 
because every of these disruptors is acting on a different protein complex, thus their 
mass can easily fluctuate in relation to the surface that has to be covered for expressing 
the biological activity.  On the other hand, all the leads present less than 5 H-bond donor 
features and the majority of them (90%) contains H -bond acceptor groups within the 
cut-off of 10. Integration of the Veber descriptors for good oral availability [47]  allowed us 
also to consider the leadsÕ molecular flexibility (no. of rotatable bonds) and their PSA. 
The results of this analysis reported that the number of rotatable bonds is less or equal 
to 10 for 60% of the candidates while the PSA values are below the 140 •2 cut-off in 90% 
of the cases. For all the candidates, the number of rings appears completely out of the 
recently reported optimal value of 3[48]  while the saturation character describes a more 
flat -oriented leads with 88.3% of them having less than 0.5 Fsp3Õs values. Ligand 
efficiency values present a 0.30 average according to the lead state. 
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Chart 5. a)  LeadsÕ MW and clogP distribution. The dashed red lines delimit the Ro5 space. b)  
LeadsÕ number of H-bond acceptors, H-bond donors, Rotatable bonds and rings. c)  LeadsÕ PSA 
distribution.  d)  LeadsÕ saturation character distribution. 

 
The recent FDA approval of Venetoclax Ð coupled with  the incidence of fragment-derived 
candidates in clinical trials  Ð proves that FBDD is establishing more and more its 
position as useful strategy for developing hard-targetsÕ modulators and useful Chemical 
Biology tools. Moreover, considering t he complex nature of protein -protein interactions  
and the derived challenge in targeting them, generation of ÒunconventionalÓ structures 
appears the most natural consequence, despite some of them donÕt fulfill  completely the 
classical bioavailability predi ctive parameters. 
The strong increase of fragment-derived molecules among leads for difficult targets is 
not surprising. In this regard, this strategy may be the key to access PPIs as one of the 
currently most promising approaches in drug discovery.  

1.5 14-3-3 proteins as platform for PPIs  

1.5.1 14-3-3 protein: origin, actual definition, human isoforms and their 
localization  

14-3-3 protein has been firstly reported by Moore and Perez in 1967[49]  as an acidic and 
abundant brain protein within a study analyzi ng the bovine brain tissueÕs proteome. Its 
name derives from the analytical assignation process. The protein was contained in the 
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fourteenth fraction collected by DEAE -cellulose chromatography performed on the brain 
tissueÕs lysate and showed migration at point three in two different electrophoresis runs.  
As noted by Atkien,[50]  despite the proteinÕs reference name remained the same over 
more than fifty years during this time the whole concept of 14-3-3 has dramatically 
changed.  
14-3-3 proteins are nowadays mostly referred to as a family of highly conserved, acidic 
proteins expressed in all eukaryotic cells.[ 51]  To date, fifteen coding genes and seven 

isoforms of 14-3-3 have been identified in humans and named by Greek letters: %, &, ' , ( , 

" , )  and * (also indicated as +).[ 51-53]  Given the high homology degree between these 
isoforms, it is assumed that the deficiency of one isoform would have been compensated 
by the others. Their redundant character was then discussed by phylogenetic studies on 
the protein suggesting a specific role for each isoform of 14-3-3.[54]  Further 
confirmations of the isoform specificity were reported respectively by mass spectrometry 
studies[55]  Ð that highlighted the formation of a specific network for each isoform Ð and 
by isoform-specific knockout studies in mice[56]  that allowed a tissue localization for the 
isoforms. Despite the brain tissue remains the one where 14-3-3 abundancy is registered 

for all the isoforms Ð except "  Ð in a recent review,[57]  Aghazadeh and Papadopoulos 

presented an interesting overview of the isoforms spread. In particular: isoform & has a 

higher localization in testis and colon, '  is expressed mostly in adipose tissue and adrenal 

cortex, )  is more abundant in esophagus and lymph nodes, (  is prevalent in colon and 

bladder, and higher levels of % have been found in colon and thyroid. No data were 

specified for "  and * isoforms but examination of the two main online microarray 
databases (biogps.org[58] and proteinatlas.org[59] ) suggested main expression in tongue, 

esophagus and tonsils for 14-3-3"  (that did not present high levels in the brain) while 

14-3-3* presents a more balanced distribution between brain and reproductive systems. 

1.5.3 Structural insights of 14 -3-3 proteins: from the monomer to the dimer  

Structure-wise, 14-3-3 proteins are mostly represented in their characteristic W-shaped 
dimeric form. This state is the most reported to be responsible of their biological activity. 
Noteworthy, all the  monomeric  isoforms can assemble into dimers Ð homo- or hetero- 

according to the isoform nature. [ 51,60-62]  Particularly , isoforms "  and '  preferentially 

combine into homodimers, )  tends to form both homo - and hetero-dimers with the other 

four isoforms left and & constitute mainly heterodimers. [ 50,60-63]  This tendency can be 
easily explained by considering the monomeric structures and the interactions occurring 
during the dimer formation. [60-62,64-67]  
Each monomer has a molecular mass of approximately 30 kDa and consists of nine 

antiparallel #-helices numerated Ð accordingly to the )  crystal structure (PDB: 1QJB)[68]  

Ð from #A (N-terminus) to #I (C-terminus). As showed in Figure 1, each monomer 
presents a binding interface  Ð responsible for the dimer formation Ð and an internal 
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binding pocket  Ð generally represented as the client  binding motif  hosting region. 14-3-
3 dimers present a central cavity approximately 35 •  broad and wide and 20 • deep. [51,62]  
The high degree of conservation of both binding groove and dimer interface respect to 
the Òouter regionsÓ Ð on the convex surface and the C-terminal loop Ð is also important.  
 

 

Figure 2.  X-ray structure of the 14-3-3)  dimer (PDB: 1QJB). Monomers are colored in blue and 

orange respectively. Monomeric #-helices are indicated from #A (N-terminus) to #I (C-terminus); 
Dashed line indicates the outer surfaces, vertical arrows point on the dimer interface regions of 
each monomer, obliquus arrows point to the client binding pockets of each monomer. 

1.5.4 14 -3-3Õs interaction with client proteins  

The combinatorial nature of the assembled dimer allows the binding of several and 
different partners, explaining the adapter character of the family. Additionally, 
simultaneous binding of two different clients can favor cross -talk or transient 
interactions between proteins that otherw ise would not interact. [ 69,70-73]  Structural 
rigidity of 14 -3-3s Ð conferred by the widely extended network of interactions among the 
helices components Ð needs also to be highlighted. This structural aspect introduces the 
concept of the Òmolecular anvilÓ: a rigid platform Ð represented by the protein Ð on 
which the partner can reshape itself.[ 51,74]  In cases like these, several factors should be 
taken into serious account. From the structural biology point of view: i)  stoichiometry of 
the complex and ii)  complexity created by any multisite phosphorylation of the client 
protein(s) should be considered.[69]  From a more drug discovery perspective, selectivity 
for  specific complex could represent a major property to enhance in the modulatorÕs 
structure, in order to avoid undesired pharmacological effects. 

!  
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1.5.4.1 14 -3-3Õs binding groove: a structural insight  

The binding groove of each monomer is formed by helices #C, #E, #G and #I. As 
mentioned in the previous paragraph, this region is highly conserved in all the isoforms 
suggesting a common recognition pattern for the client protein.  
The main characteristic of this groove is without doubts its pronounced amphipathic 

character, as shown in Figure 3. On one hand, helices #G and #I  are enriched with 
hydrophobic r esidues Ð such as Leu, Val, Ile and Pro Ð while in  the more inter nal region 
of the cleft Ð is located a positively charged pocket formed by Lys49, Arg56 and Arg127 

()  isoform enumeration). These positive residues play a key role in the binding of the 
phosphorylated client protein contracting ionic interactions with the phosphate feature 
(negatively charged under physiological conditions). This composition rationalizes  the 
strong affinity of 14 -3-3 for phosphorylated partners. Additionally, the ionic interac tions 
of the phosphate group are complemented by a hydrogen bond with the hydroxyl group 
of the close Tyr128 residue. 

Other interactions Ð through residues located in helices #E, #G and #I Ð enable also 
both the accommodation and orientation of the partner Õs binding sequence within the 
binding groove. In some cases, additional hydrogen bonds are formed between Asn224, 
Asn173 and Lys120Õs side chain amide and the partnerÕs backbone. 
 

 
Figure 3. a)  Electrostatic potential map of the 14-3-3)  monomer (PDB: 1QJB). Negatively 
charged areas in red, lipophilic areas in grey and positively charged areas in blue; b)  detail of the 
positively charged spot inside client binding groove. 

1.5.4.2 Client protein binding modes to 14 -3-3 

Despite the preference of 14-3-3 proteins for phosphorylated partners, cases of 
unphosphorylated  binding  partners have also been reported Ð as the 14-3-3 complexes 
with ExoS[75]  or R18 peptide[76]  confirm .  
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Although examples of complexes with full length partners [77-82]  are considered very 
attractive for drug discovery purposes, peptide surrogates of the partnerÕs structural 
binding motif are generally used to recreate the interface established with 14-3-3 in its 
binding groove. To date, three peptide consensus binding motifs have been identified by 
oriented peptide library screening but literature reports also some exceptions of 
sequences not respecting these three pattern s.[83]  In general, the phosphorylated 
Serine/Threonine is always assumed as position Ò0Ó of the sequence. Positions of the 
residues at the C-terminus (left side of the reader) are indicated with a Ò-Ò prefix while 
the ones at the N-terminus are preceded by a Ò+Ó sign. 
Amino acid sequence characteristic of mode I, II and III  peptides can be resumed by the 
following formula:  
 
Mode I:  RS[+]pS(/pT)[L/E/A/M]P  

Mode II:  RX, [+]pS(/pT)[L/E/A/M]P  
Mode III:  HOOC-XpS(/pT)  
 
Where R is an Arginine, S means Serine, [+]  symbolizes a basic residue, X stays for any 

type of residue, ,  represents an aromatic one, pS and pT indicate respectively a 
phosphorylated Serine or Threonine, [L/E/A/M]  is referred to different residues as 
Leucine, Glutamic acid, Alanine or Methionine [68,84]  and P is a Proline,  
A common feature between modes I and II is represented by a proline in position +2 that 
seems to favor the peptideÕs direction change leading to its exit from the binding 
groove.[68,84]  Several studies have shown a lower affinity for Mode III binders compared 
to the others.[ 85-87]  This could be referred to the less extended interaction surface 
established between 14-3-3 and the peptide since the latter  occupies just a section of the 
binding cleft. Nonetheless, mode III complexes offer a wider pocket for the binding of a 
small molecule increasing the possibilities of complex modulation.  

1.5.5 Biological r ole of 14 -3-3 complexes and potential therapeutic 
applications  

The ubiquitous character of 14-3-3 proteins enables their involvement in a plethora of 
biological pathways such as cell-cycle control, cytoskeleton regulation, signal 
transduction, protein traf ficking and apoptosis offering therefore a novel therapeutic 
intervention point in diseases like cancer, neurodegeneration, metabolic dysregulation, 
cystic fibrosis and parasitic infections. [88] 
Over the isoformsÕ high degree of homology, other common aspects need to be 
highlighted in order to better understand their biological role.  
One of these features recalls the high structural rigidity of its dimeric form Ð given by 

the strong interactionsÕ network established by the #-helices residues Ð that introduc es 
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the already mentioned concept of Òmolecular anvilÓ[51] : the dimer constitutes a rigid 
platform where the partner protein can reshape itself.  
Another important characteristic to be considered is possible multiplicity of binding 
motifs in the clientÕs sequence.[51,69,89,90]  This led to the hypothesis that Ð in case of client  
multi -phosphorylat ion Ð one binding motif can rise up as essential site (ÒgatekeeperÓ) 
for the binding  while the other(s) Ð although with lower affinity Ð can trigger the 
biological activity. [ 74]  Eventually, it is worth to keep in account  the location of these 14-
3-3 binding motifs in  partnerÕs disordered regions or in proximity of functional 
domains.[83,91,92]   
To date, three modes of action are reported for 14-3-3 to modulate its bio logical 
functions : 

¥! Induction of conformational rearrangement of the client protein  

Confirming the molecular anvil theory, the 14 -3-3 client  can undergo into a 

structural rearrangement that reduces its biological activity. The most reported 

cases are AANAT,[86] and H+-ATPase.[79,93]  Pharmacologically valuable target 

proteins improving  their catalytic activity are : Trp and Tyr hydroxylases,[53,94,95]  

Ð related to ParkinsonÕs disease and schizophrenia Ð Raf kinases, MEKK and 

Abl proteins [96-100]  Ð involved in cancer Ð ASK1[51,101,102]  Ð reported for  cancer, 

neurodegeneration, diabetes and rheumatoid arthritis. Recently , also 

modulation of mitochondrial activity (TOMs), [103,104]  steroidogenesis (STAR, 

TSPO and VDAC1)[105-107]  and apoptosis (Actin)[108] were associated to be 

affected by the 14-3-3 chaperone-like activity.  

 

¥! Physical occlusion of sequence-specific or structural features of the client 

protein  

Due to their nuclear localization sequence (NLS),[ 57] 14-3-3 proteins can affect 

the partnersÕ subcellular localization shuttling them to the nucleus or the 

cytoplasm. Formation of 14-3-3 complexes can affect the transcriptional activity 

of proteins like YAP, TAZ, c-Jun, downstream cofactors and FOXOs[109]  but can 

also affect the catalytic role of enzymes like HDACs and Cdc25 phosphatases,[110] 

membrane channels (CFTR) or pro-apoptotic proteins (BAD). Modulation of 

these complexes can be then beneficial for the development of new oncologic 

strategies. Physical occlusion can influence the interactions of the client protein 

with DNA Ð see FOXOs[109]  Ð or can also avoid the partnerÕs dephosphorylation 

or degradation, as reported for the Trp or Tyr hydroxylases. 
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¥! Anchoring different client proteins together  

At the extremities of the 14-3-3Õs central cavity are the two monomeric 

amphipathic grooves reported to host the phospho-motifs of client proteins. 

Each binding cleft can then host a different phosphorylated partner protein and 

this would result in a ternary complex formation having the two clients in close 

proximity . An example of this Òcooperative behaviorÓ is reported for Chibby and 

%-catenin. The 14-3-3 stabilization enables Chibby to inhibit the Ð 

phosphorylated Ð %-catenin transcriptional activity blocking the Wnt signaling 

pathway.[111,112] This scaffolding character can also favor the allocation of two 

different regions Ð as reported for the H+-ATPase[79,93]  Ð or different subunits Ð 

as reported for is the p53 case[113]  Ð of the same partner. 

1.5.6 Current state of the 14 -3-3/client complexes modulation: inhibi tion 
and stabilization approaches  

Given the wide range of biological pathways in which 14-3-3 complexes are involved, 
their modulation offers a very interesting point of intervention for novel therapeutic 
strategies. Up to date, several class of compounds Ð table 3 Ð have been found to 
modulate 14-3-3/client complexes. Following the trend for general PPIsÕ modulators, 14-
3-3 PPIsÕ inhibitors are more represented than stabilizers although this modulation 
strategy is constantly raising. Among the modulators different classes of compounds can 
be distinguished such as peptide-based, natural compounds and their semi-synthetic 
derivatives, tweezers and small molecules originated from drug discovery programs. 

!  
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Structure  Name [Ref.]  Origin  
Function 

(isoform/client)  
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BV101 [128,129] S 
Inhibitor  
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Mizoribine 

(MZB) [135] 
N 
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FC-NCPC[140] SM 
Stabilizer (/Pak6)  

Inhibitor (/Rapgef2)  

 

Pyrrolidone 1  

[141,142] 
S 

Stabilizer 

(T14-3c/PMA2)  

R-form stabilizes 

(14-3-3) /ER -#, 

CaMKK2) 

 

(R) -6 

and  

(R) -9[142] 

S 
Stabilizer 

() /ER -#, CaMKK2) 

 

Pyrazole 37 [143] S 
Stabilizer 

(T14-3c/PMA2)  

 

1[144] S 
Stabilizer 

(" /ER -#) 

 

AZ -008 [145]  S 
Weak stabilizer 

(" /p53)  

Table 3.  14-3-3Õs modulators.  S= synthetic, N= natural product, SM= semi-synthetic. 
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1.6 Aim and outline of this thesis  

Nowadays, modulation of PPIs is an established strategy enabling novel therapeutic 
intervention points in drug discovery. Given the complexity of the interactionsÕ network 
established by the two components of the interface and given also the highly dynamic 
nature of protein -protein complexes, application of fragment -based approach has been 
proven to be one of the most suitable techniques for their modulation. However, despite 
the numerous successes reported for PPIs inhibition, application of FBDD to 
stabilization of PPIs has not been fully explored yet. In this regards 14-3-3 protein 
complexes represent a widely known opportunity for PPIsÕ stabilization with a 
therapeutic aim. The aim of this thesis is then to prove the versatility of fragment -based 
approach in the modulation of 14-3-3/clien t complexes, focusing especially on the 

stabilization of 14-3-3" /p65 complex.  
 
In this introductory c hapter  are discussed the main guidelines of FBDD and success 
stories of development of PPIs inhibitors are resumed together with a physchem 
properties estimation of both fragments and leads. The second half of this chapter is 
dedicated to the analysis of 14-3-3/client complexes as potential targets for PPIs 
stabilization. 14-3-3 per se is considered through its structural features, its biological role 
its modes of action and its already reported modulators. 
 
Chapter 2 presents the set-up of the used fragment collection together with the 
guidelines adopted during the selection of its members. A comparison between the used 
parameters Ð considering the characteristic nature of protein -protein interactions Ð and 
the canonical ones reported by the Ro3 is presented in order to highlight the particularity 
of the performed study. 
 
Chapter 3  reports the results of a first fragment screening performed by coupled DSF 

and NMR techniques on 14-3-3"  alone in order to identify potential hits for inhibition of 
its complex with Tau protein.  Out of this study three hits have been identified to bind on 
two different regions of the protein, providing then a valuable starting point  for further 
studies. 
 
Chapter 4  presents another case study, where a restricted pool of fragments 
(aldehydes) has been screened Ð by x-ray crystallography and FP Ð in order to stabilize 

the 14-3-3" /p65 complex via tethering approach. In fact, the identifi ed fragment hit Ð
and its analogs Ð forms a selective and reversible imine bond directly within the peptide 
binding groove of 14-3-3 (K122). From this experience follow up studies regarding the 
hit -to-lead transition have been performed taking five out of t he eight clustered binding 
aldehydes as starting point for exploration of the complex binding interface.  
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Chapter 5  reports the results related to the growing of the first four selected hits. In this 
chapter each hit was grown accordingly to the aim of covering a different area of the 
interface. Additionally, all the grown series maintained the selectivity for K122 binding 
and SARs were evaluated for each of them. A new series Ð 6-(1H-imidazol -1-yl)pyridine -
3-carbaldehydes Ð has been identified as a good starting point for further optimization.  
 
Chapter 6 presents the last hit-to-lead optimization attempt resulted into a class of 
K122 selective and reversible covalent molecules (4-formylbenzenesulfonamides) able to 
stabilize the target complex by 77 folds due to a spontaneous client peptide 
rearrangement. An extensive SARs study of this series is presented together with the 
identification of a template  for guiding further optimization or identifying new cores for 
stabilization.  
 
The Epilogue chapter  aims to report future challenges and perspectives for the general 
modulation of 14-3-3/client complexes. Particularly, nature of 14 -3-3 protein, 
protein/peptide system for PPIsÕ representation and modulation aims have been taken 
in consideration. Additionally to t his general analysis challenges and perspectives 

related to the stabilization of the 14-3-3" /p65 complex are discussed with a particular 
attention for future of the covalent anchor.  
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Chapter 2  

Set up of the TarosÕ fragments collection  

Abstract  
The first step for each fragment-based approach is the performance of a screening 
campaign on the desired target. This step intrinsically assumes the presence of a 
fragment collection ready to be tested. The first step of the project focused then on the 
ex novo assembling of a fragments pool suitable to target protein-protein interactions. 
Currently, the Taros proprieto rial fragments collection counts a subdivision dedicated to 
the PPIsÕ modulation with circa 1230 entries comprising both commercially available 
and novel structures. In this chapter the readers will be introduced to the CongreveÕs 
Rule of Three (Ro3) Ð considered as the main guideline for setting up of a fragment 
collection. Then the parameters applied for the formation of a fragments pool targeting 
protein -protein interactions will be reported. After description of the workflow applied 
in the libraryÕs set up, a statistical analysis of the fragment collection has been performed 
in order to evaluate the compliance to the aforementioned Ro3. 
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2.1 Introduction  

As mentioned in Chapter 1, the central idea of fragment-based (FB) approach is to 
develop a ligand for its own target, building it piece -by-piece from a low molecular 
weight (MW) molecule. Because of this principle, this strategy offers numerous 
advantages such as the possibility to constantly validate the moleculesÕ evolution and to 
cover a very broad chemical space using one binding pharmacophore. This 
multidisciplinary strategy is generally constituted by a multistep workflow that allows 
scientists to go relatively fast from a fragment Ð an entity with a MW * 300 Da Ð to a 
drug-like molecule ready to enter the clinical phase. The fragmentsÕ character Ð resumed 
by Congreeve et al. in 2003 [1]  Ð enhances the possibilities to find key structural motifs 
able to address the targetÕs binding site with higher ligand efficiency. However, as 
fragments do not contain many functional groups, the number of interactions with the 
target is also limited and therefore these compounds bind weakly (normally in t he high 
µM Ð mM range). Nowadays FBA is considered as a valid alternative approach to HTS 
in discovery campaigns.[2-7] 

2.2 General guidelines for fragment -based approaches: the 
CongreveÕs Rule of Three  

The CongreveÕs Rule of Three represents one of the main guidelines for selecting the 
members of a fragments library. In it are resumed the optimal physico -chemical 
properties that a molecule should present in order to be considered as Òlead-likeÓ and 
therefore a reliable fragment and worth to be included in a  screening set. These attributes 
Ð following the footsteps of both the LipinskiÕs Rule of Five[8,9]  and the Veber 
descriptors [10]  for good oral bioavailability Ð are listed as follows: 

¥! Molecular Weight (MW) *  300 Da; 

¥! Calculated n.-octanol/water partition coefficient (clogP) *  3; 

¥! Number of hydrogen bond acceptor functions (HBAs) *  3; 

¥! Number of hydrogen bond donor functions (HBDs) *  3; 

¥! Number of rotatable bonds (rot. bonds) *  3; 

¥! Polar Surface Area (PSA) *  60 • 2. 

Another parameter often considered in FBDD is also the ligand efficiency (LE) of the 
fragment.[11]  However being LE an attribute strictly related to the pharmacodynamics of 

the fragment itself Ð is the ratio between the Gibbs free energy of binding (- G) and the 
number of non-hydrogen atoms contained in the molecule (N) Ð it is taken in 
consideration in a later phase of the process: generally the hit-to-lead optimization 
phase. 
Nonetheless, nowadays the optimal properties that fragments should possess have been 
deeply discussed and revised. Some examples of libraries Ð Astex[12]  and Vernalis[13]  Ð 
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include molecules with MW < 250 Da, others push it toward a lower threshold (< 220 
Da) like SGX.[14]  However the inferior limit for most of the commercial sets se ems to be 
always around 100 Da.[15]  An alternative approach is based on limiting the number of 
heavy atoms Ð considered as a more appropriate measure of molecular size than MW.[15] 
Many companies as IOTA Pharmaceutical and Astra Zeneca have adopted this filtering 
strategy setting up the superior limit between 17 and 22.[15-17] 
Nevertheless, sometimes fragment libraries are also arranged in order to target a specific 
protein. In these cases the filtering parameters can be tailored according needs of the 
research. 

2.3 Adopted criteria for selecting the PPIsÕ section of the Taros 
fragment collection  

Despite in the usual practice the Ro3 is commonly applied, we decided to apply a higher 
tolerance regarding the previously mentioned selection parameters. Thus, we considered 
as optimal parameters: 

¥! Molecular Weight (MW) *  330 Da; 

¥! Calculated n.-octanol/water partition coefficient (clogP) *  3.4; 

¥! Number of hydrogen bond acceptor functions (HBAs) * 4;  

¥! Number of hydrogen bond donor functions (HBDs) * 4;  

¥! Number of rotatabl e bonds (rot. bonds) * 4;  

¥! Polar Surface Area (PSA) *  70 • 2.  

Considering the multiplicity of hydrogen bonds, [7]  lipophilic interactions, $ -stacking, $-
cation stacking[8]  and ionic interactions [9]  observed in these superficial interactions it is 
possible to state the complex and dynamic network hard to emulate. The specificity of 
this type of contacts, conferring the interface an high degree of dynamicity and flexibility, 
was taken into account to build the library by loosening the physico-chemical restricti ons 
imposed by the general Rule of ThreeÕs guidelines. This approach derives also form the 
considerations made by Chen and Hubbard[18]  about the slight increment of both 
molecular weight and hydrophobicity in fragment hits modulating protein -protein 
complexes. The resulting distribution of fragment physico -chemical properties (Figures 
2-5 and discussed in paragraph 2.5) demonstrates that the described fragment collection 
indeed meets these criteria and will be valuable for further applications targeting PPI s 
modulation.  

2.4 Adopted workflow for the collection set up  

Application of the aforementioned pysico -chemical parameters has been applied for the 
selection of the molecules from the whole Taros internal compounds collection (ca. 
20000 entries). Nonetheles s, in order to include also very attractive and chemically 
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accessible structures that otherwise would not have passed the filtering phase, we 
decided to perform a pre-filtering fixing a threshold of 350 Da for the MW. This pre -
filtering phase was followed by a visual inspection of the molecules (ca. 300) with a mass 
between 330 Da (our parameters for the final physico-chemical filtering) and 350 Da.  
As anticipated, the process started from the whole TarosÕ compounds collection and after 
the two rounds of physico-chemical properties filtering we reached a pool of ca. 4000 
entries. 
Internal verification of eventual intellectual property issues for all novel structures 
within this set decreased the number of molecules to 3200, which were additionally 
examined. 
The aim of this second step was to remove the entries presenting undesired structural 
features and to create a diversified collection. Inspecting the collection from a medicinal 
chemistry point of view led us to exclude extremely reactive functions, such as alkylating 
or acylating features like aliphatic halides, acyl chlorides, epoxides, imines, oximes and 
acetals. We also excluded Michael acceptors and isocyanates due to their strong 
electrophilic character. On the other hand, polycyclic and heterocyclic compounds were 
always preferred when possible. Presence of sp3-enriched compounds was also 
encouraged according to the notion that molecules with a pronounced three-
dimensional character appear to be more drug-like.[19]  Moreover, molecules having a 
3D-character may cover a wider portion of extended pockets Ð such as the ones formed 
in proteinsÕ complexes Ð and could also address the optimization toward different spatial 
coordinates.[16,20]  Another consideration applied in this phase was the synthetic 
accessibility of the molecules and the presence of exit points for further diversification. 
Moreover, in order to keep the reactivity of the molecules under control and at the same 
time to enhance the synthetic tractability of any eventual hit, we considered the isosteric 
members of the collection. The carboxylic acid feature was generally favored in respect 
to the corresponding boronic acid or nitro group, but the substitution was not strictly 
enforced, depending on the in-house availability for a given core. For maintaining a high 
diversity between the cores composing the set, we picked up Ð after visual inspection Ð 
one of the three possible positions for mono substituted aromatic rings keeping the other 
two as backup molecules. Physical availability of the selected entries was evaluated and 
compounds available in less than 30 mg were discarded. A quality control was applied 
by uHPLC-MS integrated systems and Ð when necessary Ð purification by preparative 
HPLC was carried out. Applying this workflow, we built up  a collection of circa 900 
compounds. This last set was then further enriched by the design and synthesis of ca. 
300 additional novel cores based on both natural products and already known scaffolds 
in medicinal chemistry. Figure 1 shows the workflow appli ed for the set-up of the TarosÕ 
fragment library. Currently, the PPIs -dedicated section of the TarosÕ fragment collection 
counts circa 1230 entries and is constantly growing. 
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Figure 1. Workflow applied for setting up the TarosÕ fragments collection. From the TarosÕ 
internal compounds collection, ca. 20000 entries underwent to physchem filtering reducing the 
pool to ca. 4000 fragments. After IP availability verification, Medicinal Chemistry investigation 
and quality control ca. 900 fragments were grouped. The collection was enlarged by design and 
synthesis of new cores reaching ca. 1230 members. 
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2.5 Statistical Analysis of the fragment collection  

Analysis of the physico-chemical properties of each member of fragments set has been 
performed and results are discussed in this paragraph.  
The Ro3 compliance was the first descriptor taken in consideration. As expected, 
application of less strict thresholds during the physico -chemical features filtering led to 
an higher percentage (44.84%) of structures that are not properly fulfilling the Ro3 
guidelines for the oral bioavailability, [1] as presented in Chart 1. This value can be 
explained by the target complexity Ð PPIs are constituted by a highly dynamic network 
of interactions Ð that led us to set more ÒpermissiveÓ physchem thresholds. Another 
explanation is given by the fact that even the not fulfillment of just one of the presented 
parameters can push a common fragment-like structure out of the Ro3. Nevertheless, 
the majority of the collected fragments (55.16%) undergoes the main FBDD guidelines. 
 

!

Chart 1. Ro3 compliance of the fragment collection. 

This is confirmed also by the correlation between two of the descriptors as molecular 
weight and partition coefficient (Figure 2). 84.5% of the selected fragments cover the 
Ro3 space (Figure 2, a) whereas the 12% present one of the descriptorsÕ value outside 
MW or clogP limits Ð 3.25% and 9.19% respectively. From this analysis just the 4.47% of 
the structures presents both the parameters exceeding the thresholds, nonetheless the 
structures were considered as promising from the Medicinal Chemistry point of view. 
Considering the parameters adopted for the collection set up (Figure 2, b) the percentage 
of structures not respecting just one between the chosen values of MW and clogP drops 
to 7.3% Ð 0.73% presenting a MW > 330 Da and 6.6% with a clogP > 3.4 respectively. 
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The remaining 1.4% of the entries presenting a still attractive structure but with both 
MW and clogP over the setÕs limits constitutes a not so influent percentage within the 
collection. 

 

Figure 2. FragmentsÕ MW and clogP distribution. Correlation between MW and clogP considering 
the classical Rule of Three parameters (a) or the revised limits (MW 330 Da and clogP 3.4) used 
for setting up the collection ( b). Orange dashed line delimitates the Rule of Three (Ro3) space that 
is included into the wider parameters selected for this particular subset of the TarosÕ fragment 
library (purple dashed lines, ( b)) while the black box on the top right includes the entrie s with both 
MW and clogP out of the Ro3 space (a) or out of the TarosÕ PPIs physchem space (b). 

 
Analysis of the HBAs and HBDs features shows a total fulfillment of the Ro3 parameters 
regarding the donor sites (no entries presenting more than 3 HBD features) while the 
majority of the selected molecules (80.7%) present no more than 3 HBA groups. On the 
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other hand, according to the thresholds used for the collection (HBAs and HBDs * 4), 
just a small number of entries (ca. the 7%) contains more than 4 HBAs while the HBDs 
number is null, as mentioned earlier.  
Analysis of other structural features was also performed taking in consideration for 
example the Veber descriptors Ð rot. bonds and PSA described by green bars in Figure 3 
and by Figure 4 respectively. Similarly to HBAs, fragments with up to three rotatable 
bonds Ð therefore fitting the Ro3 Ð represent the 80.9% of the entries while just circa 
the 10% of the structures doesnÕt fit the defined limits ( * 4) containing more than four 
flexible bonds. On the other hand, Polar Surface Areas present a value below or equal the 
Ro3Õs 60 •2 threshold in the 75.7% of the cases. According to our parameters (PSA*70 
• 2) 87.9% of the molecules fit well the requirements. 

 

 

Figure 3. Number of H -bond acceptors (HBAs, red bars), donors (HBDs, blue bars), rotatable 
bonds (Rot. Bonds, green bars) and rings (black bars). 80.7% of the entries presents no more than 
3 HBAs (Ro3 parameters) and the 93% contains up to 4 HBAs (collection parameters). The totality 
of the members has no more than 3 HBDs, completely fulfilling the Ro3. 80.9% of the fragments 
satisfy the Ro3 parameters related to rotatable bonds whereas the 90% fulfill the defined 
parameters. Almost the totality of t he molecules respects the general limit of three rings. 

 



                                Set up of the TarosÕ fragments collection  
______________________________________________________  

 51 

 
Figure 4. Distribution of Polar Surface Areas, according to the Ro3 (cyan) and to the TarosÕ PPIs 
section parameters (orange). A large majority of selected structures respects the Ro3 limit for PSA 
values (* 60 • 2) described by blue bars. A larger percentage (87.9%) of the pool members fits the 
established threshold of 70 • 2. 

Since also the moleculesÕ number of rings and saturation index (fsp3 value) have been 
reported to be remarkable for drug discovery purposes,[21-24]  their analysis was 
performed as well concluding that almost the totality of the molecules (96.4%) presents 
no more than three rings (black bars in Figure 3). In regards to the fragmentsÕ saturation 
index, Figure 5 shows that more than half of  the structures (55.8%) present a completely 
flat core (range 0-0.3) while 28.2% have an intermediate saturation character (range 
0.3-0.7) and 16.1% of them show a fully three-dimensional character (> 0.7).  
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Figure 5. Saturation character (Fsp3) distribut ion within the fragment collection. 0 -0.3 = 
completely flat core, 0.4-0.7 = intermediate saturation, 0.8 -1 = three-dimensional character. Half 
pf the structures (55.8%) present a completely flat core, 28.2% shows an intermediate saturation 
character with some parts flats and some others more three-dimensional. 16.1% of the selected 
fragments has a fully three-dimensional structure.  

The resulting distribution of fragment physico -chemical properties demonstrates that 
the described fragment collection indeed meets the both the Ro3 and the tailored criteria 
for PPIs modulation purposes. The members of the collection have been tested as 
cocktails of 5 and as singletons using DSF, NMR techniques, FPA and x-ray 
crystallography.  

2.6 Experimental Section  

2.6.1 Physi co-chemical Filtering  

Physico-chemical properties have been calculated by ChemAxon JChem for Excel 
(version 16.10.1700.1231). 

2.6.2 FragmentsÕ quality control and purification  

The initial purity of each fragment was analyzed by uHPLC-MS integrated systems. For 
each sample, 100 mg were weighted and dissolved in a mixture of Acetonitrile and 
Methanol in ratio 1:1. The non-soluble fragments were excluded from the collection. 
uHPLC-MS checks were performed using uHPLC Agilent Technologies 1290 Infinity 
coupled with Agilent Technologies 6120 Quadrupole LC/MS, Column: ACQUITY 
UPLC¨BEH C18 1.7 µm, mobile phase: mixture of Acetonitrile + 0.1% Formic Acid and 
Water + 0.1% Formic Acid. When purity was below the 85% threshold, preparative HPLC 
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was performed using UPLC Agilent Technologies 1260 Infinity coupled with Agilent 
Technologies 6120 Quadrupole LC/MS, Column: XBridge EH C18 5 µm, 19 mm x 150 
mm, mobile phase: mixture of Acetonitrile + 0.1% Formic Acid and Water + 0.1% Formic 
Acid. 
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Abstract  

Protein-protein interactions (PPIs) are at the core of regulation mechanisms in 
biological systems and consequently became an attractive target for therapeutic 
intervention. PPIs inv olving the adapter protein 14-3-3 are representative examples 
given the broad range of partner proteins forming a complex with one of its seven human 
isoforms. Given the challenges represented by the nature of these interactions, fragment-
based approaches offer a valid alternative for the development of PPIs modulators. After 
having assembled a fragments set tailored on PPIsÕ modulation, we started a screening 
campaign on the sigma isoform of 14-3-3 adapter proteins. Through the use of both 
mono- and bi-dimensional Nuclear Magnetic Resonance spectroscopy measurements, 
coupled with Differential Scanning Fluorimetry, three fragment hits were identified. 
These molecules bind the protein at two different regions distant from the usual binding 
groove highlighting  new possibilities for selective modulation of 14-3-3 complexes. 
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3.1 Introduction  

Among the broad range of biophysical techniques involved in the primary screening, 
Nuclear Magnetic Resonance (NMR) is especially suitable to detect weak and very weak 
interactions (µM Ð mM range),[1]  which is a major reason for its employment in the FBA. 
NMR fragment screening methods can be divided in two classes: Ligand-based methods 
and Protein-based methods. While LigandÐbased methods allow the fast and sensitive 
screening of fragment mixtures with little material consumption, [2] Protein-based 
methods are more robust and allow, in cases where a protein assignment is available, the 
determination of the approximate binding site. [ 3]   
In recent years, a considerable effort has been put on the development of modulators of 
14-3-3 PPIs, ranging from covalent[4]  and non-covalent fragments,[ 5]  peptidomimetic 
inhibitors, [ 6,7]  semi-synthetic derivatives of natural compounds [8]  and molecular 
tweezers.[ 9,10]  Considering that 14-3-3 proteins have hundreds of different protein -
partners with a variety of binding interfaces, the discovery of small attaching points in 
their structur es is important towards the selective modulation of 14-3-3 PPIs. The results 
presented here contribute to the enrichment of the portfolio of 14 -3-3 binders with three 
novel fragments binding to two different areas of 14-3-3!.  

3.2 Applied techniques for the  preliminary screening  

3.2.1 Differential Scanning Fluorimetry (DSF)  

Differential Scanning Fluorimetry (DSF) is a fast method to screen a fragment library 
with little material consumption. This technique principle relies on the thermodynamic 
equilibrium es tablished in solution between the folded (native) and unfolded 
(denatured) statuses of proteins. This equilibrium is affected by temperature Ð as 
theoretically expected. Experimentally, the rate of unfolded protein will then increase as 
the temperature of the solution is increased.[11]  By increment of this parameter is 
possible to determine the melting temperature (T m) of each protein that corresponds to 
the temperature at which the 50% of the analyzed protein is in the unfolded status. 
Practically, when a ligand interacts with a protein the corresponding effect is an observed 
stabilization of its native status. The increment of folded protein population due to the 
ligand binding is then translated into a shift of the T m.[11]  Consequently, a measure of the 
difference between the two melting temperatures Ð protein with and without ligand Ð 
enables the detection of the binding of a ligand to a specific target protein. 

3.2.2 Nuclear Magnetic Resonance (NMR) techniques  

NMR is considered one of the most powerful and reliable biophysical techniques for 
detect an interaction between a ligand and a protein and in reason of its high accuracy 
and sensitivity has been widely applied in drug discovery with a special mention for FB 
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approaches.[12-14]  Its use is based on the equilibrium occurring in the formation of a 
ligand-protein complex in solution. As well as for any reversible reaction, in solution 
both ligand and protein can be found in either their free state or their bound state. The 
equilibrium regulating a complex  formation is described by a constant (kon) while the 
complex disruption is controlled by another one (k off). It has been stated that both ligand 
and protein in their free state retain their intrinsic parameters (chemical shift, relaxation 
rate, translatio nal and diffusional coefficient). [ 11]  These parameters become mutually 
affected in the bound state as showed by Figure 1. The ligand will adopt NMR parameters 
more characteristic of the protein while the protein ones will be perturbed by the 
presence of the ligand. The degree of this Òchemical exchangeÓ between free and bound 
states Ð of ligand and protein Ð constitutes the basics of this technique and the 
observation of their modulated parameters enables to detect if the ligand is binding to 
the protein and Ð in the case of 2D-NMR Ð in which region this binding is occurring. 
Given the fact that both the ligand and the protein can change their intrinsic properties, 
NMR screenings can be performed using two different points of observation: the ligand 
Ð mono-dimensional NMR represented by STD, WaterLOGSY Ð or the protein Ð bi-
dimensional NMR represented by HSQC. Together these techniques can enable the 
direct detection of binding in solution as well the can provide structural information and 
affinity constants  determination.  

 
Figure 1. Effect of the complex formation on the intrinsic NMR parameters of both ligand 
(orange) and protein (blue).  

3.2.2.1 1D -NMR: WaterLOGSY  

In mono -dimensional NMR experiments the ligand intrinsic properties are observed. 
This family of techniques enables the observer to directly detect the binding in a solution 
environment and allows the determination of affinity constants. Generally ligand -based 
experiments exploit the transfer of the information on the ligandÕs bound state to the 
free ligand for detection of the fast exchange regime.[11] Therefore the MW of the target 
protein doesnÕt influence anyhow the binding detection and there is no needing to have 
the assignment of the protein residues for the data interpretation. These techniques 
requires less amount of protein in comparison with protein -based NMR methods for the 
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experiments and there is no needing for its isotopic labeling. Their throughput can be 
defined as medium, the experimental conditions present a shorter acquisition tim e for 
the spectra, cocktails of compounds can be tested and the binders can be identified by a 
1D-specturm, after comparison with the free ligand one. Nevertheless these techniques 
can be more prone than protein-based experiments due to aggregation or nonspecific 
effects. STD and WaterLOGSY are the most applied techniques for 1D-NMR. 
WaterLOGSY is one of the several ligand-based NMR screening methods. This technique 
allows the fast screening of fragment libraries based on the Nuclear Overhauser Effect 
(NOE).[15]  In contrast with STD Ð where the magnetization vector is transferred directly 
from the protein to the bound ligand Ð WaterLOGSY exploits the presence of water 
molecules at the binding site to realize an indirect transfer of the magnetization to the 
ligand. Moreover Ð being based on NOE Ð this method allows a straightforward hit 
identification since the NMR signals of binders and non -binders have a different phase 
in the WaterLOGSY spectrum as shown in Figure 2. In comparison to STD WaterLOGSY 
is more sensitive and therefore less prone to false positives. 

 
Figure 2. Example of WaterLOGSY spectra for fragment screening 14-3-3!"C17. A WaterLOGSY 
spectrum of a Cocktail is shown at the top, in blue. A 1H spectrum of a hit singleton (Fragment A) 
of the same cocktail is presented below the WaterLOGSY spectrum, in red. Note that the 
resonances of this molecule are positive in the WaterLOGSY spectrum, showing that this molecule 
binds to 14-3-3!"C17. At the bottom, a 1H spectrum of a non-binder singleton (Fragment B) is 
shown in green. Note that the resonances of this molecule are negative in the WaterLOGSY 
spectrum of the cocktail, meaning that this compound does not bind to 14-3-3!"C17. The three 
spectra are referenced equally and were acquired in the same conditions.  
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3.2.2.2 2D -NMR: 1H -15N TROSY -HSQC  

Bi-dimensional NMR techniques are also defined as protein -based techniques, this 
means that during the screening the focus is on the target protein. In this case then the 
protein intrinsic parameters are evaluated.  By overlapping a 2D-spectrum of a protein 
bound to a ligand to the one of the protein alone is possible to detect the chemical shift 
perturbation Ð caused by the ligand presence Ð of the protein residues involved in the 
binding as well as a change in the intensity of their peaks. Therefore, this method is the 
one of election not only for binding confirmation but also when an identification of the 
ligand hosting region is needed. Binding affinity determination by compound titration is 
also possible. As well as the ligand-based techniques, 2D-NMR are considered as 
medium throughput and allow the screening of multiple compounds at the same time. 
Despite all the mentioned advantages that make them very attractive for hit 
identification, bi -dimensional techniques present some drawbacks as for example the 
longer acquisition times needed per experiment, they are also more expensive  than 1D-
NMR, present a MW limitation (40 kDa is the superior threshold since bigger molecules 
can present some residuesÕ peaks overlapped). 2D-NMR techniques generally require a 
bigger amount of protein respect to 1D-methods, moreover it has to be isotopically 
labelled Ð generally by 15N, 2H and/or 13C Ð and a previous assignment of the structure 
is strictly needed. However, the benefits coming from the use of 2D-NMR are abundantly 
overcoming the listed limitations and a proof of it is the wide application of this screening 
method for a plethora of drug discovery programs. 
1H-15N TROSY HSQC is the most popular method for protein-based NMR screening and 
it relies on the Heteronuclear Single Quantum Correlation principles. [ 16-18]  In spite of 
being more expensive and time-consuming when compared to ligand-based NMR 
methods, 1H-15N HSQC is a more robust method and has the important advantage of 
identifying the binding site of the ligands. [19] 

3.3 Applied workflow for the screening of the fragmentsÕ set  

A library of 785 fragments grouped in 157 cocktails of 5 compounds each was screened 
for binding to 14-3-3! with the objective of finding low MW starting points for the 
development of PPI modulators. Initially, 1H-15N TROSY-HSQC were directly recorded 
for 55 out of the 157 cocktails. For the screening of the rest of the library, DSF and 
WaterLOGSY were introduced in order to allow a primary screening of the cocktails 
before confirmation by 1H-15N TROSY-HSQC Ð which is costly and time consuming but 
offers the additional advantage of identifying the binding pocket. DSF screening was 
used for 156 out of the 157 cocktails and WaterLOGSY was applied for the 102 cocktails 
that were not directly screened by 1H-15N TROSY-HSQC. The cocktails which showed 
binding by either WaterLOGSY or DSF were further screened by 1H-15N TROSY-HSQC 
(secondary screening) in order to confirm the binding of their components. The 
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fragments contained in the cocktails showing binding by 1H-15N TROSY-HSQC were 
further individually screened i nitially by WaterLOGSY in order to identify the binder(s) 
and finally by 1H-15N TROSY-HSQC for the determination of the binding site. A diagram 
illustrating this screening strategy is presented in Figure 3. 

3.4 Results and discussion  

As described in the previous paragraph, 157 cocktails containing 5 fragments each Ð for 
a total of 785 molecules Ð were initially screened by 1H-15N TROSY-HSQC (55 of them) 
and then primary screening was performed by DSF and WaterLOGSY while 2D-NMR 
was kept as election technique for both cocktails and singletons confirmation Ð and 
binding site identification.  

Figure 3.  Workflow of the fragment screening campaign. DSF, Water LOGSY and 
1H-15N TROSY-HSQC were employed for primary screening. Secondary screening 
by 1H-15N TROSY-HSQC was performed for the cocktails that showed binding by 
either DSF or WaterLOGSY. Water LOGSY and 1H-15N TROSY-HSQC were 
performed for singleton validation.  
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DSF identified 22 hit cocktails showing a significant thermal shift effect on 14 -3-3!. 
These cocktails were therefore selected for secondary screening and 15 out of 22 also 
showed binding to the protein by WaterLOGSY. 
In parallel, WaterLOGSY was performed for the 102 cocktails that were not directly 
screened by 1H-15N TROSY-HSQC. Binding was detected for 43 of them, which were 
selected for secondary screening by 1H-15N TROSY-HSQC. 
1H-15N TROSY-HSQC was used for the primary screening of 55 out of 157 cocktails and 
for confirming the binding of the ones reported by either WaterLOGSY (43), DSF (22) or 
both (15). 
From these screenings, six cocktails showed a significant effect on the 1H-15N TROSY-
HSQC of 14-3-3!. Noteworthy, all of the confirmed cocktails were positive by 1D -NMR 
whereas four out of six have been indicated also by Differential Scanning Fluorimetry. 
False positives in the DSF screening could be due to aggregates of compounds since a 
considerable part of the hits showed solubility problems at the tested concentration. 
Compared to 1H-15N TROSY-HSQC, WaterLOGSY also provided a very high hit rate. 
Probably some of the hits detected were just binding transiently to the protein and were 
too weak to be detected by 1H-15N TROSY-HSQC. Although negative controls were 
performed for all the tested cocktails by ligand-based NMR, aggregation cannot be 
excluded as a source of false positives in this method. It is also possible that some of the 
WaterLOGSY hits were not confirmed due to the fact that around 15% of the amide 
resonances of 14-3-3!"C17 are undetected in the 1H-15N TROSY-HSQC. 
After the identification and orthogonal validation of six hit cocktails, their components 
were tested as singletons. Thirty singletons were then further screened individually on 
14-3-3! by Water -LOGSY in order to identify the binders. Six out of these 30 singletons 
(one per each cocktail) showed a positive effect and were submitted to the final 
confirmation Ð and binding site identification Ð by 2D-NMR. For two of the six identified 
binders no significant perturbation of the 14 -3-3!"C17Õs 2D spectrum was detected 
whereas another singleton was able to cause a significant perturbation of the proteinÕs 
chemical shifts but at the same time induced also the target precipitation. These three 
singletons were then no further investigated. On the other hand, three out of the six 
tested singletons (50%) (Figures 4, 5 and 6) were successfully confirmed as 14-3-3! 
binders by 1H-15N TROSY-HSQC, producing the same effect in the spectrum as their 
respective corresponding cocktail (Figures 7, 8 and 9). Fragments 1 and 2 were seen to 
bind at the top of 14-3-3 helices &H and &I (Figures 7, 8, and 10) and fragment 3 was 
seen to bind at the dimer interface (Figures 9 and 10). Interestingly, the cocktails 
containing the fragments that were seen to bind at the top of helices &H and &I did not 
produce a significant effect by DSF while the cocktail containing fragment 3 induced a 
significant thermal shift. This fact suggests that binding at the upper region of the 
protein does not have an influence on its denaturation. NMR was used for the screen 
because of its higher sensitivity to even very weak binders, as expected for fragments. 
The discrete number of resonances in the 1H-15N TROSY-HSQC spectrum affected by the 
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binding, together with the observed fast exchange regime regarding the NMR time scale, 
gives an estimate of the Kd in the high µM -mM range.[20]  

 
Figure 4.  WaterLOGSY detects the binding of 1 to 14-3-3!"C17. 1H spectrum of 1 500 µM (blue 
spectrum, on top). The WaterLOGSY spectrum of a solution containing 1 500 µM and 14-3-3!"C17 
25 µM (in red) shows that the NMR signals of 1 are phased positive, indicating binding. The control 
WaterLOGSY spectrum of a solution containing 1 500 µM alone (in green) shows that in the 
absence of 14-3-3!"C17 the NMR signals of 1 500 µM are all phased negative. 

 
Figure 5.  WaterLOGSY detects the binding of 2 to 14-3-3!"C17. 1H spectrum of 2 500 µM (blue 
spectrum, on top). The WaterLOGSY spectrum of a solution containing 2 500 µM and 14-3-
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3!"C17 25 µM (in red) shows that the NMR signals of 2 are phased positive, indicating binding. 
The control WaterLOGSY spectrum of a solution containing 2 500 µM alone (in  green) shows that 
in the absence of 14-3-3!"C17 the NMR signals of 2 500 µM are all phased negative. 

 
Figure 6.  WaterLOGSY detects the binding of 3 to 14-3-3!"C17. 1H spectrum of 3 500 µM (blue 
spectrum, on top). The WaterLOGSY spectrum of a solution containing 3 500 µM and 14-3-
3!"C17 25 µM (in red) shows that the NMR signals of 3 are phased positive, indicating binding. 
The control WaterLOGSY spectrum of a solution containing 3 500 µM alone (in green) shows that 
in the absence of 14-3-3!"C17 the NMR sig nals of 3 500 µM are all phased negative. 
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Figure 7. 1  binding site on 14-3-3!"C17 identified by 1H-15N TROSY-HSQC. (A) Superimposed 
1H-15N TROSY-HSQC spectra of 15N-2H labelled 14-3-3!"C17 75 µM in the presence of 2% DMSO-
d6 (v/v) (in black) and 1 2000 µ M (in red). ( B) Plot of the CSP values (in ppm) of 1H-15N correlation 
peaks of 75 µM 14-3-3!"C17 in the presence of 2000 µM 1 compared to the reference 14-3-3!"C17 
spectrum (75 µM) (y axis) versus the amino acid sequence (x axis). A total of 128 correlation peak 
CSP are shown. The x axis is not proportional. The helices of 14-3-3! are identified below the x 
axis as blue cartoons, while disordered regions are represented by green lines. The area highlighted 
in yellow shows the region of the protein affected by the presence of 1. (C) Mapping on the crystal 
structure of 14-3-3! (PDB ID: 1YZ5) of the amino acid residues corresponding to the 10 most 
affected resonances by the presence of 1. The residues corresponding to the 5 most affected 
resonances are colored in red and an additional 5 are colored in orange. 
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Figure 8. 2  binding site on 14-3-3!"C17 identified by 1H -15N TROSY-HSQC. (A) Superimposed 
1H-15N TROSY-HSQC spectra of 15N-2H labelled 14-3-3!"C17 75 µM in the presence of 2% 
DMSO-d6 (v/v) (in black) and  2 2000 µM (in red). (B) Plot of the CSP values (in ppm) of 1H-15N 
correlation peaks of 75 µM 14-3-3!"C17 in the presence of 2000 µM  2 compared to the reference 
14-3-3!"C17 spectrum (75 µM) (y axis) versus the amino acid sequence (x axis). A total of 128 
correlation peak CSP are shown. The x axis is not proportional. The helices of 14-3-3! are identified 
below the x axis as blue cartoons, while disordered regions are represented by green lines. The area 
highlighted in yellow shows the region of the protein a ffected by the presence of 2. (C) Mapping 
on the crystal structure of 14-3-3! (PDB ID: 1YZ5) of the amino acid residues corresponding to the 
10 most affected resonances by the presence of 2. The residues corresponding to the 5 most 
affected resonances are colored in red and an additional 5 are colored in orange. 
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Figure 9. 3  binding site on 14-3-3!"C17 identified by 1H -15N TROSY-HSQC. (A) Superimposed 
1H-15N TROSY-HSQC spectra of 15N-2H labelled 14-3-3!"C17 75 µM in the presence of 2% 
DMSO-d6 (v/v) (in bla ck) and 3 2000 µM (in red). ( B) Plot of the CSP values (in ppm) of 1H-15N 
correlation peaks of 75 µM 14-3-3!"C17 in the presence of 2000 µM  3 compared to the reference 
14-3-3!"C17 spectrum (75 µM) (y axis) versus the amino acid sequence (x axis). A total of 128 
correlation peak CSP are shown. The x axis is not proportional. The helices of 14-3-3! are identified 
below the x axis as blue cartoons, while disordered regions are represented by green lines. The 
areas highlighted in yellow and blue show the region of the protein affected by the presence of 3. 
(C) Mapping on the crystal structure of 14-3-3! (PDB ID: 1YZ5) of the amino acid residues 
corresponding to the 10 most affected resonances by the presence of 3. The residues corresponding 
to the 5 most affected resonances are colored in red and an additional 5 are colored in orange. 
 

Concluding, application of a multi -technique approach for the fragmentsÕ screening on 
14-3-3! enabled the identification of a robust and orthogonally validated dataset of 
molecules, rapidly excluding false positives and reintegrating false negative hits. 
Coupling different techniques as mono- and bi-dimensional NMR with DSF led to the 
validation of three fragment hits and subsequent identification of two different binding 
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sites from the classic amphipathic groove of 14-3-3!, where most of the protein partners 
bind. Nevertheless, some examples in which the protein partners establish contacts with 
different regions of 14-3-3 are reported.[21-26]  In these cases, fragments that bind 
remotely from the classic amphipathic binding groove represent a unique opportunity 
for a selective modulation of the PPIs. 
The hits disclosed by this integrated screening campaign represent a new starting point 
for modulating the 14-3-3 PPIs and highlight an important opportunity for a selectivity 
improvement towards a specific protein complex. As Figure 10 suggests, a particularly 
interesting structure is the one of fragment 2 containing a boronic acid feature on a 
lipophilic core confirming the medicinal ch emistry opportunities offered by this 
functional group. Given the binding of fragment 1 Ð less attractive than 2 structure -wise 

Ð in the same region we can also conclude that the upper pocket of 14-3-3"  is susceptible 
to the binding of hydrophobic molecule s carrying an acidic feature. Binding of these 
entities could be favored by the presence in this region of several residues Ð such as 
Threonine, Lysine and Asparagine Ð able to contract hydrogen bonds with these 

fragmentsÕ polar feature. On the other hand, the binding of fragment 3 on helices #A #B 

and #D represents an opportunity for small molecules modulation of 14 -3-3 complexes 
by acting on the dimer formation process. This strategy Ð not been completely 
investigated yet Ð could represent a valid access point for PPIs inhibitory purposes. [27,28]  

Figure 1 0.  Identification of the binding sites of the hits by 1H-15N TROSY-HSQC. The structures 
of the hits are represented and their binding sites are shown in the crystal structure of 14-3-3! 
(gray surface - PDB ID: 1YZ5). Fragments 1 and 2 induce chemical shift perturbations in 
resonances corresponding to amino acid residues located on the top of helices &H and &I. 
Fragment 3 induces chemical shift perturbations in resonances corresponding to amino acid 
residues located at the dimer interface of 14-3-3!.  
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3.5 Experimental Section  

3.5.1 Protein Production and Purification  

14-3-3! (for Differential Scanning Fluorimetry experiments) or 14 -3-3!"C17 (cleaved 
after T231 Ð used for NMR experiments to improve the quality of NMR spectra) were 
expressed in E. coli BL21 (DE3) cells transformed with a pProExHtb vector carrying the 
cDNA to express an N-terminally His 6-tagged human 14-3-3! or 14 -3-3!"C17. An 
overnight 20 mL pre -culture in Luria -Bertani  (LB) medium was used to inoculate 1 L of 
culture medium. For the natural abundance proteins, cells were inoculated in 1 L of M9 
minimal m edium supplemented with 4 g/L Glucose, 1 g/L Ammonium Chloride, 5% 
(v/v) LB medium and 100 µg/mL ampicillin. For 15N-2H labelling, the cells were 
inoculated in 1 L of deuterated M9 minimal medium supplemented with 2 g/L 12C62H7 
Glucose, 1 g/L 15N Ammonium Chloride, 0.4 g/L Isogro 15N12C2H Powder Ð Growth 
Medium (Sigma Aldrich) and 100 µg/mL ampicillin. Cells were grown at 37 ¡C to an 
OD600 of 0.9 and induced with 0.5 mM IPTG. Incubation was continued for 12 h at 25 ¡C 
for the natural abundance proteins and for 15 h at 28 ¡C for the 15N-2H labelled protein. 
Cells were harvested by centrifugation, lysed with a homogenizer and the proteins were 
purified using a Ni -NTA column (GE Healthcare). The N-terminal His 6-tag was then 
cleaved by the TEV protease and the proteins were further dialyzed overnight at 4 ¡C 
against NMR buffer (100 mM Sodium Phosphate, pH 6.8, 50 mM NaCl), concentrated, 
aliquoted, flash frozen and stored at -80 ¡C. Typical yields were in the range of 40 to 80 
mg of protein per liter of culture. A  detailed protocol can be found at Neves et al.[ 29] 

3.5.2 Differential Scanning Fluorimetry  

Differential Scanning Fluorimetry (DSF) Thermal melting points were recorded using a 
LightCycler¨ 480 (Roche, Switzerland). Measurements were performed in 96 -well 
plates with samples containing 7 µM 14-3-3! in the presence or absence of each cocktail 
(2500 µM per fragment). The buffer contained 100 mM Hepes, pH 7.5, 150 mM NaCl 
and 4% (v/v) DMSO. The fluorescent probe SYPRO Orange (Sigma Aldrich) was added 
at a dilut ion of 1:600. The excitation filter for SYPRO Orange was set to 465 nm and the 
emission filter was set to 580 nm. The temperature was increased from 20 ¡C to 95 ¡C at 
a rate of 0.6 ¡C per minute. Melting temperature values were determined using the 
LightCycler¨ 480 software version 1.5.1.62 by plotting the first derivative of the melting 
curves. All the measurements were performed in triplicates and the deviations of melting 
temperatures ("Tm) presented for each cocktail were calculated relatively to three 
control samples (7 µM 14-3-3! in the absence of compound) measured in the same 96-
well plate. Unlike most proteins, the thermal denaturation profile of 14 -3-3! exhibits two 
sigmoidal curves, suggesting that there are two unfolding transitions. Both melting  
temperatures were determined for all the samples and the binding effect was considered 
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significant upon the induction of a thermal shift higher than 1 ¡C in the sum of both 
melting temperatures ("Tm1 + "Tm2 > 1 ¡C).  

3.5.3 WaterLOGSY  

WaterLOGSY spectra were acquired in 5 mm tubes (sample volume 530 µL) using a 600 
MHz Bruker Avance III HD spectrometer equipped either with a CPQCI cryogenic probe 
or with a TXI non -cryogenic probe. The spectra were recorded with 32768 complex data 
points and with a mixing tim e of 1.7s. Number of scans per increment was 384 when the 
spectrometer was equipped with a cryogenic probe (acquisition time of 35 minutes per 
experiment) and 1280 when the spectrometer was equipped with a non-cryogenic probe 
(acquisition time of 118 minut es). The spectra were acquired at 16 ¡C, in a buffer 
containing 100 mM sodium phosphate, 50 mM NaCl, pH 6.8 and 10% (v/v) D 2O. The 
final concentration of DMSO -d6 was 2% and was kept constant for all the experiments. 
The spectra were performed with samples containing 25 µM 14-3-3!"C17 in the presence 
or in the absence of each cocktail (500 µM per fragment) or each fragment (at 500 µM). 
Additional control experiments were performed in the presence of the cocktail/fragment 
and in the absence of protein. Spectra were collected and processed with Topspin 3.5 
(Bruker Biospin, Karlsruhe, Germany).  

3.5.4 1H -15N TROSY -HSQC  

1H-15N TROSY-HSQC spectra were acquired in 3 mm tubes (sample volume 200 µL) 
using a 900 MHz Bruker Avance-NEO spectrometer, equipped with a cryoprobe. The 
spectra were recorded with 3072 complex data points in the direct dimension and 120 
complex data points in the indirect dimension, with 128 scans per increment (acquisition 
time of 4 hours per experiment), at 32 ¡C, in a buffer containing 100 mM sodium 
phosphate, 50 mM NaCl, pH 6.8, 1 mM DTT, EDTA-free protease inhibitor cocktail 
(Roche, Basel, Switzerland) and 10% (v/v) D2O. The final concentration of DMSO-d6 was 
2% and was kept constant for all the experiments. The spectra were performed with 
samples containing 75 µM 15N-2H labelled 14-3-3!"C17 in the presence or in the absence 
of each cocktail (2000 µM per fragment). Backbone assignments of 15N-2H labelled 14-
3-3!"C17 were previously reported. [29]  The reference for the 1H chemical shift was 
relative to trimethylsilyl propionate (TMSP) or 4,4 -dimethyl -4-silapentane-1-sulfonic 
acid (DSS). 15N chemical shifts were referenced indirectly. Spectra were collected and 
processed with Topspin 4.0 (Bruker Biospin, Karlsruhe, Germany) and analyzed with 
Sparky 3.12 (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San 
Francisco). CSPs in the form of chemical shift value modifications (in ppm) on the 1H-
15N TROSY-HSQC were calculated using the following equation: 

" # $ %&" #' ( ) *+%, -. /(0 1 " #' (2 3 *+%4 
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Chapter 4  

Covalent fragments for lysine tethering  

 

Ab stract  

Given the highly dynamic nature of protein -protein interactions, in order to stabilize a 

promising complex as 14-3-3" /p65 subunit of NF -$B, a tethering approach Ð based on 
the binding mode information provided by a recently discovered semi -synthetic 
molecule Ð has been performed targeting a specific lysine residue within the complex 
interface. The results of the screening of an aldehydes collection indicated eight different 
benzaldehyde derivatives as valuable starting points for molecular glueÕs development. 
After evaluation of their structures and binding modes the found fragments have been 
ascribed to three different clusters and five of them have been prioritized for fragment 
growing (chapters 5 and 6). 
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4.1 Introduction  

Despite their hi ghly complex and dynamic nature, protein -protein interactions (PPIs) 
represent a gold mine of entering points for novel therapeutic interventions in many 
disease areas. In fact, nowadays modulation of protein complexesÕ formation enabled the 
widening of th e therapeutic arsenal. This has been translated Ð for example Ð into novel 
drugs (one of the most recent is Venetoclax, Venclextä , Venclyxto¨ ) and clinical 
candidates[1,2]  for anticancer therapy. Further modulators of PPIsÕ in clinic have been 
reported by immunosuppressants (like Rapamycin,[ 3]  sold as Rapamunë  and 
Sirolimus ¨ ) and immunomodulators (like Lenalidomide, [4]  Revlimid ¨ ). A last instance 
of this therapeutic strategy is represented by Tafamidis,[ 5]  (trade name Vyndaqel̈ ) a 
drug employed in familia l amyloid polyneuropathy  (FAP) therapy. Modulation of PPIs 
plays a key role also in a more recent strategy applied in drug discovery as PROTACs 
development. This strategy is based on the induction of a novel substrate/E3 ubiquitin 
ligase leading to target proteinÕs degradation.[6-,8]  Nevertheless, the two main strategies 
applied for modulation of PPIs still present a consideration gap that is not perceived as 
filled yet. On one hand, inhibition has been fully empowered Ð several leads and clinical 
candidates use this mode of action Ð and rationalized in both its design and optimization 
phases, becoming a successful field in drug discovery.[9-13]  On the other hand, protein -
protein stabilization has not been fully rationalized and exploited despite Ð as shown by 
drugs as Taxol, Rapamycin and Lenalidomide Ð its therapeutic prospect is significant. 
Among the plethora of strategies applied in the design of PPI modulators, fragment-
based (FB) approach appears sine dubio as the most promising one for stabilization 
purposes since the ligand can be shaped Òbrick-by-brickÓ directly within the complex 
interface. Importantly, the high versatility of FB strategies enables the hit -to-lead 
transition Ð over the generic non covalent fragments Ð also for ligands covalently bound 
to an amino acid residue within the target pocket. This aspect has been reported by 
recent cases of clinical candidates ARS-1620[14] and AMG 510[15-17]  and other lead 
compounds[18-20]  shown in Figure 1. 
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Figure 1. Examples of clinical candidates using tethering.  

A widely reported example for protein -protein stabilization is the 14-3-3 adaptor protein 
family. Its seven  human isoforms Ð forming homo - or heterodimers[21]  Ð are able to 
bind different phosphorylated partners and thus assisting a broad vari ety of biological 
processes. A consideration of just some of its partner proteins Ð like Raf kinases,[22,23]  
LRRK2,[24,25]  p53,[26,27]  CFTR[28,29]  and Tau[30,31]  Ð makes clear how crucially 14-3-3 
complexesÕ modulation could affect many diseases as cancer, neurodegeneration or 
cystic fibrosis. Moreover the druggability of its proteins complexes by fragments has 

been recently reported for different partners such as TAZ, p53 and ER-#.[32,33]  Another 

valuable client of 14-3-3 has been identified with the p65 subunit of NF -$B,[34,35]  a 
transcriptional complex involved in immune response [36-38]  cancer[38-,41]  and 
inflammation. [39,40,42]  Despite many efforts have been poured for modulating its 
transcriptional activity, this target always resulted hard to affect. A stabilization of the 

14-3-3/p65 complex could then furnish a novel entering point on the NF-$B pathwayÕs 
modulation, enabling a therapeutic intervention for the aforementioned disease areas. 
Recent achievements have shown the possibility to stabilize 14-3-3/p65 using natural 
derivatives Ð as reported by the discovery of DP005.[43]  and site-directed imine 
formation by exploitation of a specific lysine residue. In this chapter is outlined the 
discovery of eight fragments covalently bound at the interface of 14-3-3/p65 complex . 
The presented structures constitute a valuable starting point for further optimization 
attempts discussed in chapters 5 and 6. 
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4.2 Replacement of a semi -synthetic derivative with a covalent 
fragment  

The recently resolved crystal structure of 14-3-3" /p65pS45 complex (Kd = 330 µM) 
stabilized by DP005[43]  (PDB: 6NV2) Ð a semi-synthetic fusicoccane Ð highlighted the 
Lys122 as key residue. Its side chain terminal nitrogen is clearly contracting a hydrogen 
bond with the methoxy feature of the ligand while the diterpenoid core lays within the 
lipophilic pocket formed by protein and peptideÕs residues. However, the drawbacks 
associated to the reported molecule made the discovered modulator less amenable for 
optimization. In fact, the complexity o f the structure makes the synthesis of this 
compound less prone to scale-up process. Additionally, the physico-chemical properties 
associated to this derivative represent a source of inconvenient pharmacokinetic. 
Moreover, the structure per se doesnÕt favor an easy exploration of the moleculeÕs 
chemical space, not allowing an extensive optimization study. The quest for a more 
amenable small molecule was then considered necessary for the modulation of this target 
by a small molecule. After a careful evaluation, exploitation of the K122Õs role has been 
addressed in order to create a novel tool for replacing the bulky and intricate fusicoccane 
structure  at the complex interface triggering its stabilization. Previous works on covalent 
immobilization within the 14-3-3 groove[44]  and the pyridoxal -phosphate case reported 

for both 14-3-3)  and " [ 45,46]  provided a hint about using a tethering approach on K122. 
In order to use this residue as a covalent anchor, the aldehydesÕ subsection of the Taros 
proprietorial PPIs  fragment collection [47]  has been tested. The choice to selectively 
evaluate this feature for a covalent bond formation with the targeted residue derives 

from the synthetic accessibility of imines using the lysine &-amino group and a carbonyl 
group (as shown in Figure 2, a). 

 

Figure 2. a)  Imine formation between Lys122 and a generic aldehyde. b) Identified covalent 
aldehydes. 
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Moreover, the use of a more reversible covalent mode than disulfide bond could offer a 
higher benefit for both future optimization s teps and the probeÕs biological activity. 
Therefore, a small library of 133 aldehydes was separately soaked into crystals of the 
binary complex proving the covalent binding of three aldehydes: TCF521  (also known 
as 1), TCF569  and TCF789 Ð Figure 2, b. 
Crystallographic analysis reported more than one extra electron density for TCF569  and 
TCF789  suggesting a non-specific reactivity of these two compounds (Figure 3). 
 

 

Figure 3. TCF569  (green sticks) and TCF789  (blue sticks) bind to at least four lysine residues 
of 14-3-3. 

Moreover, in proximity of K122 the structures didnÕt properly fit into the found electron 
density maps suggesting the formation of a Michael adduct with the lysine rather than 
an imine. These data were then confirmed by mass spectrometry analysis. 
On the other hand, TCF521  (1) Ð a 4-mesylbenzaldehyde Ð filled completely the extra 
electron density map detected around K122 providing a clear elucidation of its 
orientation (Figure 6, a). Additionally, x -ray and mass spectrometry did not detect extra 
bindings of the fragment to 14-3-3 highlighting the moleculeÕs selectivity for K122. 
Noteworthy, the essential contribution of the imine bond formation to the binding at the 
complex interface has been proven by the observation that functional analogs of 1 Ð 
where the aldehyde feature was replaced by acid (1a), alcohol (1b), amine (1c), ketone 
(1d) and methyl (1e) Ð didnÕt show any binding in both crystallography and FP (Figure 
4). 
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Figure 4. Replacement of aldehyde with diverse functional groups. The 2Fo-Fc electron density 
is contoured at 1!. For FP assays, the compounds were titrated to 50 µM 14-3-3 and 100 nM of 
fluorescin-p65 (+14-3-3 protein) or to 100 nM fluorescin -p65 only (-14-3-3). Shown are mean +/- 
SD (n=3). Only 1 shows a minor increase in anisotropy at the highest concentration.  

4.3 TCF521 (1) as a selective covalent binder for 14 -3-3" /p65  

4.3.1 Analysis of the 1Õs binding pocket  

Unambiguously, 1 Ð bond to K122 Ð covered the same space as DP005 at the complex. 
Despite crystallographic data clearly show the molecule laying within the protein -
peptide interface, measured FP by compound titration did not report any stabilization 
effect (see Figure 6). A structural analysis of the complex boundary revealed that K122 Ð 
the fragmentÕs anchor Ð is framed within a Òlipophilic caveÓ composed for three quarters 
of its volume by 14-3-3Õs residues while p65Õs ones occupy the remaining space. Figure 5 
shows the contribution of each amino acid in the caveÕs formation. Considering the 14-

3-3" Õs side, Phe119 is forming the ÒcaveÕs floorÓ while Pro167, Ile168, Leu218, Ile219 and 
Leu222 are constituting both one ÒwallÓ and the ÒcaveÕs roofÓ. The other one-fourth of 
the lipophilic cavity is formed by p65 residues Ile46, Pro47, Gly48 and both Arg49 and 
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Arg50Õs backbones. The solvent-exposed face of the groove is characterized by polar 
amino acids like Asn42 and Asp215 for 14-3-3 and both Arg50 and Ser51 Ð the C-
terminus Ð for p65. 
 

 

Figure 5. Binding interface of 14-3-3"  (white cartoon)/p65 (purple sticks) complex.  

4.3.2 Considerations on the 1Õs binding  

The binding mode of the fragment hit analyzed by x-ray crystallography (PDB: 6YOW) 

highlights Ð over the covalent bond between the 1Õs aldehyde carbon and the &-nitrogen 
of K122 Ð also the full occupancy of the lipo philic cave by the benzene ring that contracts 
hydrophobic interactions with both residues of 14 -3-3 (I219) and p65 (I46), as shown in 
Figure 6, a. 
Additionally, one of the oxygens related to the mesyl substituent forms a water bridge 
with the backbone carbonyl of D215, located in the solvent-exposed part of 14-3-3. 
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Figure 6. Binding of  1 to the 14-3-3/p65 complex.  a) crystal structure (PDB: 6YOW) shows both 
binding and orientation of 1 (orange) within the interface between 14-3-3 (white) and p65 (purple  
sticks). Lipophilic contributions of residues are indicated as semitransparent spheres, polar 
contacts as black dashed lines and water molecules as red spheres. b) Fluorescence polarization 
assay through compound titration to 50 µM 14 -3-3 and 100 nM of fluorescin-p65 (+14-3-3 protein) 
or to 100 nM fluorescin -p65 only (-14-3-3). Shown are mean +/- SD (n=3). 

FP analysis performed by compound titration showed a flat line (Figure 6, b) whereas 

the same assay performed through protein titration revealed a Kd value of 300 µM, 
translated into a stabilization factor (SF) of 1.1 folds. 
Considering the interactions network established between the 1 and the lipophilic cave  
components, a plausible hypothesis was that the fragmentÕs aromatic core is initially 
accommodated by the caveÕs residues enabling the positioning of its carbonyl feature 

close to Lys122 &-nitrogen favoring the imine formation. Moreover, many factors could 
occur to explain the ligandÕs selectivity for K122. The advanced theory was related to the 
contribution of the aldehydeÕs hydration preventing the otherÕs residues attach until the 
ligand nestles into the complex interface where it finds a prone environment to react.  
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4.3.2.1 Lys122 reactivity  

Lysine tethering is not a completely new concept in Drug Discovery. A similar approach 
within an analogous situation Ð a deeply buried lysine within a hydrophobic pocket Ð 
has already been reported by Barbas III et al.[ 48]  for biologically catalyzed 
intramolecular or self -aldol condensations. Moreover, lysine covalent targeting by 
electrophiles has been recently explored for different classes of targets as PGAM1,[49]  
TTR,[50]  PI3Ks,[51]  Mcl -1[52]  and SIN3A.[53]  Local microenvironment perturbation of 
lysineÕs pKa[54,55]  Ð as well as its ligandability[53]  Ð have been object of many studies in 
the past years and by this strategy various covalent inhibitors have been developed.[56-

58]  From these studies, a known situation where the lysine &-amino group nucleophilic 
character increases occurs Ð similarly to this case Ð when this residue is surrounded by 
hydrophobic ones.[59,60]  The presence of another lysine (K49) in proximity of K122 was 
also evaluated but Ð since selectivity speaks totally in favor of K122 Ð the aforementioned 
assumptions on the lipophilicity -guided attachment to K122 have been confirmed. 
Additionally, considering the microenvironment surrounding K49 its side chain 
nitrogen its likely to be charged furnishing another important contribution to the 
increment of K122 nucleophilicity as mentioned by Cuesta et al.[ 61]  Furthermore, local 
pKasÕ in silico  analysis of 14-3-3 lysines has been performed highlighting for K122 and 
K159 the lowest pKa values Ð around 10. Moreover, mass spectrometry experiments 
reported just one hit molecule binding and crystallograph y confirmed additional 
electron density just in proximity of K122 highlighting its propension to selectively react 
with the aldehyde feature, while K159 does not. 

4.3.2.2 BenzaldehydesÕ reactivity and identification of seven more binders  

Based on these structural considerations and given the fact that the discovered hit Ð a 
benzaldehyde Ð binds covalently to one specific residue of the complex, a study focused 
on the reactivity of the fragment hit was performed in order to evaluate what features Ð 
and in which position of the aromatic ring Ð can favor the imine formation by carbonyl 
activation. In this regard, an additional set of 55 aldehydes has been tested by separate 
soaking with the binary complex and by FP titration of the reactive fragments on the 
complex (results of this screening are reported in Table 1).  

!  



Chapter 4  
______________________________________________________  

 82 

Table 1. Screening results of the fragment hit (1) and the additional set of 55 aldehydes (2-56 ). 

 

Compound  R Binding  
X -ray  

Binding  
FP 

CO Formal 
Charge (eV)*  

1 

 

Yes Yes 0.531305 

2 
 

No No 0.591757 

3 
 

No No 0.534386 

4 

 

No No 0.554502 

5 
 

No No 0.574660 

6 
 

No No 0.611069 

7 
 

Yes Flat line  0.538454 

8  

 

No No 0.580499  

9 

 

No No 0.521520 

10 

 

No No 0.511791 

11 

 

No No 0.550687 
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12 

 

No No 0.503287 

13 

 

No No 0.547783 

14 

 

No No 0.481523 

15 

 

No No 0.570952 

16 

 

No No 0.481504 

17 

 

No No 0.593518 

18 

 

No No 0.612712 

19 

 

No No 0.542026 

20  

 

No No 0.550673 

21 

 

Yes Flat line  0.530719 

22  

 

Yes Flat line  0.539428 

23  

 

Yes Flat line  0.575615 

24  
 

Yes Flat line  0.558358 
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25 

 

No No 0.550081 

26  
 

No No 0.579579 

27 

 

No No 0.481044 

28  

 

No No 0.541787 

29  

 

Yes Flat line  0.507622 

30  

 

No No 0.577098 

31 
 

No No 0.543575 

32  

 

No No 0.533994 

33  

 

Yes Flat line  0.519931 

34  

 

No No 0.522537 

35 
 

No No 0.572050 
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No No 0.527609 
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37 

 

No No 0.511113 

38  

 

No No 0.573786 

39  

 

No No 0.606824  

40  

 

No No 0.671180 

41 

 

No No 0.568769 

42  

 

No No 0.546651 

43  

 

No No 0.733789 

44  

 

No No 0.602864  

45  

 

No No 0.525968 

46  
 

No No 0.601809  
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47 
 

No No 0.574726 

48  

 

No No 0.531407 

49 
 

No No 0.547195 

50  

 

No No 0.510968 

51 

 

No No 0.391963 

52  
 

No No 0.574517 

53  

 

No No 0.549898  

54  

 

No No 0.553977 

55 

 

No No 0.666345 

56  

 

No No 0.512870 

*Formal charge values for the aldehydic carbon calculated by quantum-mechanic method. Values are reported through an 
ascendant color scale where the highest value is in green and the lowest one in red. 

Out of this set we identified seven more fragments anchored to K122: 7, 21, 22 , 23 , 24 , 
29  and 33 . In order to rationalize and predict the reac tivity of the test -set, the formal 
charge of the aldehyde C by quantum-mechanical (QM) calculation was estimated. 
Specifically, ligandsÕ formal charges were computed by the Restrained Electrostatic 
Potential (RESP) method at the HF/6 -31+G* level of theory in a Polarizable Continuum 
solvation Model (PCM) with Gaussian16.[62]  Results Ð reported in Chapter 5 and 6 Ð 
notably show median C atom formal charge values Ð marked as yellow in the table color 
scale Ð for the eight bound aldehydes, suggesting that their interaction with the K122 
could be reversible. Although QM showed that soft electrophiles can react proficiently 
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and reversibly with the protein, a linear correlation between the aldehydic C formal 
charge and stabilization has not been found. Generally, covalent interaction does occur 
after intermolecular recognition and proper orientation of the reactive groups, which 
suggests that aldehydeÕs intrinsic reactivity as estimated by QM calculations might not 
be the major determinant for covalent anchoring to the complex. In this respect, QM 
calculations further suggest that 14-3-3 PPIs stabilizers reported in this work might be 
specific for the target complex, with limited reactivity towards off -targets. 

4.4 Creation of structural clusters for the found binder s 

These findings led to group all the found structures into three structural clusters (Figure 
7) all of them having in common the activation of the carbonyl towards the imine 
formation. In general Ð as expected Ðactivation is given by the presence of an electron-
withdrawing group in ortho - or para - position to the aldehyde feature.  
 

 

Figure 7. Division of the eight covalent hits into three structural clusters: Singletons (orange), N -
containing heterocycles (magenta) and Sulfonylbenzaldehydes (blue). 

Considering the singletonsÕ group composed by 21 Ð 3-hydroxy-4-nitrobenzaldehyde Ð 
and 23  Ð N-(4-formylphenyl)acetamide Ð the carbonyl activation is given by the ring 
deactivating effect of the para - substituent Ð nitro group for 21, tautomeric form of the 
amide feature for 23 . Within the second cluster are grouped all the identified N -
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containing heterocycles Ð fragments 7, 22 , 24  and 29 . While for 7 and 22  the carbonyl 
reactivity can be justified by the positive charge assumed by imidazole Ð due to 
protonation of nitrogen in position 3 Ð in the tested conditions, 24  and 29  donÕt undergo 
to this rule. Finally, the third cluster includes benzaldehydes Ð 1 and 33  Ð carrying a 
sulfonyl group in both ortho - or para -position. In this case the activating effect of the 
substituent on the carbonyl feature is evident and the imine has been indeed formed. 
Interestingly Ð since intramolecular stabilization of the formed imine by ortho - 
substituents has been reported[56,57,63-65]  Ð no ortho - hydroxyl -substituted 
benzaldehydes or similar analogs have been found to bind the complex (see Table 1) 
while 2-formylphenyl boronic acid Ð and correspondent derivatives Ð have not been 
included in the set. Keeping in mind the reactivity guidelines obtained by the performed 
screening and considering at the same time the interface structural information provided 
by x-ray, different libraries Ð related to these three structural units Ð have been designed, 
produced and tested by both x-ray crystallography and FP. 

4.5 Binding mode of the additi onal covalent fragments  

4. 5.1 Binding mode of 7, 22, 24 and 29  

The components of the 4-imidalol -1-ylbenzaldehydes structural cluster binding 
covalently to the complex use a common mode. Analysis of the crystal structures related 
to fragments 7, 22 , and 24  Ð components of the cluster presenting the imidazole ring in 
position 4 respect to the aldehyde function Ð highlighted the same binding manner for 
all these three members, as shown in part a of Figures 8-10 (PDB: 6YP2 and 6YP3 
respectively). The benzene ring appears always located within the lipophilic pocket and 
Ð as well as for 1 Ð it is involved in lipophilic interactions with I219 (14 -3-3) and I46 
(p65).  
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Figure 8. Binding of  7. a) crystal structure (PDB: 6YP2) shows both binding and orientation of 
7 (orange) within the interface between 14-3-3 (white) and p65 (purple sticks). Lipophilic 
contributions of residues are indicated as semitransparent spheres and water molecules as red 
spheres. b) Fluorescence polarization assay through compound titration to  50 µM 14-3-3 and 100 
nM of fluorescin -p65 (+14-3-3 protein) or to 100 nM fluorescin -p65 only (-14-3-3). Shown are 
mean +/ - SD (n=3). 

An additional hydrophobic contact has been estimated between the imidazole ring and 
the 14-3-3Õs P167. 
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Figure 9. Bindin g of 22. a)  crystal structure (PDB code not obtained yet) shows both binding and 
orientation of 22  (orange) within the interface between 14-3-3 (white) and p65 (purple sticks). 
Lipophilic contributions of residues are indicated as semitransparent spheres, polar contacts as 
black dashed lines and water molecules as red spheres. b)  Fluorescence polarization assay through 
compound titration to 50 µM 14 -3-3 and 100 nM of fluorescin-p65 (+14-3-3 protein) or to 100 nM 
fluorescin-p65 only (-14-3-3). Shown are mean +/- SD (n=3). 

Additionally, the imidazole ring of 7, 22  and 24  points toward solvent-exposed area of 
the interface forming Ð in the cases of 22  and 24  Ð water-mediated polar contacts with 
D215 (it side chain alone or coupled with its backbone carbonyl). 
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Figure 10. Binding of 24 . a)  crystal structure (PDB: 6YP3) shows both binding and orientation 
of 24  (orange) within the interface between 14-3-3 (white) and p65 (purple sticks). Lipophilic 
contributions of residues are indicated as semitransparent spheres, polar contacts as black dashed 
lines and water molecules as red spheres. b)  Fluorescence polarization assay through compound 
titration to 50 µM 14 -3-3 and 100 nM of fluorescin-p65 (+14-3-3 protein) or to 100 nM fluorescin -
p65 only (-14-3-3). Shown are mean +/- SD (n=3). 

On the other hand (Figure 11, a), compound 29  Ð where the heteroring substituent is 
located in meta-position respect to the aldehyde feature Ð presents a different binding 
mode. Although within its crystal structure (PDB: 6YP8) the hydrophobic network 
formed by the benzene ring and the I219 (14-3-3) and I46 (p65) residues is evident, the 
molecule appears to direct the imidazole ring towards the peptide where an additional 
lipophilic contact (with G48) occurs. Noteworthy, the molecule doesnÕt form any polar 
interaction Ð direct or indirect Ð with the complex components. 
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Figure 11. Binding of 29 . a)  crystal structure (PDB: 6YP8) shows both binding and orientation 
of 29  (orange) within the interface between 14-3-3 (white) and p65 (purple sticks). Lipophilic 
contributions of residues are indicated as semitransparent spheres and water molecules as red 
spheres. b)  Fluorescence polarization assay through compound titration to 50 µM 14-3-3 and 100 
nM of fluorescin -p65 (+14-3-3 protein) or to 100 nM fluorescin -p65 only (-14-3-3). Shown are 
mean +/ - SD (n=3). 

FP analysis performed through compoundsÕ titration of the complex (Figures 8-11, b) 
provided a flat curve for all the members of the structural cluster.  

4. 5.2 Binding mode of 21  

Figure 12, a shows the binding mode of 21 achieved through crystal structure (PDB: 
6YOY). As expected, the aromatic core Ð covalently bound to 14-3-3Õs K122 through the 
aldehyde carbon Ð establishes lipophilic contacts with the aforementioned isoleucines of 
both the protein and the peptide.  
Notably, the polar features in meta- and para - enabled the molecule to contact different 
residues constituting the complex interface through an imponent network of water 
molecules. Some of these residues indirectly  affected by the fragment (side chains of 
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N42, S45, D126 and D215 but also backbone carbonyls of F119, D215 and S45) were 

belonging to 14-3-3" . Additionally, also some backbone carbonyls belonging to p65 Ð 
such as G48 and R50 Ð were connected via water bridges to the fragment. 
The found molecule didnÕt show any activity in a compound titration FP experiment 
(Figure 12, b). Nevertheless, its structure and binding mode represented a promising 
starting point for further optimization rounds reported in chapter 5. For instance, during 
the fragment optimization attempts, displacement of water moleculesÕ network 
surrounding the hydroxyl feature has been taken in consideration, in order to raise the 
entropy of binding.  

 

Figure 12. Binding of 21. a)  crystal structure (PDB: 6YOY) shows both binding and orientation 
of 21 (orange) within the interface between 14-3-3 (white) and p65 (purple sticks). Lipophilic  
contributions of residues are indicated as semitransparent spheres, polar contacts as black dashed 
lines and water molecules as red spheres. b)  Fluorescence polarization assay through compound 
titration to 50 µM 14 -3-3 and 100 nM of fluorescin-p65 (+14-3-3 protein) or to 100 nM fluorescin -
p65 only (-14-3-3). Shown are mean +/- SD (n=3). 
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4. 5.3 Binding mode of 23  

Compound 23 binds to the complex interface through the same interactions pattern used 
by 4-imidazol -1-ylbenzaldehydes, as shown by Figure 13, a. The aromatic core appears 
always hosted below the lipophilic isoleucines of the interface components (I128 of 14-
3-3 and I46 of p65) while the moleculeÕs acetyl feature in position four contracts both 
lipophilic interactions (P167) and water -mediated polar contacts with both the side chain 
and the backbone carbonyl of D215. Nonetheless, these interactions didnÕt provide any 
stabilization of the complex, as observed by FP compound titration (Figure 13, b). 
 

 

Figure 13. Binding of 23. a)  crystal structure (PDB: 6YOX) shows both binding and orientation 
of 23  (orange) within the interface between 14-3-3 (white) and p65 (purple sticks). Lipophilic 
contributions of residues are indicated as semitransparent spheres, polar contacts as black dashed 
lines and water molecules as red spheres. b)  Fluorescence polarization assay through compound 
titration to 50 µM 14 -3-3 and 100 nM of fluorescin-p65 (+14-3-3 protein) or to 100 nM fluorescin -
p65 only (-14-3-3). Shown are mean +/- SD (n=3). 
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4. 5.4 Binding mode of 33  

Molecule 33  Ð with its mesyl group in ortho - position to the aldehyde function Ð 
represents the structural isomer of 1 and demonstrated to maintain the reactivity 
towards the imine bond formation (not observed for example for the meta- derivative 
34 ). Moreover, its binding mode (Figure 14, a and PDB: 6YPL) opens the way for the 
exploration of an additional pocket located always at the complex interface, just behind 
the covalent anchor K122). The aromatic core contracts always non-polar interactions 
with I46 (p65) and I218 (14 -3-3) whereas both the mesyl oxygens exploit the intricate 
water bridges network to contact the proteinÕs polar residues located in that proximities 
(S45, Y127, Y130, D126 and N175 for 14-3-3 and G48 backbone for p65). Also in this case 
Ð although Figure 14, b presents a flat curve related to compound titration in FP 
experiments Ð the biding mode of the molecule determined through the crystal structure 
offers the opportunity for a displacement of water molecules obtained by directing the 
growing of the fragment towards thi s sub-pocket. 
 

 

Figure 14. Binding of 33. a)  crystal structure (PDB: 6YPL) shows both binding and orientation 
of 33  (in orange) within the interface between 14-3-3 (white) and p65 (purple sticks). Lipophilic 
contributions of residues are indicated as semitransparent spheres, polar contacts as black dashed 
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lines and water molecules as red spheres. b)  Fluorescence polarization assay through compound 
titration to 50 µM 14 -3-3 and 100 nM of fluorescin-p65 (+14-3-3 protein) or to 100 nM fluorescin -
p65 only (-14-3-3). Shown are mean +/- SD (n=3). 

4.6 Conclusions  

In spite of their dynamicity and complexity,  modulation of protein -protein interactions 
represent a valid access point in many therapeutic areas. In this chapter, the first step of 

stabilization attempts of the interface between 14-3-3"  and the p65 unit of NF-$B is 
presented. 
Although a semi-synthetic stabilizer of this protein/surrogate peptide interface has been 
recently reported,[43]  the drawbacks related to complexity of the molecule leading to the 
difficulty in performing an extensive optimization study around its core opened the way 
to the quest of a more amenable entity. Exploiting the binding information obtained by 
the semi-synthetic core, a tethering approach on a residue present within the binding 
interface Ð K122 Ð has been performed. Therefore, a small subset of aldehydes coming 
from the TarosÕ fragment collection has been soaked with the binary complex and 
analyzed by x-ray crystallography and fluorescence polarization assay. The screening 
resulted in the identification of eight benzaldehydes covalently and selectively binding 
to K122 residue of 14-3-3. 
Selectivity of covalent binding to K122 is probably governed by different factors. First of 
all, the specific conformation assumed by the peptide surrogate, that forms a sharp turn 
directly in the protein binding pocket. This event is consi dered to provide an access to 
K122 and to drive the orthosteric  stabilization, based on direct and simultaneous 
interaction of the stabilizer with both the partners. Additionally, reactivity of both lysine 
side chain nitrogen and aldehyde feature plays an important role in the covalent binding 
of the compound. In fact Ð despite the intermolecular recognition conserves still a 
discriminatory effect Ð the propension that each of the two imine bond synthons possess 
to react with each other is discriminant. As suggested in paragraph 4.3.2, the aldehyde 
function could be masked by hydration until the molecules enters the lipophilic cavity, 
where it reacts with K122. In this regard, a quantum-mechanic calculation has been 
applied to each of the tested molecule in order to determine their propension to react by 
evaluation their formal charge.  
Additionally , the absence of Òtrapping moieties Ó in ortho - position to the majority of the 
tested aldehydes enabled the evaluation of the real contribution of the core per se in the 
intermolecular recognition phase permitting the overcoming of biased cores.  
On the other hand, calculated pKa profile of all the lysines present in the protein 
highlighted the high propensity of K122 to react as a soft nucleophile and to form the 
imi ne bond. 
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Identification of the eight covalent fragments binding mode and their division into 
different structural clusters, triggered the prioritization and growing of five of the 
discovered hits Ð reported in chapters 5 and 6 Ð for stabilization purposes. 

4.7 Experimental Section  

4.7.1 Calculation of RESP charges  

Ligands were sketched in SMILES format and then converted in three-dimensional 
structures with OMEGA version 3.1.0.3 (OpenEye software).[ 66,67]  QM calculation 
including geometry optimization and E SP charge were carried out with Gaussian16[62]  
at the HF/6 -31+G* level of theory, using the PMC model for solvation. RESP formal 
charges were finally fitted to individual atoms by means of the two-stage fitting 
procedure implemented in antechamber from Amb er18.[68]  Calculations were run in a 

HPC equipped with Intel .  Xeon.  Gold 6130 Processors at the University of Siena. 

4.7.2 Fluorescence Anisotropy Assay  

Fluorescence Anisotropy was measured in Corning 384 well plates (black, round bottom, 
low binding) with  the Tecan Infinite 500 plate reader (FITC dye: excitation 485 nm, 
emission 535 nm; TAMRA dye: excitation 535 nm, emission 590 nm) in FA buffer (10 
mM HEPES pH 7.4, 150 mM NaCl, 0.1% Tween20). The plates were measured after 3 h 
incubation at rt. The concentration of the peptide coupled to the fluorescent tracer was 

kept constant as follows: FITC-%Ala-p65 c = 100 nM. For compound titrations, the 14 -3-
3( concentrations was constant at concentration of 1/3 of the Kd of the binary complex 
(assay concentration for p65: 50 µM,) and the compound was titrated in a 1:1 dilution 
series with a highest concentration of 2 mM.  
For protein titrations, the compound and peptide concentration were constant as 
indicated; the protein was titrated in a 1:1 dilution series starting from 400 µM. For 2D 
titrations the compound was diluted in a 1:1 dilution series in DMSO prior to the protein  
titrations to keep the DMSO concentration constant throughout the assay.  

4.7.3 Stabilization Factor (SF) calculation  

Stabilization Factor (SF) has been calculated for each stabilizer using equation (1): 
 

56 $ %
7 8%' 9: *

7 8%' ;: *
     (1) 

 
Where Kd (BC) represents the Kd value obtained for the binary complex (14-3-3/p65 
peptide) and Kd (TC) represents the Kd value obtained for the ternary complex (14-3-3/p65 
peptide/ligand).  
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4.7.4 X -ray crystallography  

Binary crystals with NF -%Bp65 peptide (Sequence: EGRSAG pS45 IPGRRS, C-terminus: 
amidation; N -terminus: acetylation) [43]  and 14-3-3!"C were grown as follows: 14 -3-
3!"C at a concentration of 12 mg/ mL was mixed in a 1:2 ratio with the acetylated NF-

%Bp65 peptide in 20 mM HEPES pH 7.5, 2 mM MgCl2, 2 mM %-mercaptoethanol and 
incubated at 4 ¡C overnight. Then it was mixed in 1:2 ratio with precipitation buffer (95 
mM HEPES pH7.5, 27-28% PEG400, 190 mM CaCl2, 5% glycerol) in the wells of a 
hanging drop crystallography plate. The reservoir was filled with  500 µL precipitation 
buffer. Crystals grew within two weeks and were directly flash frozen in liquid nitrogen 
for data acquisition.  
For soaking experiments compounds in DMSO stock solutions were directly added to 
fully grown crystals to a final compound concentration of 10 mM ( * 1% DMSO) in the 
crystal solution. After seven days the crystals were harvested and measured either on a 
home source, P11 beamline of PetraIII (DESY campus, Hamburg, Germany) or i-03/i -24 
beamline of the diamond light source (Oxford,  UK). For data integration the xia2/DIALS 
pipeline 43 was utilized followed by molecular replacement with MolRep 69,70 using the 
NF-%Bp65/14-3-3 binary structure as search model (PDB: 6QHL). Model building was 
done in iterative cycles with Coot,[ 71]  Refmac5[72]  and phenix.refine. [73]  For ligand 
preparation, the fragment SMILES were transformed to 3D models using elbow of the 
phenix suite.[ 73]  Figures were generated with PyMOL©  (V2.0.6, Schrodinger LLC). The 
crystal structures were uploaded to the PDB server with the following PDB codes: 6YOW, 
6YP2, 6YOY, 6YOX, 6YP3, 6YP8, 6YPL. 

4.7.5 Protein expression and purification  

14-3-3 proteins were expressed in BL21(DE3) cells with pPROEX HTb vectors encoding 
for the indicated isoforms. Cells were grown to an OD600 = 0.8-1 in TB media and 
expression was induced with 0.4 mM IPTG overnight at 18 ¡C. After harvesting the cells 
by centrifugation (10.000  xg, 15 min), they were resuspended in lysis buffer (50 mM 

Tris/HCl pH 8, 300 mM NaCl, 12.5 mM imidazole, 2 mM %-mercaptoethanol). A 
homogenizer was used for cell lysis, the lysate was cleared via centrifugation (40.000 xg, 
30 min). The cleared lysate was applied to Ni-NTA-columns and eluted with 250 mM 

imidazole (50 mM Tris/HCl pH 8, 300 mM NaCl, 250 mM imidazole, 2 mM %-
mercaptoethanol). For the full length 14 -3-3(, the imidazole was removed via dialysis, 
the protein rebuffered (25 mM HEPES pH7.5, 100 mM NaCl, 10mM MgCl 2, 0.5 mM 
Tris(2 -carboxyethyl)phosphine) and stored at -80 ¡C. For the 14-3-3!"C (last 17 amino 
acids of flexible C-terminus were removed) for crystallography, the His6 -tag was 
removed following standard procedures of TEV cleavage; the TEV was removed with Ni-
NTA-columns. For highest purity necessary for crystallography, the protein was 
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additionally applied to s ize exclusion chromatography (20 mM HEPES pH 7.5, 150 mM 

NaCl, 2 mM %-mercaptoethanol) and stored at -80 ¡C. 
Note to the use of 14-3-3 isoforms: 14-3-3!"C was only used for crystallography because 
of its enhanced potential to grow high resolution crystals.  For all other techniques the 
14-3-3( isoform was used due to its beneficial binding to the p65 epitope.[43]  All residues 
of the p65/14-3-3 interface are conserved throughout all human 14-3-3 isoforms, so that 
the observed contacts in the crystal structures are translatable to all isoforms. 
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Chapter 5  

Growing of covalent fragments for  

14-3-3" /p65 stabilization  

 

Abstract  

Identification of fragment hit ( 1) bound covalently and selectively at the interface of the 

14-3-3" /p65 complex enabled a follow up study on covalent anchors for 14-3-3Õs K122. 
This study led to the discovery of seven more benzaldehydes. After evaluation of their 
reactivity the eight found molecules have been clustered into three groups according to 
their structural features. Consecutively, five of them have been selected for further 
exploration of the complex interface by application of a growing strategy and taking in 
account the reactivity of the molecules in the new librariesÕ design. In this chapter, 
design, synthesis and activity of four components belonging to the starting pool are 
discussed. Particularly, derivatives of fragment 7 Ð 104  and 105 Ð are reported as a good 
starting point for further explorat ion aiming to stabilization of the protein -protein 
interaction. These molecules present also a variation of the aromatic core connected to 
the aldehyde feature passing from a benzene ring to a pyridine, which is less prone to 
metabolic transformations.  
 
 
 
 
 
 
 
 

This chapter has been included in: D. Valenti ,# M. Wolter, # S. Hristeva, L. M. Levy, M. Mori, T. 
Genski, T. Hoffmann, L. Brunsveld, D. Tzalis, C. Ottmann. Anchoring at an interface lysine: 4-
formylbenzenesulfonamides as novel covalent stabilizers of 14-3-3/p65 complex. Manuscript in 
preparation.  

Authors contributions: DV designed and synthesized the collection under the supervision of SH, LML, TG, TH and DT. MW 
performed both x -ray crystallography and FP under the supervision of LB and CO. DV and MM performed the formal charge 

calculation for each molecule and determined the efficiency metrics. DV wrote the paper under the supervision of CO, MM, 
TG, TH, LB, LML and DT. # = equal contribution.   
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5.1 Introduction  

14-3-3 proteins represent one of the most interesting platforms for protein -protein 
interactions, therefore the modulation of their complexes with a several partner proteins 
has been deeply investigated during the last years. 

A valuable client for 14-3-3 is embodied by NF-$B, a transcriptional comp lex involved in 
immune response,[1-3]  cancer[3-6]  and inflammation. [4,5,7]  Being involved in a high 

complex pathway, NF-$B transcriptional activity modulation always resulted hard to 
affect, despite the application of various approaches. 

Particularly, the NF-$B p65 subunit has been detected to form complexes with 14-3-
3.[8,9]  A stabilization of the 14-3-3/p65 complex could then furnish a novel entering point 

on the NF-$B pathwayÕs modulation, enabling a therapeutic intervention for the 
aforementioned disease areas. A recent work[10]  identified a natural derivative as a 
potential stabilizer for 14 -3-3/p65 complex.  Despite the high impact of this discovery, 
the drawbacks linked to the molecule structure Ð a semi-synthetic derivative of 
Fusicoccin A Ð make the modulator less prone to undergoing into an optimization 
process. In order to discover a novel chemical entity able to operate a stabilization of the 
aforementioned complex a fragment screening has been performed on the complex by 
x-ray crystallography and FP. Through this screening, a covalent fragment (1, TCF521 ) 
belonging to the TarosÕ fragment collection,[11] has been detected to bind selectively to a 
lysine (K122) side-chain located within the complex interface. This discovery triggered 
the quest for other analogs showing a selective binding for K122. In chapter 4 the result 
of this quest is presented and coupled with a clustering of the found eight covalent 
fragments into three different groups. Five molecules out of this pool have been 
eventually selected for a growing strategy. In this chapter is showed the design strategy 
applied during the growing of four out of these five hits Ð 7, 21, 23  and 33  respectively 
Ð whereas the growing of the fifth molecule Ð 1 Ð is described in the next chapter. 

5.2 Desi gn strategies applied for hit fragments growing  

Keeping in mind the reactivity guidelines obtained by the performed screening and 
considering at the same time the interfaceÕs structural information provided by x-ray, 
different libraries Ð related to the aforementioned three structural groups Ð have been 
designed, produced and tested by both x-ray crystallography and FP. In order to explore 
each clusterÕs chemical space and to gain useful information about the SARs contribution 
for each series, five of the found hits have been prioritized for a fragment growing 
optimization. This chapter focuses on the first four series design, remanding the 
exploration of 1 to the next chapter. Nonetheless, the criteria applied for each hit growing 
consider two common features. 
The choice of each starting point considered two aspects: 
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¥! MoleculesÕ chemical tractability; 

¥! Perspectives that a specific growing direction could provide to both 
comprehension and modulation of these PPIs. 

According to these parameters, 21 has been chosen for exploring the contribution of a 
lateral extension in the peptide direction while 23  has been selected in order to straightly 
cover the hit expansion towards the solvent exposed side. Additionally, 33  represented 
an opportunity for exploration of an additional pocket located backwards to K122 while 
7 and 1 have been chosen in order to exploit their p.-substituent ability to circumscribing 
different angles by rotation on the phenyl axis. We named this spatial approach Ð 
enabling a 360¡ growth within th e complex interface Ð as Òglobular growing Ó. In 
addition, tolerance of an heteroaromatic core replacing the phenyl one was evaluated for 
7. The adopted structural transformations for each hit always took in consideration both 
the reactivity maintenance and the structural exploration aims.  

5.3 Growing of fragments 21, 23, 33 and 7: design and SARs  

5.3.1 Exploration of the peptide face by 3-amino -4-nitrobenzaldehydes  
(21Õs lateral expansion)  

Considering 21 growing, the para -nitro group has been maintained in order to preserve 
the reactivity towards K122 whereas the hydroxyl group in meta-position to the aldehyde 
has been replaced by a tertiary amine (Figure 1). This modification has been performed 
in order to provide the molecule with one more exit vector in t hat position Ð doubling 
the one offered by the oxygen Ð that might enable the grown molecule to catch additional 
interactions with p65.  
 

 

Figure 1. Structural transformation of 21. Changes are highlighted in magenta. 

Application of one step reaction withi n a parallel chemistry set up provided a 21-
molecules set that was soaked into crystals of the complex for x-ray diffraction and 
titrated by FP. 
Results Ð resumed by Table 1 and 2 Ð highlight four compounds Ð 62 , 73, 74 and 77 Ð 
detected by x-ray but none of them was able to induce stabilization of the complex by FP 
(Figure 2). 
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Figure 2. a)  Crystal structure of 62 . 14-3-3 in gray, p65 in purple, 62  as orange sticks. Black 
dashed lines = polar interactions, transparent spheres = non-polar interactions, re d spheres = 
water molecules. b)  Titration of 62  on the complex in FP-based experiment. c)  Crystal structure 
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of 73. 14-3-3 in gray, p65 in purple, 73 as orange sticks. The presence of an additional fragment 
(green carbons) is highlighted. Black dashed lines = polar interactions, transparent spheres = non -
polar interactions, red spheres = water molecules. d)  Titration of 73 on the complex in FP-based 
experiment. e)  Crystal structure of 74. 14-3-3 in gray, p65 in purple, 74 as orange sticks. Black 
dashed lines = polar interactions, transparent spheres = non -polar interactions, red spheres = 
water molecules. f)  Titration of 74 on the complex in FP-based experiment. g)  Crystal structure 
of 77. 14-3-3 in gray, p65 in purple, 77 as orange sticks. Black dashed lines = polar interactions, 
transparent spheres = non-polar interactions, red spheres = water molecules. h)  Titration of 77 
on the complex in FP-based experiment. 

On the contrary, 74 showed a moderate inhibitory character. By this strategy we then 
concluded that: 

¥! Nitro group was not enough to keep the benzaldehydeÕs reactivity; 

¥! Growing of the ringÕs meta- position is of minor benefit for complex 
stabilization;  

¥! The substituentsÕ dimensions should be kept small and properly oriented. 

In this regard,  the ring meta-position can tolerate a six-member ring substituent Ð like 
piperidines or morpholine Ð but no evidences of binding for azetidines (75) or 
pyrrolidines ( 72) could be detected by x-ray. The piperazinesÕ case shows also that not 
all the substituentÕs ring positions can incorporate a heteroatom. A seven-membered 
ring seems not to favor the binding Ð probably due to the limited surface of interaction 
offered by the nearby located peptide. Additionally, the failed binding of 61 supports the 
idea that Ð in this position Ð tertiary amines where nitrogen is not included in a cycle are 
not effective for binding or for stabilization purposes.  

!  
























































































































































































































































