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ABSTRAKT 

 

Protein-proteinové interakce (PPI) hrají klíčovou roli téměř ve všech biologických 

procesech. Mnoho proteinů vyžaduje pro své fungování dynamické interakce s dalšími 

proteiny či biomolekulami. Proteomické studie naznačily, že lidský proteinový interaktom 

zahrnuje několika set tisíc proteinových komplexů. Detailní charakterizace PPI je proto 

nezbytná pro plné pochopení procesů zprostředkovaných proteinovými komplexy. Mnoho 

PPI je také zapojeno do procesů spojených s přenosem signálu (signálních drah) v rámci 

řady patologických stavů a tyto PPI představují důležité cíle pro vývoj nových léků, 

zejména v situacích, kdy nelze použít běžnější strategie, např. obsazení aktivního místa 

enzymu či vazebné místo receptoru. 

Tato disertační práce se zaměřuje na proteiny 14-3-3, rodinu adaptorových proteinů 

účastnících se regulace mnoha signálních drah. 14-3-3 proteiny fungují jako tzv. interakční 

uzly a kritické regulátory mnoha enzymů, receptorů a strukturních proteinů. Hlavním cílem 

této práce bylo strukturně charakterizovat vybrané komplexy proteinů 14-3-3 a zkoumat 

možnost jejich stabilizace nízkomolekulárními látkami. Pomocí kombinace proteinové 

krystalografie, diferenční skenovací fluorimetrie, fluorescenční polarizace a analytické 

ultracentrifugace byly studovány PPI mezi proteiny 14-3-3 a jejich dvěma fyziologicky 

důležitými vazebnými partnery: Ca
2+

/kalmodulin-dependentní protein kinasou kinasou 2 

(CaMKK2) a inhibitorem nukleárního faktoru NFB (IBα). Dále byla studována 

stabilizace komplexu CaMKK2:14-3-3 pomocí derivátů Fusicoccinu A. Výsledky práce 

ukázaly, že stabilizace komplexu CaMKK2:14-3-3 by mohla být alternativní strategií 

inhibice CaMKK2. Screening knihovny fragmentů navíc umožnil identifikovat tři 

molekuly, které se váží na dva různé povrchy proteinu 14-3-3 mimo vazebný žlábek, což 

naznačuje nové možnosti pro selektivní modulaci komplexů proteinů 14-3-3. 
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ABSTRACT 

 

Protein-protein interactions (PPIs) play a crucial role in almost all biological processes. 

Many proteins require a number of dynamic interactions with other proteins and/or 

biomolecules to function. Proteomic studies have suggested that human protein-protein 

interactome consists of several hundred thousands of protein complexes. A detailed insight 

into these PPIs is essential for a complete understanding of the processes mediated by these 

protein complexes. Because many PPIs are involved in disease-related signaling pathways, 

such PPIs are important targets for pharmaceutical interventions, especially in situations 

where a more conventional target (e.g. the active site of an enzyme, the binding site of a 

receptor) cannot be used.  

This doctoral thesis focuses on 14-3-3 proteins, a family of eukaryotic adaptor and 

scaffolding proteins involved in the regulation of many signaling pathways. The 14-3-3 

proteins function as interaction hubs and critical regulators of many enzymes, receptors 

and structural proteins. The main aim was to structurally characterize selected 14-3-3 

protein complexes and investigate their stabilization by small molecule compounds. Using 

combination of protein crystallography, differential scanning fluorimetry, fluorescence 

polarization and analytical ultracentrifugation, the PPIs between 14-3-3 and two 

physiologically important binding partners the Ca
2+

/calmodulin-dependent protein kinase 

kinase 2 (CaMKK2) and the nuclear factor of kappa light polypeptide gene enhancer in B-

cells inhibitor, alpha (IкBα) have been characterized. The stabilization of PPIs between 14-

3-3 and CaMKK2 by fusicoccins have been investigated and we showed that the targeting 

of the fusicoccin binding site by small-molecule compounds could be an alternative way 

how to suppress CaMKK2 activity by stabilizing its phosphorylation-dependent inhibited 

state. In addition, the screening of a fragment library designed to target the 14-3-3 protein 

surface enabled us to identify three molecules that bind to two different surfaces of the 14-

3-3 protein outside the usual binding groove, thus highlighting new possibilities for 

selective modulation of 14-3-3 complexes.         
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ABBREVIATIONS  

 

AANAT  Aralkylamine N-acetyltransferase 

AID Autoinhibitory domain 

AIDS Acquired Immune Deficiency Syndrome 

AMPK AMP-activated protein kinase activity 

ATP Adenosine triphosphate 

AUC Analytical Ultracentrifugation 

BCL-3 B-cell lymphoma 3-encoded protein 

Bmh1 14-3-3 gene in Saccharomyces cerevisiae 

CaM Calmodulin 

CaMK Ca
2+

/calmodulin-dependent protein kinase 

cAMP Cyclic adenosine monophosphate 

CaMKK Ca
2+

/calmodulin -dependent protein kinase kinase 

CBP CREB-binding protein 

CD Catalytic domain 

CFTR Cystic Fibrosis Trans-membrane conductance Regulator 

CKII Casein kinase II 

cryo-EM Cryogenic electron microscopy 

Da Dalton 

DEAE Diethylamonietil cellulose 

Dmax Maximum distance among molecules 

DMSO Dimethyl Sulfoxide 

DNA Deoxyribonucleic acid 

ER Endoplasmic reticulum 

ERK Extracellular signal-regulated kinase 

Eq. Equation 

ExoS Exoenzyme S from Pseudomonas aeruginosa 

FAC Florigen activation complex 

FAM 5-carboxyfluorescein 

FC Fusicoccin 

Fig. Figure 

FITC Fluorescein isothiocyanate 
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FP Fluorescence Polarization 

GFP Green fluorescent protein 

GST Glutathione S-transferase 

H
+
-ATPase Plasma membrane H+-ATPase 

HPLC High performance liquid chromatography 

HTS High-Throughput Screening 

I Intensity 

IC50 half maximal Inhibitory Concentration 

IκB Inhibitor of Κb 

IKK IκB kinase 

ITC Isothermal Titration Calorimetry 

KD Kinase domain 

KD Dissociation Constant 

LPS   Lipopolysaccharide molecules 

MAPK Mitogen-activated protein kinase 

MAP3K5 Mitogen-Activated Protein Kinase Kinase Kinase 5 

MEK Mitogen-activated protein kinase kinase 

MKK Mitogen-activated kinase kinase 

MS Mass spectrometry 

NEMO NF-kappa-B essential modulator 

NMR Nuclear magnetic resonance 

MR Molecular Replacement 

NF-κB Nuclear factor kappa B 

noW no Trp 

NPY Neuropeptide Y 

Nth1 Neutral trehalase 

PCR Polymerase Chain Reaction 

PEG Polyethylene glycol 

PMA2 Plasma Membrane H
+
-ATPase 2 

PDB Protein Data Bank 

PKA Protein Kinase A 

PMA Plasma Membrane H
+
-ATPase 

PP2A protein phosphatase 2 

PPI Protein-protein interaction 
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pSer Phosphoserine 

pThr Phosphothreonine 

PTM Post-translational modification 

Rg Radius gyration 

ROS Reactive oxygen species 

SAXS Small angle X-ray scattering  

S.D Standard deviation   

SEC Size exclusion chromatography 

SV-AUC   Sedimentation velocity analytical ultracentrifugation 

TAK1 Mitogen-activated protein kinase kinase kinase 7 

TASK3 Potassium channel subfamily K member 9 

TLR Toll-like receptors 

TNFα Tumor necrosis factor α 

TNFR Tumor necrosis factor receptor 

TPL2 Tumor progression locus 2  

TRX Thioredoxin-1 

TSA Thermal Shift Assay 

Vp Porod volume 

WAT White Adipose Tissue 
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1 Introduction 

 

1.1   14-3-3 proteins 

Reversible phosphorylation, a post-translational modification, is one of the most 

relevant and deeply studied function, which plays a central role for the regulation of many 

key cellular processes 
1
.  One of the possible mechanisms of protein complex formation is 

based on the phosphorylation of specific serine/threonine residues, which are later 

recognized by scaffold molecules altering the target protein function. One of the first 

scaffold molecules identified for their ability to selectively bind 

phosphoserine/phosphothreonine (pSer/pThr) containing motifs were 14-3-3 proteins 
2
. 

14-3-3 proteins are expressed in all eukaryotic cells and belong to a highly conserved 

protein family. Their uncommon name is derived from the elution positions on gel 

permeation chromatography (fraction 14) and migration pattern on two-dimensional 

DEAE-cellulose chromatography (position 3.3) 
3
. Diversity of 14-3-3 protein isoforms is 

different in various organisms: while lower eukaryotes and e.g. yeast have two isoform 

Bmh1 and Bmh2, higher eukaryotes e.g. plants possess fifteen different 14-3-3 genes 
4,5

. 

Seven 14-3-3 protein isoforms have been identified in mammals (β, γ, ε, ζ, η, σ, and τ), and 

all of them with the exception of sigma isoform form both homo- and heterodimers, the 

sigma isoform is strictly homodimeric 
6,7

. The discovery that the 14-3-3 proteins can 

recognize and bind the specific pSer/pThr containing motifs of target proteins, suggested 

not only their important role in signal transduction, but also their role in the assembly of 

protein-protein complexes mediated by pSer/pThr phosphorylation 
8
. Because of the large 

number of 14-3-3 binding partners and their variability, the members of 14-3-3 protein 

family play a crucial role in the regulation and coordination of many biological processes 

such as apoptosis, cell cycle progression, metabolism, DNA transcription/damage control 

and more 
9
. 

 

1.1.2   14-3-3 protein structure and target recognition 

First two structures of human 14-3-3ζ 
10

 and τ 
11

 isoforms showed that 14-3-3 proteins 

form highly helical dimers, where each protomer consists of nine anti-parallel α-helices 

and contains a characteristic target/ligand binding groove formed by  four α-helices (Fig. 

1.1 A).  

Nowadays, the crystal structures of all seven human 14-3-3 isoforms are available 
12

. 

They share a high percentage of sequence homology, the only difference is in the C-
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terminal part (last 20-40 amino acid residues). Ligand binding induces several structural 

changes within the 14-3-3 dimer such as the small change in the position of protomers 

causing “opening” of the 14-3-3 dimer (Fig. 1.1 B) 
7,12

. This conformational flexibility 

may facilitate the binding of ligands with various sizes and shapes. Another important 

difference observed among 14-3-3 isoforms, which may play a role in the isoform-specific 

functions, is the presence of salt bridges at the dimer interface. For example, the dimer 

formation of 14-3-3ζ is facilitated through three salt bridges and few hydrophobic and 

polar contacts between H1-H2 helices from one protomer and H3-H4 helices from the 

second protomer 
10

. However, only one of these three salt bridges is conserved among 

human 14-3-3 isoforms 
6–11,13

. 

As mentioned above, the largest sequence variability between the isoforms occurs in the 

C-terminal stretch. In terms of protein-protein interactions it has been shown that the C-

terminus prevents the binding of unsuitable ligands by occupying the ligand binding 

groove, but it was also shown that the absence of its C-terminal domain, called ΔC, may 

enhance the binding of the target protein 
10,14–16

. 

 

 

 

 

 

 

 

 

 

Fig. 1.1 (A) Crystal structure of 14-3-3ζ isoform (PDB ID 1QJB 
17

)presented as green ribbon. (B) 

Superimposition of all human 14-3-3 isoforms. The  isoform (PDB ID 2C23) is shown in 

magenta,  (2B05) in red,  (2BR9) in orange,  (1QJB) in green,  (2C74) in cyan,  (1YWT) in 
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blue and  (2BTP) in yellow. This figure was taken from 
18

. 

 

 

The ability of 14-3-3 proteins to bind phosphoserine-containing motifs 
8
 was 

characterized using a peptide library screening and three optimal binding motifs were 

identified: (I) RSX(pS/T)XP,  (II) RX(F/Y)X(pS)XP) and (III) C-terminal pS/pT-X1-2-

COOH 
2,17,19,20

. However, these motifs are not absolute and many 14-3-3 binding partners 

contain different motifs 
21

. 

The first structures of the 14-3-3 proteins with bound synthetic phosphopeptides showed 

only a small structural change of the 14-3-3 dimer compared to the free forms. The 

conformational change of 14-3-3 is likely caused by the interaction with the 

phosphopeptide, which makes polar contacts with residues Lys
49

, Arg
56

, Arg
127

 and Tyr
128

 

(14-3-3ζ numbering) that form a positively charged pocket within the 14-3-3 ligand 

binding groove (Fig. 1.2) 
10,17,19,22

. Phosphopeptides bind in similar extended 

conformations and besides contacts mediated by the phosphoresidue they also make 

several additional contacts with residues from the 14-3-3 ligand binding groove 
2,12,17

. 

These structures also showed that the basic residues (Arg or Lys) frequently located at the -

3 and -4 positions with the respect to the pSer or pThr appear to stabilize the conformation 

of the phosphopeptide through salt bridges with the phosphate of pSer/pThr. In addition, 

the frequent presence of proline at +2 position with respect to pSer likely allows the 

change in the direction of the phosphopeptide main chain (Fig. 1.2) 
2,17

. Furthermore, 

several crystallographic studies have shown that the presence of an additional small 

molecule compound within the 14-3-3 ligand binding groove may change the conformation 

of the bound phosphopeptide 
23–26

.  
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Fig. 1.2 Detailed view of contacts within the 14-3-3 ligand binding groove. (A) 

Phosphopeptide containing the “mode 1” motif (ARSHpSYPA) bound to 14-3-3 
17

. (B) 

Phosphopeptide containing the “mode 2” motif (RLYHpSLPA) bound to 14-3-3 
17

. This 

figure was taken from 
18

. 

 

The third binding motif pS/pT-X1-2-COOH is considered weaker in terms of binding 

affinity compared to mode 1 and 2 motifs. However, this motif enables the binding of an 

additional small molecule compound, which can significantly enhance the stability of the 

complex between 14-3-3 and the phosphopeptide. A typical compound used for this 

purpose is a diterpene glycoside toxin produced by fungi called fusicoccin. This compound 

has been shown to bind to and stabilize the 14-3-3:H
+
-ATPase complex (Fig. 1.3) and it 

even enables the formation of the complex between 14-3-3 and the unphosphorylated H
+
-

ATPase 
24,27

. The discovery of fusicoccin’s ability to stabilize the 14-3-3 protein complexes 

suggested the possibility of development of new more potent compounds that could be 

used as modulators of interactions between 14-3-3ζ and their targets 
18,27–29

.  
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Fig. 1.3 The crystal structure of the mode 3 14-3-3 binding motif from the C-terminus of H
+
-

ATPase (QSYpTV) bound to 14-3-3C 
24

. Fusicoccin (FC) is highlighted in magenta. This figure 

was taken from 
18

. 

 

 

 

 

 

Fig. 1.4 Modes of action of 14-3-3 proteins. 14-3-3 is an adaptor scaffolding protein able to: (i) 

cause change in the conformation of target proteins; (ii) blocks the specific surface in protein; (iii) 

enhance the interaction of two selected proteins. This figure was taken from 
18

. 
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1.1.3   Mechanisms of 14-3-3 protein functions 

During last past 30 years the study focused on 14-3-3 protein functions has revealed 

several mechanisms. It is possible to define three main functional roles (modes of action) 

of the 14-3-3 proteins: (I) 14-3-3 binding induces a structural change of the bound client 

protein; (II) physical obstruction of a specific sequence or structural feature; (III) 

scaffolding function, which promotes protein-protein interaction between two 14-3-3 

binding partners (Fig. 1.4) 
11,16,30–32

. Unfortunately, the detailed mechanisms of these 

modes of action are still unclear in most cases and the majority of structural data available 

today are crystal structures of 14-3-3 complexes with short phosphopeptides, which cannot 

give us a detailed insight into these processes. Nevertheless, available data revealed several 

common features important for the 14-3-3-mediated regulation of the target activities: (i) 

the rigid nature of the 14-3-3 protein molecule, (ii) the simultaneous presence of two (or 

more) specific motifs recognized by 14-3-3 proteins within the binding partner, and (iii) 

the location of 14-3-3 binding motifs within long disordered regions of target proteins 
18,28

.  

 

 

1.1.4   Known structures of 14-3-3 protein complexes 

The most important function of the 14-3-3 proteins is to act as scaffold/chaperone 

molecules able to modulate the structure and the function of the bound partner and to 

mediate interaction of two simultaneously bound partners. Examples of these two 

mechanisms were provided by solving the crystal structures of 14-3-3 in complex with 

serotonin N-acetyltransferase (AANAT) 
33

 and H
+
-ATPase 

34
. In both complexes the 14-3-3 

dimer is able to anchor two chains of the target protein in its central cavity 
33

. In the case of 

AANAT, the14-3-3 protein binding stabilizes the flexible part of the active site thus 

enhancing the substrate binding affinity and enzyme activity. In the case of H
+
-ATPase, the 

14-3-3 protein binding stabilizes the quaternary structure of the pump, thus also increasing 

its activity. More recently, additional structures of 14-3-3 protein complexes with full-

length binding partners were reported. Taoka et al. 
35

 solved the crystal structure of the 

complex between plant 14-3-3 and florigen, which suggested the mechanism responsible 

for induction of flowering with 14-3-3 protein acting as intracellular receptor for florigen 

in shoot apical cells. Alblova at al. 
36

 reported the crystal structure of Bmh1 (yeast 14-3-3 

isoform) in complex with neutral trehalase Nth1, which showed how 14-3-3s allosterically 

modulate the structure of a binding partner with multiple domains. In the complex, the 14-
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3-3 protein stabilizes the flexible part of the active site through the proper positioning of 

the regulatory and catalytic domains. In addition, Sluchanko et al. 
37

 solved the crystal 

structure of the 14-3-3 protein in complex with the heat shock protein HSPB6, which 

showed that several intrinsically disordered HSPB6 regions are transformed into a well-

defined asymmetric structure.  

More recently structures of additional 14-3-3 protein complexes have been reported: the 

crystal structure of the complex between 14-3-3 and ExoS (Exoenzyme S from 

Pseudomonas aeruginosa) and the cryo-EM and crystal structures of the complex between 

14-3-3 and B-RAF kinase. The structure of the 14-3-3:ExoS complex solved by Karlberg 

et al. 
38

 revealed that the complex formation is driven by an extensive hydrophobic surface 

of ExoS, which  seems to be essential for the activation of the toxin. The structure 

suggested that the 14-3-3 binding masks this hydrophobic surface, thus protecting ExoS 

against aggregation. Reported structures of the 14-3-3:B-RAF and 14-3-3:B-RAF:MEK 

complexes revealed insights into how the 14-3-3 protein regulate B-RAF activity 
3940

. The 

structure of the autoinhibited complex showed that 14-3-3 simultaneously binds 

phosphorylated Ser
365

 and Ser
729

 residues of one B-RAF molecule and blocks the 

dimerization interface of the B-RAF. On the other hand, the structure of the active 14-3-

3:B-RAF:MEK complex revealed that an active B-RAF dimer is stabilized by the 14-3-3 

dimer through the interaction with phosphorylated Ser
729

 motifs located at the C-termini of 

two B-RAF molecules.   

 

1.1.5   14-3-3 protein complexes as targets for the modulation of protein-

protein interactions 

The fact that 14-3-3 proteins interact and regulate hundreds of binding partners involved 

in many disease-relevant signaling pathways makes these complexes interesting targets for 

pharmaceutical intervention. The targeting of these protein-protein interactions (PPI) will 

be particularly valuable for situations where it is difficult or impossible to directly target 

conventional molecules such as enzymes or receptors. However, the development of such 

modulators of PPI requires detailed knowledge of corresponding binding interfaces. 

Unfortunately, the majority of structures of 14-3-3 complexes available in the PDB 

databank are complexes with short phosphopeptides representing the 14-3-3 binding motifs 

of binding partners and only few structures of 14-3-3 complexes with full-length partners 

were reported so far. As already mentioned above, the 14-3-3 binding motifs are frequently 

located within the long disordered regions and the 14-3-3 binding partners are often multi-
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domain and highly flexible proteins. Thus, during the complex formation the 14-3-3 

protein dimer anchors only the phosphorylated regions and a large part of the target protein 

stays often disordered and structurally heterogeneous, thus preventing the crystal growth. 

Therefore, a common approach adopted to study such problematic 14-3-3 complexes is 

based on using synthetic phosphopeptides (10-40 amino acid residues long) to study at 

least interactions between 14-3-3 and 14-3-3 binding motifs of these targets. This approach 

enabled development of various potent modulators of 14-3-3 PPI, which were shown to 

either inhibit or stabilize specific 14-3-3 protein complexes 
29,34

. 

 

 

1.1.6 Small-molecule modulators of 14-3-3 PPI 

Fusicoccin A, a diterpene glycoside, is a natural compound produced by the 

phytopathogenic fungus Phomopsis (Fusicoccum) amygdali, which was firstly described 

for its ability to release a wilt-inducing toxin  
41

. Latter it was shown that this compound 

stabilizes the complex between the plasma membrane H
+
-ATPase (PMA) and the 14-3-3 

protein, acting as a 'molecular activator' for the complex 
42

. From this starting point, few 

Fusicoccin analogues, like Cotylenin A 
43

 or Fusicoccin THF 
26

, were prepared and tested 

and proved to behave as 'molecular modulator' for the stabilization of 14-3-3 binary 

complexes, especially those containing the C-terminal mode III binding motif (Fig. 1.5). 

However, the Fusicoccin A stabilizes not only 14-3-3 complexes with targets possessing 

the C-terminal 14-3-3 binding site, but also complexes with other motifs, for example, the 

14-3-3 complex with the cystic fibrosis trans-membrane conductance regulator (CFTR) 
44

. 

Cotylenin A, a Fusicoccin analogues also produced by a fungus (Cladosporium), behaves 

as a bioactive molecule in plants 
42

. This compound also affects cell differentiation in 

human acute myeloid leukemia in mouse models and in vitro cell cultures 
44,45

. The crystal 

structure of 14-3-3 in complex with the N-terminal 14-3-3 binding motif of the protein 

kinase C-RAF and cotylenin A (PDB ID: 4IEA) showed how this molecule stabilizes PPI 

between 14-3-3 and C-RAF and suggested it could possess an anti-tumor activity 
25

. 

 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/phomopsis
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fusicoccum
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/prunus
https://www.rcsb.org/pdb/search/structidSearch.do?structureId=4IEA
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Fig. 1.5 Natural or semi-synthetic Fusicoccin analogues, that stabilize 14-3-3 binary complexes. 

This picture was taken from 
29

. 

 

The 5-8-5-fused ring in the Fusicoccin scaffold makes the synthesis of new derivatives 

to improve selectivity and/or potency challenging. Nevertheless, new potent analogues of 

Fusicoccin have been described, for example, Fusicoccin-THF (Fig. 1.6), which was 

designed to selectively stabilize 14-3-3 complexes with the ''mode III' motifs. This 

compound was shown to modulate the interaction between 14-3-3 and the potassium 

channel TASK3 
26

. 

The screening of a library of 37,000 small-molecules enabled identification of two new 

compounds: Epibestatin  and Pyrrolidone 1 
46

. Pyrrolidone 1 interacts with the same 14-3-3 

region as fusicoccin 
47

. While Fusicoccin fills almost the whole volume of the cavity within 

the 14-3-3 binding groove, Pyrrolidone 1 occupies only part of it 
47

. The binding 

conformation suggests that Pyrrolidone1, if its structure is modified, can be considered as a 

starting point for development of new inhibitors that would completely fill the gap in the 

two proteins interface. Epibestatin, similarly as fusicoccin, fills almost the whole binding 

site 
46

. 

 

 

Fig. 1.6 Fusicoccin semi-synthetic derivative (FC-THF) stabilizes the 14-3-3σ/TASK3 peptide 

complex 
26

. (A) FC-THF (purple sticks) and the TASK3 C-Terminal peptide (yellow sticks) are 
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located within the 14-3-3σ binding groove. (B) Electron density (red, blue, and black mesh, 2FO-

FC, contoured at 1.0 σ) around FC-THF (purple sticks), C-terminus of TASK3 peptide (yellow 

sticks), and 14-3-3σ (green sticks). This figure was taken from 
29

. 

 

1.2    Nuclear Factor kappa B (NF-κB) 

NF-κB signaling pathway has a crucial role in the development, maintenance, and pro-

gression of most chronic diseases. NF-κB regulates the gene expression and thus various 

physiological responses, such as immune inflammatory, acute-phase inflammatory and ox-

idative stress responses, cell adhesion, differentiation, and apoptosis 
48

. NF-κB dysregula-

tion has been shown in recent works that is connected to many diseases including asthma, 

diabetes, AIDS, stroke, viral infections, and other 
49–56

. The role of NF-κB in inflammation 

and cancer progression suggested the potential use of NF-κB -specific drugs in hematolog-

ical malignancies and solid tumors treatments 
57,58

.  

There are five members in the NF-κB family:  NF-κB1 (p50 and its precursor p105), 

and NF-κB2 (p52 and its precursor p100), ReIA (p65), ReIB and c-ReI, able to form het-

ero- or homodimers 
59–61

. NF-κB activation is connected with its localization. In relaxed 

cells, NF-κB proteins are preserved in the cytoplasm bound to the inhibitor of κB (IκB) 

proteins: the most abundant are IκBα, IκBβ, and IκBε 
59

. NF-κB activation occurs via both 

canonical and non-canonical mechanisms (Fig. 1.7). 

 

Fig. 1.7 Schematic view of main pathways of canonical NF-κB activation. In response to activating 

stimuli (e.g. genotoxic stress), protein NEMO is enrolled to the respective proximal signaling com-
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plexes and bound to the receptors using non-degradative polyubiquitin chains. The enrollment of 

the IKK complex via NEMO permits the TAK1 kinase to phosphorylate and thus activate IκKβ. 

This triggers the IкBs' phosphorylation and degradation, thereby releasing the active NF-κB di-

mers. NF-κB, nuclear factor κB; TLR, toll-like receptor; NEMO, NF-κB essential modulator; IKK, 

IкB kinase; TAK1, Transforming growth factor β-activated kinase 1. This figure was taken from 
62

. 

 

 

The activated NF-κB is located in the nucleus, where it undergoes a series of posttrans-

lational modifications, such as phosphorylation, acetylation, and methylation, thus regulat-

ing the NF-κB activity with the ReIA/p65 regulation being the most relevant. Once this 

complex is formed, it is strictly phosphorylated by cAMP-dependent protein kinase (PKA), 

casein kinase II (CKII) and IKK 
63,64

. The dephosphorylation of ReIA by the protein phos-

phatase 2A (PP2A) has been shown to reduce the NF-κB activity 
65

. ReIA is also acetylat-

ed by p300/CBP, and acetylated ReIA has been shown to bind weakly to IκBα 
66,67

, thus 

promoting its nuclear localization and NF-κB transcriptional response.   

Activated NF-κB controls the transcription of several hundreds of genes that participate 

in immunoregulation, growth regulation, inflammation, carcinogenesis, and apoptosis 
68

 

(Fig. 1.8). Because of the multiple levels of regulation, NF-κB signaling pathway is poten-

tially targeted at many levels including kinases, phosphatases, ubiquitination, nuclear 

translocation, DNA binding, protein acetyl transferases and methyl transferases (Fig. 1.9). 

Moreover, due to its ability to control multiple disease-relevant genes, the NF-κB signaling 

pathway is considered an important target for the development of new therapy approaches 

49,69
. 
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Fig. 1.8 Overview of genes regulated by NF-κB. This list includes transcription factors, cell-

surface receptors, growth factors, immunoreceptors, acute phase proteins, enzymes, stress response 

genes, early response genes, viruses, apoptosis regulators, cytokines/chemokines and cell adhesion 

molecules. This figure was taken from 
68

. 

 

 

 

 

Fig. 1.9 Potential strategies of NF-κB pathway inhibition. NF-κB can be inhibited at various steps 

including kinases, phosphatases, ubiquitination, acetylation, methylation, nuclear translocation and 

DNA binding. This figure was taken from 
68
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1.2.1    Inhibitor of Nuclear Factor kappa B (IκB) 

The NF-κB protein family is known from many years to be involved in key biological 

processes including cell proliferation, cell survival, apoptosis and regulation of immune 

response 
59,70–72

. The main characteristics of NF-κB pathway is its regulation by IκB 

proteins. IκB family consists of eight members containing the typical ankyrin repeat 

domains. The most studied member of IκB family is IκBα, which primarily targets the NF-

κB heterodimer p50/p65 thus keeping the NF-κB in cytoplasm 
73–76

. 

The key step in the activation of NF-κB is the phosphorylation of IκB at conserved 

Ser32 and Ser36, which leads to the IκBα ubiquitination and its proteasomal degradation 

77,78
. In addition, it has been shown that the nuclear export of the IκBα/p65 complex 

requires a scaffolding protein 14-3-3 
79

. Physical interaction between 14-3-3 and IκBα was 

demonstrated by co-immunoprecipitation, however, the precise mechanism of the 14-3-3-

mediated regulation of IκBα/p65 localization remains elusive 
79

. 

 

  

1.3   Calcium/Calmodulin-dependent protein kinase kinase 

(CaMKK2) 

Calcium/calmodulin (Ca
2+

/CaM) signaling is directly connected with obesity and 

insulin resistance 
80,81

. Several epidemiological studies highlighted Ca2+ signaling as a 

determinant cause in obesity, able to seriously alter system metabolism 
81–84

. The Ca2+/CaM 

signaling pathway starts with the formation of a complex between Ca
2+

 and its ubiquitous 

receptor, CaM. The Ca2+/CaM complex then activates a set of Ca2+/CaM-dependent protein 

kinases. In this kinase “cascade”, one of the main actors is the Ca2+/CaM-dependent protein 

kinase kinase 2 (CaMKK2), which, upon its activation, activates the downstream 

Ca2+/CaM-dependent protein kinases I and IV (CaMKI and CaMKIV) (Fig. 1.10) 

85
. Furthermore, CaMKK2 acts as an upstream activator of the AMP-activated protein 

kinase (AMPK) 
86

. The CaMKK2:AMPK complex also controls energy equilibrium by 

acting in hypothalamus neurons, thus controlling the  production of the hormone 

neuropeptide Y (NPY) 
87

. CaMKK2 activity influences several physiological processes 

such as regulation of glucose balance, hematopoiesis, inflammation and cancer, in fact, 

CaMKK2 has been validated as potential target for pharmaceutical intervention 
85

. 
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Fig. 1.10 The Ca
2+

/CaM-dependent kinase cascade induces various metabolic responses to 

patho/physiologic stimuli. Upstream extracellular signals interact with their respective receptors, 

causing an increase in intracellular Ca
2+

 concentration and the formation of the Ca
2+

/CaM complex, 

which interacts with many target proteins including CaMKK2. The Ca
2+

/CaM binding activates 

CaMKK2, which in turn phosphorylates and activates downstream targets CaMKIV, AMPK and 

CaMKI. This figure was taken from 
88

. 

 

                           

 

 

Fig. 1.11 CaMKK2 structure domain: the PKA phosphorylation sites are shown in red, the 

regulatory site and the CaM binding site are colored in blue and orange, respectively. This picture 

was taken from 
89

. 
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   The members of the Ca
2+

/CaM-dependent protein kinases (CaMK) family share a similar 

domain structure with the catalytic kinase domain followed by an autoinhibitory domain, 

which overlaps with the CaM-binding region (Fig. 1.11) 
90

. The autoinhibitory segment 

interacts with the kinase domain and occupies the active site. The Ca
2+

/CaM binding to the 

CaM-binding region of CaMK changes conformation of the autoinhibitory domain and 

releases it from the kinase domain, thus, in turn, enabling the kinase activity 
89,91

.  

Mammalian cells express two CaMKK isoforms: CaMKK1 and 2, which share high 

degree of sequence similarity (Fig. 1.12), but differ in their biochemical properties. While 

CaMKK1 is regulated only through the autoinhibitory mechanism, CaMKK2 also exhibits 

considerable Ca
2+

/CaM-independent activity. This autonomous activity is regulated by 23 

amino acid region at the N-terminal end of the catalytic domain 
92

 containing three sites 

recognized by cyclin-dependent kinase 5 and glycogen synthase kinase 3 and also one 

specific site phosphorylated by cAMP-dependent protein kinase 
93,94

. 

   CaMKK1 possesses five PKA phosphorylation residues, Ser52, Ser74, Thr108, Ser458 

and Ser475, four of those are also in CaMKK2 (Ser100, Thr145, Ser495 and Ser511) (Fig. 

1.11). Both CaMKK1 and 2 are partially inhibited by PKA-mediated phosphorylation 
93–95

. 
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Fig. 1.12 Comparison of human CaMKK1 (Q8N5S9) and CaMKK2 (Q96RR4) sequences. Red 

circles denote PKA phosphorylation sites. Red squares denote the 14-3-3 binding motifs. This 

picture was taken from 
89

. 
 

 

1.3.1   Interaction between CaMKKs and the 14-3-3 protein 

The GST pull-down and co-immunoprecipitation experiments revealed  that both 

CaMKKs can bind to 14-3-3 protein isoforms, particularly to isoform γ, upon the PKA-

mediated phosphorylation 
96,97

. The residue Ser
74

 of CaMKK1 has been suggested to be the 

main 14-3-3 binding site, which corresponds to Ser
100

 in CaMKK2 
97

 (Figs. 1.11 and 

1.12). On the other hand, Ser
475

, which corresponds to Ser
511

 in CaMKK2, is considered to 

be a secondary 14-3-3 binding site 
97

. The PKA-mediated phosphorylation of the second 

site, however, is lower and requires the presence of the Ca
2+

/CaM complex 
96,98,99

. 

The role of 14-3-3 in the regulation of CaMKK activity is still unclear. Davare at al. 
96

 

suggested that the 14-3-3 binding to CaMKK1 reduces the kinase activity through two 
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different mechanism: (i) protection of Thr
108

 against dephosphorylation, thus maintaining 

CaMKK1 in the PKA-mediated inhibited state, and (ii) through direct inhibition of the 

kinase activity. Another study by Ichimura et al. 
97

 showed that the 14-3-3 protein 

suppresses the maximum velocity (Vmax) of CaMKK1. Therefore, both these studies 

indicated that the 14-3-3 protein act as a physiological inhibitor of CaMKK1. The role of 

14-3-3 in the regulation of the second CaMKK isoform CaMKK2 was totally elusive. 
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2   Aims of this doctoral thesis 

 

The main goal of this doctoral thesis was to structurally characterize 14-3-3 protein 

complexes with phosphopeptides containing 14-3-3 binding motifs of CaMKK2 and IκBα 

and investigate their stabilization by small molecule compounds. 

 

Specific aims were: 

 

1. to investigate the interaction between 14-3-3 and the phosphopeptide containing 

14-3-3 binding motif of IκBα, 

2. to investigate the interaction between 14-3-3 and phosphopeptides containing both 

14-3-3 binding motifs of CaMKK2, 

3. to evaluate the stabilization of the 14-3-3:CaMKK2 complex by Fusicoccin A and 

its derivatives, 

4. to perform screening of a fragment library targeting the 14-3-3 protein interface.  

 

Protein crystallography, fluorescence polarization (FP) assay, Thermal shift assay 

(TSA), analytical ultracentrifugation (AUC), tryptophan fluorescence measurement and 

nuclear magnetic resonance (NMR) spectroscopy were used as principal tools to achieve 

the specific aims. 
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3 Methods 
 

This chapter lists only those methods that were the focus of my experimental work.  

 

 

3.1 Expression and purification of 14-3-3 proteins 

Human 14-3-3γ and ξ isoforms and their mutant forms were expressed and purified as 

previously described 
33

. Purified 14-3-3s in a buffer containing 20 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 1 mM TCEP, and 10% (w/v) glycerol was concentrated to a final 

concentration of 30 mg.mL
–1

, frozen in liquid nitrogen, and stored in aliquots at −80 °C 

(193.15 K). 

 

 

3.2 Protein crystallization 
 

3.2.1 Crystallization of binary 14-3-3:peptide complexes 

 
14-3-3ζΔC or 14-3-3γΔC proteins and pepS100 or pepS511 peptides 

(sequences RKLpSLQER and RSLpSAPGN, respectively) were mixed in a 1:2 molar ratio. 

The buffer used was composed of 20 mM HEPES (pH 7), 2 mM MgCl2 and 1 mM TCEP. 

Crystallization was performed using the hanging-drop vapor-diffusion method at 291 K. 

The crystals of the 14-3-3ζΔC:pepS100 peptide complex were grown in 2.5 μL drops of 

16.2 mg.mL
−1

 protein and 2.5 μL of 100 mM Tris-HCl (pH 7), 20.8% (w/v) PEG 2000 and 

50 mM sodium fluoride. The crystals of the 14-3-3γΔC:pepS511 peptide complex were 

grown in drops of 1 μL of 16.5 mg.mL
−1

 protein and 2 μL of 100 mM sodium citrate 

(pH 5.6), 200 mM potassium sodium tartrate, and 1.8 M ammonium sulfate. Crystals were 

cryoprotected by 30% (v/v) PEG 400 and then flash frozen in liquid nitrogen before data 

collection. 

 

3.2.2 Crystallization of ternary 14-3-3:peptide:compound complexes 

 
The ternary complex of 14-3-3 and CaMKK2 14-3-3 binding motif was prepared as 

fallows: 14–3–3γ protein and the pepS100 peptide (sequence RKLpSLQER) were mixed in 

a 1:2 molar ratio in buffer composed of 20 mM HEPES (pH 7), 2 mM MgCl2, and 1 mM 

TCEP. Crystallization was performed using the hanging-drop vapor-diffusion method at 

291 K, the 14–3–3γ:pepS100 binary complex’s crystals were grown in drops of 2 μL of 16 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/peptide-sequence
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/peptide-sequence
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hanging-drop-vapor-diffusion-method
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/potassium-sodium-tartrate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ammonium-sulfate
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mg mL
–1

 protein and 4 μL of 100 mM HEPES (pH 7.5), 200 mM MgCl2, 32% (w/v) 

PEG400, and 1% (v/v) hexafluoro-propanol. Ternary complexe’s crystals were obtained by 

soaking with 0.5 mM FC-A or 16-O-Me-FC-H for 3 h at 291 K. Soaked crystals were 

flashly frozen in liquid nitrogen.  

 

 

3.3   Fluorescence polarization assay (FP assay) 
 

3.3.1 FP assay with the binary 14-3-3 complexes 

 
14-3-3γ (0-80 M) was incubated for 1 h together with 100 nM of FAM (5-

carboxyfluorescein)-conjugated synthetic peptides GSLSARKL(pS)LQER (FAM-

CaMKK2-S100) or SRREERSLpSAPGN (FAM-CaMKK2-S511), where pS 

denotes phosphoserine, where a fluorofore, the fluorescein, was attached to the N-terminal 

part (Pepscan Presto BV, The Netherlands). Fluorescence polarization was recorded using a 

CLARIOstar microplate reader (BMG Labtech) in buffer composed of 10 mM HEPES 

(pH 7.4), 150 mM NaCl, 0.1% (v/v) Tween 20 and 0.1% (w/v) BSA. Excitation and 

emission wavelengths were 482 nm and 530 nm, respectively. To calculate the apparent KD 

values of the peptide:14-3-3 interaction, the measured FP data were fitted to a one-site-

binding model using OriginPro 2018b (OriginLab Corp. MA, USA). 

 

3.3.2 FP assay with the ternary 14-3-3 complexes 
 

14-3-3γ (0-80 M) was incubated for 1 h together with 100 nM of FAM-CaMKK2-S100 

or FAM-CaMKK2-S511 and 500 μM compound before the FP measurement. To determine 

the stabilization potency (EC50 values), a solution of 100 nM FAM-pepS100 and 20 μM 

14-3-3 was titrated with the specific compound. To calculate KD and EC50 values, the data 

were fitted to one-site-binding and dose-response models, respectively, using OriginPro 

2018b (OriginLab Corp. MA, USA). 

 

 

3.4   Thermal shift assay (TSA) 
 

3.4.1 Sample preparation binary complex 
 

Differential scanning fluorimetry (DSF) was performed using a LightCycler® 480 

(Roche, Switzerland) on 96-well plates with samples containing 7 μM 14-3-3 in the pres-

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/phosphoserine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fluorescein
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ence or absence of each cocktail (2500 μM per fragment), in buffer containing 100 mM 

Hepes, pH 7.5, 150 mM NaCl and 4% (v/v) DMSO. The fluorescent probe SYPRO Orange 

(Sigma Aldrich) was included into the solution at a dilution of 1:600.  
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4 Results and Discussion 

 

4.1 Structural and functional characterization of the interaction 

between 14-3-3 and human CaMKK2  

 

Psenakova, K., Petrvalska, O., Kylarova, S., Lentini Santo, D., Kalabova, D., Herman, P., Ob-

silova, V. & Obsil, T. 14-3-3 protein directly interacts with the kinase domain of calci-

um/calmodulin-dependent protein kinase kinase (CaMKK2). Biochim. Biophys. Acta - Gen. 

Subj. 1862, 1612–1625 (2018).  

 

My contribution: Expression and purification of 14-3-3γΔC and 14-3-3ΔC, evaluation of the 

phosphopeptide binding using the fluorescence polarization assay, crystallization and 

refinement of the 14-3-3γΔC:CaMKK2 pS100 and 14-3-3γΔC:CaMKK2 pS511 complexes. 

 

4.1.1   Motivation of the study  

Previous studies have shown that the kinase activity of CaMKKs is inhibited by PKA-

mediated phosphorylation in a process involving the binding of the scaffolding 14-3-3 protein 

96,97. However, the exact role of the 14-3-3 protein binding in the inhibition of CaMKKs is 

elusive, mainly due to the lack of structural data. Moreover, the 14-3-3 proteins appear to be 

physiological inhibitors of CaMKKs, thus suggesting that the stabilization of PPIs between 14-

3-3 and CaMKKs by small molecule compounds may be an alternative strategy in inhibiting 

these two kinases. Therefore, the main goal of this work was to perform the structural and 

biophysical characterization of interactions between 14-3-3 and CaMKK2. 

 

4.1.2 Interactions between 14-3-3 and 14-3-3 binding motifs of CaMKK2  

First, the interaction between 14-3-3 (gamma isoform has been described as interaction 

partner of CaMKK1 
96,97

 and phosphorylated CaMKK2 was characterized using analytical 

ultracentrifugation experiments. The data analysis showed that a dimer of 14-3-3γ is able 

to bind to CaMKK2 phosphorylated at Ser100 (CaMKK2-S
100

) with an affinity of 1 ± 0.5 

μM. On the other hand, the CaMKK2 phosphorylated at both Ser100 and Ser511 (Ser511 

was phosphorylated only partially) (CaMKK2-S
100,511

) can bind to 14-3-3 protein with a 

higher affinity (KD ˂ 0.4 μM), indicating that the 14-3-3 binding site within the C-terminal 

segment, when phosphorylated, can enhance the complex stability.  

To characterize interactions between 14-3-3 and both 14-3-3 binding motifs of 



 

36 

 

CaMKK2 at atomic level, two complexes between 14-3-3 and phosphopeptides 

representing the 14-3-3 binding motifs of CaMKK2 were crystallized. The 14-3-3ζΔC 

(without the highly flexible C-terminal loop) isoform was crystalized in the presence of the 

phosphopeptide containing the N-terminal CaMKK2-S
100

 14-3-3 binding site, 

RKLpSLQER. The zeta isoform was used as we were unable to obtain well diffracting 

crystals of this complex with the gamma isoform. The 14-3-3γΔC isoform was crystalized 

with a phosphopeptide containing the C-terminal CaMKK2-S
511

 14-3-3 binding site, 

RSLpSAPGN. Both structures were solved using molecular replacement using the 

structures of 14-3-3ζ (PDB ID: 4FJ3) and 14-3-3γ (PDB ID: 2B05) as search models, and 

refined at resolutions of 2.68 and 2.84 Å, respectively. Both structures revealed that 

phosphopeptides adopt within the 14-3-3 ligand binding groove extended conformations, 

which are highly similar to those observed in the other 14-3-3:phosphopeptide complexes. 

In detail, the phosphate moiety of pSer
100

 in pepS
100 

interacts with the side chains of 14-3-

3 residues Lys
49

, Arg
56

, Arg
127

, and Tyr
128

 (Fig. 4.1 A,B). The side-chain of the Glu 

residue at the +3 position with respect to pSer
100

 is establishing a salt-bridge with the 

Lys
120

 of 14-3-3 protein. Interestingly, the side-chain of the Gln residue at +2 is makes 

hydrogen-bonds with the phosphate group and the main-chain carbonyl group of pSer
100

. 

These interactions appear to change the direction of the phosphopeptide main chain, thus 

acting as the Pro residue, which is frequently located in 14-3-3 binding motifs at +2 

position with respect to pSer/pThr 
36

. As a result of that, the part of the 14-3-3 ligand 

binding groove, called fusicoccin binding cavity, stays empty, thus suggesting that this 

protein-protein interaction might be stabilized by small-molecule compounds (Fig. 4.1 F) 

24
. 

In the case of the pS
511

 peptide, which possesses the canonical “mode I” 14-3-3 motif, 

the recognition of the pSer
511

 and all other interactions (Fig. 4.1 C,D) are similar to those 

in other 14-3-3 complexes with peptides possessing the “mode I” motif 
17,19

.  
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Fig. 4.1 Structural analysis of interactions between 14-3-3 and the 14-3-3 binding motifs of 

pCaMKK2. (A) Crystal structure of the 14-3-3:pepS100 complex. The 2Fo-Fc electron density 

map is shaped at 1. (B) In details contacts view between 14-3-3 and the pepS
100

 peptide. The 

corresponding CaMKK2 residues are highlighted in red, and the 14-3-3 residues are highlighted in 

black. (C) Crystal structure of the 14-3-3:pepS511 complex. The 2Fo-Fc electron density map is 

shaped at 1. (D) In details contacts view between 14-3-3 and the pepS511 peptide. The CaMKK2 

residues are highlighted in red, and the 14-3-3 residues are highlighted in black. (E) Comparison 

of the main-chain conformation of pS
100

 (yellow) and pS
511

 (violet) peptides with a “mode 1” 14-3-

3 peptide (sequence RSHpSYPA, PDB ID 1QJB, orange) 
17

, the 14-3-3 binding motifs of AANAT 

(sequence RRHpTLPA, PDB ID 1IB1, cyan) 
33

 and neutral trehalase Nth1 (sequence 
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TRRGpSEDDT, PDB ID 5N6N, red) 
36

. The C-terminal portion of the 14-3-3 binding motifs is 

showed up with a black arrow. (F) Superimposition of the 14-3-3:pepS
100

 complex (pepS100 is 

showed up in yellow) presenting a ternary complex which is a mix between the “mode 3” 

phosphopeptide resulted from the C-terminus of plant plasma membrane H
+
-ATPase (sequence 

QSYpTV, blue), plant 14-3-3C and fusicoccin (FC, PDB ID 1O9F) 
24

. 

 

 

4.1.3   14-3-3 protein directly interacts with the kinase domain of 

CaMKK2  

Next, the interaction between the 14-3-3 protein and CaMKK2 was investigated using 

small angle X-ray scattering (SAXS). CaMKK2 interacts with 14-3-3 through the N-

terminal pSer
100

 motif (and potentially also through the C-terminal pSer
511

 motif when it is 

phosphorylated). However, it is unclear whether the other parts of CaMKK2, e.g. the 

kinase domain and/or CaM-binding region, are also involved in interactions with the 14-3-

3 dimer (Fig. 3.2). Such contacts, if present, could explain the inhibitory effect of 14-3-3 

binding on CaMKK activity. Therefore, SAXS measurements were performed to 

investigate the architecture of the 14-3-3:CaMKK2 complex. 

   

Fig. 4.2 Two possible architectures of the 14-3-3:CaMKK2 complex. (A) Extended arrangement in 

which the CaMKK2 is attached to 14-3-3 only through the N-terminal pSer100 motif and there are 

no additional contacts between 14-3-3 and other regions of CaMKK2. (B) Compact arrangement in 

which the CaMKK2 is attached to 14-3-3 through the N-terminal pSer100 motif and the kinase 

domain of CaMKK2 makes additional contacts with the 14-3-3 dimer.  

 

Small angle X-ray scattering data were collected for 14-3-3γΔC and CaMKK2-S
100

 

alone and for the complex between 14-3-3γΔC and CaMKK2-S
100

 and CaMKK2-S
100,511

 

(Table 4.1 and Fig. 4.3 A). The absence of attractive inter-particle interactions in all 

samples was verified by the linear character of Guinier plots (Fig. 4.3 B). The prepared 
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complexes were sufficiently stable as the forward scattering intensity I(0), the Porod 

volume Vp, and the radius of gyration Rg showed no significant concentration dependence 

(Table 4.1). P(r) function for the 14-3-3γΔC dimer alone showed shorter inter-particle 

distances and a smaler maximum distance (Dmax) compared to CaMKK2 alone and both 

complexes thus suggesting that CaMKK2 is a more extended molecule (Fig. 4.3 C). The 

dimensionless Kratky plot ((sRg)
2
I(s)/I(0) versus sRg) suggested the increased 

conformational heterogeneity of CaMKK2 and both complexes compared to 14-3-3γΔC 

alone  (Fig. 4.3 D). In the case of the 14-3-3γΔC:CaMKK2-S
100-511 

complex, the lower 

values of Rg and Dmax indicate that this complex is more compact compared to that of 

CaMKK2-S
100

. 

 

Table 4.1 Structural parameters derived from SAXS data. 

 
a
Calculated using Guinier approximation.  

b
Calculated using the program GNOM.  

c
The excluded volume of the hydrated particle (the Porod volume).  

d
Molecular weight estimated by comparing the forward scattering intensity I(0) with that of 

the reference solution of bovine serum albumin.  

e
Molecular weight estimated from the Porod volume (Mw ≈ Vp × 0.625)

77
.  

d
Theoretical molecular weights of the 14-3-3γΔC dimer, CaMKK2s and the CaMKK2:14-

3-3γΔC complex with 2:1 stoichiometry are 54.3, 48.0 and 102.3 kDa, respectively. 
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Fig. 4.3 SAXS analysis of the CaMKK2 alone and in complex with 14-3-3. A) Scattering intensity 

profiles of 14-3-3γΔC alone, CaMKK2-S
100

 alone, the 14-3-3γΔC:CaMKK2-S
100

 and the 14-3-

3γΔC:CaMKK2-S
100,511 

complexes mixed at 2:1 molar stoichiometry ratio. B) Guinier plots for 

scattering curves from panel A). C) Distance distribution functions P(r) 
100

. D) Dimensionless 

Kratky plots. Cyan line displays the compact globular protein’s maximum 
101

. 

 

Next, the low-resolution shape of the 14-3-3γΔC:CaMKK2-S
100

 complex was calculated 

using the MONSA program 
102

. This approach was based on a multiphase modeling with 

an ab initio bead model, which consisted of two phases representing 14-3-3 and CaMKK2 

within a low-resolution molecular envelope 
103

. The obtained envelope revealed an 

asymmetric shape with the kinase domain attached to the side of the 14-3-3 dimer, instead 

of being located within the central channel of the 14-3-3 dimer (Fig. 4.4 A). The rigid body 

modeling of the 14-3-3γΔC:CaMKK2-S
100

 complex was performed using the CORAL 

program 
104

. For this purpose, the crystal structures of the 14-3-3γΔC (PDB ID: 2B05) and 

the CaMKK2 kinase domain (PDB ID: 2ZV2) were used and the missing flexible segments 

were modeled as chains of dummy residues. The resulting CORAL model of the complex 

also showed an asymmetric shape with the kinase domain interacting with 14-3-3γ outside 
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the central channel (Fig. 4.4 B). The SAXS curve calculated from the CORAL model fitted 

the experimental SAXS profile with χ
2
 of 1.3. Therefore, the SAXS-based structural 

modeling indicated that CaMKK2-S
100

 binds to 14-3-3γ not only through the pSer
100

-

containing motif but also via the kinase domain. 

  

 

Fig. 4.4 Modeling of the 14-3-3γ:CaMKK2- S
100

 complex. A) The MONSA model of the complex. 

B) The CORAL model of the complex. The flexible parts of CaMKK2 missing in the crystal 

structure were modeled as chains of dummy residues. The Ser
100

 is highlighted in red.  

 

 

4.1.4 14-3-3 binding does not affect the interaction between Ca
2+

/CaM 

and CaMKK2  

Next, we investigated whether the 14-3-3 protein binding affects the interaction between 

Ca
2+

/CaM and CaMKK2. The CaMKK2 activity is triggered by the Ca
2+

/CaM binding and 

the interference with this interaction might be another factor contributing to the 14-3-3-

mediated regulation of CaMKK2. The binding of the dansyl-labeled CaM (dans-CaM) to 

CaMKK2 was studied in the absence and presence of 14-3-3γ using time-resolved 

fluorescence measurements. The summary of obtained data is listed in Table 4.2. 
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Table 4.2 Summary of the time-resolved dans-CaM fluorescence measurements. 

 
aMean lifetimes were calculated as τmean=Σifi τi,where fi is an intensity fraction of the i-th lifetime component τi.  

bS.D. value is ±0.1 ns.  

cThe anisotropies r(t) were analyzed for a series of exponentials by a model-independent maximum entropy method.  

dFast unresolved component.  

eStern-Volmer constant of acrylamide quenching.  

fBimolecular quenching constant for acrylamide collisional quenching. 

 

The fluorescence measurements revealed that the interaction between Ca2+/CaM and 

CaMKK2 increased values of the mean excited-state lifetime (τmean) and the longest correlation 

time ϕ4 of the dans-CaM. The 14-3-3γ binding did not cause any changes in the mobility of 

dans-CaM (Fig. 4.5 A). Conversely, the interaction between 14-3-3γ and CaMKK2-S100,511
 

induced a shift of the anisotropy decay tail (Fig. 4.5 B), thus indicating that the binding of 14-

3-3 does not affect the interaction between Ca2+/CaM and CaMKK2.  

 

 

Fig. 4.5 Time-resolved dansyl fluorescence measurements. A) Fluorescence anisotropy decays of 

free dansyl-Ca
2+

/CaM (o) in the presence of CaMKK2-S
100

 (▼), and in the presence of CaMKK2-

S
100

 with 14-3-3γ (Δ). B) Fluorescence anisotropy decays of free dansyl-Ca
2+

/CaM (o) in the 
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presence of CaMKK2-
100-511 

(▼), and in the presence of CaMKK2-S
 100-511

 with 14-3-3 γ (Δ). 

 

4.1.5 14-3-3 protein binding induces conformational changes of CaMKK2  

To investigate whether CaMKK2 undergoes conformational changes upon the 14-3-3 

binding, four mutants of CaMKK2 with single tryptophan residue located in different re-

gions of CaMKK2 molecule (positions 140, 267, 374, 445) were designed and purified. 

The conformational behavior of CaMKK2 in the presence and absence of 14-3-3 was in-

vestigated using time-resolved fluorescence measurements with 14-3-3γ noW mutant, 

which contains no tryptophan residues 
105

.  

   Analyses of the tryptophan fluorescence data showed that the presence of 14-3-3γ noW 

induced an increase in τmean of Trp
140

 and Trp
445

 (Fig. 4.6 and Table 4.3). On the other 

hand, no significant changes were observed for mutants with Trp
267

 and Trp
374

. The in-

crease in τmean can be interpreted as a decrease in quenching interactions and/or polarity in 

the vicinity of Trp residue upon the 14-3-3γ binding. Next, segmental motions of inserted 

tryptophans were investigated using polarized fluorescence measurements. These experi-

ments revealed small but significant increase in protein flexibility in regions surrounding 

Trp
140

 and Trp
445

 as judged from the sum of amplitudes of fast anisotropy decay compo-

nents 1 and 2 (Table 4.3). 

 

 

Fig. 4.6 Time-resolved tryptophan fluorescence measurements. A) Normalized fluorescence 

intensity decays of CaMKK2-S
100

 mutant characterized by single Trp
140

, in the absence (o) and 

presence (●) of 14-3-3γ noW. The instrument response function is shown as triangles. B) Same as 

A) for the CaMKK2-S
100

 mutant characterized by single Trp
445

. 
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Table 4.3 Summary of time-resolved tryptophan fluorescence measurements 

 

 pCaMKK-S
100

 

mutant 
mean 

a,b 
 

(ns) 

1
 
 

(ns) 
1 

2 

(ns) 
2 

3
 c
 

(ns)
 
 

3 

W140 4.19 1.4 0.037   72 0.170 

W140 + 14-3-3 noW 4.34 0.8 0.021 3.5 0.029 100 0.161 

W267 4.88 0.9 0.014   53 0.200 

W267 + 14-3-3 noW 4.97 0.9 0.004 5.3 0.006 79 0.197 

W445 2.47 2.3 0.026   84 0.184 

W445 + 14-3-3 noW 2.59 2.8 0.041   >100
d
 0.171 

W374 4.39 0.9 0.004   44 0.205 

W374 + 14-3-3 noW 4.37 0.5 0.005   61 0.206 
a
Mean lifetimes were calculated as mean=ifii, where fi is an intensity fraction of the i-th 

lifetime component i.  
b
S.D. value is  0.05 ns. 

c
S.D. value is about  10ns  

d
Poorly resolved correlation time of the overall protein rotation; SD is highly asymmetric 

to longer values. The resolution is primarily limited by a short lifetime value.
 

 

 

 

4.1.6 Conclusions  

Main goal of this study was to characterize the role of 14-3-3 binding in the regulation 

of CaMKK2. The AUC analysis showed that 14-3-3γ binds full-length CaMKK2 

phosphorylated at Ser
100

 with affinity in micromolar range. The presence of the secondary 

C-terminal 14-3-3 binding motif (Ser
511

) increased the stability of the complex. In contrast 

to CaMKK1, the catalytic activity of CaMKK2 is not inhibited by the 14-3-3 protein 

binding. Instead, the 14-3-3 protein appears to protect CaMKK2 against 

dephosphorylation, thus keeping the enzyme in its phosphorylation-dependent inhibited 

state. Structural analysis indicated that the interaction between 14-3-3 and the N-terminal 

14-3-3 binding motif may be improved by small molecule compounds that target the 

fusicoccin binding site in the 14-3-3 ligand binding groove. SAXS-based analysis revealed 

that the 14-3-3:CaMKK2 complex is flexible and that the kinase domain of CaMKK2 is 

positioned outside the central channel of the 14-3-3γ dimer. In addition, the 14-3-3γ protein 

interacts with and affects the structure of various regions of CaMKK2 but without 

interfering with the Ca
2+

/CaM binding to CaMKK2. 
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4.2 Biophysical characterization of the complex between 14-3-3 

and the 14-3-3 binding motif of IκBα 

 

Madita Wolter, Domenico Lentini Santo, Petr Herman, Alice Ballone, Federica Centor-

rino, Tomas Obsil
 
and Christian Ottmann. Interaction of an IκBα peptide with 14-3-3. ACS 

Omega 5(10):5380-5388 (2020). 

 

My contribution: Expression and purification of 14-3-3ζ noW for time-resolved tryptophan 

fluorescence measurements, sample preparation for tryptophan measurements. 

 

 

4.2.1   Motivation of the study 

 

The transcription factor NF-κB is a key regulator of the inflammatory response 

regulation and it has also been implicated in auto-immune diseases and cancer. The 

activation of NF-κB involves the phosphorylation of IκB at conserved Ser
32

 and Ser
36

, 

which leads to the IκBα ubiquitination and its proteasomal degradation 
77,78

. The export of 

the IκBα/p65 complex from the nucleus requires the interaction with the 14-3-3 protein 
79

 

(Fig. 4.7 A). Although the complex formation between 14-3-3 and IκBα was demonstrated 

by co-immunoprecipitation, the structural details concerning the 14-3-3-mediated 

regulation of IκBα/p65 localization remain elusive. 

 

The main goal of this work was biophysical and structural analysis of the complex 

between the 14-3-3 binding motif of IκBα and 14-3-3σ. The complex stability was 

investigated using fluorescence polarization assay and time-resolved tryptophan 

fluorescence. The structural characterization was performed by solving the crystal structure 

of the complex. 

 

4.2.2   Sample preparation 

14-3-3ζ noW was expressed and purified as reported previously 
14

. To avoid any 

interference from inpurities during time-resolved tryptophan fluorescence measurements, 

only SEC-HPLC fractions without any detectable contaminants on SDS-PAGE gels were 

selected. 
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4.2.3    The IκBα 14-3-3 binding motif  

The IκBα protein has only one canonical 14-3-3 binding motif, 57-PRGSEP-66. To elu-

cidate the binding affinity of this motif for 14-3-3, the unphosphorylated (IκBαS63) and 

phosphorylated (IκBαpS63) binding motif peptides have been synthetized (Fig. 4.7 B).  

Both peptides were labeled at their N-termini with a fluorescein isothiocyanate (FITC) 

dye and their binding to all seven human 14-3-3 isoforms was investigated using fluores-

cence polarization (FP) (Fig. 4.7 C,D). These measurements showed no binding in the case 

of unphosphorylated peptide compared to the phosphorylated one, which displayed a weak 

binding to all 14-3-3 isoforms. The KD values of 14-3-3/IκBαpS63 complexes are hypo-

thetically in the range of high micromolar to millimolar and the best binding was detected 

for the 14-3-3η isoform (Fig. 4.7 D).  

 

 

Fig. 4.7 Phosphorylated IκBα peptide binds to 14-3-3. A) The NF-κB pathway. Under inflammato-

ry signal (through TNF and its receptor TNFR), a cascade response (thick dashed arrow) guides 

IκBα to proteasomal degradation, thus NF-κB is translocated of into the nucleus. When 14-3-3 is 

bound to IκBα, NF-κB is essential for nuclear exportation or cytosolic preservation of IκBα/NF-κB 

complex (red dashed arrow). B) The IκBα protein is composed of an unstructured N-terminus, six 

helical ankyrin repeats and the PEST domain. 14-3-3 is predicted to bind to Ser
63

 at the unstruc-

tured N-terminal region. C) FP of IκBαS63 peptide with all human 14-3-3 isoforms. D) FP of 

IκBαpS63 peptide with all human 14-3-3 isoforms. 
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4.2.4    Crystal structure of IκBα-peptide with 14-3-3σΔC  

All seven 14-3-3 isoforms were co-crystallized with the IκBαpS63 peptide. The best 

diffraction data (with the resolution of 1.13 Å) were collected for crystals of the 

IκBαpS63/14-3-3σΔC complex. Only 7 of 13 residues of IκBαpS63 were visible in the fi-

nal electron density map (Fig. 4.8 A-B-C-D). Similarly as in other 14-3-3/phospho-peptide 

structures, 14-3-3 residues Arg
56

, Arg
129

 and Tyr
130

 form polar contacts with the IκBαpS63 

phosphate-group and the phosphoserine makes an additional polar contact with Lys
67

 of the 

peptide and Glu
14

 of the 14-3-3 protein (Fig. 4.8 E). Furthermore, contacts between the 14-

3-3 protein and the IκBαpS63 peptide also involve several water-mediated contacts and a 

few hydrophobic interactions (Fig. 4.8 F).  

 

Fig. 4.8 Crystal structure of 14-3-3σΔC and IκBαpS63 peptide. Side A) and from the top B) sur-

face representation of a 14-3-3 dimer with bound IκBαpS63 peptide (in green sticks) located within 

the binding cavity of each 14-3-3 protomer. C) A detailed view of transparent 14-3-3σ surface with 

the Trp
59

 and Trp
230

 residues highlighted in violet. D) 7 of 13 amino acid residues of the IκBαpS63 
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peptide with the final electron density map with (yellow mesh, σ = 1, carve = 1.3 Å). E) Polar con-

tacts (shown as yellow dashed lines) between IκBαpS63, 14-3-3σΔC and the water molecules (blue 

spheres). F) Detailed view of hydrophobic interactions shown using sphere representation of hy-

drophobic residues. 

 

4.2.5   Binding affinity measurements using tryptophan fluorescence life-

time 

The crystal structure of the complex formed between 14-3-3σΔC and IκBαpS63 high-

lighted a wide-ranging of interactions between the IκBα Trp
66

 residue and the 14-3-3 bind-

ing groove with the indole portion lying in a non-polar environment. This binding mode 

indicated that mean of Trp
66

 could be affected by complex formation and thus can be used 

to quantify the association without a synthetic fluorescence labeling. To distinguish fluo-

rescence of the peptide from the Trp fluorescence of 14-3-3, we generated fluorescently si-

lent 14-3-3ζ (designated as 14-3-3ζnoW) by mutating its two tryptophan residues Trp
59

 and 

Trp
228

 (equivalent to Trp
59

 and Trp
230

 in 14-3-3σ) to phenylalanine. Thus only the trypto-

phan fluorescence from the peptide could have been analyzed.  

Time resolved fluorescence decays confirmed the IκBαpS63/14-3-3ζnoW complex for-

mation by a significant increase in the Trp
66

 mean upon the 14-3-3ζnoW addition (Fig. 4.9 

A). Conversely, the unphosphorylated IκBαS63 exhibited much weaker affinity for 14-3-

3ζnoW (Fig. 4.9 B). Thus, these measurements corroborated the polarization assay results 

and confirmed the phosphorylation-dependent interaction between IκBαS63 and 14-3-3. 

The change of mean was used to estimate the binding affinity of IκBαpS63 to 14-3-

3noW. Fitting the data using the 1:1 ratio binding model, the KD value of 37050 μM was 

obtained. To cross-validate this result, the FP assay was performed with 14-3-3ζnoW and 

both peptides. The FP as also revealed an incomplete saturation and the fitting indicated 

KD values of ~3801 μM and 41530 μM for IκBα with 14-3-3ζWT and 14-3-3ζnoW, re-

spectively (Fig. 4.9 D).  
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Fig. 4.9 Interaction between IκBα peptides and 14-3-3 analyzed by Trp
66

 fluorescence 

measurement. Panels A) and B) show peak-normalized fluorescence decays of IκBαpS63 and 

IκBαp63, respectively, with different 14-3-3ζnoW concentrations. C) mean of IκBαS63 and 

IκBαpS63 as a function of the 14-3-3ζnoW concentration. D) FP assay using 14-3-3ζnoW and 14-

3-3ζWT and FITC-labeled IκBαpS63 and IκBαS63. 

 

4.2.6 Conclusion 

This work was designed to extend our knowledge on the interaction between IκBα and 

14-3-3. FP measurements with fluorescently labeled peptides clearly showed that the 

phosphorylation of the IκBα peptide is essential for its binding to 14-3-3. However, due to 

the low binding affinity we were unable to reliably determine the binding affinity. The low 

binding affinity of IκBαS63 indicates that the interaction between 14-3-3 and IκBα is 

likely mediated not only through Ser
63

-containing motif but also a second still unidentified 

motif. The simultaneous presence of two binding motifs can dramatically increase the 

binding affinity as has been shown previously for several 14-3-3 binding partners 
44,106

.  

The 14-3-3 amphipathic binding groove enables the presence of aromatic residues 

within the binding motifs (Fig. 4.8). Different structures have been reported for motifs 

containing aromatic residues at the -1 or +1 position with respect to the phosphorylated 

residue (Fig. 4.10) 
24,107–109

. The IκBα tryptophan residue Trp
66

, which is nicely visible in 

the electron density map, enabled direct biophysical affinity measurements without an 
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artificial probe. Both extrinsic and intrinsic fluorescence measurements gave similar results 

confirming the role of the IκBα phosphorylation in this low affinity interaction. Future 

research should be focused on finding the secondary 14-3-3 binding motif of IκBα and 

characterizing the role of 14-3-3 binding in the nuclear export mechanism of IκBα and p65 

in detail. 

 

 

 

Fig. 4.10 Comparison of the IκBαpS63 binding motif with other 14-3-3 binding motifs. A) Com-

parison between the two 14-3-3 interaction motifs that host a tryptophan residue placed in the bind-

ing groove. All other binding motifs possess at least one aromatic residues at -1 position (B), +1 

position (C), +2 position (D) or +3 position (E) compared to the phosphorylated residue. The 

IκBαpS63 peptide is shown as green sticks. Other peptides are shown as colored sticks. 
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4.3 Set-up and screening of a fragment library targeting the 14-

3-3 protein interface 

 

Dario Valenti, João Filipe Neves, François-Xavier Cantrelle, Stanimira Hristeva, 

Domenico Lentini Santo, Tomáš Obšil, Xavier Hanoulle, Laura M. Levy, Dimitrios 

Tzalis, Isabelle Landrieu, and Christian Ottmann. Set-up and screening of a fragment 

library targeting the 14-3-3 protein interface. Medchemcomm 10(10):1796-1802 (2019). 

 

My contribution: Evaluation of fragments using the thermal shift assay experiments.  

 

4.3.1   Motivation of the study 

Protein-protein interactions (PPIs) are considered as central for regulatory mechanisms 

in biological pathways and nowadays evolved as a captivating target for drug development. 

The scaffolding 14-3-3 proteins, which form complexes with a wide range of biologically 

interesting partner proteins, are thus considered as a very promising target for the drug 

development. 

   In this work, a fragment library screening was performed with the goal to identify 

fragments able to bing to the 14-3-3 sigma isoform. Nuclear magnetic resonance (NMR) 

spectroscopy and thermal shift assay (TSA) were used as main techniques. Identified 

fragments able to bind to 14-3-3 could be used as a starting point in the development of 

new compounds to interfere with PPIs of 14-3-3 proteins. 

 

4.3.2   Sample preparation 

14-3-3σ (for TSA experiments) or 14-3-3σΔC17 (cleaved after T231 – used for NMR 

experiments to improve the quality of spectra) were expressed and purified as described in 

110
. 

 

4.3.3 How to set up a fragment screening 

The aim of this study was to identify novel small-molecules that can be used as starting 

point in the development of new modulators (stabilizers or destabilizers) selective for 13-3-

3σ interactions. To this end, we first prepared the appropriate fragment library using the 

collection of compound available at the Taros Company (Germany).  
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The selection of fragments was based on the Congreve’s “Rule of Three” (Ro3) 
111

. This 

is considered as one of the principal guidelines to identify molecules with appropriate 

physico-chemical properties. These features can be summarized as follows: molecular 

weight (MW) ≤ 300 Da, clogP ≤ 3 as well as the number of rotatable bonds and hydrogen-

bond acceptors (HBAs) and donors (HBDs), Polar Surface Area (PSA) ≤ 60 Å
2
. However, 

based on surfaces formed in 14-3-3 PPIs, we considered a higher tolerance regarding the 

selection of parameters. Thus, we used MW ≤ 330 Da, clogP ≤ 3.4, number of rotatable 

bonds ≤ 4 as well as HBAs and HBDs, and at last PSA ≤ 70 Å
2
. Never then less, we also 

included highly attractive and chemically accessible structures to help the passage through 

the filtering phase, and a pre-filtering on the total Taros internal compounds collection (ca. 

20000 entries) was performed by fixing a threshold of 350 Da for the MW. 

The screening started from the Taros’ small-molecules collection and after the two runs 

of physico-chemical properties filtering we ended up with a range of ca. 4000 compounds. 

Internal validation of all novel structures was performed, the numbers of entities decreased 

to 3200, which were further considered. The goal of this second step was to dismiss com-

pounds which present unwanted structural properties. 

The HPLC-MS was used to check all samples and, if required, purification by HPLC 

was enrolled. Through this workflow, we set up a library consisting of circa 900 entities. 

After adding newly designed fragments, the final number of compounds selected for 

screening was 1230 (Fig. 4.11). 
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Fig. 4.11 Scheme applied to set up the Taros’ PPIs fragment library. 

 

4.3.4   Results and discussion 

New compounds included into our library were derived from the nicotine (Fig. 4.12 a), 

a natural alkaloid almost unknown in drug discovery for its active ability on the cholinergic 

apparatus. This compound consists of one heteroaromatic ring (pyridine) linked to an 

aliphatic heterocycle (N-methylpyrrolidine) creating a chiral point with S-configuration. 

The 1,4-disubstituted triazoles series (Fig. 4.12 c) enabled us to generate analogues where 

the link between the two rings is direct or mediated by one methylene. Moreover, it was 

possible to selectively generate the 1,4-regioisomer with good yields using the Cu-

catalysed Huisgen cycloaddiction 
112

, with numerous terminal alkynes. We also decided to 
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add a third diversification point, which included 1,2,4-trisubstrituted triazoles (Fig. 4.12 

d).  

 
 

Fig. 4.12 New core’s design example: Nicotine evolution (n between 0 and 3). In the black panel is 

heighted an example of BioCore (n between 0 and 3) where are displayed the changed points lay on 

different spatial vectors.  

 

4.3.5 Fragment screening approach 

Anoter selection approach thouth ChemAxon JChem for Excel (version 

16.10.1700.1231) was used in order to selectivly reduse the numer of molecules consider-

ing Physico-chemical properties which helped to reach the final small-molecule entities 

based on 14-3-3 surface charateristics, from 1230 up to 785. Assembled in 157 cocktails of 

5 compounds, a library of 785 small-molecules was screened to verify their binding to 14-

3-3σ using TSA and NMR. TSA screening was applied on 156 out of the 157 cocktails. In 

addition, 102 cocktails were screened using WaterLOGSY NMR measurements and 55 

cocktails using 
1
H-

15
N TROSY-HSQC experiments. 

1
H-

15
N TROSY-HSQC measurements 

were then used to characterize binding sites of compounds from cocktails identified by Wa-

terLOGSY or TSA as containing potential binders. A diagram showing this screening ap-

proach is summarized in Fig. 4.13. 

 

4.3.6 Primary phase of the screening by WaterLOGSY  

WaterLOGSY is a ligand-based NMR screening technique that enables the fast screen-

ing of small-molecule libraries characterized by the Nuclear Overhauser Effect (NOE) 
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(Dalvit, Fogliatto, Stewart, Veronesi, & Stockman, 2001). WaterLOGSY can be used for 

the first screening because requires small amount of protein, compared with protein-based 

NMR methods. WaterLOGSY was used for the 102 cocktails screening, which were not di-

rectly screened by 
1
H-

15
N TROSY-HSQC. The presence of binders was indicated for 43 

out of the 102 cocktails, which were picked out for secondary screening by 
1
H-

15
N 

TROSY-HSQC. 

 

 

 

 

Fig. 4.13 Fragment screening summary scheme. TSA (also called DSF- Differential scanning fluo-

rimetry, but in this thesis we will keep TSA as main acronym), Water LOGSY and 
1
H-

15
N TROSY-

HSQC were used for primary screening. Secondary screening by 
1
H-

15
N TROSY-HSQC was cho-

sen for the cocktails that highlighted binding by either TSA or WaterLOGSY. Instead, Water 

LOGSY and 
1
H-

15
N TROSY-HSQC for singleton validation were performed as final step. 

 

4.3.7 Primary/secondary phase of the screening by 
1
H-

15
N TROSY-HSQC 

1
H-

15
N HSQC was used to screen of 55 out of 157 cocktails and as a secondary screen-

ing method for the 50 cocktails selected by WaterLOGSY (43), TSA (22) or both (15). Six 

cocktails showed strong effect on the 
1
H-

15
N TROSY-HSQC when 14-3-3σ was present. 
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All six cocktails were positive by WaterLOGSY, whereas four out of six were positive 

based on TSA.  

At the final step, three fragments were confirmed as binders and further validated using 

both the ligand-based and the protein-based NMR methods. Two fragments interacted with 

the top of 14-3-3 helices αH and αI and the binding site of the third fragment is located at 

the 14-3-3 dimer interface (Fig. 4.14).  

 

4.3.8   Conclusions  

The aim of this work was to prepare a fragment library and to identify fragments 

able to interact with 14-3-3σ. Three fragments were successfully identified, two in-

teracting with the surface of helices αH and αI and the third one with the 14-3-3 di-

mer interface. Interestingly, both these sites are outside of the amphipathic ligand 

binding groove of 14-3-3σ. The surface of 14-3-3 helices αH and αI has been shown 

to be a common part of the binding interface in 14-3-3 complexes 
33–35,37,113,114

. 

Therefore, fragments targeting this region outside the amphipathic binding groove 

may represent a promising opportunity to design and develop new compounds for 

selectively modulation of these PPIs. 

 

 
Fig. 4.14 Binding sites of identified fragments based on 

1
H-

15
N TROSY-HSQC. The 14-3-3σ 

crystal structure is shown as gray surface (PDB ID: 1YZ5). Fragments TCF 001 and TCF 002 

caused chemical shift perturbations in resonances of residues from the top of helices αH and αI. 

Fragment TCF 003 induced chemical shift perturbations in resonances of residues located at the 14-

3-3σ dimer interface.  
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4.4 Stabilization of protein-protein interactions between 

CaMKK2 and 14-3-3 by fusicoccanes 

 

Domenico Lentini Santo, Olivia Petrvalska, Veronika Obsilova, Christian Ottmann, and 

Tomas Obsil. Stabilization of Protein-Protein Interactions between CaMKK2 and 14-3-3 

by Fusicoccins. ACS Chem. Biol. 15(11):3060-3071 (2020). 

 

My contribution: Preparation of CaMKK2, 14-3-3γΔC and 14-3-3ξΔC, crystallization of 

ternary complexes, structure refinement, FP assay for KD and IC50 determination.  

 

4.4.1   Motivation of the study 

Dysregulation of Ca
2+

/calmodulin-dependent protein kinase kinase 2 (CaMKK2) is 

involved in several pathophysiological processes. CaMKK2 is inhibited through the 

phosphorylation and the interaction with 14-3-3 protein, which keeps CaMKK2 in the 

phosphorylation-dependent inhibited form. The previous work has suggested that the 14-3-

3 protein binding to phosphorylated CaMKK2 might be improved by small-molecule 

compounds, which bind to the interface between the first 14-3-3 binding motif and the 14-

3-3 ligand binding groove. Such stabilization might offer an alternative way of CaMKK2 

inhibition. Therefore, in this work, we explored this possibility and studied the stabilization 

of the CaMKK2:14-3-3 complex by Fusicoccin A and its analogues.  

 

4.4.2 Sample preparation 

Human 14-3-3γC and 14-3-3ξΔC were expressed and purified as described in 
33

. Hu-

man CaMKK2 (residues 93-517) was expressed and purified as described in 
89

. 

 

4.4.3 Fusicoccanes increase the stability of the complex between 14-3-3 

and the N-terminal 14-3-3 binding motif of CaMKK2  

In 
89

 we showed that the pSer
100

 14-3-3-binding motif of CaMKKs bound to 14-3-3 

adopts an unusual conformation. This, in turn, leaves portion of the 14-3-3 binding groove 

(so called fusicoccin binding site) empty. Therefore, we decided to study the stabilization 

of the 14-3-3:CaMKK complex by fusicoccin-like compounds.  

For this purpose, five different fusicoccanes FC-A, FC-J, FC-THF, FC-H and 16-O-
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Me-FC-H (Fig. 4.15 A) were tested. FC-A, FC-J, FC-H and 16-O-Me-FC-H are naturally 

produced compounds 
115,116

. On the other hand, FC-THF was originally synthesized to 

specifically stabilize complexes between 14-3-3 and mode III 14-3-3 recognition motifs 
26

. 

The capacity of fusicoccanes to interact with the 14-3-3:CaMKK2 pSer
100

 complex was 

studied by FP with the pSer
100

 motif-containing phosphopeptide labeled by 5-

carboxyfluorescein (denoted as FAM-pepS100) (Fig. 4.15 B,C and Table 4.4).  

FC-A improved the complex formation only negligibly and decreased the KD value of 

FAM-pepS100 peptide from 25.5  1 M to 17.1  0.5 M at 500 M concentration. On 

the other hand, other derivatives exhibited higher potency for the 14-3-3:FAM-pepS100 

complex stabilization. The best stabilization effect was observed for FC-H and 16-O-Me-

FC-H. These derivatives do not possess the hydroxyl group at the cyclopentene ring C and 

they were able to decrease the KD of FAM-pepS100 for 14-3-3 by factor 9.1 and 51, 

respectively. Moreover, the low stabilization potency observed for synthetic FC-THF 

confirmed that this derivative can selectively stabilize only the interaction between 14-3-3 

and mode III binding sites 
26

. 

Finally, the stabilization potency of two selected molecules (FC-A and 16-O-Me-FC-H) 

for the 14-3-3 and the second 14-3-3 binding motif of CaMKK2 (sequence R
508

SL-pS-

AP
513

) was characterized using the same approach (Fig. 4.15 D and Table 4.4). As 

expected, no evident stabilization was detected, and when FC-A was added, a 

destabilization has been observed. This is in line with the reported structure of the complex 

between CaMKK2 pSer
511

 14-3-3 binding motif and 14-3-3, which showed interactions 

typical for mode I motif 
89

. 
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Fig. 4.15 Stabilization of the 14-3-3:CaMKK2 peptide complexes by fusicoccanes. A) Studied 

fusicoccanes. B) FP assay with the FAM-labeled pepS100 peptide (100 nM), 14-3-3 (20 M) and 

tested fusicoccanes. Data points are the means ± SD of three experiments. To get EC50 values, the 

FP data were fitted using the four-parameter dose-response function. C,D) FP of FAM-labeled 

pepS100 and pepS511 peptides in the presence of 500 M of the study fusicoccanes titrated by 14-

3-3. To obtain the apparent KD values of the peptide:14-3-3 interaction, the FP data were fitted 

considering one-site-binding model. Data points are set in means ± SD of triplicated measurements.        

 

 

Table 4.4 Fusicoccanes stabilize interactions between CaMKK2 peptides and 14-3-3    

 
1
The EC50 values were assessed by FP measurements of FAM-labeled pepS100 peptide (100 nM) 

and 14-3-3 (20 M) titrated with different fusicoccanes.  

2
The apparent KD values of the interaction between the peptide and 14-3-3 were determined by FP 

of FAM-labeled pepS100 and pepS511 peptides titrated with 14-3-3 in the presence of the study 
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fusicoccanes (500 M).  

3
Stabilization factor calculated from the apparent KD values. Value lower than one express 

destabilization. 

 

 

4.4.4   Structural insight into the stabilization potencies of fusicoccanes   

Next, we crystallized and solved the structure of ternary complexes between 14-3-3, 

pSer
100

 peptide (pepS100) and FC-A/16-O-Me-FC-H (Table 4.5). Both fusicoccanes bind 

to the same area of the 14-3-3 ligand binding cavity, formed by 14-3-3 helices H3, H5, H7 

and H9 (Fig. 4.16), interacting with 14-3-3 mostly through hydrophobic contacts. The 

sugar moiety and the hydroxyl group of the B ring of FC-A interact with the 14-3-3 

residues Asn
43

 and Asp
218

. Interestingly, no polar interactions between FC-A and the 

pepS100 were observed. On the other hand, the hydroxyl group at the ring C (labeled by 

an arrow in Fig. 4.16 C) is involved in a van der Waals interaction with Glu
103

 from the C-

terminus of the CaMKK2 peptide.  

The binding pose of 16-O-Me-FC-H is identical to that of FC-A and the compound 

forms hydrogen bonds with the same 14-3-3 residues (Fig. 4.16 D-F). In contrast to FC-

A, 16-O-Me-FC-H, missing the hydroxyl group at the ring C, induces smaller shift (by 

0.6 Å) of the pepS100 peptide within the 14-3-3 ligand binding groove. This appears to 

be the reason of the considerable higher potency of 16-O-Me-FC-H to stabilize the 

interaction between the pepS100 and 14-3-3 compared to FC-A.  
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Table 4.5 Crystallographic data collection and refinement statistic 

 
a
Values in parentheses are for the highest resolution shell. 

b
Rmeas =   

hkl i hkl i

ii hklIhklIhklIhklNhklN )(/)()(]}1)(/[)({ 2/1
, where I(hkl) is 

the intensity of reflection hkl, 
i

i hklI
hklN

hklI )(
)(

1
)( , and N(hkl) the multiplicity.  

c
The free R value (Rfree) was calculated using 5% of the reflections, which were omitted 

from the refinement. 
d
R.m.s., root mean square. 
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Fig. 4.16 Structure of complexes between 14-3-3, the pepS100 peptide and FC-A/16-O-Me-FC-H. 

A) FC-A bound to 14-3-3. The 14-3-3 and the pepS100 peptide are shown in dark cyan and 

yellow, respectively. The final 2FO-FC electron density map is contoured at 0.7. B) Contacts 

between 14-3-3ζ, the pepS100 peptide and FC-A. Polar interactions are shown as black dotted 

lines. C) The FC-A binding site. The 14-3-3 ligand binding groove is shown as dark cyan surface, 

the pepS100 peptide as yellow sticks and FC-A as spheres. The hydroxyl group at the ring C of FC-

A is shown by a black arrow. D) 16-O-Me-FC-H bound within the 14-3-3 ligand binding groove. 

The 2FO-FC electron density map is contoured at 0.7. E) Interactions between 14-3-3ζ, the 

pepS100 peptide and 16-O-Me-FC-H. Polar interactions are highlighted by black dotted lines. F) 

The 16-O-Me-FC-H binding site. The 14-3-3 is shown as green surface, the pepS100 peptide as 

orange sticks and 16-O-Me-FC-H as spheres.  

 

 

4.4.5 Fusicoccanes stabilize the complex between full-length CaMKK2 

and 14-3-3 

Next, the effect of FC-A and 16-O-Me-FC-H on the dpCaMKK2 binding to 14-3-3 was 

investigated by SV-AUC. These experiments revealed that dpCaMKK2 and 14-3-3 inter-

act with an apparent KD of 130  20 nM (left panel in Fig. 4.17 A). Then, the same meas-

urements were done with 500 µM FC-A and 16-O-Me-FC-H. The obtained sw isotherms 

and c(s) distributions are shown in Fig. 4.17 B,C. These data showed that 16-O-Me-FC-H 

reduced the KD value by a factor 4 (Fig. 4.17 C), whereas FC-A destabilized the 

dpCaMKK2:14-3-3 complex (Fig. 4.17 B).  
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This corroborated the FP results and revealed that 16-O-Me-FC-H improves the 

interaction between the full-length dpCaMKK2 and 14-3-3. 

 

 

 

 

Fig. 4.17 Characterization of the dpCaMKK2:14-3-3 complex by SV-AUC. A) 14-3-3 and 

dpCaMKK2 in the presence of 5% DMSO. B) 14-3-3 and dpCaMKK2 in the presence of 500 M 

FC-A. C) 14-3-3 and dpCaMKK2 in the presence of 500 M 16-O-Me-FC-H. Isotherms of sw 

were obtained by analyzing samples of 1.2 M 14-3-3 with 0.066 M dpCaMKK2. The c(s) 

distributions underlying the sw data points are displayed on the right. 
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4.4.6 Conclusion 

In this work, we have shown that interactions between CaMKK2 and 14-3-3 can be 

improved by selected fusicoccanes, which fill a gap in the binding interface. Differences in 

stabilization potency of tested compounds were caused by the contacts between the C-

terminus of the 14-3-3 binding motif and the ring C of fusicoccane molecules. This 

provides foundations for the future design of more potent and specific stabilizers.  

The two 14-3-3 binding motifs of CaMKK2 border the kinase domain and the motif 

within the N-terminal part acts as the main 14-3-3 binding site 
89,96,97

. When both motifs 

are phosphorylated, CaMKK2 binds to 14-3-3 with a significantly higher binding affinity 

compared to the form possessing only the N-terminal motif, thus suggesting that the C-

terminal motif plays an important role in the stability of the CaMKK2:14-3-3 complex. 

However, our data showed that only the N-terminal (pSer100) motif can be stabilized by 

fusicoccanes, whereas the binding of the C-terminal motif was either unaffected or even 

destabilized. Thus, this complex is a nice example demonstrating that the understanding of 

structural differences between various 14-3-3 binding motifs within one client protein is 

necessary for the development of small molecule stabilizers, where the specificity for a 

selected motif may be crucial for the overall stabilization potency. 
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5 Conclusions 

The main aim of this doctoral thesis was to structurally characterize selected 14-3-3 protein 

complexes and investigate their stabilization by small molecule compounds using various 

biophysical approaches including protein crystallography, NMR, fluorescence polarization 

assay, thermal shift assay and time-resolved fluorescence spectroscopy.  

 

1. Structural analysis of complexes between phosphopeptides containing both 14-3-3 

binding motifs of CaMKK2 and 14-3-3 has been performed. Obtained results 

indicated that the interaction between 14-3-3 and the N-terminal 14-3-3 binding 

motif may be stabilized by small molecule compounds. 

2. The interactions between phosphorylated CaMKK2 and 14-3-3 can be stabilized 

by fusicoccanes, which fill a gap in the binding interface. Differences in 

stabilization potency of tested compounds were caused by the steric contacts 

between the groups decorating the ring C of fusicoccane molecules and the C-

terminal part of the 14-3-3 binding motif.  

3. The biophysical and structural analysis of interaction between the IκBα 14-3-3 

binding motif and 14-3-3 has been performed. Obtained data revealed that this 

interaction is very weak, thus suggesting that the IκBα binding to 14-3-3 requires a 

second still unidentified motif. In addition, tryptophan residue Trp66 from the 14-3-

3 binding motif of IκBα enabled direct biophysical affinity measurements without 

an artificial probe. 

4. Three fragments able to interact with 14-3-3σ were identified. Two of them 

interact with the surface of helices αH and αI of 14-3-3 and the third one with 

the 14-3-3 dimer interface. Both these sites are outside of the amphipathic 

ligand binding groove of 14-3-3σ. Because the surface of 14-3-3 helices αH 

and αI is a common part of the binding interface in 14-3-3 complexes, frag-

ments which bind to this region outside of the ligand binding groove may 

represent a promising opportunity to develop new compounds for selectively 

modulation of 14-3-3 PPIs. 
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7 Supplements  
 
7.1 Supplement S1  

 
7.1.1 14-3-3 protein directly interacts with the kinase domain of 

calcium/calmodulin-dependent protein kinase kinase (CaMKK2). 
 

Psenakova, K., Petrvalska, O., Kylarova, S., Lentini Santo, D., Kalabova, D., Herman, P., 

Obsilova, V. & Obsil, T. 14-3-3 protein directly interacts with the kinase domain of calci-

um/calmodulin-dependent protein kinase kinase (CaMKK2). Biochim. Biophys. Acta - Gen. 

Subj. 1862, 1612–1625 (2018).  

 

My contribution: Expression and purification of 14-3-3γΔC and 14-3-3ΔC, evaluation of 

the phosphopeptide binding using the fluorescence polarization assay, crystallization and 

refinement of the 14-3-3γΔC:CaMKK2 pS100 and 14-3-3γΔC:CaMKK2 pS511 

complexes. 
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7.2 Supplement S2 

7.2.1 Interaction of an IκBα peptide with 14-3-3   

 

Madita Wolter‡, Domenico Lentini Santo‡, Petr Herman, Alice Ballone, Federica Centor-

rino, Tomas Obsil
 
and Christian Ottmann. Interaction of an IκBα peptide with 14-3-3. ACS 

Omega 5(10):5380-5388 (2020). 
 

‡ Equal contribution 

 

My contribution: Expression and purification of 14-3-3ζ noW for time-resolved 

tryptophan fluorescence measurements, sample preparation for tryptophan measurements. 
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7.3 Supplement S3 

7.3.1 Set-up and screening of a fragment library targeting the 14-3-3 protein 

interface 

 
Dario Valenti, João Filipe Neves, François-Xavier Cantrelle, Stanimira Hristeva, 

Domenico Lentini Santo, Tomáš Obšil, Xavier Hanoulle, Laura M. Levy, Dimitrios 

Tzalis, Isabelle Landrieu, and Christian Ottmann. Set-up and screening of a fragment 

library targeting the 14-3-3 protein interface. Medchemcomm 10(10):1796-1802 (2019). 

 

My contribution: Evaluation of fragments using the thermal shift assay experiments. 
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7.4 Supplement S3 

7.4.1 Stabilization of protein-protein interactions between CaMKK2 and 14-

3-3 by fusicoccanes 

 
Domenico Lentini Santo, Olivia Petrvalska, Veronika Obsilova, Christian Ottmann, and 

Tomas Obsil. Stabilization of Protein-Protein Interactions between CaMKK2 and 14-3-3 

by Fusicoccins. ACS Chem. Biol. 15(11):3060-3071 (2020). 

 

My contribution: Preparation of CaMKK2, 14-3-3γΔC and 14-3-3ξΔC, crystallization of 

ternary complexes, structure refinement, FP assay for KD and IC50 determination.  
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