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Abstract

Post-translational modifications through ubiquitination play a crucial role in the regulation of
membrane proteins. Nedd4-2, a human HECT E3 ubiquitin ligase is the last component of the
ubiquitination cascade that transfers the ubiquitin molecules and triggers the endocytosis of its
downstream target molecules. Dysregulation of Nedd4-2 can cause various disorders, including
epilepsy, respiratory distress, and Liddle syndrome. Despite the involvement of different
adaptor proteins in the regulation of Nedd4-2, our focus in this research was on the conserved
14-3-3 proteins, well-known negative regulators of Nedd4-2. In this study, we performed
biophysical characterization of Nedd4-2'"°8! and Nedd4-2!86-73 constructs while in complex
with 14-3-3 to get further insight into the dynamics of this interaction. Our results from time-
resolved fluorescence spectroscopy revealed that 14-3-3 binding impacts the emission
properties and mobility of specific WW domains (WW3 and WW4) of Nedd4-2, while sparing
others (WW1). Intriguingly, the catalytic HECT domain undergoes conformational changes and
increased solvent exposure upon complex formation. We propose that steric hindrance of WW3
and WW4 domains, combined conformational alterations in the catalytic HECT domain, may
underlie the regulatory mechanism mediated by 14-3-3 binding. Chemical cross-linking
coupled with mass spectrometry and limited proteolysis experiments further elucidate extensive
structural changes in Nedd4-2 domains in the presence of 14-3-3 proteins, highlighting the
protective role of 14-3-3 against proteolytic degradation. Overall, our comprehensive findings
shed light on the intricate molecular mechanisms governing the 14-3-3 binding-mediated
regulation of Nedd4-2, offering valuable insights into the better understanding of ubiquitin-
mediated regulation of membrane protein functions and its possible role in various pathological

conditions.



Abstrakt

Posttranslacni modifikace prostiednictvim ubikvitinace hraji kli¢ovou roli v regulaci
membranovych proteinti. Nedd4-2, lidska HECT E3 ubikvitin ligaza, je posledni komponentou
ubikvitina¢ni kaskady, ktera pienasi molekuly ubikvitinu a spousti endocytézu svych
naslednych cilovych molekul. Dysregulace Nedd4-2 muiize zptisobovat riizné poruchy, véetné
epilepsie, respiracni tzkosti a Liddleova syndromu. Pfestoze se na regulaci Nedd4-2 podileji
rizné adaptorové proteiny, v tomto vyzkumu jsme se zaméfili na konzervované proteiny 14-3-
3, znamé negativni regulatory Nedd4-2. V této studii jsme provedli biofyzikalni charakterizaci
konstruktii Nedd4-2!0-58" a3 Nedd4-2!8¢7> v komplexu s 14-3-3, abychom ziskali dal§i ndhled
do dynamiky této interakce. Nase vysledky casové rozlisSené fluorescencni spektroskopie
odhalily, Ze vazba 14-3-3 ovliviiuje emisni vlastnosti a pohyblivost specifickych WW domén
(WW3 a WW4) Nedd4-2, zatimco ostatni (WW1) Setfi. Zajimavé je, ze katalyticka doména
HECT prochéazi pti tvorbé komplexu konformacnimi zménami a zvySenou exponovanosti
rozpoustédlu. Predpokladame, ze stericka inhibice domén WW3 a WW4 v kombinaci s
konformacénimi zménami v katalytické doméné muiize byt zdkladem regula¢niho mechanismu
zprostiedkovaného vazbou proteinem 14-3-3. Chemické zesiténi spolu s hmotnostni
spektrometrii a experimenty s limitovanou proteolyzou déle objasiiuji rozsahlé strukturni
zmény v doménach Nedd4-2 v pritomnosti proteinti 14-3-3, coz podtrhuje ochrannou roli 14-
3-3 proti proteolytické degradaci. Nase komplexni zjisténi tedy celkové vrhaji svétlo na slozité
molekularni mechanismy fidici regulaci Nedd4-2 zprostfedkovanou vazbou 14-3-3 a nabizeji
cenné poznatky pro lepsi pochopeni regulace funkci membranovych proteinli zprostiedkované

ubikvitinem a jeji mozné tlohy u riznych patologickych stavii.
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1. Introduction
The presented research was carried out as a part of my PhD studies and was mostly conducted
in the Laboratory of Structural Biology of Signaling Proteins of the Institute of Physiology,
CAS (the detached workplace BIOCEV) under the supervision of RNDr. Veronika Obsilova,
Ph.D. The laboratory has extensive experience in the study of interaction, regulation and
function of signalling proteins, e.g. 14-3-3, Nedd4-2, etc. The present work focuses on the
structural characterization of Nedd4-2 and its known partner 14-3-3 protein, thereby providing

a mechanistic explanation of their function and regulation.

This dissertation aims to study the structural protein-protein interactions of human E3 ubiquitin
ligase Nedd4-2 and 14-3-3 proteins. Nedd4-2 belongs to the family of Nedd4 HECT E3
ubiquitin ligases and is responsible for ubiquitylating its substrates (most of them membrane-
related, in the form of ion channels or transporters). Because of an array of targets, the
dysfunctionality of this ubiquitin ligase leads to the development of many pathological
disorders. The role of Nedd4-2 in controlling/regulating the Na” homeostasis by ubiquitylating
the epithelial sodium channel (ENaC), and the development of Liddle syndrome in case of its
impairment is well known. Moreover, previous studies have shown that the 14-3-3 dimer
negatively regulates Nedd4-2 activity by binding to its phosphorylated serine residues,
preventing it from interacting with its targets. However, the molecular mechanism behind this

regulation remains largely elusive and is the subject of scientific scrutiny.

The understanding of Nedd4-2 interactions and its regulation within the ubiquitination system
could serve as a basis for the development of novel therapeutic approaches. Our recent work
has highlighted structural insights into the 14-3-3-dependent regulation of Nedd4-2, most likely
by direct interaction and consequential conformational changes of this enzyme. Therefore, the
objective of our work is to structurally characterize this interaction by using structural biology
and biophysical techniques including fluorescence spectroscopy, protein crystallography, and

structural mass spectrometry.
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2. Theoretical Background

2.1 Post translational modifications

Proteins represent the most versatile building blocks available to living organisms and perform
the reactions that allow the cell to carry out its function. Protein abundance is mainly regulated
by gene transcription to mRNA and translation on ribosomes into proteins. Once the mRNA is
translated into a protein, the cell utilizes posttranslational modifications (PTM) to diversify
them by altering their activity and function. This generates an additional layer of protein
complexity (see Fig. 2.1), which was necessary for the evolution of eukaryotic cells. This
complexity allows the cells to go through a number of phases of the cell cycle, adapt to cellular
changes, and collaborate to function. In general, protein behaviour and fate are modulated by

post-translational modifications (PTM) (see Fig. 2.2)!.

Phosphorylation cascades | | Various modifications requlate | | Plasma-membrane proteins
are involved in many microtubule function can be linked to the membrane
signalling pathways by a GPl anchor
O
P RSN
Plasma-membrane P _P / i
proteins can carry b . o
N-glycans Q ADp ]
265

-

e

-

The histone code
controls many p)
l'ILICINI' processes

Polyubiquitylation
can induce protein
degradation

Nuclear and cytoplasmic
proteins can carry O-glycans

Figure 2.1: Types of post-translational modifications. Location and role of some of the most
important post-translational modifications. Post-translational modifications are required for all types of
proteins, altering the physicochemical properties of the proteins (Figure is taken from Jensen O. N,
2006)°.
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Figure 2.2: Post-translational modifications of p53, a tumour suppressor protein. The figure shows
several posttranslational modifications that are commonly seen in p53 and have different functional
consequences in both healthy and diseased conditions (Figure is taken from Karve TM, 2011)".

2.2 Ubiquitination

Among all posttranslational modifications, ubiquitination is the most conserved, easily
inducible and reversible modification, involved in cell signaling and cellular homeostasis®?22.
It is a widespread mechanism, regulating the functions of eukaryotic proteins by covalently

attaching a small protein called ubiquitin (Ub) to a target protein'?.

Ubiquitin was first discovered in 1977 as a small polypeptide bound to lysine residue of the
histone protein'!. It is a highly conserved 8 kDa protein, named for its ubiquitous localization
in all living cells, both prokaryotic and eukaryotic'*!®. In humans, RPS27A and UBA52 genes
encode one molecule of ubiquitin attached with the ribosomal proteins S27a and L40,
respectively. The UBB and UBC genes code for a polyubiquitin cassette. A number of ubiquitin

conjugations with different structures and functions are produced by cells'.

During the ubiquitylation reaction, the Ub molecule is bind to its target by an amide bond
between the C-terminal glycine residue's free carboxyl group of Ub and in the side-chain of a

lysine residue's € amino group in the target protein.'>. This is a hierarchical enzymatic cascade
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reaction which involves E1 (ubiquitin-activating), E2 (ubiquitin-conjugating), and E3
(ubiquitin ligase) enzymes'¢. Most of the time this designates the Ub-tagged protein for
degradation by the proteasome, a large multi-subunit complex. Covalent attachment of Ub can
lead to rapid changes: in a protein’s half-life, in subcellular location, in assemblies to
complexes, conformation, enzyme activity or other properties!’. The way to reverse this
attachment is done by deubiquitinating enzymes (DUBs), a group of enzymes connected to this

process since they are responsible for removing Ub from its target proteins'®.

Ubiquitin has seven lysine residues (namely K6, K11, K27, K29, K33, K48 and K63) and the
backbone amino group of the N-terminal methionine (M) residues which can serve as
ubiquitination sites, with the best characterized chains being K48 and K63 (Fig. 2.3A)". Using
the side-chains of these residues, several ubiquitin moieties are attached to each other and form
polyubiquitin chains®*?2, Therefore, the target protein can be mono-, multi-, or poly-
ubiquitinated. The number and pattern of ubiquitin molecules attached to the target protein may
vary, and different patterns of ubiquitination may have different effects on the function of the
target protein. For example, monoubiquitination of a protein can regulate its subcellular
localization or interaction with other proteins, monoubiquitination at multiple sites is usually

related to endocytosis, whereas the result of polyubiquitination depends on the lysine residue

)23,24

responsible for forming a chain (see Fig. 2.3B

A) B)
0]

target protein

(m

target protein

target protein

Figure 2.3: Ubiquitin structure and modes of protein ubiquitination. (A) The structure of ubiquitin
proteins and the positions of their lysine residues (PDB: 1UBQ). (B) Protein fate is determined by the
various types of ubiquitin labelling in ubiquitination (Figure is inspired from Ries, L, 2020)?>-%6.
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The difference in substrate fate is a consequence of distinct conformations, the relative
arrangements the polymeric ubiquitin chains adopt and the specific effector proteins that
recognise them. Particularly chains that leads to proteasomal degradation are linked via K11 or
K48. However, the regulation of signalling complex assembly and protein sorting during

autophagy and endocytosis is carried out by chains that are linked via M1 or K632,

The ubiquitin-binding domains (UBDs) of various ubiquitin-binding partners can discern the
spatial relationships between ubiquitin subunits by varying the lengths of the gaps between
ubiquitin-interacting motifs. In its entirety, the fate of the protein just depends on a specific
lysine residue targeted for ubiquitination. Alternatively, the covalent attachment of lysine
residues by Ub-like modifiers like neuronal precursor cell-expressed developmentally
downregulated protein 8 (NEDDS) or small ubiquitin-like modifier (SUMO). These modifiers

are structurally and biochemically very similar to Ub and rely on the sequential action of

)3 1-34

specific activating, conjugating, and ligating enzymes, just as Ub does (Fig. 2.4

Figure 2.4: Structures of UBLS (ubiquitin like protein S) with other ubiquitin family members.
The available structure of UBLS (PDB ID: 4PYU), ubiquitin structure (PDB ID: 1UBQ), SUMO-3
structure (PDB ID: 1U4A), and NEDDS structure (PDB ID: 2N7K) (Figure is taken from Chanarat S.
2021)*,

In summary, ubiquitination regulates protein activity by promoting protein-protein interactions
and altering protein conformation. Defects in ubiquitin pathways are associated with numerous

diseases, including cancer, neurodegenerative disorders, and viral infections™.
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2.2.1 Ubiquitination cascade

Ubiquitination is the coordinated action of three distinct enzymes: E1 (activating), E2
(conjugating) and E3 (ligase) acting in a sequential manner. The E1 enzyme adenylylates the
C-terminus of ubiquitin using ATP in order to activate it. Once activated, the Ub molecule
covalently attaches to the side chain of a cysteine residue in the E1 enzyme via thioester bond'®
(Fig. 2.5). Following its transfer to the E2 enzyme, Ub is subsequently attached to intended

target substrate by the E3 enzyme®®38,

Ub

2 ﬂ
ya /\=O Substrate

B — (1l —— 2 £3

|

\ ! e , .’Lvsea poly Ub f

s'"b’""? Substrate Subslrate

_.
—@ B

—

ATP  AMP

26s proteasome

A D P ATP
Peptide

Figure 2.5: Schematic diagram of ubiquitination cascade. Ubiquitin molecule is activated and bound
to the E1 enzyme and subsequently transferred to the E2 enzyme. Last step is the E3 ubiquitin ligase
which catalyses the covalent attachment of the ubiquitin to the target protein and often generates a
polyubiquitin chain (Figure is taken from Gong, X. et al, 2020)*.

Some of the ubiquitin labelled substrates are recognized and broken down by the 26S
proteasomes® (Fig. 2.5). This approximately 2.5 MDa in size, macromolecular complex is
ubiquitous in all eukaryotes, archaea, and bacteria. It consists of one 20S subunit and two 19S
subunits. The 19S subunits are located on both sides of the 20S subunit and with their ubiquitin-
binding motifs are able to identify the tagged substrate and, in an ATP-dependent process,
unfold it*. The unfolded substrate proteins enter the hollow 20S subunit. Inside, there are
protease active sites, responsible for breaking down the substrate first into small peptides and

later into individual amino acids, which are recycled during new protein synthesis.
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Deubiquitinating enzymes (DUBs) are also a part of this ubiquitination cascade. They are
substrate-specific enzymes that regulate the activity of E3 ligases by cleaving ubiquitin chains
attached to substrates and decomposing them into individual ubiquitin moieties, which can be

recycled and reused in another ubiquitination cycles*!.

2.2.2 E1 - Ubiquitin-activating enzyme

El is the first enzyme of the ubiquitination cascade. There are eight different activation
enzymes identified in humans, and each of these enzymes has unique preferences within
different UBLs*. For example, the human E1 enzyme known as Ubal is a monomeric,

multidomain protein that is about 110 kDa and associated with the NEDDS pathway* .

The first step in the ATP-dependent activation of ubiquitin is the cleavage of ATP to create a
covalent bond between AMP and the C-terminal glycine of ubiquitin (adenylation), which
requires the presence of Mg?* ions. The second step involves the transfer and binding of the C-
terminus of the adenylated ubiquitin to the conserved catalytic cysteine of Ubal, which then
forms a thioester bond and leads to the release AMP. Subsequently, the second ubiquitin is

adenylated and the first ubiquitin is transferred from the catalytic Cys to the E2 enzyme'® #°.

2.2.3 E2 - Ubiquitin-conjugating enzyme

E2 conjugation enzymes play the role between the activating enzyme E1 and the ubiquitin ligase
E3. The human genome encodes approximately 40 E2 enzymes, which are divided into 17
different subfamilies based on genetic analysis*’. All of them display a significant amount of

conservation, specifically regarding the 3D structure of the central catalytic domain.

The central catalytic domain of the E2 enzyme contains a catalytic Cys that accepts activated
ubiquitin from the catalytic Cys of the E1 enzyme. Next step is related to the binding of E2 to
E3 via the E3 binding domain, during which the activated ubiquitin is transferred from E2 to

the substrate or to the E3 catalytic Cys in the case of HECT E3 ligases™®.

Structural difference determines the overall function of E2s as well as the specificity for
different E1, UBL and E3%. Some E2s are only involved in monoubiquitination, whilst others

can be also in polyubiquitination®®-2,
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2.2.4 E3 - Ubiquitin ligase

The E3 ubiquitin ligases are highly abundant and diverse as they are responsible for providing
specificity in the ubiquitination cascade by targeting certain proteins®>>°. As a consequence,
numerous physiological functions (to name a few: immunological responses, cell division,
apoptosis, cell cycles) are affected by their activity and any irregularity can cause the
development of pathological conditions. Therefore, it is a good strategy to try to develop novel

therapeutic discoveries, which could regulate the activity of these enzymes>®>’.

Depending on the process through, they transfer ubiquitin molecules, E3 ubiquitin ligases are

classified in three groups: RING, HECT and RBR (Fig. 2.6).

A] B]

Figure 2.6: Scheme of the mechanism of activity of different E3 ubiquitin ligases. (A) RING E3
ligase acts as a scaffold for the ubiquitin-conjugating enzyme and the substrate, thereby allowing the
indirect transfer of ubiquitin. (B) The HECT E3 ligase first accept the ubiquitin on their catalytic
Cysteine from the E2 enzyme and then they transfer it to the bound substrate. (C) RBR ubiquitin ligases
are a mixture of the previous two groups — RING1 domain binds E2, but the ubiquitin molecule is only
transferred to the RING2 domain and later to the substrate (Figure was taken and modified from Wenzel,
D. M. 2012)"".

A) The RING (Really Interesting New Gene) ligases

RING ligases, also known as RING-finger ligases, are a class of E3 ubiquitin ligases, which are
responsible for transferring ubiquitin from an E2 enzyme to the target protein®®*®’. RING
ligases are characterized by the presence of a specific protein domain known as the RING finger

domain, which is essential for their E3 ligase activity. The mechanism of RING ligases involves

21



bringing the E2 enzyme and the substrate into close proximity, allowing the ubiquitin
transfer. Unlike other E3 ligases, RING ligases do not transfer ubiquitin directly to the target
protein. Instead, they act as scaffolds or adapters that bring the E2 and the substrate protein into
close proximity, facilitating the transfer of ubiquitin from E2 to the substrate. RING ligases are
highly specific and determine which target proteins will be tagged by ubiquitin for degradation
by recognizing sequence motifs or structural features within them. They can also facilitate the
addition of multiple ubiquitin molecules, resulting in the formation of polyubiquitin

chains36-60-61,

RING ligases are critical for maintaining cellular homeostasis by regulating the levels of
specific proteins involved in cellular processes, including cell cycle regulation, DNA repair,
signal transduction, and stress response. Dysregulation of RING ligases has been associated
with a variety of diseases, including neurodegenerative disorders and cancer, making them
important targets for research and potential therapeutic interventions. Well-known examples
are MDM2 (Mouse double minute 2), Cbl (Casitas B-lineage Lymphoma) or BRCA1 (Breast

Cancer 1)>1:62764,

B) HECT (Homologous to E6-associated protein carboxyl terminus) ligases

HECT ligases are an additional family of E3 enzymes involved in the process of ubiquitination.
Unlike other classes of E3 ligases, they form a thioester intermediate with ubiquitin before
transferring it to the target protein. First step is recruiting ubiquitin from the E2 enzyme with
their catalytic cysteine, which causes the formation of the ubiquitin-thioester intermediate
followed by the transfers of the ubiquitin molecule from its own cysteine residue to the lysine
residue of the target protein, thereby forming an isopeptide bond. HECT ligases play essential
roles in regulation of several cellular processes, including protein endocytosis, DNA repair, and
cell signaling pathways. Since HECT ligases play a crucial role in maintaining the cellular
homeostasis, any mutations or their dysregulation lead to the development of different

pathophysiological conditions®%3-6°,

The HECT ligase family includes several members, each with its unique substrate specificity
and biological functions. Well-known HECT ligases include E6-AP (E6-associated protein)
which is best known for its role in the ubiquitination and degradation, as well as its association

with human papillomavirus (HPV) E6 protein. Another member of the HECT family, NEDD4
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(Neural Precursor Cell Expressed Developmentally Down-regulated 4) regulates a variety of
cellular functions, such as cell proliferation, ion channel regulation, and endocytosis. It is
known to interact with a wide range of substrates, including membrane proteins like the

Epidermal Growth Factor Receptor (EGFR)®"7°,

C) RBR (Ring-Between-Ring E3) ubiquitin ligases

RBR E3 ubiquitin ligases are the final subclass of E3 ubiquitin ligases that are mostly known
for their crucial role in the ubiquitin-proteasome pathway. RBR E3 ubiquitin ligases are unique
because they combine the properties of both RING-type and the HECT-type E3 ligases. RBR
has a RING finger domain followed by an in-between-RING (IBR) and a RING2 domain. The
RING1 domain in RBR E3 ligases is responsible for binding to the E2 ubiquitin-conjugating
enzyme and facilitates the transfer of ubiquitin from the E2 enzyme to the RING2 domain. This
step is crucial in the ubiquitination process. The IBR domain acts as a linker between the RING1
and RING2 domains and plays a role in regulating the overall conformation and activity of RBR
E3 ligases. The RING2 domain is responsible for the final transfer of ubiquitin from the RBR
E3 ligase to the target protein. It functions similarly to the RING domain found in other types
of E3 ligases. This combination allows them to function as both a scaffold for the ubiquitin-
conjugating enzyme (E2) and as a catalytic domain for the transfer of ubiquitin from the E2
enzyme to the target protein. This arrangement distinguishes them from other types of E3

ligases, such as the RING finger E3 ligases and the HECT E3 ligases®":%>"!,

The RBR E3 ubiquitin ligases are also involved in various cellular processes, including
regulation of signal transduction pathways, the regulation of protein stability and turnover, and
the immune response. Alterations or irregularities in RBR E3 ligases can result in a range of
health conditions. Well-known examples of RBR ligases are Parkin, human homolog of

Ariadne (HHARI) and HOIL-1L interacting protein (HOIP), which are mostly studied’*".

2.3 Nedd4 family

Nedd4 (Neuronal precursor cell-expressed developmentally downregulated 4) family of HECT
E3 ubiquitin ligases is a large part of this class and plays a crucial role in the ubiquitination of
various, mostly membrane, targets’*. The human genome contains 28 distinct putative HECT

domain proteins, and there are nine members of the Nedd4 family in mammals (See Fig.
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2.7)%77576 " By polyubiquitination, they mainly regulate cellular trafficking while

monoubiquitination mostly causes endocytosis.

NEDD4/NEDD4-1  N—@eZ)——M—Mh—M@h—TH—C
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SMURF2 N-@-IHI-I—CE»—C

Figure 2.7: Domain architecture of human Nedd4 family ubiquitin ligases. All members contain
three distinct domains: membrane binding C2 domain, WW domains (2-4) and the catalytic bilobed
HECT domain (Figure is taken from Zou, X. 2015).

2.3.1 Domain Architecture

The Nedd4 family typically contains one N-terminal Ca**-dependent C2 domain, two to four
WW domains and a C-terminal catalytic HECT domain (Fig. 2.7, Fig. 2.8).

The C2 domain has rod-like, eight-stranded B-sandwich structure. It mainly binds phospholipids
such as phosphatidylcholine, phosphatidylserine, and phosphatidylinositol’”-’. By interacting
with membranes, it controls the intracellular localization of the enzyme and positions it closer
to its substrates. This domain can be divided based on its ability to bind calcium ions. Group
that doesn’t interact with these ions, contains a positively charged patch in their variable loop

region.

WW domains, named after their two conserved tryptophan residues, is the smallest known
protein domain (only 35 amino acids). It consists of three anti-parallel B-sheets. Conserved
phenomenon is that one N-terminal residue forms hydrophobic interactions with a C-terminal
proline of their substrates’’. These domains are further divided by the specific primary sequence

of the motif they recognize®*8!.
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Figure 2.8: Schematic diagram of Nedd4 ubiquitin ligase domains. Three domains typical for
Nedd4 family are shown, C2 domain structure (2NSQ) with calcium coordination sites, WW domain
structure (2MPT) in blue with side chain of tryptophan and the of HECT domain crystal structure (3JWO0)
with C-lobe and N-lobe connected by flexible loop, PY motif and position of catalytic cysteine (Pymol
was used to create the figure (https://pymol.org/)).

HECT is the largest domain responsible for the catalytic transfer of ubiquitin molecule to target
substrates. The HECT domain contains two subdomains, the N-lobe and C-lobe, which are
interconnected by a flexible loop. The catalytically conserved cysteine residue is found on the
C-lobe of the HECT, while the E2 enzymes (with ubiquitin) bind to the N-lobe. Through
detailed structural studies, it has been shown that the flexible loop allows structural
rearrangements of these subdomains, facilitating the positioning of the catalytic residue closer
to the E2 enzyme®® #. The C-lobe of the HECT domains of this family of ligases contains a
conserved I/LPPY motif, which exhibits a slight deviation from the PPxY sequence found in
the typical PY motif. Nevertheless, it was found that this modified motif still interacts with WW

domains when the ligase is in an inactive state®*.

2.3.2 Function and regulation

The Nedd4 family targets a variety of tumour suppressors and transmembrane receptors (Fig.
2.9). Human cancers and immunological disorders have been associated with genetic defects
and changes in substrate expression levels®> 8. Therefore, maintaining cellular homeostasis
requires precise control over these ligases' catalytic activity, substrate selectivity, and cellular
localization. The regulations at different levels are executed by PTMs. Moreover, these ligases
possess the ability to control their own expression through auto-ubiquitination, enabling them
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to adjust their abundance during distinct stages of the cell cycle and differentiation®”®. The
nine human members of HECT family (with the exception of Nedd4-2, which would be
discussed in detail later) with their substrates, roles and some of their representative

mechanisms of regulation are:

a) ITCH - The main substrates of Itch ubiquitin ligase are T-cell differentiation factors.
Malfunctions in Itch regulation causes itchy phenotype in mice that result in persistent skin
irritation and multi-system inflammation®. Binding of the HECT domain to the central
region of this enzyme causes it to be in a closed conformation which can be released either
by phosphorylation of the proline-rich region (PRR, near the WW1 domain) by JNK-1 or by
binding to adaptor proteins Ndfip1/2 (Nedd4 family-interacting proteins 1 and 2)°~.

b) Smurf - Smurfl and Smurf2 are known for function in tagging R-Smads (1/5/8 and 2/3,
respectively) and I-Smads (6/7) with ubiquitin. These proteins play a key role in the BMP
and TGF-B signalling pathways.”**>. Smad7 plays a crucial role in assembly of Smurf2,
which forms a strong complex with TGF-f receptors before being ubiquitinated in the
lysosome’®. The ability of Smurfl to recognize substrates is enhanced by the adaptor protein
CKIP-1 (Casein Kinase 2-interacting protein 1), while phosphorylation by PKA alters the

substrate selections of this ligase®’%.

C) WWP1 and WWP2 are known regulator of TGF-f signalling. While WWP2 targets Smad2/3
and Smad7, WWPI targets the TGF-p receptor using Smad7 as a scaffold”!%. Furthermore,

while WWP2 targets PTEN, a well-known tumour suppressor that is commonly altered in a
variety of cancers, WWP1 targets LATS1 in the Hippo/LATS tumour suppressor-signalling
pathway, which controls organ growth. There are several isoforms of both ligases, and they

all have different substrate specificities'%%1%,

D) NEDL1 and NEDL2 is responsible for the stability of two tumour suppressors’ p5S3 and p73.
In addition, NEDLI1 targets DVLI1 (Disheveled-1), which is a key regulator of

cell proliferation and neuroblast specification’” 194105,

E) Nedd4-1, or Nedd4, plays a direct role in regulating the IGF-1 (insulin-like growth factor-1)

signaling pathway. Additionally, it is involved in the reduction of PTEN (Phosphatase and

tensin homolog deleted on chromosome 10) levels. The closed conformation mediated by
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Figure 2.9: The roles and regulatory mechanisms of Nedd4 family of E3 Ubiquitin Ligase
Schematic representations of the principal targets and regulatory mechanisms of each Nedd4 ligase
(Figure is inspired from Zou, X, 2015 and Escobedo, 2014).

2.4 Nedd4-2 or Nedd4L

Nedd4-2 is encoded by, a single gene spanning more than 400 kb and containing over 40 exons.

However, only eight different isoforms of Nedd4-2 were detected in cells so far 1%,
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Nedd4L (or Nedd4-2) ubiquitinates downstream target molecules such as membrane proteins,
transporters, ion channels, including ENaC and hERG!!% '3, ENaC is essential for epithelial
homeostasis as it maintains sodium ion reabsorption in the kidneys, lungs, and large intestine
intact. The cytoplasmic PPxY motif mutations found in ENaC have been shown to cause Liddle
syndrome (hypertension) ''*!16, For example, Nedd4L has been associated with cystic fibrosis
where it targets the CFTR-AF508 variant; its downregulation induces overexpression of ENaC
(Fig. 2.10). Treating the CFTR-AF508 mutation with the glucocorticoid dexamethasone
induces the SGK1 (serum/glucocorticoid-induced kinase 1) activation. This activation leads to
the downregulation of Nedd4L, consequently restoring the typical levels of CFTR and ENaC

in the plasma membrane!''*.

CFTR- AF508 Membrane
Cytoplasm
T@ SGK1

Nedd4L —> |Nedd4L| \“—[HECT — > ~ | HECT

Nedd4L
(Inactive) (active) s (Inactive)

DVL-2

Figure 2.10: Nedd4-2L functions and regulation. In inactive conformation, C2 and HECT domains
are associated in contacts. Once calcium ions are detected by C2 domains, the ligase gets activated and
moves to target membrane proteins including the TGF-3 cytokine receptor). Active ligase targets Smad
proteins in the cytoplasm, where it undergoes auto ubiquitination. The Nedd4L ligase is phosphorylated
by SGK-1, which causes 14-3-3 binding and ligase inactivation (Figure is adapted from Albesa M.
201112,

HECT

Nedd4L is regulated at different levels, one of which is phosphorylation by SGK1, PKA and
Akt kinases at position S342, T367 and S448 (linker regions surrounding WW domains) which
is accompanied by the subsequent binding of the accessory protein, 14-3-3, which
downregulates the activity of this ligase!!”"!!8, Additional mechanism of regulation, not only

specific to this Nedd4 ubiquitin ligase, is a form of auto inhibition caused by the binding of
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HECT and C2 domain'®. It is a question whether or not WW domains also partake in this
intramolecular binding, as this enzyme contains a partially buried LPxY motif in the HECT C-
lobe structures. However, this additional interaction would require prior unfolding of the HECT
domain®. In total, the autoinhibition state is released by Ca?*, which additionally causes
translocation of Nedd4L from the cytoplasm to different intracellular membranes (C2 binding
to specific phospholipids)''!. Nedd4L also undergoes auto-ubiquitination, which labels it for

proteasomal degradation.

2.4.1 Regulations

Regulation of Nedd4-2 by post-translational modifications has been studied in depth in kidney
cells and it was demonstrated that phosphorylation plays a large part in it (Fig. 2.11). The
hormone vasopressin triggers adenylate cyclase, whereas aldosterone induces SGKI1
transcription; this results in an elevation of cAMP and PKA (protein kinase A) activation'!.
Both of these kinases phosphorylate and bind to three distinct sites on the consensus sequence
RxRxx(S/T) i.e. S348, T367 and S342 of Nedd4-2. This phosphorylation induces subsequent
binding of the 14-3-3 protein, which inhibits Nedd4-2 activity and decreases its capacity to bind

to and ubiquitinates ENaC'!>!2%, This is proof that this consensus sequence is a convergent

point for different regulatory pathways.
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Figure 2.11: Nedd4-2 domains and its regulation in epithelial sodium channel A) Nedd4-2
contained calcium dependent C2 domain, WW domains that helps in interaction with target proteins,
and catalytic C terminal HECT domain. B) Sodium channel associated with epithelial cell membrane,
ubiquitinated by Nedd4-2. C) The phosphorylation of Nedd4-2 by SGK1 and AKT and subsequent 14-
3-3 binding result in its downregulation. (Figure taken from Manning et.al, 2018)'%°.

2.4.2 Disorders

As Nedd4-2 regulates a number ion channels, transporters, and signalling pathways,

its dysregulation causes severe diseases.

e Respiratory distress — Nedd4-2 deficiency and disturbance in its ENaC regulation leads

respiratory distress and other respiratory diseases'*!.

e Hypertension — Nedd4-2 controls blood pressure by maintaining Na™ homeostasis. Nedd4-2

cause increased ENaC expression and hypertension!?>12?,

e Kidney diseases — deficiency of Nedd4-2 cause cystic fibrosis; also affect ENaC activity

responsible for kidney diseases.
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e Epilepsy - Nedd4-2 controls Na* voltage channels to regulate pain sensitivity and neuronal
excitability. Deficiency of Nedd4-2 shows behavioural changes and is associated with

disruption of nervous system!2+126,

2.5 14-3-3 family

The 14-3-3 protein belongs to a family of conserved regulatory acidic molecules, ubiquitously
present in all eukaryotic organisms. It was discovered in 1967 by Moore and Perez in the bovine
brain extract. 14-3-3 proteins were found in the 14" fraction of the DEAE-cellulose column and
at position 3.3 on a starch electrophoresis gel in samples of bovine brain'?’. This family of
proteins is responsible for regulating the activity of many others by acting as a scaffold,
providing stability, controlling protein localization, promoting protein-protein interactions and
controlling signal transduction. One mechanism of regulation studied in depth is binding to
phosphorylated serine/threonine containing motifs, as is the case of human Nedd4-2 (as

mentioned before).

Given their involvement in several signalling pathways, any malfunction in their activity leads
to several pathological conditions. A better understanding of the mechanism can help in

providing therapeutic approaches against a variety of pathological conditions.

2.5.1 Isoforms

There are multiple 14-3-3s isoforms of express in different organisms. Until now, seven of them
B, v, & C, M, o, 1) have been identified in mammals, ten in plant cells and two yeast and
drosophila cells'?®!%0, They exclusively form dimers (homo- or heterodimers) with each
protomers being a ~30 kDa curved L-shaped protein composed of nine a-helices'*!"13, Specific
feature of these dimers is the U-shaped central groove, a consequence of the diagonal symmetry
of protomers known to attach to hundreds of intracellular binding partners (enzymes, metabolic
intermediates, endosomal trafficking components, regulators of cytoskeletal filaments,
membrane receptors, effectors of small GTPase, components necessary for DNA replication,
transcription and translation)!3>"1%3 All known isoforms show high sequence similarity, but
each has different binding specificities and different targets. In contrast to the other areas in 14-
3-3, which display more variations, residues surrounding the groove exhibit high conservation

across evolution and isoforms'#+14°,
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2.5.2 Structure

All seven human 14-3-3 isoforms crystal structures have already been solved!* % It is
apparent all of them possess a dimeric nature with a high helical content (Fig. 2.12). As
mentioned before, each monomer is a rigid structure of nine a-helices and a single
phosphopeptides binding site. The dimer molecule contains a twofold symmetry and by shape
resembles a cup. Helices (H3, H5, H7 and H9) form a central channel with highly conserved

amino acids responsible for the binding of ligands.

Because of their specific domain structure, 14-3-3 proteins are presumed to have evolved from
tetratricopeptide repeat (TPR) proteins'**!3!, The TPR motif, which consists of 34 amino acids
and is found in 3-16 tandem arrays, is recognised for its ability to form scaffolds that promote
protein-protein interactions, similar to the function of 14-3-3'32 (Fig. 2.12). However, 14-3-3
protein's scaffolding is highly dependent on their dimeric form stabilized at the interface of

protomers by a variety of electrostatic and hydrophobic interactions!**.

By comparing these isoforms, most structural differences would be linked to the interface of
two protomers. First consequence of this are the variations in the ability to form additional weak
interactions responsible for stabilizing this region, as was first reported in the case of 14-3-
3¢'%*. For example, the number of salt bridges differs in stabilizing 14-3-3 homodimers (one in
14-3-3¢, two in 14-3-3y and 1, and three in 14-3-3B, {, 6 and 1)!**. Second, it causes different
monomeric isoforms to show preference for creating homo- or heterodimers'>. 14-3-3c forms
exclusively homodimers. Along with five other isoforms, 14-3-3C forms both homodimers and
heterodimers; however, 14-3-3¢ preferentially forms heterodimers stabilised by several salt
bridges'#*13®. Third, all of this creates different binding affinities of specific target molecules
towards specific homo- or heterodimer combinations. This is the case for 14-3-3f3/¢ heterodimer

Y157 and also the

an aldosterone-stimulated regulator of the epithelial sodium channel (ENaC
14-3-3¢/t heterodimer responsible for regulating the activity of Slingshot phosphatase in
keratinocytes'>®. It is also necessary to mention that the complexity of the whole system
increases with the number of 14-3-3 binding partners and the number of 14-3-3 binding sites in

each of them.
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14-3-3p 228 BERESENQGDEGDAGEGEN===mmmmmmm = e e 246
14-3-3y 231 BERESDOQDDDGGEGNN-——-——==———========—————— 247
14-3-3z 229 FEWESDMOGDGEEQNKEALODVEDENQ-——======ccoooae 255
14-3-3f 226 EEMESDTQGDEAEAGEGGEN-===============——m——— 245
14-3-3n 231 EERESDQQDEEAGEGN--—================———————e 246
14-3-3¢ 228 BEWIADNAGEEGGEAPQEPQS--=======mooommmmmmaan 248
14-3-31 226 BEWESDSAGEECDAAEGAEN--—---—=——————m————eemm 245
Bmhl 231 EEWESDMSESGOAEDOQQOQQQHOOQ-—-—- Q-PPARAEGEAPK 267
Bmh2 231 FEWISDISESGOEDQOOQOQQOQOQOQ0QQQRPAEQTQGEPTE 273

******

Figure 2.12: Crystal structures and sequence alignment of 14-3-3 proteins. (A) The human 14-3-3
protein isoform { (PDB ID: 1QJB)!*°, and (B) its surface representation. (C) The TPR domain of PP5
(TPR motifs and a-helices visible, PDB ID: 1A17)!%2, (D) Sequence alignment of the C-terminal region
(with the marked conserved domain) of different 14-3-3 proteins (seven human: B, v, €, {, n, o, T and
two yeast: Bmh1 and Bmh2!%°). (Figure is taken from Obsilova V. 2022)!'7>.

2.5.3 Motifs

The 14-3-3 family of proteins have mostly been described to interact with partners
preferentially containing either a phosphoserine or a phosphothreonine amino acid, but the non-

phosphorylated motifs have been also described (Fig. 2.13)'*.

The following three phosphorylation motifs recognized by 14-3-3 protein are listed in the order
of most to least likely to occur in substrates: R [S/®@][+](pS/ pT)XP, RX [®/S][+](pS/pT)XP
and pS/pTXi2-COOH (where pS/pT= phosphoserine or phosphothreonine, @ is an aromatic
residue, + is a basic residue, and X is any type of residue)'>*~'%!. Conserved 14-3-3 residues
responsible for interacting with these motifs are located in helices H3 and H5 (numbering based
on the human ( isoform: Lys49, Arg56, Argl27 and Tyr128). They form a positively charged
area within the amphipathic ligand-binding groove. Additionally, conserved residues Asnl73

and Asn224 interact with the phosphopeptides backbone and in synergy with the hydrophobic
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patch fix these peptides in an extended conformation. Still, in concordance with many crystal
structures solved between 14-3-3 proteins and synthetic phosphopeptides, it is known that this
binding does not significantly alter the structure of the dimer (Fig. 2.12)!!814%:15%-165 " Taking
into account only the sheer variety of 14-3-3 substrates, it would be difficult to assume all of

them could contain one of these three phosphorylated binding motifs'®®.

2.5.4 Non-phosphorylated motifs

Some of the most notable examples of alternative binding motifs are in the case of
Pseudomonas aeruginosa exoenzyme S (ExoS) that use their LDLA-box motif to form
hydrophobic interactions with the groove!*!1¢7-16 Another example is the R18 peptide (derived
from the phage display library'%®) whose binding is mediated through its WLDLE motif, which
recognizes the same conserved basic residues located in the ligand-binding groove as
phosphorylated motifs do'”. Finally, proteins that have the O-linked p-N-acetylglucosamine
(O-GlecNAc) moiety (Fig. 2.13), a consequence of the common reversible PTM of threonine
and serine residues in cytoplasmic and nuclear proteins'’!. Position of this moiety within the
binding domain is same as with the WLDLE motif. However, the nature of this modification
suggests an interesting topic of study of the likelihood of crosstalk between the O-phosphate
and O-GlcNAc signalling pathways.
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Figure 2.13: 14-3-3 binding metifs. Three canonical phospho-motifs (A-C): (A) R [S/®][+](pS/ pT)XP
(PDB:1QIB), (B) RX [®/S][+](pS/pT)XP (PDB:1QJA) and (C) pS/pTX; »-COOH (PDB: 7A6R), where
pS/pT = phosphoserine/ phosphothreonine, ® = aromatic residue, + = basic residue, X = any
residue!> 172, Non-phosphorylated motifs (D-E): (D) ExoS peptide (PDB: 2002)!'%3, (E) R18 peptide
(PDB: 1A38)!'7, (F) glycosylated Ser-O-GlcNAc peptide (PDB: 6BYJ)!7!. (This figure is taken from
Obsilova V. 2022)'7.

2.5.5 Regulation

Numerous 14-3-3 protein-protein interactions (PPIs) can be stabilized or disrupted by short
peptides or small molecules!” !>, For example, the previously mentioned short peptide termed
R18, which contains a negatively charged phosphorylation-mimicking sequence. Because of
that, it acts as a competitor for the positively charged ligand-binding groove and inhibits other
14-3-3 PPIs'®. Inspired by its ability to block PPIs, dimeric form of R18 (known as difopein)
was designed and shown to increase the ability of certain chemotherapy medication

(specifically cisplatin) to kill cells and trigger tumour cell apoptosis!®®16176.177 - Several kinds
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of small-molecule that inhibit 14-3-3 have been found, like FOBISIN101 (a radiation-triggered
therapeutic drug that prevents binding of 14-3-3 with Raf-1).!”8, macrocyclic peptides'”® and
rac-UTK Q180181

Notably, 14-3-3 PPI inhibitors are lacking selectivity for 14-3-3 isoforms despite being diverse
because these compounds typically target the ligand-binding groove, which has the highest
similarity in sequence among the isoforms. Nevertheless, because all isoforms have a tendency
to compensate one another, this “non-specific” targeting is still functional!®>!*3. On the other
hand, there are exceptions in which it would be beneficial to have more specificity, such as 14-
3-36, which stands out because it serves as a tumour suppressor by positively regulating p53'34.
Furthermore, while 14-3-3( expression decreases in breast cancer, but it is abundant in the
majority of cancers'®®. Therefore, discovering small-molecule inhibitors of this isoform might

help the development of therapies for different cancers.

In contrast, there are numerous situations in which preserving 14-3-3 PPIs might be more
favourable. Fusicoccin A (FC-A, which is produced by the phytopathogenic fungus Phomopsis
amygdali as a diterpene glycoside toxin) was first used by Oecking to target one side of the 14-
3-3 ligand-binding groove, hence stabilising 14-3-3 PPIs. 162163186 Conclusion was, FC-A fills
a gap in the 14-3-3 ligand-binding groove interface and the phosphopeptides, which enhances
their affinity to each other.

Several 14-3-3 PPI stabilisers, such as cotylenin-A, has been discovered until now!'®’,

8 189

pyrrolidone 1, epibestatin'®, adenosine monophosphate'®®, phosphonate derivatives!'*’,

191

macrocyclic compounds'”'. The potential application of 14-3-3 PPl-stabilizers in drug

discovery has been emphasised by all of these structural and functional studies.

2.5.6 Associated disorders

14-3-3 plays a crucial role in various cellular processes by interacting with a variety of target
proteins. Since 14-3-3 proteins were isolated from brain tissue, they have been directly
associated with several neurodegenerative disorders, like Creutzfeldt-Jakob (CJD)!?,

Alzheimer!®*, Parkinson'®* and poly-glutamine repeat'®>

diseases. More recently, it has found
that 14-3-3 proteins have been associated with to foster poorer outcomes and chemo resistance
in cancer patients, especially patients with breast, lung, prostate, head and neck cancer,

glioblastoma and myeloma "', This all leads to the conclusion that the dysfunction or
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irregulation of 14-3-3 dimers can cause variety of diseases and disorders. Followings are a few

examples:

Neurodegenerative Diseases: 14-3-3 proteins associated with several neurodegenerative

diseases (e.g. Alzheimer's disease, Parkinson's disease, prion diseases)’** 2%, For example,
abnormal proteins-protein interactions between tau and 14-3-3 protein were detected in a
patients suffering from Alzheimer’s disease, which is thought to play a part in neurofibrillary

tangles formation, a hallmark of the disease®** 2%,

Cancer: 14-3-3 proteins interact with key regulatory proteins that governs the cell cycle control,
apoptosis, and DNA repair. Aberrant interactions can lead to uncontrolled cell growth and
tumour formation. One example is when these dimers interact with p53 (tumour suppressor

protein) and Bcl-2 (proto-oncogene), which influences cell survival and proliferation®¢2%,

Neurological conditions: Mutations in the genes encoding 14-3-3 proteins can cause disruption

in normal neurological functioning and cause seizures typically associated with different forms
of epilepsy. In addition to epilepsy, 14-3-3 impairments were connected to the development of

schizophrenia and bipolar disorder?!%213,

Cardiovascular Disease: 14-3-3 proteins bind to (calcium-interacting) proteins involved in

cardiac muscle contraction thereby regulating different cardiovascular signalling pathways.

Any disruptions within them are linked to several heart conditions, typically hypertrophy of the

myocardium and terminally heart failure?!*216,

)217

Infectious Diseases: It is possible for different bacteria (Helicobacter pylori)~'', parasites

V218219 or viruses (hepatitis C virus)??° to interact with 14-3-3 dimers and

(Toxoplasma gondii
initiate their DNA replication, which allows these organisms to survive in their host cell. This

is one of the mechanisms for furthering the progression of the disease.

Diabetes: Because of their involvement in the insulin-signalling pathways and the glucose
metabolism in general, any dysregulation is described to contribute to the development of

insulin resistance or impaired glucose regulation (central features of type 2 diabetes)??!?2,

Autoimmune Disorders: A complex mechanisms by which normophysiologic immune system

suddenly attack healthy cells often involves faulty regulation of 14-3-3 proteins®*>?>,

37



This is just a short summary of 14-3-3 proteins involvement in various pathological conditions.
Overall, it suggests significance of these present dimers, both from functional and structural

perspectives, highlighting the need for continued research in this domain.

2.6 Nedd4-2 and 14-3-3 Interaction

As described in previous sections, 14-3-3 scaffold protein is known to interact and regulate the

activity and substrate specificity of Nedd4-2!172%,

One of the most famous example is the regulation of the epithelial sodium channel (ENaC). In

a mouse knockout study'?°

, Nedd4-2 was shown to be responsible for regulating the ENaC
activity by binding to its PPxY (PY) motif using its WW domains and its subsequent
ubiquitination. Thus, it is responsible for balancing the reabsorption Na ions by the kidney
epithelial cells and maintains the same ion level throughout the body. Any dysregulation
regarding the Nedd4-2 ubiquitin ligase is known to cause the development of the Liddle
syndrome, a rare form of hypertension that stems from the failure to regulate the ENaC and lead
to an increased Na* reabsorption'!°2%6, Same effect seen in case of PPxY mutation of the same
channel. Various studies have reported that the 14-3-3 protein is a negative regulator of Nedd4-
2-dependent ENaC ubiquitination. Recent reports suggest that, by forming a Nedd4-2:14-3-3
protein complex, 14-3-3 inhibit Nedd4-2 ubiquitination by preventing Nedd4-2 from interacting

with its downstream target molecules. (e.g. EnaC, SCN2A/Nav1.2, SCN3A/Navl.3).

This example demonstrates that the exact mechanism and consequences of the binding between
a 14-3-3 dimer and Nedd4-2 can vary depending on the specific context, phosphorylation,
cellular environment and specific isoforms of both interacting proteins. Additional point is that
this interaction can prevent the increased rate of auto-ubiquitination of Nedd4-2 and its
subsequent degradation; therefore controlling the abundance of Nedd4-2 present in the cells.
Nevertheless, mostly 14-3-3 proteins affect the ubiquitination of specific target proteins of
Nedd4-2, which consequently has a downstream effect on their stability, activity and fate. This
demonstrates control over protein degradation and influences the direction of various signalling

pathways.
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3. Aims

The aim of this dissertation was to understand the structural dynamics associated with 14-3-3-
mediated Nedd4-2 regulation and to elucidate the impact of this interaction on the structural
domains of Nedd4-2 by using various biochemical and biophysical techniques including
expression and purification of recombinant protein, site-directed mutagenesis, fluorescence

spectroscopy, X-ray crystallography, structural mass spectrometry.

Specific aims:

1. Preparation of single cysteine mutant variants of Nedd4-2'""-3%" and Nedd4-2!86-75
constructs. Mutagenesis, expression, purification and phosphorylation of Nedd4-2 protein

variants.

2. Verification of the thermal stability of Nedd4-2 mutants by differential scanning fluorimetry
and its ability to form a complex with 14-3-3 protein by native TBE-PAGE.

3. Labelling of the protein with dansyl group (1,5-AEDANS) attached to different cysteine

residues in Nedd4-2 and verification of the labelling by mass spectrometry.

4. Monitoring the conformation and flexibility of Nedd4-2 in the presence and absence of 14-

3-3 protein using various time-resolved fluorescence spectroscopy techniques.

5. Mapping the structural changes between Nedd4-2 alone and in the complex with 14-3-3

using chemical crosslinking.

6. Perform the limited proteolysis to analyze the comprehensive proteolytic effects on Nedd4-

2, both in the presence and absence of 14-3-3 protein.

7. Refining the crystal structure of 14-3-3yAC with the Nedd4-2 peptide containing the 14-3-3
binding motif pS342.
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4. Methods and material

4.1 Material

4.1.1 Biological material

Plasmid pET-15b

Plasmid pST39

Plasmid pGEX-6P-1

Escherichia coli BL21 (DE3) strain

4.1.2 Chemicals

1, 4-dithiothreitol (DTT)
1,5-IAEDANS

2-mercaptoethanol
4-(2-hydroxyethyl)-1
piperazineethanesulfonic acid (HEPES)
Acrylamide

Agarose GTQ

Ammonium persulfate (APS)
Ampicillin

Bis-acrylamide

Bromophenol blue

Calcium chloride

Chloramphenicol

Coomassie Brilliant Blue R 250 LKB
Disodium (EDTA)

DNA marker (1 kb)

DNase

Electrophoresis Loading-Dye
Ethanol 96% v/v for UV spectroscopy
Ethyl alcohol 96% G.R

Glycerol

Hydrochloric acid

Novagen, USA
Novagen, USA
Sigma-Aldrich, USA
Stratagene, USA

Carl Roth GmbH, Germany

Invitrogen by Thermofisher Scientific, USA
Sigma-Aldrich, USA

Sigma-Aldrich, USA

Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Sigma-Aldrich, USA
Sigma-Aldrich, USA

Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
PENTA s.r.0., Czech Republic
Sigma-Aldrich, USA

Bromma, Sweden

Lachema, s.r.0., Czech Republic
New England BioLabs, USA
ZellBio GmbH, Germany

New England BioLabs, USA
PENTA s.r.0., Czech Republic
Lach:Ner, s.r.0., Czech Republic
PENTA s.r.0., Czech Republic
PENTA s.r.0., Czech Republic
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Imidazole

Isopropyl B-D-1-thiogalactopyranoside
Kanamycin

Luria-Bertani (LB) agar

Luria-Bertani (LB) medium

Lysozyme

Magnesium sulfate heptahydrate

N, N, N, N’-tetracthylenediamine
(TEMED)

Nickel sulfate hexahydrate
Phenylmethylsulfonyl fluoride (PMSF)
Phusion high fidelity DNA polymerase
PreScission Protease

Precision plus protein standard (dual color)
Restriction endonuclease

Roti marker Tricolor protein marker
Sodium chloride

Sodium dodecyl sulphate (SDS)

Sodium hydroxide

T4 DNA ligase

Tobacco Etch Virus nuclear-inclusion- a
endopeptidase (TEV protease)

Tris (2-carboxyethyl) phosphine (TCEP)
Tris (hydroxymethyl) aminomethane (Tris)

Urea

4.1.3 Laboratory material

Centricon concentrators

Chelating Sepharose Fast Flow

Dialysis membrane, type 27/32 (cut off 14000)

DNA isolation kit
Glutathione Sepharose 4 Fast Flow
HiTrap Q sepharose

Carl Roth GmbH, Germany

EMD Biosciences, Inc., Germany
Sigma-Aldrich, USA

Carl Roth GmbH, Germany

Carl Roth GmbH, Germany

SERVA Electrophoresis GmbH, Germany
PENTA s.r.0., Czech Republic

Carl Roth GmbH, Germany

PENTA s.r.0., Czech Republic

Carl Roth GmbH, Germany

New England Biolabs, United Kingdom
Prepared in our laboratory

Bio-Rad Laboratory, USA
Thermofisher Scientific, USA

Carl Roth GmbH, Germany

Lach:Ner, s.r.0., Czech Republic

Carl Roth GmbH, Germany
LACH-NER, s.r.o0., Czech Republic
New England Biolabs, United Kingdom

Prepared in our laboratory

Sigma-Aldrich, USA
Carl Roth GmbH, Germany
Sigma-Aldrich, USA

Sartorius, United Kingdom
GE Healthcare, USA

Carl Roth GmbH, Germany
Thermofisher Scientific, USA
GE Healthcare, USA

GE Healthcare, USA
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Quick Change™ Mutagenesis kit
Spartan 13/0.45 RC filter unit
Superdex 75 HiLoad 26/600 column
Superdex 200 HiLoad 26/600 column

Vivaspin Turbo centrifugal filter device (cut off

5000, 10000 and 30000 MWCo)

Whatman™ membrane filter paper 0.45uM

4.1.4 Instruments

Analytical balance EG420-3NM

15T solariX XR FT-ICR mass spectrometer

Automatic pipettes

Centrifuge 5804R

Centrifuge Eppendorf MiniSpin
Centrifuge Hermle Z323K
Centrifuge Sigma 8K

FPLC

Gallenkamp Orbital Incubator shaker
Incubator HT Multitron
NanoDrop One

Peristaltic pump Ecoline

pH Meter 3305

Sonicator 3000

electrophoresis

Thermal block

Vortex ZX3
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Stratagene, USA

GE Healthcare, USA

GE Healthcare, USA

GE Healthcare, USA
Sartorius, United Kingdom

GE Healthcare, USA

Kern, Germany

Burker Daltonics, USA
Eppendorf AG, Germany
Eppendorf, Germany
Eppendorf, Germany
Hermle Labortechnik GmbH, Germany
Sigma, USA

GE Healthcare, USA
Gemini BV, Netherlands
Infors, Germany

Thermo scientific, USA
Ismatec, Germany

P Lab, Czech Republic
Misonix, Inc., USA
Bio-Rad Laboratories, USA
Grant, UK

VELP Scientifica, Italy



4.2 Experimental methods

4.2.1 Expression and purification of 14-3-3 protein

Our lab has been working with 14-3-3 protein family for a long time and we possess all of its
seven isoforms, whose purification protocol doesn’t differ significantly. Gene encoding human
14-3-31 cloned within the recombinant plasmid pET-15b with an N-terminal histidine tag (6
consecutive histidine residues) and for the purpose of protein expression; we transformed
Escherichia coli (E.coli) bacterial strain BL21 (DE3) with it and prepared a glycerol stock that
is stored on -80 °C.

To express 14-3-37, first we inoculated the 5 ml pre-cultures (LB medium with the appropriate
antibiotic, in this case ampicillin) with the swab of the glycerol stock. We left them to incubate
and grow on 37 °C with continuous shaking at 200 rpm for proper aeration. The next day, we
poured 5Sml pre-culture per 1 1 LB media (with the appropriate amount of antibiotics,
ampicillin). Culture was grown at 37 °C with shaking at 190 rpm until optical density (OD600)
became 0.6. The temperature was lowered to 30 °C and at OD 0.8, the culture induced by IPTG
(final concentration of 0.5 mM). Bacterial culture was left to grow with constant shaking
overnight (18-20 hrs) at 30 °C. After incubation, cell culture was centrifuged at 3000 rpm for
20 minutes. Cell pellet was suspended in a lysis buffer (50 ml/1 1 cell pellet, (see table 4.1)) and

subsequently frozen at -80°C, which also contributed to cell lysis.

Purification of 14-3-3n started with thawing the cell suspension. Afterwards, we incubated it
with lysozyme (100 pg/ml) by stirring at 4 °C for 20 min, to make the cell more prone to lysis
(lysozyme cleaves peptidoglycans of the cell wall). Final step of cell lysis was done by
sonication, which disrupts the cell wall and cell membrane by ultrasound. It lasted for 15
minutes, on ice, with the pulse power 55 W and with each cycle consisting of 10 s ON and 30
s OFF. It is necessary to perform sonication on ice and to have breaks within the cycle to avoid
overheating and subsequent protein denaturation. Afterwards, the sonicate was centrifuged at
13500 rpm for 45 min to separate insoluble components from solution. We collected the

supernatant.

The next step was protein purification by nickel chelation chromatography (Fig. 4.1).
Aforementioned, all the protein contains 6 x His tag, which will allow us to separate the pure
protein from everything else from the supernatant.
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Figure 4.1: Ni-NTA affinity chromatography using 6x His tag. A schematic representation of a
principle behind Ni-NTA affinity chromatography in which NTA and Ni?* forms a chelator complex.
Nickel ion attaches to two imidazole rings on a His-tag of protein (Figure taken from Cube Biotech
website).

Protein purification by Ni NTA affinity chromatography is based on the coordination bond
created between Ni*" cations and free nitrogen of the imidazole ring of histidine. This allows
the protein with the His-tag to bind to the column. At the elution step, the addition of high
concentration of imidazole displaces the protein from the column. In the case of 14-3-3 proteins,
about 3 ml of sepharose resin (Chelating Sepharose Fast Flow, GE Healthcare, USA) was used.
The column was regenerated and charged with 20 ml of 0.1 M nickel sulphate (NiSO4). Then
the column was pre equilibrated by using buffer E (see Table 4.1). The sonicate was absorbed
on the equilibrated column with the slow flow and stirring. Subsequently, the column was
washed using 300 ml of 10% (v/v) solution of buffer F (see Table 4.1) to remove non-
specifically bound protein impurities. Finally, the target protein is eluted with buffer F having

high concentration of imidazole.
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Table 4.1: Buffers and their composition used for 14-3-3n purification

Lysis Buffer 1 x PBS + 1 M NaCl + 4 mM BMe + 2 mM Imidazole

Buffer E 1 x PBS + 0.5 M NaCl + 2 mM BMe + 1 mM Imidazole

Buffer F 1 x PBS + 0.5 M NaCl + 2 mM BMe + 0.6 M Imidazole

An imidazole (0.6 M) having a high concentration in the elution buffer may affect the stability
of the protein, so dialysis was performed with a low salt/salt free buffer. In dialysis, we use
selectively permeable porous membranes whose pores allow the free migration of small
molecules, but prevent it for the molecules larger (> 14 kDa) than the diameter of membrane
pores. This results in exchange of solvents, not solutes (protein). The sample was dialysed using
a dialysis buffer containing 50 mM Tris-HCI (pH 8.0), 2 mM EDTA, 2 mM B-Mercaptoethanol
(BME). After two hours of dialysis, the protein concentration was checked and SDS-PAGE was
run to check purity of protein. Then TEV protease (31.2 ul/1 mg protein) was added to cleave
the histidine tag from the protein. After being transferred to a new dialysis buffer, the protein
was dialysed for the second time at 4°C for an overnight. SDS-PAGE was used to examine His-

tag cleavage.

Anion exchange chromatography was used to further purify the 14-3-3 proteins. This
purification was done with the help of FPLC AKTA Pure system (GE Healthcare, USA) using
Mono Q Sepharose column (1 ml) (GE Healthcare, USA). This column contains charge positive
ions that bind negatively charged molecules, mostly acidic proteins i.e. 14-3-3 (pI 4.67 to 5.14)
at pH 8.0 dialysis buffer. In anion exchange chromatography, the column was first equilibrated
with buffer A (Table 4.2). Then the protein sample was loaded in a column under slow flow.
Subsequently, the protein is eluted with a gradient of buffer B. The quality of purified protein
was checked by SDS-PAGE.

Table 4.2: Buffer composition of anion exchange chromatography

Buffer A 50 mM Tris-HCI (pH 8.0) + 2 mM DTT

Buffer B 50 mM Tris-HCI (pH 8.0) + 1 M NaCl + 2 mM DTT
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The final step of purification was size exclusion chromatography done with HiLoad 26/600
column with Superdex™ 75 column (GE Healthcare) using the AKTA pure FPLC system. The
principle behind size exclusion chromatography is that particles are separated based on their
molecular size (hydrodynamic radius) through the solid phase of the column. Larger particles
in this chromatography flow through the column faster than small ones, which are trapped

inside the differently sized pores of the column's resin.

Protein was concentrated using Vivaspin Turbo 15 centrifugation concentrators (MWCO 10
kDa) before protein loading to the FPLC. Size exclusion chromatography was run using a buffer
20 mM Tris-HCI (pH 7.5) + 150 mM NaCl + 1 mM TCEP + 10% (v/v) glycerol. Protein elution
was monitored by the light absorption at 280 nm. The collected protein fractions were checked
with SDS-PAGE and suitable fractions were pooled together. The final concentration of protein
was measured using Nanodrop at 280 nm based on the molar absorption coefficient calculated

from the primary protein structure.

4.2.2 Site directed mutagenesis of Nedd4-2

Our lab obtained the gene encoding the Nedd4-2 protein from Addgene (#83433)*%7. All of the
Nedd4-2 truncated protein variants were prepared using the above Nedd4-2 gene as a template
DNA for mutagenesis. I used two Nedd4-2 constructs that were already created in our lab,
Nedd4-2'78" and Nedd4-2'%-975, to prepare cysteine mutants. Both constructs were cloned
into the expression vector pST39 with non-cleavable C-terminal his-tag (6x Histidine) and

sequencing was done to verify that.

Nedd4-2 mutant variants were prepared using standard protocol of Quikchange site directed
mutagenesis kit (Stratagene, California, USA). This comprises a PCR reaction that uses
overlapping primers with missense mutations. Every step of the site directed mutagenesis
process is shown in Fig. 4.2. At the end, the recombinant plasmid with a confirmed sequence

was transformed into the BL21(DE3) expression vector.
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Figure 4.2: Site directed mutagenesis-Quick-change by Agilent illustrating the systematic process of
site directed mutagenesis (Figure taken from biobulletins webpage).

The Nedd4-2'%-38! contains only one cysteine residue. In order to produce cysteine variants, we
prepared a template by changing the cysteine at position 341 to serine. The mutagenesis was
done in a way that only a single cysteine was present in sequence and the other cysteine residues
were mutated to serine residues. In the case of the Nedd4-2!3¢73 variant, which contains six
cysteine residues, the series of subsequent mutagenesis was necessary in order to achieve single
cysteine variant. By using above described protocol, thirteen different Nedd4-2 variants in both
Nedd4-2 constructs were generated and cysteine insertion in all mutants was confirmed by

sequencing (Table 4.3):

Table 4.3: Nedd4-2 constructs details and positions of cysteine variants.

Construct Domains present | 14-3-3 binding Incorporated mutations for
in the constructs | motifs in the cysteine variants
constructs
Nedd4-2"0381 | ww 1-4 S342, T367, S448 C3418S, T209C, T218C,
S389C, T414C, A508C,

T522C, S571C

Nedd4-2'897> | WW 1-4, HECT | S342, T367, S448 C702, C776, C853, C874,
C942 (native cysteines in
the HECT domain)
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4.2.3 Expression and purification of Nedd4-2 protein variants

In the following chapters, the process of expression and purification of Nedd4-2 protein is

described, which was necessary to perform the rest of the research.

4.2.3.1 Nedd4-2190-581 ghort variant for fluorescence measurements.

Nedd4-2"%-581 wild type and seven variant proteins were expressed and purified by using the
following procedure. The fusion proteins were expressed by Escherichia coli BI21 (DE3) cells
in LB media. Initially cell cultures were incubated at 37 °C until optical density (OD) became
0.5, similarly like with the expression of 14-3-3n. The protein expression was induced with
addition of 0.5 mM Isopropyl-beta-D-thiogalactoside (IPTG) at OD®%°=0.8. Cell cultures were
incubated further at 18 °C overnight. Next day, cells were harvested by centrifugation at 3500
rpm for 20 mins. Cell pellets were resuspended into a lysis buffer containing 1x PBS, 1 M
NaCl, 4 mM BMe, 2 mM imidazole and 0.01% (v/v) tergitol. The addition of tergitol (0.01%)
to the lysis buffer improved the protein's stability, so we decided to keep 0.01% (v/v) tergitol
in all of the buffers used throughout the purification. After thawing the cell pellet and incubating
it with lysozyme, sonication was done for 10 minutes (pulse on — 5 sec, pulse off — 30 sec).

Afterwards, the sonicate was centrifuged at 13500 rpm for 45 min at 4 °C.

The supernatant fraction protein was purified by affinity chromatography using a Chelating
Sepharose Fast Flow column (GE Healthcare, USA) as per the standard protocol and final
protein was eluted with 10 ml of buffer F containing 1x PBS + 0.5 M NaCl + 2 mM Me + 0.6
M Imidazole + 0.01% (w/v) tergitol. The protein was immediately loaded on the FPLC system
and purified using Hiload column Superdex 75, 26/600 gl (GE Healthcare, USA). Following
purification, the obtained protein quality was analysed using SDS-PAGE.

Phosphorylation of Nedd4-2 was done by incubating a mixture of the protein with 158 U of
protein kinase A (PKA) per Img of recombinant protein in the buffer with the final
concentration of 20 mM MgCl, and 0.75 mM ATP for 2 hours at 30 °C and also at 4°C for
overnight. The next day, excess of ATP was removed by size exclusion chromatography using
a Superdex 75, 10/300 gl column (GE Healthcare USA) and buffer 50 mM Tris-HCI (pH 7.5)
+ 100 mM NaCl + 1 mM EDTA. To confirm the phosphorylation status, native TBE-PAGE
was done with non-phosphorylated Nedd4-2, phosphorylated Nedd4-2 and their known binding

partner 14-3-3n.
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Labeling of protein using thiol reactive probe 1,5-IAEDANS was done as described®?®. The
approximate concentration of the protein used for labelling was 2.0-8.5 uM. A stock of 15 mM
1,5-IAEDANS was dissolved in DMSO. After mixing the label and protein at a molar ratio of
40:1 (using 40 moles of probe for every 1 mol of protein), the mixture was incubated for 2 hours
at 30 °C, followed by overnight incubation at 4 °C. Afterwards, the separation of the labelled
protein and dye was done by size exclusion chromatography with a Superdex75, 10/300 gl
column (GE Healthcare USA) with buffer containing 50 mM Tris-HCI (pH7.5) + 100 mM NaCl
+ 1 mM EDTA + 10% glycerol.

The labelling incorporation stoichiometry was determined using a spectrophotometer by
comparing the protein absorbance peak at 280 nm with absorbance peak at 336 nm of bound
1,5-IAEDANS (ext. coefficient 5700 M™! em™'.) (Molecular Probes, Eugene, OR). The CMS
facility BIOCEV's mass spectrometry confirmed that proteins were phosphorylated and

labelled at appropriate positions.

4.2.3.2 Purification of the Nedd4-2186-75 Jong variant for fluorescence measurements.

This Nedd4-2'397 construct contained five cysteine residues at HECT domains. By using site
directed mutagenesis approach five different Nedd4-2 variants prepared, that contained only
one out of five native cysteines, while the rest were mutated to a serine (C702S, C776S, C853S,

C8748S, C9425).

Nedd4-2'3¢7° C942 was the only variant out of the five protein variants that was expressed and
purified as a stable and soluble protein; it was purified using the following method. Nedd4-2'%¢-
%75 variants were expressed and purified by Ni?* NTA affinity chromatography using the same

protocol as the Nedd4-2'"%-8! variant.

The purified protein was subsequently repurified by size exclusion chromatography using
Hiload column Superdex 200, 26/600 gl (GE Healthcare, USA). SDS-PAGE was used to
analyze quality and purity at each stage. Protein was phosphorylated as described above and
again performed the size exclusion chromatography using Superdex 200, 10/300 gl column (GE
Healthcare USA). Protein was concentrated using vivaspin turbo 15 (10 kDa) concentrator.

Native TBE-PAGE was run to see interaction of the Nedd4-2 variant with 14-3-3 proteins.
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Furthermore, Nedd4-2'3¢7 protein was labelled by 1,5-IAEDANS using the same method as
described further.

4.2.4 Mass spectrometry (MS)

Mass spectrometry (MS) is a powerful analytical technique used to separate and identify ionized
particles based on their mass-to-charge ratios (m/z). It consists of several key components: an
ion source, a mass analyzer, a detector, and a computer for data analysis. The ion source ionizes
sample molecules, the mass analyzer sorts ions based on their masses, the detector measures
ion abundances, and the computer manages the data. One widely used ionization method is
Matrix-Assisted Laser Desorption/Ionization (MALDI), first introduced by Koichi Tanaka and
further developed by Michael Karas and Franz Hillenkamp?*. With MALDI, biomolecules of
all sizes, from tiny metabolites to large proteins, can be analyzed by applying a matrix coating

and ionizing them with a laser beam?3° 233,

The most common mass analyzer for MS is the time-of-flight (TOF) analyzer, which sorts ions
based on their flight times. Tandem mass spectrometry allows for structural analysis by
fragmenting ions and analyzing the resulting fragments. Molecular identification is achieved
by comparing the obtained molecular weights with those in a database. Overall, selecting the
appropriate combination of ionization method and mass analyzer is essential for successful MS

analysis?**,

The mass spectrometric analysis was carried out at BIOCEV, CMS facility. The following is
the typical procedure for a mass spectrometric experiment. Proteins were diluted into a buffer
containing 50 mM ammonium carbonate. Free cysteine was alkylated with 30 mM
iodoacetamide for 30 minutes at room temperature in the dark, and cysteine was reduced with
10 mM DTT for 45 minutes at 60 °C. Digestion by trypsin continued overnight at 37°C with a
1:20 (w/w) enzyme to protein ratio. Peptides were loaded on a trap column (Luna Omega 5 pm

Polar C18 100 A, 20x 0.3 mm, Phenomenex) and desalted for 5 min at a flow rate of 20 pL/min.

Moreover, using a capillary UHPLC system (Agilent Technologies) and a reversed phase C18
column (Luna Omega 3 pm Polar C18 100 A, 150 x 0.3 mm, Phenomenex), the proteins were
separated at a flow rate of 10 pul/min under the following gradient conditions:1-10% B in 1
minute, 10-45% B in 19 minutes, and 45-95% B in 5 minutes were the times for which solvent

A and solvent B were, respectively, 0.1% formic acid in 98% acetonitrile and 2.0% acetonitrile
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in water. Times ToF pro mass spectrometer (Bruker Daltonics) was immediately linked to the
heated column, which was maintained at 50°C. PASEF mode was in use on the instrument.
Data was processed using the Bioinformatics Solutions, Canada-based Peaks Studio X
software, and it was compared to the Nedd4-2 protein database. The peptides' FDR was set to
1%.

4.2.5 Differential scanning fluorimetry (DSF)

Differential Scanning Fluorimetry (DSF) is a method used to measure protein stability. In the
conventional approach, researcher uses a hydrophobic fluorescent dye that binds to the
hydrophobic (folded) regions as they become exposed due to high temperatures, while the

machine detects changes in the fluorescence signal. (Fig. 4.3.).
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Figure 4.3: A schematic diagram of Differential scanning fluorimetry. The Fluorescence Intensity
(FD) curve shows the change in fluorescence intensity of SYPRO orange dye as it becomes attached to
a incrementally denatured test protein (Figure taken from Miyazaki et. al. 2017)*.
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Protein stability is dependent on the Gibbs free energy of unfolding (AGu). With the increase
of temperature, at a certain point AGy reaches equilibrium (equals 0), which means that the
concentrations of folded and unfolded proteins are the same. This temperature is called melting

temperature (T,,)>> 235237,

This unfolding transition, discernible through differential analysis, offers critical information
on the thermal stability of the biomolecule. The Fluorescence Intensity curve is a function of
temperature and is sigmoidal (Fig. 4.3), which is further described by a two-state transition. To

calculate the inflection point of this transition curve (7,), by using the Boltzmann equation
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(eq.1). The slope of the curve is defined by LL (minimum intensity) and UL values (maximum
intensity), while the melting temperature is calculated by determining the maximum of the first

derivative.

UL-LL
(—Tm)—x (1)

y = LL + :

1+ exp(

The dyes used for DSF need to favour non-polar environments (hydrophobic sites on the
denatured protein) and be quenched within polar solutions. Common dye of choice is SYPRO
orange, mostly because of its high signal-to-noise ratio. Its second strength is that it requires a
high excitation wavelength (~500nm), which lowers the possibility that a small molecule could

cause random quenching?¥%>%

DSF is usually done using a real-time PCR instrument, because it allows easy manipulation and
monitoring of temperature changes. DSF performed on such an instrument is a convenient
method of choice for screening different conditions proteins could be in, because it only

requires only small amounts and low concentrations.

Using DSF, the thermal stability of Nedd4-2 mutants were determined by measuring the
midpoint temperatures of the protein-unfolding transition (7). DSF was carried out using a
LightCycler 480 II device (Roche Applied Science, Germany). Nedd4-2!9-38! and Nedd4-2!%¢-
975 protein variations were evaluated in 8 x concentrated Sypro Orange (Sigma-Aldrich, St.
Louis, MO, USA) in a total reaction volume of 50 uL in a 96-well microtiter plate (Roche
Applied Science) at concentrations of 0.144 — 0.37 mg/ml and 0.185 mg/ml, respectively.
Protein was in a buffer containing 100 mM HEPES (pH 7.5) and 150 mM NaCl. Excitation
wavelength fluorescence was set at 465 nm and emission wavelength was 580 nm. The values
of the melting temperatures 75, corresponding to the inflection points of the denaturation curves
were evaluated and were determined as the minima of the first negative derivatives of these

curves using the ROCHE LightCycler 480 SW 1.5 software?¥823,

4.2.6 Fluorescence Spectroscopy

Fluorescence is a type of photoluminescence caused by photons excitation of a molecule to an
electronic excited state. Some molecules, such as chlorophyll and proteins containing the amino

acid residues tryptophan (Trp), phenylalanine (Phe), and tyrosine (Tyr), are intrinsically
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fluorescent. Other fluorescent molecules are created deliberately from non-fluorescent systems
by introducing fluorescent organic dyes or tags. After absorbing a photon, a fluorescent specie
becomes excited from its ground to one of the various vibrational excited electronic states. If
the excited molecule collides with other molecules, it loses vibrational energy (falls to the
lowest vibrational state) which is a phenomenon called vibrational relaxation (VR). A Jablonski

diagram is commonly utilized to illustrate this procedure (Fig. 4.4).

After excitation, the molecule emits a photon of a different energy (therefore frequency and
wavelength). This causes the drop down to the ground electronic singlet state. Because of that,
in fluorescent spectroscopy to be able to determine the structure of vibrational levels, it is

necessary to analyse light frequencies and their intensities.

Jablonski diagram (Fig. 4.4) is a graphical representation that is often used to describe the
photophysical processes that take place between the absorption and emission of light. In this
diagram, the ground and first electronic states are typically represented as So and Si,
respectively. Fluorophores are molecules that, when stimulated by photons, emit light. It can
occupy various vibrational energy levels, in these electronic states, often labelled as 0, 1, 2, and

so forth.

Energy levels
Absorption (10-5 s)
== Fluorescence (10‘10- 10’73)
Phosphorescence (1076 - 10 s)
— _ AU Internal Conversion (10-11- 109 5)
so H —_— Vibrational Relaxation (10'12 -10-10 s)
= — A\ Intersystem Crossing (10-10 - 10-85)

il

ﬁm W::?

S0

Figure 4.4: Jablonski diagram. Jablonski diagram with absorption (in blue), non-radiative transition
(in red) and fluorescence (in green) vibrational levels included (Figure inspired from Edinburg
instruments webpage).
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From the lowest level of the first singlet electronic excited state, the molecule can undergo
either nonradiative transition or fluorescent light emission to return to its ground singlet
electronic state. According to quantum mechanical principles, the molecule can end up in any
vibrational state of the electronic ground state upon radiative transition. However, the
probability of a particular vibronic transition depends on the square of the overlap of vibrational
wave functions of the initial and final state (Franck-Condon principle). In addition, fluorescence
emission might be blocked if the ground and excited singlet states' vibrational levels overlap.
In such a case, the molecule returns to the ground state through nonradiative internal conversion
(IC). In addition to fluorescence emission, some fluorophores can exhibit phenomena of

intersystem crossing (ISC).

Because of spin-orbit coupling, ISC consists of molecule transitioning the excited singlet to a
triplet electronic state. The triplet state has a total spin value of 1. Phosphorescence is a
phenomenon of the radiative transition from the excited triplet state to the ground state. Because
the transition between states of different multiplicity (singlet to triplet or triplet to singlet) is
forbidden (due to the spin selection rule), phosphorescence is considerably slower than

fluorescence, which is an allowed transition (singlet to singlet).

With a fluorescence lifetime of roughly 10 nanoseconds (1072 seconds), fluorescence emission

rates often correspond to 10® s™'. An essential feature of fluorescence is the Stokes shift, which

is the difference in the energy of absorbed and emitted photons (molecule emits a lower-energy
or longer-wavelength photon after absorbing one with a higher frequency or energy). The
Stokes shift phenomenon is mostly caused by solvent molecule rearrangement and vibrational

relaxation40-244,

Fluorescence quenching

Fluorescence quenching is a phenomenon where the fluorescence intensity of the fluorophore
decreases due to interaction of quencher molecules. There are a number of examples when that
might happen, some of which are collisional contacts, energy transfers, formation of complexes,
excited-state reactions. The decrease of fluorescence emission therefore manifests through
different mechanisms. Fluorescence quenching provides insights into molecular interactions
and localization of fluorophores in proteins and membranes. Volume expansion within the
solution, solvent viscosity influencing diffusion speeds, and molecular interaction between the
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fluorophore and quencher all have an impact on the quenching process. During the lifetime of
the excited state, quenchers can diffuse over moderate distances and affect measurements of
lifetime or fluorescence intensity. Overall, fluorescence quenching is a highly useful technique
that is applicable to many scientific fields for examining molecular environments, researching
protein-protein interactions, and evaluating diffusion dynamics. There are two main types of

fluorescence quenching: dynamic quenching and static quenching.

° Dynamic Quenching: In dynamic quenching, the excited fluorophore and the quencher

molecule collide with one another. The excited state decays non-radiatively as a result of this
collision, lowering the intensity of the fluorescence emission. In dynamic quenching, the rate
of quenching is closely correlated with the quencher molecule concentration and follows the

Stern-Volmer equation (eq.2):
Fo/F:1 + KSV[Q] (2)

where Fo and F are the fluorescence intensities in the absence and presence of the quencher,
respectively, Ksy is the Stern-Volmer quenching constant, and [Q] is the concentration of the
quencher. Common quenchers involved in dynamic quenching include molecular oxygen (O2),

heavy metals, and certain organic molecules.

° Static Quenching: Static quenching happens when the quencher and the fluorophore

form non-fluorescent complex ground-state complex) even before excitation. This complex
absorbs excitation energy but does not emit fluorescence upon relaxation to the ground state.
Even at relatively low quencher concentrations, the fluorescence intensity decreases with static
quenching. Static quenching is inapplicable to the Stern-Volmer equation. Depending on the
type of interaction, the binding between the quencher and the fluorophore may be irreversible
or reversible. Biomolecules, organic dyes, and specific metal ions are typical examples of static

quenchers.

Fluorescence quenching has extensive application in fluorescence spectroscopy, fluorescence

microscopy, enzyme kinetics, ligand-receptor binding, and protein-protein interactions®>*,
Fluorescence Lifetime

Fluorescence lifetime is another photophysical parameter of interest that characterizes energy

relaxation and dynamics of the studied fluorophore. It can additionally describe dynamic
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quenching, molecular rotation and the energy transfer between different electronic states. It
characterizes the average duration a molecule remains in an excited state before emitting a
photon and returning to its ground state, playing a pivotal role across scientific domains such
as biochemistry, molecular biology, materials science, and medical diagnostics. A profound
understanding of fluorescence lifetime offers invaluable insights into molecular structure,

interactions, and dynamics.

Several factors influence fluorescence lifetime such as solvent polarity, pH, temperature, and
presence of other molecules can influence the rate of excited-state processes. Fluorescence
lifetimes are measured experimentally using a variety of methods, such as Time-Domain
Fluorescence Spectroscopy, Time-Correlated Single Photon Counting (TCSPC), Frequency-

Domain Fluorimetry, etc?*.

relaxation
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! radiative |
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Figure 4.5: Jablonski diagram depicting the excitation and relaxation of a single molecule. (Figure
taken from Edinburg instruments webpage)

Fluorescence lifetime (1) of the molecule in Fig. 4.5 is calculating using the following equation
(eq.3):

1
'l' T e—
kr+ Yknr

)

Fluorescence isn’t a precise phenomenon, so that is the reason fluorescence lifetime is only the
average time a fluorophore will be in the excited state, before falling to the ground state. This
means only a few individual molecules will have emission that has t = 1, but if you take a large

population of the same fluorophore, T value will be the average 24°-2°,
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Intensity decay of the population of molecules, /(?), is calculated using the following equation

(eq.4):
1(t) = I,e= (/) 4)

1() is the intensity decay as a function of time (follows a single exponential model), /y the initial

intensity, t time passed from the moment of excitation and 1 the fluorescence lifetime.

4.2.6.1 Time-resolved fluorescence intensity and anisotropy decay measurements

Time-resolved fluorescence intensity and anisotropy decay measurements are two important
techniques used in fluorescence spectroscopy to gather information about the dynamics and

environment of fluorescent molecules.

Time-resolved fluorescence intensity measurements involve monitoring the emission of
fluorescence from a sample over time with a high temporal resolution. This technique allows
scientists to study the decay kinetics of fluorescence emission following excitation. By
analyzing the fluorescence decay curve, information about the molecular environment, such as
local viscosity, temperature, pH, and molecular interactions, can be obtained. Time-resolved
fluorescence intensity measurements are typically performed using a pulsed excitation source,
such as a laser, to generate short bursts of excitation energy. The fluorescence emission is then
detected using a sensitive detector, such as a photomultiplier tube or a CCD camera, with a fast
response time. By recording the fluorescence signal at various time intervals after excitation,
the decay kinetics of the fluorescence can be analyzed using mathematical models, such as
exponential fitting, to extract information about the sample. Applications of time-resolved
fluorescence intensity include studying protein folding dynamics, investigating molecular
interactions, probing conformational changes in biomolecules, and characterizing the properties

of fluorescent probes and dyes used in biological assays and imaging techniques.

Fluorescence anisotropy measurements are used to probe the rotational motion of fluorescent
molecules in solution. It provides information about the molecular size, shape, and rotational
freedom of the fluorophores, as well as their interactions with surrounding molecules.
Fluorescence anisotropy measurements are based on the principle that the polarization of
emitted fluorescence is dependent on the orientation of the fluorophores at the time of

excitation. When a polarized light source, such as a polarized laser beam, excites a sample
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containing fluorescent molecules, the emitted fluorescence will retain some degree of
polarization, which is characterized by the anisotropy value. Anisotropy is defined as the ratio
of the difference in fluorescence intensity parallel (I) and perpendicular (I1) to the excitation

polarization axis, normalized by the total intensity (I; + 211).

Mathematically, it can be expressed as (eq.5):

_ I”_IJ_

5
L+ 21 )

Denoted are: anisotropy (r), the fluorescence intensity that is parallel to the excitation
polarization axis (Iy) and the fluorescence intensity that is normal to the excitation polarization

axis (Iv).

Fluorescence anisotropy is dependent on the position, specifically rotational mobility, of
fluorescent molecules. An increase in anisotropy indicates restricted rotational motion, whereas
a decrease suggests increased molecular motion or rotational freedom. In addition, the analysis
of time-resolved fluorescence anisotropy decays can provide useful information about the
conformational behaviour of studied proteins. Therefore, this technique is widely used in
protein-protein interaction studies and monitoring conformational changes in biomolecules. In
summary, time-resolved fluorescence intensity and anisotropy decay measurements are
powerful techniques in fluorescence spectroscopy that provide valuable insights into the
dynamics, interactions, and structural characteristics of fluorescent molecules and their

environment>#>-231-254

All time-resolved intensity decay and anisotropy fluorescence experiments were measured by
the time correlated photon counting method as described previously?>>*. Briefly, fluorimeter
which was used for this purpose, it consisted of a femtosecond titanium-sapphire laser (model
Chameleon Ultra IT and Pulse Picker HP), detector based on individual counting of photons
(single photon counting detector) and photomultiplier (Hamamatsu, R3809U-50). Dansyl
fluorophore was excited at 355 nm using the monochromator (Horiba, H-20; with a stack of
glass OG420 long-pass and dielectric LP520 filters placed in front of the input slit) and data
was collected at 535 nm. Intensity decay was accumulated (magic-angle conditions, 1024
channels, time resolution 195ps/channel) until about 1.5%10° counts when the decay maximum

were reached. Polarized decays for fluorescence anisotropy were acquired quasi-
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simultaneously (switching time between components lasted 30 s). Samples were placed in a

thermostatic holder.

All experiments were done at 23°C. The proteins used (Nedd4-2!°%-%8! protein variants: C209,
C218, C389, C414, C508, C522 and C571; Nedd4-2'%975 C942; 14-3-31) were in the same
buffer (50mM Tris-HCI pH 7.5, 100mM NaCl, ImM EDTA and 10% (w/v) glycerol — all
components purchased from Sigma-Aldrich, St. Louis, MO, USA). Concentration ranges for
Nedd4-2 constructs were within 1.6-4uM, while for 14-3-3n 4-8uM. To analyse fluorescence

intensity and anisotropy decays it was necessary to use model-independent SVD-MEM?¢

Fluorescence intensity decays were assumed to be multiexponential according to equation (6)

I()=%;a; - exp (—t/T;) (6)

where, T; are the lifetimes of the excited states and a; are the respective amplitudes. Emissive
decay of /() was analyzed by the maximum entropy method?>®. The program generates sets of
amplitudes ai, which represent the distribution of excited lifetime’s status. The mean lifetime

of the excited state was calculated as (eq.7):

— Zi“iTiZ/

All time-resolved fluorescence measurements were carried out under the guidance of prof.
RNDr. Petr Hefman, CSc. and Mgr. Dita Strachotova, Ph.D. from the Institute of Physics,
Faculty of Mathematics and Physics, Charles University and all the equations in the following

text were taken from the literature®*.

The fluorescence anisotropy decay r(t) was obtained by simultaneous time-resolved by
measuring parallel I (t) and perpendicular IL (t) components of fluorescence intensity. To
evaluate data, the maximum entropy method was used®®. Anisotropy of fluorescence r(t) was

analyzed for a set of exponentials according to equation (8)

r() =2 Bi - exp(—t/ ;) (8)
p i’ reprensents distribution of rotational-correlation time’s ¢ ;.

Additionally £;” depends on the initial anisotropy ro according to equation (9)
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XiBi=mo )

Equation (9) typically, 100 spin-correlation times uniformly spaced at log scale and 100
lifetimes equidistantly spaced in the logarithmic time-scale for the Maximum Entropy Method

(MEM) analysis?%,

4.2.6.2 Time-resolved acrylamide quenching measurements

Changes in the mean fluorescence lifetime after adding acrylamide aliquots (dissolved in the
same buffer as the proteins) were used to construct Stern-Volmer (SV) plots. They were fitted

by the modified Stern-Volmer equation (eq.10) %7 transformed to the form of:

To (quO[Q]+1)
0 ~4a49% 7 10
T (kqTolQlfp+1) (10)

Legend: T, — mean fluorescence lifetime in the absence of quencher, 7 — mean fluorescence
lifetime in the presence of quencher, [Q] — concentration of acrylamide, k, — bimolecular

quenching constant, f;, — inaccessible fraction of the fluorophore.

4.2.7 Limited proteolysis

Limited proteolysis was done using proteolytic enzyme trypsin, to cleave proteins in a selective
manner. The idea behind limited proteolysis is that certain amino acid residues, such arginine
or lysine for trypsin, are usually the targets of particular peptide bond cleavage by proteolytic
enzymes within proteins. Peptide bonds C-terminal to arginine or lysine residues are broken by
trypsin. Under carefully monitored experimental settings, including buffer composition,
temperature, reaction duration, and enzyme concentration, limited proteolysis is carried out.
These circumstances are designed to cause the protein to partially breakdown, producing a

variety of different-length protein fragments>*%262,

Measurement was performed in the protein buffer: 50 mM Tris-HCI pH 8.0, 500mM NaCl,
ImM TCEP, 10% (w/v) glycerol, 0.01% tergitol. Each sample contained 50pmol of
phosphorylated Nedd4-2'%°7> wild type construct either with or without 100pmol 14-3-37 (so
the ratio between them would be 1:2, respectively). They were digested by trypsin at 25°C,
either for 10, 20 or 30 minutes (protease : protein = 1 : 1000, w/w). Undigested protein served

as the 0 time point. To stop the digestion, reactions were quenched by adding SDS-PAGE

60



loading buffer and boiling for 5 minutes at 95°C. The results were resolved by SDS-PAGE.
Density of selected bands that represent degradation of Nedd4-2 (at noted time-points) were
quantified using Image Lab software. Statistical significance was determined using student t-

test (Bio-Rad).

4.2.8 Chemical crosslinking coupled with mass spectrometry

Chemical crosslinking coupled with mass spectrometry (XL-MS) is a versatile technique,
providing valuable information about the spatial arrangement of interacting residues within a

biomolecular assembly.

Chemical crosslinking involves the covalent linkage of proximal amino acid residues within a
protein or between different subunits of a complex. This is achieved by introducing bifunctional
reagents that possess two reactive groups capable of forming covalent bonds with specific
functional groups on amino acids. The goal is to capture information about proximal residues
within a protein or between interacting proteins in a complex. The choice of crosslinking
reagent is crucial, as it determines the types of bonds that will form. Reagents with specific
chemical functionalities, such as amino-reactive or carboxyl-reactive groups, allow for
selective targeting of particular amino acid side chains. Crosslinking agents which are used in
this dissertation includes disuccinimidyl suberate (DSS), disuccinimidyl glutarate (DSG) which
helps in obtaining low-resolution structural information about large and dynamic complexes.
The length and flexibility of the crosslinking reagent play a critical role in determining the

spatial constraints of the crosslinked residues.

Mass spectrometry measurements with coupled chemical crosslinking were performed
additionally to obtain further structural information about Nedd4-2 alone and together with 14-
3-3 proteins. Sample preparation consisted of overnight dialysis (buffer composition: 20 mM
HEPES pH 7.5, 150 mM NaCl and 1 mM TCEP). Nedd4-2 and 14-3-3 were mixed in a 1:2
molar ratio. Different homobifunctional crosslinking agents were prepared from fresh stock
solutions (10 mg/ml, dissolved in DMSO) and were added to samples in a 50% molar excess.

Reaction volume was 20 pl and the reaction lasted for 1 h at room temperature.

uantitative studies consisted of mixin € - . 1tselt or with 2X molar excess o -
itati di isted of mixing Nedd4-2'$6-97 by itself or with 2x mol f14
3-3n with 50x molar excess of light (12 C) and heavy (13 C) disuccinimidyl adipate (DSA,

purchased from Creative Molecules). Incubation lasted for 30 minutes, at room temperature.
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Afterwards, Nedd4-2'%-975 with 14-3-3n (labelled with 13 C) and Nedd4-2'36-"7> alone (labelled
with 12 C) were mixed together in a 1:1 ratio. Next step consisted of overnight trypsin digestion
(enzyme : protein = 1 : 20, w/w) at 37°C. The next day, sample was injected into the Luna
Omega 3 pm Polar C18 100 A 150 x 0.3 mm column (Phenomenex) which was desalted at a

10 pl/min flow rate for 5 min.

Eluted proteins were separated by reversed-phase chromatography. This was done using the
same column (heated at 50°C) with a 10 pl/min flow rate using a capillary UHPLC 1290 system
(Agilent Technologies) with a gradient sequence of 1-10% for 1 min, 10-45% for 19 min, and
45-95% for 5 min of buffer solvent A (0.1% formic acid, 98% acetonitrile in water) in buffer
solvent B (0.1% formic acid, 2% acetonitrile in water). Column was directly connected to 15T
solariX XR FT-ICR mass spectrometer (Bruker Daltonics, USA) operated in a positive data-
dependent mode. Data obtained from this experiment was exported using Data Analysis v. 5.3
software (Bruker Daltonics, USA). In order to identify cross-linked samples, StavroX software

was used.

The modifications were set as variable methionine oxidation and fixed cysteine
carbamidomethylation. The -NH2 group of lysine and the N-terminus of the peptides were
considered as the modification sites for DSA and BS3. A 3-ppm value was set for the mass
error threshold, and manual curation was done for all assigned fragments. Crosslinking coupled
with mass spectrometry experiments and the following data processing was done in
collaboration with RNDr. Petr Pompach, Ph.D., and Mgr. Pavla Vailkova, Ph.D. employed at
the facility of the Institute of the Academy of Sciences of the Czech Republic in BIOCEV.

Fixed carbamidomethylation of cysteine and variable methionine oxidation were set as
modifications. The modification sites of DSG and DSS were N-termini, lysine, serine, threonine
and tyrosine. The mass error threshold was set to 1 ppm, and all assigned fragments were
manually curated. To identify cross-linked peptides, Links software was used. The no
overlapping isotopes of peptides cross-linked with 12 C and 13 C DSA were used to calculate

isotope ratios.
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4.2.9 Protein crystallography

Protein crystallography is a method used to determine the atomic structure of proteins. This
technique provides valuable insights into protein function and aids in the design of therapeutic
agents. Basic principle behind that is, the individual arrangement of atoms, molecules, or ions
within a crystal is called a crystal structure. Crystal structure consists of a motif, collection of
atoms (molecules/ions) arranged in a certain way and a lattice. Crystal lattice represents a three-
dimensional collection of points that are repeated regularly. Motifs are located on the points of
the lattice. Unit cell is an abstract term that represents a “box” (whose vertices match to the
aforementioned points) that contains 1 motif which will be repeated throughout the whole
lattice. Parameters of the lattice represent the length of the unit cell edges and angles between

them.

X-ray Crystal Diffraction pattern
source generated by the crystal

Figure 4.6: The X-ray crystallography principle. The virus particles' crystals produce a diffraction
pattern that can be used to determine the high-resolution capsid structure (Figure taken from Wang-
Shick Ryu, 2017)%%,

X-ray crystallography is a field which uses X-ray diffraction to determine the geometry or the
form of a specific molecule (that has the ability to crystallize). It is based on possibility of X-
rays to elastically scatter from molecules whose interatomic spacing within the crystal is
comparable to the wavelength of X-rays. After they impact the crystal, they scatter in a variety
of directions. From this detected diffraction pattern (contains information of the angles and
intensities of the scattered beams), it is possible to determine the arrangement of atoms within

the crystal (Fig. 4.6) and therefore its three-dimensional image. Vast number of molecules are
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known to be able to crystalize (metals, minerals, salts, biological molecules, semiconductors).
The advancement of numerous scientific disciplines has been greatly aided by X-ray

crystallography?®3-263,

According to Bragg's law, an interference pattern of the waves in an incident X-ray beam arises
when X-rays are incident on a crystal with regularly ordered atoms. Crystal structure and
identification of crystalline compounds can be ascertained by X-ray diffraction. In addition, it
can be used to assess the size of the crystallites, the residual stress on the crystals, and the

distribution of the crystal orientation inside the material.

Incident X-ray  wave length A Diffracted X-ray

Incident angle 8

d-spacing d

Bragg's law : 2d sin® =

Figure 4.7: Schematic representation of the Bragg equation. The grid represents a two-dimensional
crystal lattice with a set of imaginary planes. When X-rays strike a crystal at an angle 0, coherent
diffraction (in phase) occurs when the difference in distance travelled (2dsin6) equals an integral number
of the wavelength (n)) (Figure is taken from Toray Research Center, Inc webpage).

These reflections only happen in specific circumstances that meet the requirements of the
Bragg's equation (Fig. 4.7). Denoted on the figure are: d — distance between atomic planes, 6 —
angle of the incident X-ray beam, n — integer (1, 2, 3...n). X-ray beam can reflect off a nearby
atomic plane, and take a longer path (still parallel). In order to have constructive interference,

path length difference needs to be equal to an integer value of the incident X-ray beams?*+263,

We attempted to crystallize the complex between 14-3-3yAC construct and Nedd4-2 peptide
(possesses the phosphorylation site S342: LRSCpSVTDAYV) in a 1:2 ratio. All proteins were in
the buffer with the same composition (20 mM HEPES pH 7, 2 mM MgClz and | mM TCEP).

Crystallization was done using the hanging-drop vapour-diffusion method. Temperature was
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291 K. Crystals of 14-3-3yAC:pepS342 peptide complex were grown in 3 pl drops: 1 pl of the
protein complex with 16.5 mg/ml concentration and 2 pl of precipitating solution (100 mM
sodium citrate (pH 5.6), 200 mM potassium sodium tartrate, and 1.8 M ammonium sulphate).

30% (v/v) PEG 400 was used as a cryoprotectant. Crystals were flash frozen in liquid nitrogen

before data collection!'®.
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5. Results

5.1 Mutagenesis, expression, purification and labelling of recombinant proteins.

As previously described in chapter 4.2 experimental methods, all Nedd4-2 and 14-3-3 proteins
were expressed and purified according to standard protocol. This section shows particular
results of the individual expressions and purifications of the 14-3-3 and Nedd4-2 proteins, as
well as the subsequent phosphorylation and labelling of the Nedd4-2 protein. The results of

each purification stage was as follows:

5.1.1 Site directed mutagenesis of Nedd4-2 protein

A previous work done in our laboratory suggested that the 14-3-3 protein alters the interactions
between the structured domains of Nedd4-2, causing a structural rearrangement of Nedd4-2!8,
In order to better understand 14-3-3:Nedd4-2 interaction and to study its effect on individual
Nedd4-2 domains, we mapped the positions of each Nedd4-2 domain in order to insert a single

cysteine at different positions (Fig. 5.1).

HECT N-lobe

Figure 5.1: Selected positions of Nedd4-2 residues for incorporation of cysteine residues and
subsequent labelling withIAEDANS. The SAXS-based model of the pNedd4-2!'3675:14-3-3n
complex. Nedd4-2 domains: WW2, WW3, WW4, and HECT. Orange sticks represent the
phosphorylated 14-3-3 binding motifs of Nedd4-2 (PDB: 6ZBT and 6ZC9). Red balls represent the
selected positions for cysteine incorporation in Nedd4-2 domains (Figure is taken from Joshi R. ef a/
2022)%6,
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In this work, we used two Nedd4-2 constructs: Nedd4-2'"38" and Nedd4-2'%-"7>| which lack
N-terminal C2 domain. Nedd4-2'°%-8! contained all three phosphorylation sites and all four
WW domains. The second construct, Nedd4-2'%6-°75 contained four WW domains and HECT

domain including all three phosphorylation sites (Fig. 5.2)
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Fig. 5.2: Schematic representation of Nedd4-2 full-length protein and its constructs. Domains are
represented by following colours: C2 domain — grey, WW1-4 domains — yellow, teal, blue and magenta
(respectively), N-lobe of the HECT domain — salmon, C-lobe of the HECT domain — raspberry. Three
14-3-3 binding sites (S342, T367, and S448) are marked with red lines. Underneath are shown two
shorter constructs, Nedd4-2'%-"7> and Nedd4-2'"%>8! (along with their mutated variants, labelled in red),
that were used in the present study. Cysteine residues that were labeled by 1,5-IAEDANS are marked
with red dots. (Figure is taken from Joshi R. et al 2022)%%,

209
C218
C389
ca14
C508
C522
o571

The Nedd4-2'9°-38! sequence consists only of a single cysteine residue at position C341. Thus,
we initially created a template by mutation into C341S. Following that, we performed more
modifications by substituting the cysteine residue at the specific location (T209C, S218C,
S389C, T414C, A508C, T522C, and S571C) using site directed mutagenesis approach.

Nedd4-2'8675 consists of five cysteine at positions (C702, C776, C853, C874 and C942) in the
HECT domain. Initially, we performed the mutation at position C341S to prepare a
template. Afterwards, we did further mutations using this template, in a way that just one
cysteine remains and the other four have been replaced to serine. Eight variants of Nedd4-2
containing a single cysteine were prepared, from out of eight; seven single cysteine variants of
Nedd4-2199-581 (C209, C218, C389, C414, C508, C522, and C571) and one single cysteine
variants of Nedd4-2'3¢97> (C942) (Table 5.1). Sequencing confirmed that cysteine had been
incorporated in both Nedd4-2 constructs.
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Table 5.1 Nedd4-2 cysteine mutants

Construct Domains present Incorporated locations of Incorporation of cysteine
in the constructs cysteine variants confirmed by sequencing
Nedd4-2!90-581 WW 1-4 C341, T209, T218, S389, Yes

T414 A508, T522, S571

Nedd4-2'86-973 WW 1-4, HECT C702, C776, C853, C874, Yes
C942

5.1.2 Expression and purification of Nedd4-21°0-58! yariant

Since the majority of cysteine variants were produced using a Nedd4-2!°°-8! construct for

fluorescence measurements, that construct was crucial in my study.

The Nedd4-2!%-38! variants were purified according to the previous section (4.2.3.1). As better-
quality protein is required for protein labelling and the following fluorescence measurement.
Nedd4-2 was first purified using Ni*" NTA affinity chromatography and the resulting protein
was eluted with 10 ml of elution buffer (buffer F). The obtained protein is further purified by
size-exclusion chromatography using Superdex 75 HiLoad 26/600 column (GE Healthcare,
USA). SDS-PAGE was run after every purification step to check quality of protein (Fig.5.3).
Since the purification outcomes for every Nedd4-2 variants were nearly same, so just one SDS

PAGE gel image of Nedd4-2'"°-*81 C508 is shown.

Differential scanning fluorimetry was used to assess the stability of each variant protein; all
variations were found to be stable (see chapter DSF). In order to form a complex with 14-3-3
proteins, the protein was then phosphorylated (see method section). Native TBE PAGE was
used to check that the Nedd4-2 could form a complex with the 14-3-3 protein (Fig.5.3). The
phosphorylation at the expected position has been confirmed using mass spectrometry analysis
at the CMS facility, BIOCEV. All Nedd4-2""-3%! variants typically yielded ~2-3 mg protein
from a 3 1 cell culture. The protein was either stored at -80 °C or used further for 1,5-IAEDANS

labelling.
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Figure 5.3: Expression and purification of Nedd4-2'"5%! C508 variant protein (A) SDS PAGE
(12%) after protein purification by Ni** NTA affinity chromatography (B) Eluted fractions by size
exclusion chromatography using Superdex 75 HilLoad 26/600 column, SDS-PAGE (12%) and
corresponding chromatogram (C) Native TBE PAGE gel of non-phosphorylated and phosphorylated
Nedd4-2; phosphorylated Nedd4-2 forms a complex with 14-3-3 (D) Final protein purification by size-
exclusion chromatography, SDS-PAGE gel after. The selected fractions (shown in the blue colour in
chromatogram) were collected. Protein standards are indicated as M and eluted fraction shown with
respective numbers.

5.1.3 Expression and purification of Nedd4-236°75 yariants

Only the Nedd4-2'86-975 C942 variant protein was stable and soluble among the five variants.
Thermal stability of this variant was also analysed by DSF analysis. Non cleavable, N-terminal
His-tagged protein was expressed and purified using the optimized protocol, as mentioned
before (section 4.2.3.2). This protocol was the same as for the Nedd4-2'""-3%! so the fusion
protein was purified in the same manner. But the size exclusion chromatography was performed
using Superdex 75 HiLoad 26/600 column (GE Healthcare, USA) big column, despite the fact
that the Nedd4-2'%7> mutant protein has a bigger molecular weight than the Nedd4-2!9%-8!
proteins. SDS-PAGE was run after every purification step and on (Fig. 5.4) it is visible that the
protein is soluble and of good quality. After size-exclusion chromatography, protein was
phosphorylated by PKA. Native PAGE confirmed the binding of Nedd4-2'86-75 C942 with 14-
3-3 protein. The typical purification yield was about 3 mg from 3L of cell culture. Afterwards,

this protein was used for 1,5-IEADANS labelling or stored at -80 °C.
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Figure5.4: Expression and purification of Nedd4-2'%75 C942 variant protein (A) Ni*" - NTA
affinity chromatography purification SDS PAGE (12%) (B) protein purification by size exclusion
chromatography using Superdex 75 HiLoad 26/600 column, SDS PAGE (12%) and chromatogram
(C) Native TBE PAGE gel of non-phosphorylated and phosphorylation Nedd4-2'%¢7> — it is visible only
phosphorylated protein can bind 14-3-3 (D) Final size-exclusion chromatography performed to remove
ATP from protein after phosphorylation reaction, SDS-PAGE gel. The collected fractions are shown as
the blue area under the curve of the chromatogram. M indicates protein standards marker and eluted
fraction shown with respective numbers.

5.1.4 Expression and purification of 14-3-3 protein

The 14-3-3 proteins were purified using standardized protocols, as described (section 4.2.1).
14-3-3n isoform was used mainly in this work. The 14-3-3n protein was expressed using E. coli
strain BL21(DE3) expression system. The 14-3-3 protein was purified using a series of
purification steps, beginning with Ni** NTA affinity chromatography, followed by anion
exchange chromatography, and finally size exclusion chromatography using a Superdex 75
HiLoad 26/600 column. The obtained results of expression and purification of 14-3-31 from 4L

cell culture are as follows (Fig. 5.5).
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Figure 5.5: The 14-3-3n protein expression and protein purity following all purification steps A)
SDS gel following Ni** NTA affinity chromatography and B) Anion exchange chromatography gel C)
size exclusion chromatography using 15% SDS PAGE.

5.2 Assessing the protein stability by DSF

In order to assess protein unfolding, DSF monitors fluorescence changes with temperature. The
Nedd4-2 mutant's thermal stability was analysed by differential scanning fluorimetry
which measure thermally induced protein denaturation (See.4.2.6). Using the Roche Light
Cycler 480 SW 1.5 software, the melting temperature values (7m), which correspond to the
melting curves' inflection points, were determined as the minimum of the negative first
derivative. The final results were taken from the means of three measurements. Using DSF, the
protein unfolding transition's midpoint temperatures (7m) were determined for each Nedd4-2
mutant in order to evaluate their stability. All Nedd4-2 variants showed similar Tm values, with
the exception of Nedd4-2!"-381 C508 (Table 5.2). The Nedd4-2'°°-38! C508 variant's somewhat
decreased 7m could be the result of the altered WW3 domain taking on a different

conformation.
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Table 5.2. Thermal stability of Nedd4-2 variants. (Table taken from Joshi et.al. 2022)%,

Sr. Nedd4-2 construct Nedd4-2 Tm (°C)

No. variants
1 Nedd4-2190-581 C209 542 +0.1
2 C218 55.3+0.1
3 C389 53.6+0.1
4 C414 55.7+0.2
5 C508 51.06 + 0.05
6 C522 56.5+0.2
7 C571 54.4+0.3
8 WT 56.29 £ 0.05
9 Nedd4-2'86-975 C942 41.34 +0.06
10 WT 39.5+04

5.3 Labelling of recombinant proteins by 1,5-IAEDANS

Purified Nedd4-2 protein variants were labelled with 1,5-IAEDANS dye in order to measure
by fluorescence spectroscopy. Fluorescence labelling was confirmed by LC-MS technique at
CMS, BIOCEYV (refer to the attached publication I: Joshi ef al. 2022 in supplement)**®. By this
approach, we were able to monitor local conformational changes in different regions of Nedd4-

2 protein (Fig.5.3).

Table 5.3 Parameters of individual Nedd4-2 variants and concentration after 1,5 IEADANS

labelling.
Sr. | Labelled Protein variants by | Stock Stock | Molecular
No. | 1,5-IAEDANS on position Conc. Conc. weight
(mgml) | (uM) | (Da)

1 Nedd4-2'"°38" C389 0.378 8.39 45020
2 Nedd4-2""%381 C209 0.240 5.39 45020
3 Nedd4-2'"0-81 C218 0.092 2.00 45020
4 Nedd4-2""% C414 0.247 5.53 45020
5 Nedd4-2""%" C508 0.187 4.17 45020
6 Nedd4-2'"038" C522 0.212 4.74 45020
7 Nedd4-2""0%81 C571 0.080 1.8 45020
8 Nedd4-2'8¢97> C942 0.159 1.74 132244
9 14-3-3 6.91 243.42 28412
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5.4 Time-resolved fluorescence intensity and anisotropy decay measurements

It was shown before that 14-3-3 not only interacts with Nedd4-2 protein but also limits its
interaction with target substrates such as membrane proteins'!’?°. Thus, 14-3-3 is a
known negative downregulator of Nedd4-2's. Although the exact molecular mechanism
underlying this regulation is still unclear. For that reason, we chose to employ the fluorescence

spectroscopic measurements using fluorescently labelled protein variants (Table 5.3).

In our previous study by Pohl et al., we demonstrated that the interaction between 14-3-3 protein
and Nedd4-2 lead to structural rearrangements in the WW domains and the N- and C-lobes of
the HECT domains of Nedd4-2 protein. To study the effects of 14-3-31 on Nedd4-2 domains,
we performed time-resolved fluorescence intensity measurements, using 1,5-IAEDANS
labelled cysteine variants of Nedd4-2'"°-%! and Nedd4-2'%¢7°_ 1,5-IAEDANS dye is sensitive
to changes in its microenvironment, undergoes changes in fluorescence properties, mainly in

quantum yield and emission lifetime based on polarity of surroundings.

Fluorescence lifetime measurements were useful in detecting subtle solvation and
conformational changes upon 14-3-3 binding. Due to the complex decay patterns observed, we
utilized mean fluorescence lifetime (t mean) as a sensitive qualitative indicator of changes in
the local environments of 1,5-IAEDANS-Ilabelled cysteines. The emission lifetimes of C209
and C218 from the WW1 domain were quite short compared to the other mutants (15.4 and
15.1 ns, respectively), and they were unaffected by 14-3-3n binding (Fig.5.6 and Table
5.4). Protein variants from WW2 (C389, C414) and WW3 (C508) domains showed the highest
t mean values (17.0, 16.7, and 16.8 respectively), indicating a less polar fluorophore
microenvironment. Proteins variants C522 from the WW3 domain, C571 from the WW4
domain, and C942 from the C-lobe of the HECT domain exhibited comparatively lower T mean

values.

The most significant effect of 14-3-3n binding was found on WW3 domain mutants C508 and
C522, where t mean increased by approximately 1.4 ns. The binding of 14-3-3 protein also
affected mutants C389, C414, and C571 from the WW2 and WW4 domains, which displayed
higher Tt mean in the complex; this effect was most apparent in the C389 variation, where t
mean increased by approximately 0.7 ns. This may be the result of conformational changes in

Nedd4-2 caused by 14-3-3, which may have an impact on interactions with dansyl fluorophore
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and/or direct interaction with 14-3-3r, which may influence dansyl solvation. On the other
hand, the mutant variant containing the C942 in the C-lobe of HECT domain, which was tagged
with 1,5-IAEDANS, showed a 0.3 ns reduction in the T mean, suggesting that there were more
contacts with the polar environment. This might be related to either higher solvation or
quenching interactions. This implies that the structure of the Nedd4-2 C-lobe in the apo-state is

influenced by 14-3-3 binding. (Fig. .5.6 and Table 5.4)
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Figure 5.6: Nedd4-2 variants and 14-3-3 binding’s dependent changes in mean fluorescence
lifetime. The positions of cysteine residues labelled with 1,5-IAEDANS within the Nedd4-2 domains
can be seen at the bottom. WW1: C209 and C218, WW2: C389 and C414, WW3: C508 and C522,
WW4: C571. Catalytic C942 corresponds to the C-lobe of the HECT domain. Each error bar showing

the standard deviation (Figure taken from Joshi et.al. 2022)%¢.
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Table 5.4 Summary of the time-resolved IAEDANS fluorescence measurements>

ky (x 107%) T [Zh P3° o4/ @s "
Nedd4-2 variant Toean (NS) M~ sTh" Fy (ns) B (ns) B (ns) B3 (ns) [ (ns) Bs
Nedd4-2"" !
C209 154 4.3 0.27 0.1 0.19 1.4 0.05 9.5 0.05 79 0.06
C209 + 14-3-3n 15.4 4.6 0.29 0.1 0.17 0.5 0.05 39 0.04 15 0.02 >200 0.06
C218 15.1 7.1 0.15 0.1 027 0.5 0.01 2.6 0.02 17 0.03 170 0.01
C218 + 14-3-3n 15.1 6.9 0.30 0.1 0.26 0.5 0.03 39 0.01 15 0.02 >200 0.02
C389 17.0 27 0.30 0.1 0.08 1.1 0.04 39 0.07 26 0.13 =200 0.04
C389 + 14-3-3n 17.7 1.5 0.28 0.1 0.08 1.6 0.04 6.5 0.05 50 0.11 >200 0.06
C414 16.7 2.6 0.31 0.1 0.08 1.4 0.06 6.6 0.07 35 0.10 =200 0.03
C414 + 14-3-3n 17.1 2.0 0.31 0.1 0.08 1.9 0.06 9.4 0.07 97 0.04 >200 0.08
C508 16.8 27 0.25 0.1 0.10 1.3 0.02 4 0.06 12 0.08 79 0.07
C508 + 14-3-3n 18.2 1.5 0.22 0.1 0.07 0.6 0.03 3.8 0.05 16 0.05 >200 0.14
C522 15.8 3.6 0.33 0.1 0.08 1.1 0.07 6.1 0.09 39 0.07 >200 0.03
C522 + 14-3-3n 17.0 1.7 0.31 0.1 0.09 1.4 0.05 6.2 0.05 47 0.08 >200 0.07
C571 159 32 0.32 0.1 0.09 1.9 0.10 14.1 0.08 67 0.03 >200 0.03
C571 + 14-3-3n 16.4 1.8 0.26 0.1 0.09 1.1 0.06 6.0 0.07 76 0.08 >200 0.05
Nedd4_2"l67975
C942 15.7 55 0.49
€942 + 14-3-3n 154 74 0.56

®Mean lifetimes were calculated as =) ifit;, Where f; is an intensity fraction of the i-th lifetime
component 7;.

°SD =+ 0.1 ns.

‘Anisotropies r(t) for a series of exponential were analysed using a model-independent maximum
entropy method, with no presumptions regarding the shape of the correlation time distributions®? , r(t)
=% (Br exp(-t/or)), where amplitudes P represent the distribution of the correlation times ¢iw. P
presented in the table are peaks of the distribution positioned at correlation times @n.

¢ Inaccessible fraction, SD =+ 0.02.

fBimolecular quenching constant, SD =+ 0.2 (x10® M''s™)

5.4.1 Time-resolved emission polarization anisotropy measurements

We assumed that interactions with 14-3-3n could affect certain residues' solvent exposure and
mobility. To address this question, we used time-resolved emission polarization anisotropy
measurements to determine segmental motions in cysteine tagged with 1,5 JAEDANS in order
to investigate this. Table 5.4 presents the summarised results for seven Nedd4-2!90-8!
variations. Unfortunately, low signal intensity prevented accurate observations of time-resolved
fluorescence anisotropy for Nedd4-2!86-97> C942. Five different classes of correlational times
were identified by the polarization anisotropy decays, suggesting complex dynamics. The

fluorophore itself initially moved slowly (3.8 to 9.5 ns and 12 to 97 ns), most likely due to the

asymmetric rotor rotating freely>*!. Then, faster (0.1 to 1.9 ns) motions were seen. Because of

75



finite dansyl lifespan, the largest component, ¢5, may have represented movement of the

Nedd4-2:14-3-3 complex, albeit poorly resolved with possible modest aggregation.
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Figure 5.7: Nedd4-2's WW domains show various mobilities. Nedd4-2'""%! variants fluorescence
anisotropy decays which were labelled with 1,5-IAEDANS (Figure taken from Joshi ez.al. 2022)%%,

The 1,5-IAEDANS-labelled Nedd4-2!°-38! time-resolved fluorescence anisotropy decays
showed three different groups according to dansyl mobility (see Fig.5.7). The change in the
total amplitudes of the fast anisotropy decay components (fr4sr) was used to measure the
amount of segmental mobility and changes induced by 14-3-3 binding. A higher fr4sr value
reflected reduced steric hindrance in the fast-depolarizing motion of the fluorophore, likely
correlating with increased internal protein mobility. C208 and C218 from the WW1 domain
were in the first group with the highest internal mobility (with frasr values of 0.24 and 0.28,
respectively), suggesting significant amount of solvent exposure. C218 appeared to be the most
mobile mutant, suggesting a high degree of exposure to the solvent (Fig. 5.8). The elevated
solvent exposure of C209 and C218 is further supported by their relatively short emission
lifetimes of 15.4 and 15.1 ns, respectively (as indicated in the table 5.4). The WW2 domain's
C389 and C414 mutants (with Sr4s7 values of 0.11 and 0.14, respectively) made up the second

group, which had the maximum internal rigidity with longer emission lifetimes of 17.0 and 16.7
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ns, respectively, suggested a less polar environment (Table 5.4). The third group was composed
of mutants with intermediate internal flexibility from the WW3 and WW4 domains. Mutants in
these groups showed similar fluorescence anisotropy decays in the unliganded form, indicating
similar internal mobilities and general hydrodynamic properties of the protein (see Fig. 5.8 and

Table 5.4).
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Figure 5.8: Influence of 14-3-31) on the fluorescence anisotropy decays of WW domains of Nedd4-

2 variants. Each panel represents a WW domain: (A) WW1, (B) WW2 domain, (C) WW3 and WW4

domain (Figure taken from Joshi et.al. 2022)*%°.

5.4.2 Time-resolved fluorescence quenching experiments

In order to investigate the changes in Nedd4-2 structure caused by interaction with 14-3-3
protein, we performed a time-resolved quenching experiment using eight variants of Nedd4-
2190-381 and Nedd4-2'%¢7>. We did fluorescence quenching experiments to determine the
accessibility of fluorophores to acrylamide. In order to achieve this, we used a time-resolved

experiment to reduce the effects of static quenching, an issue that frequently occurs in research
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that depends on intensity-based quenching. Consequently, our data revealed Stern-Volmer
graphs that displayed curvature (See Fig. Suppl.S10-S13 in Joshi R.2022). The presence of
curvature indicates the presence of separate groups of fluorophores that show varying degrees

of sensitivity to the quenching agent, acrylamide.

Proteins can exhibit dynamic conformational heterogeneity, causing proteins to fluctuate
between different structural states. These states provide different degrees of accessibility to
dansyl. To make things easier, we have classified dansyl into two main categories: one that is
accessible and the other that is completely inaccessible. In general, we saw that the proportion
of dansyl in the inaccessible state (F») remained relatively stable among all mutants, usually
around 0.3, except for the C218 mutant, which had a lower F,. The bimolecular quenching
constant (k,) values, derived from fitting the Stern-Volmer plots, are summarized in Table 5.4

and Figure 5.9.
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Figure 5.9: 14-3-3n effect on the distinct bimolecular quenching constant of different Nedd4-2
mutants. (Figure taken from Joshi et.al. 2022)*%

The results of our quenching experiments suggest that the presence of 14-3-3n does not have

significant effects on the quenching efficiency of the C209 and C218 mutants in the WW1
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domain. Their bimolecular quenching constant (k;) were 4.3 and 7.1 x 10 M!s”!, respectively.
This indicates that dansyl is extensively exposed to the aquatic environment, regardless of the
presence of 14-3-3. Out of all the mutations, C218 had the greatest ability to interact with the
quencher. This was consistent with its heightened internal movement and reduced emission
duration. Only this mutant exhibited significant changes in F} upon interaction with 14-3-3,
resulting in a clear deviation in the quenching curves. However, unbound C218 exhibited
around 50% less F, compared to other mutants, suggesting reduced conformational
heterogeneity. Nevertheless, the F, value of C218 in the presence of 14-3-31 was similar to that
of other mutants, indicating that WW 1 is exposed to the solvent and there is a fast depolarization

of anisotropy (Fig. 5.8, Table 5.4).

When we investigated mutants from the WW2, WW3, and WW4 domains, we observed a
substantial decrease in k; when bound to the 14-3-3 protein. However, the C942 mutant, which
is located in the HECT domain, had a higher &, value after 14-3-3 binding. While small £
changes have been observed among these mutants, the reduction in 4, caused by 14-3-3 binding
varied: approximately 23% for C414, 44% for C389, C508, and C571, and 53% for C522 (Fig.
5.9). These results were consistent with our anisotropy data, showing the effects of 14-3-3
binding on dansyl rotational mobility in the C508 mutant, whereas the rigid C414 mutant had
the least obvious effect. The C942 mutant, on the other hand, exhibited the opposite behaviour,
with a 35% rise in k; upon 14-3-3 binding, which was connected with a decreased mean

fluorescence lifetime after binding to the 14-3-3 protein. (Fig.5.9)

5.5 Structural characterization of Nedd4-2!86-975:14-3-3n complex by chemical

crosslinking coupled mass spectrometry (XL-MS)

Due to the limited structural data of full-length Nedd4-2 and 14-3-3 protein complex available,
we did the chemical cross-linking coupled to mass spectrometry measurements (XL-MS) at
CMS facility, BIOCEV. Using the crosslinking agent DSG and DSS with Nedd4-2'%67> alone
and in complex with 14-3-31. The obtained results revealed 14-3-3 dependent structural
modifications in Nedd4-2. We observed 14 intramolecular cross-linked residues in Nedd4-2

apo form and 13 intramolecular distance restraints in Nedd4-2!3¢-97>

in complexes with 14-3-3n
(Figs. 5.10a, 5.10b). Most of the crosslinks were found in both conditions, such as the one

between K598 from the HECT domain and T275 from the WW1-WW?2 linker. In other words,
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once the complex has been formed, the distance between these two points remains constant
(Fig. 5.10a, 5.10b). Crosslinks between the WW2 domain and the WW1-WW?2 linker (K395-
T275) and between WW2 and the HECT domain (K398-K822 and K398-S932) were only
found in the apo form of Nedd4-2!8673_ Crosslinks between the WW2-WW3 and WW3-WW4
linkers (S538-S428) and WW3 with the C-lobe of HECT (K531-K935) were identified solely
in the complexed form of Nedd4-2'%¢7>_ These findings show that the creation of this complex
affects the WW2 domain's location relative to the HECT domain and other WW domains in
Nedd4-218697,

2186975 i the presence and absence of

For the quantitative intramolecular crosslinks of Nedd4-
14-3-3n we used 12C and 13C-labelled disuccinimidyl adipate (DSA) in a 1:1 ratio to crosslink
Nedd4-2'%975 alone and the complex with 14-3-3n (Fig. 5.10a, b-in green). Upon complex
formation, only the abundances of crosslinks considerably changed showing that Nedd4-2
residues K531 from the WW3 domain and K607 from the HECT domain (Fig. 5.10b) are mostly
cross-linked in the absence of 14-3-3n. In contrast, the crosslink between Nedd4-2 residues
H186, which precedes the WW1 domain, and K639 from the N-terminus of the HECT domain
(Fig. 5.10b), largely formed in the presence of 14-3-31. Crosslinking Nedd4-2'%¢97%:14-3-3n
mixtures in 1:2 stoichiometry with disuccinimidyl suberate (DSS) and DSG resulted in eight
intermolecular crosslinks (Fig. 5.10a, b). Crosslinks connect the 14-3-3n ligand binding
groove's a-helices (a3, a5, and 09) to the WW3 and HECT domains, as well as 02 and 06 to
the HECT domain. The 14-3-3n and Nedd4-2 areas are expected to have direct interactions
within the complex. Our crosslinking studies show that 14-3-3n interacts with Nedd4-2's WW3

and HECT domains, causing alterations in their relative places.

In XL-MS data analysis from the full-length Nedd4-2:14-3-3 complex, observed most of
intermolecular cross-links between the WW3 domains of Nedd4-2 and the 14-3-3, shown (Fig.
5.10). Also, multiple intramolecular cross-links have been found between the Nedd4-2

domains, shown in figure 5.10.
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Figure 5.10: Identified crosslinks of Nedd4-2!%75 in apo and complexed form with 14-3-3n
protein. Figure showing identified cross-linked peptides using crosslinking agent DSS and DSG (black
lines). Quantitative crosslinks by DSA (light green). A) Position of intramolecular cross-linked residues
in Nedd4-2 alone. Nedd4-2 domains have distinct colours in the following ways. The C2 domain (grey
color, which is not a part of this construct), the WW domains (WW1 — yellow colour, WW2 - dark green
colour, WW3 — blue colour, WW4 — purple colour) and the HECT N-lobe (red colour) and HECT C-
lobe of domain (salmon colour) B) Positions of intramolecular crosslinks of pNedd4-2 protein identified
in the presence of 14-3-3 protein. C) Positions of intermolecular crosslinks between the 14-3-3 protein
and pNedd4-2. Helices of protein 14-3-3 are indicated in green and helices forming the binding groove
are in dark green (Figure taken from Pohl et.al. 2021)'18,

5.6 Limited proteolysis - protection against proteolytic cleavage

To investigate the functional role of 14-3-3n protein on Nedd4-2!%7> we performed limited
proteolysis experiments using trypsin cleavage (Fig. 5.11). This assay allowed us to identify
susceptible regions of Nedd4-2 to proteolysis. Previous reports indicate that 14-3-3 proteins

172,173,267,268 In our

play protective roles with various proteins such as caspase-2 and phosducin
experiments, we performed limited proteolysis with trypsin using four different time intervals
(Fig. 5.11A). Results showed that Nedd4-2'86-"% is highly prone to proteolysis when alone, but
when complexed with 14-3-3n, its degradation is significantly slowed down. Using mass
spectrometry analysis after 30 minutes of trypsin digestion, we observed that the N-terminus
containing WW1 and WW2 domains, with phosphorylation sites S342 and T367, is the most
sensitive region to trypsin digestion. Notably, bands around 60 kDa corresponded to the Nedd4-
2 sequence 446975, with the first identified peptide phosphorylated at S448. Our findings
clearly demonstrate that Nedd4-2 undergoes rapid degradation alone, but in the presence of 14-

3-3n, degradation is significantly reduced. The degradation of Nedd4-2 in vitro was halved in
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the presence of 14-3-3n (Fig. 5.11B), indicating that 14-3-3 protein acts as a protective agent
against proteolytic degradation. In summary, our results show that 14-3-3n binding protects
the S448 binding motif, WW3-4, and the HECT domains at C terminal region of Nedd4-2 from
proteolytic degradation. These findings are consistent with our fluorescence analysis results,

indicating that 14-3-31 stabilizes Nedd4-2 by influencing its structural dynamics.
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Figure 5.11: Limited proteolysis confirmed that 14-3-3 protein protects pNedd4-2'3¢°"5 from
proteolytic cleavage. A) Trypsin digestion of phosphorylated Nedd4-2!36-% was performed at 10, 20,
and 30 min. time intervals in the absence and presence of 14-3-3 B) The experiment used a
protease/Nedd4-2 ratio of 1:1000 (w/w), and the reactions were terminated by boiling the samples in an
SDS/PAGE loading buffer. The red rectangle represents the observed degradation of Nedd4-2'36-7,
ImageLab software was used to measure the density of degradation bands of Nedd4-2'%7> both with

and without 14-3-31. The error bars indicate the standard deviation of four separate experiments (Figure
taken from Joshi et.al. 2022)%,

5.7 Protein structure determination.

Previous research on the interaction between phosphorylated Nedd4-2 variants and 14-3-3
proteins indicated that motifs containing phosphorylated residues at positions S342 and S448
are crucial for a strong interaction with 14-3-3'8, In order to investigate further this interaction
at the atomic level, we did protein crystallization using 14-3-3yAC and a phosphorylated
peptide derived from the 14-3-3 binding motif pS342 in the native sequence of Nedd4-2. The
14-3-3yAC protein, lacking 15 residues at the C-terminus, was selected for this study due to the
high quality of the crystals.

We co-crystallized this protein with the Nedd4-2 phosphopeptides (LRSCpSVTDAV), which
carries the first phosphorylation site at S342. The resulting complex, two 14-3-3 dimers in the
asymmetric unit coupled to phosphopeptides, crystallised in the trigonal space group R3. (PDB
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ID: 6ZBT, Fig.5.12). To determine the structure of the pep-S342:14-3-3yAC complexes, we
used molecular replacement techniques with 14-3-3y (PDB ID: 2B05) as a search model,

followed by refinement to final resolutions of 1.8 A.

The crystal structure obtained in this study was consistent with our previously published
findings'!®. The highest quality diffraction data were obtained for the Nedd4-2pS342/14-3-
3yAC complex crystals. However, only seven residues of Nedd4-2 were visible in the final
electron density map, with the last three residues likely being disordered. The structure revealed
that the phosphopeptides adopted extended conformations within the ligand-binding groove of
14-3-3, similar to other 14-3-3: phosphopeptides complexes. Specific connections were
observed between the phosphorylated serine at position 342 (pSer342) and certain amino acid
side chains of 14-3-3 proteins, including Arg57, Argl32, Lys50, and Tyr133, as well as indirect
interactions facilitated by water molecules with Asp129 and Asnl78 of 14-3-3. Additionally,
hydrogen bonds were identified between the main-chain atoms of Nedd4-2 residues Cys341
and Val343 and the side chains of 14-3-3 residues Asn229 and Asnl78, respectively.
Furthermore, the side chain of Nedd4-2 Ser340 formed a polar contact with the side-chain
residues Trp233 and Glul85 of 14-3-3.

My colleague Mgr. Dana Kalabova crystallized 14-3-3yAC with phosphopeptides. Diffraction
analysis of this crystal, molecular replacement and structure validation was done with the help
of my supervisor RNDr. Veronika Obsilova, PhD. Then the structure is submitted to the PDB
database with PDB ID: 6ZBT.
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Figure 5.12: Solved crystal structure of complex of phosphopeptides Nedd4-2 pS342
(LRSCpSVTDAYV) and 14-3-3yAC protein. (A) The 14-3-3yAC: pep-S342 complex's crystal structure,
solved at 1.61 A resolution through molecular replacement and refinement. The contour of the 2Fo-Fc
electron density map is at 1. (PDB ID — 6ZBT) (B) Polar contacts (black lines) between the Nedd4-2
pSer342 binding site (red) and the residues of 14-3-3y (black). Water molecules are shown as yellow
spheres (Figure taken from Pohl et.al. 2021)'8,
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6. Discussion
Nedd4-2 is crucial in the ubiquitination of membrane-bound proteins, responsible for various
diseases like epilepsy, hypertension, and cystic fibrosis. Its regulation involves
phosphorylation-triggered binding to the adaptor protein 14-3-3, which has different effects in
different tissues. For example, in the brain, the interaction between Nedd4-2 and 14-3-3 induces
the ubiquitination of AMPA receptor's GluA1 subunit. Conversely, ENaC's ubiquitination is
reduced in the kidney upon binding to 14-3-3, leading to increased sodium absorption by
elevating ENaC surface expression’’’. Despite the importance of this interaction, detailed
structural information regarding the regulation of Nedd4-2 by 14-3-3 remained unknown. Our
study sheds light on the structural aspects of this interaction. In our previous study, we found
that 14-3-3 interaction induces a structural rearrangement in Nedd4-2, affecting its domain and
likely modulating substrate ubiquitination. These findings underscore the broader regulatory

role of 14-3-3 to target for Nedd4-2-related diseases.

Numerous studies have shown that Nedd4-2's WW domains play important roles in various
eukaryotic signalling cascades. These WW domains recognize PY motifs in proteins such as
ENaC subunits, SGK1, ACK1, and WNK1. Nedd4-2 has four WW domains that have distinct
sequences, suggesting that every domain is going to have a different role. In vitro study using
surface plasmon resonance showed that Nedd4-2 WW2 and WW3 domains bind to SGK1 both
independently and cooperatively, whereas only WW3 and WW4 domains interact with
ENaC!'¢, These results verify a proposed model in which SGK 1 initially binds to the WW2 and
WW3 domains of Nedd4-2, moreover, phosphorylation of Nedd4-2 leads to binding of

270

scaffolding 14-3-3 protein and subsequently dissociation of Nedd4-2 from ENac”"". However,

the exact mechanisms underlying the modulation of Nedd4-2 by 14-3-3 proteins are not fully

understood yet and require further investigation®’>27%,

In our recent study, we utilized a combination of SAXS, cross-linking, and crystallography to
examine the structural characteristics of the Nedd4-2:14-3-3n complex. Our findings
revealed significant changes in the interactions within Nedd4-2's structured domains upon
binding to 14-3-3n'!8. This shows the potential impact of complex formation on the
accessibility of Nedd4-2's catalytic HECT domain and WW domains individually. To delve
deeper, we used time-resolved dansyl fluorescence spectroscopy to examine the conformational
changes, mobility, and solvent accessibility of Nedd4-2's WW and HECT domains induced by
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binding with 14-3-31. Our results clearly shows direct interaction between 14-3-3n and WW3
and WW4 domains, indicated by a substantial increase in dansyl fluorescence lifetime and a
reduction in solvent accessibility and mobility of IAEDANS-labelled Cysteine residues at
positions 508, 522, and 571 (see Fig.5.6, 5.8C, and 5.9). Furthermore, the observed blue shift
in emission spectra, approximately 4-5 nm for C508 and C522 residues and 1 nm for C571 upon
binding with 14-3-31, corroborates this finding (Joshi et al, Fig.S19)?%®. Comparison with the
spectra of free IAEDANS in water and DMSO suggests a less polar microenvironment, further

supporting our conclusions (Joshi et al, Fig.S20)%%°.

The observed changes in the 1,5-IAEDANS microenvironment, mobility, and quencher
accessibility are likely due to two mechanisms: conformational changes caused by 14-3-31
protein binding to the Nedd4-2 WW3 and WW4 domains, and direct interaction with labelled
cysteine residues, which shields them from polar solvents and restricts their mobility. The
fluorescence properties of 1,5 IAEDANS-labelled Cys residues at positions 389 and 414 in the
WW2 domain had a lower impact on interaction with 14-3-3n. Despite having the lowest
internal mobility of Nedd4-2's four WW domains, 14-3-3n binding had only a little effect on
the WW2 domain's movement (see fig.5.7, 5.8B). Nonetheless, complex formation caused some
structural changes near this domain, as demonstrated by the increased Tmean. Furthermore, the
drop in k&, values and a modest blue spectral shift show that the WW2 domain has reduced
solvent accessibility after binding with 14-3-31n. IAEDANS-Cys at positions 209 and 218 inside
the WW1 domain, on the other hand, had no effect on their fluorescence lifetimes or apparent
kq when bound to 14-3-3n. Regardless of the presence of 14-3-31, this domain showed strong
internal mobility, a short emission lifetime, and high quenching of IAEDANS emission. (see
fig.5.6, 5.8A and 5.9). In summary, these results suggest that the WW1 domain is relaxed and
highly solvent-accessible, while 14-3-3n binding has little effect on 1,5 TAEDANS-C209
emission spectrum. However, the existence of a blue-shifted shoulder on 1,5 IAEDANS-C218's
emission spectra in the presence of 14-3-3n implies that structural heterogeneity has increased
in this location. Overall, binding of 14-3-3n had no substantial effect on the WW1 domain's
interactions or structure. However, the changes in structure caused by the 14-3-3n binding
extend to Nedd4-2's catalytic HECT domain, as shown by a study of the fluorescence properties
of 1,5-TAEDANS labelled C942 within the active region of the HECT domain (see fig.5.6, 5.9).

86



Our results revealed conformational changes in Nedd4-2 domains induced by the presence of

14-3-3, shedding light on the mechanistic aspects of their interaction.

Nedd4-2 regulates Na* transport in mammalian cells'?*27>277_ It binds to the PY motif of the
epithelial sodium channel ENaC, causing ubiquitination and a decrease in Na' transit. In
contrast, phosphorylation of Nedd4-2 by different kinases stimulates interaction with 14-3-3
proteins, blocking ENaC ubiquitination and resulting in ENaC continued activity on the cellular

surface®”’

. Our fluorescence spectroscopy results, together with recent structural insights into
both Nedd4-2 alone and the Nedd4-2:14-3-3n complex, give insight into the mechanism behind
the 14-3-3-mediated inhibition of Nedd4-2 binding to ENaC!'®. Structural studies of Nedd4-2
and in complex with 14-3-31n show that when 14-3-31| is absent, the WW2 and WW3 domains
interact with the HECT domain (see fig.5.10). However, when 14-3-31 binds, these connections
are disrupted, resulting in WW3 being sequestered into the central channel of the 14-3-31 dimer
and away from the HECT domain (see fig.5.6, fig.5.9) Furthermore, our current model suggest
interactions between 14-3-3n and the WW4 and HECT domains. Consistent with these
structural predictions, our time-resolved fluorescence measurements, combined with the limited
proteolysis results reported in this study, confirm the interactions between 14-3-3n and the
WW3 and WW4 domains, as well as the structural changes within the HECT domain during
complex formation. Furthermore, our results show that complex formation reduces the mobility

and solvent accessibility of the WW2-4 domains, most likely due to steric masking by 14-3-31
binding.

It is most likely that the 14-3-3-mediated physical restriction of WW domains is responsible for
regulating Nedd4-2 function. Additionally, the relative position of both HECT lobes to each
other is directly influenced by 14-3-3, which would cause an impact of the catalytic activity of
this enzyme. We make this hypothesis based on the fact that the IAEDANS moiety bound to
C942%7  a catalytic residue, behaves differently once Nedd4-2 is in a complex in comparison
to when it is by itself. Which would be a consequence of the structural change within the
catalytic domain. In conclusion, our fluorescence spectroscopic study of the Nedd4-2:14-3-3n
complex shows that steric hindrance in the WW3 and WW4 domains, together with
conformational changes in the catalytic domain, contribute to the regulation of Nedd4-2

activities via 14-3-3 binding. Furthermore, these findings open the way for further exploration
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of the 14-3-3:Nedd4-2 interface for possible therapeutic intervention in Nedd4-2-related

diseases such as Parkinson's disease, kidney disease, hypertension and others.

Recently some studies on the development of small-molecule therapeutics that enhance protein-
protein interactions within 14-3-3 protein complexes have yielded some promising outcomes,

h?”. Our findings suggest that besides phosphorylation motifs, Nedd4-2

in the same approac
interacts with 14-3-3n through additional regions such as WW3 and WW4 domains. By
targeting that interaction interface between these proteins, it may be possible to develop novel
inhibitors that disrupt Nedd4-2 function, offering an alternative or complementary approach to

existing strategies for treating diseases.

Overall, the results presented here provide a deeper understanding of the molecular mechanisms
regulating the interaction between Nedd4-2 and 14-3-3n, highlighting its importance in cellular

homeostasis and offering promising prospects for therapeutic intervention.
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7. Conclusion

Our research successfully addressed the regulation of the ubiquitin ligase Nedd4-2 by the 14-

3-3n protein using integrated structural biology approaches.

Nedd4-2 variants were efficiently prepared using a site-directed mutagenesis approach. We

2190-581 and

successfully optimized the expression and purification protocols for Nedd4-
Nedd4-2'397° variants, resulting in a sufficient yield of soluble proteins.
Nedd4-2 variants have been found to be stable and suitable for further experiments using
DSF analysis. As well as Nedd4-2 variants were forming complex with 14-3-3n protein in
binding stoichiometry 1:2 (monomer of Nedd4-2: dimer of 14-3-3n).

All Nedd4-2 variants were appropriately labelled with 1,5-IAEDANS dye, followed by
fluorescence measurements. The fluorescence spectroscopy analysis of the Nedd4-2:14-3-
3n complex indicates that binding of 14-3-3n protein to Nedd4-2 causes the steric
hindrance of the WW3 and WW4 domains and the conformational change in the catalytic
HECT domain.

Chemical crosslinking experiments provided valuable data on the spatial proximity
between Nedd4-2 and 14-3-3n, offering further insights into their binding mechanism.
Limited proteolysis experiment has demonstrated that the 14-3-3n protein binding protects
Nedd4-2 from proteolytic degradation in vitro.

The crystal structure of the Nedd4-2pS342:14-3-3yAC was refined at 1.8 A resolution and
provided a detailed molecular view of the interaction of 14-3-3 protein with the Nedd4-2
phosphorylation site pS342.

Collectively, all these findings provide insight into the regulatory mechanisms of Nedd4-2
and its interaction with 14-3-3n protein, which could have possible explanation and future

implications for treatments of Nedd4-2-related diseases.
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Nedd4-2 binding to 14-3-3 modulates the
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ABSTRACT Neural precursor cells expressed developmentally downregulated protein 4-2 (Nedd4-2), a homologous to the E6-
AP carboxyl terminus (HECT) ubiquitin ligase, triggers the endocytosis and degradation of its downstream target molecules by
regulating signal transduction through interactions with other targets, including 14-3-3 proteins. In our previous study, we found
that 14-3-3 binding induces a structural rearrangement of Nedd4-2 by inhibiting interactions between its structured domains.
Here, we used time-resolved fluorescence intensity and anisotropy decay measurements, together with fluorescence quenching
and mass spectrometry, to further characterize interactions between Nedd4-2 and 14-3-3 proteins. The results showed that 14-
3-3 binding affects the emission properties of AEDANS-labeled WW3, WW4, and, to a lesser extent, WW2 domains, and re-
duces their mobility, but not those of the WW1 domain, which remains mobile. In contrast, 14-3-3 binding has the opposite effect
on the active site of the HECT domain, which is more solvent exposed and mobile in the complexed form than in the apo form of
Nedd4-2. Overall, our results suggest that steric hindrance of the WW3 and WW4 domains combined with conformational
changes in the catalytic domain may account for the 14-3-3 binding-mediated regulation of Nedd4-2.

SIGNIFICANCE Ubiquitin ligase Nedd4-2 phosphorylation at residues S342 and 5448 triggers its association with 14-3-3
proteins, thus modulating Nedd4-2 function and the ubiquitination of various ion channels. Here, we labeled the individual
structured Nedd4-2 domains with the environmentally sensitive extrinsic fluorophore 1,5-IAEDANS and performed
fluorescence measurements. This allowed us to monitor the mobility and accessibility of the individual domains of Nedd4-2
upon 14-3-3 protein binding. Our data reveal that the steric hindrance of the WW3 and WW4 domains together with the
conformational change in the catalytic domain may be responsible for the 14-3-3 binding-mediated regulation of Nedd4-2
functions. Therefore, 14-3-3-mediated changes in the accessibility and/or mobility of individual WW domains of Nedd4-2
may modulate different dynamic processes of membrane proteins ubiquitination.

INTRODUCTION epithelial sodium channel ENaC in the lungs and kidneys
(3), the renal sodium-chloride symporter NCC (4), several
voltage-gated sodium and potassium channels (5,6), and
neural receptors (7), among other targets. Some of these
targets include membrane proteins, whose activation is
controlled by ubiquitination mediated by Nedd4-2.
Accordingly, its malfunction has been linked to lung
inflammation, Liddle syndrome, salt-sensitive hyperten-
sion, epilepsy, and developmental and end-stage renal dis-
orders, highlighting its importance for human physiology
(8-11).

The Nedd4-2 molecule consists of three spatially and

The Nedd4 family of mammalian homologous to the
E6-AP carboxyl terminus (HECT) E3 ubiquitin ligases en-
compasses nine members, including neural precursor cell-
expressed developmentally downregulated protein 4-2
(Nedd4-2). Nedd4-2 originated from the most conserved
and ancestral member Nedd4 by gene duplication (1) and
is only found in vertebrates, which primarily express this
ubiquitin ligase in the lungs, kidneys, brain, and heart
(2). In these organs, Nedd4-2 has been shown to modulate
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functionally distinct domains, the N-terminal calcium/lipid
binding (C2) domain, four repeats of 34 amino acids known
as WW domains, and the HECT domain (Fig. | A). The C2
domain regulates protein function by mediating its
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translocation to phospholipid membranes in a response to
enhanced cytosolic Ca’* (12). Human Nedd4-2 contains
four WW domains located between the C2 and the HECT
domains. The WW domains (also known as WWP) are
named after their two highly conserved tryptophan residues
and proline residue. These domains preferentially bind to
proline-rich motifs (PPxY) of regulated substrates because
they contain a hydrophobic core bordered by beta sheets
with several charged residues (13,14). The catalytic HECT
domain catalyzes polyubiquitin chain assembly through a
conserved, two-step mechanism, similarly to other HECT
family members (15). This substrate ubiquitination by
Nedd4-2 through substrate-linked ubiquitin chains promotes
degradation and cell signaling (16). WW domains, in the
same protein, show different substrate specify in vitro. As
such, Nedd4-2 may interact with various proteins through
its WW domains in vivo.

In line with the above, the WW3 and WW4 domains of
Nedd4-2 directly interact with all epithelial sodium channel
(ENaC) subunits and play a key role in the feedback regula-
tion of ENaC in mammalian cells (2,17). In turn, mouse
Nedd4 uses all of its three WW domains to interact with
ENaC (18), whereas WW2-4 of human Nedd4, which has
four WW domains, are required for this interaction (19).
Moreover, the WW domains of Nedd4-2 recognize the PY
motif in its own HECT domain (20), and WW1 and WW2
interact with TRPV6 and decrease its ubiquitination rate
(21). Nedd4-2 function and its substrate specificity are
also modulated by phosphorylation and binding to adaptor
proteins, which can have both inhibitory and activatory ef-
fects. Several protein kinases, such as PKA, Akt, Sgkl,
INKI, and IKKp, phosphorylate Nedd4-2 at $342, T367,
and S448 (22-27), thus triggering 14-3-3 protein binding
(28-30).

14-3-3 proteins are a family of highly conserved dimeric
proteins, which interact with hundreds of other proteins,
thereby regulating their functions (31-34). 14-3-3 proteins
recognize pSer/pThr-containing motifs, which are frequently
located within disordered regions of their binding partners
and far from structured functional domains (35-37).
Nedd4-2 has three 14-3-3 binding motifs, but phosphorylated
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FIGURE 1 Domain structure of human Nedd4-2
and the protein constructs used in this study. (A)
Schematic representation of the Nedd4-2 domain
structure showing the positions of 14-3-3 binding
motifs $342, T367, and $448: the Ca®* lipid binding
domain is shown in gray (denoted as C2), and the
* o5 WWI4 domains are shown in yellow, teal,
blue, and magenta (denoted as W1-4). The N- and
C-obes of the HECT domain are shown in rasp-
berry and salmon, respectively. (B) The constructs
used in this study are Nedd4-2!%6-97 (C942) and
Nedd4-2"" 7' (C200, C218, €389, C414, C508,
(522, and C571). The positions of the cysteine res-
idues used for 1,5-IAEDANS labeling are shown in
red. To see this figure in color, go online.

5342 and S448 are the crucial residues that facilitate high-af-
finity 14-3-3 binding (30). Both motifs are located within
disordered regions bordering the WW2 domain (Fig. | A).
However, the exact role of 14-3-3 binding in regulating
Nedd4-2 remains unclear. For example, Nedd4-2 interaction
with 14-3-3 is known to both prevent the ubiquitination of
ENaC, increasing ENaC activity (38), and promote the ubiq-
uitination of the GluAl subunit of the AMPA receptor (7).
Nevertheless, we have recently performed a biophysical
characterization of the complex between the phosphorylated
Nedd4-2 and 14-3-31, showing that 14-3-3 binding induces a
structural rearrangement of Nedd4-2 by altering interactions
between its structured domains (30). Our structural analysis
also suggested that the formation of this complex may affect
the accessibility and/or the mobility of individual WW do-
mains of Nedd4-2.

To test this hypothesis, in this study, we aimed to further
characterize interactions between phosphorylated Nedd4-2
and 14-3-3 by investigating changes in the solvent accessi-
bility and mobility of Nedd4-2 domains upon complex for-
mation. For this purpose, we used various fluorescence
spectroscopy methods, including time-resolved fluores-
cence intensity and anisotropy decay measurements and
fluorescence quenching. The results clearly indicate that
14-3-3n directly interacts with WW3 and WW4 domains
and that the 14-3-3n-protein-induced conformational
change of Nedd4-2 involves not only the WW3 and WW4
domains but also its catalytic domain.

MATERIALS AND METHODS

Heterologous expression and purification of 14-3-
3 protein

14-3-3n was expressed and purified as described previously (30,39,40). In
brief, 14-3-31 was expressed in E coli BL21(DE3) cells using three puri-
fication steps: affinity chromatography, followed by Hiss-tag cleavage,
anion-exchange chromatography (HiTrap Q column, GE Healthcare, Chi-
cago, Illinois, USA), and size-exclusion chromatography (HiLoad Super-
dex 75, GE Healthcare) in a buffer containing 20 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1 mM TCEF. and 10% (w/v) glycerol. The final protein
was concentrated to 30 mg-mL ", frozen in liquid nitrogen, and stored
in aliquots at —80°C (193.15 K).
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Heterologous expression, purification, and
phosphorylation of Nedd4-2

The coding sequence of Nedd4-2 (residues 190-581) was PCR amplified
from the plasmid hNedd4-2 (residues 186-975) previously prepared in
our laboratory (30). The PCR product containing residues 190-381 was
ligated into the polycistronic pST39 vector Sacl/Kpnl restriction sites.
The entire cloned region was confirmed by sequencing. Thirteen different
Nedd4-2 murants in both Nedd4-2 variants containing a single cysteine res-
idue (Nedd4-2"""""*' variant: T209C, S218C, $389C, T414C, AS08C,
T522C, S571C; Nedd4-2"""""% variant: C7028. C776S, C853S, C8748,
9428) were generated using the QuikChange kit (Stratagene, Santa Clara,
California, USA), confirming all mutations by sequencing.

Nedd4-2""""*" WT and single cysteine variants were expressed as a
fusion protein with 6 x noncleavable His-tag at the C-terminus by isopro-
pyl-1-thiop-D-galactopyranoside induction for 18— 20 h at 18°C in
E. coli BL21 (DE3) cells. The pelleted cells were suspended in lysis buffer
(1x PBS, 1 M NaCl, 4 mM B-mercaptoethanol, 2 mM imidazole, and
0.01% (v/v) Tergitol NP-40) and purified using a Chelating Sepharose
Fast Flow column (GE Healthcare), according to the standard protocol, fol-
lowed by gel filtration chromatography on a HiLoad 26/600 Superdex 75 pg
column (GE Healthcare) in a buffer containing 20 mM Tris-HCl (pH 7.5),
500 mM NaCl, 1 mM TCEP, 10% glycerol (w/v), and 0.01% (v/v) Tergitol
NP-40. Purified Nedd4-2'"~%%! was phosphorylated with 158 units of PKA
(Promega, Santa Clara, California, USA) per milligram of recombinant pro-
tein in the presence of 0.75 mM ATP and 20 mM MgCl, by incubation at
30°C for 2 h and then overnight at 4°C. After phosphorylation, the protein
was repurified using a size-exclusion chromatography Superdex 75 Increase
10/300 GL column (GE Healthcare) in a buffer containing 20 mM Tris-HCL
(pH 7.5), 500 mM NaCl, 1 mM TCEP, and 10% glycerol (w/v).

Nedd4-2'% =75 WT and single cysteine variants were expressed and pu-
rified as described previously (30).

Labeling of Nedd4-2 mutants by 1,5-IAEDANS

Nedd4-2'"=" contains only one cysteine residue at position 34 1. To pre-
pare Neddd-2""*' specifically labeled with a fluorescence probe at
different positions in the WW domains, we first replaced cysteine 341 by
serine and then incorporated a single cysteine into seven different positions
(€209, C218, €389, C414, C508, €522, and C571). Nedd4-2"*""""" con-
tains six cysteine residues. To prepare Nedd4-2"*%"7" specifically labeled
with a fluorescence probe at different positions of the HECT domain, we
mutated C3418 and used this mutation as a template for subsequent muta-
genesis of five cysteine residues present in the HECT domain. Mutagenesis
was performed so that only a single cysteine was present and that all other
cysteine residues were mutated to serine residues. Covalent modification of
Nedd4-2 containing a single cysteine residue with the thiol-reactive probe
1.5-IAEDANS was performed as described before (41). In brief, the protein
(2.0- 8.5 pM) in 50 mM Tris-HCI (pH 7.5), 100 mM NaCl, | mM EDTA
buffer, and label, were mixed at a molar ratio of 1:40 and incubated at
30°C for 2 h, and then at 4°C overnight in the dark. Subsequent gel filtration
chromatography was performed in 50 mM Tris-HC1 (pH 7.5), 100 mM
NaCl, 1 mM EDTA, 10% glycerol (w/v) buffer (Sigma-Aldrich, St. Louis,
MO) to remove free unreacted label. The incorporation stoichiometry was
determined by comparing the peak protein absorbance at 280 nm with the
absorbance of bound 1.5-IAEDANS measured at 336 nm using an extinc-
tion coefficient of 700 M ' em ™' (Molecular Probes, Eugene, OR).

Mass spectrometry analysis

Proteins were diluted to S0 mM ammonium bicarbonate buffer. Cysteines
were reduced with 10 mM DTT for 45 min at 60°C and free cysteines
were alkylated with 30 mM iodoacetamide for 30 min at room temperature
in the dark. Trypsin digestion proceeded overnight at 37°C with an enzyme/
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protein ratio of 1:20 (w/w). Peptides were loaded on a trap column (Luna
Omega 5 um Polar C18 100 .f\‘ 20 x 0.3 mm, Phenomenex, Torrance, Cal-
ifornia, USA) and desalted for 5 min at flow rate 20 uL/min. Peptides were
then separated using a reversed-phase C18 column (Luna Omega 3 um Po-
lar C18100 A, 150 x 0.3 mm, Phenomenex) at a flow rate 10 uL/min with a
capillary UHPLC system (Agilent Technologies. Santa Clara, Califomia,
USA) under the following gradient conditions: 1-10% B in 1 min, 10—
45% B in 19 min, 45-95% B in 5 min, where solvent A was 0.1% formic
acid and 2.0% acetonitrile in water, and solvent B was 0.1% formic acid
in 98% acetonitrile. The column was heated at 50°C and directly connected
to a timsTOF Pro mass spectrometer (Bruker Daltonics,Madison, Wiscon-
sin, USA). The instrument was operating in PASEF mode. All data were
processed by the PEAKS Studio X software (Bioinformatics Solutions, Wa-
terloo, Ontario, Canada), searching against the database of Nedd4-2'0-%!
protein. The FDR was set to 1% for the peptides.

Differential scanning fluorimetry

The thermal stability of the Nedd4-2 mutants was checked by measuring the
thermally induced protein denaturation, using differential scanning fluorim-
etry. Neddd-2""""*" and Nedd4-2"*" """ protein variants at concentrations
of 0.144-037 and 0.185 mg«mL ", respectively, were tested in § x concen-
trated Sypro Orange (Sigma-Aldrich) in a total reaction volume of 50 uL in
buffer containing 100 mM HEPES (pH 7.5) and 150 mM NaCl on a Light-
Cycler 480 Multiwell Plate 96 (Roche Applied Science, Penzberg, Ger-
many). The melting temperature values, T, corresponding to the
inflection points of the melting curves, were determined as the minima of
the negative first derivative using the Roche LightCycler 480 SW 1.5 soft-
ware (42,43). The final results are expressed as the means from three
measurements.

Limited proteolysis

Samples containing 50 pmol of phosphorylated Nedd4-2'""~""> WT with or
without 100 pmol 14-3-31 were digested by trypsin for 10, 20, and 30 min at
25°Cina buffer containing 50 mM Tris-HCI (pH 8.0), 500 mM NaCl, 1 mM
TCEP, 10% (w/v) glycerol, and 0.01% tergitol (protease/protein ratio was
1:1000, w/w). Undigested protein served as the zero-time point. The reac-
tions were terminated by adding SDS-PAGE sample loading buffer and
boiling for 5 min. The results were analyzed by SDS-PAGE. The density of
the bands resulting from the degradation of Nedd4-2 in respective time points
were quantified using Image Lab software and Student’s r-test (Bio-Rad, Her-
cules, California, USA).

Time-resolved fluorescence

Time-resolved fluorescence intensity and anisotropy decay measurements,
as well as data analysis, were performed as described previously (44.,45). In
brief, the apparatus comprised pulsed frequency-tripled Ti:Sapphire laser
(Chameleon Ultra 11, Coherent, Santa Clara, California, USA) and time-
correlated single-photon counting detection (SPC150, Becker & Hickl,
Berlin, Germany) with cooled MCP-PMT (R3809U-50, Hamamatsu, Ha-
mamatsu City, Shizuoka, Japan). Dansyl fluorescence was excited at
355 nm and collected at 535 nm on a monochromator (H-20, Horiba, Kyoto,
Japan) with a stack of glass OG420 long-pass and dielectric LP520 filters
placed in front of the input slit. The repetition frequency of the excitation
pulses was lowered to 4 MHZ by the pulse-picker (APE, Berlin, Germany).
This corresponds to about 15 dansyl lifetimes (250 ns) allowing dansyl
emission to completely decay to zero between the two successive excitation
pulses. Intensity decays were accumulated under the magic-angle condi-
tions, typically in 1024 channels with a time resolution of 195 ps/channel,
until reaching approximately 1.5 x 107 counts at the decay maximum. The
instrument response function was measured by scattered excitation from the
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diluted ludox solution. FWHM of the response function was about 120 ps,
which is well below the decay channel time width. Polarized decays for
fluorescence anisotropy were acquired quasi-simultaneously with a switch-
ing time between the components of 30 s. The samples were placed in a
thermostatic holder.

All experiments were performed at 23°C in a 50 mM Tris-HC1 (pH 7.5),
100 mM NaCl, 1 mM EDTA, and 10% (w/v) glycerol buffer (Sigma-Al-
drich). The concentrations of Nedd4-2""**! varants (C209. C218,
(€389, C414, C508, €522, and C571), Nedd4-2"#%975 (942, and 14-3-3n
ranged from 1.6 to 4 and from 4 to 8 uM., respectively. Both fluorescence
intensity and anisotropy decays were analyzed using the model-indepen-
dent singular value decomposition-maximum entropy method (45).

Fluorescence was assumed to decay multiexponentially

1) = Y i -exp(—t/ ), )

where 7; stands for the fluorescence lifetime components, and o; are the cor-
responding amplitudes. The mean emission lifetime was calculated as
follows:

T = ZﬂjT?/Zﬂ,Tﬁ. (2)

Fluorescence anisotropies #(t) were determined by simultaneous recon-
volution of At} and I L(t) polarized decays (46,47). The anisotropies
were assumed to decay multiexponentially:

0 =38 - exp(— 1/ 4l), ®

where amplitudes ;" represent the distribution of the correlation times ¢,
3" B = ry, and ry is the initial anisotropy. We typically used 100 correla-
tion times and 100 lifetimes equidistantly spaced in the logarithmic time-
scale for MEM analysis (45).

Dansyl quenching

Stem-Volmer plots were constructed from changes in mean fluorescence
lifetime after adding acrylamide aliquots dissolved in the protein buffer.
Stem-Volmer plots were fitred to the modified SV equation (48) transformed
to the form of:

To / T = (kﬂﬂ[Q] + 1)/(k¢Tll[Q]F" it l)’ &)

where 7 and 7y are the mean fluorescence lifetime with and without
quencher, respectively, [Q] is acrylamide concentration. &, is the bimolec-
ular quenching constant, and £, stands for an inaccessible fraction of the
fluorophore.

RESULTS

Construction of the Nedd4-2 protein mutants for
dansyl fluorescence measurements

For further insight into interactions between Nedd4-2 and 14-
3-3m, we labeled the individual structured Nedd4-2 domains
with the environmentally sensitive extrinsic fluorophore 1,5-
TAEDANS and performed time-resolved fluorescence inten-
sity and anisotropy decay measurements, in addition to
time-resolved collisional quenching of dansyl-labeled pro-
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teins. For this purpose, we used two Nedd4-2 variants:
Nedd4-2"-38" containing both 14-3-3 binding sites, $342
and S448, and all four WW domains, and Nedd4-2'%~%7%,
also containing the HECT domain (Fig. | B) (30). Both
proteins exhibited sufficient solubility and stability for bio-
physical studies. A previous study has shown that the
Neddd-2"%""" and 14-3-3n form a complex with a 1:2 stoi-
chiometry and K, < 50 nM (30). Therefore, the concentration
used for fluorescence studies enables that ~99% of proteins
are bound in the complex.

The sequence of Nedd4-2"* =% contains asingle cysteine
residue at position C341 preceding the first phosphorylation
site, that is, the 14-3-3 binding motif S342. For this reason,
we first mutated C341 to serine and subsequently introduced
a single cysteine residue at several positions of interest (mu-
tations T209C, 8218C, S389C, T414C, AS08C, T522C, and
S571C)to specifically label the proteins with 1,5-IAEDANS.
The longer construct, Neddd-2'%-973 contains five addi-
tional cysteine residues in the HECT domain at positions
C702, C776, CB53, C874, and C942. Thus, we first intro-
duced the C341S mutation and then proceeded with the
step-by-step mutagenesis of other Cys residues to prepare
single cysteine-containing variants. Unfortunately, of all
Nedd4-2'*"7 mutant variants, only Nedd4-2'*¢"9% with
Cys at position 942 yielded asoluble and stable protein. In to-
tal, eight single cysteine-containing Nedd4-2 variants were
prepared: seven with the Nedd4-2"""~%" construct (C209,
C218, C389, C414, C508, C522, and C571) and one with
the Nedd4-2'86=%"5 construct (C942). These cysteine resi-
dues are located in five different regions of Nedd4-2: C209
and C218 in the WWI domain, C389 and C414 in the
‘WW2 domain, C508 and C522 in the WW3 domain, C571
in the WW4 domain, and C942 in the active site of the
C-lobe of the HECT domain (Fig. | B).

The stability of all Nedd4-2 mutants was assessed by
measuring the midpoint temperatures of the protein unfold-
ing transition (7,,,) by differential scanning fluorimetry. No
substantial differences in T,, were observed in all Nedd4-2
variants, except for Nedd4-20*¥1C508 (Table 1). The
slightly lower T, of the Nedd4-2'"*~%81C508 variant may
reflect a different conformation of the mutated WW3
domain. The binding of all phosphorylated Nedd4-2 mutant
variants to 14-3-3n was confirmed by native gel electropho-
resis (Fig. S1). The single cysteine-containing variants of
Nedd4-2 were labeled with the extrinsic fluorophore 1,5-
IAEDANS, confirming the successful modification of all
proteins by LC-MS (Figs. S2-510).

14-3-3n protein binding affects the conformation
of Nedd4-2 WW3, WW4, and the active site of the
HECT domain: Time-resolved fluorescence
lifetime measurements

‘We have recently shown that 14-3-3n binding triggers the
structural rearrangement of Nedd4-2 (30), which could
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TABLE 1 Stability of individual Nedd4-2 mutant variants

Nedd4-2"""*" variant Z..006)
209 542 = 0.1
C218 553 =01
€389 536 £ 01
414 35702
C508 51.06 = 0.05
C522 565 = 0.2
571 544 + 03
WT 56.29 = 0.05
Nedd4-2"*""" variant T (CC)
WT 41.34 + 0.06
€942 395 = 04

Midpoint temperatures of the protein unfolding transition (7,,) for Nedd4-2
WT and mutants, as determined by differential scanning fluorimetry. Uncer-
tainties are expressed as the SE values calculated from three experiments.

include conformational changes in the WW and HECT
domains. To gather more detailed information about structural
changes in individual Nedd4-2 domains induced by their
interaction with 14-3-3n, we performed time-resolved
fluorescence intensity measurements of all eight AEDANS-
labeled cysteine variants of Neddd-2'" %' and Neddd-
216975 in the absence and presence of 14-3-3n. As an
environmentally sensitive fluorophore, AEDANS changes its
quantum yield and emission lifetime with the polarity of its
microenvironment (49). Fluorescence lifetime measurements
can therefore sensitively monitor subtle changes in dansyl sol-
vation and/or conformational changes induced by 14-3-3n
binding (Fig. 2; Table 2).

All AEDANS-labeled Nedd4-2 proteins exhibited multi-
exponential decays, typically containing two major and up
to two minor components. Examples of decays and lifetime
distributions are shown in Figs. S16 and S17. Since the pro-
tein is expected to scan a conformational space and the indi-
vidual components are difficult to unequivocally assign, we
used the mean fluorescence lifetime (7,,,.,,) as aqualitative in-
dicator of changes in the local environment of AEDANS-
labeled cysteines. AEDANS-labeled Neddd-2'%3#1C209
and Nedd4-2'"°7%%'C218 (both Cys are located in the
‘WW1 domain) exhibited relatively short emission lifetimes,
15.4 and 15.1 ns, respectively, unresponsive to 14-3-3n bind-
ing. Conversely, AEDANS-labeled Nedd4-2'"°~*%'C389,
Neddd-2'*~*'C414, and Neddd-2""~**'C508 (Cyslocated
in WW2 and WW3 domains) exhibited the highest 7,,,.,, of
17.0, 16.7 and 16.8 ns, respectively, in the absence of 14-3-
3m, indicating a less polar fluorophore microenvironment
(49). Lower Tp.., values were also detected for Nedd4-
2'"=581C522 (the WW3 domain), Nedd4-2'""—%%'C571
(the WW4 domain), and Nedd4-2'%73C942 (the C-lobe
of the HECT domain).

The strongest effect of 14-3-3n binding was observed in
AEDANS moieties attached within the WW3 domain
(Nedd4-2""—5%1C508 and Nedd4-2"°—%1C522), whose
Tmean Values increased by ~1.4 ns. AEDANS-labeled
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I Nedd4-2
[ Neddd-2 + 14-3-3n)

Mean Fluorescence Lifetime (ns)
=3

C209 C218 (€389 C414 C508 €522 G571 Co42

[Cwwi | [wwz | [ wwa | [wwa4] [C-lobe]

FIGURE 2 Mean fluorescence lifetimes of Nedd4-2 variants and their
changes upon 14-3-3n binding. The positions of AEDANS-labeled cysteine
residues within Nedd4-2 domains are indicated at the bottom. C209 and
C218, WW1; C389 and C414, WW2: C414 and C508, WW3; C571,
WW4: €943, the C-lobe of HECT domain. Each error bar reflects the stan-
dard deviation of a single-curve data analysis.

Nedd4-2"0"3¥1C389, C414, and C571 mutants (Cys in
WW2 and WW4 domains) also exhibited significantly
increased Teq, in the presence of 14-3-3n, particularly the
Nedd4-2""""3¥1C389 variant (the WW?2 domain), whose in-
Crease in Tmean Was close to 0.7 ns. As the dansyl fluorophore
is known to exhibit an increased 7Ty in a less polar environ-
ment (49), these changes in 7y,c,, may result from 14-3-3n-
induced conformational changes in Nedd4-2, which affect
interactions between dansyl moieties and amino acid residues
in their vicinity. Alternatively, the increase in Tye., may reflect
reduced polar contacts and modulated dansyl solvation due to
a direct interaction of the fluorophore with bound 14-3-3n.

In contrast to C389, the AEDANS-labeled catalytic C942
in the active site of the HECT domain revealed a decrease in
Tmean DY 0.3 ns, which can be interpreted as increased con-
tacts with the polar environment resulting from increased
solvation and/or quenching interactions near this residue.
This suggests that 14-3-3n binding induces conformational
changes within the active site of Nedd4-2 HECT domain
(Fig. 2; Table 2).

14-3-3n protein binding reduces the mobility of
Nedd4-2 WW domains: Time-resolved
fluorescence anisotropy decay measurements

To investigate how 14-3-3n binding affects the mobility of
Nedd4-2 AEDANS-labeled domains, we performed time-
resolved emission polarization anisotropy measurements.
For all seven variants of Neddd-2'"—*! the results are
summarized in Table 2. Unfortunately, we were unable to
prepare Nedd4-2'%¢ Y942 in a concentration comparable
with the other mutants. Low emission intensity called for
longer measurement times, stronger excitation, and larger
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TABLE 2 Summary of the time-resolved AEDANS fluorescence measurements

G100 o’ e o o o
Nedd4-2 variant T (ms) (M 's™)" Fy (ns) B (ns) B2 (ns) Bs (ns) s (ns) Bs
Nedd“_zl‘lOfEﬂl
€209 15.4 4.3 0.27 0.1 0.19 1.4 0.05 95 0.05 9 0.06
C209 + 14-3-3n 15.4 4.6 0.29 0.1 0.17 0.5 0.05 319 0.04 15 0.02 =200 0.06
C218 15.1 Tl 0.15 0.1 027 0.5 0.01 26 0.02 17 0.03 170 0.01
C218 + 14-3-3n 15.1 6.9 0.30 0.1 0.26 0.5 0.03 39 0.01 15 0.02 =200 0.02
C389 17.0 27 0.30 0.1 0.08 1.1 0.04 39 0.07 26 0.13 =200 0.04
€389 + 14-3-3n 17.7 1.5 0.28 0.1 0.08 1.6 0.04 6.5 0.05 50 0.11 =200 0.06
414 16.7 2.6 0.31 0.1 0.08 14 0.06 6.6 0.07 35 0.10 =200 0.03
C414 + 14-3-3n 17.1 2.0 0.31 0.1 0.08 1.9 0.06 94 0.07 97 0.04 =200 0.08
C508 16.8 27 0.25 0.1 0.10 1.3 0.02 4 0.06 12 0.08 79 0.07
C508 + 14-3-3n 18.2 135 0.22 0.1 0.07 0.6 0.03 38 0.05 16 0.05 =200 0.14
Cc522 15.8 3.6 0.33 0.1 0.08 1.1 0.07 6.1 0.09 39 0.07 =200 0.03
€522 + 14-3-3n 17.0 1.7 0.31 0.1 0.09 14 0.05 6.2 0.05 47 0.08 =200 0.07
571 15.9 32 0.32 0.1 0.09 1.9 0.10 14.1 0.08 67 0.03 =200 0.03
C571 + 14-3-3n 16.4 1.8 0.26 0.1 0.09 1.1 0.06 6.0 0.07 76 0.08 =200 0.05
Nedd4_21867975
€942 15.7 5.5 049
€942 + 14-3-3n 15.4 74 0.56
“Mean lifetimes were calculated as 7,,., = ¥ /7, where f; is an intensity fraction of the ith lifetime component 7, see also Fq. 2.

"SD = = 0.1 ns. The SD is a conservative upper estimate derived from the deconvolution analysis of single decay curves. Similary were derived SDs of all
other MEM-derived parameters (63).

“Anisotropies r(t) were analyzed for a series of exponentials using a model-independent maximum entropy method without setting prior assumptions
about the shape of the correlation time distributions (45), /(1) = 3"y (- exp(—t/@y-)), where amplitudes By represent the distribution of the correlation
times @, 3, presented in the table are areas of peaks positioned at correlation times @,. SD of B, is =0.01.

“Shortest resolvable comelation time rounded to the first significant digit, SD < + 0.1 ns.

“SD = + 0.2 ns.

'SD = + 5ns.

#Due to the finite dansyl emission lifetime this correlation time has a larger uncertainty with highly asymmetrical standard deviations. The uncertainty to
the + direction (+SD) is much larger then to the — direction (—SD). This is indicated by the “greater then” (=) symbol. The exact value of this correlation
time cannot be more accurately determined.

"Inaccessible fraction, SD = * 0.02, apparent bimolecular quenching constant. SD = + 0.2 (x10"* M~ ' s~ "). The standard deviations result from the fitting
uncertainty of single quenching curves (64).

light exposure of the sample. Consequently, resulting pro- flected by the depolarization amplitudes ;. The extent of
gressive photobleaching prevented reliable collection of  segmental motion of the AEDANS-labeled cysteines of
sequentially measured polarized decays and evaluation of Nedd4-2'""°~%" andfor their 14-3-3n binding-induced
the Nedd4-2'%-73C942 emission anisotropy. changes can be assessed by visual comparison of the initial

The AEDANS fluorescence anisotropy decays were com- part of the anisotropy decay of each mutant variant and from
plex, usually with five classes of correlational times. Typical the amplitude 8,. The higher the 8, is, the lower the steric
data are shown in Fig. S18. The first two correlation times hindrance of the fast-depolarizing motion of the fluorophore
likely reflect the fast hindered motion of the AEDANS fluo- and the higher the internal protein mobility will be. Accord-
rophore itself (¢; ~ 0.1 and @2 ~ 0.5-1.9 ns). The slower ing to these correlations, C209 and C218 from the WW1
decay components ¢z and @4, with correlation times ranging domain formed the group with the highest internal mobility
from 2.6 to 14 ns and from 12 to 97 ns, respectively, reflect (6, = 0.19 and 0.27, respectively). C218 was the AEDANS-
slower internal movements and components arising fromthe  labeled cysteine with the highest angular mobility, which
free rotation of the generally asymmetric rotor (46). The suggest its high accessibility to the solvent and quencher
longest ¢s, poorly resolved due to the finite dansyl lifetime, molecules. The large extent of the fast initial fluorescence
reflects the slow rotational movement of the Nedd4-2:14-3- depolarization is clearly shown in Fig. 4 A). The proposed
3n complex (M,, = 150 kDa).). The ¢ component is gener- high solvent accessibility of AEDANS-labeled C209 and
ally modulated by the asymmetricity of the complex (47) C218 is supported by their relatively short emission life-
and it may also reflect minor aggregation. times, 154 and 15.1 ns, respectively (Table 2). The group

Based on the position of the label, the time-resolved fluo- with the lowest internal mobility contains the C389 and
rescence anisotropy decays of AEDANS-labeled Nedd4- C414 from the WW2 domain (§; = 0.08). As expected,
207581 mutants can be separated into three distinct groups the high protein rigidity near C389 and C414 residues is
with different extent of the dansyl mobilities (Fig. 3) re- accompanied by longer emission lifetimes of 17.0 and
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FIGURE 3 WW domains of Nedd4-2 exhibit ditferent mobilities. Fluo-
rescence anisotropy decays of AEDANS-labeled Nedd4-2""""*" variants.
To see this figure in color, go online.

16.7 ns, respectively, thus suggesting a less polar dansyl
microenvironment (Table 2). In the third group, Nedd4-
210581 mutants with cysteines inserted into the WW3
and WW4 domains (C508, C522, and C571) showed inter-
mediate internal flexibility. In the apo form, the mutants
with cysteines in the WW2-4 domains exhibited almost
identical fluorescence anisotropy decays, indicating the
similar internal mobilities of dansyl-labeled protein seg-
ments and the similar overall hydrodynamic properties of
the whole protein (Fig. 3; Table 2).

Time-resolved dansyl fluorescence anisotropy measure-
ments performed in the presence of 14-3-31 revealed that
complex formation does not lower the high mobility of
the dansyl moiety at C209 and C218 within the WWI
domain because the anisotropy decays initially overlap
(Fig. 4 A). This overlap correlates with the unchanged 7,0,
(Table 2).

The mobilities of all other mutants differed upon complex
formation. Fig. 4 B demonstrates that the segmental
mobility of the most rigid C389 and C414 mutants (the
‘WW2 domain) further decreased, particularly in the C389
mutant, as shown by the elevation of the corresponding
anisotropy curve. Since Nedd4—2'90’58'C389:14-3—311 and
Nedd4-2"°%81C414:14-3-3n complexes have the same
molecular weight, the slower initial depolarization should
be caused by the decrease in dansyl mobility. The increase
in fluorescence lifetime by 0.7 and 0.4 ns (Table 2) corre-
lates with the observed decrease in the internal mobility of
segments containing AEDANS-labeled C389 and C414,
respectively.

A similar behavior was observed in the last group of mu-
tants with cysteine residues in WW3 and WW4 domains
(C508, C522, and C571) (Fig. 4 C). Although the anisotropy
decays of these Nedd4-2" %" variants in the absence of
14-3-31 seem to be similar, the presence of 14-3-3n signifi-

14-3-3 masks the WW domains of Nedd4-2

cantly reduced their dansyl mobility in the following order:
C571,C522, and C508 (Fig. 4 €). Fluorescence lifetime values
increased in the same order upon 14-3-3n binding (Table 2).
Among all other mutants, Neddd-2!"9-3¥1C508 exhibited
the highest rigidization and a considerable lifetime increase
of 1.4 ns. This increase likely reflects a conformational transi-
tion in the C508-containing WW3 domain combined with an
increase in the solvent shielding of its dansyl group.

14-3-3n protein binding decreases the
accessibility of Nedd4-2 WW3 and WW4 domains
to the quencher, conversely increasing the
accessibility of the HECT C-lobe: Time-resolved
acrylamide quenching measurements

To further explore 14-3-3-induced structural changes in
Nedd4-2, we performed time-resolved quenching experi-
ments with all eight variants of Nedd4-2'"¥! and
Nedd4-2"%6975, probing fluorophore accessibility to acryl-
amide. This time-resolved approach eliminates static
quenching effects, which often complicate intensity-based
quenching experiments and result in curved Stern-Volmer
plots. Fluorescence decays of Nedd4-2 labeled by a single
AEDANS fluorophore typically contained two closely
spaced major peaks accompanied by up to two minor peaks,
as shown in Figs. S16 and S17. Being aware of the same
simplification, we represented decays by Tmean that allowed
as to reduce data, construct a single Stern-Volmer plot for
each mutant, and retrieve an apparent collisional quenching
constants for the each variant. As shown in Figs. S11-514,
this approach led to curved Stern-Volmer plots that indicate
at least two classes of the fluorophore with different acces-
sibilities to the collisional quencher, that is, acrylamide.
Although the underlying molecular mechanism remains un-
known, a likely explanation is the dynamic conformational
heterogeneity of the proteins, fluctuating between confor-
mations with different dansyl accessibilities. Hence, for
another simplification, we assumed two classes of dansyl
only, i.e., accessible and fully inaccessible forms. The
values of the apparent bimolecular quenching constant k,
determined by fitting the Stern-Volmer plots are presented
in Table 2 and compared in Fig. 5. Generally, the inacces-
sible fractions of dansyl () were similar across all mutants
~0.3, except for Nadd4-2mﬂ_5mC218, whose F;, was lower.

The quenching experiments revealed that 14-3-31 binding
does not significantly affect the quenching efficiency of
C209, or C218 in the WW1 domain, with an apparent k, of
43 and 7.1 x 107 M™! s respectively (Table 2;
Fig. S11). This lack of an effect suggests a high dansyl acces-
sibility to the quencher molecules dissolved in the aqueous
environment, regardless of the presence of 14-3-31. Among
the mutants, Nedd4-2'"°"*¥IC218 exhibited the highest
accessibility to the quencher, in line with the highest internal
mobility of C218 and the shortest emission lifetime (Table 2).
Moreover, only this mutant showed a significant change in Fj,
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FIGURE 4 14-3-3n binding affects the mobility of Nedd4-2 WW do-

mains. Fluorescence anisotropy decays of Nedd4-2 variants with AE-
DANS-labeled individual WW domains in the absence and presence of
14-3-31. (A) WW1 domain variants C209 and C218, (8) WW?2 domain var-
iants C389 and C414, and (C) WW3 and WW4 domain variants C508,
€522, and C571. To see this figure in color, go online.
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upon 14-3-3n binding, which is the only reason for the dra-
matic change in the shape of the quenching curves, as shown
in Fig. S11. Although the molecular mechanism is still un-
known, unbound Neddd-2'>%1C218 has approximately
two times lower F, than the other mutants. This difference in-
dicates that the conformational heterogeneity of dansyl at po-
sition 218 in the WWI domain is lower in the unbound
protein. The steady-state emission spectra of Nedd4-
2190-581C2 18 are shown in Fig. $19. In contrast to the other
mutants, the spectrum in the presence of 14-3-3n displays a
blue-shifted shoulder, which is consistent with the quenching
experiment and suggests the appearance of new conformers
upon 14-3-3n binding.

All mutants with cysteine residues in WW2-4 domains
exhibited a significantly decreased k, after14-3-3n protein
binding and only minor changes in Fj. Only the Nedd4-
21%6-975C942 mutant with dansyl positioned in the HECT
domaindisplayed anincreased value of k,upon 14-3-3n bind-
ing. Therelative decrease ink, induced by 14-3-3 binding was
approximately 23% for Nedd4-2'""—*%'C414, 44% for
Nedd4-2'*°~>#!C389, €508, and C571, and 353% for
Nedd4-2'%0-381C522 (Fig. 5). These changes are also in
line with the results from our fluorescence anisotropy mea-
surements, because the strongest effect of 14-3-3n binding
on dansyl rotational mobility was identified in the Nedd4-
21903810508 mutant (Fig. 4 €) and the weakest in the rigid
Nedd4-2'0-381C414 (Figs. 2 and 4 B). In contrast, the
Nedd4-2"%49750942 exhibited the opposite behavior, with
a 35% increase in kg in the presence of 14-3-3n, matching
the decrease in Tmean after 14-3-3m binding (Figs. S14 and 5).

14-3-3 protein binding protects the WW3 and
WW4 domains of Nedd4-2 from proteolytic
degradation in vitro

Owr previous structural characterization of Nedd4-2'%6-975

and its complex with 14-3-3n based on SAXS and chemical
cross-linking coupled to MS (30), and the fluorescence spec-
troscopy data gathered in this study, suggest that 14-3-3n
protein binding alters interactions between its structured do-
mains, consequently changing their mobility and solvent
exposure. To further corroborate these findings, we investi-
gated which Nedd4-2 regions are sensitive to proteolysis in
the absence and presence of 14-3-3n. For this purpose, we
performed limited proteolysis experiments with trypsin
(Figs. 6 A and S15). The results of Nedd4-2 digestion
with low trypsin levels revealed that Nedd4-2'%="7* alone
is highly sensitive to proteolysis, whereas adding 14-3-3n
significantly slowed the degradation of Nedd4-2'%6-973
(Fig. 6 B).

Mass spectrometry analysis of the Nedd4-2 fragments af-
ter 30 min of digestion with trypsin in the absence and pres-
ence of 14-3-3n showed that the most sensitive Nedd4-2
region, in both cases, is the N-terminus of our Nedd4-
285975 construct containing the WW1 and WW2 domains
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and the phosphorylation sites $342 and T367, because the
bands with an apparent M,, ~60 kDa correspond to the
Nedd4-2 sequence 446-975 (the first peptide identified
from the N-terminus was peptide 446-462, phosphorylated
at S448, with an m/z signal of 1736.86). Peptides containing
the preceding phosphorylation sites S342 and T367 (the
peptide 339-362 phosphorylated at S342 with an m/z signal
of 2383.06 and the peptide 365-394 phosphorylated at T367
with an m/z signal of 3207.44) were detected only in control
samples without trypsin. Combined, these data indicate that
14-3-3m binding protects the 14-3-3 binding motif S448 and
the WW3-4 and HECT domains at the C-terminus of
Nedd4-2 against proteolytic degradation, and are thus in
line with the results from our fluorescence analysis (Fig. 4).

DISCUSSION

Nedd4-2 WW domains function as protein interaction mod-
ules and participate in a wide range of eukaryotic signaling
processes, as shown in numerous studies (50,51). These
WW domains of Nedd4-2 bind PY motifs present in ENaC
subunits (17) and in SGKI, ACKI, and WNKI (52-54).
Nedd4-2 contains four WW domains with different sequences.
Therefore, each WW domain likely has a specific function.

In this study, we analyzed the domain specificity of Nedd4-
2 to two binding partners, namely ENaC and SGKI. The
in vitro characterization of the binding of individual domains
of Nedd4-2 by surface plasmon resonance demonstrated that
‘WW2 and WW3 bind to SGK1 both individually and cooper-
atively, whereas only WW3 and WW4 bind to ENaC
(17,55,56). The findings of Wiemuth et al. support a model
where SGK binds to WW2 and WW3 and then phosphory-
lates Neddd4-2 and pulls it back from the ENaC (56).

14-3-3 masks the WW domains of Nedd4-2
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FIGURE 6 Limited proteolysis assay showing the protective effect of
14-3-3 1o pNeddd-2'"~". (A) Phosphorylated Nedd4-2"*~"" in the
absence and presence of 14-3-31 digested with trypsin for 10, 20, and
30 min. The protease/Nedd4-2 ratio was 1:1000 (w/w). The reactions were
stopped by boiling the samples with SDS/PAGE loading buffer at the times
indicated before SDS-PAGE analysis. The black rectangle marks the quanti-
fied region. Unedited gel image is provided in supporting material (Fig. S15).
(B) The density of the bands representing degraded Nedd4-2'"""" in the
presence and absence of 14-3-3n were quantified in ImageLab (Bio-Rad).
Error bars represent the standard deviation of four independent experiments.
Asterisks indicate significant differences, according to Student’s t-tests
comparing relative changes between samples with and without 14-3-31) at
selected time points (*p < 0.01, *#**p < 0.0001).

Nedd4-2 phosphorylation triggers the binding of scaf-
folding 14-3-3 proteins, which further modulate Nedd4-2
function, albeit through mechanisms not yet fully understood
(29). Our recently reported structural characterization of the
Nedd4-2:14-3-3n complex based on SAXS, cross-linking,
and crystallography data suggested that 14-3-3n binding al-
ters interactions between the structured domain of Nedd4-2,
thus indicating that complex formation may affect the acces-
sibility of the catalytic HECTand/or individual WW domains
(30). To test this hypothesis, we studied the 14-3-3n-induced
conformational changes, mobility, and solvent accessibility
of individual WW domains and HECT domains of Nedd4-
2 by time-resolved dansyl fluorescence.

The datareported here clearly indicate that 14-3-3n directly
interacts with WW3 and WW4 domains, as shown by the large
increase in dansyl fluorescence lifetime and by the decrease in
solvent accessibility and mobility of AEDANS-labeled Cys
residues at positions 508, 522, and 571 (Table 2; Figs. 2,
4 C, and 5). The blue shift of the emission spectra of about
4-5 nm for labeled Cys508 and Cys522 residues and ~1 nm
for Cys571 upon 14-3-3n binding is consistent with this
conclusion, Fig. S19. The shift indicates a less polar
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FIGURE 7 Phosphorylation followed by 14-3-3 binding regulates Nedd4-
2. (A) Nedd4-2 binds to ENaC PY motifs and catalyzes its ubiquitination,
reducing the rate of sodium transport and consequently the surface expression
of these channels. Phosphorylation by various kinases (PKA. SGK, and Akt)
triggers 14-3-3 protein binding, which sterically blocks WW domains and af-
fects the structure of the active site, thereby preventing Nedd4-2 binding to
ENaC and its ubiquitination. The 14-3-3 binding motifs 8342, T367. and
S448 are shown as teal circles with P (B) Positions of AEDANS-labeled
cysteine residues in the SAXS-based model of the pNeddd4-2"'%~"7:14.3.3n
complex (30). The 14-3-3n protomers are shown in pale green and pale
cyan. Inthe HECT domain of Nedd4-2'%-"7% the N-lobe is indicated in rasp-
berry and the C-lobe in salmon. WW2, WW3, and WW4 domains are indicated
inteal, blue, and magenta, respectively. Phosphorylated 14-3-3 binding motifs
of Nedd4-2 are shown as orange sticks (PDB: 6ZBT and 62C9 (30)). The po-
sitions of the cysteine residues in the WW2, WW3, WW4, and HECT domains
labeled by AEDANS are indicated as red balls. The WW1 domain is not
shown. The PY motif (L***PPY"*") is shown in red. To see this figure in color,
go online.

microenvironment, as shown in Fig. 520 for free AEDANS in
water and DMSO. The observed changes can be interpreted as
a modulation of the AEDANS microenvironment, mobility,
and quencher accessibility due to at least two distinct ac-
tions: 1) the 14-3-3n-protein-induced conformational change
involving Neddd4-2 WW3 and WW4 domains, and/or 2) the
direct contact of the 14-3-3n protein with these labeled
cysteine residues and consequent shielding from the polar sol-
vent and restriction of their mobility.

The fluorescence properties of AEDANS-labeled Cys
residues at positions 389 and 414 within the WW2 domain
were affected by 14-3-3n binding to a lesser extent. The
mobility of the WW2 domain, which exhibited the lowest

1308 Biophysical Journal 127, 1299-1311, April 5, 2022

internal mobility of all four WW domains of Nedd4-2
(Fig. 3), was only weakly affected by 14-3-3n binding
(Fig. 4 B). Nevertheless, as in the WW3 and WW4 do-
mains, complex formation induced some structural changes
near this domain, as indicated by the increase in Tyeqn. The
decrease in ky values (Table 2; Figs. 2 and 5) and a slight
blue spectral shift (Fig. S19) suggest decreased solvent
accessibility of the WW2 domain after 14-3-3n binding.

In contrast, the fluorescent lifetimes and apparent k, of
AEDANS-Cys at positions 209 and 218 within the WW 1
domain remained unaffected by 14-3-3n binding. This
domain exhibits high internal mobility, high collisional
quenching of the AEDANS emission, and short emission
lifetimes, both in the absence and in the presence of 14-3-
3n. Taking together, this indicates that WW1 is relaxed
and highly accessible to the solvent (Table 2; Figs. 2, 3, 4
A and 5).

‘While emission spectrum of AEDANS-C209 is also insen-
sitive to 14-3-3n binding, the appearance of blue-shifted
shoulder on the emission spectrum of AEDANS-C218 in
the presence of 14-3-31 suggests binding-induced increase
of the conformational heterogeneity in this region
(Fig. 519). Considering the above, 14-3-3n does not affect
considerably the interactions and structure of the WW1
domain, but the 14-3-3n binding-induced conformational
change of Nedd4-2 also involves its catalytic domain, as
shown by analysis of the fluorescent properties of AE-
DANS-labeled C942 within the active site of the HECT
domain (Table 2; Figs. 2 and 5).Nedd4-2 is key regulator of
Na™ transport in mammalian cells (3,57-59). When cells
need to reduce Na™ transport, Nedd4-2 binds to the PY motif
of the epithelial sodium channel ENaC and catalyzes its ubig-
uitination. Conversely, when increased Na®t transport is
required, Nedd4-2 is phosphorylated by various kinases,
whichinduces 14-3-3 proteinbinding and blocks ENaC ubiq-
uitination. As a result, ENaC remains permanently active on
the cellular surface (Fig. 7 A) (reviewed in (58)).

Our fluorescence spectroscopy measurements, together
with a recent structural analysis of apo Nedd4-2 and the
Nedd4-2:14-3-3n complex (30), suggest a plausible mecha-
nism for this 14-3-3-mediated inhibition of Nedd4-2 binding
to ENaC (Fig. 7). Models of apo Nedd4-2 and its complex
with 14-3-371 indicate that the WW2 and WW3 domains,
in the apo form, interact with the HECT domain and that
these interactions are disrupted in the presence of 14-3-
3m, which apparently sequesters WW3 into the central chan-
nel of its dimeric molecule, away from the HECT domain
(Fig. 7 B). This model of the complex also suggests interac-
tions of 14-3-3n with WW4 and HECT domains.

In line with these models, our time-resolved fluorescence
measurements (Figs. 2, 3, 4, and 5), together with the re-
sults of limited proteolysis (Fig. 6) reported in this study,
confirm the interactions between 14-3-3n and WW3 and
WW4 domains and the structural change within the
HECT domain upon complex formation. Moreover, our
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time-resolved fluorescence anisotropy and quenching mea-
surements show that complex formation decrease the
mobility and solvent accessibility of WW2-4, most likely
because 14-3-3n binding sterically masks these domains.
Therefore, this physical obstruction of WW domains may
be responsible for the 14-3-3-dependent modulation of
Nedd4-2 functions.

In a second modulatory mechanism, 14-3-3 directly inter-
acts with the HECT domain, changes the relative positions
of the N- and C-lobes of the HECT domain (30), and thus
may also affect the catalytic activity of this domain. Indeed,
our experiments revealed that the AEDANS moiety attached
to €942, which is a catalytic residue (60), exhibits a some-
what lower T,,.,, and a considerably higher accessibility to
the solvent in the complexed form than in the apo form
(Figs. 2 and 5), thus indicating a structural change within
the catalytic core of the enzyme.

In conclusion, the fluorescence spectroscopy analysis of
the Nedd4-2:14-3-3n complex reported in this study indi-
cates that the steric hindrance of the WW3 and WW4 do-
mains, together with the conformational change in the
catalytic domain, may be responsible for the 14-3-3 bind-
ing-mediated regulation of Nedd4-2 functions. Moreover,
our data provide a platform for future studies targeting the
14-3-3:Nedd4-2 interface for potential therapeutic purposes
for treating Nedd4-2-related diseases, such as Parkinson and
kidney disease, hypertension, etc. Recent advances in the
development of small-molecule compounds that stabilize
protein-protein interactions in 14-3-3 protein complexes
have demonstrated the feasibility of this approach. For
example, Ottmann’s group recently identified compounds
able to stabilize complexes between 14-3-3 and the adaptor
protein SLP76 (61) or the p65 subunit of NF-kB (62). Our
finding that Nedd4-2 interacts with 14-3-311 not only
through phosphorylated motifs, but also other regions,
including WW3 and WW4 domains, suggests the presence
of a sufficiently large binding interface that could be tar-
geted by small-molecule compounds as an alternative or
complimentary strategy in suppressing the activity of
Nedd4-2.
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Supplemental Figure S1. Characterization of the interaction between single cysteine variants
of Nedd4-2"%81 and Nedd4-2'%6°75 and 14-3-31 in solution. 12% TBE-PAGE showing the
phosphorylation-dependent formation of a complex between single cysteine variants of pNedd4-
2190581 (C209, CC218, C389, C414, €508, €522, C571 and WT) or pNedd4-213¢97 C942 and 14-
3-3n after loading 240 pmol of 14-3-31 and 120 pmol of Nedd4-2 or pNedd4-2 on the native gel,

respectively.
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Supplemental Figure S2. Verification of dansyl labeling of Nedd4-21°"81 at C209 from WW1
domain. A. Peptide mapping of pNedd4-2!*"8! after digestion with immobilized pepsin. All
peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent de
novo peptides. B. Fragmentation spectrum of dansyl labelled peptide.
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Supplemental Figure S3. Verification of dansyl labeling of Nedd4-219%581 at C218 from the
WW1 domain. A. Peptide mapping of pNedd4-2!"-%! after digestion with immobilized pepsin.
All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent
de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.
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Supplemental Figure S4. Verification of dansyl labeling of Nedd4-21°58 at C389 from the
WW2 domain. A. Peptide mapping of pNedd4-2'%3%! after digestion with immobilized pepsin.
All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent
de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.
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Supplemental Figure S5. Verification of dansyl labeling of Nedd4-21°58! at C414 from the
WW2 domain. A. Peptide mapping of pNedd4-2'%3%! after digestion with immobilized pepsin.
All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent
de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.
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Supplemental Figure S6. Verification of dansyl labeling of Nedd4-21°58 at C508 from the
WW3 domain. A. Peptide mapping of pNedd4-2'%3%! after digestion with immobilized pepsin.
All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent
de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.
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Supplemental Figure S7. Verification of dansyl labeling of Nedd4-21°58! at C522 from the
WW3 domain. A. Peptide mapping of pNedd4-2'%3%! after digestion with immobilized pepsin.
All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent
de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.
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Supplemental Figure S8. Verification of dansyl labeling of Nedd4-21°58 at C571 from the
WW4 domain. A. Peptide mapping of pNedd4-2'%3%! after digestion with immobilized pepsin.
All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars represent
de novo peptides. B. Fragmentation spectrum of the dansyl labelled peptide.
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Supplemental Figure S9. Verification of dansyl labeling of Nedd4-218°75 at C942 from the
C-lobe of HECT domain. Peptide mapping of pNedd4-2'3%%7 after digestion with immobilized
pepsin. All peptides identified by ESI-MS/MS (timsToF Pro) are shown as blue bars. Grey bars

represent de novo peptides.
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Supplemental Figure S10. Verification of dansyl labeling of Nedd4-286975 at C942 from the
C-lobe of HECT domain. Fragmentation spectrum of dansyl labelled peptide identified by ESI-
MS/MS (timsToF Pro).
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Supplemental Figure S11. Results of acrylamide quenching of dansyl fluorescence of C209
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Supplemental Figure S14. Results of acrylamide quenching of dansyl fluorescence of C942
of Nedd4-2!%75 from the HECT domain.
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Supplemental Figure S15. Limited proteolysis assay showing the protective effect of 14-3-3
to pNedd4-21%6-975, Phosphorylated Nedd4-21%¢7% in the absence and presence of 14-3-3n
digested with trypsin for 10, 20 and 30 min. The protease/Nedd4-2 ratio was 1:1000 (w/w). The
reactions were stopped by boiling the samples with SDS/PAGE loading buffer at the times
indicated, before SDS-PAGE analysis. Unedited gel image corresponds to Figure 6A.
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Supplemental Figure S16. Typical fluorescence decay of AEDANS-labelled Nedd4-2.
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Supplemental Figure S17. Typical fluorescence decay of AEDANS-labelled Nedd4-2 in the
presence of 14-3-3. Emission decay (A) and lifetime distribution (B) of AEDANS-labelled

Nedd4-2186975 C508 in the presence of 14-3-3n.
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Supplemental Figure S19. Emission spectra of Dansyl-labeled Nedd4-2 variants in the

absence (black) and the presence (red) 14-3-3n. The emission was excited at 355 nm.
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Supplemental Figure S20. Emission spectra of free AEDANS in DMSO and water, excitation

wavelength was 355 nm.
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10.2 Publication 11

Pohl, P., Joshi, R., Petrvalska, O., Obsil, T., Obsilova, V. 14-3-3-protein regulates Nedd4-
2 by modulating interactions between HECT and WW domains. Commun. Biol. 4, 899
(2021).

IF2021 = 6,268

Contribution:

I have prepared recombinant Nedd4-2 and 14-3-3 protein variants for further experiments.
In addition, I have prepared the protein samples for chemical cross-linking coupled to mass
spectrometry experiments, optimized the conditions of this experiment and prepared

corresponding figures. Moreover, I have refined the protein structure of Nedd4-2pS342:14-
3-3yAC complex.
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14-3-3-protein regulates Nedd4-2 by modulating
interactions between HECT and WW domains

Pavel Pohl"2, Rohit Joshi3, Olivia Petrvalska'3, Tomas Obsil@ 3* & Veronika Obsilova® 1*

Neural precursor cell expressed developmentally down-regulated 4 ligase (Nedd4-2) is an E3
ubiguitin ligase that targets proteins for ubiquitination and endocytosis, thereby regulating
numerous ion channels, membrane receptors and tumor suppressors. Nedd4-2 activity is
regulated by autoinhibition, calcium binding, oxidative stress, substrate binding, phosphor-
ylation and 14-3-3 protein binding. However, the structural basis of 14-3-3-mediated Nedd4-2
regulation remains poorly understood. Here, we combined several techniques of integrative
structural biology to characterize Nedd4-2 and its complex with 14-3-3. We demonstrate that
phosphorylated Ser342 and Ser#48 are the key residues that facilitate 14-3-3 protein binding
to Nedd4-2 and that 14-3-3 protein binding induces a structural rearrangement of Nedd4-2
by inhibiting interactions between its structured domains. Overall, our findings provide the
structural glimpse into the 14-3-3-mediated Nedd4-2 regulation and highlight the potential of
the Nedd4-2:14-3-3 complex as a pharmacological target for Nedd4-2-associated diseases
such as hypertension, epilepsy, kidney disease and cancer.
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regulated 4 (Nedd4-2) is a member of the HECT E3 ubi-

quitin ligase family. As such, this enzyme targets proteins
for ubiquitination in mammalian programmed cell death!2.
Mouse knockout studies have confirmed that Nedd4-2 plays a key
role in animal physiology by regulating multiple substrates,
including the epithelial sodium channel (ENaC). High ENaC
activity and blood pressure with aberrant renal Na™ reabsorption
are observed in Liddle syndrome resulting from mutations in its
Nedd4-2-interacting motif*!. Tn addition to regulating ion
transport, Nedd4-2 controls cellular trafficking in different tis-
sues, modulating multiple signaling pathways through these
interactions. Unsurprisingly, respiratory distress, hypertension,
and electrolyte imbalance and kidney disease stand out among
the pathological consequences of Nedd4-2 dysregulation, in line
with mouse studies associating numerous SNPs in the Nedd4-2
gene with these conditions and with multiple tumor types™.
Therefore, potential therapeutic interventions may be developed
by targeting the ubiquitin system for drug development via
Nedd4-2 interactions”.

Developing such strategies targeting Nedd4-2 requires thor-
oughly understanding the structural-functional relationships of
this protein. Fortunately, all nine members of the Neddd4 family of
mammalian HECT E3 ligases have a similar modular multi-
domain architecture, typically consisting of an N-terminal C2
domain, two-to-four WW domains, which contain two conserved
tryptophan residues and a proline residue, and a C-terminal
catalytic HECT domain®® (see Fig. 1). The N-terminal C2
domain enables Ca?t-dependent binding to membrane phos-
pholipids, whereas the WW domains specifically bind short
protein motifs, either PPXY or LPXY (where X indicates any
amino acid), as well as proline-rich motifs of substrate proteins®.
Through its four WW domains, Nedd4-2 may, nevertheless,
interact with many different proteins, and even with several
proteins simultaneously, because these domains show different
substrate specificities, suggesting distinctive roles!Y. HECT
domain is a bilobed domain whose N-terminal N-lobe interacts
with E2 enzymes and whose C-terminal C-lobe contains the
catalytic cysteine (Cys®*? in Nedd4-2). The C-lobe can freely
move around the flexible joint 100}27 connecting this lobe to the N-
lobe in the L-shaped structure!’-12, Furthermore, inter- or intra-
molecular interactions between WW domains and the PY motif
(L¥8PPY®!) located within the HECT domain likely inhibit
Nedd4-2 auto-ubiquitination, thus increasing its stability!3.
Accordingly, this interaction is disrupted by substrate binding,
promoting Nedd4-2 self-ubiquitination and subsequent degra-
dation. As a result, Nedd4-2 is downregulated upon target
ubiquitination.

Nedd4-2 is also regulated by phosphorylation in response to
changes in Nat or in volume through several hormonal signaling

The neural precursor cell expressed developmentally down-

Ser342
Thr367

Nedda-2'**""

Nedd4-2%2"*

Ser448

pathways. The first pathway is initiated by aldosterone, which
induces SGKI1 kinase-mediated Nedd4-2 phosphorylation on
three sites (Ser®#, Thr3%7 and Ser*#8), and the second by vaso-
pressin, which activates PKA kinase and phosphorylates Nedd4-2
on the same three residues!¥17. Moreover, insulin signaling
activates both Aktl and SGK1 kinases and results in phosphor-
ylation of Nedd4-2!118, In particular, Ser*® is also phosphory-
lated by IKKP kinase in association with SGK or PKA
kinases, inhibiting Nedd4-2 binding to ENaC upon dual
ph()sph()rylationlg As expected in this context, Nedd4-2 Sert48
phosphorylation triggers 14-3-3 protein binding, which in turn
inhibits the interaction between Nedd4-2 and its substrate
ENaC202L, Tn fact, the 14-3-3 protein (eta isoform) is a known
cofactor in SGK- and PKA-dependent regulation of human
Nedd4-220-22, Concurrently, the region containing Ser*#3, located
between the WW2 and WW3 domains, is conserved among
various Nedd4-2 proteins, thus further supporting its importance
for Nedd4-2 regulation. Further evidence on the other two
phosphoserines, pSer’#2 and pSer®®7, located in the linker
between WW1 and WW2 domains, demonstrates their role as
additional 14-3-3 binding motifs!"?223, Several 14-3-3 binding
partners also have two or more 14-3-3 binding motifs for high-
affinity binding to both protomers within the 14-3-3 dimer>*23,
However, the contribution of these individual motifs, especially of
their phosphoserines pSer*2 and pSer?®?, to the stability of the
Nedd4-2:14-3-3 complex and the mechanism whereby 14-3-3
binding modulates Nedd4-2 function remain elusive. Bridging
these knowledge gaps may enable us to develop strategies for
targeted modulation of Nedd4-2 functions. Thus, to enhance our
understanding of the 14-3-3-mediated Nedd4-2 regulation, we
prepared and biophysically and structurally characterized the 14-
3-3 binding motifs of Nedd4-2 and two longer Nedd4-2 variants
(Neddd-2'%6-975 and Nedd4-233°-4%% Fig. 1) in complex with the
14-3-3 protein.

Results

Phosphorylated Nedd4-2 forms a stable complex with 14-3-3
with a 1:2 stoichiometry. To investigate the interaction between
Nedd4-2 and 14-3-3 proteins, we prepared a full length Nedd4-2
construct (residues 1-975), but recombinant expression and
purification of this construct yielded an insoluble protein. We
then expressed N-terminally truncated Nedd4-2, missing the C2
domain (Nedd4-2'86-975)  which was soluble and stable enough
for biophysical and structural characterization upon purification.
Purified Nedd4-2189-975 was phosphorylated by PKA in vitro,
and stoichiometric phosphorylation of all three known 14-3-3
binding motifs (Ser?¥2, Thr367 and Ser*#8) was confirmed by LC-
MS analysis!”-23. Using the auto-ubiquitination assay!?, we also
tested the catalytic activity of Nedd4-2186-975 which was reduced
in the presence of the 14-3-3n protein (Supplementary Fig. S1).

3 4 HECT domain

Fig. 1 Domain structure of human Nedd4-2 and the expression constructs used in this study. On the top, a schematic representation of the Nedd4-2
domain structure shows the relative positions of sites phosphorylated by PKA in vitro in red dots. Ser342 Thr267 and Ser®2 are 14-3-3 binding motifs. The
CaQ*/I\de binding domain is shown in grey (denoted as C2), and the WW domains 1-4 (denoted as W) are shown in yellow, teal, blue and magenta. The
HECT domain N- and C-lobes are shown in raspberry and salmon, respectively. The boundaries of two constructs used in this study are Nedd4-2186-975

and Nedd4-2335-455,
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Fig. 2 Characterization of the interaction between Nedd4-2186-975 and 14-3-3 in solution. a Continuous sedimentation coefficient distributions (c(s)) of
3 uM pNedd4-2186-975 alone (purple), 6 pM 14-3-3n alone (blue), and pNedd4-2186-975:14-3-3n complex mixed at 1:1 (green) and 1:2 (vellow) molar ratios.
b 12% TBE-PAGE showing the phosphorylation-dependent formation of a complex between pNedd4-2186-975 and 14-3-3 after loading 240 pmol of 14-3-
3n and 120 pmol of Nedd4-2'85-975 or pNedd4-2'86-975 gn the native gel, respectively. ¢ Sedimentation coefficient distributions (c(s)) of mixtures of
300 nM pNedd4-2'86-75 with 0.06—6 pM 14-3-3n. d Isotherm of weight-averaged sedimentation coefficients (s,,) derived from SV-AUC analysis of
mixtures of 300 nM pNedd4-2186-975 with 0.06—6 pM 14-3-3n. Based on our estimates, the Ky value was lower than 50 nM, as further confirmed by

global modeling.

Solution properties of Nedd4-2'86-75 and its interactions with
14-3-3 were characterized by sedimentation velocity analytical
ultracentrifugation (SV AUC). The continuous sedimentation
coefficient distributions (c(s)) of phosphorylated Nedd4-2186-975
(pNedd4-2186-975) and 14-3-3n alone, a known Nedd4-2 binding
partner?!, revealed single peaks with weight-averaged sedimenta-
tion coefficients corrected to 20.0°C and to the density of water
(Swiz0m) of 485 (fffy=1.6) and 3.8S (f/fy = 1.4), respectively
(Fig. 2a). The $,,(20,) of pNedd4-2186-975 and 14-3-3n correspond
to M,, of ~95.9 kDa and ~57.4 kDa, respectively, suggesting that
pNedd4-2!86-975 is protomeric in solution (theoretical M,, = 91.7
kDa), whereas 14-3-3n forms stable dimers (theoretical M, =
56.8 kDa), as expected. The analysis of c(s) distributions of
pNedd4-2!86-975:14-3-3n mixtures also revealed the formation of
a stable complex with a sy00, w) of 6.5S (f/fy = 1.6), which
corresponds to a M, of ~145kDa, thus indicating a molar
stoichiometry of 1:2 (a protomer of pNedd4-2'86-975 bound to a
dimer of 14-3-3n, with a theoretical M,, of 149 kDa) (Fig. 2a). The
formation of this complex was also confirmed by native TBE-
PAGE, which showed the phosphorylation-dependent interaction
between Nedd4-2!80-975 and 14-3-3n (compare lane 3 and 5)
(Fig. 2b). To determine the apparent dissociation constant (Kp) of
the pNedd4-2186-975:14-3.3 complex, five mixtures of pNedd4-
2180-975 and 14-3-3n were prepared at different molar ratios
(from 5:1 to 1:20) and analyzed by SV-AUC (Fig. 2¢). Based on
our direct modeling of SV-AUC data using the Lamm equation
and on our analysis of the isotherm of weight-averaged
sedimentation coefficient s values (s,, isotherm) as a function of
14-3-3n concentration, the apparent Kp is lower than 50 nM

COMMUNICATIONS BIOLOGY | (2021)4:899 | https://doiorg/10.1038/542003-021-02419-0 | www.nature.com/commsbio

when using a Langmuir binding model assuming a reversible
interaction between the 14-3-3n dimer and one molecule of
pNedd4-2186-975 (Fig. 2d).

To examine the role of the HECT domain in the overall
stability of the Nedd4-2:14-3-3n complex, we also prepared a
shorter variant Nedd4-2335-45> missing both the C2 and the
HECT domains. This construct was considerably more soluble
and stable than Nedd4-2!86-975 In the SV-AUC analysis of
phosphorylated Nedd4-2335-%5% (pNedd4-2335-455) alone, the
single peak with a syoow of 1.4 (f/fo=1.5) corresponds to a

of ~14kDa (theoretical M, 14kDa). Accordingly, the
absence of HECT domain should not affect Nedd4-2 oligomer-
ization (Supplementary Fig. §2a). In turn, the analysis of pNedd4-
2335-455 and 14-3-3n mixtures showed the formation of a
complex with a sypow of 455 (f/fy = 1.4), which corresponds
to a M,, of ~70 kDa and matches a molar stoichiometry of 1:2 (a
protomer of pNedd4-233-%5 bound to a 14-3-3n dimer,
theoretical M,, 70kDa) (Supplementary Fig. S2a). Both direct
modeling of SV-AUC data (Supplementary Fig. $3a) and analysis
of the s, isotherm as a function of pNedd4—2335‘455 concentra-
tion revealed an apparent Kp, lower than 30 nM when using a
binding model assuming a reversible interaction between the 14-
3-3n dimer and one molecule of pNedd4-2335-435 (Fig. 3b). These
results indicate that the HECT domain is not essential for high-
affinity Nedd4-2 binding to 14-3-3n.

In addition, we prepared pNedd4-2335-455 to characterize 14-3-
3 isoform binding specificity. As shown by native TBE-PAGE,
pNeddd4-2335-155 forms stable complexes with all human 14-3-3
protein isoforms (Supplementary Fig. S2b). Our findings
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Fig. 3 Simultaneous phosphorylation of two 14-3-3 binding motifs pSer342 and pSer448 is required for tight plex formation bet pNedd4-

2335-455 and 14-3-31. a 12% Native TBE-PAGE showing the interaction between 14-3-3n (240 pmol) and Nedd?35-455 variants without (no pS) or with
one, two or three phosphorylation sites (120 pmol); 14-3-3n protein alone was loaded on the penultimate lane. b-i Sedimentation velocity analytical
ultracentrifugation analysis of the complexes between 14-3-3n and pNedd4-2335-455 yariants showing the s, isotherms of 14-3-31 and Nedd4-2 with all
three phosphorylation sites pSer342 + pThr367 + pSer446 (b, with no phosphorylation sites (€), with one phosphorylation site (pSer342 (d), pThr357 (e)
and pSer?48 (£)), or with two phosphorylation sites (pSer3£12 + pThr3é7 (g), pSer342 + pSer®#® (h) and pThr367 + pSer®8 (i)). The isotherms of weight-
averaged sedimentation coefficients were constructed by SV-AUC analysis of mixtures of 1 pM 14-3-3n with Nedd3357455 variants (0.05 - 5 pM). The c(s)
distributions underlying the s,, data points are shown in Supplementary Fig. S3.

corroborate previous studies, which demonstrated that Nedd4-2
interacts with the 14-3-3 ¢ and n isoforms2%-21:26 and with the 14-
3-3B,e heterodimer?’.

High-affinity Nedd4-2 binding to 14-3-31 requires both Ser?42
and Ser*8 phosphorylation. All three putative 14-3-3 binding
motifs of Nedd4-2 contain arginine residues at -5 and -3 positions
with the respect to the phosphoresidue and a serine residue at -2
position. However, only the motif with Ser#48 hag a proline
residue at +2 position, thus resembling the canonical 14-3-3
binding motif I (RSXpSXP). Considering their differences in
primary structure, these three motifs likely differ in their binding
affinities to 14-3-32%23:29 Tq characterize the importance of these
phosphorylated motifs for Nedd4-2 binding to 14-3-3n, we pre-
pared three Nedd4-2335-4% mutants containing a single phos-
phorylation site (denoted as pS342, pT367 and pS448) by
mutating the other phosphorylation sites to alanine and
three Nedd4-2335-4%5 mutants with combinations of two

phosphorylation sites (denoted as pS342 4 pT367, pS342+
pS448 and pT367 + pS448), in addition to a variant with all sites
mutated to alanine (denoted as no pS), which was used as a
negative control.

Differences in 14-3-3n-protein binding affinity between all eight
Nedd¥35-155 variants (WT and mutants with none, one or two
phosphosites) were tested by both native TBE-PAGE and SV-
AUC analysis (Fig. 3 and Supplementary 52). Native TBE-PAGE
revealed that only Nedd?3>4%3no pS lost its ability to bind to 14-3-
3n because all other versions were able to form the complex
(Fig. 3a). Among these variants, Nedd333-455WT (Fig. 3b) and
Nedd?35-453p8342 + pS448 (Fig. 3h) had the highest binding
affinity (with Kp lower than 30nM), as shown in a more
quantitative analysis by SV-AUC. The results from our analytical
ultracentrifugation analysis also highlighted that Nedd4-2:14-3-
3n-protein  binding affinity was partly reduced (K, =140
—200 nM) in singly phosphorylated Nedd335-455pS448 (Fig. 3f),
doubly phosphorylated Nedd3**-455p§342 + pT367 (Fig. 3g) and
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Fig. 4 14-3-3 isoform binding specificity of Nedd4-2 phosphomotifs. Binding of FITC-labeled phosphopeptides with 14-3-3 binding motifs of Nedd4-2
(pSer342, pThr367 or pSer?48) to all human 14-3-3 isoforms was characterized by FP titrations. The binding affinities of these peptides were determined by
fitting FP data to a one-site binding model. The corresponding sequences of these peptides are shown at the top. Background polarization was subtracted
from all values. Results are expressed as mean * SD (n = 3). Error bars are not visible if they are smaller than the size of the symbol.

Table 114-3-3 isoform binding specificity of individual 14-3-
3 binding motifs of Nedd4-2.

Kp!, pM Kol, pM

pep-5342 pep-5448
14-3-3p - 10.0+1.0
14-3-3y - 72207
14-3-3e — 50.0 £10.0
14-3-3¢ — 13.0£1.0
14-3-3y 6.1£0.5
14-3-30 78+0.8 60.0£10.0
14-3-3¢ 14.0+1.0

"The apparent Kp values of the interaction between the peptide and 14-3-3 protein isoforms
were determined by fluorescence polarization measurements of FITC-labeled Neddd-2 peptides
pep-5342 and pep-S448 peptides titrated with 14-3-3.

Nedd335-455pT367 + pS448 (Fig. 3i), significantly reduced (Kp—
400+ 100nM and 530+30nM, respectively) in the singly
phosphorylated  variants Nedd335-455pS§342  (Fig. 3d) and
Nedd?35455p71367 (Fig. 3e) and undetected in Nedd35-455no pS
(Fig. 3c). The binding affinities of our singly phosphorylated
variants correlate with previous observations of their relative
contribution to the cAMP-dependent regulation of Nedd (Ser%48 >
Ser?*2 > Thr37)!7. Therefore, bidentate interaction through
pSer’® and pSer®®® affords the most stable complex between
Nedd4-2 and 14-3-3n) in which pSer® is the high affinity motif*".

14-3-3 binding motifs of Nedd4-2 show distinct 14-3-3 isoform
binding specificity. The interactions between isolated 14-3-3
binding motifs of Nedd4-2 and 14-3-3 protein isoforms were
further characterized by fluorescence polarization (FP). For this
purpose, we synthesized three decapeptides of known 14-3-3
binding motifs with phosphorylated pSer®#2, pThr?7 and pSer#4®
(denoted as pep-5342, pep-T367 and pep-S448) bordered by the
amino acids from the natural sequence of Nedd4-2, with four
amino acids before and another five after the corresponding
phosphoresidue. We labelled all peptides N-terminally with
fluorescein isothiocyanate (FITC) and characterized their binding
to all human 14-3-3 protein isoforms by FP (Fig. 4 and Table 1).
Our FP data revealed that all three phosphopeptides have rela-
tively low binding affinities. The pep-$342 showed a measurable
binding affinity only to 14-3-3¢ (Kp of ~7.8 pM). In contrast, we
were able to detect pep-T367 binding, albeit very weak, to all 14-
3-3 isoforms except € and o. Lastly, we determined that pep-5448
binds to all 14-3-3 isoforms in the low micromolar range,
showing the lowest Kp, values (~6.1 and 7.2 pM) when bound to
isoforms n and vy, respectively. In addition, the K values of

synthetic phosphorylated peptides are two orders of magnitude
higher than those of recombinant Nedd4-2 variants, indicating
simultaneous binding of two motifs and/or the participation of
regions other than phosphorylated motifs in the formation of the
complex (Figs. 2 and 3). Overall, these results support our
hypothesis that the pSer™®® motif is the dominant 14-3-3 binding
motif.

The 14-3-3 dimer simultaneously anchors beth pSer’*? and
pSer*®® motifs of Nedd4-2. Because our AUC analysis suggested
that the pSer’*? and pSer?¥® motifs are responsible for high-
affinity Nedd4-2 binding to 14-3-3, we investigated the structural
basis of their interaction with 14-3-3 in detail. For this purpose,
we crystallized the peptides containing the pSer’*? and pSer®48
motifs (pep-8342 and pep-5448) bound to 14-3-3yAC (lacking
the 15 flexible residues at the C-terminus). The 14-3-3y isoform
was selected based on crystal quality. Both phosphopeptide
complexes crystallized in the trigonal space group R3 with two
14-3-3 dimers with bound phosphopeptides in the asymmetric
unit (PDB ID: 6ZBT and 6ZC9, Table 2 and Fig. 5). The struc-
tures of the pep-S342:14-3-3yAC and pep-S448:14-3-3yAC
complexes were solved by molecular replacement with 14-3-3y
(PDB ID: 2B05) as a search model and refined to resolutions of
1.8 A and 1.9 fd\, raspectively. The final electron densities of both
peptides allowed us to trace seven of ten amino acids (Leu®3® —
Thr3*) of pep-S342 and (Pro*** - Pro*) pep-S448 (Fig. 5a, c).
In both cases, we were unable to trace the last three residues of
each peptide, presumably due to disorder. The phosphate group,
the main-chain conformation and other contacts in the 14-3-3-
binding groove of both motifs were recognized similarly to those
previously observed in other 14-3-3 protein complexes?2931-34,
The pSer**2 moiety of pep-$342 is coordinated through direct
contacts enabled by side chains of the 14-3-3 residues Arg57.
Arg!32, Lys®0 and Tyr!3? and by water-mediated contacts with
14-3-3 Asp!2® and Asnl?® (Fig. 5b). Other contacts include
hydrogen bonds between the main-chain atoms of the Nedd4-2
residues Cys**! and Val®*® and the side chains of the 14-3-3
residues Asn??? and Asn!78, respectively. In addition, the side
chain of Nedd4-2 Ser?¥? makes a polar contact with the side-
chain residues Trp? and Glul®? of 14-3-3. Similar contacts
between the phosphopeptide and 14-3-3 were also observed in the
14-3-3yAC:pep-5448 complex (Fig. 5d). The main difference is
the absence of water-mediated contacts between Arg?4> (-5 resi-
due with the respect to pSer**®) and the side chains of the 14-3-3
residues Arg®”, Arg®! and Glu'%,

Because the 14-3-3 binding motifs pSer®*2 and pSer**8 border
the WW2 domain (Fig. 1), we assessed whether this domain
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Complex

PDB ID

Wavelength (A)

Space group

Unit-cell parameters

a, b, c (A)

o By ()

Asymmetric unit contents

Resolution range (A)?
Unique reflections

pep-5342:14-3-3yAC

6ZBT

0.9184

R 3H

205.857 205.857 74.354

90.0 90.0 90.0

Dimer of 14-3-3yAC with bound
phosphopeptide

27.27 - 1799 (1.864 - 1.799)
108872 (10874)

Table 2 Crystallographic data collection and refinement statistics.

pep-5448:14-3-3yAC
6ZC9

0.9184

R 3:H

205.707 205.707 74.649

90.0 90.0 120.0

Dimer of 14-3-3yAC with bound
phosphopeptide

25.53 - 1.899 (1.967 - 1.899)
92751 (9202)

Nedd4-2335-455:14-3-3qAC
7NMZ

13418

c121

117.86 58.95 106.76
90 90.693 90

Dimer of 14-3-3nAC with bound Nedd4-2

containing pSer342 and pSer#48
31.35 - 2.303 (2.385 - 2.303)
32696 (3215)

Data multiplicity 5.81(8.77) 5.84 (9.45) 4.73 (3.99)

Completeness (%) 99.88 (99.65) 99.76 (98.90) 99.85 (99.38)

(I/a(l)) 25.82 (2.9) 20.39 (1.81) 19.68 (1.94)

Riiia® 0.041 (0.597) 0.051 (1.038) 0.064 (0.655)
work 0.2101 (0.2973) 0.2119 (0.3793) 01994 (0.2432)

Rpree 0.2404 (0.3240) 0.2394 (0.3915) 02350 (0.2915)

No. of protein atoms 7332 7393 3718

No. of ligand atoms 40 40

No. of waters 642 551 189

Average B factors (A2) 36.20 44.80 43.92

Protein 35.65 44.47 44.03

Ligand 49.35 57.13

Water 41.72 48.36 41.82

R.m.s.d deviations from ideal values

Bond lengths (A) 0.003 0.004 0.003

Bond angles (°) Q.50 0.61 0.61

Ramachandran favored (%) 99.12 98.90 98.73

Ramachandran allowed (%) 0.88 110 127

Ramachandran outliers (%) 0O 0 o]

Walues in parentheses are for the highest resolution shell
OR e = T IN(RKITNCRD) — T2 5 5, 1y

4R.m.s., root mean square.

Ak S 5 4 (k) where (KK is the intensity of reflection hkl, {i(hkf) =
EThe free R value (Rpe) was calculated using 5% of the reflections, which were omitted from the refinement.

T, 1hkfy, and NChid) the multiplicity.

UK}

participates in 14-3-3 binding by crystallizing the Nedd4-2335-45%
construct in a complex with 14-3-3nAC. The phosphorylation site
Thr?7 was mutated to Ala to prepare Nedd4-233-455 phos-
phorylated only at Ser®#2 and Ser**® for high-affinity binding and
for homogeneous crystallization. The 14-3-3 nAC:Nedd4-2335-455
complex crystallized in the monoclinic space group C121, with
one Nedd4-2 molecule bound to the 14-3-3nAC dimer in the
asymmetric unit. The structure was solved by molecular
replacement with 14-3-3n (PDB ID: 2C63) as a search model
and refined to a resolution of 2.3 A. Interpretable electron density
was found for 21 residues, nine around the pSer#2 site and twelve
around second pSer**® site (Leu?8-Ala*¥ and Pro*#4-Ser*?5)
(PDB ID code 7NMZ, Fig. 5¢, Table 2). Although the structure
revealed simultaneous binding to both phosphorylated motifs by
a 14-3-3n dimer, no electron density was found for the 97
residues between the phosphorylated motifs (Val>*7-Arg*3), thus
indicating that this region, including the WW2 domain, remains
flexible when bound to 14-3-3 (Fig. 5e). The recognition of the
phosphate group and contacts with the 14-3-3 ligand binding
grooves are similar to those observed in the structures of the
individual motifs (Fig. 5b, d). Other contacts were not detected in
the crystal structures of short phosphopeptides, including the 14-
3-3 residue Asn® from the a3 helix of both protomers, which
interacts with the main chain of the Nedd4-2 residues Ala3%6,
Val*52, Thr*>3 and Ser*35, and the polar contacts between the 14-
3-3 residue Glu!® from the al helix and the Nedd4-2 residues
Thr*? and Ser*®®. A similar contacts have been previously
observed in the structures of the Nth1:14-3-3 and caspase-2:14-3-
3 complexes (PDB ID: 5N6N2 and 6SAD3?, respectively).

14-3-3n interacts with the WW3 and HECT domains of Nedd4-
2 and changes the relative positions of all Nedd4-2 domains.
Nedd4-2186-97> chemical crosslinking using the bifunctional
agent disuccinimidyl glutarate (DSG) coupled to MS (XL-MS)
with and without 14-3-3n showed further 14-3-3 protein-
mediated structural changes in Nedd4-2, highlighting 14 and 13
intramolecular distance constraints for Nedd4-2186-975 in the free
and complexed forms, respectively (Supplementary Table S1, §2,
Fig. 6a, b). Many crosslinks were observed in both forms of
Nedd4-2'86-975, for example, the crosslink between Lys>®® from
the HECT domain and Thr2?® from the WW1-WW?2 linker (#4
in Supplementary Table S1, #6 in Supplementary Table S2). In
other words, when the complex is formed, the distance between
these two regions remains unaltered (Fig. 6a, b). In contrast,
crosslinks connecting the WW2 domain to the WW1-Ww2
linker (Lys?®>-Thr?7, #6 in Supplementary Table $1) and WW2
to the HECT domain (Lys**8-Lys822 and Lys398-Ser®32, #8 and 14
in Supplementary Table S1) were observed only in the free form
of Nedd4-2186-975 Conversely, crosslinks connecting the WW2-
WW3 and WW3-WW4 linkers (Ser>3-Ser?28, #3 in Supple-
mentary Table $2) and WW3 with the C-lobe of HECT (Lys*3!-
Lys®33, #13 in Supplementary Table S2) were observed only in the
complexed form of Nedd4-2186-975, These findings confirm that
the formation of this complex affects the position of the Ww2
domain with respect to the HECT domain and other WW
domains of Nedd4-2186-975,

To quantify intramolecular Nedd4-2!86-975 crosslinks with and
without 14-3-3n, we crosslinked both Nedd4-286-975 3lone and
the Nedd4-2186-975:14-3-3 complex using 12C and 1C-labeled
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the 14-3-3 bindi

Fig. 5 Crystal structures of Nedd4-2 tid, taini

motifs pSer342 and pSer448 bound to 14-3-3y and 14-3-3n. a Detailed

view of the crystal structure of the 14-3-3yAC:pep-5342 complex. The 2F,-F, electron density map is contoured at 1o. b Polar contacts (black lines)

between the residues of 14-3-3y (black) and the pSer®42 binding site of Nedd4-2 (red). Water molecules are shown as yellow spheres. ¢ Detailed view of
the crystal structure of the 14-3-3yAC:pep-5448 complex. The 2F,-F, electron density map is contoured at 1o. d Polar contacts (black lines) between the
residues of 14-3-3y (black) and the pSer#*® binding site of Nedd4-2 (red). Water molecules are shown as yellow spheres. e Crystal structure of Nedd4-
2335-455 containing two phosphorylation sites (pSer34? and pSer#48) bound to the 14-3-3nAC dimer: Top view of the intervening linker sequence of the
two 14-3-3-binding motifs of Nedd4-2 and of the polar contacts (black dashed lines). The final 2F, - F. electron density map is contoured at 0.8¢ (blue
mesh). Nedd4-2 residues are labeled in red, and 14-3-3 residues are labeled in black. Water molecules are shown as cyan spheres. Structure figures were

generated using PYMOL.

disuccinimidyl adipate (DSA) in a 1:1 ratio (Supplementary
Table S3, Fig. 6a, b — in green). Upon complex formation, only
the abundances of crosslinks #1 and #3 significantly changed,
indicating that Nedd4-2 residues Lys®>! from the WW3 domain
and Lys® from the HECT domain (#1 in Supplementary Table
§$3, Fig. 6b) are crosslinked mainly in the absence of 14-3-3n.
Conversely, the crosslink between the Nedd4-2 residues His!80,
which precedes the WW1 domain, and Lys®*® from the N-

terminus of the HECT domain (#3 in Supplementary Table S3,
Fig. 6b) primarily formed in the presence of 14-3-3n.
Crosslinking Nedd4-2186-975:14-3-31 mixtures (mixed in
1:2 stoichiometry) using disuccinimidyl suberate (DSS) and
DSG vyielded eight intermolecular crosslinks (Supplementary
Table S4, Fig, 6¢). Most of these crosslinks connect the
a-helices that form the 14-3-3n ligand binding groove (a3, a5
and a9) with the WW3 domain and the HECT domain

COMMUNICATIONS BIOLOGY | (2021)4:899 | https://doi.org/10.1038/542003-021-02419-0 | www.nature.com/commsbio 7

158



ARTICLE

COMMUNICATIONS BIOLOGY | https;//doi.org/10.1038/542003-021-02419-0

a Intramolecular cross-links

in Nedd4-2

c

1 . 1BGI ZqU 400

b

i
| G2 Wi

Nedd4-2

Intramolecular cross-links in
Nedd4-2 in the complex with 14-3-37
w

Intermolecular cross-links between Nedd4-2 and 14-3-3n

Fig. 6 Schematic representation of intra- and intermolecular crosslinks in Nedd4-2 and between Nedd4-2 and 14-3-31. a Schematic representation of
intramolecular crosslinks of Nedd4-2'86-975 alane (black) with a 50-fold molar excess of DSG (Supplementary Table S1) and quantitative crosslinks with a
50-fold malar excess of 12 C and 13 C DSA in pale green (Supplementary Table S3). b Schematic representation of intramolecular crosslinks of Nedd4-
2186-975 in a complex with 14-3-3n (black) with a 50-fold molar excess of DSG (Supplementary Table 52) and quantitative crosslinks with a 50-fold molar
excess of 12 C and 13 C DSA in pale green (Supplementary Table 53). € Schematic representation of intermolecular crosslinks between Nedd4-2186-75 and
14-3-3n mixed at a 1:2 stoichiometry with a 50-fold molar excess of DSG or DSS (black) crosslinking agent (Supplementary Table 54). Nedd4-2186-975
diagram: the C2 domain, not present in the Nedd4-2138-97% construct, is shown in grey, the WW domains (denoted as W1-4) are shown in yellow, teal,
blue and magenta, and the HECT domain N- and C-lobes are shown in raspberry and salmon, respectively. The beginning and the end of the Nedd4-
2186975 construct are labeled in red. 14-3-3 diagram: colored regions represent a-helices of the 14-3-3 molecule (shown in green), and the helices that
form the ligand binding groove (a3, a5, a7 and 9) are colored in dark green. This figure was prepared using the xiVIEW (https://xiview.org/) and

InkScape (http://www.inkscape.org/) programs.

(crosslinks #1-3 and #5, 6), and the 14-3-3n helices a2 and a6
with the HECT domain (crosslinks #4, 7 and 8). Most likely, these
14-3-3n and Nedd4-2 regions directly interact with each other in
the complex. The combined results from our crosslinking
experiments demonstrate that 14-3-3n interacts with the WW3
and HECT domains of Nedd4-2 and changes the relative
positions of all Nedd4-2 domains.

14-3-3n binding blocks interactions between WW domains and
the HECT domain of Nedd4-2. To gain structural insights into
the 14-3-3-mediated regulation of Nedd4-2, we tried to crystallize
the Nedd4—2186‘975:14—3—3r| complex, but all our crystallization
trials were unsuccessful. For this reason, we performed size-
exclusion chromatography (SEC) coupled to small angle x-ray
scattering (SAXS) analysis of Nedd4-2186-97, 14.3-3n and the
Nedd4-2186-975:14-3-31 complex.

Scattering data from two regions of the elution peak of Nedd4-
2186-975 alone were analyzed (Supplementary Fig. S4a). Based on
our Guinier analysis, the data from the top of the peak of Nedd4-
2186975 revealed the presence of aggregates, whereas the data
from the right shoulder of the elution peak showed homogenous

particles with consistent R, values of ~4.4nm and an estimated
M, of ~101kDa, in line with the theoretical M, of Nedd4-
2186-975 (92 kDa; Supplementary Fig. S4b and Table 3). In turn,
scattering data from the top of the elution peak of 14-3-3n
indicated homogenous particles with an estimated M,, of 56 kDa,
matching the theoretical M,, of 14-3-3n dimer (57kDa)
(Supplementary Fig. S4c, d and Table 3). The Nedd4-
2186-975:14-3-3n complex was prepared with the 1:2 stoichiometry
at a concentration 60 pM, which is approximately three orders of
the magnitude higher than the Kj, value derived from SV-AUC
(~50 nM, Fig. 2). The complex eluted as a single peak and frames
from two regions of the elution profile were analyzed (Supple-
mentary Fig. S4e). As in Nedd4-2186-975, the Guinier plot of the
scattering data from the top of the elution peak indicated
the presence of aggregates, but the scattering data from the right
side of the peak showed a Ry of ~4.8 nm and a M,, of ~157 kDa,
corroborating the theoretical M,, of the Nedd4-2!86-975:14-3-3p
complex with a 1:2 stoichiometry (149kDa) (Supplementary
Fig. S4f).

After calculating distance distribution functions P(r), we found
similar values of maximal distance within the particle (D,,,,) of
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Sample Ry (nm)*© R (nm)d
Nedd4-2186-975(1)a 4.67 £0.01 492+0.01
Nedd4-2186-975(2)b 4.39:0.02 454 £0.02
14-3-3n 293:0.01 294+0.01
14-3-3n:Nedd4-2186-975(1)a 4,95+0.01 514+ 0.01
14-3-3n:Nedd4-2186-975(2)b 4.79+0.01 492001

Table 3 Structural parameters determined from SEC-SAXS data.

Dpmax (nm) Vi€ (nm3) M,! (kDa) M2 (kDa)
183 218 125 92
169 192 101 92
8.6 87 56 57
18.1 277 170 149
17.2 253 157 149

Based on frames from the top of the elution peak from SEC

bBased on frames from the right side of the elution peak from SEC.

“Calculated using the Guinier approximation®™2

dCalculated using GNOM™,

“Excluded volume of the hydrated particle (Porod welume)

"Molecular weight estimate based on a consensus Bayesian assessment method’®

ETheoretical molecular weights of proteins alone and the Nedd4-2186-97514-3 -3 complex (with 1:2 stoichiometry).

Nedd4-2'86-975 and its complex with 14-3-3n (Fig. 7a and
Table 3). Concurrently, the dimensionless Kratky plot of
scattering data ((Sjozf(S)/Iu versus sRo) suggested their con-
formational flexibility, as indicated by the bell-shaped profiles of
the complex and Nedd4-2186-975 alone with maxima of 1.2 at sR,
~ 2.1 and 14 at sR, ~ 2.2, respectively (Fig. 7b, green and red
trace) because the scattering data on a compact globular particle
such as 14-3-3n (Fig. 7b, blue trace) peaks at 1.104 at sR, value of
~1.73. Nevertheless, the complex exhibits a lower conformational
flexibility than Nedd4-2186-975 alone,

By combining rigid body modeling of SAXS profiles with
distance constraints assessed by crosslinking coupled to MS
(Supplementary Tables $1-54), we calculated models of Nedd4-
2186975 alone and in a complex with 14-3-31. The best-scoring
CORAL model of Nedd4-2186-975 alone fitted the experimental
SAXS data with a y? of 1.26 (Supplementary Fig. $5) and matched
all intramolecular crosslinks (Supplementary Table S1 and §3). In
this model, the WW2 and WW3 domains (in teal and blue,
respectively) are positioned close to the HECT domain, WW?2 is
located between the N- and C-lobes and WW3 interacts with the
C-lobe of the HECT domain (Fig. 7¢). In turn, WW1 and WW4
are distant from the catalytic domain (Supplementary Fig. S$5).
This arrangement corroborates a previous report by Grimsey at
el.35, Accurding to these authors, in the closed, autoinhibited
form of Nedd4-2, the HECT domain interacts with the region
preceding the WW3 domain.

The Nedd4-2'80-975:14-3-3n complex was first modeled as a
14-3-3 dimer attached to Nedd4-2 via pSer’*2 and pSer?“s-
containing motifs and assuming that the whole HECT domain is
a rigid body. However, the models derived from these simulations
did not fit well the experimental SAXS data and had yx? values of
~6.4. Therefore, we subsequently allowed the N- and C-lobes of
HECT to move freely with respect to each other. From these
simulations, the best-scoring CORAL model (Supplementary
Fig. S6) showed a considerably better agreement with the
experimental SAXS data (xz of 1.63), matching all intermolecular
crosslinks (Supplementary Table §4), the intramolecular cross-
links of complexed Nedd4-2 (Supplementary Table S2 and $3)
and the ab initio shape reconstruction (Supplementary Fig. S6b,
S$4f). The model of the complex suggests that the WW3 domain of
Nedd4-2 (shown in blue) is positioned within the central channel
of the 14-3-3n dimer and interacts with the 14-3-3n helices al, a3
and a9 (Fig. 7d). The HECT domain is located outside the central
channel of 14-3-3n dimer, its C-lobe (shown in salmon) is close to
the 14-3-3n a8-a9 loop, and the N-lobe (shown in raspberry) is
positioned near the 14-3-3n helices a6 and a8. Although the
HECT domain interacts with one 14-3-3n protomer, the WW4
and WW2 domains are located above the second 14-3-3n
protomer, far from the HECT domain (Supplementary Fig. S6a).
Thus, by comparison with the model of Nedd4-2186-975 glone,

14-3-3n binding changed the relative positions of the structured
domains of Nedd4-2, including the N- and C-lobes of HECT,
where the C-lobe interacts with the helices a6, a7 and al0 of the
N-lobe. Taken together, our SAXS and crosslinking data highlight
that 14-3-3 binding induces a conformational rearrangement of
Nedd4-2 by changing the relative positions and interactions of its
structured domains, including the N- and C-lobes of the catalytic
HECT domain, and by masking the surface of the WW3 domain.

Discussion

Nedd4-2 primarily ubiquitinates membrane-bound proteins, such
as channels and receptors, and its dysfunction leads to multiple
diseases, including epilepsy, hypertension, cystic fibrosis, pul-
monary edema or Liddle syndrome3$-40. Previous studies have
shown that Nedd4-2 phosphorylation triggers binding to the
adaptor protein 14-3-3 and that this interaction may have dif-
ferent functional consequences depending on the tissue. In the
brain, for example, this interaction promotes the ubiquitination
of the GluA1 subunit of the AMPA recepmr%. In contrast, in the
kidney, Nedd4-2 binding to 14-3-3 weakens ENaC ubiquitina-
tion, thereby increasing sodium absorption by elevating the sur-
face expression of ENaC?2. However, key structural aspects of the
14-3-3-mediated regulation of Nedd4-2 have remained unclear
until now. Thus, our study provides detailed structural insights
into the interaction between 14-3-3 protein and Nedd4-2 by
combining several structural biology approaches.

The interaction between the 14-3-3 protein and Nedd4-2 is
mediated by phosphorylation of three residues bordering WwW2
domain: pSer*2, pThr37 and pSer?® (Fig. 1)17:23, Because 14-3-
3 protein dimers frequently interact with their binding partners
by simultaneously anchoring two phosphorylated motifs sepa-
rated by at least 20 amino acid residues*!, we hypothesized that
the interaction between 14-3-3 and Nedd4-2 is also mediated by
such bidentate binding. Our LC-MS$ analysis confirmed that
Nedd4-2 is phosphorylated by PKA in vitro on all three afore-
mentioned sites. Mutating all three residues abolished Nedd4-2
binding to the 14-3-3 protein, whereas simultaneous phosphor-
ylation of the Ser?¥? and Ser™8 sites led to the highest affinity
binding of Nedd4-2 to the 14-3-3n dimer, in the nanomolar range
(Kp < 30nM) (Fig. 3, S3). The binding affinity decreased upon
single phosphorylation of Ser®8 or other double phosphorylation
combinations involving Ser'3, Our fluorescence polarization
measurements also highlighted the importance of the Ser-
containing motif for high-affinity Nedd4-2 binding to 14-3-3n.
Concurrently, our crystallographic analysis of the phosphorylated
Nedd4-2335-455 bound to 14-3-3n confirmed the bidentate
interaction with the 14-3-3 dimer through both 14-3-3 binding
motifs, pSer’2 and pSer$, also showing that the complex
establishes more contacts than the structures of the isolated singly
phosphorylated motifs (Fig. 5). These findings support the
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Fig. 7 SAXS-based structural modeling of the pNedd4-2186-975:14-3-31) complex and pNedd4-2186-975, a plot of the distance distribution functions P(r),
with maximum particle dimensions (D,,q,) of 169, 89 and 172 A for Nedd4-2186-975, 14-3-3n and the 14-3-3q:pNsdd4-2"86’975 complex, respectively.

b Dimensionless Kratky plots are shown in green for Nedd4-2186-975 in blue for 14-3-3n, and in red for the 14-3-3n:pNedd4-2186-975 complex. The dotted
lines mark the value of 1104 for sR, =1.73, denoting the peak of a perfectly globular particle. € Crosslinked domains from the best-scoring CORAL model of
Nedd4-2'86-975 The full model is shown in Supplementary Fig. S5. d Crosslinked domains from the best-scoring CORAL mode! of the Nedd4-2'86-975:14-
3-3n complex. The full model is shown in Supplementary Fig. S6. The 14-3-3n protomers are shown in pale green and pale cyan. In the HECT domain of
MNedd4-2186-575 the N-lobe is indicated in raspberry and the C-lobe in salmon. WW1, WW2, WW3 and WW4 domains are indicated in yellow, teal, blue
and magenta, respectively. Phosphorylated 14-3-3 binding motifs of Nedd4-2 are shown as orange sticks (PDB ID: 6ZBT and 6ZC9, this work). Cot atoms of
crosslinked residues are shown as yellow spheres. The PY motif (L®48PPY®51) is shown in red, and the catalytic residue Cys®#2 is shown as a stick. The
elements in the HECT N-lobe secondary structure are numbered according to8.
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assumptions that the key residue for 14-3-3 protein binding is
Ser8, phosphorylated by either SGK or PKA, and that the
interaction between Nedd4-2 and 14-3-3n depends on a Pro
residue located at position +2 from pSer#$ 172022 Although
pSer**® alone promotes Nedd4-2 binding to 14-3-3, our data
clearly show that the most stable interaction involves simulta-
neous binding of two phosphorylated motifs. In line with our
results, decreased phosphorylation of Nedd4-2 at Ser**? has been
recently shown to promote its association with ribosomal proteins
during endoplasmic reticulum stress?2, but whether this process
also involves changes in the interaction between Nedd4-2 and 14-
3-3 is still unknown. Nevertheless, our structural analysis of this
interaction did show that 14-3-3 changes the relative positions of
all Nedd4-2 domains.

14-3-3 proteins are well known to regulate their binding
partners by modulating their structure and/or masking structural
and functional features on their surface. The conformational
change upon the 14-3-3 protein binding was demonstrated for
the serotonin N-acetyltransferase (AANAT), an enzyme that
controls the daily rhythm in melatonin synthesis. The 14-3-3
binding modulates structure of the substrate binding sites of
AANAT, thereby increasing the affinity of AANAT for its sub-
strates with an accompanying increase in activity*>*%. In our
previous work on 14-3-3-mediated regulation of the neutral tre-
halase Nthl, we demonstrated that 14-3-3 protein triggers its
enzyme activity by stabilizing the interaction between its catalytic
and regulatory domains®*2. Another example of 14-3-3-induced
structural changes upon binding is the negative regulation of B-
RAF kinase, which 14-3-3 protein maintains in an inactive state
by blocking the membrane recruitment of B-RAF and by pre-
venting B-RAF kinase dimerization through steric occlusion of its
domains*>#®, Our results suggest that the 14-3-3-mediated reg-
ulation of Nedd4-2 requires simultaneous binding of two phos-
phorylated motifs followed by both the conformational change
and steric occlusion of several functional domains, thus resem-
bling regulations mentioned above. The CORAL model of
Nedd4-2186-975 alone indicated close interactions between the
HECT and WW2/3 domains and full exposure of the WW1 and
WW4 domains to the solvent (Fig. 7c and S5). This arrangement
of domains corroborates previous evidence of the interaction
between WW domains of Nedd4-2 and its own weak PY motive
located within the C-lobe of HECT (Fig. 7¢)!'347_On the other
hand, 14-3-3 binding blocked interactions between HECT and
WW2/3 by sequestering WW3 within the central channel of the
14-3-3 dimer and by weakening the interaction between the N-
and C-lobes of the HECT domain (Fig. 7d and §6a). Furthermore,
in a complex with 14-3-3, the WW4 domain of Nedd4-2 is
located near the surface of the 14-3-3n dimer, whereas WW1 and
WW?2 are fully exposed to the solvent (Supplementary Fig. S6a).
Such position of WW2, far from the surface of the 14-3-3n dimer,
may also explain why we were unable to trace this domain in the
electron density map of Nedd4-2335-455 hound to 14-3-3
(Fig. 5e). Because WW domains presumably mediate the inter-
action between Nedd4-2 and its substrates, such occlusions or
exposures likely affect substrate ubiquitination, accounting for the
14-3-3-mediated modulation of the ubiquitination of some
Nedd4-2 substrates36:48-50, Considering the above, our data
provide the structural glimpse into 14-3-3-mediated Nedd4-2
regulation, showing that 14-3-3 protein regulates multidomain
binding partners through several common mechanisms, either
promoting or blocking interdomain interactions and sterically
occluding functional surfaces, among other alterations.

In conclusion, Nedd4-2 is phosphorylated on multiple sites by
PKA, but dual phosphorylation on the sites Ser’*2 and Ser4®
mediates high-affinity Nedd4-2 bonding to 14-3-3n. Upon
binding, 14-3-3n induces a structural rearrangement of Nedd4-2

by altering interactions between the structured domains of
Nedd4-2, including the N- and C-lobes of the catalytic HECT
domain. Changes in the exposure of WW domains may explain
how 14-3-3 modulates the ubiquitination of some Nedd4-2
substrates. For this reason, further studies should be conducted to
identify the exact mechanisms of 14-3-3-dependent regulation of
ubiquitination of particular substrates and to assess whether these
mechanisms include variations in Nedd4-2 phosphorylation and
whether the suggested conformational change of the HECT
domain has any functional consequences. For now, our findings
lay the foundations for future research aimed at understanding
the versatile regulatory roles of 14-3-3 proteins in the regulation
of signaling pathways and processes linked to protein degradation
through the ubiquitin-proteasome system. Such studies are par-
ticularly relevant because many other E3 ubiquitin protein ligases,
e.g., parkin, ZNRF2, CBL, ITCH and SMURF]I, are also regulated
in a 14-3-3-dependent manner>!-3°, Moreover, recent advances
in the development of small molecule compounds targeting
protein-protein interactions have demonstrated the potential to
modulate the activity of key 14-3-3 binding partners in various
physiological processes by targeting their distinct interactions
with 14-3-3%7. In this context, the interaction between Nedd4-2
and 14-3-3 proteins should be a promising target for the treat-
ment of Nedd4-2-associated diseases.

Methods

Heterologous expression and purification of 14-3-3 protein isoforms. All seven
14-3-3 protein isoforms (f, y, &, {, 1, 0 and 1) and the C-terminally truncated 14-3-
3y isoform (14-3-3yAC, residues 1-235) were expressed in E. coli BI21(DE3) cells
(Novagen) using a modified pET-15b plasmid with a TEV cleavage site. After
affinity chromatography, the Hiss-tag was cleaved by TEV protease, followed by
anion-exchange chromatography (HiTrap Q column; GE Healthcare)*#. The
final purification step was size-exclusion chroamatography (Hiload Superdex 75;
GE Healthcare) in a buffer containing 20 mM Tris:-HCI (pH 7.5), 150 mM NacCl,
5mM DTT and 10% (w/v) glycerol. All isoforms were concentrated to 30 mg.ml !,
frozen in liquid nitrogen and stored in aliquots in -80°C (193.15K).

Heterologous expression, purification and phosphorylation of Nedd4-2.
Neddd-2 coding sequences (residues 335-455 and 186-975) were PCR-amplified
from the plasmid hNedd4-2 (a gift from Christie Thomas, Addgene plasmid #
83433)% The PCR product containing residues 335-455 was ligated into the
pRSEDuct-1 (Novagen) using the Neol/Notl restriction sites. Modified pRSFDuet-1
contained the sequence of the Hiss-tagged GB1 domain of protein G inserted into
the first multiple cloning site (a gift from Evzen Boura, IOCB CAS). The PCR
product, including residues 186-975, was subcloned into the expression vector
pST39 (a gift from Evzen Boura, IOCB CAS) using the Xbal/Kpnl restriction sites.
The entire cloned regions were confirmed by sequencing. Mutations of Nedd4-2
with a different number of PKA phosphorylation sites (at positions 342, 367 and
448) were generated by mutating other sites to alanine, using the QuikChange™
approach (Stratagene), and confirmed by sequencing. Oligo sequences are provided
in Supplementary Table S5.

Nedd4-2 fusion proteins were expressed as fusion proteins with an N-terminal
Hisq-GB1-tagged fusion protein (Nedd4-2333-455 yariant) or a non-cleavable 6 x
His-tag at the C-terminus (Neddd4-2186-%75 variant) in Escherichia coli BL21 (DE3)
(Novagen) cells grown in Luria-Bertani media, inducing expression by adding
0.5mM IPTG (isopropyl f-D-1-thiogalactopyranoside) at OD®% = 0.8 for 20 h at
18°C. The pelleted cells were suspended in lysis buffer (1 x PBS, 1 M NaCl, 4 mM
p-mercaptoethanol and 2 mM imidazole) and purified using a Chelating
Sepharose™ Fast Flow column (GE Healthcare), according to the standard protocol.
For Nedd4-2'%6-975, Tergitol NP-40 (Sigma) was added to all buffers at a final
concentration of 0.01% (v/v).

“The eluted Nedd4-23%-453 protein and its variants were dialyzed against the buffer
containing 20 mM Tris-HCI (pH 7.5), 2mM EDTA, 2 mM 2-mercaptoethanol and
10% (wiv) glycerol. The Hisy-GBI1 tag was cleaved by incubation with the TEV
protease (750 U of TEV per 1 mg of fusion protein) in dialysis overnight at 4 °C.
Nedd4-23>-4%% was phosphorylated by incubation at 30 °C for 2 h and then overnight
at 4°C with 1300 U of PKA (Promega) per 1 mg of protein in the presence of 0.75
mM ATP and 20 mM MgCl, TEV and PKA were removed through another
immobilized metal affinity chromatography and subsequent size-exclusion
chromatography using a Hiload™ 26/600 Superdex™ 75 pg column (GE Healthcare) in
a buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM TCEP and 10%
(w/v) glycerol. The typical yield was 5 mg of pure protein per one liter of LB media.

The eluted Nedd4-2!%6-975 was purified by size-exclusion chromatography
directly after N2~ affinity chromatography, using a HiLoad" 26/600 Superdex™
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200 pg column (GE Healthcare) in a buffer containing 50 mM Tris-HCI (pH 8.0),
500 mM NaCl, 1 mM TCEP and 10% (w/v) glycerol and 0.01% (v/v) NP-40.
Purified Neddd4-2'%6-975 was phosphorylated with 250 U of PKA (Promega) per mg
of protein in the presence of 0.75mM ATP and 20 mM MgCl, and incubated at
30°C for 3 h followed by size-exclusion chromatography using a Superdex™ 200
Increase 10/300 GL column (GE Healthcare) in a buffer containing 50 mM Tris-
HCI (pH 8.0), 500 mM NaCl, 1 mM TCEP and 10% (w/v) glycerol. The typical
yield was 2 mg of pure protein per one liter of LB media.

The level of the phosphorylation of both proteins was confirmed by the mass
spectrometry service provided by CMS Biocev.

Heterologous expression and purification of Ubal, Ube2d2 and Ub. The coding
sequences of mouse Ubal (ubiquitin-like modifier-activating enzyme 1), mouse
Ube2d2 (ubiquitin-conjugating enzyme 12D2) and human Ub were kindly pro-
vided by Dr. Silhan (TOCB, CAS). Both enzymes and human ubiquitin were
expressed in Escherichia coli BL21 (DE3) cells (Novagen). The E1 enzyme Ubal
was subcloned into a pET28a plasmid with a TEV-cleavable 6 x His-tag at the N-
terminus and expressed at 16 °C O/N. The E2 enzyme Ube2d2 and human ubi-
quitin Ub were subcloned into a pET15b plasmid with a TEV-cleavable 6 x His-tag
at the N-terminus and expressed at 25°C O/N. All these fusion proteins were
expressed in Luria-Bertani media by induction at OD° = 0.8 for 20 h. The pel-
leted cells were suspended in lysis buffer (1 x PBS, 1 M NaCl, 4 mM j-
mercaptoethanol and 2 mM imidazole) and purified using a Chelating Sepharose™
Fast Flow column (GE Healthcare) according to the standard protocol. The fusion
proteins were dialyzed into a buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 2mM DTT and 10% (w/v) glycerol. The Hise-tag of Ubal and Ube2d2 were
cleaved by incubation with TEV protease at 30 °C for 2 h. The final purity of all
proteins was confirmed by size-exclusion chromatography on Superdex™ 200
Increase 10/300 GL (GE Healthcare) or Superdex™ 75 Increase 10/300 GL (GE
Healthcare) columns in a buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 2mM DTT and 10% (w/v) glycerol. The proteins were concentrated as
required, aliquoted and flash-frozen in liquid nitrogen

Ubiquitination assay. For in vitro ubiquitination assays, 5 pg of human Ub, 50 ng
of E1 (mouse Ubal), 200 ng of E2 (mousc Ube2d2) and 500 ng of E3 (phos-
phorylated Nedd4-2'86-975) were incubated in 30 pl of the reaction mixture in a
buffer containing 50 mM Tris pH 7.5, 2mM ATP, 5 mM MgCl, and 2mM DTT
and incubated for 5, 10 and 15 min at 30 °C. The reactions were stopped by adding
5 x SDS-PAGE loading butfer (250 mM Tris pH 6.8, 50% glycerol, 500 mM DTT
and 10% SDS) and incubating at 95 °C for 3 minutes to denaturate the samples. For
reactions with 14-3-3n, Nedd4-2'86-975 was mixed with 14-3-31 in a 12 molar
ratio and incubated for 30 minutes on ice before starting the reaction. In addition,
20 pl of reaction was separated by conventional $DS-PAGE on a 10% acrylamide
gel and electro-blotted against a PVDF membrane in 20 mM Tris pH 7.5, 154 mM
glycin and 10% methanol buffer overnight at 4 °C. Rabbit anti-Ub polyclonal
antibody (Enzo) and anti-rabbit TgG, HRP-linked Antibody (Cell Signaling
Technology) were used to visualize the transferred polyubiquitin chains. Chemi-
luminescence was induced by ECL and detected using Fusion Solo $ (Vilber). The
detected bands of E3-Ub were quantitated using the Image Lab software (Bio-Rad).

Fluorescence polarization assay. The FP assay was performed using a CLAR-
10star microplate reader (BMG Labtech, Thermo Fisher Scientific, Waltham, MA,
USA) on 384-well black low-volume flat-bottom plates (Corning, New York, USA)
in a buffer containing 10 mM HEPES (pH 7.4), 150 mM NaCl, 0.1% (v/v) Tween 20
and 0.1% (w/v) BSA. Seven 14-3-3 protein isoforms at a starting concentration of
80 pM, followed by binary dilution series, were incubated for 1 h with 50 nM of
FITC-labelled synthetic peptides FITC-PRSLpSSPTVT (pS342), FITC-
ARSSpTVTGGE (pT367) and FITC-LRSCpSVTDAV (pS448) where pS/pT
denotes phosphoserine/phosphothreonine (Pepscan Presto BV). The excitation and
emission wavelengths were 482 nm and 530 nm, respectively. The Kj, values were
determined as the mean of three independent measurements using GraphPad
Prism version 8.0.1 for Windows, GraphPad Software, La Jolla California USA,
www.graphpad .com.

Crystallization, data collection and structure determination. To crystallize the
complex between 14-3-3yAC (residues 1-234) and the synthetic peptides pep-5342
or pep-$342, 16 mg.ml ! 14-3-3yAC was mixed with the Nedd4-2 synthetic pep-
tides pep-8342 (LRSCpSVTDAYV) or pep-5342 (PRSLpSSPTVT) at a 1:1.5 molar
stoichiometry, in a buffer containing 20 mM HEPES (pH 7.0), 2 mM MgCl, and
2mM TCEP. Crystals were grown from drops consisting of either 2 pl of the pep-
§342:14-3-3yAC complex and 2 pl of 100 mM HEPES (pH 7.5), 200 mM MgCl,,
23% (v/v) PEG 400, and 2% hexafluoro-2-propanol or 2 pl of the pep-5448:14-3-
3yAC complex and 2 pl of 100 mM HEPES (pH 7.5), 200 mM MgCl,, 16% (viv)
PEG 400, and 1% hexafluoro-2-propanol, respectively. 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.
To crystallize Nedd4-233-45% in a complex with 14-3-3nAC, the mutant variant

T367A was used to prevent sample heterogeneity. The 14-3-3nACNeddd-25455T367A
complex was mixed in a 1:2 molar stoichiometry and dialyzed overnight against 20 mM

Tris-HCI pH 7.5 and 1 mM TCEP buffer. The protein complex was concentrated to
~11 mg.ml !, Crystals were grown from drops consisting of 4 ul of the protein complex,
2l of Morpheus C12 condition (composed of 0.03 M Sodium nitrate, 0.03 M Sodium
phosphate dibasic, 0.03 M Ammeonium sulfate, 0.1 M Bicine, 12.5% v/iv MPD; 12.5%
PEG 1000; 12.5% wiv PEG 3350) pH 7.5 and 0.6l of 30% w/v sucrose (Hampton
Research Additive Screen). Crystals were flash frozen in liquid nitrogen without any
additional cryoprotection before data collection in oscillation mode at the D8 Venture
system (Bruker, MA, USA).

Diffraction datasets were processed using the packages XDS and XDSAPPeO6!,
Crystal structures were solved by molecular replacement in MOLREP®2, using the
structures of the 14-3-3n (PDB ID: 2C63), 14-3-3yAC:pepS139 (PDB ID: 6GKF) as
search models and refined at a resolution of 1.8 A (14-3-3yAC:pep$342), 1.9 A (14-
3-3nAC 14-3-3yAC:pep-5448) and 2.3 A (14-3-3nAC:Neddd-233>-455T3674),
respectively, with the PHENIX package?*63, The atomic coordinates and the
structure factors of the complexes have been deposited in the RCSB PDB under
accession codes 6ZBT, 6ZC9 and 7NMZ. All structural figures were prepared with
PyMOL. (https://pymol.org/2/).

Analytical ultracentrifugation (AUC) measurements. Sedimentation velocity
(SV) experiments were performed using a ProteomLab™ XL-1, Beckman Coulter
analytical ultracentrifuge®. The samples were dialyzed against a buffer containing
20mM Tris-HCI (pH 7.5), 150 mM NaCl, and 1 mM TCEP before analysis. The
samples with the longer construct of Nedd4-2!86-975 were dialyzed against a buffer
containing 50 mM Tris-HCI (pH 8.0), 500 mM NaCl, 1 mM TCEP and 0.01% (v/v)
Tergitol NP-40 (Sigma). SV AUC experiments were conducted at various loading
concentrations of 14-3-3r, Nedd4-2! 6-975 Nedd4-23%3-455 apnd its mutant variants
in charcoal-filled Epon centerpieces with a 12-mm optical path length at 20°C, and
at 40000 or 46000 rpm rotor speed (An-50 Ti rotor, Beckman Coulter). The buffer
density, viscosity, and partial specific volume of all proteins were estimated using
the program SEDNTERP. All sedimentation profiles were collected with absor-
bance optics at 280 nm. The sedimentation coefficients ¢(s) distributions were
calculated from raw data using the SEDFIT software package®. The calculated
distributions were integrated to establish the weight-average sedimentation coef-
ficients corrected to 20°C and the density of water, sy, The s, values were
plotted as a function of Nedd4-2355-455 or 14-3-3n concentration to construct s,
isotherms. The resulting isotherms were fitted with a A + B = AB model, as
implemented in the SEDPHAT software package with previously known s, values
of each component. The parameters were verified, and the loading concentrations
were corrected using global Lamm-equation modeling, also implemented in the
SEDPHAT software®®

Chemical Crosslinki bined with mass spectrometry. Both Nedd4-2186-975
alone and in a complex with 14-3-3n were crosslinked with homobifunctional
crosslinkers DSG and DSS in 1:1 (mol/mol) mixtures of non-deuterated and four-
times-deuterated compounds (d0/d4). For the crosslinking reaction, the proteins
were dialyzed in a buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl and
1mM TCEP. In all samples, the protein concentration was 0.6 mg.ml—". Freshly
prepared stock solutions of crosslinkers (10 mg.ml in DMSO) were added to
proteins at a 50 x molar excess in a total reaction volume of 20 pl and incubated for
1h at room temperature.

For quantitative studies, Nedd4-2:%-%7% in the presence of 14-3-3n and Nedd4-
2186-975 y]one were incubated with a 50-fold molar excess of light (12 C) and heavy
(13 C) disuccinimidyl adipate (DSA; Creative Molecules). After a 30-min
incubation at room temperature, Nedd4-2136-9%5 in the presence of 14-3-3n
labelled with 13 C and Nedd4-2186-975 alone labelled with 12 C were mixed at a
1:1 ratio.

‘The proteins were reduced with 10 mM dithiothreitol, alkylated with 30 mM
iodoacetamide, and digested overnight with try-psinn at 37 °C. The peptides were
injected into a Luna Omega Sum Polar C18 100 A 20 x 0.3 mm column
(Phenomenex) and desalted at 20 uL./min for 5 min. Peptides were then separated
by reversed-phase chromatography with a Luna Omega 3um Polar C18 100 A 150
x 0.3 mm column (Phenomenex) at 10 pL/min using a capillary UHPLC
1290 system {(Agilent Technologies) with a gradient sequence of 1—10% for 1 min,
10—45% for 19 min, and 45—95% for 5 min of buffer solvent A (0.1% formic acid,
98% acetonitrile in water) in buffer solvent B (0.1% formic acid, 2% acetonitrile in
water). The column was heated to 50 °C and directly connected to a 15T solariX
XR FT-ICR mass spectrometer (Bruker Daltonics, USA) operated in positive data
dependent mode. StavroX software® was used to identify crosslinked peptides.
Fixed carbami ethylation of and variable methionine oxidation were
set as modifications. The modification sites of DSG and DSS were N-termini,
lysines, serines, threonines and tyrosines. The mass error threshold was set to 1
ppm, and all assigned fragments were manually curated. For quantitative studies,
the Links software®®9? was used to identify crosslinked peptides. The
nonoverlapping isotopes of peptides crosslinked with 12 C and 13 C DSA were
used to calculate isotope ratios”".

Small-angle X-ray scattering (SAXS). SAXS data were collected on the Furopean
Molecular Biology Laboratory (EMBL) P12 beamline, at the storage ring PETRA I11
(Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany). The SEC-SAXS
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Supplementary Fig. S1. 14-3-3 slows down the auto-ubiquitination of Nedd4-2'*"""™, a
Purity and integrity of the samples used in the Ub chain formation assay. The samples were
resolved by 10% Tris/Glycine SDS-PAGE and stained with Coomassie G-250. b Ubiquitin (Ub)
chain formation assay with and without 14-3-31 and the representative immunoblot of Ub. Black
rectangles denote the borders of the sample zones that were quantified. The presence of
ubiquitinated Nedd4-2 in the quantified zones was confirmed by LC-MS analysis. ¢ Relative
abundances of ubiquitinated Nedd4-2"¥*"* with and without 14-3-31) based on the immunoblot
of Ub. Error bars represent the standard deviation of three independent experiments. Results
show the data distribution. Asterisks represent significant differences according to unpaired
Student’s t-tests comparing relative change between samples without and with 14-3-3n at
selected timepoints (ns, non-significant P > 0.05; *, P < 0.05).
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Supplementary Fig. S2. Characterization of the interaction between Nedd4-2*%** and 14-
3-3 in solution. a Continuous sedimentation coefticient distributions (¢(s)) of 10 pM pNedd4-
255 alone (purple), 10 uM 14-3-31 alone (blue), and the pNedd4-2"°:14-3-3n complex
mixed at 1:2 (cyan) and 1:1 (green) molar ratios. The protein concentrations were 10 uM for 14-
3-3nand 5 uM or 10 pM for pNedd4-2**> b Isoform binding specificity of pNedd4-2%,
Phosphorylated pNedd4-2**>"° 14-3-3 proteins and their complexes were separated by 12%
TBE-PAGE to study the interaction of pNedd4-2****% with all seven human 14-3-3 isoforms (P,
Y, € (, M, 0, and 7). The amounts of protein loaded on the native gel were 128 pmol of 14-3-3 and
64 pmol of pNedd4-2*34%

169



a

c(s) {AU/S)

ofs) (AUIS)

e

cfs) (AU/S)

«

c(s) (AU/S)

2

Nedd4-2°**% 335 —-.—- 455

0.20
1uM 14-3-30 + b 3.5 1 1M 14-3-30 +
—— 0.05uM Neddd-2 | = 0.05 uM Neddd-2 S342A TI6TA S448A
— 0,15 pM Neddd-2 3'0 T — 015 M Noddd-2 S342A TI6TA S448A
0.15 | 0.5 uM Neddd-2 . 0.5 uM Neddd-2 S342A TI67A S448A
| — 1.5 UM Neddd-2 K 2.5 —— 1.5 M Neddd-2 S342A TI67A S448A
5 UM Nodds-2 g 56 - 6 pM Neddd-2 S342A T367A S44BA
0.10 - 5
pS342 + pT367 + pS448 215 no pS
| 5
0.05 - E 1.0+
000 Ll N A S 0.0 .
1 2 3 4 5 6 7 1 2 3 4 5 6 7
sedimentation coefficient (S) d sedimentation coefficient (S)
1uM 14330 + I 1 pM 14-3-30 +
0.4 4 = (0.05 uM Nedd4-2 T36TA S448A 0.25 ——— 0.05 M Neddd-2 S342A S448A
= 015 uM Nedd4-2 TI67A S448A = 0.15 uM Nedd4-2 S342A S448A
0.5 uM Nedd4-2 T367A S448A | 0.5 UM Neddd-2 S342A S448A
03 " == 1.5uM Neddd-2 TI67A S448A o 020 1 — 1.5 UM Neddd-2 S342A S448A
5 UM Neddd-2 TI67A S448A %) S UM Nedda-2 S3424 S448A
2 015
0.2 ps342 = pT367
T 0.10 4
0.1 | [
0.05 4 | g
N A
A - 000 LAl s
1 2 3 4 5 6 7 1 2 3 4 5 6 7
sedimentation coefficient (S) sedimentation coefficient (S)
0.25
1uM 14-3-3n + 0.40 4 1HM 14-3-3n +
= 0.05 M Neddd-2 S342A TISTA . | = 0.05 uM Neddd-2 S448A
0.20 = 0.15 UM Neddd-2 53424 T367A 0.35 = 0.15uM Nedcd-2 S448A
| 0.5 pM Neddd-2 S342A TIETA | 0.5 uM Neddd-2 S448A
—— 1.5uM Neddd-2 S342A TIGTA . 0.30 4 | —— 15 M Neddd-2 S448A
0.15 | 5 M Neddd-2 S342A T367A % 0.25 | | 5 pM Neddd-2 S448A
010 | ps448 % 0.20 4 pS342 + pT367
T 0.15 -
005 | | 0104 ||
Al A o /\
o\
000 Ly L NI oo LA\ TS
1 2 3 4 5 6 7 1 2 3 4 ] 6 7
sedimentation coefficient (S) sedimentation coefficient (S)
h 035
0 35 4 1 UM 14-3-3n + | 1 M 14-3-3n +
’ | —— 0.05 M Nedd4-2 T36TA 0.30 —— 0.05 M Neddd 2 S342A
0.30 4 | — 0.15 uM Neddd-2 T367A — 0.15 M Neddd-2 S342A
0.5 M Neddd-2 TI67A 025 [ 0.5 uM Nedd4-2 $342A
0.25 4 = 1.5 M Nedd4-2 T367A s —— 2pM Neddd-2 S342A
I 5 M Neddd-2 TIETA @ 0.20 4 | 5 UM Nedd4-2 S342A
020 2 [
0.15 | pS342 + pS448 | 5 0.15 - PT367 + p5448
? k<
0.10 4 | 0.10 4
0.05 | 0.05 - )
0.00 / \\‘ ‘ : \ ‘ 0.00 1— : ﬁf\\
1 2 3 4 5 6 ¥ 1 2 3 4 5 6 7
sedimentation coefficient (S) sedimentation coefficient (S)

170



Supplementar;f Fig. S3. Sedimentation velocity analytical ultracentrifugation analysis of
the pNedd4-27%*:14-3-3y complexes corresponding to Fig. 3. The ¢(s) distributions of
mixtures of 1 pM 14-3-3n with 0.05-5 pM pNedd4-2*"*% variants: (a) pS342 + pT367 +
pS448, (b) no phosphorylation site, (¢) pS342, (d) pT367, (e) pS448, (f) pS342 + pT367, (g)
pS342 + pS448 and (h) pT367 + pS443.
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Supplementary Fig. S4. SEC-SAXS data analysis. Elution profiles of average intensity as a
function of elution time (blue line) of (a) Nedd4-2""" alone, (¢) 14-3-3n and (e) 14-3-
3n:pNeddd-2%" complex eluting from the in-line SEC connected to SAXS instrumentation are
shown on the left. Red lines denote the regions with the selected frames for final analysis, green
lines (1) denote regions not selected for analysis. (b,d,f) The corresponding scattering curves
from SEC-SAXS experiment are shown on the right. Scattering intensity I(s) is plotted in
relation to the scattering vector s (s = 4nsin(0)/A, where 20 is the scattering angle and A is the
Wavelenngth)_ The insets are Guinier plots of low-g regions, with the red line showing linearity in
In(/) vs s~.
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Supplementary Fig. S5: CORAL model of Nedd4-2"*"""" alone. Left, Best-scoring CORAL
model of the Nedd4-2'*"""*. HECT domain of Nedd4-2'%*"* N-lobe is shown in raspberry and
C-lobe in salmon. WW1, WW2, WW3 and WW4 domains are shown in yellow, teal, blue and
magenta, respectively. Flexible linkers between rigid bodies are shown in grey. Ca atoms of
crosslinked residues are represented as yellow spheres. Right, scattering curve calculated from
the C10RAL model of Nedd4-2'%6%7 (red) compared with the experimental SAXS data (black
dots) .
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Supplementary Fig. S6: CORAL model of the pNedd4-2186'975:l4-3-31] complex. a Best-
scoring CORAL model of the Nedd4-2'%7%:14-3-3n complex. The 14-3-3n protomers are
shown in pale green and pale cyan. In the HECT domain of Nedd4-2"%*7 the N-lobe is shown
in raspberry and the C-lobe in salmon. WW1, WW2, WW3 and WW4 domains are shown in
vellow, teal, blue and magenta, respectively. Structure of phosphorylated peptides in binding
grooves solved by X-ray crystallography are represented as orange sticks, colored by elements
(PDB ID: 6ZBT and 6ZC9, this work). Flexible linkers between rigid bodies are shown in grey.
Co atoms of crosslinked residues are represented as yellow spheres. b Left, scattering curve
calculated from the CORAL model of the Nedd4-2186'975:14-3-3n complex (red) compared with
experimental SAXS data (black dots) . Right, averaged and filtered ab initio molecular envelope
of the Nedd4-2'%"7%:14-3-31) complex (light grey envelope) calculated from the SAXS scattering
cutve using the program DAMMIF >, The averaged and filtered molecular envelope (shown in
light grey) was aligned with the CORAL model using the program SUPCOMB .
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Supplementary Tables:

Supplementary Table S1.
Tntramolecular distance constraints of Nedd4-2'%°7 derived from the crosslinking experiments
with DSG

Crosslinked peptides Crosslinked residues Observed Error

#  Nedd4-2 Nedd4-2 Nedd4-2 Nedd4-2 mass (ppm)
1. 472-506 472-506 Y485 T495 4071.97 04
2. 522-529 507-521 T522 K521 2827.38 0.05
3. 738-742 743-761 K742 T745 2923.34 0.05
4. 596-600 254-301 K598 T275 5748.77 0.38
5. 530-537 538-557 K531 K539 3329.71 -0.1
6. 395-398 254-301 K395 T275 5530.67 0.08
% 573-580 564-572 T574 K572 2264.06 -0.5
8. 396-400 820-841 K398 K822 3188.70 -0.2
9. 657-665 648-656 Y660 S656 2183.06 0.14
10. 596-600 538-557 K600 S538 2981.50 0.11
11. 494-506 472-493 T495 §$493 4089.98 0.75
12. 898-907 871-897 T903 K894 4558.36 -0.1
13. 716-725 726-737 K725 K737 2609.43 0.08
14 396-400 908-938 K398 §$932 4104.03 0.04

Nedd4-2 regions: WW1: 193-226, WW2: 385-418, WW3: 497-530, WW4: 548-581, HECT N-
lobe: 595-857, HECT C-lobe: 858-974.
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Supplementary Table S2

Intramolecular distance constraints of the Nedd4-2"" complex with 14-3-3n derived from the

crosslinking experiments with DSG

CmEShn Crosslinked peptides Crosslinked residues Observed Error
it Nedd4-2 Ncdd4-2 Nedd4-2 Nedd4-2 mass (ppm)
1. 472-506" 472-506 Y485 K493 4071.97 0.08
2 522-529 507-521 T522 K521 282738 -0.3
3. 538-557 410-442 S538 S428 5911.9 0.44
4. 738-742 743-761 K742 T745 2923.34 0.1
5. 607-617 607-617 K607 K609 1375.81 048
6. 596-600 254-301 K598 T275 5748.78 0.78
7. 573-580 564-572 T574 K572 2264.06 0.4
8. 657-665 648-656 Y660 K656 2183.07 021
9. 494-506 472-493 K495 K493 4089.98 0.05
10. 716-725 726-737 K725 Y736 2609.43 0.1
11. 946-958 959-975 Y951 K960 4663.17 0.18
12. 898-907 871-897 T903 K885 4558.36 0.1
13. 530-537 908-938 K531 K935 4585.32 0.11

“Nedd

4-2 regions: WW1: 193-226, WW2: 385-418, WW3: 497-530, WW4: 548-581, HECT N-lobe:
595-857, HECT C-lobe: 858-974.
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Supplementary Table S3
Quantitative intramolecular distance constraints of the pNedd4-2'%?" complex with 14-3-31)
derived from the crosslinking experiments with 12C DSA/13C DSA.

Cr::;sh Crosslinked peptides Crosslinked residues A;g;%; 4r_azt/10 .

#  Neddd-2  Neddd-2 Nedd4-2 Nedd4-2 PNedlitR 1L 35
complex
%

1. 530-537 606-610 K531 K607 150 30
2. 610-617 618-634 K610 K621 60 10
3 186-202 625-640 H186 K639 50 10
4. 472-493 865-885 K489 K870 70 10
5. 494-529 530-537 K521 K531 100 0
6. 472-493 871-895 K489 K885 130 10

* Representation (%) of the individual crosslink isoform as a ratio between the abundance of 12C
DSA (pNedd4-2'%*"%) and 13C DSA (pNedd4-2'597:14-331).
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Supplementary Table S4
Intermolecular distance constraints of pNedd4-
crosslinking experiments

2186975 complex with 14-3-3n derived from the

Crossli  Crosslin

k Ker Crosslinked peptides Crosslinked residues Observed Error
# Nedd4-2 14-3-3n  Nedd4-2 14-3-3 mass (ppm)
I. DSG 599-605 58-61 K600 S58 1553.75 0.23
2. DSG 530-537 199-227 K531 K217 445123 0.05
3. DSG 522-529 62-78 T522 K69 2827.38 0.87
4. DSG 886-895 156-172 K894 K162 3185.64 -0.05
5. DSG 737-742 111-123 K737 K120 2475.10 0.21
6. DSG 018-935 21-49 K935 K28 5266.49 0.52
7. DSS 648-656 143-154 K656 K143 2585.26 -0.73

Nedd4-2 regions: WW1: 193-226, WW2: 385-418, WW3: 497-530, WW4: 548-581, HECT N-
lobe: 595-857, HECT C-lobe: 858-974.
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Supplementary Table S5.
Oligonucleotide sequences for Nedd4-2"8¢7 in pST39 and Nedd4-274 in pRSFDuet-1.

Variant Primer DNA-Sequence (5°-3")

186-975 pST39-fw AGTC TCTAGA AAT AAT TTT GTT TAA CTT TAA GAA GGA GAT
ATA CAT ATG CAC CAA GAG GAACTT CCT CC

186-975 pST39-rev | CCG CTG GTA CCC TAG TGG TGA TGA TGG TGA TGG CTG CTG
TTA TCC ACC CCT TCA AAT CC

335-455 pHGT2 fw | TGCATGCCATGGGATCCTCAAGGTTGAGG

335-455 pHGT2 rev | GTTGTCCTTTGCGGCCGCCTAAGATAAAGTTACTGTTGG

335-455 S342A-fw | GGTTGAGGTCATGCGCTGTCACCGACGCAG

335-455 S342A-rev | CTGCGTCGGTGACAGCGCATGACCTCAACC

335-455 T367A-fw | CGCGTTCATCAGCTGTCACGGGTGGTG

335-455 T367A-rev | CACCACCCGTGACAGCTGATGAACGCG

335-455 S448A-fw | GGCCTCGTAGCCTCGCCTCGCCAACAGTAAC

335-455 S448A-rev | GTTACTGTTGGCGAGGCGAGGCTACGAGGCC
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