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ABSTRAKT

Protein-proteinové interakce (PPI) hraji klicovou roli témét ve vSech biologickych
procesech. Mnoho proteini vyZzaduje pro své fungovani dynamické interakce s dalSimi
proteiny ¢i biomolekulami. Proteomické studie naznacily, ze lidsky proteinovy interaktom
zahrnuje nékolika set tisic proteinovych komplext. Detailni charakterizace PPI je proto
nezbytna pro plné pochopeni procest zprostiedkovanych proteinovymi komplexy. Mnoho
PPI je také zapojeno do procesu spojenych s pienosem signalu (signalnich drah) v rdmci
fady patologickych stavi a tyto PPI ptedstavuji dilezité cile pro vyvoj novych 1éki,
enzymu ¢i vazebné misto receptoru.

Tato disertani prace se zamétuje na proteiny 14-3-3, rodinu adaptorovych proteinti
ucastnicich se regulace mnoha signalnich drah. 14-3-3 proteiny funguji jako tzv. interakéni
uzly a kritické regulatory mnoha enzymd, receptorti a strukturnich proteinti. Hlavnim cilem
této prace bylo strukturné charakterizovat vybrané komplexy proteini 14-3-3 a zkoumat
moznost jejich stabilizace nizkomolekuldrnimi ladtkami. Pomoci kombinace proteinové
krystalografie, diferencni skenovaci fluorimetrie, fluorescencni polarizace a analytické
ultracentrifugace byly studovany PPI mezi proteiny 14-3-3 a jejich dvéma fyziologicky
dillezitymi vazebnymi partnery: Ca**/kalmodulin-dependentni protein kinasou kinasou 2
(CaMKK?2) a inhibitorem nuklearniho faktoru NFxB (IkBa). Déle byla studovéna
stabilizace komplexu CaMKK2:14-3-3 pomoci derivati Fusicoccinu A. Vysledky prace
ukazaly, Ze stabilizace komplexu CaMKK?2:14-3-3 by mohla byt alternativni strategii
inhibice CaMKK2. Screening knihovny fragmentii navic umoZnil identifikovat tfi
molekuly, které se vazi na dva rizné povrchy proteinu 14-3-3 mimo vazebny zlabek, coz

naznacuje nové moznosti pro selektivni modulaci komplexti proteinti 14-3-3.



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*/calmodulin-dependent protein kinase
kinase 2 (CaMKK?2) and the nuclear factor of kappa light polypeptide gene enhancer in B-
cells inhibitor, alpha (IkBa) 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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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 '. 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) °. 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 *.
Seven 14-3-3 protein isoforms have been identified in mammals (B, v, €, {, 1, o, and t), and
all of them with the exception of sigma isoform form both homo- and heterodimers, the
sigma isoform is strictly homodimeric . 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 *. 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 °.

1.1.2 14-3-3 protein structure and target recognition

First two structures of human 14-3-3¢ ' and © "' isoforms showed that 14-3-3 proteins
form highly helical dimers, where each protomer consists of nine anti-parallel a-helices
and contains a characteristic target/ligand binding groove formed by four a-helices (Fig.
1.1A).

Nowadays, the crystal structures of all seven human 14-3-3 isoforms are available '*.

They share a high percentage of sequence homology, the only difference is in the C-
14



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) ""*

. 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 14-3-3( 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 '°. However, only one of these three salt bridges is conserved among
human 14-3-3 isoforms ",

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 AC, may
10,14-16

enhance the binding of the target protein

Fig. 1.1 (A) Crystal structure of 14-3-3( isoform (PDB ID 1QJB '")presented as green ribbon. (B)

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

magenta, y (2B05) in red, € (2BR9) in orange, C (1QJB) in green, n (2C74) in cyan, ¢ (1YWT) in
15



blue and t (2BTP) in yellow. This figure was taken from '®.

The ability of 14-3-3 proteins to bind phosphoserine-containing motifs * 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-X;.,-
COOH > However, these motifs are not absolute and many 14-3-3 binding partners
contain different motifs *'.

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 Lys49, Arg56, Arg127 and Tyr128
(14-3-3C numbering) that form a positively charged pocket within the 14-3-3 ligand

10,17,19,22

binding groove (Fig. 1.2) 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 *'*'".
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) *'

. 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 *2°.

16



Fig. 1.2 Detailed view of contacts within the 14-3-3 ligand binding groove. (A)
Phosphopeptide containing the “mode 17 motif (ARSHpSYPA) bound to 14-3-3 '7. (B)

Phosphopeptide containing the “mode 2 motif (RLYHpSLPA) bound to 14-3-3 '". This

1
figure was taken from '®.

The third binding motif pS/pT-X;,-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 %", 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 14-3-3¢ and their targets 7>’

17



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

1
was taken from 'S,

(i) Direct structural change of the target protein Function

+ Target /' __ : Regulation of enzymatic
protein activity
4-3- 14-3-3

{ii} Physical occlusion of sequence-specific or structural features

Regulation of subcellular
lzcalization

Inhibition of protein-
protein or protein-DNA

interactions

14-3-3 Protection against

dephosphorylation or
proteolytic degradation

(iii) Scaffolding that facilitates protein-protein interactions

aadaial

Stabilization of
multiprotein complexes

B -3-

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 '®.
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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 '***.

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) ** and H™-ATPase **. In both complexes the 14-3-3
dimer is able to anchor two chains of the target protein in its central cavity >>. In the case of
AANAT, thel4-3-3 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. ** 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. * reported the crystal structure of Bmhl (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. *’

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. *® 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 ***°. The
structure of the autoinhibited complex showed that 14-3-3 simultaneously binds

365 29 residues of one B-RAF molecule and blocks the

phosphorylated Ser™ and Ser
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’* 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-

20



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 2.

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

* Latter it was shown that this compound

for its ability to release a wilt-inducing toxin
stabilizes the complex between the plasma membrane H'-ATPase (PMA) and the 14-3-3
protein, acting as a 'molecular activator' for the complex 2. From this starting point, few
Fusicoccin analogues, like Cotylenin A ** or Fusicoccin THF *°, 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) **.
Cotylenin A, a Fusicoccin analogues also produced by a fungus (Cladosporium), behaves
as a bioactive molecule in plants **. This compound also affects cell differentiation in

% The crystal

human acute myeloid leukemia in mouse models and in vitro cell cultures
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 >°.
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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 >’

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 .

The screening of a library of 37,000 small-molecules enabled identification of two new
compounds: Epibestatin and Pyrrolidone 1 *°. Pyrrolidone 1 interacts with the same 14-3-3
region as fusicoccin *’. While Fusicoccin fills almost the whole volume of the cavity within
the 14-3-3 binding groove, Pyrrolidone 1 occupies only part of it *’. The binding
conformation suggests that Pyrrolidonel, 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 *°.

# L g F L . : - .
Fig. 1.6 Fusicoccin semi-synthetic derivative (FC-THF) stabilizes the 14-3-36/TASK3 peptide
complex *. (A) FC-THF (purple sticks) and the TASK3 C-Terminal peptide (yellow sticks) are
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located within the 14-3-3c¢ binding groove. (B) Electron density (red, blue, and black mesh, 2F-
F¢, contoured at 1.0 o) around FC-THF (purple sticks), C-terminus of TASK3 peptide (yellow

sticks), and 14-3-3c (green sticks). This figure was taken from *’

1.2 Nuclear Factor kappa B (NF-kB)

NF-«kB signaling pathway has a crucial role in the development, maintenance, and pro-
gression of most chronic diseases. NF-kB 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 **. NF-kB dysregula-
tion has been shown in recent works that is connected to many diseases including asthma,

49-56

diabetes, AIDS, stroke, viral infections, and other . The role of NF-«xB in inflammation

and cancer progression suggested the potential use of NF-kB -specific drugs in hematolog-
ical malignancies and solid tumors treatments >"*

There are five members in the NF-kB family: NF-«B1 (p50 and its precursor p105),
and NF-kB2 (p52 and its precursor p100), RelA (p65), RelB and c-Rel, able to form het-

39-61 NF-xB activation is connected with its localization. In relaxed

ero- or homodimers
cells, NF-kB proteins are preserved in the cytoplasm bound to the inhibitor of kB (IkB)
proteins: the most abundant are IkBa, IxBp, and IkBe % NF-xB activation occurs via both
canonical and non-canonical mechanisms (Fig. 1.7).

Genatoxic stress
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Fig. 1.7 Schematic view of main pathways of canonical NF-xB 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 IxKp.
This triggers the IkBs' phosphorylation and degradation, thereby releasing the active NF-kB di-
mers. NF-kB, nuclear factor kB; TLR, toll-like receptor; NEMO, NF-«kB essential modulator; IKK,

IxB kinase; TAK 1, Transforming growth factor B-activated kinase 1. This figure was taken from ®.

The activated NF-«xB 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-kB activity with the RelA/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 ****. The dephosphorylation of RelA by the protein phos-
phatase 2A (PP2A) has been shown to reduce the NF-xB activity ®. RelA is also acetylat-
ed by p300/CBP, and acetylated ReIA has been shown to bind weakly to IxBa **%, thus
promoting its nuclear localization and NF-«B transcriptional response.

Activated NF-«B controls the transcription of several hundreds of genes that participate
in immunoregulation, growth regulation, inflammation, carcinogenesis, and apoptosis °*
(Fig. 1.8). Because of the multiple levels of regulation, NF-kB 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-«xB 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-«kB. 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 .
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Fig. 1.9 Potential strategies of NF-kB pathway inhibition. NF-kB can be inhibited at various steps

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

DNA binding. This figure was taken from ®*
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1.2.1 Inhibitor of Nuclear Factor kappa B (IxB)

The NF-xB 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 >>'®’?. The main characteristics of NF-kB pathway is its regulation by IkB
proteins. IkB family consists of eight members containing the typical ankyrin repeat
domains. The most studied member of IkB family is IkBa, which primarily targets the NF-
«B heterodimer p50/p65 thus keeping the NF-kB in cytoplasm ">7°.

The key step in the activation of NF-«kB is the phosphorylation of IkB at conserved
Ser32 and Ser36, which leads to the [kBa ubiquitination and its proteasomal degradation
"8 In addition, it has been shown that the nuclear export of the IkBo/p65 complex
requires a scaffolding protein 14-3-3 ™. Physical interaction between 14-3-3 and IxkBa was
demonstrated by co-immunoprecipitation, however, the precise mechanism of the 14-3-3-

mediated regulation of IkBo/p65 localization remains elusive ”°.

1.3 Calcium/Calmodulin-dependent protein Kinase kinase

(CaMKK2)

Calcium/calmodulin (Ca®"/CaM) signaling is directly connected with obesity and

8081 " Several epidemiological studies highlighted Ca®* signaling as a

insulin resistance
determinant cause in obesity, able to seriously alter system metabolism *'**. The Ca*/CaM
signaling pathway starts with the formation of a complex between Ca>" and its ubiquitous
receptor, CaM. The Ca>/CaM complex then activates a set of Ca*’/CaM-dependent protein
kinases. In this kinase “cascade”, one of the main actors is the Ca*/CaM-dependent protein
kinase kinase 2 (CaMKK2), which, upon its activation, activates the downstream
Ca*/CaM-dependent protein kinases I and IV (CaMKI and CaMKIV) (Fig. 1.10)
% Furthermore, CaMKK2 acts as an upstream activator of the AMP-activated protein
kinase (AMPK) . The CaMKK2:AMPK complex also controls energy equilibrium by
acting in hypothalamus neurons, thus controlling the production of the hormone
neuropeptide Y (NPY) *’. 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 .
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Fig. 1.10 The Ca>"/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’' concentration and the formation of the Ca®"/CaM complex,
which interacts with many target proteins including CaMKK2. The Ca®/CaM binding activates
CaMKK?2, which in turn phosphorylates and activates downstream targets CaMKIV, AMPK and
CaMKI. This figure was taken from **
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Fig. 1.11 CaMKK?2 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 ¥
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The members of the Ca®"/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) *°. The autoinhibitory segment
interacts with the kinase domain and occupies the active site. The Ca®>"/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
CaMKKI is regulated only through the autoinhibitory mechanism, CaMKK?2 also exhibits
considerable Ca®"/CaM-independent activity. This autonomous activity is regulated by 23
amino acid region at the N-terminal end of the catalytic domain ** 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 B

CaMKKI1 possesses five PKA phosphorylation residues, Ser52, Ser74, Thr108, Ser458
and Ser475, four of those are also in CaMKK?2 (Ser100, Thr145, Ser495 and Ser511) (Fig.

1.11). Both CaMKK 1 and 2 are partially inhibited by PKA-mediated phosphorylation .
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Fig. 1.12 Comparison of human CaMKK1 (Q8N5S9) and CaMKK?2 (Q96RR4) sequences. Red
circles denote PKA phosphorylation sites. Red squares denote the 14-3-3 binding motifs. This

picture was taken from *°,

1.3.1 Interaction between CaMKKSs 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 7y, upon the PKA-
mediated phosphorylation ***7. The residue Ser’* of CaMKK 1 has been suggested to be the
main 14-3-3 binding site, which corresponds to Ser'® in CaMKK2 *’ (Figs. 1.11 and
1.12). On the other hand, Ser'”, which corresponds to Ser’'' in CaMKK2, is considered to
be a secondary 14-3-3 binding site °’. The PKA-mediated phosphorylation of the second
site, however, is lower and requires the presence of the Ca**/CaM complex ***%%°.

The role of 14-3-3 in the regulation of CaMKK activity is still unclear. Davare at al. *°
suggested that the 14-3-3 binding to CaMKKI1 reduces the kinase activity through two
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different mechanism: (i) protection of Thr'® against dephosphorylation, thus maintaining
CaMKKI1 in the PKA-mediated inhibited state, and (ii) through direct inhibition of the
kinase activity. Another study by Ichimura et al. °’ showed that the 14-3-3 protein
suppresses the maximum velocity (Vima.x) of CaMKKI1. 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 IxBa

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 IkBa,

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 14-3-3y and & isoforms and their mutant forms were expressed and purified as
previously described **. Purified 14-3-3s in a buffer containing 20 mM Tris-HCI (pH 7.5),
150 mM NaCl, I mM TCEP, and 10% (w/v) glycerol was concentrated to a final
concentration of 30 mg.mL ", 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

14-3-3CAC  or  14-3-3yAC 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 MgCl, and 1 mM TCEP.
Crystallization was performed using the hanging-drop vapor-diffusion method at 291 K.
The crystals of the 14-3-3CAC:pepS100 peptide complex were grown in 2.5 uL drops of
16.2 mg.mL™" protein and 2.5 pL of 100 mM Tris-HCI (pH 7), 20.8% (w/v) PEG 2000 and
50 mM sodium fluoride. The crystals of the 14-3-3yAC:pepS511 peptide complex were
grown in drops of 1pL of 16.5mg.mL™" protein and 2 uL 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 CaMKK?2 14-3-3 binding motif was prepared as
fallows: 14-3-3y 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 MgCl,, and 1 mM
TCEP. Crystallization was performed using the hanging-drop vapor-diffusion method at
291 K, the 14-3-3y:pepS100 binary complex’s crystals were grown in drops of 2 uL of 16

32


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

mg mL™" protein and 4 pL of 100 mM HEPES (pH 7.5), 200 mM MgCl,, 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

14-3-3y (0-80 puM) was incubated for 1h together with 100nM 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
(pH7.4), 150mM 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 Kp

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

14-3-3y (0-80 uM) was incubated for 1 h together with 100 nM of FAM-CaMKK2-S100
or FAM-CaMKK2-S511 and 500 uM compound before the FP measurement. To determine
the stabilization potency (ECsg values), a solution of 100 nM FAM-pepS100 and 20 uM
14-3-3 was titrated with the specific compound. To calculate Kp and ECsg 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 uM 14-3-3 in the pres-
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ence or absence of each cocktail (2500 uM 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 CaMKK?2

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 14-3-3yAC and 14-3-3CAC, evaluation of the
phosphopeptide binding using the fluorescence polarization assay, crystallization and

refinement of the 14-3-3yAC:CaMKK?2 pS100 and 14-3-3yAC:CaMKK?2 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
%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 14-3-3y (gamma isoform has been described as interaction
partner of CaMKK1 °*°” and phosphorylated CaMKK2 was characterized using analytical
ultracentrifugation experiments. The data analysis showed that a dimer of 14-3-3y is able
to bind to CaMKK2 phosphorylated at Ser100 (CaMKK2-S'") with an affinity of 1 + 0.5
uM. On the other hand, the CaMKK?2 phosphorylated at both Ser100 and Ser511 (Ser511

was phosphorylated only partially) (CaMKKz-s”)Oﬁ“

) can bind to 14-3-3y protein with a
higher affinity (Kp < 0.4 uM), 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
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CaMKK?2 at atomic level, two complexes between 14-3-3 and phosphopeptides
representing the 14-3-3 binding motifs of CaMKK?2 were crystallized. The 14-3-3CAC
(without the highly flexible C-terminal loop) isoform was crystalized in the presence of the
phosphopeptide containing the N-terminal CaMKK2-S'® 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 14-3-3yAC isoform was crystalized
with a phosphopeptide containing the C-terminal CaMKK2-S'' 14-3-3 binding site,
RSLpSAPGN. Both structures were solved using molecular replacement using the
structures of 14-3-3C (PDB ID: 4FJ3) and 14-3-3y (PDB ID: 2B05) as search models, and
refined at resolutions of 2.68 and 2.84 A, 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'® in pepS'® interacts with the side chains of 14-3-
3¢ residues Lys®, Arg’®, Arg'”’, and Tyr'*® (Fig. 4.1 A,B). The side-chain of the Glu

residue at the +3 position with respect to pSer'®”

is establishing a salt-bridge with the
Lys'?® 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'®.
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 *°. 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°'! peptide, which possesses the canonical “mode I” 14-3-3 motif,

511

the recognition of the pSer” " 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 '"-"°.
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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 14-3-3C:pepS100 complex. The 2F,-F. electron density
map is shaped at 1o. (B) In details contacts view between 14-3-3¢ and the pepS'™ peptide. The
corresponding CaMKK?2 residues are highlighted in red, and the 14-3-3C residues are highlighted in
black. (C) Crystal structure of the 14-3-3y:pepS511 complex. The 2F,-F, electron density map is
shaped at 1o. (D) In details contacts view between 14-3-3y and the pepS511 peptide. The CaMKK?2
residues are highlighted in red, and the 14-3-3y residues are highlighted in black. (E) Comparison
of the main-chain conformation of pS'® (yellow) and pS°'" (violet) peptides with a “mode 17 14-3-
3 peptide (sequence RSHpSYPA, PDB ID 1QJB, orange) '/, the 14-3-3 binding motifs of AANAT
(sequence RRHpTLPA, PDB ID 1IBI, cyan) * and neutral trehalase Nthl (sequence
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TRRGpSEDDT, PDB ID 5N6N, red) *°. 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'® 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 109F) *.

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

CaMKK2
Next, the interaction between the 14-3-3y protein and CaMKK?2 was investigated using
small angle X-ray scattering (SAXS). CaMKK2 interacts with 14-3-3 through the N-

ST motif when it is

terminal pSer'® motif (and potentially also through the C-terminal pSer
phosphorylated). However, it is unclear whether the other parts of CaMKK?2, 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 14-3-3y:CaMKK2 complex.

A CaMkk2 B CaMKK2

Structured Part

Structured Part

Ser511

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 CaMKK?2 is attached to 14-3-3 through the N-terminal pSer100 motif and the kinase
domain of CaMKK?2 makes additional contacts with the 14-3-3 dimer.

Small angle X-ray scattering data were collected for 14-3-3yAC and CaMKK2-S'*
alone and for the complex between 14-3-3yAC and CaMKK2-S' and CaMKK2-S'*!!
(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 /(0), the Porod

volume V}, and the radius of gyration R, showed no significant concentration dependence

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

distances and a smaler maximum distance (Dpax) compared to CaMKK?2 alone and both

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

dimensionless Kratky plot ((ng)ZI(s)/I(O) versus sR,) suggested the increased

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

alone (Fig. 4.3 D). In the case of the 14-3-3yAC:CaMKK2-S'"°"" complex, the lower

values of R, and Dy, indicate that this complex is more compact compared to that of

CaMKK2-S'%.

Table 4.1 Structural parameters derived from SAXS data.

c R, R, Dpe V¥ MM M
(mg-mL™) (A)? (A)Y (A) (@m’) (kDa) (kDa)
30 287404 286+04 89 778 S54+1 49
14-3-3yAC
15 200+04 200+04 89 828 55+1 32
28 326+03 327+03 126 956 48+1 60
CaMKK2
21 321403 322+03 125 940 46+1 39
169 423406 424+06 146 1604 92+1 100
(((’2}%’3)“ 126  425+06 426+06 144 1634 95+1 102
99 424406 425406 146 1611 94+1 101
Complex 119  399+07 400+07 141 1648 97+1 103
100511
77 6.5 391406 392+06 141 1596 94+1 100

*Calculated using Guinier approximation.

®Calculated using the program GNOM.

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

*Molecular weight estimated by comparing the forward scattering intensity /(0) with that of

the reference solution of bovine serum albumin.

*Molecular weight estimated from the Porod volume (Mw = Vp x 0.625)"".
“Theoretical molecular weights of the 14-3-3yAC dimer, CaMKK2s and the CaMKK2:14-

3-3yAC 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 CaMKK?2 alone and in complex with 14-3-3. A) Scattering intensity

profiles of 14-3-3yAC alone, CaMKK2-S'" alone, the 14-3-3yAC:CaMKK2-S'" and the 14-3-
3yAC:CaMKK2-S'""*"" complexes mixed at 2:1 molar stoichiometry ratio. B) Guinier plots for
scattering curves from panel A). C) Distance distribution functions P(r) '®. D) Dimensionless

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

Next, the low-resolution shape of the 14-3-3yAC:CaMKK2-S'" complex was calculated
using the MONSA program ', 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

el . 1
within a low-resolution molecular envelope '*

. 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 14-3-3yAC:CaMKK2-S'® complex was performed using the CORAL
program '*. For this purpose, the crystal structures of the 14-3-3yAC (PDB ID: 2B05) and
the CaMKK?2 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 14-3-3y outside

40



the central channel (Fig. 4.4 B). The SAXS curve calculated from the CORAL model fitted
the experimental SAXS profile with y* of 1.3. Therefore, the SAXS-based structural
modeling indicated that CaMKK2-S'® binds to 14-3-3y not only through the pSer'®-

containing motif but also via the kinase domain.

D,.=14.6 nm

Fig. 4.4 Modeling of the 14-3-3y:CaMKK2- S'” complex. A) The MONSA model of the complex.
B) The CORAL model of the complex. The flexible parts of CaMKK?2 missing in the crystal

structure were modeled as chains of dummy residues. The Ser'® is highlighted in red.

4.1.4 14-3-3 binding does not affect the interaction between Ca’**/CaM
and CaMKK?2

Next, we investigated whether the 14-3-3 protein binding affects the interaction between
Ca’*/CaM and CaMKK2. The CaMKK2 activity is triggered by the Ca*/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
CaMKK?2 was studied in the absence and presence of 14-3-3y 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.

e -3 d
Sample T o oo w o ley A e A e A~
Dansyl-CaM 152 0.8 120 <01 003 06 002 25 010 93 0.12
+14-3-3y 159 0.19 120 <01 003 05 002 19 008 84 0.5
+s'% 205  0.01 4 25 001 12 011 49 0.5
+8'%+ 14-3-3y 205  0.00 0 30 001 11 010 49 0.6
+ gl 206 0.0l 3 47 003 16 010 52 0.5
+80M s 14033y 202 0.1 53 28 002 12 008 8 0.16

“Mean lifetimes were calculated as tmean=%f; t,where fi is an intensity fraction of the i-th lifetime component t;.

S.D. value is +0.1 ns.

“The anisotropies 7(¢) were analyzed for a series of exponentials by a model-independent maximum entropy method.

9Fast unresolved component.

“Stern-Volmer constant of acrylamide quenching.

‘Bimolecular quenching constant for acrylamide collisional quenching.

The fluorescence measurements revealed that the interaction between Ca’’/CaM and

CaMKK?2 increased values of the mean excited-state lifetime (zmean) and the longest correlation

time ¢4 of the dans-CaM. The 14-3-3y binding did not cause any changes in the mobility of
dans-CaM (Fig. 4.5 A). Conversely, the interaction between 14-3-3y and CaMKK2-S'%!!

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 Ca**/CaM and CaMKK2.

0.3 0.3
A o Dans-Ca®*'/CaM B
9 v Dans-Ca®*/CaM + pCaMKK2-8'*
E‘z Dans-Ca?*/CaM + pCaMKK2-S'® + 14-3-3y

o
[N

Fluorescence Anisotropy
o
o

0.0

o
[\

e
-

Fluorescence Anisotropy

0.0

Time, ns

DANS-Ca*'/CaM

DANS-Ca?"/CaM + pCaMKK2-§'%051!
DANS-Ca?"/CaM + pCaMKK2-S'°%"" + 14-3-3y

Time (ns)

Fig. 4.5 Time-resolved dansyl fluorescence measurements. A) Fluorescence anisotropy decays of
free dansyl-Ca®"/CaM (o) in the presence of CaMKK2-S'® (W), and in the presence of CaMKK2-
S' with 14-3-3y (A). B) Fluorescence anisotropy decays of free dansyl-Ca’"/CaM (o) in the
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presence of CaMKK2-'"*" (W), and in the presence of CaMKK2-S "' with 14-3-3 y (A).

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

To investigate whether CaMKK?2 undergoes conformational changes upon the 14-3-3
binding, four mutants of CaMKK?2 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 CaMKK?2 in the presence and absence of 14-3-3 was in-
vestigated using time-resolved fluorescence measurements with 14-3-3y noW mutant,
which contains no tryptophan residues '*.

Analyses of the tryptophan fluorescence data showed that the presence of 14-3-3y noW
induced an increase in Tyeq, Of Trp140 and Trp445 (Fig. 4.6 and Table 4.3). On the other
hand, no significant changes were observed for mutants with Trp*®” and Trp’’*. The in-
crease in Tyeq, can be interpreted as a decrease in quenching interactions and/or polarity in
the vicinity of Trp residue upon the 14-3-3y 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

445

Trp'* and Trp** as judged from the sum of amplitudes of fast anisotropy decay compo-

nents 3 and B, (Table 4.3).

A 105 | + pCaMKK2-S'% W140 + 14-3-3y noW B 108 N + pCaMKK2-S'" W445 + 14-3-3y noW
F pCaMKK2-5'% W140 E I = pCaMKK2-S'° w445

10° ¢ 108 &

10° 104

Counts
Counts

108 E 108 E
102 E “' 102 |

100k L 10"

-

B

1I0 I 1‘5 I 2I0 | 2‘5 I 3I0 E:'“ 1I0 I 1I2 I 1I4 I 118 ‘ 1IB ‘ 2‘0 l 2‘2 J 214
Time (ns) Time (ns)

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

intensity decays of CaMKK2-S'" mutant characterized by single Trp'®’, in the absence (o) and

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

A) for the CaMKK2-S'" mutant characterized by single Trp**.
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Table 4.3 Summary of time-resolved tryptophan fluorescence measurements

pcaMKK'SIOO Tmean @b ¢I ¢2 ¢3 ¢

mutant (ns) (ns P (ns P (ns) Ps
W140 4.19 1.4 0.037 72 0.170
W140 + 14-3-3y 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 + 14-3-3y noW  4.97 0.9 0.004 53  0.006 79 0.197
w445 2.47 23 0.026 84 0.184
W445 + 14-3-3y noW  2.59 2.8 0.041 >1007  0.171
W374 4.39 0.9 0.004 44 0.205
W374 + 14-3-3y noW  4.37 0.5 0.005 61 0.206

*Mean lifetimes were calculated as 7,..,=2f;7, where f; is an intensity fraction of the i-th
lifetime component 7;.

®S.D. value is + 0.05 ns.

°S.D. value is about + 10ns

dPoorly 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 14-3-3y binds full-length CaMKK2
phosphorylated at Ser'” with affinity in micromolar range. The presence of the secondary
C-terminal 14-3-3 binding motif (Ser’'") increased the stability of the complex. In contrast
to CaMKK1, the catalytic activity of CaMKK?2 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 14-3-3y dimer. In addition, the 14-3-3y protein
interacts with and affects the structure of various regions of CaMKK2 but without

interfering with the Ca*/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 IxBa

Madita Wolter, Domenico Lentini Santo, Petr Herman, Alice Ballone, Federica Centor-
rino, Tomas Obsil and Christian Ottmann. Interaction of an IxBa peptide with 14-3-3. ACS
Omega 5(10):5380-5388 (2020).

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

fluorescence measurements, sample preparation for tryptophan measurements.

4.2.1 Motivation of the study

The transcription factor NF-kB 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-kB involves the phosphorylation of IkB at conserved Ser’> and Ser’,

which leads to the IkBa ubiquitination and its proteasomal degradation 7,78

. The export of
the IkBa/p65 complex from the nucleus requires the interaction with the 14-3-3 protein
(Fig. 4.7 A). Although the complex formation between 14-3-3 and IxkBa was demonstrated
by co-immunoprecipitation, the structural details concerning the 14-3-3-mediated

regulation of IxBa/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 [kBa and 14-3-36. 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

14-3-3{ noW was expressed and purified as reported previously '*. 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 IkBa 14-3-3 binding motif

The IxBa 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 (IkBaS63) and
phosphorylated (IkBapS63) 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 Kp values of 14-3-3/IxkBapS63 complexes are hypo-
thetically in the range of high micromolar to millimolar and the best binding was detected

for the 14-3-3n isoform (Fig. 4.7 D).
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Fig. 4.7 Phosphorylated IkBa peptide binds to 14-3-3. A) The NF-kB pathway. Under inflammato-
ry signal (through TNFa and its receptor TNFR), a cascade response (thick dashed arrow) guides
IxBa to proteasomal degradation, thus NF-kB is translocated of into the nucleus. When 14-3-3 is
bound to [kBa, NF-kB is essential for nuclear exportation or cytosolic preservation of [kBo/NF-xB
complex (red dashed arrow). B) The IkBa 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® at the unstruc-
tured N-terminal region. C) FP of IkBaS63 peptide with all human 14-3-3 isoforms. D) FP of
IxBopS63 peptide with all human 14-3-3 isoforms.
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4.2.4 Crystal structure of IkBa-peptide with 14-3-36AC

All seven 14-3-3 isoforms were co-crystallized with the IkBapS63 peptide. The best
diffraction data (with the resolution of 1.13 A) were collected for crystals of the
IkBapS63/14-3-36AC complex. Only 7 of 13 residues of IkBapS63 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®, Arg'*’ and Tyr'*’

form polar contacts with the [kBapS63
phosphate-group and the phosphoserine makes an additional polar contact with Lys®’ of the
peptide and Glu'* of the 14-3-3 protein (Fig. 4.8 E). Furthermore, contacts between the 14-
3-3 protein and the IkBapS63 peptide also involve several water-mediated contacts and a

few hydrophobic interactions (Fig. 4.8 F).

Fig. 4.8 Crystal structure of 14-3-36AC and IkBapS63 peptide. Side A) and from the top B) sur-
face representation of a 14-3-3 dimer with bound [kBapS63 peptide (in green sticks) located within
the binding cavity of each 14-3-3 protomer. C) A detailed view of transparent 14-3-3¢ surface with

the Trp™ and Trp>* residues highlighted in violet. D) 7 of 13 amino acid residues of the IkBapS63
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peptide with the final electron density map with (yellow mesh, 6 = 1, carve = 1.3 A). E) Polar con-
tacts (shown as yellow dashed lines) between [kBapS63, 14-3-36AC 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 14-3-36AC and IkBopS63 high-
lighted a wide-ranging of interactions between the IxBo Trp® residue and the 14-3-3 bind-
ing groove with the indole portion lying in a non-polar environment. This binding mode
indicated that Tpyean Of Trp66 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 14-3-3¢ (designated as 14-3-3{noW) by mutating its two tryptophan residues Trp>’ and
Trp™*® (equivalent to Trp>” and Trp>* in 14-3-30) to phenylalanine. Thus only the trypto-
phan fluorescence from the peptide could have been analyzed.

Time resolved fluorescence decays confirmed the IkBapS63/14-3-3CnoW complex for-
mation by a significant increase in the Trp®® Tmean upon the 14-3-3(noW addition (Fig. 4.9
A). Conversely, the unphosphorylated IkBaS63 exhibited much weaker affinity for 14-3-
3CnoW (Fig. 4.9 B). Thus, these measurements corroborated the polarization assay results
and confirmed the phosphorylation-dependent interaction between IkBaS63 and 14-3-3.

The change of Tpean Was used to estimate the binding affinity of IkBapS63 to 14-3-
3CnoW. Fitting the data using the 1:1 ratio binding model, the Kp value of 370+50 uM was
obtained. To cross-validate this result, the FP assay was performed with 14-3-3(noW and
both peptides. The FP as also revealed an incomplete saturation and the fitting indicated
Kp values of ~380+1 uM and 415430 uM for IxBa with 14-3-3CWT and 14-3-3(noW, re-
spectively (Fig. 4.9 D).
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Fig. 4.9 Interaction between IxBa peptides and 14-3-3 analyzed by Trp®® fluorescence
measurement. Panels A) and B) show peak-normalized fluorescence decays of IkBapS63 and
IkBap63, respectively, with different 14-3-3CnoW concentrations. C) Ty, of IkBaS63 and

IkBapS63 as a function of the 14-3-3(noW concentration. D) FP assay using 14-3-3(noW and 14-
3-3EWT and FITC-labeled IxBopS63 and I[kBaS63.

4.2.6 Conclusion

This work was designed to extend our knowledge on the interaction between IxkBa and
14-3-3. FP measurements with fluorescently labeled peptides clearly showed that the
phosphorylation of the IxBa 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 [kBaS63 indicates that the interaction between 14-3-3 and IxBa is
likely mediated not only through Ser®*-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 **'°°,

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) **'“7'%°_ The IxBa tryptophan residue Trp®®, 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 IkBa phosphorylation in this low affinity interaction. Future
research should be focused on finding the secondary 14-3-3 binding motif of IkBa and
characterizing the role of 14-3-3 binding in the nuclear export mechanism of IxkBa and p65

in detail.

SULO - TBC1D7
4DAU - PADI6

Fig. 4.10 Comparison of the IkBapS63 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
IxBopS63 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, Jodo Filipe Neves, Francois-Xavier Cantrelle, Stanimira Hristeva,
Domenico Lentini Santo, Tomas Obsil, 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
14-3-3c (for TSA experiments) or 14-3-36AC17 (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-
3o 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) '''. 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 A”. 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 A% 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 ', 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).
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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-
3-3c 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 'H-""N TROSY-HSQC experiments. 'H-""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 "H-"’N TROSY-HSQC. The presence of binders was indicated for 43
out of the 102 cocktails, which were picked out for secondary screening by 'H-""N

TROSY-HSQC.

156/157 102/157 55M57
Cockialls Cocktalls Cocktal
DSF

Water 1419y PRIMARY
LOGSY HSaC JSCREENING

HITS
CH-"H SECONDARY
HSQC SCREENING
HITS HITS|

Water 146N SINGLETON
LOGSY HSQG VALIDATION

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 'H-""N TROSY-
HSQC were used for primary screening. Secondary screening by 'H-""N TROSY-HSQC was cho-
sen for the cocktails that highlighted binding by either TSA or WaterLOGSY. Instead, Water
LOGSY and 'H-""N TROSY-HSQC for singleton validation were performed as final step.

4.3.7 Primary/secondary phase of the screening by 'H-"N TROSY-HSQC

"H-'"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 'H-">N TROSY-HSQC when 14-3-3c 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 14-3-3c helices aH and al 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 14-3-3c. Three fragments were successfully identified, two in-
teracting with the surface of helices aH and ol 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 14-3-3c. The surface of 14-3-3 helices aH and ol has been shown
to be a common part of the binding interface in 14-3-3 complexes > >>7-113:114,
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.

o H,
H
cl c

__TCF 001 TCF 002 TCF 003

"“' L

k%: %,m%

14-3-3c: Monomer view 14-3-30: Dimer view

Fig. 4.14 Binding sites of identified fragments based on 'H-"N TROSY-HSQC. The 14-3-3c
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 aH and al.
Fragment TCF 003 induced chemical shift perturbations in resonances of residues located at the 14-

3-3c0 dimer interface.

56



4.4 Stabilization of protein-protein interactions between

CaMKK?2 and 14-3-3 by fusicoccanes

Domenico Lentini Santo, Olivia Petrvalska, Veronika Obsilova, Christian Ottmann, and
Tomas Obsil. Stabilization of Protein-Protein Interactions between CaMKK?2 and 14-3-3
by Fusicoccins. ACS Chem. Biol. 15(11):3060-3071 (2020).

My contribution: Preparation of CaMKK?2, 14-3-3yAC and 14-3-3EAC, crystallization of

ternary complexes, structure refinement, FP assay for Kp and /Csy determination.

4.4.1 Motivation of the study

Dysregulation of Ca®*/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 CaMKK?2:14-3-3y complex by Fusicoccin A and its analogues.

4.4.2 Sample preparation

Human 14-3-3yAC and 14-3-36AC were expressed and purified as described in **. Hu-
man CaMKK2 (residues 93-517) was expressed and purified as described in .

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

and the N-terminal 14-3-3 binding motif of CaMKK2
In ¥ we showed that the pSer'® 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 ''*''®. 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 .
The capacity of fusicoccanes to interact with the 14-3-3y:CaMKK2 pSer'® complex was
studied by FP with the pSer'® 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 Kp value of
FAM-pepS100 peptide from 25.5 £ 1 uM to 17.1 £ 0.5 uM at 500 uM concentration. On
the other hand, other derivatives exhibited higher potency for the 14-3-3y: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 Kp of FAM-pepS100 for 14-3-3y 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 *°.

Finally, the stabilization potency of two selected molecules (FC-A and 16-O-Me-FC-H)
for the 14-3-3y and the second 14-3-3 binding motif of CaMKK2 (sequence R%®SL-pS-
AP’") 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’'' 14-3-3 binding motif and 14-3-3y, which showed interactions

typical for mode I motif ®.
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Fig. 4.15 Stabilization of the 14-3-3y:CaMKK2 peptide complexes by fusicoccanes. A) Studied
fusicoccanes. B) FP assay with the FAM-labeled pepS100 peptide (100 nM), 14-3-3y (20 uM) and
tested fusicoccanes. Data points are the means = SD of three experiments. To get ECs, 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 uM of the study fusicoccanes titrated by 14-
3-3y. To obtain the apparent K, values of the peptide:14-3-3y 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 14-3-3y

Compound ECso, uM! Kp, uM? Factor’
FAM-pepS100 peptide

Control (5% DMSO) - 255%1 -
FC-A 5600 + 900 17.1£0.5 1.5
FC-J 730 £ 30 9505 2.7
FC-THF 930 +50 12.3+£0.7 2.1
FC-H 123+£4 2.8+£0.3 9.1
16-O-Me-FC-H 23+1 0.5+0.05 51
FAM-pepS511 peptide

Control (5% DMSO) 4004 -
FC-A 15.6+£0.9 0.25
16-O-Me-FC-H 26103 1.5

'"The ECs, values were assessed by FP measurements of FAM-labeled pepS100 peptide (100 nM)
and 14-3-3y (20 uM) titrated with different fusicoccanes.

*The apparent Kp, values of the interaction between the peptide and 14-3-3y were determined by FP
of FAM-labeled pepS100 and pepS511 peptides titrated with 14-3-3y in the presence of the study
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fusicoccanes (500 uM).
*Stabilization factor calculated from the apparent K, 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 14-3-3y,
pSer'® 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 14-3-3y helices H3, HS5, H7
and H9 (Fig. 4.16), interacting with 14-3-3y mostly through hydrophobic contacts. The
sugar moiety and the hydroxyl group of the B ring of FC-A interact with the 14-3-3y

3

residues Asn® and Asp®'®. 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

193 fom the C-

an arrow in Fig. 4.16 C) is involved in a van der Waals interaction with Glu
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 14-3-3y 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 A) 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 14-3-3y compared to FC-A.
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Table 4.5 Crystallographic data collection and refinement statistic

Complex 14-3-3y:pepS100:FC-A 14-3-3y:pepS100:16-0-Me-FC-
(6Y4K) H (6Y6B)

Wavelength (A) 09184 09184

Space group P6(3)22 P6(3)22

Unit-cell parameters
a, b, c(A)
o, B,y (%)

Asymmetric unit confents

Resolution range (A)>
Unique reflections
Data multiplicity
Completeness (%)
(I'alD))
Rineas®
Ryork
Rﬁeec
No. of protein atoms
No. of ligand atoms
No. of waters
Average B factors (A2)
Protein
Ligand
R.m.s.9 deviations from
ideal values
Bond lengths (A)
Bond angles (°)
Ramachandran favored (%)

225.85225.8572.96

90.0 90.0 120.0

One dimer of 14-3-3y with
bound phosphopeptides and
one molecule of FC-A
48.62 -3.00 (3.18 - 3.00)
22485 (3562)
21.83(21.01)

99.8 (99.8)

18.91 (1.01)

16.5% (304.8%)

0.2599 (0.3913)

0.2920 (0.4308)

3482

48

0

105.53
121.97

0.003
0.59
96.11

Ramachandran allowed (%) 3.89

Ramachandran outliers (%)

0

226.27226.27 72.99

90.0 90.0 120.0

One dimer of 14-3-3y with
bound phosphopeptides and one
molecule of 16-O-Me-FC-H
48.99 - 3.08 (3.26 - 3.08)
20904 (3285)

21.72(22.04)

99.9 (99.7)

11.53(0.69)

28.0% (497.0%)

0.2419 (0.4011)

0.2815 (0.4272)

3634

35

0

113.84
119.89

0.001
0.36
99.13
0.87

*Values in parentheses are for the highest resolution shell.

"Rcas = D AN CRKL) [N (k) =11}""* x 3 1, (hkl) = (1(hkD) |/ 33 1 (hKD) | where [(akd) is

hkl

the intensity of reflection hkl, <I (hkl)> =

1
N(hkl) 4

hkl i

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

‘The free R value (Rfiee) Was calculated using 5% of the reflections, which were omitted

from the refinement.
dR.m.s., root mean square.
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Fig. 4.16 Structure of complexes between 14-3-3y, the pepS100 peptide and FC-A/16-O-Me-FC-H.
A) FC-A bound to 14-3-3y. The 14-3-3y and the pepS100 peptide are shown in dark cyan and

yellow, respectively. The final 2F-F¢ electron density map is contoured at 0.7c. B) Contacts
between 14-3-3(, 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 14-3-3y ligand binding groove.
The 2Fo-F¢ electron density map is contoured at 0.7c. E) Interactions between 14-3-3(, 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 CaMKK?2
and 14-3-3y

Next, the effect of FC-A and 16-O-Me-FC-H on the dpCaMKK?2 binding to 14-3-3y was
investigated by SV-AUC. These experiments revealed that dpCaMKK?2 and 14-3-3y inter-
act with an apparent Kp of 130 = 20 nM (left panel in Fig. 4.17 A). Then, the same meas-
urements were done with 500 uM FC-A and 16-O-Me-FC-H. The obtained s,, isotherms
and c(s) distributions are shown in Fig. 4.17 B,C. These data showed that 16-O-Me-FC-H
reduced the Kp value by a factor ~4 (Fig. 4.17 C), whereas FC-A destabilized the

dpCaMKK?2:14-3-3y 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 dpCaMKK?2 and 14-3-3y.
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Fig. 4.17 Characterization of the dpCaMKK2:14-3-3y complex by SV-AUC. A) 14-3-3y and
dpCaMKK2 in the presence of 5% DMSO. B) 14-3-3y and dpCaMKK2 in the presence of 500 uM
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distributions underlying the s,, data points are displayed on the right.
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4.4.6 Conclusion

In this work, we have shown that interactions between CaMKK?2 and 14-3-3y 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 *°*°”. When both motifs
are phosphorylated, CaMKK2 binds to 14-3-3y 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 CaMKK2:14-3-3y 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 CaMKK?2 and 14-3-3y 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 IkBa 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 [kBa binding to 14-3-3 requires a
second still unidentified motif. In addition, tryptophan residue Trp66 from the 14-3-
3 binding motif of IkBa enabled direct biophysical affinity measurements without
an artificial probe.

4. Three fragments able to interact with 14-3-3c were identified. Two of them
interact with the surface of helices aH and al 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 14-3-3c. Because the surface of 14-3-3 helices aH
and ol 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.

65



6 References

10.

11.

12.

13.

Cohen, J. The immunopathogenesis of sepsis. Nature vol. 420 885-891 (2002).
Yaffe, M. B. & Elia, A. E. H. Phosphoserine/threonine-binding domains. Curr. Opin.
Cell Biol. vol. 13 131-138 (2001).

Grasso, A., Roda, G., Hogue-Angeletti, R. A., Moore, B. W. & Perez, V. J.
Preparation and properties of the brain specific protein 14-3-2. Brain Res. 124, 497—
507 (1977).

Wang, W. & Shakes, D. C. Molecular evolution of the 14-3-3 protein family. J. Mol.
Evol. 43, 384-398 (1996).

Rosenquist, M., Alsterfjord, M., Larsson, C. & Sommarin, M. Data mining the
Arabidopsis genome reveals fifteen 14-3-3 genes. Expression is demonstrated for
two out of five novel genes. Plant Physiol. 127, 142—149 (2001).

Wilkert, E. W., Grant, R. A., Artim, S. C. & Yaffe, M. B. A structural basis for 14-3-
3o functional specificity. J. Biol. Chem. 280, 18891-18898 (2005).

Gardino, A. K., Smerdon, S. J. & Yaffe, M. B. Structural determinants of 14-3-3
binding specificities and regulation of subcellular localization of 14-3-3-ligand
complexes: A comparison of the X-ray crystal structures of all human 14-3-3
isoforms. Semin. Cancer Biol. 16, 173—182 (2006).

Muslin, A. J., Tanner, J. W., Allen, P. M. & Shaw, A. S. Interaction of 14-3-3 with
signaling proteins is mediated by the recognition of phosphoserine. Cell 84, 889—
897 (1996).

Pozuelo Rubio, M. et al. 14-3-3-Affinity purification of over 200 human
phosphoproteins reveals new links to regulation of cellular metabolism, proliferation
and trafficking. Biochem. J. 379, 395408 (2004).

Liu, D. et al. Crystal structure of the zeta isoform of the 14-3-3 protein. Nature 376,
191-194 (1995).

Xiao, B. et al. Structure of a 14-3-3 protein and implications for coordination of
multiple signalling pathways. Nature 376, 188—191 (1995).

Yang, X. et al. Structural basis for protein-protein interactions in the 14-3-3 protein
family. Proc. Natl. Acad. Sci. U. S. A. 103, 17237-17242 (2006).

Verdoodt, B., Benzinger, A., Popowicz, G. M., Holak, T. A. & Hermeking, H.
Characterization of 14-3-3sigma dimerization determinants: Requirement of
homodimerization for inhibition of cell proliferation. Cell Cycle 5, 2920-2926

(2006).
66



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Obsilova, V. et al. 14-3-3( C-terminal Stretch Changes Its Conformation upon
Ligand Binding and Phosphorylation at Thr232. J. Biol. Chem. 279, 4531-4540
(2004).

Silhan, J. et al. 14-3-3 Protein C-terminal stretch occupies ligand binding groove
and 1s displaced by phosphopeptide binding. J. Biol. Chem. 279, 4911349119
(2004).

Truong, A. B., Masters, S. C., Yang, H. & Fu, H. Role of the 14-3-3 C-terminal loop
in ligand interaction. Proteins Struct. Funct. Genet. 49, 321-325 (2002).

Rittinger, K. et al. Structural analysis of 14-3-3 phosphopeptide complexes
identifies a dual role for the nuclear export signal of 14-3-3 in ligand binding. Mol.
Cell 4, 153-166 (1999).

Obsil, T. & Obsilova, V. Structural basis of 14-3-3 protein functions. Semin. Cell
Dev. Biol. 22, 663—672 (2011).

Yaffe, M. B. ef al. The structural basis for 14-3-3:phosphopeptide binding
specificity. Cell 91, 961-971 (1997).

Coblitz, B., Wu, M., Shikano, S. & Li, M. C-terminal binding: An expanded
repertoire and function of 14-3-3 proteins. FEBS Letters vol. 580 1531-1535 (2006).
Johnson, C. et al. Bioinformatic and experimental survey of 14-3-3-binding sites.
Biochem. J. 427, 69-78 (2010).

Petosa, C. et al. 14-3-3( binds a phosphorylated raf peptide and an
unphosphorylated peptide via its conserved amphiphatic groove. J. Biol. Chem. 273,
16305-16310 (1998).

Lentini Santo, D., Petrvalska, O., Obsilova, V., Ottmann, C. & Obsil, T. Stabilization
of protein—protein interactions between CaMKK?2 and 14—3—-3 by fusicoccins. ACS
Chem. Biol. 15,3060-3071 (2020).

Wiirtele, M., Jelich-Ottmann, C., Wittinghofer, A. & Oecking, C. Structural view of
a fungal toxin acting on a 14-3-3 regulatory complex. EMBO J. 22, 987-994 (2003).
Molzan, M. et al. Impaired Binding of 14-3-3 to C-RAF in Noonan Syndrome
Suggests New Approaches in Diseases with Increased Ras Signaling. Mol. Cell.
Biol. 30, 4698-4711 (2010).

Anders, C. et al. A semisynthetic fusicoccane stabilizes a protein-protein interaction
and enhances the expression of K+ channels at the cell surface. Chem. Biol. 20,
583-593 (2013).

Svennelid, F. ef al. Phosphorylation of Thr-948 at the C terminus of the plasma

membrane H+-ATPase creates a binding site for the regulatory 14-3-3 protein. Plant
67



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cell 11, 2379-2391 (1999).

Sijbesma, E. et al. Identification of Two Secondary Ligand Binding Sites in 14-3-3
Proteins Using Fragment Screening. Biochemistry 56, 3972-3982 (2017).

Stevers, L. M. ef al. Modulators of 14-3-3 Protein-Protein Interactions. J. Med.
Chem. 61, 3755-3778 (2018).

Aitken, A. et al. Specificity of 14-3-3 isoform dimer interactions and
phosphorylation. in Biochem. Soc. Trans. vol. 30 351-360 (Biochem Soc Trans,
2002).

Tzivion, G. & Avruch, J. 14-3-3 Proteins: Active cofactors in cellular regulation by
serine/threonine phosphorylation. J. Biol. Chem. vol. 277 3061-3064 (2002).
Bridges, D. & Moorhead, G. B. G. 14-3-3 proteins: a number of functions for a
numbered protein. Science’s STKE : signal transduction knowledge environment vol.
2004 (2004).

Obsil, T., Ghirlando, R., Klein, D. C., Ganguly, S. & Dyda, F. Crystal structure of
the 14-3-3(:serotonin N-acetyltransferase complex: A role for scaffolding in enzyme
regulation. Cell 105, 257-267 (2001).

Ottmann, C. ef al. Structure of a 14-3-3 Coordinated Hexamer of the Plant Plasma
Membrane H+-ATPase by Combining X-Ray Crystallography and Electron
Cryomicroscopy. Mol. Cell 25, 427-440 (2007).

Taoka, K. I. ef al. 14-3-3 proteins act as intracellular receptors for rice Hd3a
florigen. Nature 476, 332-335 (2011).

Alblova, M. et al. Molecular basis of the 14-3-3 protein-dependent activation of
yeast neutral trehalase Nthl. Proc. Natl. Acad. Sci. U. S. A. 114, E9811-E9820
(2017).

Sluchanko, N. N. et al. Structural Basis for the Interaction of a Human Small Heat
Shock Protein with the 14-3-3 Universal Signaling Regulator. Structure 25, 305-316
(2017).

Karlberg, T. ef al. 14-3-3 proteins activate Pseudomonas exotoxins-S and -T by
chaperoning a hydrophobic surface. Nat. Commun. 9, 1-11 (2018).

Park, E. ef al. Architecture of autoinhibited and active BRAF-MEK1-14-3-3
complexes. Nature 575, 545-550 (2019).

Kondo, Y. et al. Cryo-EM structure of a dimeric B-Raf:14-3-3 complex reveals
asymmetry in the active sites of B-Raf kinases. Science (80-. ). 366, 109115
(2019).

Ballio, A. et al. Fusicoccin: A new wilting toxin produced by Fusicoccum amygdali
68



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Del. [13]. Nature vol. 203 297 (1964).

Oecking, C., Eckerskorn, C. & Weiler, E. W. The fusicoccin receptor of plants is a
member of the 14-3-3 superfamily of eukaryotic regulatory proteins. FEBS Lett.
352, 163—-166 (1994).

Sassa, T., Tojyo, T. & Munakata, K. Isolation of a new plant growth substance with
cytokinin-like activity. Nature 227, 379 (1970).

Stevers, L. M. et al. Characterization and small-molecule stabilization of the
multisite tandem binding between 14-3-3 and the R domain of CFTR. Proc. Natl.
Acad. Sci. U. S. A. 113, E1152-E1161 (2016).

Honma, Y., Ishii, Y., Yamamoto-Yamaguchi, Y., Sassa, T. & Asahi, K. I. Cotylenin
A, a differentiation-inducing agent, and IFN-o cooperatively induce apoptosis and
have an antitumor effect on human non-small cell lung carcinoma cells in nude
mice. Cancer Res. 63, 3659-3666 (2003).

Rose, R. et al. Identification and structure of small-molecule stabilizers of 14-3-3
protein-protein interactions. Angew. Chemie - Int. Ed. 49, 4129—4132 (2010).
Rose, R. ef al. Identification and Structure of Small-Molecule Stabilizers of 14-3-3
Protein-Protein Interactions. Angew. Chemie Int. Ed. 49, 4129-4132 (2010).

Pahl, H. L. Activators and target genes of Rel/NF-kB transcription factors.
Oncogene vol. 18 6853—6866 (1999).

Karin, M., Yamamoto, Y. & Wang, Q. M. The IKK NF-kB system: A treasure trove
for drug development. Nat. Rev. Drug Discov. vol. 3 17-26 (2004).

Haefner, B. NF-«B: Arresting a major culprit in cancer. Drug Discov. Today vol. 7
653663 (2002).

Richmond, A. NF-«xB, chemokine gene transcription and tumour growth. Nat. Rev.
Immunol. vol. 2 664—674 (2002).

Aggarwal, B. B. Nuclear factor-kB: The enemy within. Cancer Cell vol. 6 203208
(2004).

Clevers, H. At the crossroads of inflammation and cancer. Cell vol. 118 671-674
(2004).

Balkwill, F., Charles, K. A. & Mantovani, A. Smoldering and polarized
inflammation in the initiation and promotion of malignant disease. Cancer Cell vol.
7 211-217 (2005).

Li, Q., Withoff, S. & Verma, I. M. Inflammation-associated cancer: NF-«B is the
lynchpin. Trends in Immunol. vol. 26 318-325 (2005).

Luo, J. L., Kamata, H. & Karin, M. IKK/NF-«B signaling: Balancing life and death
69



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

- A new approach to cancer therapy. J. Clin. Investig. vol. 115 2625-2632 (2005).
Shaffer, A. L., Rosenwald, A. & Staudt, L. M. Lymphoid malignancies: The dark
side of B-cell differentiation. Nat. Rev. Immunol. vol. 2 920-932 (2002).
Panwalkar, A., Verstovsek, S. & Giles, F. Nuclear Factor-KappaB Modulation As a
Therapeutic Approach in Hematologic Malignancies. Cancer vol. 100 1578—1589
(2004).

Ghosh, S., May, M. J. & Kopp, E. B. NF-«B and rel proteins: Evolutionarily
conserved mediators of immune responses. ANNU REV IMMUNOL vol. 16 225-260
(1998).

Ghosh, S. & Karin, M. Missing pieces in the NF-kB puzzle. Cell vol. 109 (2002).
Hayden, M. S. & Ghosh, S. Signaling to NF-kB. Genes Dev. vol. 18 2195-2224
(2004).

Begalli, F. et al. Unlocking the NF-kB Conundrum: Embracing complexity to
achieve specificity. Biomedicines 5, (2017).

Zhong, H., SuYang, H., Erdjument-Bromage, H., Tempst, P. & Ghosh, S. The
transcriptional activity of NF-kB is regulated by the IkB- associated PKAc subunit
through a cyclic AMP-independent mechanism. Cell 89, 413—424 (1997).

Wang, D., Westerheide, S. D., Hanson, J. L. & Baldwin, J. Tumor necrosis factor a-
induced phosphorylation of RelA/p65 on Ser529 is controlled by casein kinase II. J.
Biol. Chem. 275, 32592-32597 (2000).

Yang, J., Fan, G. H., Wadzinski, B. E., Sakurai, H. & Richmond, A. Protein
Phosphatase 2A Interacts with and Directly Dephosphorylates RelA. J. Biol. Chem.
276, 4782847833 (2001).

Chen, L. F., Fischle, W., Verdin, E. & Greene, W. C. Duration of nuclear NF-xB
action regulated by reversible acetylation. Science (80-. ). 293, 1653—1657 (2001).
Chen, L. feng, Mu, Y. & Greene, W. C. Acetylation of RelA at discrete sites
regulates distinct nuclear functions of NF-xB. EMBO J. 21, 6539-6548 (2002).
Gupta, S. C., Sundaram, C., Reuter, S. & Aggarwal, B. B. Inhibiting NF-xB
activation by small molecules as a therapeutic strategy. BBA - Gene Regulatory
Mechanisms vol. 1799 775-787 (2010).

Nagashima, K. ef al. Rapid TNFR1-dependent lymphocyte depletion in vivo with a
selective chemical inhibitor of IKKp. Blood 107, 4266—4273 (2006).

Hayden, M. S. & Ghosh, S. NF-kB, the first quarter-century: Remarkable progress
and outstanding questions. Genes Dev. 26, 203-234 (2012).

Viatour, P., Merville, M. P., Bours, V. & Chariot, A. Phosphorylation of NF-kB and
70



72.

73.

74.

75.

76.

77.

78.

79.

80.

1.

82.

83.

84.

IxB proteins: Implications in cancer and inflammation. Trends Biochem Sci vol. 30
43-52 (2005).

Baldwin, A. S. The NF-kB and IxB proteins: New discoveries and insights. Annu.
Rev. Immunol. 14, 649—681 (1996).

Mulero, M. C., Bigas, A. & Espinosa, L. IkBa beyond the NF-«B dogma.
Oncotarget 4, 1550-1551 (2013).

Simeonidis, S., Liang, S., Chen, G. & Thanos, D. Cloning and functional
characterization of mouse IxBe. Proc. Natl. Acad. Sci. U. S. A. 94, 14372-14377
(1997).

Malek, S., Chen, Y., Huxford, T. & Ghosh, G. kB, but Not IkBa, Functions as a
Classical Cytoplasmic Inhibitor of NF-kB Dimers by Masking Both NF-kB Nuclear
Localization Sequences in Resting Cells. J. Biol. Chem. 276, 45225-45235 (2001).
Tran, K., Merika, M. & Thanos, D. Distinct functional properties of IkappaB alpha
and TkappaB beta. Mol. Cell. Biol. 17, 5386-5399 (1997).

DiDonato, J. et al. Mapping of the inducible IkappaB phosphorylation sites that
signal its ubiquitination and degradation. Mol. Cell. Biol. 16, 1295-1304 (1996).
Gonen, H. et al. Identification of the ubiquitin carrier proteins, E2s, involved in
signal-induced conjugation and subsequent degradation of IkBa. J. Biol. Chem. 274,
14823-14830 (1999).

Aguilera, C. et al. Efficient nuclear export of p65-IkBa complexes requires 14-3-3
proteins. J. Cell Sci. 119, 3695-3704 (2006).

Schrager, S. Dietary calcium intake and obesity. J. Am. Board Fam. Med. vol. 18
205-210 (2005).

dos Santos, L. C., de Padua Cintra, L., Fisberg, M. & Martini, L. A. Calcium intake
and its relationship with adiposity and insulin resistance in post-pubertal
adolescents. J. Hum. Nutr. Diet. 21, 109—116 (2008).

Da Silva Ferreira, T., Torres, M. R. S. G. & Sanjuliani, A. F. Dietary calcium intake
is associated with adiposity, metabolic profile, inflammatory state and blood
pressure, but not with erythrocyte intracellular calcium and endothelial function in
healthy pre-menopausal women. Bz J. Nutr. 110, 1079-1088 (2013).

Parikh, S. J. & Yanovski, J. A. Calcium intake and adiposity. Am. J. Clin. Nutr. 77,
281-287 (2003).

Torres, M. R. S. G., da Silva Ferreira, T., Carvalho, D. C. & Sanjuliani, A. F. Dietary
calcium intake and its relationship with adiposity and metabolic profile in

hypertensive patients. Nutrition 27, 666—671 (2011).
71



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Racioppi, L. & Means, A. R. Calcium/calmodulin-dependent protein kinase kinase
2: Roles in signaling and pathophysiology. J. Biol. Chem. J BIOL CHEM vol. 287
31658-31665 (2012).

Hurley, R. L. et al. The Ca2+/calmodulin-dependent protein kinase kinases are
AMP-activated protein kinase kinases. J. Biol. Chem. 280, 29060-29066 (2005).
Anderson, K. A. et al. Hypothalamic CaMKK?2 Contributes to the Regulation of
Energy Balance. Cell Metab. 7, 377-388 (2008).

Marcelo, K. L. et al. Research resource: Roles for calcium/calmodulin- dependent
protein kinase kinase 2 (caMKK?2) in systems metabolism. Mol. Endocrinol. 30,
557-572 (2016).

Psenakova, K. et al. 14-3-3 protein directly interacts with the kinase domain of
calcium/calmodulin-dependent protein kinase kinase (CaMKK?2). Biochim. Biophys.
Acta - Gen. Subj. 1862, 1612—1625 (2018).

Kukimoto-Niino, M. et al. Crystal structure of the Ca2+/calmodulin-dependent
protein kinase kinase in complex with the inhibitor STO-609. J. Biol. Chem. 286,
22570-22579 (2011).

Tokumitsu, H. & Soderling, T. R. Requirements for calcium and calmodulin in the
calmodulin kinase activation cascade. J. Biol. Chem. 271, 5617-5622 (1996).
Tokumitsu, H., Iwabu, M., Ishikawa, Y. & Kobayashi, R. Differential regulatory
mechanism of ca2+/calmodulin-dependent protein kinase kinase isoforms.
Biochemistry 40, 13925-13932 (2001).

Green, M. F. et al. Ca 2+/calmodulin-dependent protein kinase kinase [ is regulated
by multisite phosphorylation. J. Biol. Chem. 286, 28066—28079 (2011).

Wayman, G. A., Tokumitsu, H. & Soderling, T. R. Inhibitory cross-talk by cAMP
kinase on the calmodulin-dependent protein kinase cascade. J. Biol. Chem. 272,
16073-16076 (1997).

Matsushita, M. & Nairn, A. C. Inhibition of the Ca2+/calmodulin-dependent protein
kinase I cascade by cAMP-dependent protein kinase. J. Biol. Chem. 274, 10086—
10093 (1999).

Davare, M. A., Saneyoshi, T., Guire, E. S., Nygaard, S. C. & Soderling, T. R.
Inhibition of Calcium/Calmodulin-dependent Protein Kinase Kinase by Protein 14-
3-3.J. Biol. Chem. 279, 52191-52199 (2004).

Ichimura, T., Taoka, M., Hozumi, Y., Goto, K. & Tokumitsu, H. 14-3-3 Proteins
directly regulate Ca2+/calmodulin-dependent protein kinase kinase o through

phosphorylation-dependent multisite binding. FEBS Lett. 582, 661-665 (2008).
72



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Matsushita, M. & Nairn, A. C. Inhibition of the Ca2+/calmodulin-dependent protein
kinase I cascade by cAMP-dependent protein kinase. J. Biol. Chem. 274, 10086—
10093 (1999).

Okuno, S., Kitani, T. & Fujisawa, H. Regulation of Ca2+/calmodulin-dependent
protein kinase kinase a by cAMP-dependent protein kinase: 1. Biochemical analysis.
J. Biochem. 130, 503—-513 (2001).

Svergun, D. 1. Determination of the regularization parameter in indirect-transform
methods using perceptual criteria. J. Appl. Crystallogr. 25, 495-503 (1992).
Receveur-Brechot, V. & Durand, D. How Random are Intrinsically Disordered
Proteins? A Small Angle Scattering Perspective. Curr. Protein Pept. Sci. 13, 55-75
(2012).

Svergun, D. 1. Restoring low resolution structure of biological macromolecules from
solution scattering using simulated annealing. Biophys. J. 76, 28792886 (1999).
Rambo, R. P. Resolving individual components in protein-RNA complexes using
small-angle X-ray scattering experiments. in Methods in Enzymol. vol. 558 363—390
(Academic Press Inc., 2015).

Petoukhov, M. V. ef al. New developments in the ATSAS program package for
small-angle scattering data analysis. J. Appl. Crystallogr. 45, 342-350 (2012).
Rezabkova, L. et al. 14-3-3 protein interacts with and affects the structure of RGS
domain of regulator of G protein signaling 3 (RGS3). J. Struct. Biol. 170, 451-461
(2010).

Stevers, L. M. et al. Structural interface between LRRK2 and 14-3-3 protein.
Biochem. J. 474, 12731287 (2017).

Centorrino, F., Ballone, A., Wolter, M. & Ottmann, C. Biophysical and structural
insight into the USP8/14-3-3 interaction. FEBS Lett. 592, 1211-1220 (2018).
Ottmann, C. et al. A Structural Rationale for Selective Stabilization of Anti-tumor
Interactions of 14-3-3 proteins by Cotylenin A. J. Mol. Biol. 386, 913-919 (2009).
Rose, R., Rose, M. & Ottmann, C. Identification and structural characterization of
two 14-3-3 binding sites in the human peptidylarginine deiminase type VI. J. Struct.
Biol. 180, 65-72 (2012).

Neves, J. F. et al. Backbone chemical shift assignments of human 14-3-3c. Biomol.
NMR Assign. 13, 103—-107 (2019).

Congreve, M., Carr, R., Murray, C. & Jhoti, H. A ‘Rule of Three’ for fragment-based
lead discovery? Drug Discov. Today vol. 8 876-877 (2003).

Meldal, M. & Tomge, C. W. Cu-catalyzed azide - Alkyne cycloaddition. Chem. Rev.
73



113.

114.

115.

116.

vol. 108 2952-3015 (2008).

Alblova, M. et al. Molecular basis of the 14-3-3 protein-dependent activation of
yeast neutral trehalase Nthl. Proc. Natl. Acad. Sci. U. S. A. 114, E9811-E9820
(2017).

Kalabova, D. et al. Human procaspase-2 phosphorylation at both S139 and S164 is
required for 14-3-3 binding. Biochem. Biophys. Res. Commun. 493, 940-945 (2017).
De Boer, A. H. & Leeuwen, L. J. d. V. van. Fusicoccanes: Diterpenes with surprising
biological functions. Trends Plant Sci vol. 17 360-368 (2012).

Toyomasu, T. ef al. Fusicoccins are biosynthesized by an unusual chimera diterpene

synthase in fungi. Proc. Natl. Acad. Sci. U. S. A. 104, 3084-3088 (2007).

74



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).
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Obsilova, V. & Obsil, T. 14-3-3 protein directly interacts with the kinase domain of calci-
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My contribution: Expression and purification of 14-3-3yAC and 14-3-3CAC, evaluation of
the phosphopeptide binding using the fluorescence polarization assay, crystallization and
refinement of the 14-3-3yAC:CaMKK2 pS100 and 14-3-3yAC:CaMKK2 pS511

complexes.
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ARTICLEINFO ABSTRACT

Keywords: Background: Calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2) is a member of the Ca®* /cal-
14-3-3 protein modulin-dependent kinase (CaMK) family involved in adiposity regulation, glucose homeostasis and cancer. This
CaMICK N ) upstream activator of CaMKI, CaMKIV and AMP-activated protein kinase is inhibited by phosphorylation, which
::;:‘"'Pm“”" nteracton also triggers an association with the scaffolding protein 14-3-3. However, the role of 14-3-3 in the regulation of

CaMKK2 remains unknown.

Methods: The interaction between phosphorylated CaMKK2 and the 14-3-3y protein, as well as the architecture
of their complex, were studied using enzyme activity measurements, small-angle x-ray scattering (SAXS), time-
resolved fluorescence spectroscopy and protein crystallography.

Results: Our data suggest that the 14-3-3 protein binding does not inhibit the catalytic activity of phosphorylated
CaMKK2 but rather slows down its dephosphorylation. Structural analysis indicated that the complex is flexible
and that CaMKK2 is located outside the phosphopeptide-binding central channel of the 14-3-3y dimer.
Furthermore, 14-3-3y appears to interact with and affect the structure of several regions of CaMKK2 outside the
14-3-3 binding motifs. In addition, the structural basis of interactions between 14-3-3 and the 14-3-3 binding
motifs of CaMKK2 were elucidated by determining the crystal structures of phosphopeptides containing these
motifs bound to 14-3-3.

Conclusions: 14-3-3y protein directly interacts with the kinase domain of CaMKK2 and the region containing the
inhibitory phosphorylation site Thr'*> within the N-terminal extension.

General significance: Our results suggested that CaMKK isoforms differ in their 14-3-3-mediated regulations and
that the interaction between 14-3-3 protein and the N-terminal 14-3-3-binding motif of CaMKK2 might be
stabilized by small-molecule compounds.

Fluorescence spectroscopy

1. Introduction

Calcium/calmodulin-dependent protein kinase kinase (CaMKK), a
member of the Ca®"/calmodulin-dependent kinase (CaMK) family,
specifically phosphorylates Thr residues within the activation loop of
two downstream kinases, CaMKI and CaMKIV, considerably increasing
their catalytic efficiency, resulting in phosphorylation of multiple
downstream targets [1]. Two CaMKK isoforms (CaMKK1 and CaMKK2)
have been identified in mammals, which are both highly expressed in
the brain. CaMKK2 is also an upstream activator of the AMP-activated

protein kinase (AMPK) [2], and studies have shown that the AMPK:-
CaMKK2 complex regulates energy balance by acting in the hypotha-
lamus [3]. In fact, CaMKK2 is one of the most versatile CaMKs, which is
involved in adiposity regulation, glucose homeostasis, hematopoiesis,
inflammation, and cancer, and is considered a potential target for
therapeutic intervention (reviewed in [4]).

The members of the CaMK family share a common domain orga-
nization consisting of the catalytic domain followed by an auto-
inhibitory region, which overlaps with the CaM-binding region (Fig. 1A
and C) [5]. Although CaMKK1 and CaMKK2 share high similarity and

Abbreviations: AMPK, AMP-activated protein kinase; AUC, Analytical ultracentrifugation; CaM, Calmodulin; CaMKK2, Calcium/calmodulin-dependent protein kinase kinase 2; SAXS,

Small-angle x-ray scattering; SV, Sedimentation velocity
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Fig. 1. Phosphorylated CaMKK2 Forms a Stable Complex with 14-3-3y. (A) Domain structure of CaMKK2. The positions of PKA phosphorylation sites, the N-terminal
regulatory site and the CaM binding region are indicated by red, blue and orange rectangles, respectively. The positions of tryptophan residues used in the time-
resolved fluorescence experiments are indicated by green triangles. (B) Crystal structure of the 14-3-3y protein dimer (PDB ID: 2B05) Each protomer is shown in
different color. (C) Crystal structure of the kinase domain of CaMKK2 [35]. Tryptophan residues located in the C-lobe are shown as sticks. (D, E) Series of area-
normalized e(s) distributions of mixtures of pCaMKK2 and 14-3-3y at various molar ratios, using 6 uyM 14-3-3y and 0.3 — 30 pM pCaMKK2.

identity in their amino acid sequences (Fig. S1), they differ in their
biochemical properties. CaMKK1 activity is strictly regulated by an
autoinhibitory mechanism, and Ca®*/CaM binding relieves this auto-
inhibition [6]. However, in contrast to CaMKK1, CaMKK2 is sig-
nificantly active in the absence of Ca®*/CaM [7]. This autonomous
activity is regulated by a stretch of 23 amino acids (residues 129-151 in
rat CaMKK2), which is located N-terminally to the catalytic domain and
apparently participates in the release of the autoinhibitory region from
the catalytic domain [8]. Moreover, this regulatory region contains
three phosphorylation sites targeted by cyclin-dependent kinase 5 and
glycogen synthase kinase 3 and one site recognized by cAMP-dependent
protein kinase (PKA) [9,10].

Both CaMKKs are partly inhibited upon phosphorylation by PKA
[10-12]. CaMKK1 contains five PKA phosphorylation sites, Ser®2, Ser”*,
Thr'%®, Ser?s8, and Ser?”5, four of which are also present in CaMKK2
(Ser'®, Thr', Ser®®, and Ser°!') (Figs. 1A and $1). Ser®®® phos-
phorylation has been shown to block Ca”*/CaM-binding, whereas
Thr'%® phosphorylation plays a role in the regulation of CaMKK1 ac-
tivity toward CaMKI and CaMKIV [10,13].

In addition to direct, PKA-mediated inhibition, CaMKK1 activity is
further regulated through a PKA-dependent mechanism based on in-
teraction with 14-3-3 proteins [14,15]. 14-3-3 proteins, a family of
highly conserved dimeric proteins ubiquitously expressed in all eu-
karyotic cells (Fig. 1B), function as scaffold and chaperone molecules
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that interact with and regulate the function of several hundred partner
proteins by recognizing phosphoserine- (pS) or phosphothreonine (pT)-
containing motifs [16]. Mechanistically, 14-3-3 proteins constrain the
conformation, occlude sequence-specific and structural features, pro-
mote protein-protein interactions, or prevent the aggregation of their
binding partners (reviewed in [17,18]). GST pull-down and co-im-
munoprecipitation assays, together with site-directed mutagenesis,
have shown that both CaMKK isoforms bind to various 14-3-3 protein
isoforms (mainly y isoform) and that the conserved motif containing
phosphorylated Set”* in CaMKK1 (corresponding to Ser'%® in CaMKK2,
Figs. 1A and S1) functions as the primary 14-3-3 binding site [14,15].
Furthermore, a second 14-3-3 binding motif containing phosphorylated
Ser*”® in CaMKK1 (Ser”'! in CaMKK2) has also been suggested [15].
The phosphorylation of this site by PKA, however, is low and mainly
occurs in the presence of Ca®*/CaM [11,12,14]. The functional role of
14-3-3 binding in CaMKK regulation is apparently twofold. Davare et al.
[14] suggested that the 14-3-3 binding inhibits CaMKK1 through two
mechanisms, namely inhibition of Thr'®® dephosphorylation, thus
maintaining the kinase in the PKA-mediated inhibited state, and direct
inhibition of the kinase activity. Accordingly, Ichimura et al. [15]
showed that binding to 14-3-3 decreases the maximum velocity (Viax)
of CaMKK1. However, the molecular mechanism of this interaction as
well as the role of 14-3-3 in the regulation of CaMKK2 remains unclear.

Thus, in this study, we used enzyme activity measurements, small-



K. Psenakova et al.

analysis based on the ensemble optimization method was performed
using the program EOM [28].

2.9. Fluorescence polarization assay

Various concentrations of 14-3-3y were incubated for 1h with
20nM of FITC-conjugated synthetic peptide GSLSARKL(pS)LQER
(FITC-CaMKK2-8100), where pS denotes phosphoserine, with a fluor-
escein attached to the N-terminus (Pepscan Presto BV, The
Netherlands). Fluorescence polarization was measured using a
CLARIOstar microplate reader (BMG Labtech) in 10mM HEPES
(pH7.4), 150mM NaCl, 0.1% (v/v) Tween 20 and 0.1% (w/v) BSA
buffer after incubating for 1 h in a 96-well black plate. Excitation and
emission wavelengths were 482 nm and 530 nm, respectively, and Kp
was determined using Origin (OriginLab Corp., MA, USA).

2.10. Time-resolved fluorescence measurements

Time-resolved tryptophan fluorescence intensity and anisotropy
decay measurements as well as data analysis were performed as pre-
viously described [29]. Tryptophan emission was excited at 298 nm by
a tripled output of the Ti:Sapphire laser. Tryptophan fluorescence was
isolated at 355 nm using a combination of monochromator and a stack
of UG1 and BG40 glass filters (Thorlabs) placed in front of the input slit.
Dansyl fluorescence was excited at 355nm and collected at 550 nm.
Samples were placed in a thermostatic holder, and all experiments were
performed at 23°C in buffer containing 50 mM Tris-HCl (pH?7.5),
150 mM NaCl, 1 mM TCEP, 1 mM CacCl, and 10% (w/v) glycerol. In
tryptophan fluorescence experiments, the pCaMKK2 and 14-3-3y noW
concentrations were 12 and 60 uM, respectively. In dansyl fluorescence
experiments, the DANS-CaM, CaMKK2 and 14-3-3y concentrations were
25, 28 and 100 pM, respectively.

2.11. Crystallization, data collection and structure determination

The 14-3-3CAC or 14-3-3yAC proteins and the pepS100 or pepS511
peptides (sequences RKLpSLQER and RSLpSAPGN, respectively) were
mixed in a 1:2M stoichiometry in buffer containing 20 mM HEPES
(pH7), 2mM MgCl, and 1 mM TCEP. Crystallization was performed
using the hanging-drop vapor-diffusion method at 291 K. Crystals of the
14-3-3CAC:pepS100 peptide complex were grown from drops consisting
of 2.5uL of 16.2mg.mL~" protein and 2.5yl of 100 mM Tris-HCI
(pH 7), 20.8% (w/v) PEG 2000 and 50 mM sodium fluoride. Crystals of
the 14-3-3yAC:pepS511 peptide complex were grown from drops con-
sisting of 1 uL of 16.5mg.mL ™" protein and 2L of 100 mM sodium
citrate (pH5.6), 200mM potassium sodium tartrate, and 1.8 M am-
monium sulfate. Crystals were cryoprotected using 30% (v/v) PEG 400
and flash frozen in liquid nitrogen before data collection in oscillation
mode at beamline 14.1 of the BESSY synchrotron and the D8 Venture
system (Bruker, MA, USA). Diffraction data processing was performed
using the packages XDS and XDSAPP [30,31]. Crystal structures of the
14-3-3CAC:pepS100 and 14-3-3yAC:pepS511 complexes were solved by
molecular replacement in MOLREP [32], using the structures of 14-3-3(
(PDB ID: 4FJ3 [33]) and 14-3-3y (PDB ID: 2B05) as search models, and
refined at resolutions of 2.68 and 2.84 f\, respectively, with PHENIX
[34]. The atomic coordinates and structure factors of both complexes
have been deposited in the RCSB PDB with accession codes 6EWW and
6FEL. All structural figures were prepared with PyMOL (https://pymol.
org/2/).

3. Results
3.1. Preparation of phosphorylated CaMKK2

Because the 14-3-3 binding motifs of human CaMKK2 are located
around pSer'® and pSer°'!, flanking the kinase domain [14,15], we
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restricted our analysis to the residues 93—517 containing these two
motifs, the kinase domain, and the Ca®* /CaM binding region (hereafter
referred to as CaMKK2). To prepare well-defined protein, suitable for
structural analysis, the other two sites phosphorylated by PKA (Thr'*®
and Ser*°®) were mutated to Ala. In addition, the mutation D**°A, of the
catalytic aspartate residue, was introduced into the kinase domain to
avoid autophosphorylation of the recombinant protein during expres-
sion and phosphorylation by PKA. Recombinantly expressed
CaMKK2o3 517T**®A, DA, §%9°A (hereafter referred to as CaMKK2-
§100:511y was phosphorylated in vitro by PKA, and the extent of the
phosphorylation reaction was determined by mass spectrometry. HPLC-
MS analysis confirmed the stoichiometric phosphorylation of Ser'® but
only partial (approximately 50%) phosphorylation of Ser®'! (Fig. S2).
Neither the presence of Ca®/CaM nor the increased concentration of
PKA improved the phosphorylation status of Ser®'!. The weak phos-
phorylation of Ser>"' by PKA is consistent with previous reports and
indicates that, under physiological conditions, the N-terminal 14-3-3
binding motif would be significantly more phosphorylated than the C-
terminal 14-3-3 binding motif [11,12,14]. Therefore, we also prepared
a construct containing only the N-terminal 14-3-3 binding motif with
Ser'® by inserting an additional mutation, Ser®'’ to Ala (hereafter re-
ferred to as CaMKK2-8'%9).

3.2. Phosphorylated CaMKK2 forms a stable complex with 14-3-3y

The formation of the complex between 14-3-3y and pCaMKK2 (5"
and S'°%°!!) was studied using sedimentation velocity (SV) analytical
ultracentrifugation (AUC) by analyzing their mixtures at various molar
ratios (Fig. 1D and E). The normalized continuous sedimentation
coefficient distributions c(s) based on the SV AUC experiments showed
that 14-3-3y and pCaMKK2-5'°° formed a complex with a weight-
averaged sedimentation coefficient (corrected to 20.0°C and to the
density of water), s,(20w), of 6.17 S, with a frictional ratio f/f, of 1.3,
whereas 14-3-3y and pCaMKK2-5'% alone showed single peaks, with
Swizow Values of 3.91 and 3.16 S, respectively. The s,,20,4) value of the
14-3-3y:pCaMKK2-S'* complex corresponds to a molecular mass of
~110kDa, thus suggesting a 2:1M stoichiometry for the complex
(105.0 kDa theoretical molecular mass). The direct modeling of the SV
AUC data using the Lamm equation showed best-fit apparent equili-
brium dissociation constants (Kp) of 1 + 0.5uM using a Langmuir
binding model with a pCaMKK2-S'°° molecule interacting with a 14-3-
3y dimer.

SV-AUC analysis of mixtures of 14-3-3y and pCaMKK2-S'%%5!! re
vealed the formation of a complex with an s,,(20,») value of 5.72 S and
with a frictional ratio f/f, of 1.4. This s,,20.4) value corresponds to a
molecular mass of ~111 kDa, thus also suggesting the 2:1 M stoichio-
metry of the complex. The direct modeling of the SV AUC data showed
a best-fit Kp of < 0.4pM, thus suggesting that the C-terminal motif,
when phosphorylated, increases the stability of the complex.

3.3. 14-3-3 Protein binding does not inhibit the activity of pCaMKK2 but
slows down its Dephosphorylation

Previous studies have shown that the 14-3-3 binding inhibits the
catalytic activity of phosphorylated CaMKK1 [14,15]. To test whether
the catalytic activity of pCaMKK2 is also affected by interaction with
14-3-3, the kinase activity measurements were performed. Human
CaMKI1D and AMPKA2 (catalytic a2 subunit of AMPK) were used as
specific substrates. As expected, the phosphorylation by PKA sig-
nificantly suppressed the activity of pCaMKK2 relative to the non-
phosphorylated protein by ~50% and ~30% for CaMK1D and AMPKA2
as substrates, respectively (Fig. 2). Interestingly, the addition of 14-3-3y
did not further suppress the activity of pCaMKK2 but rather resulted in
its weak enhancement. When CaMKI1D was used as a substrate, the
effect was insignificant (the activity increased by 5% on a relative scale
compared to the non-phosphorylated enzyme activity), but when
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Fig. 2. 14-3-3 Protein Binding Does
Not Inhibit the Catalytic Activity of
Phosphorylated CaMKK2. The catalytic
activity of CaMKK2 and pCaMKK2 both
in the absence and the presence of 14-
3-3y was measured using human
CaMK1D (kinase-dead mutant D!°°A)
and AMPKA2 (kinase-dead mutant
D'7A) as specific substrates. The ac-
tivities were normalized compared to
the non-phosphorylated enzyme ac-
tivity in the absence of 14-3-3y (spe-
cific activities were 940 + 20 and
740 + 50 nmol.min~'.mg ! for
CaMKID and AMPKA2 as substrates,

% 82%

2%

Not-P  Not-P P P No S

+14-3-3y +14-3-3y
Substrate: CaMK1D

AMPKA2 was used as a substrate the pCaMKK2 activity increased sig-
nificantly by 11%. This indicates that the 14-3-3-mediated regulations
of pCaMKK1 and pCaMKK2 differ.

Davare et al. [14] suggested that the 14-3-3 binding inhibits
CaMKK1 mainly through inhibition of Thr'°® (Thr'*® in CaMKK2) de-
phosphorylation, thus maintaining the kinase in the PKA-mediated in-
hibited state. Therefore, we next compared time-dependent overall
dephosphorylation of PKA-phosphorylated pCaMKK2 by type 1 protein
phosphatase (PP1) in the absence and presence of 14-3-3y using phos-
tag SDS-PAGE. The kinase-dead mutant of pCaMKK2 D**°A was used to
avoid autophosphorylation of additional residues. Dephosphorylation
was assessed by downward shift (Fig. S3) on a phos-tag SDS-PAGE gel.
CaMKK2 shifted down gradually with incubation time through several
discrete bands, which correspond to various partly phosphorylated
forms of CaMKK2. As noticed, an incubation with PP1 for 7 and 30 min
resulted in a substantial dephosphorylation of pCaMKK2 in the absence
of 14-3-3y. On the other hand, the presence of 14-3-3y suppressed the
overall dephosphorylation of pCaMKK2 as indicated by a lower abun-
dance of bands corresponding to dephosphorylated CaMKK2 after 7 and
30 min of incubation time.

To assess dephosphorylation of specific regulatory sites Thr *> and
Ser?®® (Thr'® and Ser**® in CaMKK1) an HPLC-MS approach was used.
Proteins treated by PP1 for 0, 1.5 and 7 min were collected and directly
injected onto an immobilized protease column. After rapid online di-
gestion and desalting, HPLC separation coupled with MS detection was
done. Abundances of selected peptides containing Thr'*® and Ser**®
were then estimated from intensities of their extracted ion chromato-
grams (Table S1). The intensity ratios between non-phosphorylated and
phosphorylated forms of selected peptides indicated slower depho-
sphorylation of both phosphoresidues for pCaMKK2 bound to 14-3-3y
compared with pCaMKK2 alone, especially pSer*®> whose non-phos-
phorylated form could not be detected. This suggests that the 14-3-3y
binding slows down the dephosphorylation of inhibitory PKA sites of
pCaMKK2.

145

3.4. Structural characterization of the 14-3-3 binding motifs of CaMKK2

Although the putative C-terminal 14-3-3 binding motif (sequence
RSLpSer®''AP) is a canonical “mode I’ 14-3-3 binding site (RXX(pS/pT)
XP, wherein pS/pT is phosphoserine or phosphothreonine and X is any
residue [36,371), the N-terminal motif (sequence RKLpS'°’LQE) con-
tains a Gln residue at the position +2 relative to the phosphorylated
residue pSer'®® (Fig. 1A). Bioinformatics survey of 14-3-3 binding sites
revealed that Gln is seldom found at + 2 because the Pro residue and, to
a lesser extent, Ser, Gly and Asp also, are frequently found at this po-
sition [38]. The frequent occurrence of proline at the +2 position is
explained by the need to introduce a kink in the peptide chain and to
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direct the C-terminal portion out of the ligand binding groove of the 14-
3-3 protein [36]. To elucidate the structural basis of interactions be-
tween 14-3-3 proteins and the 14-3-3 binding motifs of CaMKK2, we
solved the crystal structures of phosphopeptides pepS100 (sequence
RKLpSLQER) and pepS511 (sequence RSLpSAPGN) bound to 14-3-3tAC
and 14-3-3yAC, respectively (AC denotes C-terminally truncated ver-
sions missing the highly flexible ~15-residues-long C-terminal tail
[39]). The 14-3-3 isoforms were selected based on quality of the re-
sulting crystals. The crystal structures were solved by molecular re-
placement using the structures of 14-3-3¢ (PDB ID: 4FJ3 [33]) and 14-3-
3y (PDB ID: 2B05) as search models, and refined at a resolution of 2.68
and 2.84 A, respectively (Table 1). The final electron densities allowed
us to build seven residues (KLpSLQER, Fig. 3A and B) of pepS100 and
six residues (RSLpSAP, Fig. 3C and D) of pepS511.

The main-chain conformations of both phosphopeptides in the 14-3-
3 binding grooves are similar to those previously observed in other 14-
3-3 protein complexes [33,37,40-42]. The 14-3-3C side chains co-
ordinating the pSer'®® moiety of pepS100 include Arg®®, Arg'?”, and
Tyr'?® (Fig. 3B). Although the side-chain of the Glu residue at the +3
position relative to pSer'® is salt-bridged to the Lys'*® of 14-3-3¢, the
side-chain of the GIn residue at +2 is hydrogen-bonded to the phos-
phate and to the main-chain carbonyl groups of pSer'®?. These inter-
actions apparently force the direction of the polypeptide chain to
change, thus mimicking the role of the Pro residue, as previously ob-
served, for example, in the 14-3-3 binding motifs of yeast neutral tre-
halase, which also lacks a Pro residue at the +2 position relative to the
phosphorylated residue (Fig. 3E) [42]. In the case of pepS511, which
contains the canonical “mode I” 14-3-3 binding motif, the coordination
of the pSer®*! moiety and all other contacts are identical to those pre-
viously observed in other complexes of peptides with the “mode I”
motif.

3.5. The 14-3-3y:pCaMKK2 complex is flexible and elongated

Because all our attempts to grow crystals of the 14-3-3y:pCaMKK2-
$'% and 14-3-3y:pCaMKK2-§'°%%! complexes failed, we used SAXS
analysis to structurally characterize the interaction between 14-3-3y
and pCaMKK2 in solution. We and other researchers have previously
used a similar approach to characterize various 14-3-3 protein com-
plexes [22,41,45]. X-ray scattering data were collected for CaMKK2-
5'%°, 14-3-3yAC and both complexes prepared with 2:1 M stoichiometry
(Table 2). The linearity of the Guinier plots (Fig. 4B), the lack of a
significant variation in forward scattering intensity I(0) with the con-
centration, the Porod volume V), and the radius of gyration Ry (Table 2)
confirmed the absence of aggregation and the stability of the complexes
within the concentration range tested. The apparent M,, values of ~47
and ~54 kDa for CaMKK2 and 14-3-3yAC, respectively, estimated based
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Table 1
Crystallographic data collection and refinement statistics.

Complex 14-3-3CAC:pepS100 14-3-3yAC:pepS511
Wavelength (A) 0.9184 1.3418
Space group P212121 R3

Unit-cell parameters

a, b, c(h) 56.95, 60.31, 262.19 115.73, 115.73, 203.96
o B,y () 90, 90, 90 90, 90, 120
Asymmetric unit Two dimers of 14-3-3(AC Two dimers of 14-3-3yAC
contents with bound with bound
phosphopeptides phosphopeptides

Resolution range (ﬁ‘)"
Unique reflections

47.71-2.68 (2.84-2.68)
26,274 (4126)

26.82-2.84 (2.94-2.84)
22,801 (2424)

Data multiplicity 6.42 (6.23) 10.85 (10.81)
Completeness (%) 99.7 (98.9) 94.4 (99.4)
<I/o(D> 17.37 (5.21) 11.19 (2.26)
Roia® 0.08 (0.3) 0.26 (0.97)
Ruork 0.208 0.228
Rifree’ 0.234 0.280
No. of protein atoms 7118 7402
No. of waters 114 35
Average B factors (Az)
Protein 50.34 40.87
Water 41.77 34.55
R.m.s.” deviations
from ideal values
Bond lengths (A) 0.009 0.004
Bond angles (°) 0.97 0.55
Ramachandran 95.51 98.88
favored (%)
Ramachandran 4.49 1.12
allowed (%)
Ramachandran 0 0

outliers (%)

? Values in parentheses are for the highest resolution shell.
® Rmeas = 2, (N (hKD)/IN (Rkl) — 111"/ x T, 1l (hkl) — (I (kD)) | T 3§ (hkd),
hki i bk 1

where I(hkl) is the intensity of reflection hkl, (I (hkl)) =

L
N (hkl)

2 Ii(hkl), and N
i

(hkl) the multiplicity.

¢ The free R value (Ry..) was calculated using 5% of the reflections, which
were omitted from the refinement.

¢ R.m.s., root mean square.

on the I(0), correspond well with their expected M,, values of 48.0 and
54.3 kDa, respectively. The apparent M,, of 92—95 and 94 —97 kDa of
the 14-3-3yAC:pCaMKK2-5'% and 14-3-3yAC:pCaMKK2-5'°>'! com-
plexes, respectively, as well as their V, (~160nm®), also indicate a
2:1 M stoichiometry (theoretical M,, 102.3 kDa), thus corroborating the
SV AUC results (for globular proteins, My, = V;, X 0.625).

The comparison of the calculated distance distribution functions, P
(r), is shown in Fig. 4C. The P(r) functions of CaMKK2 alone and of both
complexes show significant asymmetry and longer intra-particle dis-
tances and a larger maximum particle distance (D,,,,) than those of the
14-3-3yAC dimer alone, thus suggesting that their molecules are more
extended. This is also supported by their Rg and Dy, values (Table 2),
which are significantly larger than those of spherical proteins consisting
of 430 (CaMKK2) and 944 (the 14-3-3yAC:pCaMKK2 complex) residues
(Rg ~ 3N, where N is the number of residues; Dy ~ 2.6R;). More-
over, the analysis of scattering data showed that the 14-3-
3yAC:pCaMKK2-5'°"*'" complex has lower Ry and Dy values than the
14-3-3yAC:pCaMKK2-5'% complex (Table 2), thus indicating that
CaMKK2 phosphorylated at both motifs forms a more compact complex
with 14-3-3y. However, it should be noted that the 14-3-
3yAC:pCaMKK2-81%0511  complex was prepared using pCaMKK2-
§100511 "which was not completely phosphorylated at Ser®! (Fig. 52).
Therefore, the values of Ry and Dp. were assessed in a mixture of two
complexes where either the N-terminal motif or both motifs are docked
within the binding grooves of the 14-3-3 dimer.

14-3-3 binding motifs are frequently

located within long
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intrinsically disordered segments found in most 14-3-3 binding partners
[46]. Apparently, CaMKK2 is not an exception because the analysis of
protein disorder using the web servers PrDOS [47] and IUPred [48]
suggested that its N- and C-terminal segments (residues 1—155 and
495 —588) are significantly disordered (Fig. S4). These segments flank
the structured kinase domain and contain both 14-3-3 binding motifs,
as well as other regulatory regions (Fig. 1A). Indeed, the analysis of
protein disorder using the dimensionless Kratky plot ((ng)zl(s)/I(O)
versus sRy) suggested that CaMKK2 and both complexes have higher
conformational flexibility than 14-3-3yAC (Fig. 4D). The scattering data
for compact globular proteins in this plot show a maximum value of
1.104 at sRg ~1.73 [49]. In addition, only 14-3-3yAC showed a bell-
shaped curve with an (ng)ZI(s)/I(D) maximum of ~1.1 at an sR; value
of 1.7 (marked by cyan lines in Fig. 4D). Moreover, a more gradual
decrease toward zero at higher sR; and a higher maximum indicated
that the 14-3-3yAC:pCaMKK2-S'°’ complex has a higher conforma-
tional flexibility than the pCaMKK2-$'°**'! complex, most likely re-
sulting from the absence of interaction between 14-3-3 and the C-
terminal segment of pCaMKK2-5'%°,

3.6. Structural architecture of the 14-3-3y:pCaMKK2 complex in solution

SAXS-based structural modeling was performed only for the 14-3-
3yAC:pCaMKK2-5'%° complex. The 14-3-3yAC:pCaMKK2-5'%%5!! com-
plex was excluded from this analysis due to the heterogeneity caused by
the incomplete phosphorylation of the C-terminal motif at Ser®'' (Fig.
$2). Moreover, the 14-3-3yAC:pCaMKK2-8'°° complex likely represents
a physiologically more relevant form, considering the weak phosphor-
ylation of Ser®!! [11,12,14]. To determine the relative positions of 14-
3-3 and CaMKK2 within the complex, multiphase modeling was per-
formed to obtain ab initio bead models that include two phases re-
presenting individual components within a low-resolution shape [50].
Twenty independent models generated using the program MONSA [27]
showed similar shape with a mean normalized spatial discrepancy
(NSD) value of 0.61. The final model (Fig. 5A), the most typical model
selected from all models calculated based on the lowest NSD value,
showed a good approximation to the experimental SAXS data (Fig. S5).
The calculated molecular envelope had an asymmetric shape, with most
of the CaMKK2 phase located not in the central channel of the 14-3-3
dimer (a deep depression in the center of the 14-3-3 phase) but rather
attached to the side of the 14-3-3 dimer and stretching out into the
solution.

Subsequently, rigid-body modeling of the 14-3-3yAC:pCaMKK2-S'%°
complex was performed using the program CORAL [25] and the crystal
structures of 14-3-3yAC (PDB ID: 2B05) and of the kinase domain of
CaMKK2 [35]. The N-terminal 14-3-3 binding motif was restrained in
the ligand-binding groove of 14-3-3y, as previously observed in the
crystal structure of the 14-3-3yAC:pepS100 complex (Fig. 3A), and
unstructured segments missing in the crystal structure were modeled as
dummy residue chains. The final CORAL model fitted the SAXS data,
with a % value of 1.33, and showed an asymmetric overall shape si-
milar to that of the kinase domain of CaMKK2 located outside the
central channel of the 14-3-3y dimer (Fig. 5B and D). The model sug-
gests that pCaMKK2-5'® interacts with 14-3-3y not only through the
phosphorylated N-terminal motif but also via a direct contact between
the kinase domain and the 14-3-3 surface, in contrast to an extended
state with CaMKK2 tethered to 14-3-3 only via a single phosphosite.
Moreover, the presence of additional contacts between 14-3-3y and
pCaMKK2-5'%, outside the phosphorylated motif and the 14-3-3
binding groove, was corroborated by the binding affinity of pCaMKK2-
$' (Ky, of ~1 uM, Fig. 1B), which was significantly higher than that of
the synthetic phosphopeptide containing only the N-terminal 14-3-3
binding motif that binds 14-3-3y with a Kp, of 9 uM (Fig. S6).

Because the 14-3-3 binding motif and the kinase domain of
pCaMKK-§'" are separated by a 60-residue-long segment, which is
predicted to be unstructured (Figs. 1A and S4), in solution, the 14-3-
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Fig. 3. Contacts between 14-3-3 and the 14-3-3 Binding Motifs of pCaMKK2. (A) Crystal structure of the 14-3-3(:pepS100 complex. The 2F,-F, electron density map is
contoured at 1o. (B) Detailed view of contacts between 14-3-3{ and the pepS100 peptide. The CaMKK2 residues are labeled in red, and the 14-3-3 residues are
labeled in black. (C) Crystal structure of the 14-3-3y:pepS511 complex. The 2F,-F, electron density map is contoured at 10. (D) Detailed view of contacts between 14-
3-3y and the pepS511 peptide. The CaMKK2 residues are labeled in red, and the 14-3-3y residues are labeled in black. (E) Comparison of the main-chain conformation
of pepS100 (yellow) and pepS511 (violet) peptides with a “mode 17 14-3-3 peptide (sequence RSHpSYPA, PDB ID: 1QJB, orange) [37], the 14-3-3 binding motifs of
AANAT (sequence RRHpTLPA, PDB ID: 11B1, cyan) [43] and neutral trehalase Nth1 (sequence TRRGpSEDDT, PDB ID: 5N6N, red) [42]. The C-terminal portion of the
14-3-3 binding motifs is indicated by a black arrow. (F) Superimposition of the 14-3-3¢:pepS100 complex (pepS100 is shown in yellow) with the ternary complex
between the “mode 3" phosphopeptide derived from the C-terminus of plant plasma membrane H* -ATPase (sequence QSYpTV, shown as violet sticks), plant 14-3-3C

(violet) and fusicoccin (FC, PDB ID: 109F) [44].

3yAC:pCaMKK2-5'% complex may adopt different conformations.
Moreover, the presence of conformational flexibility in the complex was
indicated by the dimensionless Kratky plot (Fig. 4D). Therefore, we also
attempted to model the complex as an ensemble of conformers using
the program EOM [28]. The 14-3-3yAC dimer, the 14-3-3 binding motif
and the kinase domain of CaMKK2 were treated as rigid bodies and the
flexible N- and C-terminal segments of CaMKK2 as chains of dummy
residues. An initial pool of 10,000 conformers was generated and a
genetic algorithm was then used to select an ensemble of conformers
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that collectively fit the experimental SAXS data. The selected ensemble
of conformers fits the experimental scattering data with a * value of
1.22 (Fig. 5D). The Ry and Dpa distributions calculated from the op-
timized ensemble are shown in Fig. 5C. The Ry distribution of the EOM-
selected ensemble is biased toward more compact structures with lower
Ry values than those of theopool. The average R; and Dy values of the
ensemble (42.4 and 149 A, respectively) are consistent with values
calculated from the scattering curves (Table 2). In addition, the Rg and
Dpnax distributions of the 14-3-3yAC:pCaMKK2-S'® complex have
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Table 2
Structural parameters determined from SAXS data.
¢ (mg.mL™") Ry (A R (A)° Dinax (A) V! (nm®) M,,"* (kDa) M,,"® (kDa)
14-3-3yAC” 3.0 287 * 04 286 * 04 89 77.8 54 + 1 49
15 29.0 + 04 29.0 = 0.4 89 8238 55 + 1 52
CaMKK2 2.8 326 * 0.3 327 = 0.3 126 95.6 48 = 1 60
24 321 + 03 322 + 0.3 125 94.0 46 + 1 59
Complex pSer'®® 16.9 423 + 0.6 424 + 0.6 146 160.4 92 + 1 100
126 425 + 06 426 + 06 144 163.4 95 + 1 102
9.9 424 * 0.6 425 * 0.6 146 161.1 94 + 1 101
Complex pSer'?%5!! 11.9 399 + 0.7 400 = 0.7 141 164.8 97 + 1 103
6.5 39.1 + 0.6 39.2 + 0.6 141 159.6 94 * 1 100

14-3-3y missing its C-terminal 13 residues.
Calculated using Guinier approximation.

¢ Calculated using the programm GNOM.

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

¢ Molecular weight estimated by comparing the forward scattering intensity I(0) with that of the reference solution of bovine serum albumin.

f Molecular weight estimated from the Porod volume (M,, = V, % 0.625) [25].

8 Theoretical molecular weights of the 14-3-3yAC dimer, pCaMKK2 and the pCaMKK2:14-3-3yAC complex (with 2:1 stoichiometry) are 54.3, 48.0 and 102.3 kDa,
respectively.
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Fig. 4. SAXS Analysis of the 14-3-3(:pCaMKK2 Complexes. (A) Scattering intensity as a function of the scattering vector s (s = 4xsin(6/A), where 20 is the scattering
angle, and A is the wavelength) of 14-3-3yAC, CaMKK-5'%, and the 14-3-3yAC:pCaMKK2-S'%" and 14-3-3yAC:pCaMKK2-S'%%%!! complexes were mixed at 2:1M
stoichiometry. (B) Guinier plots for scattering curves shown in panel A. (C) Distance distribution functions P(r) calculated from scattering data using the program
GNOM [24]. (D) Dimensionless Kratky plots. Cyan lines mark the maximum at a value of 1.104 for sR; = 1.73, which is characteristic for the scattering data of
compact globular proteins [49].
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Fig. 5. SAXS-Based Structural Modeling of the 14-3-3y:pCaMKK2 Complex. (A) Most typical multiphase reconstruction for the 14-3-3yAC:pCaMKK2-$'% complex
with the 14-3-3 phase colored in cyan and the CaMKK2 phase colored in yellow. (B) Typical conformation of the 14-3-3yAC:pCaMKK2-S'% complex obtained in the
program CORAL using the crystal structures of 14-3-3yAC (PDB ID: 2B05) and the kinase domain of CaMKK2 (CaMKK-KD, PDB ID: 2ZV2 [35]). The unstructured
segments missing in the crystal structure were modeled as dummy residue chains. The residue Ser'® is shown in red. (C) Distributions of Ry and Djax values of the
14-3-3yAC:pCaMKK2-S'® complex conformations from ensemble selected by the program EOM [28]. (D) Experimental scattering curve of the complex superimposed
with the calculated curves of the CORAL model shown in panel B (red) and the ensemble selected by the program EOM (cyan).

smaller extents than those of the pools, indicating that its accessible
conformations are not fully randomly distributed and that the complex
is unable to be fully extended in solution, thereby suggesting that 14-3-
3vAC interacts with the kinase domain and with pCaMKK2 linkers in
solution. Thus, these results are consistent with the MONSA and the
CORAL models.

3.7. 14-3-3y binding does not affect Ca®* /CaM binding to pCaMKK2

A common mechanism of action of the 14-3-3 protein is the inter-
ference with protein-protein interactions of its ligand. In the case of
CaMKK, 14-3-3 could affect Ca?*/CaM binding to the C-terminus of
CaMKK. To test this hypothesis, Ca®>*/CaM binding to pCaMKK2-5'%
and to pCaMKK2-§1°%5!! was investigated in the absence and presence
of 14-3-3y. For such purpose, dansyl-labeled CaM [51] was prepared,
and its interaction with pCaMKK2 was monitored using time-resolved
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fluorescence intensity and anisotropy decay measurements (Table 3 and
Fig. 6). The analysis of these measurements showed that Ca®* /CaM
binding to pCaMKK2 significantly increased the mean excited-state
lifetime (Tean) and the longest correlation time ¢4 of the dansyl
moiety, thus reflecting a decrease in the overall rotational diffusion
coefficient upon complex formation, which indicates Ca®*/CaM
binding to both pCaMKK2 variants. The mutual interaction is clearly
visible by the naked eye because the complexes have slower anisotropy
decays than free Ca®"/CaM, as shown in Fig. 6A, B. Although 14-3-3y
addition to the pCaMKK2-8'%%:Ca®* /CaM complex failed to induce any
significant change in the dansyl anisotropy decay (open triangles in
Fig. 6A), in the case of the pCaMKK2-5'°%*'1:Ca®* /CaM complex, the
presence of 14-3-3y resulted in an additional increase of the rotational
correlation time ¢4, as clearly seen in the raw data from the elevation of
the anisotropy decay tail (open triangles in Fig. 6B). This indicates a
significant change in the hydrodynamic properties of the complex,
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Table 3

Summary of time-resolved Dans-CaM fluorescence measurements.
Sample Honat™ Ksv' ki (x107°) ¢’ Bif b2 B2 s Bs ba Ba

(ns) ™ ™M s (ns) (ns) (ns) (ns)

Dansyl-CaM 15.2 0.18 120 <0.1 0.03 0.6 0.02 25 0.10 9.3 0.12
+14-3-3y 159 0.19 120 <0.1 0.03 0.5 0.02 19 0.08 8.4 0.15
+8§1% 20.5 0.01 4 25 0.01 12 0.11 49 0.15
+5'%° 4 14.3-3y 20.5 0.00 ) 3.0 0.01 1l 0.10 49 0.16
gHsH 20.6 0.01 3 47 0.03 16 0.10 52 0.15
48100511 4 14.3.3¢ 20.2 0.11 53 2.8 0.02 12 0.08 88 0.16

® Mean lifetimes were calculated as Tpean = ZifiTi, Where f; is an intensity fraction of the i-th lifetime component ;.

® S.D. valueis + 0.1ns.

¢ The anisotropies r(t) were analyzed for a series of exponentials by a model-independent maximum entropy method.
4 Fast unresolved component.

¢ Stern-Volmer constant of acrylamide quenching.

f Bimolecular quenching constant for acrylamide collisional quenching.
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Fig. 6. Time-Resolved Dansyl Fluorescence Measurements. (A) Fluorescence anisotropy decays of free dansyl-Ca** /CaM (open circles) and dansyl-Ca®*/CaM in the
presence of pCaMKK2-5'° (closed triangles), and pCaMKK2-5'° and 14-3-3y (open triangles). (B) Fluorescence anisotropy decays of free dansyl-Ca®* /CaM (open
circles) and dansyl-Ca%* /CaM in the presence of pCaMKK2-5°*5!! (closed triangles) and pCaMKK2-$'°%%!! and 14-3-3y (open triangles). (C) Acrylamide quenching
of dansyl-Ca®* /CaM fluorescence. Quenching of free dansyl-Ca®*/CaM (@) is dramatically reduced in the presence of pCaMKK2-5'°° (W) and pCaMKK2-§'%*5*!
(A\). Although 14-3-3y addition to the dansyl-Ca?* /CaM/pCaMKK2-S'® mixture only slightly increases the shielding of the dansyl fluorophore from the quencher
(V), its addition to the dansyl-Ca®*/CaM/pCaMKK2-$'°**!! mixture significantly increases dansyl accessibility to acrylamide (A), indicating a conformational
change of the complex. 14-3-3y addition to dansyl-Ca®*/CaM causes virtually no effect in the control sample (O).
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likely reflecting the binding of the phosphorylated C-terminal motif of
pCaMKK2-8'%%511 to the binding groove of the second 14-3-3y pro-
tomer that results in a formation of apparently larger rotor. Negligible
changes in the Tyean Of the dansyl moiety, observed in the presence of
14-3-3y, suggested that 14-3-3y binding has no effect on the stability of
the pCaMKK2:Ca®* /CaM complex. This result was further corroborated
by acrylamide quenching of dansyl-CaM fluorescence (Fig. 6C). More
specifically, quenching of free dansyl-Ca®* /CaM markedly decreased in
the presence of both pCaMKK2 variants. Although 14-3-3y addition to
the pCaMKK2-5'%%:Ca®* /CaM complex caused only a slight increase in
the shielding of the dansyl fluorophore from the quencher, 14-3-3y
addition to the pCaMKK2-8'°°*'':Ca®*/CaM complex resulted in a
significant increase of dansyl accessibility to acrylamide, thus in-
dicating a conformational change in the vicinity of bound Ca®*/CaM,
most likely due to the interaction between the C-terminal motif and 14-
3-3y.

3.8. Conformational behavior of CaMKK2 and its changes upon 14-3-3y
binding

Time-resolved tryptophan fluorescence measurements were then
performed to investigate the conformational behavior of pCaMKK2-§'%°
upon 14-3-3y binding. Four CaMKK2-$'°° mutants containing a single
tryptophan residue (Trp**°, Trp®®?, Trp®’* and Trp**®) were prepared
(Fig. 1A). The sequence of CaMKK2g5_5;7 contains two tryptophan
residues, Trp*”* and Trp**°, both located within the C-lobe of the kinase
domain (Fig. 1C). Therefore, mutants containing single Trp*”* or Trp**®
were created by mutating the other residue to Phe. Mutants containing
Trp'*® and Trp®®” located within the N-terminal linker, close to the
regulatory phosphorylation site Thr'*®, and the N-lobe of the kinase
domain, respectively, were generated by mutating both Trp*’* and
Trp**® to Phe and by introducing a single Trp residue at the desired
position. The fluorescently silent 14-3-3y noW missing all Trp residues
was used in all tryptophan fluorescence measurements [52].

Fluorescence intensity decay measurements showed that the 14-3-
3y noW binding causes a small, albeit significant, increase in the tpean
of Trp"*” and Trp**°, whereas nonsignificant effects were assessed on
mutants containing Trp®®” and Trp®”* (Table 4). The Tmean prolongation
of both mutants is clearly visible in the raw data shown in Fig. 7A and
B, wherein the difference between fluorescence decays in the presence
and absence of 14-3-3 is undoubtedly higher than the data noise level.
The analysis of the lifetime distribution, shown in Fig. 7C and D,

Table 4
Summary of time-resolved tryptophan fluorescence measurements.
PCaMKKS'®"  t,00,"" () () By b2 (ns) B2 s (ns) P
mutant
w140 4.19 1.4 0.037 72 0.170
WI140 + 14-3- 4.34 0.8 0.021 3.5 0.029 100 0.161
3y noW
W267 4.88 0.9 0.014 53 0.200
W267 + 14-3- 4.97 0.9 0.004 5.3 0.006 79 0.197
3y noW
W445 247 23 0.026 84 0.184
W445 + 14-3- 2,59 2.8 0.041 =100 0.171
3y noW
W374 4.39 0.9 0.004 44 0.205
W374 + 14-3- 4.37 0.5 0.005 61 0.206
3y noW

? Mean lifetimes were calculated as Tmeq, = Lifit;, where f; is an intensity
fraction of the i-th lifetime component t;.

® S.D. value is = 0.05 ns.

¢ S.D. value is about = 10ns.

4 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.
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indicates an increase in the Tpyean of Trp'*® upon 14-3-3 binding, mainly
caused by the appearance of a new lifetime component centered around
8ns, and a decrease in the intensity fractions associated with the
shorter lifetime components. Similarly, 14-3-3 binding induced an in-
crease in the Tpean of Trp**®, mainly caused by the extension of the
longest lifetime component around 5ns and by the significant increase
in its intensity fraction. The statistical significance of the observed
difference is supported by the Monte Carlo confidence-interval analysis
[53] shown in Fig. S7. The increase in Tmean indicates a small 14-3-3y
binding-induced change of quenching interactions and/or polarity near
these two Trp residues.

Subsequently, the segmental motions of inserted tryptophans were
studied using the polarized time-resolved emission measurements. The
fluorescence anisotropy decays of all four tryptophans revealed two
classes of correlation times (Table 4). Short correlation times, with
values up to few nanoseconds (¢,), likely reflect fast segmental motion
of the protein near the tryptophan residue, whereas significantly longer
correlation times (¢p3 > 44ns) likely reflect the overall rotational
motion of pCaMKK2-8'. In the case of the pCaMKK2-§'° W140 and
W267 mutants, 14-3-3y noW binding resulted in the appearance of a
new correlation time component located around 3.5-5.3ns (¢2),
which could reflect slightly modified internal dynamics of the
pCaMKK2-§' complex, induced by 14-3-3y binding. Changes in the
extent of segmental motion were assessed based on the change in the
sum of amplitudes of fast anisotropy decay components
(Brast = B1 + B2) [54]. Similarly to the fluorescence lifetime measure-
ments, small but significant changes in Bgs were observed only in
mutants containing Trp'® and Trp**5, thus suggesting that complex
formation increases protein flexibility in regions surrounding these two
tryptophan residues.

Therefore, fluorescence lifetime and anisotropy results indicate that
14-3-3y binding affects the conformation of CaMKK2 in several regions
outside the N-terminal phosphorylated motif, including regions sur-
rounding the Trp'*° within the N-terminal extension and the Trp**
within the C-lobe of the kinase domain.

4. Discussion

The main aim of this study was to characterize the interaction be-
tween the 14-3-3 protein and CaMKK2. 14-3-3 proteins regulate the
function of many enzymes through various mechanisms. For example,
serotonin N-acetyltransferase and neutral trehalase Nth1 are activated
through 14-3-3 protein-mediated structural modulation of their active
sites [42,43]. In the case of phosphorylated tryptophan hydroxylase,
14-3-3 binding slows-down the dephosphorylation of key regulatory
phosphosites [55]. Other mechanisms are based on the regulation of
sub-cellular localization [56] and on the stabilization of the tertiary
and/or quaternary structure of the bound enzyme [57]. Enzymes
regulated in a 14-3-3-dependent manner also include many protein
kinases [58], although the underlying mechanisms are not fully un-
derstood, primarily due to the lack of structural data.

Previous studies on phosphorylated CaMKK1 have shown that the
14-3-3 binding suppresses its catalytic activity [14,15]. Interestingly,
enzyme activity measurements revealed that the activity of phos-
phorylated CaMKK2 is not suppressed but rather weakly enhanced upon
complexation with 14-3-3y (Fig. 2). This indicates that CaMKK isoforms
differ in their 14-3-3-mediated regulations, maybe due to differences in
their biochemical properties [6,7].

The SAXS results indicated that the complex formed between 14-3-
3y and pCaMKK2-5'*° had an elongated and flexible conformation in
which the kinase domain of CaMKK appears to directly interact with the
14-3-3y dimer surfaces outside its central channel (Figs. 4C,D and
5A,B). The interaction between the kinase domain of pCaMKK2-5'%°
and 14-3-3y was also indicated by the analysis, in terms of ensemble of
conformations (Fig. 5C), which suggested that the 14-3-3y:pCaMKK2-
§199 complex is not as extended as the flexible linkers allow. Moreover,
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Fig. 7. Time-Resolved Tryptophan Fluorescence Measurements. (A) Normalized fluorescence intensity decays of pCaMKK2-S'" W140 mutant, in the absence (open
circles) and presence (closed circles) of 14-3-3y noW. Triangles denote instrument response function. (B) Same as (A) for pCaMKKJZ-SmO W445 mutant. (C) Excited
state lifetime distribution of pCaMKKZ—s“’0 W140 in the absence (gray-filled distribution) and presence of 14-3-3y noW (black-filled distribution). (D) Same as (C) for

pCaMKK2-5'%° W445 mutant.

time-resolved fluorescence measurements of the pCaMKK2-S'%° w445
mutant (Table 4 and Fig. 7) and the binding affinity of pCaMKK2-S%,
which was significantly higher than that of pepS100 phosphopeptide
(Figs. 1D and S6), further corroborated the existence of contacts be-
tween 14-3-3y and the kinase domain of CaMKK2. Although the second
14-3-3 binding motif at the C-terminus of CaMKK2 may not be sig-
nificantly phosphorylated in vivo [11,12,14], the presence of this motif
increased the overall stability of the complex and reduced its con-
formational flexibility (Figs. 1E and 4D, 6B). This most likely results
from the immobilization of the C-terminal extension when the C-
terminal motif is anchored to the second ligand binding groove of the
14-3-3y dimer. The interaction between 14-3-3 and the kinase domain
may be responsible for observed changes in the catalytic activity of
CaMKK2 (Fig. 2). We may speculate that the 14-3-3y binding affects the
conformation of the CaMKK2 active site and/or changes its accessi-
bility. Yet another possibility might be that the 14-3-3y binding affects
the interaction between the kinase domain and regulatory regions
within the N- and C-terminal segments flanking the kinase domain.
CaMKK1 activity is inhibited by Thr'®® phosphorylation (Thr'** in
CaMKK2) [10,13]. In addition, a recent report indicated that the
phosphorylation of this residue by AMPK suppresses the autonomous
activity of rat CaMKK2 without significant effect on Ca®*/CaM-de-
pendent activity [59]. This threonine residue is located in the linker
between the N-terminal 14-3-3 binding motif and the kinase domain
(Fig. 1A) [10,13]. CaMKK2 also contains, in this region, serine residues

Ser'??, Ser'®, Ser'®” phosphorylated by cyclin-dependent kinase 5 and
by glycogen synthase kinase 3, which are involved in the regulation of
CaMKK2 autonomous activity and stability [9]. Time-resolved fluores-
cence measurements of the pCaMKK2-S'"°° W140 mutant showed that
14-3-3y binding affects the structure of this region (Table 4 and Fig. 7).
Therefore, structural changes in this region and/or its closeness to 14-3-
3 may account for the previously reported protection of CaMKK1 Thr'*®
against dephosphorylation, which keeps CaMKK1 in the PKA-mediated
inhibited state [14]. A similar mechanism may also be involved in the
regulation of CaMKK2 as suggested by our observation that the 14-3-3y
binding slows down the dephosphorylation of pCaMKK2 by PP1 in vitro
(Table S1 and Fig. S3). Alternatively, the 14-3-3 binding may inhibit
CaMKK activity by affecting CaM binding to the C-terminus of CaMKK.
However, fluorescence measurements with dansyl-CaM showed that
this interaction is unaffected by 14-3-3 binding to the pCaMKK2:Ca®* /
CaM complex (Table 3 and Fig. 6).

The crystal structures of complexes between 14-3-3 and the 14-3-3
binding motifs of CaMKK showed that both phosphopeptides interact
with the amphipathic groove of 14-3-3 similarly to other 14-3-3 com-
plexes [33,37,40-42]. Nevertheless, in the case of the N-terminal motif,
the interaction between the side-chain of Gln at the position +2 re-
lative to pSer'®® and the phosphate group appears to change the di-
rection of the polypeptide chain (Fig. 3B). Interestingly, the super-
imposition of this structure with that of the ternary complex between
the phosphopeptide derived from the C-terminus of plant plasma
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membrane H*-ATPase, plant 14-3-3C, and fusicoccin (Fig. 3F) [44]
showed that the fusicoccin binding cavity stays empty due to the abrupt
change in the direction of the C-terminal part of pepS100. Therefore,
this protein-protein interaction might be stabilized by small-molecule
compounds, as previously reported for other 14-3-3 complexes (re-
viewed in [60]), which is a potential strategy to inhibit the CaMKK
activity.

Transparency document

The http://dx.doi.org/10.1016/j.bbagen.2018.04.006 associated
this article can be found, in online version.

Acknowledgement

We thank Prof. Jaroslav Vecer for dansyl fluorescence data analysis,
Dr. Petr Pompach and Dr. Petr Man for mass spectrometry analyses and
Dr. Carlos V. Melo for proofreading the article.

Funding sources

This work was supported by the Czech Science Foundation (grant
number 16-02739S), the Czech Academy of Sciences (Research Projects
RVO: 67985823 of the Institute of Physiology), EU supported projects
BIOCEV (CZ.1.05/1.1.00.02.0109) and Operational Programme
“Research and Development for Innovation” (no. CZ.1.05/4.1.00/
16.0340), Czech Infrastructure for Integrative Structural Biology
(CIISB) project LM2015043, funded by MEYS CR, and by the H2020
Marie Curie Actions of the European Commission through the TASPPI
project, Grant Agreement 675179.

Data deposition

The atomic coordinates and structure factors have been deposited in
the Protein Data Bank, www.wwpdb.org (PDB ID codes 6EWW and
6FEL).

Author contributions

V.0. and T.O. designed research; K.P., O.P., S.K., D.K,, D.L.S., P.H.,
and T.O. performed research; K.P., S.K., O.P,, P.H,, V.0O., and T.O.
analyzed data; and V.O. and T.O. wrote the paper.

Conflict of interest
The authors declare no conflict of interest.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagen.2018.04.006.

References

[1] B. Haribabu, S.S. Hook, M.A. Selbert, E.G. Goldstein, E.D. Tomhave, A.M. Edelman,
R. Snyderman, A.R. Means, Human calcium-calmodulin dependent protein kinase I:
cDNA cloning, domain structure and activation by phosphorylation at threonine-
177 by calcium-calmodulin dependent protein kinase I kinase, EMBO J. 14 (1995)
3679-3686.

R.L. Hurley, K.A. Anderson, J.M. Franzone, B.E. Kemp, A.R. Means, L.A. Witters,
The Ca2 + /calmodulin-dependent protein kinase kinases are AMP-activated protein
kinase kinases, J. Biol. Chem. 280 (2005) 29060-29066.

K.A. Anderson, T.J. Ribar, F. Lin, P.K. Noeldner, M.F. Green, M.J. Muehlbauer,
L.A. Witters, B.E. Kemp, A.R. Means, Hypothalamic CaMKK2 contributes to the
regulation of energy balance, Cell Metab. 7 (2008) 377-388.

L. Racioppi, A.R. Means, Calcium/calmodulin-dependent protein kinase kinase 2:
roles in signaling and pathophysiology, J. Biol. Chem. 287 (2012) 31658-31665.
H. Tokumitsu, T.R. Soderling, Requirements for calcium and calmodulin in the
calmodulin kinase activation cascade, J. Biol. Chem. 271 (1996) 5617-5622.

[2

(3]

[4

(5]

87

1624

(6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]
[31]

[32]
[33]

[34]

[35]

BBA - General Subjects 1862 (2018) 1612-1625

H. Tokumitsu, M. Muramatsu, M. Tkura, R. Kobayashi, Regulatory mechanism of
Ca2 + /calmodulin-dependent protein kinase kinase, J. Biol. Chem. 275 (2000)
20090-20095.

K.A. Anderson, R.L. Means, Q.H. Huang, B.E. Kemp, E.G. Goldstein, M.A. Selbert,
A.M. Edelman, R.T. Fremeau, A.R. Means, Components of a calmodulin-dependent
protein kinase cascade. Molecular cloning, functional characterization and cellular
localization of Ca2 + /calmodulin-dependent protein kinase kinase beta, J. Biol.
Chem. 273 (1998) 31880-31889.

H. Tokumitsu, M. Iwabu, Y. Ishikawa, R. Kobayashi, Differential regulatory me-
chanism of Ca2 + /calmodulin-dependent protein kinase kinase isoforms,
Biochemistry 40 (2001) 13925-13932.

M.F. Green, J.W. Scott, R. Steel, J.S. Oakhill, B.E. Kemp, A.R. Means, Ca2+ /cal-
medulin-dependent protein kinase kinase beta is regulated by multisite phosphor-
ylation, J. Biol. Chem. 286 (2011) 28066-28079.

G.A. Wayman, H. Tokumitsu, T.R. Soderling, Inhibitory cross-talk by cAMP kinase
on the calmodulin-dependent protein kinase cascade, J. Biol. Chem. 272 (1997)
16073-16076.

M. Matsushita, A.C. Nairn, Inhibition of the Ca2 + /calmodulin-dependent protein
kinase I cascade by cAMP-dependent protein kinase, J. Biol. Chem. 274 (1999)
10086-10093.

S. Okuno, T. Kitani, H. Fujisawa, Regulation of Ca(2+)/calmodulin-dependent
protein kinase kinase alpha by cAMP-dependent protein kinase: I. Biochemical
analysis, J. Biochem. 130 (2001) 503-513.

T. Kitani, §. Okuno, H. Fujisawa, Regulation of ca(2 +)/calmodulin-dependent
protein kinase kinase alpha by cAMP-dependent protein kinase: II. Mutational
analysis, J. Biochem. 130 (2001) 515-525.

M.A. Davare, T. Saneyoshi, E.S. Guire, S.C. Nygaard, T.R. Soderling, Inhibition of
calcium/calmodulin-dependent protein kinase kinase by protein 14-3-3, J. Biol.
Chem. 279 (2004) 52191-52199.

T. Ichimura, M. Taoka, Y. Hozumi, K. Goto, H. Tokumitsu, 14-3-3 proteins directly
regulate Ca(2 +)/calmodulin-dependent protein kinase kinase alpha through
phosphorylation-dependent multisite binding, FEBS Lett. 582 (2008) 661-665.
A.J. Muslin, JW. Tanner, P.M. Allen, A.S. Shaw, Interaction of 14-3-3 with sig-
naling proteins is mediated by the recognition of phosphoserine, Cell 84 (1996)
889-897.

N.N. Sluchanko, N.B. Gusev, Moonlighting chaperone-like activity of the universal
regulatory 14-3-3 proteins, FEBS J. 284 (2017) 1279-1295.

T. Obsil, V. Obsilova, Structural basis of 14-3-3 protein functions, Semin. Cell Dev.
Biol. 22 (2011) 663-672.

F.H. Niesen, H. Berglund, M. Vedadi, The use of differential scanning fluorimetry to
detect ligand interactions that promote protein stability, Nat. Protoc. 2 (2007)
2212-2221.

V. Obsilova, P. Herman, J. Vecer, M. Sulc, J. Teisinger, T. Obsil, 14-3-3zeta C-
terminal stretch changes its conformation upon ligand binding and phosphorylation
at Thr232, J. Biol. Chem. 279 (2004) 4531-4540.

B. Holakovska, L. Grycova, J. Bily, J. Teisinger, Characterization of calmodulin
binding domains in TRPV2 and TRPV5 C-tails, Amino Acids 40 (2011) 741-748.
O. Petrvalska, D. Kosek, Z. Kukacka, Z. Tosner, P. Man, J. Vecer, P. Herman,

V. Obsilova, T. Obsil, Structural insight into the 14-3-3 protein-dependent inhibi-
tion of protein kinase ASK1 (apoptosis signal-regulating kinase 1), J. Biol. Chem.
291 (2016) 20753-20765.

L. Rezabkova, P. Man, P. Novak, P. Herman, J. Vecer, V. Obsilova, T. Obsil,
Structural basis for the 14-3-3 protein-dependent inhibition of the regulator of G
protein signaling 3 (RGS3) function, J. Biol. Chem. 286 (2011) 43527-43536.
D.I. Svergun, Determination of the regularization parameter in indirect-transform
methods using perceptual criteria, J. Appl. Crystallogr. 25 (1992) 495-503.

M.V. Petoukhov, D. Franke, A.V. Shkumatov, G. Tria, A.G. Kikhney, M. Gajda,

C. Gorba, H.D. Mertens, P.V. Konarev, D.I. Svergun, New developments in the
program package for small-angle scattering data analysis, J. Appl. Crystallogr. 45
(2012) 342-350.

P.V. Konarev, V.V. Volkov, A.V. Sokolova, M.H.J. Koch, D.L Svergun, PRIMUS: a
windows PC-based system for small-angle scattering data analysis, J. Appl.
Crystallogr. 36 (2003) 1277-1282.

D.IL Svergun, Restoring low resolution structure of biological macromolecules from
solution scattering using simulated annealing, Biophys. J. 76 (1999) 2879-2886.
G. Tria, H.D. Mertens, M. Kachala, D.I. Svergun, Advanced ensemble modelling of
flexible macromolecules using X-ray solution scattering, [UCrJ 2 (2015) 207-217.
D. Kosek, S. Kylarova, K. Psenakova, L. Rezabkova, P. Herman, J. Vecer,

V. Obsilova, T. Obsil, Biophysical and structural characterization of the thioredoxin-
binding domain of protein kinase ASK1 and its interaction with reduced thior-
edoxin, J. Biol. Chem. 289 (2014) 24463-24474,

W. Kabsch, Xds, Acta Crystallogr D Biol Crystallogr, 66 (2010), pp. 125-132.
K.M. Sparta, M. Krug, U. Heinemann, U. Mueller, M.S. Weiss, Xdsapp2.0, J. Appl.
Crystallogr. 49 (2016) 1085-1092.

A. Vagin, A. Teplyakov, MOLREP: an automated program for molecular replace-
ment, J. Appl. Crystallogr. 30 (1997) 1022-1025.

M. Molzan, C. Ottmann, Synergistic binding of the phosphorylated $233- and §259-
binding sites of C-RAF to one 14-3-3zeta dimer, J. Mol. Biol. 423 (2012) 486-495.
P.D. Adams, P.V. Afonine, G. Bunkoczi, V.B. Chen, L.W. Davis, N. Echols, J.J. Headd,
L.W. Hung, G.J. Kapral, R.W. Grosse-Kunstleve, A.J. McCoy, N.W. Moriarty,

R. Oeffner, R.J. Read, D.C. Richardson, J.S. Richardson, T.C. Terwilliger,

P.H. Zwart, PHENIX: a comprehensive python-based system for macromolecular
structure solution, Acta Crystallogr. D Biol. Crystallogr. 66 (2010) 213-221.

M. Kukimoto-Niino, S. Yoshikawa, T. Takagi, N. Ohsawa, Y. Tomabechi, T. Terada,
M. Shirouzu, A. Suzuki, S. Lee, T. Yamauchi, M. Okada-Iwabu, M. Iwabu,

T. Kadowaki, Y. Minokoshi, S. Yokoyama, Crystal structure of the ca(2)



K. Psenakova et al.

[36]

[371

[38]

[391

[40.

[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48

[49]

(+)/calmodulin-dependent protein kinase kinase in complex with the inhibitor
ST0-609, J. Biol. Chem. 286 (2011) 22570-22579.

M.B. Yaffe, K. Rittinger, S. Volinia, P.R. Caron, A. Aitken, H. Leffers, S.J. Gamblin,
S.J. Smerdon, L.C. Cantley, The structural basis for 14-3-3: phosphopeptide binding
specificity, Cell 91 (1997) 961-971.

K. Rittinger, J. Budman, J. Xu, S. Volinia, L.C. Cantley, S.J. Smerdon, S.J. Gamblin,
M.B. Yaffe, Structural analysis of 14-3-3 phosphopeptide complexes identifies a
dual role for the nuclear export signal of 14-3-3 in ligand binding, Mol. Cell 4
(1999) 153-166.

C. Johnson, S. Crowther, M.J. Stafford, D.G. Campbell, R. Toth, C. MacKintosh,
Bioinformatic and experimental survey of 14-3-3-binding sites, Biochem. J. 427
(2010) 69-78.

J. Silhan, V. Obsilova, J. Vecer, P. Herman, M. Sulc, J. Teisinger, T. Obsil, 14-3-3
protein C-terminal stretch occupies ligand binding groove and is displaced by
phosphopeptide binding, J. Biol. Chem. 279 (2004) 49113-49119.

R. Rose, M. Rose, C. Ottmann, Identification and structural characterization of two
14-3-3 binding sites in the human peptidylarginine deiminase type VI, J. Struct.
Biol. 180 (2012) 65-72.

N.N. Sluchanko, S. Beelen, A.A. Kulikova, S.D. Weeks, A.A. Antson, N.B. Gusev,
S.V. Strelkov, Structural basis for the interaction of a human small heat shock
protein with the 14-3-3 universal signaling regulator, Structure 25 (2017) 305-316.
M. Alblova, A. Smidova, V. Docekal, J. Vesely, P. Herman, V. Obsilova, T. Obsil,
Molecular basis of the 14-3-3 protein-dependent activation of yeast neutral treha-
lase Nthl, Proc. Natl. Acad. Sci. U. S. A. 114 (2017) E9811-E9820.

T. Obsil, R. Ghirlando, D.C. Klein, S. Ganguly, F. Dyda, Crystal structure of the 14-3-
3 zeta: serotonin N-acetyltransferase complex. A role for scaffolding in enzyme
regulation, Cell 105 (2001) 257-267.

M. Wurtele, C. Jelich-Ottmann, A. Wittinghofer, C. Oecking, Structural view of a
fungal toxin acting on a 14-3-3 regulatory complex, EMBO J. 22 (2003) 987-994.
M. Kacirova, J. Novacek, P. Man, V. Obsilova, T. Obsil, Structural basis for the 14-3-
3 protein-dependent inhibition of Phesducin function, Biophys. J. 112 (2017)
1339-1349.

D.M. Bustos, The role of protein disorder in the 14-3-3 interaction network, Mol.
BioSyst. 8 (2012) 178-184.

T. Ishida, K. Kinoshita, PrDOS: prediction of disordered protein regions from amino
acid sequence, Nucleic Acids Res. 35 (2007) W460-464.

Z. Dosztanyi, V. Csizmok, P. Tompa, I. Simon, IUPred: web server for the prediction
of intrinsically unstructured regions of proteins based on estimated energy content,
Bioinformatics 21 (2005) 3433-3434.

V. Receveur-Brechot, D. Durand, How random are intrinsically disordered proteins?
A small angle scattering perspective, Curr. Protein Pept. Sci. 13 (2012) 55-75.

88

1625

[501

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

BBA - General Subjects 1862 (2018) 1612-1625

R.P. Rambo, Resolving individual components in protein-RNA complexes using

small-angle X-ray scattering experiments, Methods Enzymol. 558 (2015) 363-390.

R.L. Kincaid, M. Vaughan, J.C. Osborne Jr., V.A. Tkachuk, Ca2+ —dependent in-

teraction of 5-dimethylaminonaphthalene-1-sulfonyl-calmodulin with eyclic nu-

cleotide phosphodiesterase, calcineurin, and troponin I, J. Biol. Chem. 257 (1982)

10638-10643.

L. Rezabkova, E. Boura, P, Herman, J. Vecer, L. Bourova, M. Sulc, P. Svoboda,

V. Obsilova, T. Obsil, 14-3-3 protein interacts with and affects the structure of RGS

domain of regulator of G protein signaling 3 (RGS3), J. Struct. Biol. 170 (2010)

451-461.

P. Herman, J.C. Lee, The advantage of global fitting of data involving complex

linked reactions, in: A.W.W. Fenton (Ed.), Allestery: Methods and Protocols, vol.

796, Humana Press Inc., New York, 2012, pp. 399-421.

L. Rezabkova, M. Kacirova, M. Sulc, P. Herman, J. Vecer, M. Stepanek, V. Obsilova,

T. Obsil, Structural modulation of phosducin by phosphorylation and 14-3-3 protein

binding, Biophys. J. 103 (2012) 1960-1969.

U. Banik, G.A. Wang, P.D. Wagner, S. Kaufman, Interaction of phosphorylated

tryptophan hydroxylase with 14-3-3 proteins, J. Biol. Chem. 272 (1997)

26219-26225.

A. Kumagai, W.G. Dunphy, Binding of 14-3-3 proteins and nuclear export control

the intracellular localization of the mitotic inducer Cdc25, Genes Dev. 13 (1999)

1067-1072.

C. Ottmann, S. Marco, N. Jaspert, C. Marcon, N. Schauer, M. Weyand,

C. Vandermeeren, G. Duby, M. Boutry, A. Wittinghofer, J.L. Rigaud, C. Oecking,

Structure of a 14-3-3 coordinated hexamer of the plant plasma membrane H

+-ATPase by combining X-ray crystallography and electron cryomicroscopy, Mol.

Cell 25 (2007) 427-440.

M. Tinti, F. Madeira, G. Murugesan, G. Hoxhaj, R. Toth, C. Mackintosh, ANIA:

ANnotation and integrated analysis of the 14-3-3 interactome, Database (Oxford)

2014 (2014) bat085, , http://dx.doi.org/10.1093/database/bat085.

A. Nakanishi, N. Hatano, Y. Fujiwara, A. Sha'ri, S. Takabatake, H. Akano, N.

Kanayama, M. Magari, N. Nozaki, H. Tokumitsu, AMP-activated protein kinase-
diated feedback phosphorylation controls the Ca(2 +)/calmodulin (CaM) de-

pendence of Ca(2+)/CaM-dependent protein kinase kinase beta, J. Biol. Chem. 292

19804-19813.

L.M. Stevers, E. Sijbesma, M. Botta, C. MacKintosh, T. Obsil, 1. Landrieu, Y. Cau,

A.J. Wilson, A. Karawajczyk, J. Eickhoff, J. Davis, M. Hann, R.G. Mahony,

L. Doveston, C. Ottmann Brunsveld, Modulators of 14-3-3 protein-protein interac-

tions, J. Med. Chem. (2017 Oct. 19), http://dx.doi.org/10.1021/acs.jmedchem.

7b00574 (Epub ahead of print).




Table S1

Dephosphorylation of CaMKK2 at pThr'* and pSer*’’ by PP1 in the presence and absence of

14-3-3y.
; Dephosphorylation time (min
Site (s m/z (charge) P o

form pCaMKK2 pCaMKK?2 + 14-3-3y

0 1.5 7 0 1.5 7
P 695,9556 (5+) | 2.5E+07 28E+07 22E+07 | 2.0E+07 4.0E+07 1.6E+07
Thr145* not-P 679.9625 (5+) | 1.3E+07 33E+07 3.7E+07 | 1.3E+07 1.3E+07 3.2E+07

ratio non-P/P° 0.52 1.2 1.7 0.65 0.33 2.0

P 570,2900 (5+) | 2.3E+07 25E+07 54E+06 | 1.8E+06 4.0E+06 4.2E+06
Ser495" not-P 554,2970 (5+) | 0.0E+00 29E+06 6.2E+06 | 0.0E+00 0.0E+00 0.0E+00

ratio non-P/P 0 0.12 1.1 0 0 0

Peptide sequence PSLPY SPVSSPQSSPRLPRRPT ™ VESHHVSIT

®Peptide sequence VKTMIRKRS*’FGNPFEGSRREERS

“Phosphorylated CaMKK23.517 DA (kinase dead mutant) in the presence and absence of
14-3-3y was dephosphorylated by protein phosphatase 1 (PP1, catalytic subunit c-isoform
from rabbit). Dephosphorylation by PP1 (Sigma-Aldrich, USA) with a specific activity 5,000
units/mg) was performed at 30 °C in buffer containing 50 mM HEPES (pH 7.5), 100 mM
NaCl, 2 mM DTT, | mM MnCl, , and 0.01% NP-40. The reaction mixture contained 11 pM
CaMKK2 D**A, 34 uM 14-3-3y (where needed) and PP1 in an optimized molar ratio of
1:250 (enzyme/substrate). Reactions were stopped after 0, 1.5 and 7 min by adding 100 mM
B-glycerolphosphate (Sigma-Aldroch, USA) and immediate freezing in liquid nitrogen.
Analysis was started by an online digestion of sample solution containing 64 pmol of
CaMKK?2 on a pepsin column (66 pL bed volume, flow rate 100 uL.min™, 3 min). Generated
peptides were trapped and desalted online on a Peptide microtrap column (Optimize
Technologies, Oregon City, OR) and separated on a C18 reversed phase column (ZORBAX
300SB-C18 3.5 pm, 0.5 x 35 mm, Agilent, Santa Clara, CA) using a linear gradient 10-45%
B in 40 min, where solvent A was 2% acetonitrile/0.4% formic acid in water, solvent B 95%
acetonitrile/5% water/0.4% formic acid. The column was interfaced with the ESI source of a
15T FT-ICR mass spectrometer (SolariX XR, Bruker Daltonics, Bremen, Germany) operating
in MS/MS mode. Peptides were identified by a MASCOT search against a database
containing the sequence of human CaMKK?2. Intensities of extracted ion chromatograms of
first monoisotopes of phosphorylated (P) and non-phosphorylated (not-P) peptides were used
to calculate ratios between non-phosphorylated and phosphorylated forms.
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Figure S2. Related to Figure 1.

Detection of CaMKK-S"""""" phosphorylated peptides by FT-ICR mass spectrometry.
(A) Extract ion chromatogram (EIC) of phosphorylated GAMGSHLSGRKLS'"L peptide
shown in green, observed at m/z 747.3709 (2+). The red line represents the EIC of the non-
phosphorylated form of the same peptide observed at m/z 707.3863 (2+). The inset shows the
zoomed, high-resolution MS spectrum of phosphorylated GAMGSHLSGRKLS'"L. (B)
Extract ion chromatograms of the phosphorylated SRREERSLS’'' APGNLL peptide shown in
green, observed at m/z 588.9663 (3+), and of non-phosphorylated form, observed at m/z
562.3101 (3+), which is shown in red. The inset shows the zoomed, high-resolution MS
spectra of phosphorylated and non-phosphorylated SRREERSLS’''APGNLL peptides. The
phosphorylation sites in both peptides were determined based on the collision-induced
dissociation spectra. See also Figure S1A.

90



A B

pCaMKK2 pCaMKK2 + 14-3-3y
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Figure S3. Related to Figure 2.

14-3-3y Binding Slows Down Dephosphorylation of CaMKK2. (A) Phosphorylated
CaMKK293.5;7 D*A (kinase dead mutant) in the presence and absence of 14-3-3y was
dephosphorylated by type 1 protein phosphatase (PP1, catalytic subunit a-isoform from
rabbit). Dephosphorylation by PPl (Sigma-Aldrich, USA) with a specific activity 5,000
units/mg) was performed at 30 °C in buffer containing 50 mM HEPES (pH 7.5), 100 mM
NaCl, 2 mM DTT, | mM MnCl; , and 0.01% NP-40. The reaction mixture contained 11 pM
CaMKK2 DA, 34 pM 14-3-3y (where needed) and PP1 in an optimized molar ratio of
1:250 (enzyme/substrate). Reactions were stopped after 0, 1.5 and 7 min by adding 100 mM
B-glycerolphosphate (Sigma-Aldroch, USA), mixing with SDS reducing sample buffer and
boiling for 5 min. Sample analysis was performed using 12% Phos-tag SDS-PAGE with 50
uM Phos-tag (FUJIFILM Wako Pure Chemical Corp., Japan). (B) Samples used in (A)
resolved on 12% SDS-PAGE. See also Figure 2.
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Figure S4. Related to Figure 4D.

Bioinformatics analysis of CaMKK2. Disorder prediction using PrDOS (A) (Ishida and
Kinoshita, 2007) and IUPred (B) (Dosztanyi et al., 2005) predictors suggests that both the N-
terminal (residues 1-125) and the C-terminal (residues 500-588) tails of CaMKK2 are
unstructured. See also Figure 4D.
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Figure S5, Related to Figure 5A.

Ab initio shape reconstruction of the pCaMKK2-S'":14-3-3y complex using MONSA.
Fits of the simulated scattering curves versus the experimental SAXS data of 14-3-3yAC (A),
CaMKK2-S'" (B) and the 14-3-3yAC:pCaMKK2-5" (2:1) complex (C). See also Figure 5A.
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Figure S7. Related to Table 4 and Figure 7.

Statistical significance of observed differences in mean fluorescence lifetimes. Rigorous
confidence-interval analysis of the mean fluorescence lifetime of the pCaMKK2-S'" W140
(A) and W445 (B) mutants in the absence (white-filled histogram) and presence (gray-filled
histogram) of 14-3-3y noW. Histograms constructed from 1000 Monte-Carlo MEM-fitting
cycles (Herman and Lee, 2012) represent the probability of recovering a particular mean
fluorescence lifetime from the data shown in Fig. 6 A,B. Dashed lines border 95% confidence
intervals (2 standard deviations), the red line indicates the best-fitted value of Table 4. The
histograms show that the mean fluorescence lifetime of the complex significantly increases in
the presence of 14-3-3y noW. See also Table 4 and Figure 7.
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7.2 Supplement S2
7.2.1 Interaction of an IxBa 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 IxkBa peptide with 14-3-3. ACS
Omega 5(10):5380-5388 (2020).

1 Equal contribution

My contribution: Expression and purification of 14-3-3( noW for time-resolved
tryptophan fluorescence measurements, sample preparation for tryptophan measurements.
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4 ABSTRACT: Inflammatory responses mediated by the transedption Factor nuclear Botor kappa-light-chain enlancer of activated B
5 cells (NF-aB ) play key moles in immunity, autoimmune diseases, and cancer. NF-«B is directly regulated through protein—protein

& interactions, induding those with IcB and 14-3-3 proteins. These two impaortant regulatory proteins have been reporte

d to dnberact

7 with each other, athough little & known about s nteraction. We analyzed the mhibitor of midear factor kappa B a (IeBa) /14-3-
& 3 interaction via a peptide/protein-based approach. Structural data were acquired via X-ray aystallograply, while binding afinities
7 were measured with Auorescence polinzation assays and tme-resolved teyptophan fluorescence. A high-resolution crystal stoscture
w (L13 A) of the uncommon 14-3-3 interaction motf of kBa (IBap563) in a complex with 14-3-37 was evaluated This motif
1 harbors a tryptophan that makes this crystal structure the fist one with such a residue visible in the electron density at that position
i We uwed this tryptophan to determine the binding affinity of the unlabeled IxBa peptide to 14-3-3 via tryptophan fuorescence decay

I medurements

u W INTRODUCTION

15 The sB-protein fmily & well known for their involvernent in
i cell proliferation, cell survival, apoptosis, and regulation of the
7 immune resporse’ T The Gmily 5 dvided into tramscription
5 factors, summarized s nuclear fador kappa-light-chain
w enbancer of activated B cells (NFxB), and ther inlibitors
2 (IxB). NF-xB is sequestered by I in the cytosol, and upon
u activation, I is phosphorylated and degraded, while NFxB is
2 tramslocated into the nudews. The transeriptional sctvity of
23 NE-XB regulates over 500 genes, and many of those are
M dovolved in a vadety af diseases” The most abundant
% epresentatives of ths proteln family are the heterodimer
#® pS0/phs fomdng NEFxB and its inhibitor of nuclear factor
» kappa B a (IcBa), which & findamental for the regulation of
2 NFxB activity”

x  The most prominent regulatory pathway of kBa is its
o phosphorylation at Serdl and Serds, which induces ubiguit-
3 mation and protessomal degradation of IBa™ Several studies
1 reported IkBa x5 an esential component for the inhibition of
B the tramserptional activity of WEAB," " with the nuclear
M amport of the IeBa/pés complex depending on a third binding
3 partner, the 1433 proteins.™ Overexpression of 14-3-3
¥ increases the Ba amount o the cyosol, while mutation of

< ACS Publications ~ © 0 Anan Sl seiy
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the possible IxBa motifs for 14-3-3 binding leads to an 37
icreased mucdear dgnal for both IxBa and NF-xB (Figure 3a
LAy A
The 14-3-3 proteins are dimedc scaffold E-mte]ns that 40
interact with several hundred different proteins. * The seven 41
luman sofoms (F ¥, £, 5 om0, and 1) are ghly abundant in 42
almost all human cells, and they ezt a8 homo or 4
heterodimers."* The 14-3-1 monomer corsiats of mine belices 44
that form an amphipathic binding groove. By binding one or 45
two interaction partners within the two binding grooves of the 4
14-3-3 dimer, the activity or cellular localization of the target 47
proteins s altered * Interaction partners of 14-3-3 bind to 14 43
3} via distinguished phosphorylated motives in most often 49
undructured regons.”” 50
Physdcal interaction of 14-3-3 and Do was demonstrated 51
by co-immunoprecipitation, whereby the truncation analysis of 52
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Figure 1. Phosphoryhted IcBa peptide bound to 14-3-3. (A) Schematic representaion of the key elements of the NF.«B pathway. In shart, upon
an inflammatory sgnal (here represented via TMFe and its receptor TMER), 2 sigmoling cascade (thick dashed amow) leads to protessomal
ion of IkBar and translocation of NF-«B into the nucleus. Binding of 14-3-3 to IcBx and NF-«8 is required for sither nuclear sxport or

cytosolic retention of the LeBa/ NE-«B

(red dashed arrow). (B) IcBer protein consists of an wmstructure d Neterminus, six helical ankyrin

repeats, and the proline (P), ghutamic acid (E), serine (§), and threonine (T) rich (PEST ) domain. The 1433 i supposed to bind © 563 at the

unstructured M-terminal region.
IcBap543 peptide and 2l human 14-3-3 isoforms

(C) Fluorescence polarization (FP) with the lcBe563 peptide and all human 14-3-3 isofrms. (D) FP with the

s IeBar suggested only one active 14-3-3 binding motif' This
s motdf, S9-PRGSEPW-GT, follows the 14-3-3 binding motif
5 RXpSXP, dthough phosphordation of 563 is not yet reported
5 Co-immunoprecipitation of the IcBa/14-3-3 complex in the
g presence and absence of phosphatases revealed no dgnificant
s differences, indicating that the p]msg_]lmryhﬂm af this residue
s might ot be required for binding. ™ However, liter studies
& showed that 14-3-3 hinding protects its interaction partners
a from phosplatsses,'”™* wherefore further investigations are
@ needed to confirm the phosphorylation status of 563 of kBa.
& MNevertheless, this regon of kBa is most likely unstructured
& and therefore compatible with 14-3-3 binding. Fortunately, the
& binding sequence of [kBa contains a Trp residue at podtion
& 66, An aromatic amdno acid at this postion, +3 from the
& phosphosite; is rare within the known 14-3-3 interactome,
& which makes this Trp especially interesting. It has been well
@ documented that Trp is an environmentally sensitive
® fuorophore that is able to reflect even subtle clanges in its
7 interacion network by spectral shifts and changes in its
n guantum yield and Quorescence lifetime™ ™" The specific Trp
7 mesponse depends on a number of intramolecular and/or
w4 solvent interactions (eg, Coulombic mteraction, local polarity,
% Hbonding, Trp mobility, etc), all of which depend on a
% detalled protein structure ™™ Trp emision can be therefore
7 wsed for monitordng binding-indeced conformational transi-
7 tons and variaons of microenvironmental polarity. Generally,
® increased hydrophobicty leads to blue spectral shilt and
o prolonged fuorescence lifetime of indole emission ™ We,
& therefore, utilized Trp66 fuorescence for the detection of
& interaction between IcBa peptides and the 14-3-3 protein.

s In this swdy, the interaction of IkBa and 14-3-3 is
& characterized by a peptide-based approach The binding of
# the IBa peptide 1o 14-3-3 was mexured by Quorescence
& poladzation (FP) assay and the interface of IcBa and 14-3-3
& was structurally chamcterized by Xeray orystallography.
& Furthermore, the intingc Quorescence of Trp66 of the peptide
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was used to establish a label-free method for the determiration s
of binding affinities based on fuorescence decay. Our Andings
expand our knowledge of the IvBa/14-3-3 interaction and w1
further provide a tedhnique for the charadenzation of binding «
affinities. 3

B RESULTS

14-3-3 Binding Motif of lxBa. The [xBa protein contains @5
only one 14-3-3 binding site, which follows a typical 14-3-3 %
binding motif, 57-PRGSEP-66 To investigate the binding 7
affinity of 14-3-3 and IkBa, two peptides were syntheszed,
representing the unphosphorylated (IeBaS63) and phosphory-
lated (IxBapS63) binding motifs (Figore 1B). In both o
peptides, the centered Ser63 is fanked by s amino adds on 1
each side of the wild-type sequence of IxBa. m

For the inith] measurements of the binding afinities, the 1o
peptides were N-temimally labeled with a fuorescein
sotldocyanate (FITC) dye and foomescence polaidzation s
(FP) assays were perivmmed for both peptides with all seven 10
human 14-3-3 Bofoms (Fgore 1C,D) The unphosphordated 1o
peptide showed no affinity to either of the seven Bolms 18
whereas the phosphorylated peptide showed binding. MNo e
peptide reached suffident binding for a reliable caleulation of 1o
dissocation constant (Kp), although differences between the 1
isoforms were detectable. The Kp, walues of IcBap563 and 14- 10
33 are expected to be in the high micromolar to millimolar 15
range, with the best hinding to 14-3-37 and the weakest 114
binding to 14-3-3a (Figure 1D 15

This binding belovior was previoudy reported in the s
literature for peptides representing 14-3-3 binding motf.™ " 1o
In those cases, a second binding dte was essential for sufficient 15
mepresentation of the bivalent binding to the 14-3-3 dimer. 1%
Therefore, we elaborated on a hypothetical presence of 1
additiomal binding sites with the predicion server 14-3- 12
jpmui_w This server analyzes the amino acid sequence of 14-3- 12
3 interaction partners with three difierent methods, resulting in 12

4
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Fignre 2. Crystal structure of the interface of the IcBaphé3 peptide and 14-330AC Side (A) and top (B) views of the surface of 2 14-33 dimer,

u&]\fuﬂ-ﬂ]ﬁ-ﬂ}s]’m‘:‘lu ﬁ:il:'i_iinﬂubcirllirg
of 14-3-3 with Tmps2 J;::m of 1433 invi

oove of each monomer_ [C) Zoom-in view shows the
(D) befapss3 peptide with cighe

surbce and cartoon display
of 13 amine adds coversd by the electron density map

(y=llow mesh, & = 1, carve = 13 A). (E)} Polar contacts (yellow dashed lines) between IcBaph63, 14-3-3a4 C, and the water shell (bhe spheres).
(F) Posible hydrophobic contacts indicated via sphere representation of hydrophobic resdue FDB ID: 6Y1]

13 a score for each method pls an overall score The Ba
1% sequence revealed only one site, pTI6E (sequence:
13 VLTOQSCpTIGETPHL; Supporting Information, Table 1), as
1 alikely binding site. This reddue is located nest to the second
13 ankyrin repeat of the IxBa protein (Supporting Infommation,
1= Figure 51 ), and previows truncation assays did not reveal any
10 effect on the 14-3-3 binding " Therefore, we continsed with
1 the dngle phosphordated IeBapSsd peptide only.

iz Crystal Structure of kBa Peptide with 14-3-35 with
1 Truncated C-Terminus AC232-248 (14-3-3zAC)L To
13 obtain strocural information on the binding intedace, co-
1% orystallization trals were performed. The complex of B apS63
16 with 14-3-35AC was grown to the best diffracting crystals
1 among all 14-3-3 sofoms, allowing to solve the srctore with
13 a high resolution of 113 A (PDB ID: 6Y1], Supporting
1w Information, Table 51). The crystals belonged to the space
10 group CIX3], with one 14-3-3 monomer in the asymmetric
140 unit. One peptide & binding in each of the two binding grooves
1 of the 14-3-3 dimer (Figure 24.B). The peptide is binding in
141 the prodmity of both teyptoplan residoes of 14-3-3, Trpse,
144 and Trp230 (Figure 2C). In total, seven of the 13 amino acids
145 of the peptide could be assgned to the electron density map
1% (Figure 2D}, whereas pSer63 td] Trp66 s the most dgid amino
147 acids with the lowest B factors (Supporting Informmation,
14 Figure 51). Comsistently with other 14-3-3/phosphopeptide
19 structures ArgS6, Argl29, and Tyl of the protein fomm
v polar contacts with the phospho group of IeBopS63. Except
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for phosphoserine, the only addiional direct polar contact 15
detected by Pymaol software appeared to be between Lyst7 of 1o
the peptide and Gluol4 of the protein (Figure 2E). Never 5
theless, more polar contacts are mediated via waters, like Gly62 154
of the peptide with Asn2 26 and the backbone of Leu222 of the 155
protein, Glus4 of the peptide and the badkbone of Prol67 and 5
Lysl22 of the protein, and the backbone of Trpss of the 1w
peptide and Serds of the protein Additionally, there are 15
bydrophobic contacts between Gly62 and Vall 78, Pros$ and 15
Leu218, Te219, Leul22, and Trp6, and the aliphatic chain of 1o
Lys46 and Gly53, Lys67 and Val46 (Figure 2F). 1a

Measurement of Ky via Mean Tryptophan Fluores o
cence Lifetime. The arystal structures of [xBapS63 and 14-3- 14
I0AC revealed extensive contacts between the Trp66 residue a4
and the binding groove of 14-3-3, with the ndole molety being 15
located in a more hydrophobic enviromment. This binding 16
mode suggested that the mean fuorescence lfetime r___ of 1o
Trp6é might change wpon peptide binding and can be 1z
therefore used 1o detect the binding of the peptide without 1.
an artifidal fuorescence labeling. To separate the Huorecence (o
of the peptide from the Trp Auorescence of 14-3-34, we made 1m
14-3-3 fluorescently silent by mutating its two typtophan 1=
residues, Trps9 and Trp228 (equals Trp2¥0 in 14-3-37), to 1
phenyalanine (WS9F and W22EF double mutation of 14-3-38 1
(14-3-3noW)). Then, only the Auorescence of the peptide is 15
detected 1%
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Figure 3. Binding of lcBe peptides to 14-3-3 monitored by Trpié fluorescence. Panels (A) and (B) represent the peak-normalized fuorescence

decays of [xBap563 and IeBapéas,

\ﬂ“mﬂumﬁﬁﬁﬂmmﬁu F oW (C) fom

of IcBaba3 [np-uwdn:rd::]

and LeBrp563 (closed circles ) a.ia.fu:mmod"l-l-,]- -3noW concentration. Solid lines mmﬂubﬂﬁtmﬂ!snﬂp]em:m single- binding
site model: EC50 = min+ (max — min)-[x] /[ Ky + [x]), where [x] s 2 concentration of the titant. (D) FP asay with 14-3-3¢n0W [ dirdes) u'l.d.

14:3-3 (squar
(solid) or 143-% [dathed]} to the eqguation described in (C).

=) and FITC-kbeled eBap$63 (cosed) and 1eBa%3 (open). Lines represent the best fit of pepide hinding to 14-3-3{noW

v Indeed, imeresolved fuorescence decays clearly indicate a
17 progressive formation of ICBapS63/ 14-3-WnoW complex by a
i1 significant increase of the Trp66 Lfetime upon 14-3-3noW
1@ addition (Figure 3A). This concentration-dependent increase
w of T ranges from 342 ms for the i apSe3 done to 4.30 ns
i oat 763 pM 14-3-30noW (Fgure 3A). In contrast, the
1@ unphosphorylited IcBaS63 indicated a much weaker inter-
1 action with 14-3-3 oW (Figure 3B ). This inding & conststent
a5 with the results of the poladzation asay shown in Figure L
1 The 1, for the peptide done was 304 ns, while it increased
1y to 327 ns at a maximum protein concentration of 640 uM,
13 confirming that the binding sequence needs to be phosphory-
1 bted for efficent Tinding

o The clange in 1 due to different protein concentrations
19 encour us to use this change for an estimation of the
1 binding affinity of DBapS63 to 14-3-3noW. Therefore, r___
1 was plotted a5 a function of the 14-3-3n0W concentration,
1 which revealed a binding curve with incomplete saturation
1% (Figure 3C). The data were fited to a simple 1:1 binding
v model resulting in a Ky value of about 370 + 30 uM for the
1 IBap 563/ 14-3-3noW complex. It has to be noted that the
1 K, values are shightly underestimated since the fitting model
1 neglected the increased quantum yield of the Trp in the
2w comples. To validate the obtaned dissodation constant, FP
o assays with 14-3-30 and 14-3-3noW were repeated with the
aw highest possible protein concentrations and both are labeled as
g IcBar563/pSa) peptides. The FP assay also showed incomplete
20 saturation, but the ftting converged to the Ky, of about 380 &
a1 oand 415 + 30 pM for IeBa with 14-3-30 and 14-3-3n0W,
e respectively (Figure 3D). Alhough the accuracy of such a
oy fitting might be gquestionable, the similarity of the ftted
g dissodation comstants is promising Forumately, due to the
e comparable molecular weight of the phosphorylated and
s unphosphorylated peptide, the platean of al FP ocurves in
2u Figure 3D, defined by the overmll rotational diffusion of the
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complex, dvould be very similar. This makes the companson of 2n
Eps more reliable. an

Within the uncertainty, the fuorescence decay data agree 214
well with the Huorescence polarization data, whereas both s
techniques revealed Kp wvalues dose to 400 pM for the as
analogous BapS63,/14-3-3noW complex Due to limits of 2
protein solubility, very weak interaction, and thereol imability 2

to reach saturation, the Ky, for the unphosphorylated complex 2w
was not relably quantifiable. 0
B DISCUSSION m
This study focuses on an extension of our knowledge of the in
IkBa interaction with 14-3-3 and establishing Lbel-free 11
memurements of disodation constants wa fluorescence am
decay on a difficult system. In the first part, we could validate 25
the 14-3-3 binding motf of IxBa on the basis of an kBa- 2x
peptide—14-3-3 interaction with the traditional FP assay. The xx

biophysical assays showed that phosphorylation of the IxBa 2m
peptide is necessry for binding to 14-3-3, althouwgh the mther 2
weak binding made a guantitative determination of afinity 2w
difficult. Regarding the bivalent binding mode due to the two 22
phospho-sccepting pockets of the 14-3-3 dimer, this Jow 2n
affinity & comsistent with those of other 14-3-3 intemactions 21
Several studies showed smilir binding belaviors for single au
phosphorylated peptides, and double phosphorylated binding 235
partners reached :ﬂmh:les in the low-micromolar to the high- 2%
manomolar range ™ *" The transtion fom peptide motfto a
protein domain or even fulHlength protein=protein interaction
is expected to considerably enfance the binding affinity. In the
case af 14-3-3 PPL, only a few ftudies succeeded in the
analysis of the complex formation of full-length domains due to
the b:lndh_:%naf 14-3-3 to unstructured regions of its interaction
partners. In the case of caldum/calmodulin-dependent
protein kinase kinase 2 (CaMBE2), hinding to 14-3-3 was 24
established via unstructured peptide-like motifs, which could 24
be orptalized in a complex with 14-3-3"" Complementary 246
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residue within the hinding groove All other displayed binding modes contain at least one aromatic residues at (b} —1-position, (<) +1-
postion, (d) +2-position, or (2] +3-position in rebtion to the phosphorylated resdue. The 14-3-3 is shown as 2 white surface and the [cBepSa3
;p-epd:id-eu Fresn sl:id'_i.ﬂﬂmbcim‘lingpm'bms Iediq)h}ud as colored sticks with the amodated PDB mmﬂﬂtmn&'ﬂumm.
For sequene comparison and Cir distances, see Supporting Information Tahle 53

gy smallangle X-my scaftering (SAXS) and binding affinity
24 measurements showed that addibonal contacts were made
0 with the outside of the 14-3-3 binding groove, while the
20 peptide-like hinding conformation in the binding groove was
w1 confirmed  Simflarly, the crystal structure of the neutral
252 trehalase of Saccharomyces cerevisine (Nth1)/14-3-3 complex™
353 revealed that ther ame extensive interactions between 14-3-3
254 and Nthl beyond those involving the 14-3-3 binding grooves
155 Another example of a biphosphordated interaction partner of
% 1433 b procaspase-2 " In this case, both binding motif were
257 tested in Quorescence polartzation assays, whereas only one site
15 showed pM binding. However, both phosphorsylation sites
10 were necessary to establish a complex formation of the full-
240 length proteins, while no complex formation could be observed
2 for either dngle phosphorylated procaspase L These data
1 suggest that an additionsl binding site 15 necesary for efficient
2 binding of IeBa to 14-3-3 This can be either via a not yet
154 ddentified 14-3-3 binding site of IcBa or a third binding partner
265 that is simultaneowsly binding to IxBa and 14-3-3. A temary
15 complex formation has been reported among others for the
27 AJ0/RAF proto-oncogene sedne/threonine protein kinase (C-
28 'R:f}.-'H--J-—J-‘“r and glycogen synthase kinase-3 f { GSE3beta)/
1 Tan /1433 interactions™ A high-affinity binding of the
w0 second binding site might even mediate binding of the
1m uaphosphomylited InBaS63 motif, athough the malated
a7 motil needs to be phosphordated to diow activity in binding
7 wsays. For the IxBa/14-3-3 intemction, only one active
174 binding motif could be identified via co-immunoprecipitation,
275 and also the sequence analysis of the IxBa protein revealed
1% only one sdditiona]l posable, but in the structural contest
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unlikely, binding site (pT168; Supporting Information, Table a7
51 and Figure 51} In this case, it is more likely that the =
additional binding patner NF-xB & esmential to enbance the 1m
binding of Ba to 14-3-3 Binding of 14-3-3 to the NF«B 2
subunit p&5 and to B & needed for sufficient expont of the 23
LeBa/NF-xB nudear export or retention in the qrtophrn.ﬂ m
Maotewortly is ako the binding mode of the BapS6d an
peptide as Trp66 at the +3-position of the phosphordated 2
residue shows a remadable conformation Multiple 14-3-3 25
binding sequences contan aromatic residves; however, even 1%
within the constantly growing collection of peptides crystal 2o
lized in complex with 14-3-3, only a small number contain 23
tryptophan residues. Lately, the first crystal strocture was 1@
published with a Trp residue, which was sctually covered in 290
electron density, located at the +1-position (Figure 4A)." Two 20 8
other exmples of peptides binding to 14-3-3 and containing a 2
tryptophan resddes are the serine/threonine-protein kinase 26 29
(MST4) derived peptide (PDB ID: 5XY9) and the serine/ am
threonine-protein kinase STE1L (LEB1) derived peptide 2
(PDB ID: 5WHMN). The tryptophan residue of MST4 & at 2
the +4-poation in relation to the phosphorylated residue, while 29
that of LEB1 is at the —4-position; however, the indol moieties 2
of both tryptoplan residues were not visible in the eectron 2%
density. That makes this study the second one with a Trp aw
esddue visible in a 14-3-3 coystal strocture A
The am plipathic binding groove of 14-3-3 provides a lot of 3w
options for aromatic residoes to bind (Figure 4). Muliple o
structures hove been published with sromatic residues at the am
=l-position or +l-pogtion of the phosphorylated resdue, s
where they make contacts with the hydrophobic reddues of the e
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a9 binding groove of 1433 (Figue 4BC) ™ An aromatic
i residue at the +2-position is rare and for the structure shown,
3w the interaction of the yeast Nihl domadn with 14-3-3, the
ET) p]lmgalmhﬁe does not make contact with 14-3-3 (Figure
4D It i only stable in the contest of the full domsain, whidh
e s not dhown for dadty. Actually, there is no other structure
au published with teyptophan at the +3-podtion in sddition to the
¢ IeBap563. However, there are at least two structures available
315 with a phenyllanine at that postion, whereby for one the side
316 chain was not visible in the electron density map (FDE ID:
3 6GKF; Figure 4E)Y Nevertheless, the pepude—proten
3 ntedface of myeloid lenkemda Gotor | (M1} and 14-3-3¢
3w comprises a phenyhhbnine at the =3-position with the same
3m orientation as Trp66 of IkBapS63 (FDB ID: 3UAL; Figure
3u 4E)* The conformation of the binding motifs deviates C-
o termimally from the phospho site more than they do N-
3z terminally, whereas the Ml motif shows the only comparable
i conformation Mexurements of the distances of the Co atoms,
3z Trp66 of DBa, and phenyalanine of Ml are 1.5 A apard,
3% while in all other structures, the residues at the +3-position are
37 more than 26 A apart (Supporting Information Table 53).
3% This demonstrates that not only the binding groove in general
3 but also the enwironment of the phosphorylation site can
3 accommodate bulky hiydrophobic residues like aromatic anno
au ackls

an The tryptophan, deady visible in the eledron density, ofers
313 a nice opportunity Lo use its environmentally sensitive emision
3 for direct biophysical affinity measurements without a need for
325 a bully amificial dye that could eventually biss interactions
1% between InBar peptides and 14-3-3. For K quantification, we
337 wsed the FP wsay with extemally labeled protein, which relies
3z on changed hydrodynamic propertes of the complex. In
aw parallel, we applied intrinsic Trp fuorescence directly
340 reflecting interaction-induced vartations of the Trp micro-
4 environment. For our system, both methods gave comparable
e results, proving the importance of the kBa phosphorylation
3 and yelding Kp of the IxBapS63/14-3-30noW complex
144 formation in the 1074 M range

M5 Future research will further evaluate the binding of IsBa/
346 pAS o 14-3-3 and analyze the contribution of this complex
347 regarding the nuclear export mechanism of IeBa and pss.

s B MATERIALS AND METHODS

e Peptide Synthesis. Peplides were synthesized via Fmoc-
350 solid-phase peptide synthesis with an atomated Intavis
350 MultiPep BSQ peptide synthesizer with a Rink amide AM
an resin (Movablochemy 059 mmaol/g loading). After the
35 synthests was completed, the redn was split, with half of the
3 peptide W-terminally acetylated (1:1:3 acetic anhydride
35 (A, O/ pyridine/ Nomethd-2-pyrrolidone (NMP)) and the
35 other one sotldocyanate (FITC)-labeled via a fralanine linker
3 x deseribed abowe™ The peptides were deaved with a
35 25:25:2 5925 EDT/TIS/MQ/TFA mivture and purified
i@ with a preparative revermsed-phase high-pedormance lguid
1@ chromastography (HPLC) system with mss spectrometry
a6 (MS) detedtion (Supporting Information, Figure S3) The
3@ purbed peptide was Iyophilized and stored at =30 “C.

3 14-3-3 Expression. The 14-3-3 isoforms were transiently
364 expressed in Escheridhia coli Micoll (DE3) or BL2I(DE3)
35 competent celk via a pPROEX HTb plasmid The cells were
3 grown to a density of ODg, = 0.8=1, and protein expression
367wk induced with 0.4 mM isopropy] §-o-1-thiogalactopyrano-
aaa side (IPTG) for 18 b by 18 “C. The proteins were purified
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following standard procedures for Niafinity chromatography. 1@
For crystallography, the Hi6-Tag was removed by TEV am
deavage and an additional Ni-NTA column, followed by size- 3n
exdusion chromatography emsuring the highest purity. All 3m
proteins were dialyzed apainst 25 mM N-(2-hydroxvethy)- am
piperazine N-ethanesulfonic add (Hepes) pH 7.5, 100 mM 3w
WaCl 10 mM MgCly, 0% mbM tris( 2-carboxyethyl jphosphine, 37
and stored at —80 “C. The exact mass of the proteins was 1%
corfirmed via hybrid quadrupole time-of-light (QTOF) aw
mexsurements, whereby the number of peaks in the chromato- 3=
gram indicated the purity of the protein (Supporting 3=
Information, Fgure 54). 380
Crystallography. 14-3-3sAC232-248 and IxBaS63,/p5Sel a
complexes were mived in a ratio of 1122 in a fna protein
concentration of 12 mg/mL in crystallography bufer (20 mM 32
Hepes pH 7.5, 2 mM MgCly, 2 mM f-mercaptoethanal) and 14
imeubated ovemnight at 4 *C. In a hanging drop approads, the s
peptide/protein complex was mized in a 1:] ratio with a 3=
precipitation buffer (095 mM Hepes pH 7.1, 28% PEG400, i3
5% glycerol, 0,19 M CaCly), covstals grew within one week. 1
The crystals could be directly fished and fash-cooled in liquid 1
nitrogen. The data set was measured at the Synchrotron DESY e
beamline P11, Hamburg, Germany. i
For the Jr:ieth’g_, integration, and molecular replicement, 3n
the CCP4 suite” was wed (iMosfin® Atmless ™™ and i@
MolRep ™) As 3 seardh model for moleculsr replacement, 1u
PDB ID code 4FR3 was used. The refinement was done with 35
P]lmn:“ and the model building in Coot™ 1
Fluorescence Polarization (FP) Assay. The FP was 3@
mexiured with FITC-labeled peptides at a fimal concentration s
of 100 oM in Auorescence poladzation buffer (10 mM Hepes, 1w
pH 7.4, 150 mM NaCl 0.1% Tween 20, | mg/mL bovine 4
serum albumin (BSA) ) The 14-3-3 isoforms were titrated as 4m
indicated. Al data sets were measured in at least three s
independent expedments in Coming black round-bottom 384- 43
well plates with a Tecan Infinite FS00 plate reader (excitation 4w
485 nm, emisgon 535 nm). T
Time-Resolved Tryptophan Fluorescence Measure- s
ments. Memurements of time-resolved Trp emission were 400
pedormed on an apparatus comprsed of a femtosecond 4m
Thsapphire lser (Chameleon Ulra II; Coberent) with the 4w
repetition rate reduced to 4 MHz by a puke picker (APE). The 4w
fuorescence signal was collected wing timecorrelated angle su
photon counting detection SPCLS0 (Becker&Hidd) with a 4
cooled MCP-PMT (F3B09U-50; Hamamatsu). Trp foomes 40
cence was excited at 298 am by a tipled output of the lser 414
and the emision was lsolited under the “magic angle” 415
conditions at 335 nm wsing a combination of a mono- 4
diromator and a stack of UGL and BG40 gas flters 41
(Thodabs) placed i font of the mpat sht Fluorecence 4
decays were typically accumulated in 1024 channels with a 4+
time resohution of 30 ps/dannel untl 103 counts in the decay
maximum were reached. All experdments were performed at 23
“C in a buffer containing 20 mM Tris—HCI (pH 7.5 ), 150 mM
NaCl 1 mM ethylenediaminetetraacetic acid (EDTA), and 5
mh dithiothreitol (DTT). The WBaS63/pS63 peptide and
14-3- 3 noW concentrations were 1 and 0=T8&3 uM,
respectively. Fluorescence decays were an:]'!.rzﬁi by the
modeHndependent mamimum  entropy method™ allowing
accurate determination of the mean fuorescence liletime
T CAlculsted as v = Ea: f.-'Ea,f,_. where ¥, and o, are
the Auorescence lifetime components and the comeponding
amplitudes revealed by the analyss, respectively.
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44 The Supporting [nformation is avalible free of charge at
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Results of the 14-3-3pred webserver for IcBa (uniprot
ID: P23963) (Table S1); crystal structure of B
(Figure 51); B-factor colodmg of 14-3-30AC and the
IBapS63 peptide (Figure S1); orystallographic statistics
of the X-ray strocture of the IcBap563/14-3-30AC232-
248 complex (PDB ID: 6Y1]) (Table 51); quantitative
companson of 14-3-3 binding motifs (Table 53); LC=
MS analysis of the inhouse synthestred and purified
peptides (Figure S3); and QTOF measurements of the
purified 14-3-3 isoforms (Figure $4) (PDF)

4% Accession Codes

497 Given are the accession codes of UniProt. 14-3-35 Pil9ds
46 (14338 HUMAN) 14-3-3 P6I9E1 (1433G_HUMAN) 14-
4w 3-3er P62258 (1433E_HUMAN) 14-3-35: P63104
40 (14337_HUMAN) 14-3-3p Q04917 (1433F_HUMAN) 14-
451 3-3a PR1947 (14335 _HUMAN) 14-3-31: P17348
4 (14337 HUMAN) eBa: P25963 (IEBA HUMAN)
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14-3- 3 moW, WAOF W21EF double mmstation of 14-3-30; 14-3- sm
IsAC, 14-3-3r with troncated C-rermdnos ACIR2-248; A0, s
THNF @ induced protein 3, also known as TNFAIPY; CaMEEK2, s
caleium /calmodulin-dependent protein kimse kinase 2; C-Raf, sm
RAF proto-oncogene senne/threonne-proten kinase DTT, 5w
dithdotlweital; EDT, 12-ethanedithiol; EDTA, ethylenediamd- sm
netetraacetic add; FITC, fuorescen isothioovamate; FP, su
fluorescence polariation; GSE3ibeta, glycogen syntlase so
kinase-3 jf; DB, inhibitor of meclear factor kappa B ay Kp, 5o
dissodation constant; LEBL, sedne/threonine-protein kinase sm
STELL; MiAl, myeloid leukemia factor 1; MST4, serine/ si5
threonine-protein kinase 26; NF-xB, nudear factor kappa-light- s
chainenhancer of activated B cells; Mthl, newtral trehalase of s
Sagcharomypces cerevisiog PEST, proline (F), glutamic add (E), 5=
serine (5), and threonine (T) rich sequence; SAXE, small 5w
angle X-ray scatteding T, .., mean foorescence life SN
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5I Table 1: Results of the 14-3-3pred webserver for IxBa (uniprot ID: P25963). Shown
are the phosphorylated residue (site), the sequence of IiBa from position -6 to +4 of the WT
sequence around the phosphorylated residue (peptide), the scores for three different methods
to estmate the likeliness of an 14-3-3 binding motif (ANN, PS5M, SVM) and the overall
score (consensus) based on a combimation of the three scores named before. Finally, an
mdication 1s given if mformation about the phosphorylation status of the predicted phospho-
site are available. These results were downloaded on the 30.01.2019.

Site
32
35

Peptide [-6:4]
LDDEHDsGLDS
HDSGLDsMEDE
QEVPRGSEFWE
PWEQQLEDGD
LTEDGDsFLHL
HEEEALMEVI
QNNLQQIPLHL
LHLAVIINQPE
RDFRGNtPLHL
EQGCLASVGVL
ASVGVLHQSCT
VGVLTQsCTTP
VLTQSCtTPHL
LTQSCTtPHLH
TTPFHLHsILEA
HSILEAINYNG
TNYNGHiCLHL
TCLHLASIHGY
IVELLVsLGAD
EPCNGEtALHL
QNFDLVsLLLE
ADVNEVIYQGY
VIYOQGYsPYQL
YSPYQLIWGEP
LTWGRPsTRIQ
TWGRPS{FRIQQ
QOLGQLILENL
LOMLPESEDEE
ESEDEESsYDTE
DEESYDHESEF
ESYDTESEFTE
DTESEFtEFTE
SEFTEFEDEL
FGGQRLL-—

ANN | PSSM

0.33 0.63
0.078  -D.128
0.499 0.48
0.325 0.11
0097 -0.198
0342 0256
0.023 0.3
0.134 | 0225
018 0451
017 01027
0046 -D316

01| -D.079
0842 0742
0108 D414
0063 -0217
0.133 -0.02
0.054 | -0.073
0.243 | -0.085
0645 0155
0.033 | -0.185
0.153 | -0.196
0288 -0.035
0.066 -0.348
0.063  -0.183
0218 0004
0195 0511

01| 0033
0.15] -0.056
0104 -D234
015 -D.206
0089 -D.104
0266 -0.119
0235 0057
0421 0366

106

52

5VM

-0.324
-1.268
-0.112
-0.251
-1.178
-0.384
-1.848
-1.250
-0.391
-0.81
-1.79
-1.136
0.837
-1.363
-1.46
-1.256
-1.092
-0.872
0.206
-1.581
-1.015
-0.575
-1.086
-1.387
-0.784
-0.382
-0.828

-0.77
-1.373
-1.323
-1.18
-0.93
-0.944
-0.091

Consensus
0219
-044
0.289
0.061
-0.426

0.071
-0.775

-0.45

0.013
-0.204
-0.687
-0.372

0.807
-0.337
-0.338
-0.381

-0.37
-0.238

0.335
-0.578
-0.353
-0.114
-0.436
-0.502
-0.187

0.106
-0.232
-0.228
-0.517

-046
-0.398
-0.261
-0.217

0232

pSer/Thr



Celerminus

PEST

M-terminus
073

SI Figure 1: Crvstal structure of IxBa (green cartoon; PDB: 1IKN). p65 and p50 are not
shown for clanty. 219 out of 317 residues were visible in the electron density (D73 — E292)
and structural features are indicated (AR: ankyrin repeat; PEST: proline, glutamate, serme
and threonine nich sequence). Highlighted is the only predicted 14-3-3 binding site T168.
(red sticks).

51 Figure 2: B-factor coloring of 14-3-30AC and the IxBap563 peptide. A The 14-3-
3oAC protein is represented as cartoon while the IxBap563 peptide 1s shown as white sticks.
B The IxBapS63 peptide 15 shown as shicks while the 14-3-3cAC protein i1s shown as white
cartoon. The B-factor colonng follows the raimbow color scheme with blue for low B-factors
and red for high B-factors. The B-factors vary between 4.6 — 57.04 A,
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SI Table 2: Crystallographic statistics of the X-ray structure of the IxBup563/14-3-
JoACI31-145 complex (FDB ID: 6HED). Values in parentheses show statistics for the igh

resolution shell.

Property

W alue

S ource

Space group

C 22121

phenix tablel

Cell constants
o bocoa By

22 464 111.82A 62 484
20.00° 90.00° 20.00°

phenix tablel

Resolution (A)

H5.49 - 1.13(1.17-1.13)
15,49 -1.13

phenix tablel
EDS

0,171 ,0.182

%z Data completeness 100.0 (99.97) phenix tablel

[in resolution range) 100.0 EDS

[Unigque reflections 107826 (10678) phenix_tablel

Multiplicity 20 (2.0 henix tablel
La(l) = 15.53 (2.43) {iriage

CC1i2 1 (0.903) henix_tablel

Wilson B-factor (A%) AR {iriage

Rmerge 0.0217 (0.221}) phenix tablel

Fmeas 0.0307 (0.313) phenix tablel

Fpim 0.0217 (0.221) phenix_tablel

A nisotropy 0434 [iTiage

Bulk sclvent ksol(e/ A 3), 040,445 EDS

Bzol(42)

[ -test for twinning L==049 =<12==033 {iriage

Estimated twinning fraction o twinning to report [ iriage

Fo Fc comelation .97 EDS

Fefinement program PHENDCC (1.11.1_2.57.5) Depositor

E., Pites 0.170(0.271), 0.183 (0.279) pheniz tablel

DCC

Ffree test set

5463 reflections (3.03%2)

[wwPDI3-VP

Total number of atoms

H345

wwPDI3-VP

F.amachandran favored (%a) 07 B6 phenix tablel
F.amachandran allowed (%) .14 henix tablel
Famachandran outliers (%) .00 phenix_tablel
F.otamer outliers (%) .00 phenix_tablel
FMS bonds, angles D.008, 1.28 phenix tablel
Clashscore .23 phenix tablel
Average B. all atoms (42) 14.0 [rwPDI3-VP
142 henix tablel
A verage B, macromolecules 11.6 phenix tablel
Average B, higands 50.1 phenix tablel
A verage B, solvent 5.6 phenix tablel
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51 Table 3: Quantitative comparison of 14-3-3 binding motifs. The analvzed stuctures
are grouped based on the subpanels of Figure 4 and the peptide sequences were aligned via
the phosphorylated residue of the binding motifs (position 0). The complete stroctures (14-
3-3 protein and interaction partner) were aligned via the Co atoms of the residues and the
distances of corresponding amino acids were measured using the “Structural alignment —
Gesamt™ tool of the CCP412 suite. Due to the considerably different conformations of the
peptides, the software aligned position +3 of 6F0% with position +4 of the reference structure
(6HEO- IxBa) and position +4 of SN6ND with the position +5 of 6HEO (new positions are
indicated in parentheses).

FDE ID' position -3 -1 -1 L] 1 2 3 4 5
Sequence
reference GHED LY SEP GLU PRO TEP LYS GLM
maodel
Firore 44 6QZF ARG SER CYS TRO PRO LEU FRO
Fizure 4B GF0D TYR. SEP 5ER PRO - ASP ILE (+4)
(+3)
104F GLM SER TYR TPO VAL
JESY GLM SER TYR TPO VAL
Figure 4C SULO SER. PRO SEP PHE
4DATT ATla MET SEP PHE GLN SER
Firure 4D SHEN ARG ARG GLY SEFP  GLUJ ASP ASP - THE. (+4)

Figure 4E 6GEF TYR ASP LEU SEFP LEU PRO PHE PRO
ITAL ARG SER PHE SEP GLU PRO  PHE GLY

Distance (4)
Figure 44 GOZR .51 053 071 241 307
Figure 4B GEQe 0.50 02 D26 0.TR - 2.81 1.58
108F 057 071 1.44
IESY 050 072 1.14
Figure 4C SULO 081 056 0.63
4DATT 0.52 038 037 042
Figure 4D SH6N 1.48 080 081 309 264 1.58
Figore 4E GGEF 1.36 3 1.61 263
ITAL 036 022 033 0946 53 194
535
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5I Figure 4: QTOF measurements of the purified 14-3-3 isoforms. The purity of the
chromatogram (left panel) was taken as indication for the purity of the protein. The mass over
charge distributions comresponding to the peak(s) in the chromatogram were deconveluted to
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a single mass using the the MaxEntl finction of the MassLynx MS Software. Settings were
chosen in the following way: the output mass range 1s shown on the x-axis, resolution was
set to 0.1 Da/channel; a simulated 1sotope pattern model was used as damage model, while
the blur width was determined via the peak width at half the of the peak height of the most
abundant peak; the deconvolution was iterated mnfil convergence and the mock results were
compared with the initial mass spectra to ensure success of the deconvelution.
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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, Jodo Filipe Neves, Frangois-Xavier Cantrelle, Stanimira Hristeva,
Domenico Lentini Santo, Tomas Obsil, 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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Proteir-protein interactions (PPls) are at the core of regulation medhantsns in biological systens and con-
sequently became an attractive target for therapeutic intervention. PPIs involving the adapter protein 14-3-
3 are representative examples given the broad range of partner profeins forming a complex with one of its
seven human Bofomms. Ghen the dhallenges represented by the nature of these interactions, fragment-
based approaches offer a valid alternative for the development of PPl modulators. After having assembled
a fragment s=t talored on PP modulaton, we strted a screening campagn on the sigme soform of 14-
-3 adapter proteins Through the use of both mono- and bi-dimensional nuckear magnetic resonance
spectroscopy measuraments, coupled with differential scanning fluonimetry, three fragrent hiks were iden-
tified. These molecules bind the protein at two different regions distant from the usual binding groove

highlighting new possibilities for seledive modulation of 14-3-3 complexes.
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Introduction

Adapter proteins play a crucial role in the formation of com-
plexes and their stabilization in regulatory pathways. Given
ther function - to mediate interactions between two proteins
and therefore to regulate the activicy or localization of their
parmers - this protein class represents an atiractive point for
thempeutic intervention. An example of adapter proteins is
represented by the 14-3-3 protein family that - through its
seven human isoforms’ - is involved in the regulation of nu-
merous biological functions such as cellular sisna]lhg,ipcm-
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tein tmanslocation,” enzymatic activity modulation,' cell cyde
reguht'hcn," suu:mzalnmhtmm,"andnmycﬂwm. 14-3-3
proteins are dimers composed of two 30 ki}a monomers con-
stituted by 9 a heices, named aA-al.! Nowadays, PHs attract
significant interest in the pharmaceutical industry but are
also challenging targets in dmg discovery. FPls involved in
regubtion are generally weak, ensuring a turn-over and
mainly corresponding to superficial interactions between two
- or more - proteins. Nonetheless, the multiplicity of hydro-
gen bonds,” lipophilic interactions, xstacking, t-cation stack-
ing" and ionic interactions” cbserved in these interactions
constitutes a complex and dynamic network that is hard to
emubite. Their modulation has been studied intensively and
several approaches have emerged to improve the discovery of
small molecules able to offer therapeutic intervention.

In previous contributions,"™" the rise of fragment-based
approaches in this field was discussed as a good opportunity
for developing successful modulators. Circa one third of the
clinical candidates or approved drugs modulating PPIs have
been indeed developed by application of fragment-based
campaigns."” The central idea of the fmgmenthased ap-
proach (FBA) is to develop a ligand for its own target, build-
ing it piece-ty-piece from a low molecular weight (MW) male-
cule. Because of this principle, this strategy offers numerous
advantages such as the possibility of constantly validating the
maolecules’ evolution and of covering a very broad chemical
space using one  binding pharmacophore.  This
multidisciplinary strategy is genemly constiited by a
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multistep workflow that allows scientists to go relatively fast
from a fragment - an entity with a MW = 300 Da - to a drug-
like molecule ready to enter the dinical phase. The frag-
ments’ character - reported by Congreve et 2l in 2003™ - en-
hances the possibilities of finding key stractural motifs able
to address the target's hinding site with higher ligand effi-
ciency. However, as fragments do not contain many fune-
tional groups, the number of interactions with the target is
also limited and therefore these compounds bind weakly
(normally in the high pM-mM mnge). Among the broad
range of biophysical techniques inwolved in the primary
screening, nuclear magnetic resonance [NME) is especially
suitable to detect weak and very weak interactions (puhM-mM
mnguj,” which is a major reason for its employment in the
FEA. NME fragment screening methods can be divided into
two casses: ligand-based methods and protein-based
methods. While ligand-based methods allow the fast and sen-
sitive screening of fragment mixtures with little material con-
sumption,™ protein-based methods are more robust and al-
low, in cases where a protein assignment is awailable, the
determination of the approximate binding site.”

In recent years, considerable effort has been put on the de-
velopment of modulbtors of 14-3-3 PPIs, ranging from cova-
lent"® and non-covalent fragments,”” peptidomimetic inhibi-
tors,**** semi-synthetic derivatives of natuml compounds™
and maleculr tweezers.™™ Considering that 14-3-3 proteins
have hundreds of different protein-partmers with a variety of
binding interfaces, the discovery of small attaching points in
their structures is important towards the selective modulation
of 14-3-3 PPls. The results presented here contribute to the
enrichment of the portfolio of 14-3-3 binders with three novel
fragments binding to two different areas of 14-3-3a.

Experimental

Set-up of the fragment collection

With the aim to identify novel chemical entities as a starting
point in the development of modulators (either disruptive or
stabilizing) of 14-3-3a interactions, we performed a fragment
sereening campaign. The first step on this pathway is the set-
up of a pool of fragments. Currently, Taros proprietorial frag-
ment collection has a subdivision dedicated to the PP mod-
ulation with circa 1230 entries comprising both commercially
available and novel structures. In this paragraph, we describe
the guidelines used for building up this fragments’ set In
usual practice, Congreve's “Hule of Three” (KRo3) would be ap-
plied. It represents one of the main guidelines for identifying
molecules presenting the optimal physico-chemical proper-
ties required to be considered as a reliable member of the
set. These attributes can be listed as follows: molecular
weight = 300 Da and clog P = 3 as well as the number of ro-
tatable bonds and hydrogen-bond acceptors (HEAs) and do-
nors [HEDs), and polar surface area (PSA) < 60 A™. However,
considening the superficial nature of FPls as well as the dy-
namic behaviowr of a pocket formed by two proteins, we de-
cided to apply a higher tolerance regarding the previously
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mentioned selection parameters. Thus, we considered as op-
timal parameters molecular weight = 330 Da, clogf = 3.4,
the number of rotatable bonds =4 as well as the hydrogen-
bond acceptors (HBAs) and donors (HEDs) and finally a polar
surface area =70 A*. Monetheless, in order to incude also
very attractive and chemically accessible structures that oth-
erwise would not have passed the filtering phase, we decided
to perform prefiltering on the whole Taros internal com-
pound collection (oz. 20 000 entries) fiving a threshold of 350
[xa for the MW. This prefiltering phase was followed by a vi-
sual inspection of the molecules (ce 300) with a mass be-
tween 330 Da (our parameters for the final physico-chemical
filtering ) and 350 IJa. As anticipated, the process started from
the whole Taros compound collection and after two rounds
of physico-chemical property filtering we reached a pool of
i 4000 entries. Internal verfication of eventual intellectual
property issues for all novel structures within this set de-
creased the number of molecules to 3200, which were sub-
mitted to additional considerations. The aim of this second
step was to remove the eniries presenting undesired stme-
tural features and to create a diversified collection.
Inspecting the collection from a medicinal chemistry point of
view led us to exclude extremely reactive functions, such as
alkylating or acvlating features like aliphatic halides, acyl
chlorides, epmddes, imines, oximes and acetals. We also ex-
cluded Michael acceptors and isocvanates due to their strong
electmophilic character. On the other hand, polveydic and
heterocyelic compounds were always preferred when possible.
The presence of sp'-enriched compounds was also encour-
aged acconding to the notion that molecules with a pmo-
nounced three-dimensional character appear to be maore
drog-like. Moreover, molecules having a 3D-character may
cover a wider portion of extended pockets - such as the ones
formed in protein complexes - and could akko address the op-
timization toward different spatial coordinates.™ Another
consideration applied in this phase was the smithetic accessi-
bility of the molecules and the presence of exit points for fur-
ther diversification. Moreover, in order to keep the reactivity
of the molecules under control and at the same time to en-
hance the synthetic tractability of any eventual hit, we consid-
ered the isosteric members of the collection. The carboovlic
acid feature was generally favoured in respect to the corre-
sponding boronic acid or nitro group, but the substitition
was not strictly enforced, depending on the in-house avail-
ability for a given core. For maintaining a high diversity be-
tween the cores composing the set, we picked - after visual
inspection - one of the three possible positions for maono
substituted aromatic rings keeping the other two as backup
malecules. The physical availability of the sdected entries
was evaluated and compounds available in less than 30 mg
were discarded. Quality control was applied using uHPLC-MS
integrated systems and - when necessary - purification by
preparative HPLE was carried out. Applying this workflow, we
built up a collection of circa %00 compounds. This last set
was then further enriched by the design and synthesis of ca
300 additional novel cores based on both natural products
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and alreadv known scaffolds in medicinal chemistry. Fig. 1
shows the workflow applied for the set-up of the Taros frag-
ment library. Currently, the PHP-dedicated section of the
Taros fragment collection counts circa 1230 entries and is
constantly growing. For a statistical analysis of the physico-
chemical properties, we refer to Fig. 51 and S2F Finally,
for the goals of this project, we selected circa BO0 fragments
that were first combined in cocktails containing five frag-
ments each and then screened against 14-3-30 applving a

multistep approach.

Frotein production and purification
14-3-3a (for differential scanning fluorimetry experiments | or
14-3-37AC17 (deaved after T231 - used for NMRE experiments

4
L * o
» &
ATOCK SERLEETION "'C:; ——
®
L 2

Fig.1 Warkflow applied for setting up the Taros PP fragment library.
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to improve the guality of the NME spectm) was expressed in
E. coli BI21 | DE3) cells transformed with a pProExHtb vector
camying the cDNA to express an N-terminally His.tagged
human 14-3-35 or 14-3-3aAC17. An overnight 20 mlL pre-
culture in Luria-Bertani (LE] medium was used to inoculate
1 L of culture medium. For the natural abundance proteins,
colls were inoculated in 1 L of MY minimal mediom
supplemented with 4 g L glucose, 1 g L ammaonium chlo-
ride, 5% (vv) LE mediuom and 100 pg mL ™" ampicillin. For
"N*H labelling, the cells were inoculated in 1 L of deuterated
M9 minimal medium supplemented with 2 g L7 Y0 H, glu-
cose, 1 g L ! YN ammonium chloride, 0.4 gL ! ISogTo
PRYCH powdergrowth medium (Sigma Aldrich) and 100 pg
mL " ampicillin. Cells were grown at 37 °C to an Ol we of 0.9
and induced with 0.5 mM IFTG. Incubation was continued
for 12 h at 25 *C for the natural abundance proteins and for
15 h at 28 °C for the "N'H labelled protein. Cells were
harvested by centrifugation and lysed with a homogenizer
and the proteins were purified using a Ni-NTA column |GE
Healthcare). The N-terminal His-tag was then cdeaved by the
TEV protease and the proteins were further dialyzed over-
night at 4 °C against the NMRE buffer | 100 mM sodium phos-
phate, pH &8, 50 mM NaCl), concentrated, aliquoted, flash
frozen and stored at -0 °C. Tvpical vields were in the range
of 40 to 80 mg of protein per liter of culture. A detailed proto-
col can be found in the study of Neves et al ™

Differen tial scanning fAuorimetry

Differential scanning fluonmetry ([D5F) thermal melting
points were recorded using a LightCycler® 480 (Roche, Swit-
zerland). Measurements were perfommed in 96-well plates
with samples containing 7 uM 14-3-3a in the presence or ab-
sence of each cocktail (2500 pM per fragment). The buffer
contained 100 mM Hepes, pH 7.5, 150 mM NaCl and 4% (wv)
DMS0. The fluorescent probe SYPRO Omange |Sigma Aldrich |
was added at a dilmion of 1:600. The excitaton filter for
SYPRO Orange was set to 465 nm and the emission filter was
set to 580 nm. The temperature was increased from 20 °C to
495 “C at a rate of L6 °C per minute. Melting temperature
values were determined using the LightCyeler® 480 software
version 1.5.1.62 by plotting the first derivative of the melting
curves (Fig. 531). All the measurements were performed in
triplicate and the deviations of melting tempemtures (ATm)
presented for each cocktail were caleulated relatively to three
control samples |7 pM 14-3-30 in the absence of the com-
pound) measured in the same 96-well plate.

Water.OGSY spectra were acquired in 5 mm tubes (sample
volume 530 ul) using a 600 MHz Bruker Avance Il HD
spectrometer equipped either with a CPQUI cryogenic probe
or with a TXI non-cryogenic probe. The spectra were recorded
with 12768 complex data points and with a mixing time of
1.7 5 The number of scans per increment was 384 when the
spectrometer  was  equipped with a  ovogenic  probe
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(acquisition time of 35 minutes per experiment] and 1280
when the spectiometer was equipped with a non-cryogenic
probe (acquisition time of 118 minutes). The spectra were
acquired at 16 °C, in a buffer containing 100 mM sodium
phosphate, 50 mM KaCl, pH 6.8 and 10% (vv) D20, The fi-
nal concentration of DMS0-d, was 2% and was kept con-
stant for all the experiments. The spectra were obtained
with samples containing 25 uM 14-3-30AC17 in the presence
or in the absence of each cocktail (500 pM per fragment) or
each fragment (at 500 pM). Additional control experiments
were performed in the presence of the cocktail/fragment
and in the absence of protein. Spectra were collected and
processed with Topspin 3.5 (Bruker Biospin, Karlsruhe,
Germany|.

2D nuclear magnetic resonance ecperinments

'H-"N TROSY-HSOC spectra were acquired in 3 mm tubes
(sample volume 200 pl) using a 900 MHz Broker Avance-
NHD) spectrometer, equipped with a covoprobe. The spectra
were mecorded with 3072 complex data points in the direct
dimension and 120 complex data points in the indirect di-
mension, with 128 scans per increment (acquisition tme of
4 hours per experiment], at 32 °C, in a buffer containing
100 mM sodium phosphate, 50 mM NaCl, pH &8, 1 mM
'IT, EDTA-free protease inhibitor cocktail (Roche, Basd,
Switzerland) and 10% (viv) D0, The final concentration of
DMSO-d. was 2% and was kept constant for all the experi-
ments. The spectra were obtained with samples containing
75 uM “N'H labelled 14-3-35AC1T in the presence or in the
ahsence of each cocktail (2000 M per fragment). Backbone
aszignments of “*K*H labelled 14-3-35AC17 were proviously
reported.”” The reference for the "H chemical shift was rela-
tive to trimethylsilyl propionate (TMSE) or 4,4-dimethyla-
sibpentane-1-sulfonic acid (DSS). N chemical shifts were
referenced indirectly. Specira were collected and processed
with Topspin 4.0 (Bruker Biospin, Karlsruhe, Germany) and
analyzed with Sparky 3.12 (T. I Goddand and D, G. Kneller,
SPARKY 3, University of California, San Franciscol. CSPs in
the form of chemical shift value modifications (in ppm) on
the "H-""N TROSY-HSQU were caleulated using the follow-
ing equation:

A5 -Jﬂﬁ['H::lz + [l:}.]4 x M{"N}z]

Results and discussion

Fragment screcning strategy

A library of 785 fragments grouped in 157 cocktails of 5 com-
pounds each was screened for binding to 14-3-30 with the ob-
jective of finding low MW starting points for the development
of PPl modulators. Initially, 'H-"N TROSY-HSOC spectra
were directly recorded for 55 out of the 157 cocktails. For the
screening of the rest of the library, DSF and WaterLOGSY
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were introduced in order to allow a primary screening of the
cocktails before confirmation by "H-"N TROSY-HSOQC -
which is costly and time consuming but offers the additional
advantage of identifying the binding pocket DSF screening
was used for 156 out of the 157 cocktails and ‘WaterLOGSY
was applied for the 102 cocktails that were not directly scre-
ened by 'H-"N TROSY-HSQC. The cocktails which showed
binding by either WaterLOGSY or DSF were further screened
by 'H-N TROSY-HSQC (sccondary screeming). The frag
ments contained in the cocktails showing binding by "H-""N
TROSY-HSOQC were further individually screened initally by
WaterL.OGSY and finally by "H-""N TROSY-HSQC for the de-
termination of the binding site. A diagram illusteating this
screening strategy is presented in Fig. 2.

Primary screening by WaterLOGSY

WaterL.OGSY is a ligand-based NMR screening method that
allows the fast screening of fragment libraries based on the
nuclear Owverhauser effect (NOEL™ WaterLOGSY requires a
lower amount of protein in comparison with protein-based
KME methods and does not require isotopic hbelling of the
target. Maoreover, this method allows a straightforward it
identification since the NME signals of binders and non-
binders have a different phase in the WaterLOGSY spectrum

Cockials

Codialls  Cockals

TH-"N PRIMARY
HSQC |SCREENING
SECONDARY
SCREENING
W
Water TH.19N SINGLETON
LOGSY HSQC VALIDATION

Fig. 2 Warkflow of the fragment screening campaign DSF,
WaterLOGSY and “H-"N TROSY-HSOL were amployed for primary
screening.  Secondary  screening by 'H-UN TROSY-HSQC was
performed for the cocktails that showed binding by either DSF ar
WaterLOGSY. WaterLOGSY and *H-"N TROSY-HSOC were pafarmed
for singheton validation.
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(Fig. S4t). WaterLOGSY was peformed for the 102 cocktails
that were not directly screened by "H-N TROSY-HSOQC.
Binding was detected for 43 out of the 102 cocktails, which
were selected for secondary screening by 'H-"N TROSY-
HSOC

Primary sereening by differential scanning flucrimetry
Differential scanning fluorimetry ([D5F) is a fast method to
sereen a fragment library with littde material consumption.
The principle relies on maonitoring the thermal melting curve
of the protein upon gradual heating of the protein solution
and on the determination of the melting temperature (Tm). A
protein-igand interaction is therefore detected when the
binder induces a shift in the melting temperature of the pro-
tein** Unlike most proteins, the thermal denamration profile
of 14-3-10 shows two sigmoidal curves, suggesting that there
are two unfolding transitions (Fig. 31). Both melting temper-
atures were determined for all the samples and the binding
effect was considered significant upon the inducton of a
themnal shift higher than 1 “C in the sum of both melting
temperatures [ATml + ATm2 = 1 °C). After the primary
sereening, 22 out of the screened 156 cocktails showed a sig-
nificant thermal shift effect | Table 51t). These cocktails were
therefore selected for secondary screening. 15 cocktails out of
these 22 also showed binding by WaterLOGSY.

Primary/secondary sereening by "H-""N TROSY-HS ()

'H-""N HSQC is the most popular method for protein-hased
NMER screening. In spite of being more expensive and time-
consuming when compared to ligand-based NME methods,
"H-"N HS0C is a more robust method and has the impor-
tant advantage of identifying the binding site of the li-
gands.™ "H-""N TROSY-HSQC was used for the screening of
55 out of 157 cocktaik and as a secondary screening tech-
nique for the 50 cocktails that showed binding by either
WaterLOGSY (43), DSF (22) or both (15). From these, & cock-
tails showed a significant effect on the 'H-""N TROSY-HSOC
spectrum of 14-3-3a.

All & cocktails were found to be positive by WaterLOGSY
and 4 were positive by DSF as well.

False positives in the DSF screening could be due to aggre-
gates of compounds since a considerable part of the hits
showed solubility problems at the tested concentration.

Compared to 'H-""N TROSY-HSOU, WaterLOGSY also
provided a very high hit rate. Probably some of the hits
detected were just binding transiently to the pmotein and
were too weak to be detected by 'H-""N TROSY-HSOQC. Al-
though negative control experiments were performed for all
the Wated.OGSY tested cocltails, aggregation cannot be ex-
cluded as a source of false positives in this method. It is
also possible that some of the WaterLOGSY hits were not
confirmed due to the fact that around 15% of the amide
resonances of 14-3-35ACI7 are undetected in the "H-'N
TROSY-HSOQLC.
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Confirmation of hits from the codkiails and binding site
identficati

After the identification and orthogonal validaton of & hit
cockiails, their components were tested as singletons. Thirty
singletons  were  further  screened  individually by
Waterd.OGSY. Six out of these 30 singletons (1 per each cock-
tail) showed a positive effect and were submitted to the final
confimmation by "H-""KN TROSY-HS(C. Two out of these & sin-
gletons failed to cause a significant effect on the 2D spectrum
of 14-3-304C17. One singleton caused chemical shift pertur-
bations but also induced protein precipitation and was, for
this reason, excuded from the screening. Three out of the &
singletons were successfully confirned as binders by "H-""N
TROSY-HSOC because each produced the same effect by itself
on the spectrum as its corresponding cocktail of five. These 3
fragments were therefore validated by both a ligand-based
method (Fig. 55-571) and a protein-based method (Fg S&-
S107). Fragments 1 and 2 were seen to bind at the top of 14-3-3
helices oH and ol (Fig. S8, 59 and 3) and fragment 3 was seen
to hind at the dimer interface (Fig. S10f and 3). Interestingly,
the cocktails containing the fragments that were seen to bind
at the top of helices aH and ol did not produce a significant
effect by DSF while the cocktail containing fragment 3 in-
duced a significant thermal shift. This fact suggests that
binding at the upper region of the protein does not have an
influence on its denaturation. NME was used for the screen-
ing because of its sensitivity to even very weak binders, as
expected for fragments. The discrete number of resonances
in the 'H-""N TROSY-HSQU spectrum affected by the hind-
ing, together with the observed fast exchange regime regard-
ing the NMR time scale, gives an estimate of the K, in the

3
¥

QH

14-3-3a. Monomer view  14-3-3a; Dimer view

Fig. 3 |dentification of the binding Stes of the hits by "H-"N TROSY-
HSQC. The strechares of the hitt are repressnted and their binding
sitess are shown in the erystal strechure of 14-3-30 (gray surface - PDB
ID: 1¥Z5). Fragments 1 and 2 induce chemical shift perturbations in
regn nances corresponding to amino scid residuss located on the top
of helices oM and al. Fragment 3 induces chemical shift perturbations
in resonances comesponding to aming add residues located at the di-
e interfacs of 14-3-3x.
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high pM-mM mnge." Later stage optimization of the se-
lected fragments should focus on improving the binding
affinity.

Conclusions

Here, we discussed a strategy applied in the setup of a frag-
ment collection dedicated to PPI modulation. The specificity
of this type of contacts, involving superficial interactions (no
deep pocket) and flexibility at the interface, was taken into
account to build the libeary by locsening the physico-
chemical restrictions imposed by the general Rule of Three
guidelines. This approach was also derived from the consid-
erations made by Chen and Hubbard™ about the slight incre-
ment of both molecular weight and hydrophobicity in frag-
ment hits modulating potein-protein - complexses. The
resulting distribution of fragment physicochemical proper-
ties (Fig. 51 and 52t) demonstrates that the described frag-
ment collection indeed meets these criteda and will be valu-
able for further applications targeting PPI modultion.

In this work, we screened the fragment library on the
adapter protein 14-330 using a multi-technique approach.
Application of mono- and bi-dimensional NME coupled with
DSF provided us a robust and orthogonally validated dataset
of molecules, rapidly  excluding false positives  and
reintegrating false negative hits.

Eventually, we identified three fragment hits binding two
different sites from the classic amphipathic groove of 14-3-
3o, where most of the protein pariners bind. Nevertheless,
some examples in which the protein partners establish con-
tacts with different regions of 14-33 are reported.” ™™ In
these cases, fragments that bind remotely from the classic
amphipathic binding groove represent a unique opportunity
for selective modulation of the PPLs

The hits disclosed by this integrated screening campaign
represent a new starting point for modulating the 14-3-3 FPls
and highlight an important opportunity for sdectivity im-
provement towards a specific protein complex
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high uM-mM mnge” Later stage optimization of the se-
lected fragments should focus on improving the binding
affinity.

Conclusions

Here, we discussed a strategy applied in the set-up of a frag-
ment collection dedicated to PPl modulation. The specificity
of this type of contacts, involving superficial interactions |no
deep pocket) and flexibility at the interface, was taken into
account to build the library by loosening the physico-
chemical restrictions imposed by the general Rule of Thiee
guidelines. This approach was also derived from the consid-
erations made by Chen and Hubhard™ about the slight incre-
ment of both molecular weight and hydrophobicity in frag-
ment hits modulating pmotein-protein. complexes. The
resulting distribution of fragment physicochemical proper-
ties (Fig. 51 and 52t) demonstmtes that the described frag-
ment collection indeed meets these critera and will be valu-
able for further applications targeting PPI modula tion.

In this waork, we screened the fragment libmry on the
adapter protein 14-3-3a using a multi-technique approach.
Application of mono- and bi-dimensional NME coupled with
DSF provided us a robust and orthogonally validated dataset
of maolecules, rapidly  excluding false positives and
reintegrating false negative hits.

Eventually, we identified three fragment hits binding two
different sites from the classic amphipathic groove of 14-3-
3a, where most of the protein partnems bind. Nevertheless,
some examples in which the protein partners establish con-
tacts with different megions of 14-3-3 are reported™™ In
these cases, fragments that bind remotely from the classic
amphipathic binding gmoove represent a unique opportunity
for selective modulation of the PPIs.

The hits disclosed by this integrated screening campaign
represent a new starting point for modulating the 14-3-3 PPlIs
and highlight an important opportunity for sdectivity im-
provement towards a specific protein complex
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Physico-chemical Filtering
Physico-chemical propertias have been calculated by ChemaAzon JChem for Excel (wersion 16.1001700.1231).

Fragments’ quality control and purification

The initial purity of each fragment was analysed by uHPLC-MS integrated systems. For each sample, 100 mg
were weighted and dissolved in a mixture of Acatonitrile and Methanol in ratio 1:1. The non-soluble fragments
were excluded from the collection. uHPLC-MS checks were performed using uHPLC Agilent Technologies 1250
Infinity coupled with agilent Technologies 6120 Quadrupale LC/MS, Column: ACQUITY UPLC®BEH C1E 1.7 pm,
moabile phase: mixture of Acetonitrile + 0.1% Formic Acid and Water + 0.1% Formic Acid. When purity was
below the 5% threshold, preparative HPLC was performed using UPLC Agilent Technologies 1260 Infinity
coupled with Agilent Technologies 6120 Quadrupale LC/MS, Column: XBridge EH C1E 5 pm, 19 mm x 150 mm,
mobile phase: mixture of Acetonitrile + 0.1% Formic Acid and Water + 0.1% Formic Acid.

Ro3 compliance

Eyes " no

Chart 51_ Ro3 compliance of the fragment collection.
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Figure 51. Fragments’ MW and clogP distribution. Comelation between MW and dogP considering the dassical Rule of Three
parameters (A) or the revised limits (MW 330 Da and clogP 3.4) used for setting up the oollection (B). Orange dashed line
defimitates the Rule of Three [Ro3] space thatis included into the wider parameters selected for this particular subset of the
Taros' fragment library [purple dashed lines, [B)) while the black box on the top right indudes the entries with both MW and
clogP out of the Ro3 space [A) or out of the Taros" PPls physchem space (B). (A] 12% of the structures have at least one
parameter out of the rule and only 4% of the entries have both MW and clogP outside of the rule but present promising
structures. (B) The percentage of structures with MW or clogP parameters over the settings decrease to 7.3% [compared to
[A]) while 1.4% present both MW and clogP over the set limits but nonetheless have attractive structures.
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Figure 52. (&) Number of H-bond acceptors (HBAs), donors (HBDs), rotatable bonds [Rot. Bonds) and rings. The totality of the
molecules presents no more than 3 HEDs while 80.7% has no more than 3 HBAs. Number of entries with no more than 3
rotatable bonds covers a similar percentage (B0.9%). 96.4% of the structures contains no more than 3 rings. (B) Distribution
of Polar Surface Areas, scoording to the Ro3 (cyan) and to the Taros’ PPls section parameters (orange). 75.7% has 2 PSA value
below or egual the 60 A? threshold. According to our parameters (PSASTD A7) B7.9% of the molecules fit well the
reguirements. [C] Saturation character [Fsp3) distribution. More than half of the structures (35.6%) present 2 completely flat
core while 28.2% have an intermediate saturation character and 16.1% of them show a fully three-dimensional character.
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Figure 53. DSF analysis of melting temperatures of 14-3-30 in the presence of compounds. The melting curve of 14-3-30 7

pM in the presence of 4% DMS0 is presented in A as the varation of fluorescence (y axis) as a function of the temperature x

axis). Two different melting temperatures, identified as Tm 1 (in red] and Tm 2 (in green) are observed in the melting curve

of the protein. The first derivative of the melting curve is presented in B. The x axis represents the temperatune, same scale

asin A,
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WaterLOGSY spectrum: Cocktail {5 fragments at 500 pM) + 14-3-3cAC17 25 pM

f
- \ FWWWMW&TW it Pt |J-'"I',,--.

'H spectrum: Fragment_1 500 pM + 14-3-30AC17 25 pM
Binding

'H spectrum: Fragment_2 500 pM + 14-3-30AC17 25 pM
No Binding
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Figure 54_'WarterLDG5Y allows the determination of which singleton of the cocktzil is binding to 14-3-308C17. & WaterLDGSYT
spectrum of @ Cocktail is shown at the top, in blee. & *H spectrum of @ hit singleton (Fragmenz_1) of the mme cocktail is
presented below the WaterLDGSY spectrum, in red. Note that the resonances of this molecule are positive in the WaterLDGSY
spectrum, showing that this molecule binds to 14-3-3gAC17. At the bottom, = *H spectrum of a non-binder singleton
[Fragment_2] is shown in green. Note that the resonances of this molecule are negative in the WaterlDGSY spectrum of the
cocktzil, meaning that this compound does not bind to 14-3-3gAC17. The three spectra are referenced equally and were

acquired in the same conditions.
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Table 51. D5F melting temperature data for the screened cocktzil ibrary. The aversge melting temperatures, standard

deviations and induced thermal shifts {ATm) are reported for each oocksil.

126

COCKTAIL | Average 5D ATm 1 Average sD ATm 2 ATml +
T L {*C} | Ten 1 {°C) {"C}) T 2 (°C) | Tm 2 {*C} {*C}) ATm2
n=3 n=3 n=3 n=3 ("C)
1 52,54 0,11 -0,31 65,65 0,19 40,03 0,35
2 53,02 0,06 0,16 66,33 0,06 0,60 0,76
3 52,92 0,15 0,06 66,35 0,25 0,63 0,69
a 52,80 0,11 -0,06 65,82 0,20 0,09 0,15
5 52,73 0,05 -0,13 65,76 0,06 0,03 0,16
3 52,89 0,15 0,03 66,04 0,20 0,31 0,35
7 52,98 0,06 0,13 66,20 0,27 0,47 0,60
8 52,57 0,10 -0,28 65,60 0,09 0,13 0,41
] 52,54 0,05 -0,32 65,88 0,00 0,15 0,47
10 51,50 0,11 41,35 66,07 0,10 0,35 1,70
11 - - - -
12 51,57 0,11 41,25 66,13 0,11 0,41 1,70
13 52,81 0,06 -0,05 65,79 0,17 0,06 0,11
14 52,76 0,10 0,09 65,82 0,24 0,09 0,19
15 53,11 0,14 0,25 66,23 0,24 0,50 0,75
16 53,17 0,10 0,31 66,20 0,11 0,47 0,78
17 52,95 0,10 0,10 65,95 0,14 0,22 0,32
18 52,64 0,24 -0,22 65,69 0,16 0,03 0,25
19 53,14 0,28 0,28 66,32 0,22 0,60 0,88
20 53,20 0,14 0,35 66,42 0,14 0,69 1,04
21 52,54 0,20 -0,32 65,73 0,11 0,00 0,32
22 52,398 0,38 0,13 66,20 0,05 0,47 0,60
23 52,95 0,10 0,10 66,13 0,11 0,41 0,50
24 53,11 0,20 0,25 66,35 0,11 0,66 0,91
25 52,67 0,19 0,19 66,04 0,31 0,31 0,50
26 52,73 0,11 -0,12 66,20 0,11 0,47 0,59
27 53,11 0,20 0,25 66,48 0,05 0,75 1,01
28 53,05 0,10 0,19 66,23 0,24 0,50 0,69
29 52,86 0,00 0,00 66,17 0,00 0,44 0,45
30 53,02 0,14 0,16 66,26 0,17 0,54 0,70
31 52,73 0,20 0,19 66,07 0,10 40,03 0,22
32 52,67 0,17 0,12 65,76 0,29 40,35 0,47
33 52,54 0,33 0,00 66,13 0,29 0,03 0,03
34 52,58 0,43 0,03 66,04 0,24 -0,06 0,10
35 52,48 0,10 -0,07 66,04 0,20 40,06 0,13
36 43,32 0,25 -5,22 65,05 0,11 41,01 10,23
37 52,54 0,42 0,40 66,04 0,13 40,06 0,46
38 52,51 0,11 -0,04 65,94 0,11 40,16 0,20
39 52,32 0,28 -0,22 66,04 0,15 40,06 0,29
40 52,79 0,45 0,25 65,88 0,10 40,22 0,47
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Table 51. D5F melting tempersture data for the soreened cocktzil brary. The aversge melting temperatures, standard

deviations and induced thermal shifts [ATm) are reported for each cocktzil.

COCKTAIL | Average sD ATm 1 Average sD ATm 2 ATml +
T 1 (*C} | Tm 1 {°C} {°C) Tm 2 {°C) | Tm 2 () {C) ATm2
n=3 n=3 n=3 n=3 {*C)
1 52,54 0,11 -0,31 65,69 0,19 40,03 0,35
2 £3,02 0,06 0,16 66,33 0,06 0,60 0,76
3 52,92 0,15 0,06 66,35 0,25 0,63 0,69
4 52,80 0,11 -0,06 65,82 0,20 0,03 0,15
g £2,73 0,05 -0,13 65,76 0,06 0,03 0,16
6 52,89 0,15 0,03 66,04 0,20 0,31 0,35
7 52,98 0,06 0,13 66,20 0,27 0,47 0,60
8 £2,57 0,10 -0,28 65,60 0,09 40,13 0,41
9 52,54 0,05 -0,32 65,88 0,00 0,15 047
10 51,50 0,11 41,35 66,07 0,10 0,35 1,70
11 - - - -
12 51,57 0,11 -1,25 66,13 0,11 0,41 1,70
13 52,81 0,06 -0,05 65,79 0,17 0,06 0,11
14 52,76 0,10 -0,09 65,82 0,24 0,09 0,19
15 £3,11 0,14 0,25 66,23 0,24 0,50 0,75
16 £3,17 0,10 0,31 66,20 0,11 0,47 0,78
17 £2,95 0,10 0,10 65,95 0,14 0,22 0,32
18 52,64 0,24 -0,22 65,69 0,16 0,03 0,25
19 £3,14 0,28 0,28 66,32 0,22 0,60 0,88
20 £3,20 0,14 0,35 66,42 0,14 0,65 1,04
21 £2,54 0,20 -0,32 65,73 0,11 0,00 0,32
22 52,38 0,38 0,13 66,20 0,05 0,47 0,60
23 £2,95 0,10 0,10 66,13 0,11 0,41 0,50
24 53,11 0,20 0,25 66,39 0,11 0,66 0,91
25 52,67 0,19 -0,15 66,04 0,31 0,31 0,50
26 £2,73 0,11 -0,12 66,20 0,11 0,47 0,59
27 53,11 0,20 0,25 66,48 0,05 0,75 1,01
28 53,05 0,10 0,19 66,23 0,24 0,50 0,69
29 £2,86 0,00 0,00 66,17 0,00 0,44 0,45
30 £3,02 0,14 0,16 66,26 0,17 0,54 0,70
31 52,73 0,20 0,15 66,07 0,10 40,03 0,22
32 52,67 0,17 0,12 65,76 0,29 40,35 047
33 52,54 0,33 0,00 66,13 0,29 0,03 0,03
34 52,58 0,43 0,03 66,04 0,24 0,06 0,10
35 £2.43 0,10 -0,07 66,04 0,20 40,06 0,13
36 43,32 0,25 -5 23 65,09 0,11 41,01 10,23
37 52,54 0,42 0,40 66,04 0,13 40,06 0,46
38 52,51 0,11 -0,04 65,94 0,11 40,16 0,20
39 £2,32 0,28 -0,22 66,04 0,15 40,06 0,29
40 52,79 0,45 0,25 65,88 0,10 40,22 0,47
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25 52,20 0,22 0,28 6,04 0,31 0,19 0.47
87 53,02 0,06 0,50 66,04 0,45 0,19 0,69
88 52,92 0,27 0,40 66,23 0,20 0,38 0,78
89 52,70 0,20 0,19 66,20 0,28 0,35 0,54
a0 52,71 0,41 0,34 65,73 0,29 0,00 0,34
a1 52,53 0,14 0,22 6,20 0,00 0,47 0,69
92 52,65 0,05 0,28 6,26 0,15 0,53 0,82
a3 52,43 0,08 0,06 65,63 0,11 0,03 0,10
a4 52,40 0,14 0,03 85,73 0,05 0,06 0,09
a5 51,93 0,21 0,34 65,88 0,14 0,16 0,60
95 52,43 0,05 0,12 66,32 0,07 0,60 0,72
a7 52,40 0,05 0,03 65,52 0,03 0,09 0,13
a8 52,24 0,17 0,12 65,91 0,10 0,19 0,31
a9 52,40 0,05 0,03 65,91 0,32 0,19 0,22
100 52,81 0,00 0,44 £6,16 0,11 0,44 0,88
101 51,87 0,11 -0,50 65,88 0,19 0,16 0,66
102 52,52 0,16 0,16 £5,82 0,09 0,08 0,25
103 52,68 0,28 0,31 66,13 0,33 0,41 0,72
104 52,52 0,16 0,16 66,20 0,41 0,47 0,63
105 52,46 0,10 0,09 65,91 0,19 0,19 0,28
106 52,40 0,05 0,03 6,10 0,19 0,37 0,41
107 48,60 0,30 3,77 6,29 0,17 0,57 4,34
108 52,52 0,10 0,16 66,51 0,05 0,78 0,94
109 52,43 0,05 0,12 66,26 0,05 0,53 0,66
110 52,46 0,10 0,09 65,88 0,05 0,15 0,25
111 52,43 0,25 0,06 66,32 0,20 0,60 0,66
112 52,43 0,11 0,13 66,16 0,11 0,44 0,56
113 52,49 0,14 0,13 66,13 0,24 0,41 0,53
114 52,43 0,09 0,06 66,17 0,06 0,44 0,50
115 51,74 0,14 0,63 £6,10 0,10 0,38 1,01
116 52,81 0,00 0,44 66,45 0,20 0,72 1.17
117 52,40 0,20 0,03 6,54 0,36 0,82 0,85
118 52,71 0,34 0,35 66,32 0,14 0,60 0,94
119 52,52 0,10 0,16 66,54 0,05 0,81 0,97
120 52,57 0,17 0,10 66,04 0,15 0,28 0,38
121 52,48 0,17 0,00 66,20 0,20 0,44 0,44
122 52,60 0,14 0,13 66,07 0,10 0,32 0,44
123 50,34 0,19 1,63 65,22 0,16 0,53 2,17
124 48,54 0,45 3,94 £5,22 0,25 0,53 4,47
125 52,48 0,10 0,00 65,32 0,11 0,16 0,16
126 52,64 0,14 0,16 66,33 0,33 0,64 0,80
127 51,13 0,11 1,23 65,52 0,11 0,06 1.35
128 52,42 0,11 0,06 65,52 0,05 0,06 0,12
129 52,42 0,24 0,06 66,04 0,34 0,28 0,34
130 50,50 0,49 -1,98 63,87 0,43 -1,39 3,87
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131 52,79 0,09 0,19 65,57 0,14 0,19 0,38
132 52,48 0,00 0,00 65,63 0,10 0,13 0,13
133 52,51 0,11 0,03 66,04 0,20 0,23 0,31
134 52,70 0,22 0,22 66,35 0,41 0,60 0,82
135 52,35 0,05 0,13 65,75 0,11 0,00 0,13
136 52,73 0,05 0,25 66,17 0,16 0,41 0,66
137 52,63 0,23 0,16 66,48 0,14 0,73 0,88
138 48,76 0,11 3,71 66,83 0,00 1,07 4,79
139 52,54 0,15 0,06 65,85 0,22 0,10 0,16
140 52,29 0,00 0,19 65,85 0,33 0,10 0,28
141 52,67 0,10 0,19 66,48 0,14 0,73 0,92
142 52,57 0,19 0,09 66,11 0,22 0,35 0,44
143 52,45 0,06 -0,03 65,76 0,06 0,00 0,03
144 52,79 0,36 0,32 66,32 0,24 0,57 0,38
145 52,54 0,05 0,06 66,26 0,17 0,51 0,57
146 52,20 0,10 0,28 &5,60 0,09 0,16 0,44
147 50,25 0,11 2,23 65,98 0,19 0,22 2,45
148 52,35 0,14 0,12 65,98 0,35 0,22 0,34
149 48,13 0,02 4,01 66,45 0,09 0,60 4,61
150 51,54 0,32 -0,60 66,14 0,06 0,29 0,89
151 52,22 0,46 0,09 66,45 0,34 0,60 0,68
152 51,94 0,20 0,19 65,66 0,19 0,19 0,38
153 51,79 0,36 0,35 65,79 0,10 -0,06 0,41
154 52,10 0,00 -0,04 65,85 0,05 0,00 0,04
155 52,14 0,11 0,00 66,18 0,10 0,33 0,33
156 52,24 0,05 0,10 65,92 0,11 0,07 0,17
157 52,20 0,00 0,06 65,82 0,05 0,03 0,09
510
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Figure 55. WaterLDG5Y detects the binding of 1 to 14-3-30AC17. *H spectrum of 1 500 pM (blue spectrum, on top). The
WaterLDGSY spectrum of a solution contmining 1 500 pM and 12-3-30AC17 25 pM (in red) shows that the NMR signals of 1
are phased positive, indicating binding. The control WaterLDG5Y spectrum of & solution contzining 1 500 pM alone [in green)
shows thatin the absence of 14-3-30AC17 the NMR signals of 1 500 uM are all phased negative.
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Figure 56, WaterLOGSY detects the binding of 2 to 14-3-304C17. *H spectrum of 2 500 pM (blue spectrum, on top). The
WaterLDGSY spectrum of a solution contzining 2 500 pM and 12-3-30AC17 25 pM (in red) shows that the NMR signals of 2
are phased positive, indicating binding. The control 'WaterLDG5Y spectrum of 2 solution contzining 2 500 pM alone [in green)
shows that in the absence of 14-3-308C17 the NMR signals of 2 500 uM are all phased negative.
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Figure 57 WaterLOGSY detects the binding of 3 to 14-3-30AC1T. *H spectrum of 3 500 pM [blue specirum, on top). The
WaterLDG5Y spectrum of a solution contining 3 300 pM and 14-3-30AC17 25 pM (in red) shows that the NMR signals of 3
are phased positive, indicating binding. The comtrol WaterlOGSY spectrum of & solution contzining 3 500 pM alone [in green)
shows thatin the absence of 14-3-3gAC17 the NMR signals of 3 500 uM are all phased negative.
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Figure 58 1 binding site on 14-3-30AC17 identified by *H-'"N TROSY-HS0C. (A] Superimposed 'H-N TROSY-HS0C spectra of
E4H labelled 14-3-30AC17 75 pM in the presence of 2% DMSO-dg (vfv] (in black) and 1 2000 pM [in red). [B) Plot of the CSP
values {in ppm) of *H-“N correlation peaks of 75 pi 14-3-30AC17 in the presence of 2000 pM 1 compared to the reference
14-3-30AC17 spectrum |75 pM] [y oxis) wersus the amino acid seguence |x axis). A total of 128 correlation peak C5P ane shown.
The x axis is not proportional. The helices of 14-3-30 are identified below the x axis as blue cartoons, while disordered regions
are represented by preen lines. The area highlighted in yell .+ the region of the protein affected by the presence of 1.
[C) Mapping on the crystal structure of 12-3-3o (PDB ID: 1¥Z5) of the amino acid residues corresponding to the 10 most
affected resonances by the presence of 1. The residues corresponding to the 5 most affected resonances are colored in red
and an additional 5 are colored in orange.
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Figure 39. 2 binding site on 14-3-30AC17 identified by *H-*N TROSY-H50C. (4] Superimpesed H-1=N TROSY-H50C spectra of
MH labelled 12-3-3cAC17 75 pM in the presence of 2% DMS0-dg (/] (in black) and 2 2000 pM [in red]. (B] Plot of the CSP
values {in ppm) of *H-"N correlation peaks of 75 ph 14-3-304C17 in the presence of 2000 pM 2 compared to the reference
14-3-3o8C1T spectrum (75 pM] [y axis) versus the amine acid sequence (x oris). A total of 128 correlation peak C3P are shown.
The x gxis is not proportional. The helices of 14-3-30 are identified below the x axis as blue cartoons, while disordered regions
are represented by green lines. The area highlighted inyell h the region of the protein affected by the presence of 2.
[C) Mapping on the crystal structure of 14-3-30 (PDB ID: 1¥Z5) of the amino acid residues corresponding to the 10 most
affected resonances by the presence of 2. The residues corresponding to the 3 most affected resonances are colored in red
and an additional 5 are oolored in orange.
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Figure 510. 3 binding site on 14-3-304C17 identified by ‘H-5N TROSY-HSOC. [A) Superimposed *H-15N TROSY-HS0C spectra
of “N?H labelled 14-3-304C17 75 pM in the presence of 2% DMS0-de (w'v] (in black) and 3 2000 pM (in red). (B] Plot of the
CSP walues (in ppm) of *H-"*N correlation peaks of 75 pM 14-3-3gAC17 in the presence of 2000 pM 3 compared o the
reference 12-3-3ahC17 spectrum (75 pM ) |y awis) versus the amino acid seguence [x axis). A total of 128 correlation peak C5P
are shown. The x gxis is not proportional. The helices of 12-3-30 are identified below the x auis as blue cartoons, while
disordered regi are rep nted by green lines. The areas highlighted in yellow and blee show the region of the protein
affected by the presence of 3. [C) Mapping on the crystzl structure of 14-3-30 [PDB ID- 1YZ5) of the aming acid residues
comesponding to the 10 most affected resonances by the presence of 3. The residues corresponding to the 5 most affected
resgnances are colored in red and an additional 5 are colored in orange.
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7.4 Supplement S3

7.4.1 Stabilization of protein-protein interactions between CaMKK?2 and 14-
3-3 by fusicoccanes

Domenico Lentini Santo, Olivia Petrvalska, Veronika Obsilova, Christian Ottmann, and
Tomas Obsil. Stabilization of Protein-Protein Interactions between CaMKK?2 and 14-3-3
by Fusicoccins. ACS Chem. Biol. 15(11):3060-3071 (2020).

My contribution: Preparation of CaMKK?2, 14-3-3yAC and 14-3-3EAC, crystallization of
ternary complexes, structure refinement, FP assay for K and /Cs, determination.
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Stabilization of Protein—Protein Interactions between CaMKK2 and
14—3-3 by Fusicoccins
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ABSTRACT: Ca™/calmodulin-dependent protein kinase kinase 2 )

(CaMEE2) regulites several key physiological and pathophysio- Wy P
logical processes, and its dysregulation has been implicated in b j '-x-":
obesity, diabetes, and cancer. CaMEE2 is imhibited through *pgg| 1
phosphorylation in a process involving binding to the scaffolding E -n} T
14—3-3 protein, which maintaing CaMEE2 in the phosphor- ®08) °
yhtion-mediated mhibited state. The previoudy reported stroct ure gu‘ .

of the N-terminal CaMEE2 14-3—3-binding motifbound to 14—

3-3 suggested that the interaction between 14—3—3 and
CaMEE2 could be stabiliwed by smallmolecule compounds.
Thus, we investigated the stabilization of interactions between
CaMEF2 and 14—3—3y by Fusooccin A and other fusicoccanes—
diterpene glycosides that bind at the intedface between the 14=3—
3 ligand binding groove and the 14—3—3 binding motil of the chent protein. Our data reveal that two of five tested fusicoccanes
considerably increase the binding of phosphopeptide representing the 14=3—=3 binding motf of CaMEE2 to 14=3=3p. Crystal
structures of two temary compleses suggest that the stedc contacts between the C-terminal part of the CaMEE2 14—3—3 hinding
motif and the adjacent fusicoccane molecule are responsible for diferences in stabilization potency between the study compounds
Moreover, our data aleo show that fuseoccanes enhance the hinding afinity of phosphorylated full-Jlength CaMEED to 14—3—13y,
wihich in turn slows down CaMEE2 dephosphorylation, thus keeping this protein in its phosphorylton-medisted inhibited state
Therefore, targeting the fuscoccin binding cavity of 14=3=3 by small-molecule compounds may offer an alternative strategy to

suppress CaMBER2 activity by stabilizing its phosphordation-mediated inhibited state

B INTRODUCTION

Ca!'.-'ca]modu]m-dependent protein kinase kinase 2
(CaMEE2), a member of the C.t".-'ca]:rmdu]in-depmdem
kinase [CaME) famdly, is a Ser/Thr Hnase As a molecular
hub, CaMEE2 regulates several key physiological and
pathoplysiologeal processes.” CaME famiy members respond
to increased intracellular concentrations of Ca™ ions by
interacting with the Ca* fealmodulin (Ca®™ /CaM) comples. In
the inactive state, CabEs are inhibited by the autoinlibitory
segment [AID), which interacts with the kinase domain (KIV)
and blodks the substrate binding and/or affects the catalytic
site sh'udum.l"Ca!'.-'{"..tM binding to the region that overlaps
with the AID disrupts the intersction between AID and KD,
thus relieving autodnhibition.

CaME kimises (CaMEEL and CaMEE2) functon as
updtrean elements of the CaME signaling casade where
they phosphorylate and activate two downstream CaMEs
CaMET and CaMEIV.* These two CaMEs, in tum, regulate
downstream targets such as CREB, ERK, RACI, and HDACS,
thereby modulating vanous processes, including denddtic cell
survival, cytokine secretion from T cells, the cell cyde, cel
differentiation, and hormone and crtokine prod vction ™" In
addition, CaMEEs have aleo been shown to phosphorylate and
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thus activate Akt/PEE kinase in variows cancer cell lines*'®

CaMEFR2 is alo an activator of the AMPactivated proteln
kinase (AMPE), a crudal regulator of energy homeostasis,
inflammation, and autophagy, whose dysregulation has been
implicated in dwonic diseases, such as obesity, diabetes, and
cancer.' ™" Thermfore, the CaMEK2Z-AMPE sigraling path-
way connedcts dunges in Ca** concentration induced by insulin
binding to its meceptor, mositel 14, Strsphosphate receptor
(IPIR) activation, or plema membrane jon channels to
processes that maintain energy level.” Accordingly, the los of
CaMEE2 activity has been shown to protect CaMEEL pll
mice from high-fat-diet-ind vced obesity, insulin resistance, and
glucose intolerance. ' Furthermore, in mowse models of breast
cancer, intratumora myeold celk showed high expression
levels of CaMEER, and CaMER2 inhibition suppressed tumor
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Figure 1. Domain structure of human CaMEE2 The positions of regulatory phosphoryation and autophosphoryl
protsin kinase; black, stes phosphorylated by gheogen symthase Bmose-3 and
ation sites ). Ser'™ and Ser™ are 14-3—3 hinding motifs AAR = amonomous activity region; ALTY

colored axerisks (blue, stes phosphorplated by cAMP
profine-directed kinases; orange, autophoshoryl
= autoinhibitry region; CBD = l'_'a.a",."'l'_'aM-hin.d:h'Lg domain.

afion sites are indicated by

growth by increasing the accumubition of efiedtor CDE+ T
cells and immune-stimolatory myeloid subsets.™ This
indicated that CaMEE2 inhibiton may serve a5 a selective
way of suppressing AMPE, which is involved in macrophage
peladzation, while preserving the antifumor functions of CD8+
T cells

The regubition of CaMEE2 activity & stdl not fully
understood In addition to Ca®*/CaM-dependent activation,
both CaMEEs are firther regubited by phosgphorylation
eAMP-dependent protein kinase (PEA) partly inhibits both
CaMEEs by phosphorylating multple reddues, induding two
inldbitory sites located N-termdmally to the kinase domain and
dose to the Ca®/CaM binding segment (The'™® /Ser™ in
buman CaMEED and The'¥/Ser™ in buman CaMEE2,
Figure 1AL "7 CaMEK2, in contrast to CaMEEKI, abso
exhibits significant Ca**/CaM-binding-independent (autono-
mous) activity, which & inlibited throwsgh phosphorylation of
tree resdues located N-termdnally to the kinase doman by
cydin-dependent kimase 5, glycogen smithase kinase 3, and
eAMP-dependent protein kinase (PEA)""" Both CaMEEs
are further regulated by 14—3—3 protelns, a fandly of abundant
scaffolding and chaperon proteins expressed in all eukaryatic
cells, which are involved in the regulation of a wide range of
cellular phesomena indueding cell-cycle control, signal trans-
duction, protein taficking, metabolism control, and apopto-
sis ™ 14-3-3 proteins form very stable dimers with each of
the protomers possessing an amphipatic binding groove that
accommodates the phosphoserine (pSer)- or phogphotlreo-
nine [ pThr)containing motifs of their client proteins. "
Through these binding interactions, l4=3=31 proteins
modulate the enzymatic activity and subcellular localiation
or interactions with other molecules of their hinding
patners. " Because 14-3-3 proteins play key roles In
numerous  disease-relevant signaling pathways, they are
comsidered promising targets for pharmacological intervention
Indeed, several small molecules, peptide mdmetics, and natural
products have already been shown to elther disrupt or stabilize
spedfic 14—3-3 protein compleges. 2

Previows studies have shown that 14=3=3 proteins
mecognize two phosphordated motils Jocated within the N-
and C-terminal segments of CaMEEs (pSer’/pSec™® and
pSer ™ pSer! in human CaMBEE] and CaMBEE2, respec-
tively) and suggested that this binding interaction dows deown
the dephosphorylation of inhibitory phospho rrlation sites, thus
maintaning CaMEKs in the PEA-medisted inhibited
state. """ Furthermore, 14—3—3 protein binding directly
inhibits CaMEEL but not CaMEE2L, thus indicating that
CaMEE ssoformms differ in their 14—3—3 protein-mediated
regulations T The erystal structure of the phosphopeptide
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containing the CaMBEE2 pSer™ 14—3—3-binding motif bound
to 14=3=3 revealed that part of the 14—3—=3 ligand binding
groove stays empty due to the abrupt change in the direction
of the C-termimal part, suggesting that the interaciion between
the 14—3-3 proten and phosphorylated CaMEEs can be
stabilized by smallmolecule compounds targeting this region
of the 14=3-=3 lgand binding groove™ Ultimately, this
stabilzing interaction may provide an alternative and/or
complementary strategy for inhibiting CaMEE activity by
stabiliring their phosphorylaton-medisted inhibited state.

Here, we lovestigated the stabilization of protein—protein
interactions between CaMEE2 and 14—3—3y by Fudcoccin A
and four other fagcoccanes, diterpene glycosides tuat diare a
S=8=5 nng structure, which have been shown to stabilize
several 14—3—3 complexes by flling a gap in the interface of
the 14—=3-2 ligand bdndjng ove with the 14—3—3 binding
motif of the chient protein ™" Our data reveal that two
of five fudeoccanes tested in this dudy comidermbly increase
the binding of the synthete phosphopeptide containing the
pSer'™ 14-3—3 binding mouf of CaMEK2 to 14-3—3¢
Crystal structures of two ternary complezes suggest that the
steric contacts between the C-termimal part of the CabMEE2
PS-e:*m 14=3=3-binding motf and the adjacent fusicoccane
molecule within the 14-3-3 ligand binding groove are
responsible for differences in stablization potency between
the study compounds. Moreover, our data abo show that
fusicoccanes enhance the binding affinity of phosphordated
full ength CaMEE2 to 14=3—3, thus confirming that small-
molecule compounds targeting the husicocdn binding cavity
within the 14-3-3 ligand binding groove can be wsed to
stabilize this imponant protein—protein interaction

B RESULTS

Fusicoccanes Stabilize the Interaction between 14
and 3—3y and the N-Terminal 14-3-3 Binding Motif of
CaMKE2. 14—3—3 proteins recognize three canonical binding
maotifs: BXX(pS/TIXP (mode 1), IO (pS/TIXP (mode 1),
and X(pS/TIX, ,COOH (mode IIT), where pS/T is
phosphoserine or p]lmp]mteon]m_*" These motik,
although optimal, are not absolute because several 14—3=3
binding partners contain significantly different motifs.** The
previows structural analysis of the Pﬁe:m 14=3=3-binding
motlf of CaMBEs (sequence RPELpSLOE'™ in human
CaMEE2 rumbering) bound to 14—3—3 rewealed that, due
to interactions between the sidechaing of Gln"™ and pler m,
this meotif sdopts an wosual confomation, leaving a large part
of the 14—3-3 binding groove empty.” This is typical of
mode I motifs, where the pSer/Thr is located near the C-
terminus of the polypeptide chaln, and previows studies have
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Figure 1. Stabilization of interactions between 14—3—3y and 14—3—3 binding motif of CaMEE2 by fimicoccanes. (A) Structures of fusicoccanes

used in this study. (B) Fhmump-nh:mm [FP) measurements of EAM Jabeled PEpS100 F]:lu& (100 nM) and 14—3—3y (20 uM ) titrated
by tested fimicoccanes. Diata points are the means + S0 of three experiments. To amess BC., values reflacting the stabilization potency of the study
fusicoccanes, the FP data wene fitted i 2 four trvbse—mq:-mu:mndd.[f_',ﬂ] FPD&'FA.M-MPEPSIDGMP:PSSIIPEJ:H.& in the
presence of 500 pM of the study fmicoccanes titated by 14—3—37. To determine the apparent K, valuss of the peptide: 14—3—3y interaction, the

FP dats were fitted to 2 onesite-binding model Data points are the means + SI of three experiments

shown that this gap at the interface between 14=3=3 and the
14=3-3 binding motf of the target protein can be flled by
fusicoccin-like compounds, thus stabilizing these com-
plexes 7% Therpfore, we have speculated that the 14—
3-3:CaMER2 complex could also be stabilzed by fusicocdn-
like compounds™

To test this hypothesis, five fascoccanes, FC-A, FC-], FC-
THEF, FC-H, and 16-0-Me-FC-H (Fgure 2A), were tested for
their ability to stabilie interactions between 14—3—3y and
CaMEEL FC-A, FC-J, FC-H, and 160-Me-FC-H are
maturally occumring fusicoccanes, and FC-J, FC-H, and 16-0-
Me-FO-H are intermediates of FO-A biosynthess ™" These
fsicoccanes mainly differ in the ring C modifications, and
fusicoccanes with hydroxylated dng C, such & FC-A
preferentally stabilize 14=3=3 com plezes with the C-terminal
mode [ binding motife ™™ Moeover, FC-THF, which
containg an additional fve-membered tetrabydrofuran ring
attached to dng C, was desgned as an optimal stabilizer for
such complexes Conversely, husicoccanes whose ring C & not
hydroxylated stabilive several 14=3=3 complexes with mode [
and mode 11 binding mofs '+

The ability of variows fusicoccanes to bind to and stabilize
the binary complex between 14=3=3F and the CaMEEL
pSer™ 14-3-3 binding motif was mvestigated by Huores
cence polarization (FP) with the synthetic phosphopeptide
containing the Pﬁe:m maotif hbeled at the N-terminus by 5-
catbowyfluorescein (denoted a8 FAM-pepS100; Fgure 2B,C
and Table 1). FC-A gabilized the interaction between Inman
14=3=3y (residues 1=235 misdng the C-terminal | 2-residues-
long fexible tadl) and FAM-pepSI00 only margnally with an
ECgy of #£56 + 0.9 mM and increased the apparent binding
affinity of FAM-pepS100 from a Kp, of 255 + 1 oM to 17.1 +
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Table 1. Stabileation of the Interaction between Peptides
Containing 14=3—3Binding Motifs of CaMEK and 14-3-
3y by Fusicoccanes

compoand B, uh K, u® fartor®

FAM pepS100 peptide

anniral (5% DME0) 541

FC-A AE00 =+ 500 17.1 £ 05 15

FC] T £ 30 95 £ 05 17

FC-THF 930 = S0 123 +07 1l

FC-H 134 18503 a1

T80 Mie- FC-H i1 05 = s &1
FAM pepS511 peptide

ontral (5% DMS0) 40 =04

FC-A 158 =09 zs

160 Me-FC-H 16 =03 15

“The ECy values describing the stbilzation potency of the study
ﬂDﬂ'I:lPDII'LI‘.I.i toward the peps100:1 43— 3 cm'np]u:m asmemed by
FP mezmurements of FAM-hbeled pepS100 peptide (100 nM ) and
14—3—3y (20 sM ) titrated with different fimi apparent
Ky, values of the interaction between the peptide and 14—3—3y were
determined by fluorescence ration meamrements of FAM-
Libeled pepb100 and pepS511 peptides titrated with 14—3—3pin the
presence of the study fusicoccanes (500 pM). “Stabilization factor
uhhudﬁmﬁgiwmxnwhﬂ.\rahﬂhwﬂm 1 express
destabilization

0.5 pM at 2 500 pM concentration. O ther fusicoccanes showed
a higher potency in stabilizing the 14=3—3FAM-pepS100
compler, with FC-H and 16-0-Me-FC-H exhibiting the
strongest stabilization effect with ECy values of 123 + 4 and
13 + | pM, respectively. These two compounds, which lack
the lydroxyl group at the cpdopentene dng C, in contrast to
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FC-A and FC-, enlunced the apparent binding affinity of
FAM-pepS100 for 14=3-3% by a Boaor of 9.1 and 51,
respectively. In addition, the synthetic FC-THF showed a
considerably lower stabilization potency than 16-0-Me-FC-H,
thus corobomting previows evidence that this dedvative can
only dabilme nteractions between 14 and 3—3 and mode [
binding sites.”™ The ECq, measurements were also performed
for the complex between the 14—=3-30 isoform and FAM-
pepS100, revealing ECy, values (Figure 53) simiar to those
assessed for the gamma ol (Table 1), FC-A exhibited the
lowest stabilization potency, whereas FC-H and 16-0-Me-FC-
H showed the highest sabilization potency, with ECg, values
in the micromolar range.

Mlthough fssicoccanes are well-known to preferentially
stabilize 14=3=3 complexes with mode III binding motifs
we also tested the abdity of two compounds, FC-A and 16-0-
Me-FC-H (as fusicoccanes with hydroxylated and not-
hydroxated ring C, respectively), to stabilie the binary
complex between 14—3—73y and the second 14—3—3 binding
motif located af the Cterminus of CaMEE2 (sequence
ROGL-pS-AP*Y) udng the FP asmy with the synthetic
phosphopeptide containing this motf labeled at the N-
terminus by 5-carboxyfluorescein (denoted as FAM-pepS5l I;
Figure 200 and Table 1). As expected, no profound
stabilization was observed, and the presence of FC-A even
substantially destabilized this complex (the Kp, value imcreased
from 4 4 0.4 gM to 156 + 0.9 gM in the presence of 500 uh
FC-A). This destabilization is likely camsed by the competition
between FO-A and the pSer™™! 14-3-3 binding motif for the
same binding site because the previously reported structure of
the binary 14—3—3ppepS51l complex revealed imemctions
typical of the mode [ motif with 3 fusicoccn binding pocket
fully occupied by the Cterminal portion of the maotif:™

Structural Basis of Different Stabilization Potencies
of Fusicoccanes. In order to understand differences in the
ability of nscoccanes to stabilize interactions between 14—3—
Ay and the PSe:Lm motif of CaMERD, that i, differences in the
stabilization potency of fuslcoccanes, we solved the crystal
structures of temary complexes between 14=3 =3y, the peptide
containing the P.E'e:m moti (pepS100), and FC-AS16-0-Me-
FC-H. The temary complexes were prepared by soaking the
crystals of the binary | 4=3—3y:pepS100 complex with selected
compounds. The scaling reduced, to some extent, the crystal
quality, and the scaked corystak diffracted at 3 masmom
mesolution of ~3 A (Table 2). As expected, both compounds
occupy the same part of the 14—3-3 ligand binding groove
formed by 14=3=73y helices H3, HS, H7, and H? dose to the
Crterminus of the pepS100 (Figure 3) and interact with 14—
A3y malnly through hydrophoblc interactions. In the 14—3—
IrpepSI00FC-A complex (Figure 3A—~C), the sugar molety
and the hydroxyd group at the B ring of FC-A establish palar
contacts with the side chains of the 14—3—3 residues Asn®
and Asp™™ of the a-helices H3 and H9, respectively. The
methoxy group at ring A of FC-A is inserted between 14—3—
Iy belices HY and HS. Bs oxygen atom i hydrogea-bonded to
the sde-clain of 14—3—3y Lys'*, and the terminal O-methy]
group establishes van der Waals contacts with dde chairs of
14—3—3y reddues Ser™, Phe'™, and Met™ Although there
are no polar contacts between FC-A and the pepS100, the
Iiydrond group at dng C (maded by a black arrow in Figure
AC)H is v wan der Waals distance to the side duin of the
CaMEE2 residoe Glu'™. This steric hindrance with the C-
termdmus of the Iﬁe:*m motlf of CaMER2 is lkely responsible
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Table 2. Crystallographic Data Collection and Refinement

Statistics
14-3— 100FC-A 143 10018 -0
Ko M P (avem)
wardength () d9184 LEIEE
HpALE D Pa| )22 Pe3)x2
mnit-cell
parametess
a be () T4 RS, FISES GG T3, BT, TR
a, f, y{deg) SOL0, S0, 1300 SOL0, SO0, 1200
aspmmetsc onit e dime of 14—3—3F  one dimer of 14—3—3y with
Cmtents with hoond hoand p
phosphopentde and and one of 180
ane maoleoade of FC-A MeFCH
r-eal;im range  4LEI-300 (LI18-300)  4R99-308 (AL26-308)
mx T24E5 (3562) TOR04 [ 3285)
data mmlsplcty 2183 (21.01) 21.72 (X1id)
comp beeness TR TY] 999 (997)
(3]
(LFerlI)y 1891 {1.01) 1153 [0s9)
B 16.5% [304.8%) TR ($97.0%)
R Qx99 (03913) Q2419 (04011)
Ry 02920 {0L4308) 03815 (0.4372)
no. of proten E2E ] 3834
o)
no. of Hwnnd 48 EL]
g
0. af weiers a a
B facwn
lﬁ? [
[protein 10553 11384
ligand 12157 11559
HMEY deviations from ideal valoes
bond lenghs (A) 0003 il
bond angles as9 a3s
[deg)
R hn dran 811 913
Gvared (%)
R han dran EE] [y
allowad (%)
Rarnachandran a a
omiliers (%)

“Valies in parentheses are for the highest resolution shell
P R__,= X IN()ANCGRE) — 117 % T, (R — (I(hkd))L
! Eia X, Lkl

where I(hkl) is the intensity of reflection hkl,
{T{hkf)) =H[;Hz_lll[hk|},and Mhk} is the multiplicity. “The fre=
R\ﬂu[h]mu]mh&dndngﬁﬁofﬂﬂmﬂnﬁﬁm,w]ﬁdim
mmdﬁmﬂwr:ﬁ:mtdm:m-m-sm

for the shift in the whaole pSI00pep by ~ 1.3 A within the 14—
3=3 binding groove in relation to the podtion of the peptide in
the binary 14=3=3:pepSI00 complex structure™ (Figure 4)
and for the neglighble potency of FC-A in stabilizing pepS100
binding to 14-3—3¢

The binding position of 16-0-Me-FC-H & similar to that of
FC-A, inchuding the hydrogen bonds with the same 14=3=3y
residues (Figure 3D—F). However, 16-0-MeFC-H lacks the
bydrowyl group at ring C, which affects the pepS100
conformation differently, and the central part of its maolecule,
combting of digs A—C, adopls a more closed confomation
In the presence of 16-0-Me-FC-H, the pepS100 is less shifted
than in the complex with FC-A (by ~0.6 A), and its C-temninal
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Figure 3. Structral arolyss of ternary oxmplexss betwesn 14—3—3y, the pepS100 peptids, and FCA/16-0-Me-FC-HL (A) FC-A (shown as
sticks) bound within the binding groove of 14—3—37. The 14—3—37 and the peps 100 peptide are shown in dark cyan and yellow, respectively. The
final 2F;;—F,. electron density map is contoured at 0.7a. (B) Detailed view of contacts between 14—3—3(, the pepS100 peptide, and FC-A. The
CaMEE2 residuss are bbeled in orange, and the 14—3—3¢ regidues are bbeled in black Polar contacts are indicated by Back dotted bnes. (C)
Deetailed view of the FC-A binding site on the inerhor of the 14-3—3 ligand binding groove (dark oran swface] and the peps 100 peptide (yellow
sticks). FC-A is shown as Polar contacts are indicated by black dotted lines. The hydroxy] group at the ring C of FC-A, which establishes a
sberic contact with the side chain of CaMEE 2 residue Ghe'™, is indicated by 2 black armow. () 16-0:-Me.FC-H (shown as sticks ) bound within the
bm'l‘.ln'kg' i gm!od”l‘—,}—,]-.T]’El‘—}— and the 5100 ide are shown in l:rl‘.lmm'kF, T . The fnal 2F,—F,; electron
density mup i contoured ad:;r 0.7a. (E) Dﬁ‘klﬂﬂ‘l view of contacts ld—J—JQZFﬂ:mp-epg\lm peptids, and ldz-l:l'-hl:-FL'-H "IE]E‘L;MKKE
residuss are labeled in orange, and the 14—3—3( residues are hbeled in black. Polar contacts are indicated by black dotted lines. (F) Detaled view
of the 16-0-Me-FC-H hinding sit= on the interface of the 14—3—3 gand binding groove (green surface) and the pep5100 peptide (ornge sficks ).

16-00-Me-FC-H s shown as spheres. Polar contacts are indicated by black dotted lines.

Figure 4. Comparison of the 14—3—3p:pepl 00, 14—3—
,]-r:p-:pﬁl[l]:H_'-.ﬁ, and M—J—Jr:p-:pﬁl[l]:lﬂ-ﬂ-]‘lle-ﬂ_'-ﬂ OO
plexes. The pepl0d fom the binary compler (PDB ID $EWW™) &
shown as green sficks. The pepl0d md FC-A from the temary
are shown as yellow sticks, and the pepldd and 16-O-Me-
E-Hﬁmﬂutawrm‘np]ums}bmnu vinlet sticks.

part is doser to the a-helix HY of 14—3-3y, thus enabling the
formation of additional polar contacts between the side chain
of the pepS 100 residue Gla'™ and side chalns of the 14-3—3
residues Ser®® and Lys™. This is lkely the reason for the
considerably higher potency of 16-0-Me-FC-H in stabilizing
interactions between pepS100 and 14=3=3y. FC-H has a
lower stabilization potency than 16-0-Me-FC-H most lkely
because the former lacks the termiral O-methy growp (Figure
2A), which, as mentioned above, helps to anchor the molecule
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in the binding pocket through varlous van der Waabs contacts
(Figure 3CF).

Taken together, the comparison between the l4=3=
Yyr:pepS100:FC-A and  14=3=3y:pepS100:16- O-Me-FC-H
structures sugpests that the stedc contacts between the C-
terminal part of the CaMEE2 pSer™ 14—3-3 binding motif
(residue Glu"™) and the hydrouyl group (or the additional
fve-membered tetraliydrofurn ring) at dng C explain why
FC-A, FC], and FC-THF show weaker stabilization potencies
than FC-H and 16-0-Me-FC-H.

Stabilzation of the Interaction between Full-Length
Phosphorylated CaMEK2 and 14-3-3y by Fusicoc-
canes. Subsequently, the ability of fusicoccanes to stabilize the
complex between 14=3—3r and fulllength phosphordated
hman CaMEE2 was iﬁ'ﬂést?tﬂi. To this end, the previcusdy
meported CaMER2 T'¥A/S™A/D™A construct encompass-
ing residues 93=517 and containing both 14—3—3 binding
motifs (Ser™ and Ser™'), the kimse domain, and the Ca™/
CaM binding segment was Pug:ned.‘“ Recombinantly ex-
pressed CaMERL,  T*A/D" /5% | hereafter referred
to a8 CaMEE2) was phosphorylated in vitro by PEA, and the
extent of the phosphordation reaction was determined by
HPLC-MS amalysis, which confirmed the stoichiometdc
phosphorylation of both Ser'™ and Ser™ ! (Figure 51).

The stability of the complex between the doubly
phosphorylited dpCaMEEL and 14—3—3r in the absence
and presence of selected fusicoccanes was investigated by
sedimentation velocity analytical ulracentdfugation (SV-
AUC), analyzing mivtures contaning 3 constant concentration
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Figure 5. Sedimentation velocity analytical uhmcentrifugation analysis of the dpCaMEER2:14—3—3 mmplex in the pressnce of selected
fasicoccanes (A) 14—3—3r and doCaMICKY in the pressnce of 5% DMSO. (B) 14—3—3 and dpCaME K2 in the presence of 500 M FC-A_ (C)
14—3—3y and dpCaMEK2 in the presence of 500 pM 16-0-Me-FC-H sotherms of weight-averaged sedimentafion coeficients s, were derived
fom SV-AUC malysis of mizmres of 12 M 14-3—37 with 0.06—6 uM dpCaMEK2 The sedimentation coefficient distibutions o(x) mderlying

ﬂus.-dahp-nmh mshnmmﬂur.ig]u_

of 14=3=3 (12 pM) and variows concentrations of
dp CaMBF2 (006—6 pM). Both direct modeling of SV-AUC
data wsing the Lamm equation and amalysis of the isotherm of
weight-averaged sedimentation coefficient s values (s
tsotherm) as a function of dpCaMER2 concentration in the
absence of husicoccanes revealed an apparent Ky of 130 4+ 20
oM when wing a binding model assuming a reversible
interaction between the 14-=3—3F dimer and one molecule
of dpCaMEE2 (left panel in Figure 5A). Nomalized
continuous sedimentation coeffident ditributions o3} of
dp CaM EE2: 14=3=3y mixtures at various maolar mtios under-
lying the & data points are shown in the right panel of Figure
5A. Then, similar SV-AUC ttrations were pedformed in the
presence of 500 M FC-A and 16-0-Me-FC-H. The mesulting
4, tsotherms and ¢(s) distibutions are shown in Figure SB,C.
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Direct modeling of SV-AUC data and s isotherms revealed
that 16-0-Me-FC-H increased the binding affinity by a factor
of ~4 to a Kp valoe of 35 + 5 oM (Figure 5C), whereas the
presence of FC-A decreased the stability of the
dpCaMER2: 14—3-3 complex to a K, of 190 + 20 oM
(Figure 3B

We and others have shown that 14—3—3 binding to
phosphorylated CaMEE2 does not directly alter its kinase
activity but slows down its dephosphorylation. ™" Therfore,
stabilization of the dpCaMEEL:14=3=3y complex by 16-0-
Me-FC-H was also sssessed by comparing the time-dependent
dephosphorylation of complexed PEA-phosphorylated
CaMEE2 by type 1 protein phosplatase (PPL) in the absence
and presence of the compound (Figure 6). Dephosphorylation
of CaMEE2 was ssessed by downward shift analysis on a
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Figure 6. 16-0-Me-FC-H slows down the dephosphorylition of PEA-

the time.d d

phos-tg SDSPAGE gek ch

— i — — - ——

[
I+ 3 + 1M o H

phosphorylated pCaMEK? in complex with 14—3—3. (A) Representative
jon of pCaMEE2 by type 1 protein phosphatase (PP1) in the abcence of

14—3—3}',inﬂu]n'umnfH—E—Jr,ubdinéﬁpuﬂmnd"ll—,]—,]rubdsmm 16-(0-Me-FC-H. The knase-dead mutant D7NA of CaMBEK2,

with all four stes

by PEA, was wed to avaid autophosphorylation. Horizontal lines denote CaMEK2 phospho-variants which were
quntified (High P, CaMEK?2 contzining more than three phosphoresdues; Low P, CaMEK?2 contiining ane or two
phorylated CaMEKZ2). The first and the last hnes of sach gel contain

phosphoresidues; Mot P,
phosphorylated and not phosphorylated CaMER2, respectively, as

contras (B) Reltive sbundances of CaMEK2 phospho-variants after 10-m-, 1-h-, and 24-hdong dephosphorylation of pCaMEEK2 by PP1 based
on phos-tg SD&PAGE gels Remlts are sxpressed as mean + SEM, n= 3; *p < O.L; **p < 005; ns., not sgnificant.

phos-tag SDS-PAGE gel* As noted, phosphorylated
CaMEE2 s dephosphordated considembly more slowly
when bound to 14=3—3 than the free ercyme, and
dephosphorylation & even slower in the presence of 16-0-
Me-FC-H, as indicated by the higher abundance of CaMEE2
containing more than thee phosphoresidues (Figure 6B, left
panel) and by the lower abundance of dephosphoryated
CaMEE2 (Figure 6B, dght panel).

Moreover, to verify that the enhanced stability of the
CaMEE2L: 14—3—3 complex does not alter the enzymatic
activity of phosphorylated CaMEE2, we also performed kinase
activity measurements (Figure 521). These experiments
confirmed that the kimse sctivity of CaMEE2 WT (residues
93=517) is substantially inldbited by the PEA-mediated
phosphorylation and that the 14=3=3y binding does not
further affect the already suppressed activity of phosphoryated
CaMEE2 WT. In addition, the presence of 16-0-MeFC-H
had no significant effect on the enzymatic activity of
complexed CaMEEL WT.

Thus, these data corroborated the resulis from FP
measurements with FAM-labeled phosphopeptides and
showed that 16-0-Me-FC-H gtabilizes the interaction between
the phosphordated full-length CaMEEL and 14=3<3p
whereas FC-A decreases the stability of the this complex

B DISCUSSION

Protein—protein interactions (PPl) are difficult to target by
small molecule compounds, wually due to thelr featureless
character and absence of well-defined binding podkets 4>+
Nevertheless, vanows potent smxall-molecule inlibitors of PPLs
have been recently reported, for example, compounds targeting
BelxyBak interactions from Abott Laboratores or pSl:mDMM2
interactions from Johnson & Johmson Pharmaceuticals and
Hoffmann-La Roche Vadous wellknown natural products,
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such a forskolin and rapamycn, are potent stabilizes of
PPIs.*™** Another example of a PPI stabilizer is tabimidis a
compound blockng tamsthyretin misiolding and aggregation
by stabilizing its quaternary structure, which has been recently
approved for the treatment of neurodegenemtive diseases such
& transthyretin amyloidosts®” 14-3-=3 protedns bind to and
regulate hundreds of other proteins, induding those participat-
ing in vadous dseserelevant sigraling pathways, such as
protein Meases B-Raf, C-Raf ASKI, CaMEEKs, and LERED;
transeription facors FOXOs YAP, and ofun; proteins
involved in neurodegenerative diseases a-synudein, S-catenin,
and tay; and apoptoss regulators BAD and Bax For these
reasons, 14—3—3 PPL are a very attmctive target for
modulation by sl molecule compounds ™

Previous studies have shown that Cab ERs have two 14=3=
3 binding motifs located at the N- and C-termini bordering the
kinase domain ™™ Hewever, the exact role of 14—3-3
binding in the regulation of CaMEEs is sl not fully
undestood 14=3=3 binding to CaMERI] directly inhibits
CaMEE activity and blocks de%msphorgr]:ﬂm ofan nhibitory
phosphorylation ste The'™ "™ More recent studies focused
on Cab KE2 lave shown that, amilady to CaMERL, 14—3-3
binding slows dewn dephosphordation of inhibitory PEA
phosphorylation sites, albeit without inhibiting the kinase
activity. ™" Mevertheless, in both cases, 14—3—3 binding
malntain CabEFs in the PEA-mediated iohibited state

CaMEE-mediasted Ca™ sigmaling play a key role in
metabolic processes, inflammation, and cancer cell growth
Accordingly, CaMEEKs are corsidered promising therapeutic
targets for varows diseases® ™% Vet despite considerable
efforts, no selective CaMBEE inhibitor has been developed so
far. Therefore, the stabiliation of PPIs between CabER and
14=3-3 by anall molecule compounds may be a plansible
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altermative and/or complementary strategy for inhibiting
CaMER activity.

The C-temimal 14-3-3 binding motl of CaMEE2
(RSLpS™ AP) dosely conforms to a canonical “mode 7 14—
3-3 binding site (BXX(pS/pT)XP, whereln pS/pT is
phosphoserine or phosphothreomine and X is any residue ™),
bust the N-termina motlf (RELpS'LOE) has 2 Gln and not a
Pro resldue at the podtion +2 relitive to the phosphordated
residue and thus does not match any canonical 14—=3-=3
binding motif. The role of proline at the +2 position & to
introduce a kink in the peptide chain, which mmﬂn:e:ﬂy
leaves the ligand binding groove of the 14 =33 protein.” The
recently reported crystal structure of the N-termdmal CaMEE2
pSer'™ 14—3—3-binding motif bound to 14—3-3L revealed
that the interaction between the side-chain of the Gln residue
at +2 and the 1:1-.'3-&::“:':I residue forces the direction of the peptide
chain to change, thus mimicking the role of the Pro residue.™
As a mesult, part of the 14=3=3 ligand binding groove, ako
known a the “hsicoccin-binding site,” remains empty, thus
resembling complexes with C-eminal mode 0TI 14-3-3
binding maotifs (X(pS/ TIX, ,COOH)L

This cavity is targeted by the diterpene gycoside toxin
fusicocdn A (FC-A) produced by the phytopathogenic fungus
Phomopsis amygdali™ The molecular target of this compound
& the complex between the plasma membrane H™-ATPase and
14=3=3, whose stabilization by FC-A induces a quick
acidification of the plant cell wall, opening of the gas-exduange
pores gftarmta} on the leaf surface, and consequent plant
wilt ™™ This discovery prompted intengve research on the
use of hgdcoccanes x stabilizers of 1 4=3=3 PPl showing that
FC-A and other naturally occurnng or synthetic fusicoccanes
can stabllize variows 14—3=3 complexes, mostly those whose
binding partners have the C-temminal mode [0 14=3=3
recognition motif, which leaves the fsicocdn-binding site
WO uPied-'i'ql— v

Previous stroctural studies hove revealed that FC-A and
other fusicoccames containing additioml groups at Ang C (eg,
FC-THF, FC-], and cotylanin A) can only stabilize 14—3<3
complexes with mode III binding motifs due to steric
hindrnce between the C-termdnal part of mode | and mode
I motifs, wsually Pro at the <2 position, and groups decomting
the Ang C.* In turn, 2 bw 14=3=3 complexes with mode |
and maode 1T binding motifs (eg., the 14—3—3 binding motif of
C-Raf kinase) are also stabilized by fudcoccanes withowt
addittonal groups at deg C (eg, cotylenol and ISIR-0D5)MH
In this study, we have shown that selected fudcoccanes can
effidently stabilize the complex between phosphorylated
CaMEE2 and 14=3-3r As mentoned abowe, 14-3-3
proteins mecognize two conserved phosphorylated motifs
bordering the kinase domain of CaMEF:s (Figure 1) with
the N-termimal motf functioning as the pamary 14—3-3
binding site Y We have previcudy demonstrated that
CaMEED with only the MN-terminal motif with Pﬁe:*m Tinds to
14=3=3y with a Kj, of | & 05 phL™ The optimized protocol
for CaMEE2 phosphorylation by PEA wed in this study
enabled us to prepare CaMER2 stolddometrically phosphory
Lited at both 14—3—3 binding motifs (Figure 51). SV-AUC
analysis revealed that CaMEE2 containing both motifs
interacts with 14=3=3y with a congderably higher hinding
affinity (K = 130 + 20 nM; Figures 5A), thus confirming that
the C-termdral mobif also contdbutes to the overall stabdity of
the CaMEE2:14—3-3y complex In addition, our FP binding
expenments with synthetic phosphopeptides representing both
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binding motifs revealed that fusicoccanes, espedally 16-0-Me-
FC-H, can stabilize only the binding of the N-terminal motif
contalning pSer'™ (Flgure 2B,C and Table 1), thus
comoborting a previowsly published structural amalyes of
both motifs bound to 14=3=3"" The crystal structures of
temary complexes with FC-A and 16-0-Me-FC-H provided
the structural basis for these stabilization potencies (Table 2
and Figure 3k Although FC-A binds to the 14—3—3:pepS100
complex simiarly to 16-0-Me-FC-H, the steric conflict with
the gde cuain of Glu'™ from the C-terminal part of pepS100
shifts the whole peptide by 13 A within the binding groove
(Figure 4) and is likely responsible for the imability of FC-A to
stabilize pepS100 binding to 14-3—3, in contrst to 16-0-
Me-FC-H, which increased the apparent binding affinity of
pepSI00 toward 14=3—3y by a Boor of 51 (Table 1)
Converdy, neither FC-A nor 16-0-Me-FC-H were able to
enhance the binding of the second Pﬁer‘“ motf to 14=3=13F
(Figure 2D} In fact, FC-A even destabilized this interaction,
most likely due to the absence of the fusicoccin-binding crvity
because this part of the 14=3=3 ligand binding groove is fully
occupied by the C-temnimal portion of the pSer" mouf™
Therefore, the destablization observed in FC-A may be cansed
by the competition between FC-A and the pSer'" motif for the
same binding site. As such, the CaMEE2: 14=3=3 complex is
vet another example which shows that identifying stroctural
difierences between 14 and 3—3 binding motifs within one
binding partner may help w design and optimize small
maolecule PPl stabilimers specific for a selected contact site
within the 14=3=3 complex toward achiewing “intramalecular
target specificity,” a5 previously reported for the stabization of
14—3-3 complexes with Gab2 and C-Raf ®*

Last, the stabilization potendes of 16-0-Me-FC-H and FC-A
were tested on the complex between fulllength phosphory-
lated CaMEE2 anmd 14=3=3p SV-AUC messurements
revealed an approximately 4-lfold increase in the K walue of
the dpCaMER2: 1433y complex in the presence of 16-0-
Me-FC-H (Figure 5C). Conversely, in the presence of FC-A,
the stabdity of the dpCaMER2:14=3=3y complex decreased
(from Kpof 1304 20 oM to 190+ 20 nM), most lkely due to
the destabilization of the C-temminal motd binding as
indicated by FP measmrements with the pepS511 peptide
(Figure 2D In addition, the presence of 16-0-Me-FC-H ako
enlanced the 14=3=3-mediated protection against CaMEE2
dephosphorylation by PP1 (Figure 6), thus confirming the
results from owr SV-AUC analysls.

In conclusion, our findings show that the interaction
betwean phosphorylted CaMEE2 amd 14=3=3y can be
stabilized by fusicoccanes, diterpene glycosides that share a 5—
E=5 ring structure, by flling a gap in the interface of the 14—
3-3 ligand binding groove with the N-termiml 14-3-3
binding motif of CaMEE2. The steric contacts between the
groups decorting the ring C of fusicoccane molecules and the
Crterminal part of the 14=3=3 binding motif detenmine the
stabilzation potency of these compounds The increased
stability of the CaMEE2:14—3—3F complex enhances the
ability of 14=3=3y to slow down the dephosphorylation of
CaMEE2, which remaing in the PEA-mediated inhibited state.
Thuss, owr data provide a mechanistic mationale for the future
development of more potent and spedfic stabilizers of this key
protein—proteln interaction and wtimately may be used a5 an
altemative and/or complementary strategy for inhibiting
CaMEE activity.
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B MATERIALS AND METHODS

Expression and Purfication of 14—3-3 Proteins. Human
14—3—3y (residues 1-235 hodng the C-terminal llmﬂdnu-]mg
fleible tail) was expresed and purified as previously described”
Purified 14—3—3r in a buffer containing 20 mM Tris-HC] (pH 7.5),
150 mM KaCl 1 mM TCEP, and 10% (w/v) ghcerol wes
mmtmudtn;:ﬁnﬂmmmﬁnmnf:ﬂmgﬂ",:ﬁmin
bquid mitrogen, and stored in aliquets 3t —80 °C (19315 K).

Expression, Purfication, and Phosphorylation of CalM K2,
Human CaMEE2 (residues 93—517) was expressed and purified as
Pu'm':inlu.-ﬂy-hsn:l:-ad_“ Briefly, the CaMEEZ was ed as N-
terminal His, GELtigged fusion protsin in E ol BL21 (DE3) in
antaindoction media for 5 h at 37 *C and then 16 h at 20 . This
two-step purification procedure incuded affmity chromatgraphy,
His-tag cleavage by TEV protease, and sim-exclmion chromatog-
raphy (Hiload Superdex 75 GE Healthcare) in buffer containing 50
mM Tris-HC] (pH 8), 500 mM Na(l, 5 mM DTT, and 10% {w/v)
ghvoerol Porified CaMEB2 DFA (contsins four PEA sites] and
CaMEE2 T*A/5"A/D™A (contzins two PEA sites] were
phosphoryluted in the of 075 mM ATF and 20 mM
Mg(l, by incvhation with 2000 and 2700 units of PEA (Promsga),
s . per milli of protein. After phosphorylation, ATP and
P[ﬁw.l?ﬁ ‘ﬁ:‘“ -exchision &Jmhg:’iﬂl}:m'l}}m results
from the reaction were asemed by HPLC-MS.

Enzyme Activity Measurements. The kinase activity of
CaMEE? was measwred 2s described previousy™ Briefly, 200 nM
CaMEE2 (WT, residues '9‘3—.51'.'-"] 'm.-i incubatrd in the presence o
absence of 1 mM P-epd:d.: COTtainin m.'m:-mﬂng the
phosphorylation site of AMPE (G" EFLRT%U.n\F"”] at 30 *C for
60 min, in a reaction solution (25 pL) containing 50 mM HEPES
(pH 7.5), 150 mM Nal, 1 mM DTT, 10 mM Mg(l, 5 uM
cabmodulin 1 mM CaCl, 400 gM ATP, 10% ghycerol, 2 uM 14—3—
3y (where needed), 5% DMSO (mmplss without fusicoocanes |, and
0.5 mM FC-A or 16-(0Me-FC-H [where needed). ATP consumption
was determined using 2 Kinose-(lo Max huminescent Kinase asay kit
[P:m'ueg:._, LI5A ) Li-huntpp-: lminescence was recorded after 30 min
on 2 luminescence reader (TECAN, Switzerlind) wing 2 fht white
Stewell plate.

Fluorescence Polarization Binding Assay. Fluorescence palar
fation mezsurements were performed wing 3 CLARIOstar micro-
plate reader (BM(: Labtech, (ermany) on 384-well black bow-volume
fathottom plites (Corning, USA) with 100 oM FAM-pepS100
peptide, sequence EAM-GSLSARKL-pS'™ LOER [Pepscan Presto
BV, The Netherlands ), in buffer containing 10 mM HEPES (pH 7.4),
150 mM NaCl 0.1% [vw'v]) Tween 30, and 0.1% [w/v) BSA
Excitation and emission wavelngths were 482 and 530 nm,
respectively. In hinding affmity (K;) measurements, the 14—3—3
protein at a concentration of 160 uM, followed by binary dilution
series, was incubated for 1 howith 100 nM F.H.M-F]:ﬁlmm.d 500 uh
mu'n?uuul befor= the flunr=scence P-n].'mza.tm measurement. To
determine the ECy values, 2 solution containing 100 nM FAM-
PepS100 and 20 uM 14—3—3 was titnted with the Tespective

The measur=d P-n].'mza.nm'l. values were nommalized using
160-Mz-FC-H a5 2 positve control To determine K, and EC,
values, the resulting curves were fitted to one-site-hinding and dose—
response modeks, respectively, wing OriginPro 2018b (Originlab
Comp. MA, USA).

Crystallization, Data Collection, and Structure Detemina-
tion. The 14—3—3y Fn-tei:rl. and the P-EPSIEK} P-q:d:d.: [sac[u:ru:\e
RELpSLOER) were mixed in 2 1:2 mokr swichiometry in badfer
contining 20 mM HEPES (pH 7), 2 mM MgCl, and 1 mM TCEP.
Crystallization was performed using the hanging-drop vapor-diffusion
method at 291 K, and the 14—3—37:pep5100 binary complex carystals
were grown from drops consisting of 2 '.d'.,cflﬁ-mgmf:lpmdrin and
4 L. of 100 mM HEPES (pE 7.5), 200 mM Mg(l, 32% (w/v)
PEGM, and 1% (v/'v] heafuoro-promnol Crstaks of temary
mu'nplmﬂ wen= Fq:n:adlrym.\:ing with 0.5 mM FC-A or 160k Me-
FC-H for 3 h at 291 K Soaked cystaks were flash fromen in hquid
nitrogen. Data were collected in oscillation mode at beamline 14.2 of
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the BESSY synchrotron (Bedin, Germany). Diffraction :]ft;l.
processing was performed using the XIS and XDSAFF.

Lqm]sgmu mwmgnpﬁmuﬁmhmdlﬁ-{?hhﬁ_
H were solved by maemular rephosment in MOLREF,™ using the
structure of 14—3—3y (PDB I 2805 ) a5 a search model, and refined
at a resolution of 3.0 and 308 A, respectively, using the PHENIX
package*® All structural figures were prepared with PyMOL (https:

V2]

Analytical Ultracentrifugation. Sedimentation welocity [5V)
experiments were performed wing 2 ProteomlabTM X1-1 Backman
Coulter anahytical ultacentrifuge, as previously described ™ Samples
were dialyzed against a buffer containin, WmMT:'x-HL],atPHT_S,
150 mM MaCl and 1 mM TCEP e AL messwements 5V
cl:]:-ﬂ'm:mt of the 14—-3—3 and ]:LJ.MB.'K.Z wers conducted at
loading concentrations of 1.2 M and 0.06—6 ub, respectively, in
charcoal-filled Epon cenberpieces witha 12 mm optical path length at
30 °C, and at 2 42 000 rev/' min rotor speed (An-50 Ti rotor, Beckman
Coulter). Compounds were dissolved in DMS0, the final
concentration of DMSO in all samples was 3% (vw/'v). The
concentration of FC-A or 1&(hMeFO-H was 500 it . All
sedimentation profiles were collscted with absorbance optics at 280
nm The calubted distributions were integrated @0 establish the
weight-average sedimentation costhcients corrected to 20 *C and the
density of water, 50 - The 5, values were plotied as 2 function of
CaMEE2 concentration to construct s, isotherms The reslting
isotherms were fitted with an A + B = AB model, 25 implementsd in
the SEDPHAT software package with previously nown s, values of
each component. The parameters were verified, and the loading
concentrations were cornected using global Lamm-squation modeling,
abo implemented in the SEDPHAT softure

CaMKK2 Dephosphordation Assay. Phos
[residues 93—517) D"™A (kinase dead mmtant
hmd:n&.:]nuemuulabmmd'll ﬁbypu'mlﬂ'mq)hm
1 [PPl, catlytic submit @-isofomm :me rabbit) as previcusy
described ™ Briefly, dephosphordation by PPl (Mew England
Biokbs, USA) with a specific activity of 80000 units/mg) was
perfirmed at 30 “C in buffer conmining 50 mM HEPES (pH 7.5),
100 mM Maid, 2 mM DTT, 1 mM MnCl, and Q01% NFP-40. The
reaction mivture contined 8 pM pCaME KD 94, 16 pM 14—3—3y
{where nesded), 500 M 160-Mz-FCH (where nesded), and PP
in an optimized mokar rtio of 1:1150 (enzyme mbstrate). Reactions
mstﬂypﬂdaﬁhrmmﬂh&mmﬂ (0—24 h) bra.d.d.mg 10
mM fghcemiphosphate (Sigma-Aldrich, USA), mixing with 5D&
mdnu:ing ﬂ:npk butfer, m.d.l:-nnﬂ:ing:in’ 5 min S.u'np]-e amalysis was

ed using 12% Phostig SDSPAGE with 75 uM Phastag
(FUIFILM Wako Pure Chemical Corp, Japan). The gels were
v:[mti:ﬁﬂd u.-:i:rl.gﬂ'l.: Image Lab Software for PC, version 6.1 (Biorad,

lated CaMBKE
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fzation of CaMEE2 phosphordation at Ser'™ and See!
by FT-ICR. mass spectrometry, enzyme activity measure-
ments of CaMER2 in the presence of 14=3=3y and
selected fudcoccanes, and stablization of interctions
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complexes were deposted in the Protein Data Bank under
accession codes 6Y4K and 6Y6B, respectively.
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Figure S1, Detection of CaMEK2 Ser'™ and Ser™ phosphorylated peptides by FT-ICR mass
spectrometry

(Al Extract ion chromatogram (EIC) of phosphorylated
GAMGSHLSGRELpS™LOQERSQGGLAAGGSL peptide shown in pgreen, as observed ot m'z
9337979 (3+). The red line represents the EIC of the nen-phosphorvlated form of the same peptide

observed at m/z 9091433 (3+), The insct shows the zoomed-in, hgh-resolution M3 spectrum of the
phosphorylated  peptide. (B} Extracel  ion chromatograms ol the

phosphory lated
VETMIEERAFGNPFEGSEREERSLpS™APGNLL peptide are shown in green, as observed at m/z
T20.177 (5+), and of the non=phosphorvlated form, as ohserved at miz TO4.1838 (5+), are shown in
red. The inset shows the zoomed=in, high-resolution MS spectra of phosphorylated and non-

phoesphorvlated peptides. The phosphorvlation sites in both peptides were determined based on the
collision=induced dissociation spectra.
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Figure 51, Enzyme activity of CaMKK2 in the presence of 14-3-3y and selecied fusicoccanes

The enzyme activity of CaMKEK2 (WT, residues 93-517) was measured using the ADP-Glo™
{Promega, Madizon, W1, USA) assay with a synthetic peplide containing the sequence around the
phosphorylation site of AMPE (GEFLRTSCGSP™) as a substrate. The activities were nommalized 1o
the non-phesphorylaied eneyvme activily in the absence of [4=3=3vAC (the specilic activily of nof=P
CaMEE2 WT was 82 + £ nmol.min™.mg™"). Results are expressed as mean = 5.0, n =3,
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Fipure 53, Stabhilization of interactions between 14-3-3C and the N-terminal 14-3-3-hinding motif
of CaMKK?2 by fusicoccanes

Fluorescence polarization (FP) measurements of the FAMalabeled pepS100 peptide (100 n?M) and 14«
330 (200 puhd) titrated using the fusicoccanes tested in this study. All data points are the means + S0 of

three experiments. To calculate EC, values reflecting the stabilization potency of the study
fugicoccanes, the FP data were fitted to a fourparameter dose-response model,
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