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Introduction



1 Protein tyrosine phosphatases

1.1 Tyrosine phosphorylation in cell signalling

Cells respond to external physical or chemical stimuli by transmitting these signals to
the cell interior through a series of molecular events in a process known as signal
transduction. Signal transduction follows pathways that ultimately regulate cellular processes
and determine physiological outcomes in response to stimuli. These pathways are
interconnected forming networks that function co-ordinately to enable global, diverse and
effective cellular responses.

Signal transduction pathways often involve protein phosphorylation. The levels of
phosphorylated species are maintained and can be rapidly altered by the action of protein
kinases and protein phosphatases. It is estimated that at least one third of the proteome is
phosphorylated in eukaryotes'. Although tyrosine phosphorylation accounts for just a fraction
of the phosphoproteome (less than 2%, while 98% corresponds to serine and threonine
phosphorylation), accumulating evidence highlights its importance as a crucial regulatory
mechanism in eukaryotic cell physiology’ '°. An example of this can be found in the
mammalian immune system. Briefly, lymphocyte differentiation and activation are mediated
by specific antigen receptors, which typically possess conserved cytoplasmic tyrosine-based
activation motifs that become phosphorylated upon receptor engagement''. These events lead
to the activation of protein tyrosine kinases (PTKs) such as Src, Syk, and Zap70, which
trigger a cascade of downstream responses, including effector functions and T and B cell

differentiation'®!!

. Tyrosine phosphorylation is a central mechanism in these processes;
accordingly, several protein tyrosine phosphatases (PTPs) have been clearly linked to
lymphocyte activation (table 1.1). These PTPs can function as either positive or negative
regulators of lymphocyte activation and differentiation. For example, in mice models, CDC45
acts as an activator, and its expression is necessary for adequate levels of T and B cell
activation, B cell development and NK cell function. SPH-1, on the contrary, has an
inhibitory role on T cell responses, and SPH-1 knockdown mice exhibit augmented B cell
receptor-triggered Ca®" fluxes, increased serum antibody concentrations and develop

autoimmunity upon aging'’. This highlights that PTPs are signalling molecules that can

function as activators or repressors of signalling pathways.



Table 1.1: Protein tyrosine phosphatases involved in lymphocyte activation. Major features of the
main PTPs linked to the regulation of lymphocyte activation. DCs, dendritic cells. Adapted from Rhee

and Veillette 2012'°.

Lymphocyte phenotypes in

Involvement in human

Type Name deficient mouse strains autoimmunity
CD45 Considerable block in T cell Intronic polymorphism
(PTPRC) development; partial block in B cell (C77G) associated with
development and B cell activation multiple sclerosis and
Receptor (severe when combined with CD148 autoimmune hepatitis
deficiency); lower NK cell function (observed in one cohort only)
CD148 Partial block in B cell development and None
(PTPRJ) B cell activation (severe when
combined with CD45 deficiency)
PTPN22 Accumulation of effector-memory T Coding polymorphism
(LYP, cells; expanded germinal centres; (C1858T; R620W) linked to
PEP) higher antibody concentrations; type 1 diabetes, rheumatoid
enhanced TCR-mediated signalling and arthritis, systemic lupus
responses erythematosus, Grave's
thyroiditis, myasthenia gravis
and generalized vitiligo
(observed in several cohorts)
SHP-1 Greater CD8" T cell responses; altered  None
B cell development; augmented BCR-
triggered Ca”" fluxes; higher serum
Nonreceptor antibody concentrations; autoimmunity
(older mice)
PTPN2 Greater thymocyte positive selection; Intronic polymorphism
(TC-PTP)  accumulation of effector-memory T (rs1893217(C)) associated
cells; autoantibodies; inflammatory with type 1 diabetes,
illness; greater TCR- and IL-2 rheumatoid arthritis, Crohn's
receptor-mediated signals and disease and celiac disease
proliferation (observed in several cohorts)
PTP-PEST Lower secondary T cell responses; None

greater sensitivity to T cell anergy; less
susceptibility to experimental
autoimmune encephalomyelitis




1.2 Composition of the PTP family

The mammalian PTPome is the ensemble of protein with Tyr-dephosphorylation or
Tyr-dephosphorylation-like (nonproteinaceous substrates, including phosphoinositides and
phosphorylated carbohydrates) activities (detailed in section 9.1). The PTPome comprises
structurally diverse protein families that share a common catalytic mechanism, in which a
nucleophile attacks the substrate’s phosphate group, forming a transient enzyme-substrate
intermediate'? (described below for Cys-based PTPs). Three PTP families can be defined
based on the catalytic residue involved in this mechanism: Cys-based PTPs, His-based PTPs,
and Asp-based PTPs. Cys-based PTPs, defined by the conserved motif C(X)sR (where X is
any amino acid) in their active site, are the largest of these families, and can be divided into

three classes based on their evolutionary origin (figure 1.1)*".

Substrate
Class | Subclass | Classic 37 pTyr, PIPs
Subclass Il VH1-like 64  pTyr, pSer, pThr, PIPs, other
Subclass Il SACs 5 PIPs
Subclass IV PALD1 1 ? = unknown substrate
Subclass V'  INPP4s 2 PIPs
Subclass VI TMEMS55s 2 |PIPs
Class Il LMW-PTP 1  pTyr
SSuU72 1 pSer
pTyr, pThr
Asp-based  HAD EYAs 4  pTyr, pSer
. PGM UBASH3s 2 pTyr
‘ Acid-phosphatases ACPs 3  pTyr, pSer, pThr, Other

Figure 1.1: Classification of the Tyr phosphatase superfamily. Tyr phosphatases are grouped into
three families on the basis of their nucleophilic catalytic residue (Cys, Asp, or His) and topology. Each
colour designates a family of Tyr phosphatases that share a common nucleophilic catalytic residue.
Different families inside a group are indicated by different tones of the same color. The Cys-based
PTPs Tyr phosphatasesall share a CxxxxxR catalytic signature motif and are grouped into three
families on the basis of their nucleophilic catalytic residue (Cys, Asp, or His) and topology. The
numbers indicate how many members are included in each group. The generic substrates ofeach
family are indicated in the right column. Figure from Alonso and Pulido, 2016"*

Class I is the largest group of phosphatases identified so far, with over 100 members,

most of which share conservation in their primary sequences and in the fold of their catalytic

10



domain. These are the ‘classic’ phosphor-Tyr specific PTPs. More divergent members have
been recently added on the basis of the presence of the conserved C(X)sR motif'*. Among
these, an important subgroup is the subclass II, which contains dual specificity phosphatases
(DSPs) that dephosphorylate phosphoserine (p-Ser) and phosphothreonine (p-Thr) residues, as
well as p-Tyr, thanks to differences in the configuration of their active sites (see below). Class
IT contains the low molecular weight PTP (LMW-PTP), a small, widely expressed
phosphatase group implicated in dephosphorylation of growth factor receptors, cell signalling
proteins and cell migration proteins; and SSU72, which displays similar topology to LMW-
PTP and is essential for cell viability. Class III is composed of the CDC25A, CDC25B, and
CDC25C phosphatases. These proteins are cell cycle regulators and participate in control of
the DNA damage response. They are structurally unrelated to the rest, as they lack a PTP
domain, although they contain a conserved C(X)sR motif. The “classical” PTPs are described

more in detail below.
1.2.1 Cystein-based classical PTPs — Structural features and catalysis mechanism

The classical PTPs are encoded by 37 genes'”, and possess catalytic domain that span
over 250 to 280 aminoacids. The catalytic domains of classical PTP display a well-conserved
fold, and several loops that define the active site architecture and contain conserved residues
that facilitate the progression of the two-step hydrolysis reaction. The structural features of
the conserved classical PTP domain, exemplified by PTP1B, are depicted in figure 1.2. In the
following description, the numbering of the residues refers to the PTP domain of PTP1B as

shown in figure 1.2 (PDB ID 2HNQ).
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WPD-loop

V’%J{“ )
S

Figure 1.2: Structure of a classical class I PTP catalytic domain bound to tungstate (shown as
sticks in CPK colours)(PTP1B; PDB ID 2HNQ). Conserved residues important for catalysis are shown
as sticks: the catalytic cysteine (C215) and the invariant arginine (R221) in the P-loop; the catalytic
acid/base aspartate (D181) in the WPD-loop; the conserved glutamine (Q262) of the Q-loop; tyrosine
(Y46) of the pTyr-recognition loop (pTyr-loop); the conserved glutamate (E115) of the E-loop.

The P-loop, where the C(X)sR signature motif is located, is present in all PTPs and
constitutes the base of the active site. The conserved arginine residue (R221) in the P-loop
enhances the positive microenvironment of the catalytic pocket, which increases affinity for
the negatively charged phosphate group, and also promotes the nucleophilic role of the
catalytic cysteine (C215) by lowering its pKa from its usual value of around 8.5 to 4.5-5.5",
enabling it to function as a nucleophile at physiological pH (figure 1.3). Other loops are: the
WPD-loop, which contains an invariant catalytic acid/base aspartate (D181); the Q-loop, in
which a conserved glutamine coordinates the water molecule necessary for hydrolysis; the
pTyr-loop, where a conserved motif specifically recognizes p-Tyr; and the E-loop, that is
thought to modulate the dynamics of the WPD-loop'®. In the first step of the reaction, the
catalytic C215 of the P-loop initiates the nucleophilic attack on the phosphorus atom to break
the phosphorus-oxygen bond (figure 1.3). The catalytic D181 in the WPD loop acts as a
general acid, giving a proton to the OH-leaving group. This results in the formation of a
phosphocysteine intermediate and the release of the dephosphorylated substrate In the second

step, which is rate-limiting, D181 functions as a general base, taking a proton from a water
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molecule and thus promoting the hydrolysis of the phosphorous-sulphur bond of the
intermediate (figure 1.3). This way, the free phosphate is released. The catalytic mechanism

of His-based and Asp-based PTPs operates through a similar two-step reaction.

i

Asp

Subsirate L ,E
\©\ L. e J07 0 [¢]
HoO e H H-" i
Q ., T

P-Loop P-Loop

Figure 1.3: Scheme of the catalytic mechanism of classic phosphatases. Dephoshorylation of
Tyr-phosphorylated proteins follows a two-step mechanism. In the initial step (left), the catalytic Cys
in the P-loop initiates a nucleophilic attack on the phosphate group of the substrate, facilitated by the
conserved R, forming a phosphoenzyme intermediate and releasing the dephosphorylated substrate.
An Asp in the WPD loop works as general acid in this step of the reaction, donating a proton to the
tyrosyl group. The second step of the reaction (right) restores the enzyme after hydrolyzing the
phosphoenzyme intermediate. The catalytic Asp working as a general base deprotonates a water
molecule, which now acts as a nucleophile to free the phosphate group from the enzyme. Figure from
Tautz et al. 2013'.

It is worth noting that differences between different families of PTPs have resulted in
different structural requirements for catalysis. Indeed, only the P-loop is conserved in all
PTPs. The WPD-loop is largely conserved in most PTPs, with the exception of myotubularin-
related phosphatases and CDC25, in which it is not needed for catalytic activity. The p-Tyr
loop constitutes the structural basis of the different specificities of classical PTPs and DSPs.
The p-Tyr loop provides the structural basis by which classical PTPs can discriminate p-Tyr
from p-Ser/p-Thr'®. As it was mentioned before, the catalytic Cys of the C(X)sR motif is
located at the base of the active site. The p-Tyr loop contains a KNRY motif, with a highly
conserved Y (Y46) that is positioned in such a way that generates a deeper catalytic pocket
that a p-Tyr, but neither a p-Ser nor a p-Thr, can reach. Moreover, it facilitates p-Tyr binding
by establishing aromatic n—n interactions (figure 1.4). DSPs lack this loop, which results in a

more accessible active site that can accommodate p-Ser /p-Thr'®.
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Figure 1.4: The pTyr-loop. (A) pTyr-loop (blue) relative to the P-loop (lime), with bound pTyr-
peptide (white) (PTP1B; PDB ID: 1PTT). The conserved tyrosine (Y46 in PTP1B) determines the
depth of the catalytic pocket, and favours pTyr binding by establishing aromatic n—n interactions. The
conserved aspartate or asparagine (D48 in PTP1B) stabilizes the bound substrate establishing
hydrogen bonds with backbone nitrogen atoms of the substrate peptide. (B) Same complex as in (A)
with PTP1B rendered in electrostatic surface representation (blue, most positive; red, most negative).
Figure from Tautz et al. 2013'°,

1.2.2 Receptor-like and non-transmembrane PTPs

Classical PTPs can be in turn classified based on their subcellular localization, falling
into two categories: receptor-like PTPs (RPTPs) and non-transmembrane PTPs
(NTPTPs)(figure 1.5). RPTPs are transmembrane proteins with a single transmembrane helix
of around 30 residues'’. In the cytoplasmic region, they display one or two conserved PTP
domains, of which the membrane-proximal one is catalytically active. The function of the
membrane-distal domain is not fully understood. It has been proposed to determine substrate
specificity of the membrane-proximal domain in vitro'® or enzymatic stability and activity'”,
as well as mediating protein-protein interactions that regulate dimerization of RPTPs*. On
the extracellular end, they are highly variable and display a combination of ligand binding or
cell-cell or cell-matrix interaction domains, such as fibronectin type Ill-like and
immunoglobulin-like domains. RPTPs are thus sub-classified into different types according to
the domains they display in their extracellular region®' (figure 1.5). Non-transmembrane PTPs
are cytosolic proteins with a single catalytic domain. Many of these proteins are modular and
display a variety of domains that can regulate activity, mediate interactions, or determine their
subcellular localization (figure 1.5). This categorization based on the presence or absence of a

transmembrane and extracellular domain is broadly used.
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Figure 1.5: Classification of classical PTPs based on their subcellular localization. The classical
protein tyrosine phosphatases (PTPs) can be categorized as receptor-like (R) or non-transmembrane
(NT) proteins. In each case, the PTPs have been designated by a name that is commonly used in the
literature. Where this differs from the gene symbol, the latter is included in parentheses for
clarification. In each case, the various subdivisions are based upon sequence similarity. The numbers
above the schematics indicate categories based on catalytic domain sequence conservation defined by
Andersen et al**. Figure from Tonks 2006°.

Splicing variants or alternative use of promoters can generate transmembrane and
cytosolic PTP isoforms from the same original gene, as it has been described for PTPg™.
Additionally, PTPs can be post-translationally modified. For example, PRL-2 is farnesylated,
and this is a requirement for the interaction of the phosphatase with the B-subunit of
geranylgeranyltransferase II**. These variations add to the complexity of the classical PTPs

family, which greatly surpasses the number of genes.
1.3 PTPs as tumor suppressors or oncogenic proteins

During the development of cancer, cells acquire certain characteristic alterations:
independency of growth signals, insensitivity to growth inhibition, evasion from apoptosis,

loss of differentiation, sustained angiogenesis and capacity to invade tissues and metastasize.

These properties arise from aberrant functioning of the signalling pathways that regulate
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proliferation, motility and survival of normal cells. Tyrosine phosphatases play a major role in
positive and negative regulation of such signal transduction pathways, and disturbance of
tyrosine phosphorylation is known to be essential for the development of many types of
cancer” (table 1.2). PTPs were initially considered to counteract the oncogenic activation of
PTKs, and were therefore expected to act as tumor suppressors. For example, PTEN, known
to act as a tumor suppressor in various common malignancies (breast and prostate cancer,

glioblastoma, and melanoma®® >’

), dephosphorylates inositol phospholipids, counteracting the
proliferative signals of phosphatidylinositol-3-kinase (PI3K). Furthermore, a study of
mutations in tyrosine phosphatase genes in colorectal cancer by Wang et al.’' revealed 83
somatic nonsynonymous mutations affecting 6 PTPs: the RPTPs PTPRT, PTPRF and
PTPRG, and the FERM-containing NTPTPs PTPN3, PTPN13 and PTPN14. In line with this,
it has been shown that the loss of PTPRJ increases susceptibility to colon cancer’ .
Downregulation of another NTPTP, SPHI1 (PTPN6), has been observed in myelodysplastic
syndrome®* and T-cell lymphomas™. PTPN12 functions as a tumor suppressor in triple-
negative breast cancer cells by inhibiting multiple oncogenic tyrosine kinases, including
HER?2 and EGFR, and is frequently inactivated in breast cancer™®.

Accumulating evidence has demonstrated, however, that PTPs can also act as
activators of signalling pathways, and a number of PTPs are overexpressed or present
activating mutations in cancer cells. PTPN11 was the first PTP oncogene to be identified’”*
and normally facilitates activation of Ras, a class of small GTPases involved in transmitting
signals within cells. Activating mutations in PTPN11 can favour the development of certain
malignancies, such as sporadic juvenile myelomonocytic leukaemia, B-cell acute
lymphoblastic leukemia and acute myeloid leukaemia®™ **. Other NTPTPs present similar
activities: PTPN1 and PTPN7 are overexpressed in various cancers. Then, the dual-specificity
phosphatase DUSPI1, and the cell-cycle regulators PTP4A3 and the CDC25 A, B, and C
isomers, are overexpressed in a number of malignancies”* *°. Overexpression or activation
of RPTPs such as PTPe has also been reported to promote tumor growth*’.

PTPN3 has been linked to some types of cancer, and this will be discussed in section

1.5.7.
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Table 1.2: Protein tyrosine phosphatases involved in cancer. Adapted from Ostman, Hellberg and
Béhmer 2006, and Tonks 2006>*".

PTPs with a tumor suppressing function

PTP (gene)

Observations

PTPBAS
(PTPN13),
PTPD2
(PTPN14),
PTPHI
(PTPN3), PTPp
(PTPRT), LAR
(PTPRF), PTPy
(PTPRG)

Mutations identified in colon cancer; inactivating mutations confirmed for some
variants of PTPRT

DEP1 (PTPRJ)

Overexpression reverts the transformed phenotype of different tumour cells; loss of
heterozygosis is seen in colon cancer; Ptprj is the gene present at the colon-cancer-
susceptibility locus in STS/A mice

SHP1 (PTPNG)

PTPNG is inactivated by promoter methylation in leukaemia, lymphoma and multiple
myeloma

GLEPP1 PTPRO is inactivated by promoter methylation in lung and colorectal cancer; re-

(PTPRO) expression is associated with tumour suppression

PTPIB (PTPNI) Generation of Trp53 and Ptp1b double-knockout mice re\{ealed decreased surviyal and
increased development of B-cell lymphomas compared with 77p53 knockout mice

PTEN Tumour suppressor mutated in various human cancers

(MMACI) '

PTPx (PTPRK)  Potential tumour suppressor in primary central nervous system lymphomas

PTPN12 Functions as a tumor suppressor in triple-negative breast cancer, its function

frequently compromised due to deletions, mutations or loss of expression

MKP3 (DUSP6)

Candidate pancreatic tumour suppressor. Downregulation by promoter methylation

PTPs with a confirmed or potential oncogenic role

SHP2 (PTPNI11)

Mediates signalling of oncogenic protein-tyrosine kinases; activating mutations have
been found in leukaemia and other tumours; SHP2 mutants are oncogenic in mouse
models; might also have a role in Helicobacter pylori-induced gastric carcinoma

PTPo (PTPRA)

Has transforming activity in rodent fibroblasts; is overexpressed in some solid
tumours; has an established function in the activation of the Src family kinases.

PTP¢ (PTPRE)

Cooperates with the Neu (activated rat ERBB2) oncoprotein in mammary
carcinogenesis in mice; can activate SRC

SAP1 (PTPRH)

Overexpressed in gastrointestinal and colorectal tumours. Inhibits cell growth and cell
spreading; promotes apoptosis in transfected cell lines

PTP-LAR
(PTPRF)

Overexpressed in mammary and thyroid cancer

PTP1B (PTPNI)

Has the capacity to activate SRC; overexpressed in mammary and ovarian carcinoma;
reduced Ras activation by growth factors in Ptpnl ~~ mouse fibroblasts indicates a
positive role of PTP1B in this pathway

SHP1 (PTPNG)

Can activate SRC; is implicated in the positive regulation of Ras in some cell types; is
overexpressed in a large fraction of mammary carcinomas, and in ovarian epithelial
tumours

HePTP (PTPN7)

Overexpressed in myeloid malignancies and TNBC. Can transform rodent fibroblasts

CDC25

Cell-cycle control. Target of Myc and overexpressed in primary breast cancer

PRL3 (PTP4A3)

Upregulated in metastases of colon cancer
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1.4 PTPs in other diseases

Besides their role in carcinogenesis, altered function of tyrosine phosphatases is also
implicated in a range of human diseases including cardiovascular, immunological, infectious,
neurological and metabolic diseases”. The implication of PTPs in hereditary diseases has
been extensively reviewed by Hendriks and colleagues®; mutations and allelic variants in a
number of phosphatases are linked to a wide range of hereditary pathologies including
diabetes, arthritis, Noonan and Leopard syndromes, multiple sclerosis, restless legs syndrome
and inflammatory bowel disease. A good example is a single-nucleotide polymorphism in the
PEST-domain containing phosphatase PTPN22, which has been reported to be the causative
agent of autoimmune diseases such as type 1 diabetes ', rheumatoid arthritis®', systemic lupus
erythematosus’”, among others. Another example is the striatal-enriched protein tyrosine
phosphatase (STEP), or PTPN11, thought to be involved in modulation of synaptic plasticity.
Dysregulation in its catalytic activity or expression levels is the basis of neurological
disorders such as Alzheimer’s disease, schizophrenia, fragile X syndrome, Huntington’s
disease, stroke/ischemia, drug abuse and inflammatory pain™.

The cases mentioned above are a good illustration of the pleiotropy and significance of

tyrosine phosphatase function in cell physiology and do not compose an exhaustive list.

1.5 PTPN3

The human protein tyrosine phosphatase non-receptor type 3 (PTPN3, also known as
PTPH1) was first discovered by Nicholas Tonks in 1991, by amplification of PTP-related
cDNAs from a HelLa cell library using primers corresponding to conserved sequences in PTP
catalytic domains™. The PTPN3 gene is located in chromosome 9q31°°. In 1995, Zhang and
collaborators expressed and purified it for the first time from insect cells, and demonstrated its

tyrosine-dephosphorylating activity™.
1.5.1 Domain organization of PTPN3

PTPN3 is a classical PTP and forms the NT5 subtype, together with its homologue
protein tyrosine phosphatase non-receptor type 4 (PTPN4, or PTP-MEG), which was
previously studied by our team. These two proteins have the same modular organization

comprising a N-terminal FERM domain, a central PDZ (PSD-95, Dlgl, ZO-1) domain and a
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C-terminal PTP domain (figure 1.6). PTPN3 and PTPN4 share 54% of global sequence
identity, with 64% of identity for their PTP domains, 71% for their PDZ domains, and 55%
for their FERM domains.

The full-length PTPN3 (UniProt P26045-1) has 913 residues and a molecular mass of
104 kDa. Two other isoforms (UniProt P26045-2 and P26045-3) result from alternative
splicing and have incomplete FERM domains (figure 1.6). PTPN3 is a cytosolic protein,

enriched at the plasma membrane’’.

913 AA
104 kDa
131
131 335 379
// //// 913 Isoform 3

Figure 1.6: Modular architecture of PTPN3. Schematic representation of the PTPN3 isoforms.
Numbers on both extremities indicate the boundary residues for each isoform. Numbers in italic above
the schematic construct of full-length PTPN3 correspond to the boundary residues of each protein
domain. The dotted red lines represent the cleavage sites of trypsin, and the diagonal lines represent
the splice sites of the alternative isoforms.

1.5.2 PTPN3 phosphorylation sites

Phosphorylation is the only posttranslational modification that has been reported for
PTPN3. In Sf9 insect cells and A431 and 293 mammalian cells, PTPN3 is phosphorylated
exclusively on serine by unknown kinases, in multiple sites’®. In vitro, PTPN3 is
phosphorylated mostly in serine residues, but also in threonine, by protein kinase A, protein
kinase C (PKC), and the MAP kinase 1°°. Phosphorylation with PKC occurred in a
stoichiometry of 2 mol/mol, and resulted in a 25% increase of activity by enhancing the
affinity for the substrate®. A more recent study by Hou and colleagues identified the mitogen-
activated protein kinase (MAPK) p38y as the kinase responsible for activation of PTPN3 by
phosphorylation of its S459 both in vitro and in vivo™ . Some relevant known phosphorylation
sites in PTPN3 are shown in figure 1.7 and table 1.3.
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Figure 1.7: PTPN3 phosphorylation sites. Relevant phosphorylation sites are indicated with their
respective position. Data obtained from PhosphoSite (www.phosphosite.org).

Table 1.3: PTPN3 phosphorylation sites. The phosphorylated residue in each case is underlined. The
phosphorylations shown have been selected either because they have a known biological effect, or
because they have been identified in at least 5 studies, including high- and low-throughput. Data
obtained from PhosphoSite (www.phosphosite.org).

Sites  Flanking sequence Known effects on biological processes
S357 WNPAMRRSLSVEHLE

S359 PAMRRSLSVEHLETK  Regulation of molecular association™
S367 VEHLETKSLPSRSPP

S372  TKSLPSRSPPITPNW

T376 PSRSPPITPNWRSPR

S381 PITPNWRSPRLRHEI

S425 GSLAPQDSDSEVSQN

S459 QKSSSSVSPSSNAPG  Induced cell growth and carcinogenesis® ®°
S469 SNAPGSCSPDGVDQQ

S835 VRSLRVDSEPVLVHC  Regulation of molecular association™

1.5.3 PTPN3 cleavage sites

PTPN3 is more active in vitro after the proteolytic cleavage of its N-terminal segment.
Treatment with trypsin cleaves the protein at the beginning of the FERM-PDZ linker,
releasing a C-terminal fragment of around 50 kDa, corresponding to the PDZ-PTP bidomain.
Further treatment releases a fragment of 39 kDa that corresponds to the isolated PTP domain,
starting at residue 601 (the trypsin cleavage sites are indicated as red dotted lines in figure 1.6.
The apparition of this PTP fragment coincides with a 5-10 fold increase of the phosphatase
activity towards a synthetic substrate. These observations indicate that the N-terminal region
of the protein negatively regulates the catalytic activity™’, and it suggests that the two

alternatively spliced isoforms could be more active. It was also shown that the activity of the
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full-length protein towards a synthetic substrate is stimulated in vitro by increasing ionic
strength or addition of positively charged species such as MBP, suggesting that the N- and C-

terminal segments of PTPN3 could interact through electrostatic interactions®,
1.5.4 14-3-3 recognition sites

14-3-3s are a family of highly conserved signalling proteins that are involved in cell
cycle control, transformation, mitogenic signaling, apoptosis, and learning®'. Typically, they
recognize different high-affinity binding short linear motifs containing phosphoserine. PTPN3
has been shown to interact in vitro and by a yeast two-hybrid screening with the protein 14-3-
3B, in a phosphorylation-dependent way>*. PTPN3 possesses two 14-3-3-binding sites
identified by in vitro binding assays, RSLS’VE in the FERM-PDZ linker, and RVDS*’EP
in the PTP domain. These associations had no effect on the catalytic activity of PTPN3®, 14-
3-3s are adaptor proteins that could mediate the interaction of PTPN3 with other partners, and
these interactions could be regulated by the serine phosphorylation state of PTPN3. Further

research is needed to clarify the role of this association in cell physiology.
1.5.5 Structural features of PTPN3

1.5.5.1 The FERM domain

FERM domains are found in numerous membrane-associated signalling and
cytoskeletal proteins. They have a molecular mass of around 30 kDa and are formed by three
lobes, A, B, and C, which are arranged as the leaves of a clover (figure 1.8). These lobes are
associated with ligand binding activities and confer to the FERM domain a varied potential of
interaction, notably with phosphatidylinositol 4,5-biphosphate, phosphatidylserine,

calmodulin and p55°*%

. FERM domains are responsible for localizing proteins at the
interface between the plasma membrane and the cytoskeleton by binding the cytosolic tails of
transmembrane proteins, or by binding phosphoinositides®. It has been shown that the FERM
domain is determinant in the cellular localization of PTPN3 and PTPN4. In Jurkat cells, both
phosphatases are found in the cytosol and enriched at the plasma membrane. Upon
suppression of the FERM domain, the proteins become exclusively cytoplasmic (figure 1.9)"".

A similar distribution was observed for full-length PTPN3 in mouse neurons®”.
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Figure 1.8: Structural organization of the FERM domain. Left: Cartoon representation of the fold
of the FERM domain of the 4.1R protein (PDB ID 1GG3). The three lobes are indicated (A, B, C).
Right: Space filling model of the FERM domain showing binding sites for transmembrane proteins
Band 3 (B3), glycophorin C (GpC) and p55. The colours represent the same sequences. Adapted from

Baines et al. 2014%,

PTPN3 PTPN3 AFERM

PTPN4 PTPN4 AFERM
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Figure 1.9: Subcellular location of PTPN3 and PTPN4 in Jurkat T cells. Confocal microscopy of
Jurkat cells transfected with pEF/HA expression plasmids encoding the indicated phosphatases and
stained with a FITC-conjugated anti-HA mAb. The selected regions are enlarged to highlight the
difference between PTPN4 and PTPN4AFERM. Adapted from Gjorloff-Wingren et al. 2000
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The FERM domain has been proposed to play a regulatory role in PTPN4, inhibiting
catalytic activity by an unknown mechanism®, although this was not observed for PTPN3.
Besides PTPN3 and PTPN4, FERM domains are also found in other NTPTPs: PTPN13,
PTPN21 and PTP14.

1.5.5.2 The PDZ domain

PDZ domains are protein-protein interaction modules that bind short linear motifs
usually located at the extremity of the C-terminus of protein partners. These domains have a
central role in the assembly of signalling complexes at cellular membranes. The PDZ domain
of PTPN3 (PTPN3-PDZ) mediates its interactions with cellular partner proteins containing a
PDZ-binding motif (PBM), such as the MAP kinase p38y*°. Additionally, PTPN3-PDZ is
targeted by PBM-containing proteins of the oncogenic viruses human papillomavirus (HPV)
16 and 18, and hepatitis B Virus (HBV)""**. However, at the start of this project, the structure
of this domain was not solved, and the structural basis of its cellular and viral interactions
remained unknown. PDZ domains are the topic of chapter II, where they will be discussed in

detail.
1.5.5.3 The PTP domain

The catalytic domain of PTPN3 (PTPN3-PTP) is a classical, cysteine-based tyrosine
phosphatase domain with a classic PTP fold (figure 1.10). Its structure was first solved in
2009 in the free form in the frame of the Structural Genomics Consortium (SGC)®. Later, its
structure was determined using a catalytically inactive mutant (D118A/C842S) in complex
with a phosphopeptide derived from its substrate p38y (the substrates and ligands of PTPN3
are detailed below)’". The kinase p38y is activated by dual phosphorylation in a Thr-Gly-Tyr
(TGY) motif located in positions 183—-185 of its activation loop, which can be
dephosphorylated by PTPN3®. Kinetics data showed that PTPN3 displays increased Ky for
the dually phosphorylated (pT'*-G-pY'®) rather than for monophosphorylated (T-G-pY'*)
p38y peptide as a substrate™. This preference of PTPN3 for dually phosphorylated p38y as a

substrate is explained by a salt bridge between the phosphate oxygen of pT'®’

and the nitrogen
atoms of the guanidine group of R™' in the crystal structure of the complex with a dually
phosphorylated peptide that mimics the p38y activation loop. The structure of the complex is

185

in good agreement with the structure of the free PTP domain, with the pY ™ of the peptide

inserted into the catalytic cleft and surrounded by the substrate-binding loops. The major
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difference was found in the WPD loop, which switched from an open to a closed
conformation upon complex formation (figure 1.10). Moreover, mutation of R751 to serine
disrupts this interaction, and the Ky of the interaction is similar to the one of the wild type
PTPN3-PTP for the monophosphorylated p38y peptide’. This position is also conserved in
PTPN4. Specific recognition of dually phosphorylated p38y has not been reported for other
phosphatases capable of dephosphorylating MAPKs, such as DSPs or PTPs with ‘kinase

interaction motifs’ (specific motifs that determine recognition of kinases)’""">.

closed

pTyr-loop ‘" o |
(,, —f 1"’ v' Z L

P-loop

/  WPD loop

Figure 1.10: Comparison of the structures of the unbound, wild type PTPN3-PTP and its
substrate-trapping mutant PTPN3-PTPD118A/C842S in complex with a phosphopeptide. (A) The
phosphopeptide complex (cyan cartoon and yellow sticks, PDB ID 4QUM) superimposed with the
wild-type PTPN3-PTP structure (white ribbon, PDB ID 2B49). (B) Enlarged view showing the open
and closed conformations of the WPD loop. The measure shows the distance between the Ca of H812
in each case.

The reactive cysteine of the catalytic site of phosphatases is susceptible to reversible
oxidation by reactive oxygen species (ROS). Oxidation of the catalytic cysteine has an
inhibitory effect upon the activity of PTPs and is becoming an increasingly appreciated
regulatory mechanism of PTP catalysis’>. PTPN3 has been shown to be sensitive to oxidation
by H,0O, in NIH3T3 (mouse embryo fibroblast) cells, albeit significantly less than PTPN4, and
insensitive to treatment with the inductor of oxidative stress BSO”*. PTP activity can also be

regulated by the action of nitric oxide, which causes reversible nitrosylation of their catalytic
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cysteines. PTPN3 appeared to be insensitive to exposure to different nitrosylating agents in
NIH3T3 cells, while PTPN4 was more susceptible to being nitrosylated’*. These differences
in reactivity of PTPN3 and PTPN4 could be significant in the role of the phosphatases in
signalling, although currently there is a lack of data on this subject. Cancer cells often
produce an increased level of ROS and have unique PTP oxidation profiles. Similarly,
multiple cancer cells and tissues show upregulated nitric oxide production’. These alterations
affect the activity of PTPs and can modulate the balance of tyrosine phosphorylation in the

cell”.

1.5.6 PTPN3 functions

PTPN3 is a signalling protein that has been implicated in regulation of cell growth and

- 60,76
homeostasis’

. Its FERM and PDZ domains account for specificity in its functions: the
FERM domain targets the protein to the plasma membrane providing spatial regulation, while
the PDZ domain mediates interactions with specific partners and substrates, or anchors the
phosphatase in multi-protein signalling complexes. However, its precise role in cell signalling
has not yet been clearly established. In the following, ligands and substrates of PTPN3 are

reported to exemplify the known functions of this protein.
1.5.6.1 Epidermal growth factor and estrogen signalling

The epidermal growth factor receptor (EGFR) is a cell surface receptor that regulates
cellular processes including growth, proliferation and differentiation. EGFR ligand binding
leads to auto-phosphorylation on cytosolic tyrosine residues and subsequent activation of
downstream signalling pathways such as Ras/MAPKs and PIK3/AKT". Overexpression or
constitutive activation of EGFR is found in breast, colon, pancreas, lung, and brain cancers.
Several tyrosine phosphatases are known to regulate EGFR signalling, either by directly

07881 o by determining its cellular location®*®. PTPN3 has been

dephosphorylating EGFR
shown to play different roles in modulating EGFR function, which are reported below.

In breast cancer, there is a relationship between EGFR, estrogen receptor a (ER), and
PTPN3. ER is expressed in about 70% of breast cancers, and promotes cancer growth upon
activation by estrogen and growth factors. ER is the target of anti-estrogens such as tamoxifen
(TAM), but about one quarter of ER-positive breast cancers are resistant to anti-hormone
therapy®*. Phosphorylation of ER tyrosine 537 by the Src kinase regulates ER activity and

decreases TAM sensitivity™ ™. ER can bind EGFR, forming a complex that inhibits the
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effects of anti-hormone therapy®™*’. PTPN3 was found to dephosphorylate ER/Y537 in vitro
and in breast cancer cells, resulting in increased ER turnover and nuclear accumulation, as
well as increased breast cancer sensitivity to anti-estrogen treatment in cells and in a mouse
xenograft model”’. PTPN3 disrupts the ER-EGFR complex by dephosphorylation of
EGFR/Y1173, increasing the sensitivity of breast cancer cells to EGFR-targeted therapies
with tyrosine kinase inhibitors (TKIs) and stabilizing the inactive form of EGFR®.
Phosphorylation by p38y of the S459 of PTPN3, located in the linker between the FERM and
PDZ domains (figure 1.7 PTPN3 phosphorylation sites), was required for this effect’.
Although phosphorylation of S459 did not alter the activity of PTPN3 towards p38y, it was
required for EGFR dephosphorylation, indicating that this modification affects the interaction
with EGFR. On the other hand, triple-negative breast cancers (TNBC) lack ER, progesterone
receptor and human epidermal growth factor 2 receptor. They account for 15-20% of breast
cancers, and represent the most aggressive subtype’'. Diluvio and collaborators recently
found that depletion of NOTCH3 in TKI-resistant TNBC cells induces downregulation of
EGFR surface expression by promoting its dephosphorylation by PTPN3, increasing the
sensitivity of the cells to TKI treatment’”. In lung cancer cells, PTPN3 dephosphorylates the
EGFR substrate Epsl5, promoting the lysosomal degradation of activated EGFR and
subsequently downregulating EGFR signalling”. Notably, in K-Ras mutant colon cancer
cells, EGFR dephosphorylation by PTPN3 confers resistance to TKIs**, which highlights the
cell type-dependent specificity of PTPN3 effects.

Thus, the destabilization of activated EGFR or the EGFR-ER complex by PTPN3-
mediated dephosphorylation is a potentially attractive approach to enhance the sensitivity of
breast cancer to therapies combining TKIs and TAM®. However, it is clear that the role of
PTPN3 in cancer is context-dependent, as shown by the opposite effect of EGFR

dephosphorylation on colon cancer cells.
1.5.6.2 Growth hormone signalling

The growth hormone receptor (GHR) is a transmembrane protein that activates intra-
and intercellular growth-promoting signal transduction pathways in response to growth
hormone binding. The action of the GHR is mediated by the Janus kinase 2 (JAK-2), which is
activated upon growth hormone binding to GHR. JAK-2 phosphorylates multiple tyrosines on

the cytoplasmic intracellular domain of the receptor, resulting in subsequent binding and
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activation of signal transducer and activator of transcription (STAT) proteins, which deliver
cell proliferation responses”.

Screening with substrate-trapping mutants showed that PTPN3 recognizes the growth
hormone receptor as a substrate’®, and has been proposed to participate in GHR signalling
modulation in vivo’’. PTPN3 knockout mice showed increased body size and expression of
insulin-like growth factor 1 mRNA in plasma and liver. This is consistent with an increased
sensitivity to growth hormone, and points towards an involvement of PTPN3 in regulation of

growth”’.
1.5.6.3 Cell cycle regulation and transitional endoplasmic reticulum assembly

Another substrate of PTPN3 is the ATPase valosin-containing protein (VCP), also

known as p97. VCP is involved in many cellular processes, including maintenance of protein

98,99 100,101

homeostasis”~, modulation of signalling pathways , activation of transcription

factors'”, cell cycle progression'®® and response to DNA damage'**'®.

VCP was shown in vitro and in vivo to be a substrate of PTPN3. Ectopic PTPN3
expression in NIH3T3 cells inhibited cell cycle progression, coinciding with VCP
dephosphorylation’®. Further studies linked PTPN3-dependent VCP dephosphorylation to a
stabilization of the association of VCP with membranes, which promoted the dynamic
assembly of transitional endoplasmic reticulum (tER). This suggests that PTPN3 could be a
link between signal transduction events and the early secretory pathway'®. Interestingly, it

was also found that the kinase that opposes the action of PTPN3 and inhibits tER assembly is

JAK-2'", the same kinase that mediates GHR-dependent signal transduction events.
1.5.6.4 T cell activation

T cell activation is a critical process for initiation and regulation of the immune
response. This is a complex event that requires two associated signals. The first one is an
antigen-specific signal triggered by binding of an antigenic peptide to the T cell receptor
(TCR), and the second one is mediated by cytokines or other co-stimulatory molecules'”’. The
simultaneous occurrence of these events initiates an intra-cellular signalling cascade that leads
to the development of immune mechanisms mediated by cytotoxic T cells, engagement of
other immune cells such as macrophages, and increase of antibody effector function and

antibody production'.
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Experiments performed in Jurkat T cells implicated PTPN3 as a negative modulator of

108 . .
. Moreover, in vitro

T cell activation, strongly inhibiting signal transduction from the TCR
experiments showed that PTPN3 dephosphorylates the TCR  subunit'®”. However, in vivo
observations were not consistent, as mice expressing catalytically inactive PTPN3 exhibited
normal numbers and ratios of T cells, and grew normally without any signs of spontaneous T
cell activation. Moreover, TCR-dependent signal transduction and cytokine production were
unaffected by the lack of PTPN3 catalytic activity''". One possibility was that the apparent
absence of function of PTPN3 in T cells could be due to redundancy with the functions of the
FERM-containing phosphatases PTPN4 or PTPN13. To rule this out, Bauler and collaborators
generated PTPN3/PTPN4 double mutant and PTPN3/PTPN4/PTPN13 triple mutant mice''".
They observed in both cases that the mutant mice exhibited normal T cell development,
homeostasis and differentiation, as well a normal cytokine secretion and proliferation,

showing that both PTPN3 and PTPN4 are dispensable for TCR signal transduction in vivo''.

1.5.6.5 Tumor necrosis factor a-convertase regulation

The tumor necrosis factor o (TNF-a)-convertase (TACE, or ADAMI17) is a
metalloprotease involved in the proteolytic cleavage and subsequent release of extracellular
domains (ectodomains) of transmembrane proteins, a process known as ectodomain shedding.
This cleavage is a fundamental mechanism to control abundance, activation and inactivation

"2 TACE was first identified as the responsible of the release of the

of membrane proteins
inflammatory cytokine TNF-o'", and its current list of over 80 substrates includes cell
adhesion proteins, cytokines, growth factors and their respective receptors' ', implicating this
protein in many pathophysiological processes and thus making it an attractive therapeutic
target.

The interaction between PTPN3 and TACE was first detected in a yeast two-hybrid

15 The interaction occurs

screening and validated using in vitro and in vivo methodologies
through a sequence in the C-terminus of TACE that targets PTPN3-PDZ. Interestingly, it was
observed that TACE protein levels were downregulated when co-expressed with catalytically
active forms of PTPN3, compared to phosphatase inactive mutants. Furthermore, PTPN3
activity decreased the TNF-a shedding activity of TACE in COS-7 cells. In agreement with
these results, other studies indicate a possible role of phosphorylation of the cytoplasmic

116-119

domain of TACE in regulation of its sheddase activity , although this is still not fully
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understood. Taken together, all these observations point towards an implication of PTPN3 in

modulation of TACE-mediated ectodomain shedding.
1.5.6.6 14-3-3p binding

14-3-3 proteins are small and highly conserved adaptor proteins that function as
signalling hubs that regulate cellular processes such as signal transduction, cell cycle
regulation, protein trafficking and apoptosis®".

PTPN3 was identified in vitro and by co-expression experiments as a partner of 14-3-
3B. 14-3-3p targets two different binding sites in PTPN3, which contain serine residues that
are phosphorylated in vivo™ (see section 1.5.4). Although no functional effects of this
association were evident on PTPN3 activity assays, it is possible that 14-3-33 behaves as a
cofactor that recruits additional regulators™, or as a linker between PTPN3 and some of its

cellular ligands to promote their dephosphorylation.
1.5.6.7 Cardiac voltage-gated sodium channel function modulation

Cardiac voltage-gated sodium channels (Nayl.5) mediate membrane depolarization
and propagation of an electrical action potential that enables the heart to contract. Function
and regulation of these channels are critical for the regularity of the contractions and optimal
functioning of the heart. These channels are composed by o and B subunits. ‘Primary’ o
subunits are large transmembrane proteins that form the pore and control gating and ion
selection through voltage-sensing domains. The smaller ‘auxiliary’ B subunits have a
regulatory role in gating, expression and oligomerization of channels'*’. o subunits possess
long C-terminal domains (NayCTD) that contain a series of protein-protein interaction motifs
that allow interaction with cytosolic partners. The last residues of this domain comprise a
PBM sequence that targets PDZ domain-containing proteins, such as the adaptor protein
syntrophin'?'.

PTPN3 interacts with the NayCTD, and this interaction is dependent on the PDZ
domain-binding motif. Moreover, it appears that the channel may a substrate of PTPN3, and
that tyrosine phosphorylation could have an effect in the functioning of the channel. When co-
expressed with Nayl.5 in HEK293 cells, PTPN3 caused a shift of the availability curve
towards more negative potentials'>>, which suggests that tyrosine dephosphorylation could
stabilize the inactivated state of the channel, decreasing its excitability. Although PTPN3-

dependent tyrosine dephosphorylation of the channel was not directly evaluated, the results
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are consistent with previous observations that phosphorylation of Nayl.5 by the Src family
tyrosine kinase Fyn destabilizes the inactivated state, thus accelerating recovery from

inactivation'%.
1.5.6.8 Ras transformation

MAPKSs are serine/threonine kinases that are involved in regulation of crucial cellular
functions, including proliferation, survival and apoptosis. A major MAPK family are the
p38s, composed of 5 different isoforms: p38a, p38B1, p38P2, p38y, p385. p38 MAPKSs are
activated in response to extracellular stimuli such as pathogens or cytokines, by double
phosphorylation in threonine and tyrosine residues'>*. The p38y isoform (MAPKI2) differs
from the other members of the family in that it contains a C-terminal PBM, and is thus able to
interact with PDZ-containing proteins such as al-syntrophin, PSD95 and hDIg'*'*".
Additionally, p38y is the only p38 whose expression is induced during cell differentiation and
Ras transformation'**'%,

PTPN3 binds p38y in rat intestinal IEC-6 cells through a PDZ/PBM interaction. As a
result of this interaction, PTPN3 dephosphorylates and inactivates p38y, which was observed

to promote Ras transformation®. This will be further developed in the next section.
1.5.6.9 Cognition and inflammatory response

Patrignani and colleagues examined the contribution of PTPN3 in the inflammatory

response and in cognition using PTPN3 knockout (PTPN3-KO) mice®*13?

. First, they found
that PTPN3 is expressed in neural populations in the adult mouse brain that are involved in
locomotor and cognitive functions. Their observations highlighted a gender bias in
behavioural tests, where male PTPN3-KO mice displayed better short-term memory than the
male WT mice. Female PTPN3-KO mice exhibited delayed learning and coordination
capacities. They proposed that these effects could be related to the involvement of PTPN3 in
growth hormone signalling®. Indeed, GHR is highly expressed in the central nervous system,
and the growth hormone axis has been shown to affect cognitive functions"'. Interestingly,
studies in Drosophila demonstrated a role of the PTPN3 and PTPN4 homolog Ptpmeg in the

establishment and maintenance of normal axonal projections in the Drosophila central

brain'*>. These observations highlight the relevance of PTPN3 in brain function and

physiology.
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Later, it was found that PTPN3-KO mice exhibited a slightly increased perception of
inflammatory pain. In early phases of lipopolysaccharide-induced inflammation, the knockout
mice exhibited some decrease in TNFa expression, and a significant delayed cytokine release,
which is in agreement with the inhibitory role of PTPN3 on TACE activity. All together, their
observations pointed towards a potential role of PTPN3 in the regulation of LPS-induced
cytokine release in vivo'*°, which contrasts with previous observations that PTPN3 and also

PTPN4 are dispensable for the normal immune response' .
1.5.7 PTPN3 in cancer

Altered function or expression of PTPN3 has been associated to many forms of cancer,
either as an oncogenic protein or as a tumor suppressor, depending on the cellular context
(table 1.4). Here, I will describe the known links between PTPN3 and cancer progression or

suppression.
1.5.7.1 PTPN3 as an oncogenic protein

Increased levels of PTPN3 expression could favour oncogenic phenotypes. In ovarian

133
.In

cancer, overexpression of PTPN3 favours drug resistance, stemness and tumorigenicity
breast cancer, PTPN3 promotes tumorigenicity through cytoplasmic accumulation and
stabilization of vitamin D receptor, independently of its phosphatase activity. Upregulation of
PTPN3 expression was found in almost 50% of the breast cancer samples studied, and its

. . . .. . 134
expression levels showed correlation with clinical metastasis

. This drastically contrasts
with the previously mentioned capacity of PTPN3 to enhance breast cancer sensitivity to
therapies by modulating EGFR activity. PTPN3 expression levels were also correlated to the
differentiation grade of gastric adenocarcinoma'’’. In esophageal cancer lesions, PTPN3
mRNA levels were upregulated in comparison to normal mucosa, and the expression showed
positive correlation with the differentiation grade of the cancer'*°. PTPN3 is also linked to
brain tumors. In glioblastoma it is proposed to promote cell proliferation and invasion, and
high expression levels are associated with poor prognosis">’. In glioma, the most frequent
form of brain tumor, PTPN3 expression is increased, and this is associated with tumor growth
and metastasis. Depletion of PTPN3 in glioma cell lines caused the cell cycle to arrest in the S
phase and limited tumor growth in mice'*®. I previously mentioned that the p38y MAPK is a

substrate of PTPN3, and that these proteins cooperate to enhance Ras-dependent oncogenesis.

Indeed, the expression of p38y is induced by K-Ras (the oncogenic form of Ras) without
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increasing its phosphorylation levels, and non-phosphorylated p38y promotes K-Ras
oncogenesis'>’. Furthermore, PTPN3 is phosphorylated by p38y dependently on their PDZ-
PBM interaction, which also increases K-Ras oncogenesis’”. Notably, PTPN3 and p38y
protein expression is increased in primary colon cancer tissues®®. In addition to
overexpression, increased PTPN3 activity due to activating mutations was shown to be a
factor promoting tumor progression and postoperative tumor recurrence in intrahepatic
cholangiocarcinoma, a common form of liver cancer. Notably, the mutations were found in or

near the FERM domain, not directly affecting the PTP and PDZ domains'*.
1.5.7.2 PTPN3 as a tumor suppressor

PTPN3 can also function as a tumor suppressor. In hepatocellular carcinoma (HCC),
PTPN3 expression is decreased by epigenetic regulation, showing an inverse correlation with
the aggressiveness of the tumor. This loss of PTPN3 favours cell migration and invasion both
in vitro and in lung metastasis'*'. As previously described, one of the known physiological
functions of PTPN3 is to promote degradation of EGFR by dephosphorylation of its substrate
Eps15. In line with this, silencing of EGFR expression counteracts the pro-metastatic effect
caused by PTPN3 downregulation, suggesting that PTPN3 achieves its role as a tumor growth
and metastasis inhibitor in HCC by modulating EGFR signalling'*'. Endocytic degradation of
EGFR seems to be as well the mechanism by which PTPN3 prevents cell proliferation and
migration in non-small cell lung cancer (NSCLC)”. Additionally, PTPN3 tumor suppressor
function can also be affected by mutations. In a NSCLC cell line, PTPN3 was mutated by a
translocation event resulting in a null PTPN3 allele. Re-expression of functional PTPN3 in
NSCLC cell lines decreased cell survival, supporting its tumor-suppressive role'**. A study on
the mutational state of tyrosine phosphatase genes in colorectal cancers revealed a number of
somatic mutations in PTPN3, almost all of which were missense and located in or near the
FERM domain®'. Mutations in the FERM domain could abolish PTPN3 tumor-suppressing
role by either altering its subcellular localization or disrupting its normal interactions. In liver
cancer, altered interactions were reported with a leucine-to-arginine substitution at position
232 in PTPN3 (PTPN3"**}) frequently observed in intrahepatic cholangiocarcinoma. In
normal conditions, PTPN3 enhances tumor growth factor B (TGFp) signalling by a
mechanism that is independent of its phosphatase activity. PTPN3 binds the TGFf type I
receptor (TPRI) through its FERM domain, and prevents its proteasomal degradation by
blocking the binding of E3 ligases. PTPN3"**® still interacts with TBRI but is unable to
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prevent the binding of the ligases, and thus the TGFp-induced transcriptional responses that

normally inhibit growth are attenuated'*.

Table 1.4: Implications of PTPN3 in cancer.

Role Cancer type Observations References
Ovarian Overexpression favgurs drug resistance, 133
stemness and tumorigenicity
Promotes tumorigenicity through
cytoplasmic accumulation and
Breast §tab1112at10n of vitamin D receptor, 134
independently of its phosphatase
activity. Increased expression levels
correlated with clinical metastasis
Gastric Expression levels correlate to grade of 135
adenocarcinoma differentiation of the cancer
. Expression levels correlate to grade of
Oncogenic  Esophageal differentiation of the cancer 136
Promotes cell proliferation and
Glioblastoma invasion. High expression levels 137
associated with poor prognosis
Glioma Increased expression assoqated with 138
tumor growth and metastasis
. Increased activity due to activating
Intrahepatic . .
. . mutations promotes tumor progression 140
cholangiocarcinoma .
and postoperative tumor recurrence
Dephosphorylates and cooperates with
Colon cancer PHOSpOTy p W 139
p38y to promote K-Ras oncogenesis
Expression is decreased by epigenetic
Hepatocellular regula‘ugn, shpwmg an inverse
carcinoma correlation with the aggressiveness of 141
the tumor. PTPN3 loss favours cell
migration and migration
Tumor- Prevents cell proliferation and migration
suppressor ~ Non-small cell lung by promoting EGFR degradation, and 03.142.144
cancer attenuating Src activity and Src- T
mediated DAAMI1 activation
Frequently presents somatic missense
Colorectal cancer mutations located in or near the FERM 31

domain
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2 PDZ domains

2.1 Role of PDZ domains in the cell

PDZ domains are protein-protein interaction modules that were discovered in the early
1990s. The acronym PDZ derives from the first three proteins in which they were initially
identified — the postsynaptic density protein 95 (PSD-95), the Drosophila homologous Discs
large protein (Dlg), and the mammalian tight junction protein zonula occludens 1 (ZO-
1)!*1% These are globular domains of about 90 residues. Their best-known function is the
recognition of short C-terminal linear motifs known as PBMs in partner proteins. However,
some PDZ domains can also bind internal motifs, lipids, and other PDZ domains'’’. PDZ
domains are highly prevalent in metazoan proteins — there are 152 PDZ-containing proteins in

148,149

the human proteome, containing 266 different PDZ domains The widespread

occurrence of PDZ domains in metazoans and their absence in other kingdoms of life has led
to the proposal that PDZ domains might have evolved together with multicellularity'>’.

PDZ domains are often found in multiple copies in proteins. In many cases, they are
found in combination with other protein-protein interaction domains, catalytic domains, or
cellular localization domains (figure 2.1). Their high frequency of occurrence combined with
their high promiscuity (second after PH domains) situates them at the core of cellular
signalling networks"', where they play a key role in the assembly and function of multi-
protein signal transduction complexes. PDZ proteins have been implicated in processes that
include the establishment and maintenance of cell polarity and cell-cell junctions, cell
migration, visual and auditory processes, signal transduction in neurons and regulation of cell
homeostasis (the reactome participation of PDZ proteins is detailed in section 9.2). The
following examples illustrate the biological roles of PDZ proteins: the organization of the

Drosophila phototransduction cascade by INAD'* and the organization of the postsynaptic
density by PSD-95'2
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Figure 2.1: Domain organizations of a selected set of PDZ domain proteins. The proteins are
grouped according to their domain organization patterns. PDZ domains are shown in orange. Ank,
ankyrin repeats; CaM kinase, calmodulin-dependent kinase (CaMK)-like domain; CASK; calmodulin-
associated serine/threonine kinase; CC, coiled-coil domain; CRIB, Cdc42/Rac-interactive binding
domain; LRR, leucine-rich repeat; MPP, membrane protein, palmitoylated; N, N-terminal domain;
Par, partitioning defective homologue; PATJ, PALS1-associated tight junction protein; PB1, Phox and

Bemlp domain; SAP97, synapse-associated protein 97; ZUS, domain present in ZO-1 and UNC5-like

netrin receptor. Figure from Ye and Zhang 2013'%*.

2.1.1 Phototransduction in rhabdomeres

The phototransduction cascade in Drosophila occurs in specialized microvillar
structures known as rhabdomeres that project from the photoreceptor cell surface (figure
2.2.A). When light hits the photoreceptor cells, it triggers a series of responses that ultimately
open light-activated cation channels (TRP and TRPL), resulting in depolarization of the
photoreceptor cell (described in detail by Venkatachalam, Luo, and Montell™*). After this

stimulation, the light response is deactivated in a calcium-dependent process that involves a
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PKC, calmodulin (CaM), and NINAC (an unconventional myosin III). Activation and
deactivation are extremely rapid processes that take less than 100 ms. The close linking of the
components of the phototransduction cascade is essential to achieve this level efficiency. The
protein scaffold responsible for this multi-protein assembly is INAD, a 5 PDZ domain-
containing protein (figure 2.2.B). TRP, PCK, and phospholipase C (PLC) are generally
considered to be strict components of the INAD phototransduction complex, and it has been
reported that these interactions are mediated by C-terminal and internal PBMs'*. The
association pattern with the other signalling molecules has been subject to debate and
controversial reports and appears to be dynamic'’’. Figure 2.2.B represents the current

consensus on how the INAD complex might be assembled'>”.

Photo-
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Figure 2.2: Organization of the INAD signaling complex. (A) Schematic of actin-filled microvilli
of rhabdomeres protruding from the photoreceptor cell surface. Actin is represented as blue filaments.
(B) Detail of the rhabdomere membrane. INAD contains 5 PDZ domains (indicated by numbers 1-5)
and identified specific interactions between PKC (INAC, encoded by the inaC gene) and PDZ2 (or
PDZ4), TRP and PDZ3, and PLC (NORPA, encoded by the norpA gene) with PDZ1 and PDZ5. This

binding pattern is still in debate due to several contradictory reports. Adapted from Katz and Minke
2018'%,

The major physiological role of INAD is to organise its interacting phototransduction

proteins into an integrated signalling unit, increasing the rate of interaction between them and
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isolating them from potential interferences. It has been shown by mutational analysis that the
capacity to assemble a multiprotein complex directly impacts the efficiency and activation
and termination kinetics of the photoresponse'””. In addition, INAD is responsible for the
subcellular localization of its three main interacting proteins, TRP, PKC, and PLC below the
plasma membrane and in close proximity to each other and to the light-activated ion

156

channels ". This enables the light response to occur with high efficiency, and promotes the

formation of small microdomains where light response can be finely modulated by changes in

the levels of intracellular calcium®’

. Mutations that prevent the binding of any of these
proteins to INAD result in mislocalization of the protein to the cell body. Moreover, INAD-
TRP interaction is necessary for anchoring and retention of the signalling complex to the
rhabdomere'**"*”. This example highlights the relevance of PDZ proteins acting as a scaffold

to enhance the functions of its partner signalling proteins in specialized cells.
2.1.2 Organization of the postsynaptic density by PSD-95

In excitatory glutamatergic synapses, the postsynaptic membrane is specialized in
rapid response to glutamate released from the presynaptic terminal. Underneath the
postsynaptic membrane, an electron-dense structure known as the postsynaptic density (PSD)
is specialized in receiving, processing and propagating the glutamatergic signal. The PSD is
formed by a high concentration of membrane receptors and ion channels, tethered to
signalling proteins, cell-adhesion molecules and components of the cytoskeleton by scaffold
and adaptor proteins (figure 2.3).

The most abundant scaffolding protein in the PSD is PSD-95 (also known as DLG4), a
three PDZ domain-containing member of the membrane-associated guanylate kinase
(MAGUK) protein family (see section 5.iii for a description of the MAGUK family). PSD-95
plays a central role in the organization of the PSD, as it binds N-methyl-D-aspartate (NMDA)
receptors, the main glutamate receptor subtype in the PSD. NMDA receptors are composed of
two subunits, NR1 and NR2, whose cytoplasmic domain contains PBMs that bind to the first
two PDZ domains of PSD-95. Other transmembrane proteins, including receptor tyrosine
kinases, potassium channels, calcium pumps, and the cytoskeletal protein cysteine-rich PDZ-
binding protein (CRIPT) also target the PDZ domains of PSD-95 via C-terminal

. . 152,158
Interactions 7 .
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Figure 2.3: Protein complex organization in the postsynaptic density. The postsynaptic density is
comprised of membrane receptors and ion channels, scaffold and adaptor proteins, signalling proteins,
cell-adhesion molecules and components of the cytoskeleton. Glutamate receptors, such as NMDARs
(N-methyl-d-aspartate receptors) and AMPARs (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptors), are located at the postsynaptic membrane. The PDZ-domain-containing scaffold
proteins PSD95 and the Src-homology domain 3 (SH3) and multiple ankyrin repeat domains (Shank)
family form a two-layer protein network below the postsynaptic membrane, which is bridged by
guanylate kinase-associated protein (GKAP). Other signalling molecules occupy the spaces in the
PSD95-GKAP—Shank protein web. Shank-family scaffolds are further linked to actin filaments. The
domains of PSD95 and Shank (PDZ, SH3, guanylate kinase (GK), sterile-alpha motif (SAM) and
ankyrin repeats (ANK) (see key)) are shown; other proteins are represented by simple shapes and are
labelled. The presynaptic and postsynaptic membranes are connected by cell-adhesion molecules.
AKAP, adenylate-kinase anchoring protein; CaCh, Ca2+channel; CaMKII,calcium/calmodulin-
dependent protein kinase II; CRIPT, cysteine-rich PDZ-binding protein; EphR, ephrin receptor;
GKAP, guanylate kinase-associated protein; GRASP, GRIP-associated protein; GRIP, glutamate
receptor interacting protein; IP3R, inositol-1,4,5-trisphosphate receptor; KCh, K+channel; MAP1A,
microtubule-associated protein 1A; mGluR, metabotropicglutamate receptor; nNOS, neuronal nitric
oxide synthase; PICKI, protein interacting with PRKCA1; SER, smooth endoplasmic reticulum;
SPAR, spine-associated RAPGAP; SV, synaptic vesicle; SyNGAP, synaptic Ras GTPase-activating
protein; TIAM1, T-cell lymphoma invasion and metastasis 1; TRAP, C-terminal receptor-binding

region. Figure from Feng and Zhang 2009'*,

The PSD is composed of two interconnected protein layers. The first layer is formed
primarily by PSD-95, but other members of the MAGUK family are also present. Below, the
PDZ-containing protein Shank forms the second protein layer and associates with the
cytoskeleton. GKAP binds the Guanylate Kinase domain of PSD-95 and the PDZ domain of

Shank, forming a network that features an array of binding sites to which other PSD proteins
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can attach (figure 2.3). Thus, the main role of PSD-95 is the assembly of a multi-protein

signalling complex that is physically and functionally coupled to postsynaptic receptors'*>.

2.2 Structure of PDZ domains

A Carboxylate-binding 4

Figure 2.4: Structures of PDZ domains and their interaction with peptide ligands. PDZ domains
(cyan) interacting with C-terminal peptide ligands (yellow). Secondary structure elements are
indicated in bold letters. (A) complex between PTPN4-PDZ and the Cyto8-RETEV peptide ligand
(PDB ID 5EYZ). (B) Detail of the binding mode of the PSD-95 PDZ3/CRIPT peptide ligand complex
(PDB ID 1BE9). The B2-strand is shown as sticks. The N and C termini have been removed for clarity.
Positions 0 and -2 of the PBM are indicated. Hydrogen bonds are represented as black dashes.

The first structures of free and liganded PDZ domains were published in 1996'%'%,
Since then, a growing number of PDZ structures (about 530 structures in the PDB by August
2019) have shed light into the binding modes and determinants of recognition of these
domains. The canonical PDZ fold consists of a  sandwich formed by 5 to 6 antiparallel -
strands flanked by 1 to 2 a-helices (figure 2.4.A). The N and C termini of the domain are
usually located in close proximity, sometimes interacting with each other. This arrangement is
common in modular protein interaction domains and reflects their structural independence
from the rest of the molecule. The B2-strand and the a2-helix form a groove where a short
linear motif called PDZ-binding motif or PBM binds (developed below and in section 3).

PDZ domains are capable of interacting with only one PBM at a time.
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2.2.1 Peptide-binding groove

The peptide-binding groove is formed by the B2-strand, the a2-helix, and the B1-B2
loop, also known as the carboxylate-binding loop (figure 2.4.A). This loop contains a
conserved Gly-Leu-Gly-Phe (GLGF) motif that is essential for coordination of the terminal
carboxylate of the ligand.

The C-terminal residue of the PBM inserts into the binding groove and interacts with
the GLGF motif of the carboxylate-binding loop. By convention, this position is known as
position 0 (Py); the subsequent residues in direction to the N terminus are numbered in reverse
order (P, P, etc.) (figure 2.4.B). Backbone-backbone interactions between the PBM and the
B2-strand stabilize the PBM as an additional strand in the antiparallel f2-sheet, a mechanism

known as -augmentation.

2.3 Classification of PDZ domains

The first classification system for PDZ domains arose from attempts to study the
binding specificities of PDZ domains using a synthetic peptide library screening approach,

16! "pDZ domains were

which derived in the identification of two distinct consensus motifs
thus divided into two main specificity classes based on the consensus sequence of the PBM
they recognise: class I (S/T-X-¢pcoon) and class I (¢-X-dcoon), where X is any amino acid
and ¢ is a hydrophobic amino acid. Later, other that recognize different motifs were
identified. These observations highlighted Py and P_, as strong determinants for the selectivity
of PDZ domains. However, it has been repeatedly observed that these two positions are not
sufficient to account for the diversity and specificity of PDZ domains. For example, when the
PDZ domain 2 (PDZ2) of membrane-associated guanylate kinase-related 3 (MAGI3) binding
specificity was investigated against a library of randomized peptides, it was found that PDZ2
binds peptides with the consensus sequence S/T-W-Voon, which is consistent with a class |
PDZ domain. In spite of this, it was clear from analysis of binding affinities that the W in P,
(W.1) was largely responsible in this case for the strong interaction between PDZ2 and this
PBM. Indeed, mutation of W.; to alanine dramatically decreased binding, and structural

modelling indicated that the W side chain established Van der Waals contacts with the PDZ

domain that stabilized the complex'®*.
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The combined use of high-throughput screening techniques and binding affinity
measurements has contributed to the definition of more classes of specificity, and has even
led to the proposal that PDZ domain specificity might be more accurately described as a

continuum, rather than classified into discrete specificity classes'®®

. Nonetheless, the original
division into three classes is still in use, and for practical purposes will be used throughout

this work to refer both to the PDZ domains and the peptides they recognise.

2.4 Structural determinants of ligand binding

2.4.1 Specificity at the C-terminal position

Hydrogen bonding of the terminal carboxyl oxygens to the backbone amide protons in
the carboxylate binding loop stabilizes the residue in Py and causes its side chain to be
oriented towards the interior of the binding groove (figure 2.4.B). The residues that form the
carboxylate-binding pocket in Py are hydrophobic, therefore PDZ domains usually select for
PBMs with hydrophobic residues in their C terminus (some exceptions will be reported in
results part II). Depending on the size and configuration of the hydrophobic pocket, PDZ
domains can display a preference for PBMs with V, L, I, F, or A at position 0, although this is

usually not highly specific and variability in this position is often observed' .
2.4.2 Recognition of position -2

As discussed previously, P_, is a major determinant of PBM recognition and has been
taken as the basis of the first PDZ classification system. Specificity in this position is
achieved by the interaction of the P_; residue of the PBM with the first residue of the a2 helix
(position a2-1, figure 2.5.A) in the PDZ domain. The nature of the a2-1 residue determines
the nature of the corresponding residue in P, in the interacting PBM. Class I PDZ domains
have a conserved histidine in position a2-1. Indeed, PBMs with a threonine or serine residue
at this position can interact with the imidazole group of histidine by hydrogen bonding of
their side chain hydroxyl group. This is seen in the archetypal example of class I PDZ
domain-PBM interaction, the third PDZ domain of PSD-95 bound to the C-terminal PBM of
CRIPT (Q-T-S-Vcoon), which features a T in P,'**'% (figure 2.5.A).

In class IT PDZ domains, a hydrophobic residue can be found in the place of the

conserved histidine that determines preference for a hydrophobic residue in P.,. For example,
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in the complex of PICK1 PDZ and GIuR2 peptide, a lysine in position a2-1, through its
methylen groups, determines preference for valine in P_, of its ligand ligand (figure 2.5.B).
However, in some cases the selectivity in this position can arise from interactions with other
residues of the a2 helix. In the complex of Par3 PDZ3 and vascular endothelial cadherin

peptide, L., is selected by hydrophobic interactions with arginine and methionine sidechains

located in the middle section of the a2 helix (figure 2.5.C).

Figure 2.5: Recognition of position -2 by different subclasses of PDZ domains. Relevant domain
and peptide residues are shown in cyan and yellow respectively. Hydrogen bonds are shown as black
dashes. (A) Recognition of class I C-terminal peptides having a S or T at position -2 that establish a
hydrogen bond with a conserved His in position a2-1 (PDZ of PSD-95 bound to CRIPT peptide, PDB
ID 1BE9). (B and C) Recognition of class I C-terminal peptides. The hydrophobic residue at position -
2 interacts with aliphatic side chains of the a2-helix (B: PDZ of PICK1 bound to GluR2 peptide, PDB
ID 2PKU; C: PDZ3 of Par3 complexed to vascular endothelial cadherin peptide, PDB ID 2KOH).

2.4.3 Recognition of position -3

In general, P; allows for more variability than P, but residues at this position also
make specific contacts with the PDZ domain. In the complex between the C terminus of
CRIPT (Q-T-S-Vcoon) and PSD-95 PDZ3, the Q_; establishes contacts with both the B2 and

the B3 strands'®

(figure 2.4.B). Glutamine is conserved in known natural ligands of PSD-95
PDZ3'%, although glutamate is most commonly found at this position when screening peptide
libraries for PSD-95 PDZ3 partners'®'. Both residues have the potential of establishing polar
contacts, reinforcing the idea that position -3 has an impact, even if lesser, in determining
selectivity'®.

Analysis of the Erbin PDZ and the zonula occludens 1 (ZO-1) PDZ1 showed that these

two proteins differ markedly in their specificity in this position due to interactions with
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residues in the B2 and 3 strands. Erbin selects for PBMs with acidic residues in P_3;, because
they can establish salt bridges with the arginine in position B3-5 (figure 2.6). All the PDZ
domains in the family of Erbin contain K or R in position 3-5, and therefore preferentially
bind peptides with D/E in P_3. ZO-1 PDZ1 has a D in position 3-5 that determines preference
for residues with positively charge side chains in P_;. Additionally, S and T are also accepted
in this position P_3, because they are able to form hydrogen bonds with the S in position $2-4

(figure 2.6).
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Figure 2.6: Specific interactions determine selectivity in positions -1 and -3 for ZO1 PDZ1 and
Erbin PDZ. The PDZ domains are shown in grey with relevant side chains in yellow, and the peptide
ligands are coloured in green. Hydrogen bonds and salt bridges are shown as blue and red dotted lines,
respectively. Both Erbin-PDZ and ZO1-PDZ1 accommodate Trp-1, which extends over strand 2.
However, ZO1-PDZ]1 also recognizes Tyr-1 because of a hydrogen bond formed with the carboxylate
group of Asp(B3-5). In contrast, Erbin-PDZ contains an Arg at 3-5, which instead mediates a salt
bridge with Glu-3 (red dotted line). The ZO1-PDZ1 domain has a Ser in position (B2-4) that forms
hydrogen bonds with Thr in position -3 (Thr”). Selectivity in Erbin-PDZ is defined by an Arg in
position B3-5, which mediates a salt bridge with Glu in position -3 (Glu™).

2.4.4 Recognition of position -1

In the complex of CRIPT and PSD-95 PDZ3, the S.; side chain does not contact the
PDZ domain (figure 2.4.B). However, it would be erroneous to interpret this as an indication
that this position plays no role in the binding properties. Indeed, replacement of S for D in this
position (Q-T-S-Vcoon to Q-T-D-Voon) disrupted the interaction between CRIPT and PDZ3,
while favouring its binding to PSD-95 PDZ1 and PDZ2'*",

This position is also determinant for the interaction of Erbin and ZO-1 PDZ1 domains
and their ligands. For Erbin, tryptophan is strictly selected in P.;. ZO-1, on the other hand, is
able to accommodate either W or Y in this position'®®. Selectivity for W in both cases arises

from interactions with the main chains of the p2 and B3 strands'®’. In ZO-1, a Y can occupy
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the position of the W. The smaller Y side chain implies a loss of hydrophobic interactions, but
it is able to form an H-bond with the carboxylate group of an aspartate in position $3-5 that
was found to be crucial for the affinity of the interaction. In Erbin, the arginine residue found
in position B3-5 is less suited to establish such an interaction, explaining why binding of Y is
not possible in this case (figure 2.6)'®. Thus, main chain and side chain interactions are
implicated in selectivity in P_;, showing that although in some cases it does not participate in

binding, it cannot be disregarded as a specificity determinant.
2.4.5 Interactions beyond position -3

Accumulating evidence supports the contribution of interactions upstream of the core

PBM in achieving selectivity or binding affinity'®"'®*'7

. Further extending the PBM by
using longer peptides has led to some unexpected results, such as interactions mediated by
positions as distal as P,

A good illustration is the complex between peptides derived from B-catenin and the
Tax-interacting protein-1 PDZ domain. It was observed that a longer peptide bound the PDZ
with higher affinity than a shorter one. The W_s is responsible for this effect by establishing
hydrophobic interactions with the p3 strand and the 2-B3 loop'” (figure 2.7). This loop
appears in many cases to be part of an extended binding pocket that participates in interaction
with upstream residues in longer peptides, contributing to the diversity of binding modes and
increasing the binding specificity and affinity of PDZ domains'”.

Upstream PBM positions have been observed to overlap with phosphorylation sites,
suggesting that these interactions could be subjected to regulation. Indeed, it has been
reported that phosphorylation can either increase the binding affinity, as in the case of Sz of
Cadherin bound to partitioning defective (Par)-3 PDZ3'™; or decrease it, as seen for Y.; of

ErbB2 in complex with Erbin'®

. Thus, upstream residues in some cases can account for the
global affinity of the PDZ-PBM interaction, and provide a mechanism of regulation. This

interesting topic has been reviewed by Luck, Charbonnier and Travé'*®,
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Figure 2.7: PDZ/PBM interactions beyond position -3 contribute to the binding affinity. Complex
of Tax-interacting protein-1 PDZ domain and the B-catenin C-terminal peptide (PDB ID 3DIW). The
W in position -5 (W.s) establishes hydrophobic contacts with residues of the 33-strand and f2-B3 loop,
increasing the affinity of the interaction. Relevant domain and peptide residues are shown in cyan and
yellow respectively.

2.5 The affinity of PDZ-mediated interactions

PDZ-mediated interactions need to be dynamic and transient to intervene in rapid and
reversible responses to environmental changes, especially in signalling pathways. These
characteristics correlate with moderate to low affinities between PDZ domains and their

' Indeed, the Kps of PDZ-peptide interactions fall in the micromolar range'’®, as do

peptides
PDZ-lipid'”” and PDZ-PDZ interactions'®. Stiffler and collaborators set out to characterize
interactions between 157 mouse PDZ domains and 217 peptides using protein microarrays
and fluorescence polarization'®. From 1301 array positives, around 90% of the interactions
had a Kp below 50 uM, and around 60% of interactions had a Kp below 20 pM, despite that
the threshold they set for “positive’ interactions was rather high (Kp < 100 pM). Similarly,
20% of the Kps of the HPV E6 PBM peptide against a library containing all human PDZ
domains, estimated from the binding intensities in a high-throughput assay, were below 250
uM'*?. The values are in agreement general observation that interactions mediated by linear

motifs have affinities that range between 1-150 pM'”

. Moreover, it has been suggested that
care should be taken when setting the threshold to determine positive interactions in these
kinds of assays, since weak and promiscuous peptide-domain interactions are likely to

become stronger and more specific in the context of the full-length interacting proteins'”.
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2.6 Non-canonical binding modes and internal binding motifs

Besides the conventional C-terminal PBM binding, PDZ domains are capable of
establishing other types of interactions. These non-canonical interactions could at least
partially account for the high degree of specialization of the cellular functions of PDZ
domains, which seems incompatible with their promiscuity and the rather low affinity of their
interactions.

For example, some PDZ domains are capable of recognizing internal binding motifs.
Comparison of the crystal structures of the PDZ domain of Par-6 in complex with an internal
and a C-terminal PBM shows how the binding of the internal PBM is achieved thanks to the

180 Although the global fold of the domain is mostly

structural plasticity of the PDZ domain
conserved, the internal PBM adopts an extended conformation that causes the carboxylate-
binding loop to reorient. This enables K165 to form a salt bridge with the PBM D, side chain
that mimics the free carboxylate group. Backbone-backbone interactions replace the hydrogen
bonds that normally are formed between the GLGF motif and the terminal carboxylate (figure

2.8).
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Figure 2.8: Structural Comparison of Par-6 PDZ internal and C-terminal binding. (A)
Superimposition of Par-6 PDZ domains from the Pals1 complex and the C-terminal peptide complex
(PDB code: 1RZX). The Pals1 complex is shown in yellow and the C-terminal complex in cyan with
the secondary structure elements labelled. The ligands have been removed for clarity. (B) Par-6 PDZ -
C-terminal ligand interactions. C-terminal peptide - Par-6 PDZ complex (PDB ID 1RZX). Peptide
residues are labelled by their amino acid and PDZ domain residues are labelled by amino acid and
sequence number. The distance between the C-terminus and lysine 165 is shown (solid line) along
with interactions between the carboxylate and the PDZ backbone (dashed lines). (C) Par-6 PDZ -
Palsl internal ligand interactions. The interactions between the PDZ domain and peptide are shown as
in (B). Adapted from Penkert, DiVittorio and Prehoda 2004
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Another interesting case of a non-canonical binding motif is found in the complex
between the PDZ domains of nNOS and al-syntrophin. The C-terminal part of nNOS PDZ
folds into a B-hairpin motif that inserts into the binding groove of syntrophin PDZ, without
affecting the binding groove of nNOS PDZ (figure 2.9)'*"'** This interaction directs the
subcellular localization of the complex, regulating NO production and signalling.
Additionally, the free binding groove in nNOS PDZ domain mediates the interaction of

syntrophin with other proteins'®.

B-hairpin extension

Syntrophin PDZ nNOS PDZ

Figure 2.9: The structure of the nNOS PDZ-syntrophin PDZ heterodimer (PDB ID 1QAYV).
Ribbon representation of the nNOS PDZ (cyan)-syntrophin PDZ (yellow) heterodimer. The C-terminal
part of nNOS PDZ folds into a B-hairpin motif (magenta) that inserts into the binding groove of
syntrophin PDZ without affecting the binding groove of nNOS PDZ. The secondary structure elements
of both PDZ domains are indicated.

Two studies suggest that at least 50% of PDZ domains can bind internal motifs. In one
of them, protein partners of all Caenorhabditis elegans PDZ domains were searched for with
high-throughput yeast two-hybrid screening coupled with validation by co-affinity
purification'™. In another one, 24 PDZ domains were used as baits to screen a yeast two-
hybrid library of random octapeptides'®. The significance and prevalence of these
interactions have most likely been underestimated, partly because of the technical difficulties
associated with the identification of internal PBMs that display a very short consensus of
sequence. Other atypical binding modes have also been described, contributing to the

diversity and growing complexity of PDZ domains-mediated interactions'*”'**.
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2.7 Other functions of PDZ domains

2.7.1 PDZ multimerization

PDZ domains can mediate dimerization and oligomerization of their parent PDZ-
containing proteins'®. The capacity to form homo- and hetero-dimers and multimers is
advantageous in the assembly of multi-protein complexes. Two cases illustrate different
mechanisms by which PDZ dimerization can occur. First, the PDZ6 of GRIP1 can form back-
to-back homodimers stabilized by interactions involving the B1 strand and the al-B4 loop of
each protomer (figure 2.10.A). In this configuration, the PBM binding sites are located on
distal sides of the interaction interface and are free to interact with ligands'®’. Second, ZO-1
forms stable homodimers in vitro and in vivo via its second PDZ domain. Dimerization occurs
via a B-strand-swapping mechanism, in which the B2 and B3 strands from one monomer are

188,189
%7, Here

inserted into the PDZ fold of the other monomer, and vice versa (figure 2.10.B)
again, both binding grooves are free to interact with peptide ligands. A large-scale study was
conducted to establish the frequency in which PDZ-PDZ dimerization occurs'®. Protein
microarray technology was used to assess over 12400 potential dimerization events between
157 mouse PDZ domains. Positive interacting pairs were further validated using a solution-
phase fluorescence polarization assay. 37 PDZ-PDZ interactions were confirmed in vitro,
formed between 46 different PDZ domains. This suggests that at least 30% of mammalian
PDZ domains could potentially be involved in PDZ-PDZ interactions. Further biochemical
and bioinformatics analysis of the tighter binding pairs (Kp < 5 pM) led to the proposal that

PDZ dimerization contributes to selective formation and strengthening of multi-protein

complexes.
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Figure 2.10: two PDZ dimerization mechanisms. (A) GRIP-1 PDZ6 homodimer (PDB ID IN7E).
The secondary structure elements involved in dimer formation are shown in yellow. (B) ZO-1 PDZ2
homodimer (PDB ID 3CYY). The B-strands that swap to stabilize the homodimer are coloured in
yellow. The bound connexin43 ligands are represented in green.

Two examples of this phenomenon are found in the PSD. First, in PSD-95, a short,
rigid, and highly conserved linker joins the first two PDZ domains. NMR structural analysis
showed that the two domains establish contacts with each other, forming a tandem with
restricted interdomain motions in which the PBM-binding grooves are oriented in an almost
parallel manner. This arrangement results in synergistic interactions with dimeric ligands,
which is thought to enhance the binding to multimeric membrane proteins such as the NMDA
receptor channel (figure 2.11.A)"*°. Second, the five PDZ domain-containing protein GRIP is
also a component of the PSD (figure 2.3), where it binds the C-terminus of the AMPA
receptor GluR2 subunit through its PDZ5 domain'"'*>. However, covalently linked PDZ4 is
an absolute requirement for this interaction to occur. Structural analysis of the supramodule
revealed that PDZ4 acts as a chaperone, stabilizing the folding of PDZ5 and thus enabling the

interaction (figure 2.11.B)"*>"*,
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Figure 2.11: Schematic diagrams of the distinct target-binding properties conferred by the
supramodular organization of GRIP1 and Z0O-1 PDZ domains. (A) The protomers in the PSD-95
PDZ12 tandem have a limited conformational freedom, which results in synergistic interactions with
dimeric ligands. (B) The supramodular organization of the PDZ tandem for the GRIP1 PDZ domains 4
and 5 generates distinct target-binding properties. The interdomain linker (red), which forms a -
strand (red arrow) antiparallel to Bl of PDZS5 is highlighted. (C) ZO-1 PDZ3-SH3-GK (green-pink-
blue) supramodule organization (top) and formation of the ZO-1 PDZ3-SH3-GK/connexin45

complex (bottom). The interaction surface and additional binding site generated by the formation of

the supramodule is represented by the black dotted circle. Adapted from Ye and Zhang 2013'%,

2.7.2 Heterotypic supramodules

It is also common that PDZ domains lie in close proximity to other protein interaction
domains. Similarly to what happens with homotypic supramodules, a growing number of
cases is evidencing that PDZ domains also co-operatively interact with these neighbouring
domains establishing higher-order units with distinct functional properties, termed heterotypic
supramodules'>®. ZO-1 and PTPN3 and 4 are two examples.

Z0-1 is a member of the MAGUK family. MAGUKSs are scaffolding proteins known
to be implicated in diverse functions, including cell polarity establishment and maintenance,
and signal transduction'””. All the MAGUK family proteins, with the exception of MAGI,
share the same core arrangement comprising a PDZ domain (PDZ3), a Src homology 3 (SH3)
domain and a catalytically inactive guanylate kinase (GK) domain (figure 2.1). The PDZ3
domain of ZO-1 establishes extensive interdomain contacts with the SH3 domain, which is in
turn coupled to the GK domain, forming between the three a heterotypic supramodule (figure
2.11.C). Contacts between the SH3 and PDZ3 domains significantly alter the binding
properties of PDZ3 by creating an additional binding site at the inter-domain interface'**'"”.
Similar arrangements have been proposed to exist in other MAGUK family proteins, although
the structural and functional details remain to be explored'>.

PTPN3 and its close homolog PTPN4 feature a supramodule in which their PDZ

domain transiently interacts with the phosphatase domain, inhibiting its catalytic activity’"'"®.
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It was shown by our team that binding of a PBM ligand to the PDZ domain of PTPN4
released this auto-inhibition that operates by allosteric modulation and changes of the internal

1819 These observations contribute to the notion that

dynamics of the PDZ-PTP supramodule
scaffolding domains such as PDZ can actively participate in the regulation of signalling

events' .
2.7.3 Phosphatidylinositol and cholesterol binding

Phosphorylated forms of phosphatidylinositol (PIPs) are important components of cell
membranes and participate in cell signalling and regulation of cell polarization®”. Despite
being originally described as protein-binding modules, several PDZ domains are able to bind
PIPs through electrostatic interactions between a patch of cationic residues in the PDZ
domain and the negatively charged head of the phospholipid. This type of interaction has been
observed for the PDZ domain of Par-3, the PICK-1 PDZ domain, and the ZO-1 PDZ2 domain
(figure 2.12)*"'. Depending on the binding mode, simultaneous binding of peptide ligands and
lipids could be possible. For ZO-1 PDZ1 and PDZ2 and Par-3 PDZ, the peptide and lipid
binding sites overlap; therefore the bindings of peptide and phospholipid are mutually
exclusive®??. On the contrary, PICK-1 and -2 and CASK are able to bind peptides and PIPs
simultaneously, and the interactions were found to be cooperative****?.

Large-scale studies encompassing in vitro, in silico and in cell assays with panels of
human and Drosophila PDZ domains aimed to determine the occurrence of PDZ-PIP
interactions'****®. These indicated that 20-30% of human PDZ domains are capable of
interacting with phospholipids, and highlighted the diversity of PIP binding motifs.

PDZ domains are also able to bind cholesterol, another major component of
mammalian cell membranes. This function has been less investigated than PIP binding, but a

recent study”"®

showed that 12 over a panel of 30 PDZ domains could bind cholesterol with an
affinity in the range of micromolar or higher. The functional effects of this interaction were
assessed for the NHERF-1 PDZ domain. Association with cholesterol is essential for
NHERF-1 colocalization with its known binding partner CFTR ion channel, suggesting that
cholesterol binding strengthens the PDZ-mediated interaction. Moreover, cholesterol binding

seems to be required for CFTR activation®®.
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Figure 2.12: PDZ-phospholipid interactions. PDZ domains interact with phosphatidylinositol (PIP)-
containing lipid membranes via different interaction surfaces. Par3 PDZ2 (left, PDB ID 20GP)
interacts with negatively charged lipid membranes through a combination of electrostatic interactions
(indicated in blue spheres), membrane penetration (in yellow spheres), and a defined PIPs binding site
(in green spheres). PICK1 PDZ (middle, PDB ID 2PKU) interacts with lipid membranes through a
conserved membrane insertion motif (yellow spheres) and a positive charge cluster (in blue spheres).

A bound peptide is indicated in red. In ZO-1 PDZ2 (right, PDB ID 2RCZ) a set of basic residues (blue

spheres) participate in interactions with PIP-containing liposomes. Adapted from Ivarsson 2012°'.

Phospholipid and cholesterol binding appears to be a relatively frequent feature of
PDZ domains. This could be correlated with the fact that a vast majority of PDZ proteins are
associated with the plasma membrane®®’. Lipid binding can compete with or potentiate PBM
binding, and recruit the PDZ domain to cellular membranes, determining in this way the
interacting partners it is more likely to encounter. The fact that phosphoinositide binding
modules such as PH, PTB or FERM are commonly present in signalling proteins highlights
the importance of lipid binding in the organization of signalling complexes and targeting
proteins to the membrane®”. Further studies will be required to shed more light into the

prevalence and physiological relevance of these interactions.

2.8 Regulation of PDZ-mediated interactions

2.8.1 Phosphorylation

Phosphorylation has been found to occur in both the PBM and the PDZ domain, and it
can function either as a positive or as a negative modulator'*’. PBMs often contain serine,
threonine and tyrosine residues that can be phosphorylated. In the majority of cases, addition
of a phosphate group to the PBM disrupts the interaction with the PDZ domain, but in few
others the interaction can be strengthened, suggesting that this is a mechanism to increase

selectivity in PDZ/PBM interactions'”’. A well-characterized example of phosphorylation-
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regulated PDZ/PBM interactions is the GluR2 subunit of AMPA receptors. GluR2 contains a
C-terminal PBM (-IESVKIcoon) that binds to the PDZ domain of PICK1 and PDZ4,5 tandem
of GRIP1*”. The protein kinase C (PKC) can phosphorylate S_3 of the GluR2 PBM. This
phosphorylation differentially regulates the binding of GluR2 to GRIP1 and PICKI1. S;
phosphorylation greatly decreases the binding affinity of the GluR2 PBM to GRIP1 PDZ4,5,
although it does not affect its binding to PICK1 PDZ*'" (figure 2.13.A:). The residue in
position 02-1 is responsible for this discrimination. PICK1 PDZ contains a lysine that favours
binding to the phosphorylated GluR2 PBM through electrostatic interactions. Instead, GRIP1
PDZ5 contains a glutamic acid in this position, which is not suited to interact with the
phosphorylated PBM, therefore binding affinity is diminished*"*.

Large-scale studies have highlighted the significance of P.;, and to a lesser extent P.,,

211,212

in this type of regulation . Phosphorylation of the PDZ domain, although less studied, has

been observed to have a much more moderate effect in binding than when it occurs on the

peptide*".

2.8.2 Auto-inhibition

Some PDZ-containing proteins contain a C-terminal PBM with the capacity to bind
their own PDZ domain, competing with other peptide ligands. For example, X11a has two
PDZ domains that directly interact with each other forming a tandem PDZ supramodule
(figure 2.1 Domain organizations of a selected set of PDZ domain proteins). The C-terminal
tail of X11la folds back and inserts into the target-binding groove of its own PDZ1 domain,
resulting in a closed conformation of PDZ1*'* (Figure 2.13.B). The authors of this study
proposed that the auto-inhibition of X11a could be subject to regulation by phosphorylation in
a highly conserved tyrosine residue at the —1 position, which is essential for binding to PDZ1.
Replacing the Y. residue with E.; to mimic phosphorylation disrupted the PBM binding to
PDZ1, releasing the auto-inhibition. Curiously, the mutated PBM tail was found to bind the
PDZ2, suggesting a potential phosphorylation-dependent dynamic regulation mechanism of

the binding properties of the X11o PDZ supramodule mediated by its Y_,*'* (Figure 2.13.B:)
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Figure 2.13: Regulation of PDZ—target interactions by phosphorylation and auto-inhibition. (A)
Phosphorylation-mediated regulation of PDZ-target interactions. (A, panel i) Structure of PICK1 PDZ
bound to the GIuR2 peptide (PDB ID 2PKU). (A, panel ii) Schematic showing that the PKC
phosphorylation of GIluR2 differentially regulates its binding to GRIP1 PDZ45 and PICK1 PDZ.
Lys83 at the a2-1 position of PICK1 PDZ is highlighted. (B) Auto-inhibition of X11 PDZ]1 by its own
C-terminal PBM. (B, panel i) Structure of the auto-inhibited conformation of X11a PDZ12 (PDB code
1U3B). (B, panel ii) Schematic diagram showing the phosphorylation-mediated switch of the
inhibition of the two PDZ domains by the C-terminal PBM. The C-terminal tail of X11a inserts into
the peptide-binding groove of PDZ1, resulting in a closed conformation of PDZ1. Phosphorylation of
Y. relgases the PBM from PDZ1 and promotes its binding to PDZ2. Adapted from Ye and Zhang
2013,

2.8.3 Allosteric conformational regulation

The binding properties of PDZ domains can be modulated by long-range allosteric
conformational changes. These changes can be produced by interactions with structural
elements in the adjacent sequence of the PDZ domains, or by interactions that occur in homo-
or heterotypical supramodules'™. For example, both PSD- 95 PDZ3*"> and NHERFI
PDZ2%' have helical extensions that make contacts in sites distal to the peptide-binding cleft
(figure 2.14). If these helices are removed, the truncated PDZ domains are in a more dynamic
conformation. The binding of a peptide to the truncated PDZ domains causes a penalty in
conformational entropy, which is translated into a lower binding affinity. When the helices
are present, their contacts with the core PDZ domain allosterically modulate the internal
dynamics and side-chain conformations in the PDZ domain. This results in more structurally
stable PDZ domains, which lowers the entropic penalty of peptide binding and reflects in
higher binding affinities. The reader can refer to a review by Jemth and Gianni*'" for a
comprehensive analysis of conserved networks of interacting residues in PDZ domains, and
the relationship between binding, stability, and allostery; and to one by Gautier and
collaborators®'® describing different computational and experimental approaches to

characterize allosteric networks in PDZ domains.
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Figure 2.14: Allosteric conformational regulation of PDZ domains. (A) Structure of the complex
of PSD-95 PDZ3 with the CRIPT peptide (blue) (PDB code 1BE9). (B) Structure of the unbound
NHERF1 PDZ2 (PDB code 2KJD). The C-terminal a-helix extension of PSD-95 PDZ3 and that of
NHERF1 PDZ2 are coloured in red. (C) Schematic showing the truncated PDZ domains are dynamic.

The inclusion of the C-terminal a-helical extension reduces the conformational entropy of both PDZ

domains and enhances their target-binding affinities. Adapted from Ye and Zhang 2013'%.

2.8.4 Alternative splicing

PDZ domains or PBMs can be deleted from different protein isoforms by alternative
splicing, consequently affecting their subcellular localizations and functions. For example, in
the murine inner ear, the protein usherin exists in several isoforms. One of these isoforms is a
transmembrane protein that features a PBM that can bind the PDZ protein whirlin®'®. In turn,
there are two isoforms of whirlin in the inner ear, one long and one short. The full-length
isoform has three PDZ domains and interacts with usherin, while the short isoform only has
one PDZ domain and is unable to interact with usherin®*’. Mice carrying a mutation that
abolishes the long isoform of whirlin and renders the protein unable to interact with usherin
display hearing loss, simulating the effects found in humans with Usher syndrome type II,

. . . 221
caused by similar mutations™".
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3 Targeting of PDZ domains by viruses

3.1 Viral interactions with PDZ-containing proteins

Viruses are obligate intracellular parasites that require their host cell functions to
replicate and disseminate. One of the strategies that viruses have developed for this is
molecular mimicry. This is the adoption or imitation of a host’s characteristics to successfully
interact with its cellular machinery”*>. Frequently, viruses target interactions mediated by
short linear motifs. These are short sequences of 3 to 10 amino acids that mediate transient,
low-affinity protein-protein contacts, and determine subcellular targeting and also encode

post-translational modification sites’

. They constitute hotspots for convergent evolution due
to their short length and lack of structural constraints. Indeed, they may arise from a single
point mutation in an otherwise inert sequence***. Considering the prevalence and importance
of PDZ proteins in cellular functions and the minimal 3 residues-long motif required for
recognition, it is hardly surprising that many viruses display PBMs in their proteins to hijack
host cell functions®**,

The first viral PBMs were identified in the E4-ORF1 protein of the human adenovirus
(AdV) 9, the Tax protein of the human T-lymphotropic virus type 1 (HTLV-1) and the HPV

E6 protein® %

. These three proteins have a tumorigenic activity and target DLGI1, the
mammalian homolog of the Drosophila tamour suppressor Discs large. Later, PBMs were
found as well in non-oncogenic viruses such as rabies and influenza A. It is striking how
different families of viruses with distinct replication cycles have evolved to target the same
set of cellular PDZ proteins, although this can be explained by the fact that all these
pathogens are faced with similar host environments and pathways. Table 3.1 details known
PDZ protein targets of viral PBM-containing proteins in the virus families that are discussed

in this work.
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Table 3.1: Known cellular PDZ protein targets of viral proteins. * Although PDLIM?2 is a PDZ
protein, the interaction with Tax is not mediated by this domain, but rather by an a-helical region in
PDLIM2 and multiple regions in Tax*®. AdV9, human adenovirus 9; HTLV-1, human T-
lymphotropic virus type 1; HPV, human papillomavirus; HBV, hepatitis B virus. Adapted from Javier
and Rice 2011, and Ganti et al 2015230,

Virus AdV 9 HTLV-1 Rabies HPV HBV
Protein E4-ORF1 Tax G E6 HBc
PBM  -ATLVcoon  -ETEVcoon -ETRLcoon 16 -ETQLcoon -ESQCcoon
PDZ DLG1 B1-syntrophin DLGI1 CAL/GOPC PTPN3
targets MAGI-1 DLG1 MAST2 DLG1 TIP-2/GIPC
MUPP1 DLG4 MUPP1 DLG4
PATJ ERBIN PTPN4 MAGI-1
70-2 MAGI-3 MAGI-2
pro-IL-16 MAGI-3
SCRIB MUPP1
TIP-1 PATJ
TIP-2/GIPC PTPN3
PDLIM2* PTPN13
SCRIB
TIP-1
TIP-2/GIPC
PDZRN3
14-3-3
PAR3
SNX27
ARGGEF12
FRMPD2
LRRC7

3.1.1 Cell polarity proteins: a common target

The large majority of PDZ-containing proteins targeted by viruses are involved in cell
polarity. Cell polarity originates from the asymmetric segregation and distribution of proteins
within the cell and is responsible for the ordered orientation of cells within a tissue.
Apicobasal polarity is defined by the existence of distinct apical and basolateral membrane
domains, each with its particular lipid and protein composition. In epithelial cells, apicobasal
polarity is defined and regulated mainly by three spatially segregated protein complexes: the
PAR complex, which associates with tight junctions (TJ) and promotes the establishment of
the apical-basal membrane border; the CRUMBS complex, required for the establishment of
the apical membrane; and the SCRIBBLE complex, associated to adherens junctions (AJ) and

231,232

responsible for the definition of the basolateral domain . The spatial organization and the

molecular composition of these complexes are illustrated in figure 3.1.
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Figure 3.1: Cellular PDZ proteins that function in cell polarity establishment and cell junction
formation are commonly targeted by viruses. On the right, a polarized epithelial cell divided into its
apical, tight junction (TJ) and lateral regions. On the left, the cellular PDZ proteins that localize to
these regions and function to regulate the formation of TJ or adherens junction (AJ), and/or

establishing the cell polarity. Examples of viral proteins known to interact with these proteins are

indicated. Figure from Javier and Rice 2011*.

Most of the proteins that form these complexes are scaffold proteins that feature at least one

PDZ domain. Targeting PDZ domains in these proteins usually disrupts their normal

interactions, likely affecting cellular functions to the benefit of viral dissemination”*’***. The

viral hijacking of PDZ polarity proteins has been reviewed with a focus on its consequences

- 224,229,234

in tumorigenesis and as a mechanism of modulation of the immune system

functions>>>

. Indeed, the proteins that form the polarity complexes are conserved in mammals,
where they are involved in cell-cell adhesions and epithelial cell polarity, but also play
different roles in other types of cells. In T and B lymphocytes, for example, polarity is
responsible for the effects that occur during migration, antigen recognition, the establishment

of the immunological synapse, and during effector functions®"**

. Importantly, the loss of
cell polarity has been related to tumorigenesis. Polarization determines the correct localization

of receptors and enables cells to interact with their surroundings in an anisotropic manner,
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sensing cues from neighbouring cells or the surrounding microenvironment and responding
appropriately. Therefore, disruption of polarity prevents cells from responding to growth-
inhibitory signals and can deregulate senescence, differentiation, and apoptosis™>. Altered
polarity can also lead to incorrect distribution of degradative enzymes such as matrix
proteases at the cell surface, affecting cell migration and stimulating cell invasion™’.
Moreover, many of the polarity proteins function as tumour suppressors or proto-oncoproteins
and are linked to cell growth and proliferation signalling pathways.

Three remarkable examples reported below were chosen to illustrate the variety of
viruses targeting PDZ domains through a PBM present in one of their proteins, and how this
deregulates cell functions to promote viral replication and dissemination, or to escape immune

detection.
3.1.2 Human adenovirus

Human adenovirus (AdV) is the causative agent of acute and self-limiting infections in
the respiratory tracts, conjunctivitis, hemorrhagic cystitis and gastroenteritis. Although AdVs
are not tumorigenic for humans, human adenovirus 9 (AdV9) can produce estrogen-dependent
mammary tumors in rodents under experimental conditions”®. The main oncogenic
determinant of AdV9 is the E4-ORF1 protein, which contains a class I PBM (-ATLVcoon),
the first viral PBM to be identified*****®. This sequence can bind the MAGUK family
members DLG1, ZO-2, and MAGI-1, as well as MUPP1 and PATJ, which belong to the
multi-PDZ family (figure 2.1). These scaffolding proteins participate in the assembly of signal
transduction complexes and in the formation of cell-cell contacts. In epithelial cells, MUPP1,
PATIJ, MAGI-1, and ZO-2 are part of the TJ, while DLG1 participates in AJ assembly (figure
3.1). AJ are responsible for cell-cell adhesion, while TJ contribute to determining cell polarity
by acting as selective permeability barriers that divide cells into distinct apical and basolateral
membrane domains™”.

The E4-ORF1 PBM has different effects in the cell. First, it targets the TJ proteins and
inactivates them by sequestering them in insoluble complexes in the cytoplasm. This disrupts
TJ and deregulates TJ-associated polarity, two characteristic features of cancer cells™. A
second function of the E4-ORF1 PBM is the interaction with an oncogenic, membrane-
associated isoform of Dlgl, resulting in a complex that hijacks cytoplasmic
phosphatidylinositol 3-kinase (PI3K) and relocates it to the membrane, resulting in

constitutive, growth factor-independent activation of the PI3K signalling pathway”*’. The E4-
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ORF1 PBM is also present in other subgroups of adenovirus that lack a transforming activity,
such as the subgroup C adenovirus type 5 and subgroup A adenovirus type 12. These PBMs
are able to interact with DLG1, MUPPI, and MAGI-1, but fail to bind ZO-2**'. ZO-2 has
been proposed to act as a tumour suppressor in breast cancer, as its expression was lost or
significantly decreased in at least 80% of breast cancer lines and primary breast
adenocarcinomas examined***. The transforming and tumorigenic potential of Ad9 E4-ORF1

in cells depends on its ability to bind and sequester ZO-2 through its PBM.
3.1.3 Human T-lympheotropic virus type 1

The human T-lymphotropic virus type 1 (HTLV-1) is another well-studied case of
targeting of PDZ domains through a PDZ-PBM interaction during viral infection. HTLV-1 is
a retrovirus that infects CD4+ T lymphocytes and causes adult T-cell leukemia and
lymphoma. The viral oncoprotein Tax is required for viral replication and transformation in
mouse, rat, and human cells®* 2%, Tax has a C-terminal class [ PBM (-ETEVcoon) that plays
a major role in the oncogenic potential of the virus**. This is supported by the absence of the
PBM in the Tax protein of the non-oncogenic HTLV-2 virus. The Tax PBM targets the
Scribble cell polarity complex proteins DLG1 and SCRIB (figure 3.1). DLG1 and SCRIB
participate in the formation of signalling complexes at specific sites of T-cells, and they are
required for normal T-cell receptor-induced activation and inhibition of the proliferative
PI3K/AKT pathway. Similarly to the AdV9 E4-ORF1 protein, the PBM-dependent
interactions of DLG1 and SCRIB with Tax result in their inactivation by re-localizing them to
insoluble complexes. In T cells, DLGI is required to inhibit AKT-mediated signalling, and
both DLG1 and SCRIB modulate TCR-induced activation via the transcription factor nuclear
factor of activated T cells. Tax sequestration of DLG1 and SCRIB via its PBM may disrupt
their scaffolding functions, deregulating normal T-cell signalling***

as MAGI-1 and MAGI-3 have been shown to interact with the Tax PBM, but the relevance of

. Other PDZ proteins such

these interactions has not been explored.

The HTLV-1 envelope glycoprotein Env also targets DLGI through a PBM. It is
thought that this interaction favours the dissemination of the virus in the host by recruiting
DLGI to stabilize the viral synapses (cellular junctions induced by some viruses to allow cell-
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to-cell transmission) formed between neighbouring T-cells”™. Tax enhances this process by

hijacking the microtubule-organizing center, a major site of microtubule nucleation, to form
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the viral synapse®’. Thus, targeting host PDZ proteins allows HTLV-1 to manipulate cell

polarity to enhance viral transmission while evading detection by the immune system>*®.
3.1.4 Rabies virus

Finally, the last example concerns the Rabies virus (RABV). RABV is a single
negative-strand RNA virus that exclusively infects neurons and is the causative agent of
rabies. Until the development by Louis Pasteur and Emile Roux in 1885 of the rabies vaccine
made of an attenuated RABYV strain, infection with rabies virus was almost invariably fatal.
Virulent RABV strains promote neuron survival to favour their propagation, while attenuated
RABV strains cause neuron apoptosis, and triggers an immune response following the
vaccination™®.

RABV glycoprotein (G) is the only protein exposed at the surface of the virion and
acts as a ligand for cellular receptors, triggering virus endocytosis. Variations in the sequence
of this protein correlate with the virulence of the virus strain and determine the fate of the
infected cells. Our team and collaborators determined that a single mutation located in the C-
terminal cytoplasmic tail of the G protein in position -3 of a class I PBM (-QTRLcoon for
virulent strains, -ETRLcoogn for attenuated strains,) alters the motif’s specificity (figure 3.2.A)
and is responsible for the switch between cell survival and cell death of infected neurons. The
PBM of virulent strains binds mainly the MAST2 kinase, an inhibitor of neurite outgrowth in

250,251
human neuroblastoma™ ™

. MAST?2 exerts its anti-survival function by phosphorylating its
endogenous partner, Phosphatase and tensin homolog deleted on chromosome 10 (PTEN), a
tumor suppressor and modulator of the PI3K/AKT proliferative pathway. Phosphorylation
decreases PTEN activity by regulating its subcellular localization, stability, and
conformation®>. MAST2 PDZ domain binds the C-terminal PBM of PTEN, increasing PTEN
phosphorylation and maintaining cellular homeostasis. During infection with a virulent strain,
the PBM in G protein competes with PTEN for MAST2-PDZ binding, preventing
phosphorylation and disrupting the normal function of PTEN, which results in activation of
the proliferative PI3K/AKT pathway'’'*° (figure 3.2.B). The attenuated strain of RABV
possesses a Q to E mutation in P.3 of the G protein PBM that enables G to interact with
additional PDZ proteins, including DLG2, MUPP1, and particularly PTPN4, which plays an

250,253

anti-apoptotic role in neurons In normal conditions, PTPN4 likely maintains

homeostasis by dephosphorylating its endogenous partners. During infection with an
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attenuated RABYV strain, the G PBM targets the PDZ domain of PTPN4 triggering apoptosis,

possibly by disrupting the interaction between PTPN4 and its substrates®” (figure 3.2.B).
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Figure 3.2: Model of infection by a virulent or an attenuated strain of RABV and associated
proteins. (A) Upon infection by the virulent strain (left), the viral G protein with the -QTRLcoon PBM
interacts with the PDZ domain of MAST2 kinase, whereas upon infection by the attenuated strain
(right), the viral G protein with the -ETRLcoon PBM interacts not only with MAST2 but also with
other cellular partners, particularly PTPN4. (B) In the absence of infection, PTEN is phosphorylated,
notably by MAST2. Upon infection by the virulent strain, the viral G protein interacts via its PBM
with the PDZ domain of the MAST2. This interaction could prevent MAST2-controlled
phosphorylation of PTEN, which alters the homeostasis of the infected cell and leads to its survival.
(C) In the absence of infection, the hypothetical cellular partner X is dephosphorylated by PTPN4.
Upon infection by the attenuated strain, the viral PBM interacts with the PDZ domain of PTPN4. This
interaction prevents efficient dephosphorylation of X, which alters the homeostasis of the infected cell

and triggers apoptosis. Figure from Caillet-Saguy ez al. 2015,

In this particular case, understanding how the rabies virus interferes with cell
homeostasis opened the way for the development of new therapies. Our team envisioned the
rational design of optimized peptides that bind with high affinity the PDZ domains of PTPN4

or MAST2, promoting neuron death or survival respectively”>*>>. Combining structural and
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biophysical data derived from peptides of viral origin, they designed peptides that efficiently
trigger cell death or induce neurite outgrowth in various cell lines in an affinity-correlated
manner. Neuro-regenerative peptides targeting the MAST2 PDZ domain are currently
undergoing trials in animal models and showed successful results in regenerating the optic

nerve after lesion.

3.2 Viruses targeting PTPN3

I previously described the involvement of the human phosphatase PTPN3 in various
cellular processes (section 1.5.6). Although the precise role of this protein in cellular
signalling has not been clearly established, it has been linked to the regulation of cell growth

and homeostasis’®7%27-106

. Moreover, deregulation of PTPN3 activity is associated with
various forms of cancer (section 1.5.7). It is therefore not surprising that oncoviruses target
the PDZ domain of PTPN3 (PTPN3-PDZ). Here, I present an overview of the human
papillomavirus (HPV) and the hepatitis B virus (HBV), which encode PBM-containing

proteins that bind PTPN3-PDZ%.
3.2.1 Human papillomavirus

3.2.1.1 Overview of the HPV life cycle

HPV is a small, non-enveloped and double-stranded DNA virus that belongs to the
Papillomaviridae family (genre papillomavirus). HPV infections are transmitted through
sexual contact and are the most common viral infection of the reproductive tract. Although
most infections with HPV cause no symptoms, persistent genital HPV infection can cause
cervical cancer in women. HPV can also trigger other types of anogenital cancer, head and
neck cancers, and genital warts in both men and women. HPV is accountable for one-third of
all tumours induced by viruses, which represents 5% of all human cancers™’. Cervical cancer
is the second most common cancer in women living in less developed regions with an
estimated 570,000 new cases with approximately 311,000 women died from cervical cancer

in 2018 according to the World Health Organization (WHO).
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Figure 3.3: The essential steps in the HPV life cycle. The basic steps of the HPV life cycle are
represented. The viral capsid is shown as a dark blue hexagon, and the viral genome as a light blue
circle. E1, E2, E3, E4, ES, E6, viral ‘early’ proteins; L1, L2, viral ‘late’ proteins.

HPV presents a strict species specificity with an epithelial tropism. The HPV life cycle
is intimately linked to the differentiation programme of its host tissue. The main steps of the
HPV life cycle are illustrated in figure 3.3. HPV particles are composed of viral DNA and two
proteins, L1 and L2, which form the icosahedral capsid. HPV infects basal keratinocytes via
micro-abrasions. The attachment of the virus is mediated by interaction with components of
the extracellular matrix, mainly heparin sulphate proteoglycans and possibly also laminin-
5% Structural changes in the virion capsid allow binding to a secondary receptor on the basal
keratinocyte, which is required for internalization of the virus. The receptor used may vary
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according to the HPV genotype and the infected cell type™ . Then, the virus is internalized

through an endocytic mechanism (step 2), and subsequently undergoes endosomal transport,
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uncoating, and cellular sorting. The L2 protein remains in complex with the viral DNA, while
the L1 protein is targeted for lysosomal degradation®”’. The viral genome is then transported
to the nucleus, where it may remain as an episome or, in the case of pre-cancerous and
cancerous lesions, integrate into the host genome. The HPV genome encodes 8 open reading
frames whose expression is closely coupled to the differentiation program of the host
epithelium. As cells divide and progress to the upper strata of the epithelium, the viral ‘early’
El, E2, E4, ES, E6, and E7 proteins, and ‘late’ L1 and L2 capsid proteins are expressed and
the viral DNA is amplified (steps 4-7)*°'. Eventually, the virus is released when the upper
layers of the epithelial cells desquamate (figure 3.4).
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Figure 3.4: The HPV life cycle is coupled to the differentiation program of the host epithelia.
HPYV reaches the basement membrane (BM) through an abrasion, where it binds to surface receptors
and is uptaken into the target basal keratinocyte. In the infected basal cells (which might include stem
cells), the viral genome replicates and establishes episomes. The early viral proteins E6 and E7
stimulate the continued cell proliferation, while E1 and E2 drive viral genome replication to a very
high copy number. Terminal differentiation of infected cells in the upper epithelial layers triggers the
expression of E4 and then L1 and L2 to package the very high copy numbers of the viral genome. The
virions are released as E4 disintegrates the cytokeratin filaments, and the keratinocyte remnants are
sloughed off the epithelial surface. The viral life cycle is completed without directly causing cell death
and without systemic viraemia or apparent inflammation to avoid alerting the local immune responses.
APC, antigen-presenting cell. Adapted from Roden and Stern, 2018
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3.2.1.2 HPV-induced carcinogenesis
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Figure 3.5: Phylogenetic tree of 118 papillomavirus types, built based on the L1 ORF sequences.
The numbers at the ends of each of the branches identify an HPV type; c-numbers refer to candidate
HPV types. All other abbreviations refer to animal papillomavirus types. The outermost semicircles
identify papillomavirus genera, e.g. the genus alpha-papillomavirus. The number at the inner
semicircles refers to papillomavirus species. From de Villiers et al. 2004*%.

HPVs are highly heterogeneous and are broadly classified in five evolutionary groups:
the a, B, v, W, and v papillomaviruses (figure 3.5). a-HPV is the largest group and will be the
subject of this description. The members of this group are able to specifically infect mucosae,
including the cervical, oral and penile mucosas, and can be further divided into two subgroups
depending on their pathogenicity. Low-risk HPVs (types 6, 11, 40, 42, 43, 44, 53, 54, 61, 72,
73 and 81) do not cause malignancies and are normally associated with benign epithelial
condylomas, while high-risk HPVs (types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 and 68)
cause upper-respiratory and ano-genital lesions that can progress to carcinomas. The two
principal high-risk types (HPV16 and 18) are together responsible for over 80% of all HPV-
related cervical cancers™’. The early proteins E5, E6, and E7 encoded by the virus stimulate

host cell proliferation and survival, and modulate cell differentiation; therefore, these are
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considered as oncoproteins. Sustained expression of E6 and E7 is one of the hallmarks of
HPV-induced carcinogenesis®®, and thus the transforming activities of these two proteins
have been more characterised than that of E5. Recent studies, however, highlight the

. . . . 265266
relevance of E5 in cell transformation and immune modulation™’

. E6 and E7 are expressed
from a common promoter and work individually and cooperatively to exert their oncogenic
activity. The main functions of E6, E7, and the two acting together, as well as the cellular

targets implicated in these functions, are detailed in section 9.3.
3.2.1.3 The HPV E7 oncoprotein

E7 (98 residues) was the first HPV oncoprotein to be identified. This protein
recognises a LXCXE motif (where X is any amino acid) in cellular partners that mediates
association to its targets. E7 has been involved in cell cycle deregulation, immune system
modulation, cell invasion and genomic instability*®’. The main cellular partner of E7 is the
cell cycle regulator retinoblastoma protein (pRb). E7 induces pRb ubiquitination and targets it
for proteasomal degradation, which ultimately promotes G1/S phase transition. E7 activity
maintains cells in an S-phase-competent state that is crucial for the viral life cycle®®.
Moreover, E7 can interact with histone deacetylases to modulate transcription of host genes,

and regulates the activity of cyclin dependent kinases to alter the cell cycle®®*%*,

3.2.1.4 The HPV E6 oncoprotein

E6 is a multifunctional protein that interacts with multiple host proteins to deregulate
cellular functions. Similarly to E7, E6 recognises acidic leucine-rich peptides with the
consensus sequence LXXLL. In a-HPV, recognition of this motif primarily mediates the
association of the ubiquitin ligase E6 associated protein (E6AP), which is required for one of
E6’s major transforming activities: degradation of the host tumor suppressor p53°®. Other
partners of the high-risk E6-E6AP complex include proteasome subunits and the p300 and
CBP coactivators™**. In most cases, but not always, interaction with E6 results in degradation
of the interacting partners by the proteasome.

This way, E6 promotes the development of cancer phenotypes such as escaping cell
death, deregulating the cell cycle, modulating the host immune system, promoting cell
immortalization, increasing genomic instability and stimulating cell invasion®*. Other
functions, such as promoting inflammation and angiogenic switch, are achieved by

coordinated action with E7%%.
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One of the most evident differences between high- and low-risk HPV strains is the
presence of a class I PBM (S/T-X-¢coon) on the C terminus of E6 in the high-risk strains.
This PBM is absent in low-risk strains, and therefore it is considered as a molecular signature

of the carcinogenic potential of an HPV strain®’

. Indeed, a diagnostic assay based on the
binding of high-risk HPV-E6 oncoproteins to PDZ domains has been developped accordingly
(OncoE6™ Cervical Test, Arbor Vita Corporation). Multiple studies in human cell lines,
primary keratinocytes and mice highlight the relevance of the high-risk E6 PBM in the
development of cancer phenotypes such as altered differentiation, epithelial to mesenchymal
transitions and anchorage independent colony formation®***

the high-risk E6 PBM, among which we find PTPN3, are listed in table 3.2 and will be

. Known host PDZ partners of

discussed in section 3.2.1.7.

Table 3.2: Known PDZ domain-containing targets of E6. Adapted from Ganti et al. 20157,

Protein Name

Function

DLGI1 Polarity/tumour suppressor
SCRIB Polarity/tumour suppressor
MAGI1/2/3 Polarity/tumour suppressor
PSD95 Signaling complex scaffold
TIP2/GIPC TGF-p signaling

NHERF1 PI3K/AKT signaling

MUPP1 Signaling complex scaffold
INADL/PATIJ Tight junction assembly
PTPH1/PTPN3 Protein tyrosine phosphatase
PTPN13 Non-receptor phosphatase
PDZRN3/LNX3 RING-containing ubiquitin ligase
14-3-3C Signaling complex adapter
PAR3 Polarity/tumour suppressor
SNX27 Endosomal trafficking/signaling
ARHGEF12 RhoGEF

FRMPD2 Tight junction formation
LRRC7 Normal synaptic spine function
GOPC Vesicular trafficking
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3.2.1.5 Structure of E6
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Figure 3.6: Structure of the high risk HPV E6 protein. (A) Schematic of the functional domains of
high-risk HPV E6. Numbers in italic above the schematicindicate the boundary residues of each
protein domain. The zinc finger domains mediate interactions with LXXLL motif-containing proteins.
The PDZ-binding motif is located at the extreme C terminus of high-risk E6. (B) X-ray structure of
HPV16 E6 bound to the LXXLL motif of EGAP. The interdomain linker helps form a binding pocket
for the association with cellular targets, such as E6AP, which subsequently targets p53 for
degradation. Violet: N-terminal domain (E6N); grey: linker helix; gold: C-terminal domain (E6C);
green: EOAP LXXLL peptide. (C) Mapping HPV16 E6 functional regions. LxxLL binding and E6
self-association residues are colored green and blue respectively. The relative orientation of E6 and the
PDZ domain shown is arbitrary. Surfaces colored white are potentially available for binding to p53.
Adapted from Zanier ez al. 2013

E6 proteins are cysteine-rich proteins of approximately 150 residues that feature two
zinc finger domains joined by a short helical linker (figure 3.6.A). Although the structure of
the isolated zinc finger domains was determined by solution NMR*"*7, full-length E6 self-
associates into inclusion bodies when expressed in bacteria®”>, which prevented its structural
studies. Zanier et al circumvented this problem by using an HPV16 E6 mutant with a
decreased tendency to oligomerize, and further increased its solubility by forming a complex
with an E6-binding LXXLL sequence fused to a crystallization-prone mutant of the bacterial

Maltose Binding Protein®”’. The resulting structure shows that the LXXLL ligand binds in a
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pocket formed between the two zinc-binding domains and the helical linker. The two domains
and the linker establish contacts with the peptide, which also adopts a helical conformation
(figure 3.6.B). The global fold of the complex appears to be maintained by the peptide, as
only a few interactions connect directly the two domains and the linker. The functional
regions of E6 do not overlap: the C-terminal PBM and the self-association surface, which is
required for p53 binding®’', are located on the opposite side of the peptide binding pocket
(figure 3.6.C)*"°. The multiple interactions in which E6 can engage define the role of this

protein and its activities in the viral life cycle.
3.2.1.6 Relevance of E6 for the viral life cycle

Studies of the HPV life cycle in human cell lines and mice have highlighted the key
role of E6, and in particular of its PBM, in the viral life cycle. In Human Foreskin
Keratinocytes (HFKs) transfected with the high-risk HPV types 31*”* or 1827, it was observed
that presence of E6 was required for stable replication of the viral genome. Extended
passaging of cells containing viral genomes with a deletion of the E6 PBM (E6APBM)
resulted in a loss of these mutant genomes, indicating that the PBM is relevant for the
episomal maintenance of the viral DNA*"*. Similar effects were observed in Normal Immortal
Keratinocytes containing HPV16 E6APBM genomes”’°. The levels of EGAPBM expression
correlated with defects in the viral life cycle. Interestingly, the loss of the capacity of HPV16
E6 to interact with PDZ domain-containing proteins results in enhanced proteasomal
degradation of E6, and the PBM-mediated interaction with SCRIBBLE, MAGI and DLG
stabilized E6, indicating that some of E6s PDZ partners might be involved in regulating E6
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expression or stability””™. These observations support the essential role of the E6 PBM in the

viral life cycle and genome maintenance.
3.2.1.7 Role of the E6 PBM in transformation and cancer

The relevance of PDZ protein targeting by HPV E6 oncoproteins in the transformation
capacity of HPV has been demonstrated both in vivo and in vitro. For example, HPV18
E6APBM transfected keratinocyte cell lines showed decreased epithelial to mesenchymal
transition, changes in the actin cytoskeleton, and aberrant adherens junctions, compared to
those expressing wild type E6>"’. Moreover, anchorage independent growth®”® and cell
immortalization®” have also been linked to the presence of the E6 PBM. In transgenic mice

models, those expressing HPV16 E6 in the epidermis develop epithelial hyperplasia that
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evolves to squamous cell carcinoma, while those expressing a PBM deletion mutant do not
progress to hyperplasia®’. This indicates that a functional E6 PBM is required for cell
transformation. Further analyses highlighted the cooperative activity of E6 and E7 for cancer
development in vivo, and suggested that E7 could be primarily responsible for the
development of tumors, while E6 could play a more important role in later stages of tumor

progression®’.
3.2.1.8 E6 targets cell adhesion and polarity proteins

Many proteins that regulate cell polarity and adhesion are PDZ proteins. High-risk
HPV E6 targets major components of the three cell polarity control complexes, SCRIBBLE,
PAR and CRUMBS, as well as the MAGI group of cell junction proteins™° (figure 3.1).

E6 has been shown to bind SCRIBBLE and DLGI at lateral adherens junctions and

2817283 Interestingly, E6 appears

subsequently targets them for degradation in vitro and in vivo
to exclusively target a cellular subset of the pool of SCRIBBLE and DLG1 for degradation.
For example, HPV18 E6 only degrades phosphorylated and nuclear DLG1, while the
membrane bound forms are not affected*®*. This could be related to the pro-oncogenic activity
that DLG1 and SCRIBBLE exhibit under certain conditions. DLG1 re-localization by AdV9

while

to the plasma membrane constitutively activates the PI3K proliferative pathway”*
SCRIBBLE can act as an oncoprotein in breast cancer, where it is overexpressed and
mislocalized*®.

MAGTI proteins are found at subapical tight junctions, and are also targeted for

283286 which results in metastatic phenotypes such as

degradation by HPV E6 oncoproteins
loss of TJ integrity and stability, increased proliferation and deregulation of apoptosis™*. By
contrast, restoration of MAGI-1 levels in HPV-positive cells by blocking its targeting for
degradation by E6 restored TJ assembly, triggered a reduction in cell proliferation, and
induced apoptosis™’. These observations place MAGI-1 within the bona fide targets of E6.
Finally, E6 also targets for degradation the CRUMBS complex protein PATJ, which is

288,289 . . ..
%, The in vivo association of

essential for the localization of TJ proteins and cell polarity
PATJ with full-length E6, assessed by pull down experiments on 293T cells, was dependent
on the E6 PBM and caused a decrease in PATJ levels. Notably, it was also observed that an
alternatively spliced isoform of HPV 18 E6* that lacks the PBM is also able to associate with
PATJ and promote its degradation, possibly through a different interaction surface of E6, or

by involving another cellular protein to mediate the interaction®”. The fact that two isoforms
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of E6 can target PATJ through different mechanisms, both resulting in a decrease in PATJ
levels, indicates that this is a relevant target of HPV. However, more studies will be needed to

understand the physiological effects of PATJ downregulation by E6.
3.2.1.9 Other targets of the E6 PBM

Several other PDZ proteins have been reported to bind the E6 PBM, although less is
known about their role in the HPV life cycle and induced oncogenesis (table 3.2).

MUPP1 (multiple PDZ-containing protein) is a 13 PDZ domain-containing protein
that is thought to be involved in the assembly of signalling complexes and is concentrated in

*! MUPPI is a common target of two viral oncoproteins,

TJs in polarized epithelial cells
AdV9 E4-ORF1 and HPV E6°%. In both cases, the interaction of MUPP1 with the viral
protein results in its functional inactivation: E4-ORF1 abnormally sequesters MUPP1 in the
cytoplasm, while E6 targets it for degradation®”*.

TIP-1 and TIP-2/GIPC1 were both identified as partners of E6 by yeast two-hybrid
assays and by co-immunoprecipitation. These E6 binders are also shared with another
oncovirus: they are partners of the HTLV-1 Tax protein. Interaction with E6 was proposed to
produce a gain-of-function effect on TIP-1, which was in turn thought to increase cell motility
by increasing GTP RhoA activity””. On the contrary, TIP-2/GIPCl is targeted for
proteasomal degradation by E6, which could benefit HPV by rendering cells less sensitive to
cytostatic TGF- B signalling. GIPC1 is also known to interact with the HBV capsid protein,
but the functional effects of this association are unknown™".

PTPN3 is also a target of HBV and HPV. Binding the E6 PBM targets PTPN3 for
proteasomal degradation, and endogenous levels of PTPN3 are low in HPV-positive cervical
carcinoma cell lines. siRNA-mediated depletion of PTPN3 reduced growth factor
requirements of immortalized keratinocytes®®, so it was proposed that targeting PTPN3 may
promote the growth of HPV-positive cells, but further studies will be necessary to elucidate
the effects of E6-dependent PTPN3 degradation.

The remaining E6 PBM partners have not been described as targets of other
oncoviruses. The scaffolding protein PSD95 is targeted for degradation by E6*>. PSD95 is
mainly found in postsynaptic densities in neuronal tissues, but is also found in lower levels in
other tissues, including cervix and skin normal keratinocytes. Then, the non-receptor PTPN13
is also degraded by interaction with E6, which was correlated to an increased capacity of

keratinocytes for anchorage-independent growth>’. The last target of the E6 PBM, also
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subjected to degradation, is the cystic fibrosis transmembrane regulator-associated ligand

(CAL), which is supposed to take part in vesicular trafficking processes>°.
3.2.1.10 Therapeutic value of HPV oncoproteins

E6 and E7 are constitutively expressed in HPV-derived cancer and are required for the
onset and maintenance of the malignant phenotype. Several therapeutic strategies to decrease
HPV-mediated tumorigenesis have been envisioned to functionally inhibit E6 and E7. E6 and
E7 gene expression have been blocked by specific siRNAs, significantly reducing HPV-
positive cells growth and colony formation, and increasing apoptosis® . Additionally, E6
activity can be blocked by inhibitors such as small peptides, peptide aptamers, intracellular
antibodies or small molecules™®. Several of these approaches to target E6 function resulted in
induction of apoptosis in HPV-positive cancer cell lines, in agreement with E6 anti-apoptotic
role”. A significant advancement came from solving the structure of E6 E6/E6AP/p53

270,299

complex . This allowed identification of a E6AP binding pocket that can be targeted with

high-affinity peptides to inhibit p53 degradation and induce apoptosis in HPV16-infected

300,301
cells™

. Targeting E7 activity by using antagonist peptides to reactivate the tumor
suppressor pRb also showed antitumor effects in cell lines and animal tumor models®*. Other
approaches that have been proposed imply inhibition of E6 and E7 transcription or gene
expression®”".

E6 and E7 are also well-defined tumor-specific antigens that have been considered as
the theoretical basis for the development of immunotherapy . However, design of such
therapies faces some obstacles, as HPV is able to modulate the host immune system and

induce immune evasion mechanisms, such as inhibiting the antigen processing and

presentation machinery™*.
3.2.2 Hepatitis B Virus

HBYV is a global public health problem, with 257 million chronic HBV carriers and
almost 1 million deaths estimated in 2015 (WHO). Despite available prophylactic vaccines,
chronic hepatitis B is still incurable; existing treatments focus on stopping the spread of the
virus to prevent the progression of the disease. The infection is characterized by a usually
asymptomatic acute phase, which can lead to chronicity in certain cases, resulting in the risk

of advancing slowly to cirrhosis and hepatocellular carcinoma (HCC).
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3.2.2.1 Overview of the HBYV life cycle

HBYV is a small, enveloped DNA virus that packages a circular double strand DNA
genome with gaps in both strands, hence termed relaxed circular DNA (rcDNA). Its
icosahedral nucleocapsid is composed by the HBc antigen or core protein (in the following,
HBc). The viral life cycle, which has been reviewed in detail by several groups®”>"", is
represented in figure 3.7. Briefly, HBV enters the cell endocytically by association of its
surface glycoproteins with the Sodium Taurocholate Co-transporter Polypeptide (NTCP). In
the cytoplasm, the virus core is released from the endosome and is directed to the nuclear pore
complex by nuclear localization signals (NLS) present in HBc’®. Association with the
nuclear pore complex is thought to be linked to HBc dissociation and genome release into the
nucleus, were it is turned into covalently closed circular DNA (cccDNA) by host enzymes
and decorated with nucleosomes. This episome contains four open reading frames that are
transcribed by the host RNA polymerase II. A full-length mRNA, the pre-genomic RNA
(pgRNA), encodes the capsid protein HBc and the reverse transcriptase P. Smaller ‘sub-
genomic’ mRNAs encode the surface proteins HBsAg, and the regulatory HBx protein, which
is thought to affect cccDNA persistence and regulate its transcription. In the cytoplasm, P
binds to the pgRNA to form a complex that initiates RNA encapsidation by HBc. Inside the
capsids, the pgRNA is reverse transcribed to rcDNA. The mature capsids may then associate
with HBsAg bound to endoplasmic reticulum membranes to be enveloped and secreted, or
bind importin molecules to be transported back into the nucleus to maintain the levels of
cccDNA. The HBc capsid protein is a keystone with functions that extend well beyond its
structural role. HBc has been implicated in most stages of the viral life cycle, including

subcellular trafficking and release of the viral genome, pgRNA encapsidation, and reverse

transcription®”
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Figure 3.7: The HBYV life cycle. Hepatitis B virus (HBV) binds to the surface receptor NTCP and
enters hepatocytes, and its genome is released into the nucleus. The relaxed circular HBV genome
(rcDNA) is transformed into covalently closed circular DNA (cccDNA), which serves as a template
for the transcription of viral mRNAs (pregenomic (pg), precore, HBx, PreS1, and PreS2/S RNA). The
HBV mRNAs are translated into the large (L), middle (M), and small (S) surface, precore, core,
polymerase (Pol), and HBx proteins. pgRNA and Pol are encapsidated, and viral DNA is reverse-
transcribed inside the capsid. Assembled HBV virions are secreted from hepatocytes. Some capsids
are rgzlc}]irected to the nucleus to maintain the levels of cccDNA. Adapted from Kim, Kang and Kim,
20167,

3.2.2.2 Viral capsid assembly and HBc structure

HBc presents distinct N- and C-terminal domains (figure 3.8 HBc protein domain
organization, phosphorylation sites and sequence features). The first 149 residues fold into a
predominantly o-helical conformation that is known as the assembly domain (in the

following, HBc149), as this region is capable of self-assembling into morphologically normal

311

capsids® . The remaining portion of the protein forms the arginine-rich RNA-binding C-

terminal domain (CTD), which is dispensable for capsid assembly in vitro but is required for

311

viral genome replication in cells’ . The CTD also contains nuclear localization signals and
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cytoplasmic retention signals that regulate nuclear import and export of the HBV capsid®'?,
and multiple serine and threonine residues that are susceptible of being phosphorylated®"”.
Finally, the C-terminal residues of the CTD comprise a non-canonical class I PBM featuring a
C-terminal cysteine (-RESQCcoon, figure 3.8), that has been shown to interact with the PDZ
domains of PTPN3® and GIPC1**,

1 149 183
Assembly domain | CTD

@GR%PRRRTP?PRRRRSQ%PRRRRSQSRESQC

Figure 3.8: HBc protein domain organization, phosphorylation sites and sequence features.
Schematic of the core protein sequence showing the assembly domain (residues 1-149) and the C-
terminal domain (CTD, residues 150-183). The CTD contains 7 serines which are potential
phosphorylation sites by SRPK (shown in red). /n vivo, phosphorylation of S155, S162, and S170
(indicated by arrows) confers specificity for pgRNA packaging. The arginine clusters that are required

for pgRNA encapsidation and reverse transcription are underlined in red. The C-terminal PBM is

underlined in green. Adapted from Chen, Wang and Zlotnick 2011°'*,

The crystal structure of the HBV capsid was first solved by Wynne and colleagues in
1999°"°. HBc, the building block of the capsid, is a 183-residue, 21 kDa helical protein with 5
a-helices and an unfolded C-terminal region enriched in Arg residues (figure 3.8.A). Helices
1, 2 and 5 form the hydrophobic base of the capsid. Helices 3 and 4 form an alpha helical
hairpin that acts as the dimerization surface. The hairpins of two monomers assemble into a 4-
helix bundle, in an interaction driven by burial of hydrophobic surface, and stabilized by salt
bridges and H-bonds’'®. Dimers can then self-assemble into icosahedral capsids. The major
assembly product (=95%) is a 120-dimer 22 nm capsid (figure 3.8.C), although a small
number of dimers assemble into 90-dimer capsids *”°. The capsid assembly is entropically
driven, and the contacts between dimers mainly involve hydrophobic interactions’'’. Tyrosine
132 is particularly important at this interface. In wild type HBc dimers its side chain is
completely exposed, and it gets buried when dimers assemble into a capsid, contributing

about 10% of the buried surface’®

. In fact, mutating this residue to alanine (Y132A) yields
the protein assembly-deficient but still able to form dimers®'®, which has been the basis of
HBc dimer structural studies’"®>*'. Crystal structure comparison of HBc 49 (construct from

aminoacid 1 to 149) and HBcj49-Y132A dimers revealed globally conserved tertiary
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structures, with minor changes occuring at the spike tips and a more compact conformation

for the mutant dimer’®®

(figure 3.9.B X-ray structures of the HBc assembly domain).

Figure 3.9: X-ray structures of the HBc assembly domain. (A) HBcy4 dimer in the context of the
viral capsid (PDB ID 1QGT). The N and C terminus of each monomer are indicated. (B)
Superimposition of capsid HBc49 dimer (yellow) and a free HBci49 Y132A dimer (grey). (C) 120-
dimer HBcy49 capsid, with the asymmetric unit in colour. The individual subunits are A-B (teal-
orange) and CD (blue-red) dimers.

HBc plays a central role in the viral life cycle, being required for viral genome
encapsidation, maturation, and subcellular trafficking of the capsid. Its involvement in these

diverse processes is described below.
3.2.2.3 Nucleic acid packaging and CTD accessibility

The HBc CTD is responsible for binding and encapsidating viral pgRNA. As
previously mentioned, once the viral genome is matured to rcDNA inside the capsids, a
fraction of the rcDNA-filled capsids are shuttled back to the nucleus to maintain the levels of

cccDNA (figure 3.7). This is achieved thanks to NLSs present in the HBC CTD. To perform
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these functions, the CTD should be able to shuttle between the interior and the exterior of the
capsids. Exposure of the CTD would provide a mechanism for HBc to interact with host
proteins involved in capsid trafficking, maturation or disassembly. Although the accessibility
of the CTD was initially questioned, accumulating evidences support this model. In a recent
study in which the high-resolution structure of HBV capsids was determined by cryo-EM
scanning®*%, some capsids were found to display the CTD in their exterior, while in others it
was in the interior, bound to RNA (figure 3.10). In vitro studies suggested that the CTD
exposure could be dependent on the nucleic acid content of the capsid, which reflects its
maturation level’'*. Specifically, it was shown a host protein that binds the CTD of empty
full-length HBc capsids and cannot bind HBci49 capsids did not bind RNA-filled full-length
capsids, indicating that the nucleic acids inside the capsid regulate the dynamic exposure of
the CTD*'*. This is interesting since it indicates a correlation between CTD exposure and
viral core maturation, which could provide a mechanism to distinguish mature cores from
empty ones and to regulate HBV intracellular transport. Moreover, it suggests that a host

protein could bind the CTD and acts as a chaperone to regulate capsid assembly’'*.

Figure 3.10: Direct observation of the HBc CTD segment protruding outside the core. (A)
Radially-colored, shaded surface representation of the HBV reconstruction filtered to 10A resolution
as viewed along a five-fold axis, showing some densities of the CTD tails on the exterior of core
(arrow). The two-fold, three-fold, local three-fold and five-fold axes are indicated by the labels 2, 3,
L3, and 5, respectively. The density map is contoured at 1o above the mean. (B) An enlarged view
around a two- fold axis, showing a density protruding outside the core through the local three-fold axis
(arrow). The ordered outer layer is colored in gray using atomic model, while the rest of density map
is colored in green. The map is contoured at 16 above the mean. (C) Inside view of the radially colored
3D reconstruction map, showing the full-length HBV core has a double-layer structure: an outer layer
composed of the N-terminal core assembly domain (residues 1-149) and an inner layer composed of
the basic CTD (residues 150-185) and its bound RNAs. The map is contoured at 2c above the mean.
Adapted from Yu et al. 2013°%.
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3.2.2.4 HBc and reverse transcription

The HBV genome is reverse transcribed from pgRNA into rcDNA in a complex,

323 1t has been

multi-step process that involves genome rearrangements and template switches
shown that the HBec CTD is required at multiple stages of this process, and HBc participates
as well in the context of the formed capsid.

HBcis can form capsids but fails to encapsidate pgRNA’''. Mutational and
mechanistic analyses showed that the arginine clusters located in the CTD (figure 3.8) are

required for both pgRNA encapsidation and all steps of reverse transcripti0n324_3 26

, indicating
that the CTD has pleiotropic roles in viral replication. Similar observations were made when
mutating phospho-acceptor sites in the CTD, which suggests that the CTD must be
phosphorylated to correctly encapsidate pgRNA and reverse transcribe it to rcDNA®".
Lewellyn and Loeb proposed that the CTD of HBc participates in reverse transcription by
acting as a nucleic acid chaperone®”, which would explain how this small region mediates
complex template switches and genome rearrangements. The nucleic acid chaperone activity
of the CTD was later confirmed in vitro®.

The assembly domain HBci49 is also believed to contribute to reverse transcription.
Affecting capsid assembly by introducing mutations in the assembly domain resulted in

capsids that support minus strand DNA synthesis but fail to support second strand synthesis,

demonstrating that the capsid is more than just an inert container for the viral genome®*®,
3.2.2.5 HBc CTD interactions with host proteins GIPC1 and PTPN3

Although it is clear that HBc can interact with host proteins, there is a significant gap
of knowledge in this topic, and only a few of these interactions have been described. The most
evident of these interactions are mediated by the NLS in the CTD of HBc, which can bind
importin of complexes and target the capsid to the nuclear pores®'.

It is remarkable that despite the known relevance of viral PBMs, the one of HBc has
received such little attention. Only two human PDZ proteins are known to date to bind this
PBM: GIPC1 and PTPN3%*** GIPC1 is thought to be an adaptor protein involved in G
protein signalling®

protein of HTLV-1>*°, and E6 protein of HPV18>*'. It is still not clear which role GIPC1 plays
in the HBV life cycle.

. Its PDZ domain is targeted by at least two other viral proteins — Tax

PTPN3 was found to be a partner of HBc in a yeast two-hybrid screening. The
interaction was confirmed to be mediated by the PDZ domain of PTPN3 by pull-down
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experiments®. To assess possible effects of PTPN3 in HBV gene expression, Hsu and
colleagues overexpressed PTPN3 in human hepatoma HuH-7 cells that were transiently co-
expressing a plasmid with more than a unit of the HBV genome. They observed that PTPN3
overexpression caused a decrease in viral RNA levels and that siRNA-mediated endogenous
PTPN3 silencing resulted in an increase of viral RNA levels in human embryonic kidney
293T cells®. The decrease of the viral genome expression was independent of the PDZ-
mediated interaction, but dependent on the correct subcellular localization of PTPN3 and its
catalytic activity, as evidenced in experiments with deletions of PTPN3 FERM domain or
catalytically inactive PTPN3 mutants®®. It remains unclear how these effects can be of benefit

for the HBV life cycle.
3.2.2.6 HBc directed antivirals

Given its deep involvement in the HBV life cycle, HBc has attracted much attention as
a potential target for the development of antiviral agents. In the early 2000s, molecules

d*>*?3% . The mechanism of action of these

targeting the viral capsid assembly were discovere
inhibitors is based mainly on allosteric modulation, and were thus termed core allosteric
modulators (CAMs)>**. Despite their activity against nucleoside analogue resistant strains and
various HBV genotypes, they have not reached the clinic phase, probably due to safety or
pharmacological concerns®”. Since their discovery, many other CAMs have been obtained,
and they are known to prevent transcription of pgRNA by preventing encapsidation or by
promoting formation of morphologically normal, nucleic acid-free capsids or by promoting
formation of aberrant capsids. CAMs have also been shown to prevent cccDNA formation,

possibly by inhibiting rcDNA transport to the nucleus’”. Currently, several CAMs are

undergoing clinical trials, and others are being subjected to pre-clinical testing.
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4 Project objectives

Protein phosphatases play a major role in cell signalling. In conjunction with kinases,
they regulate the levels of phosphorylated species in signal transduction pathways that control
cellular processes such as growth, differentiation, migration, survival and apoptosis. Large-
scale genetic analyses of human tumours have highlighted the relevance of protein tyrosine
phosphatases either as putative tumour suppressors or as candidate oncoproteins®”.

The human protein tyrosine phosphatase PTPN3 is a modular protein comprising a N-
terminal FERM domain that determines subcellular localization, a central PDZ domain
involved in protein-protein interactions and a C-terminal PTP domain able to dephosphorylate
protein substrates. PTPN3 is known to be implicated in regulation of cell cycle and growth,
and dephosphorylates key regulators heavily involved in the progression of human cancers®.
Defects of its expression and/or mutations have been suggested to play a role in many
cancers”°. However, only a few of its cellular partners and substrates have been identified
and the role of PTPN3 in cell signalling remains unclear.

In addition, viral proteins of oncoviruses, such as the capsid protein of HBV®® and the
E6 protein of high-risk HPV types 16 and 18%, are able to interact with PTPN3 through a
PDZ-binding motif. Targeting PDZ domains is a strategy developed by many viruses to hijack
cellular machinery to their advantage™*. It has been reported that the PDZ-mediated
interaction of E6 with PTPN3 results in the proteasomal degradation of the phosphatase®’*°.
In the case of HBV, PTPN3 has been shown to have a suppressive role in HBV gene
expression, but the functional relevance of this interaction has not been established®®.

This project had two main objectives. The first one was to study the determinants of
PTPN3 specificity for its PBM ligands, while the second one focused on studying the role of
PTPN3 in signaling and understanding the disruptive effects of viral infections in the function
of this protein. At the start of this project, the interactions of PTPN3 with cellular and viral
proteins had not been characterized and the structure of its PDZ domain was not known. The
few biophysical and structural studies on PTPN3 have focused on the PTP domain in complex
with phospho-peptide substrates derived either from the kinase MAPK p38y"° or the
Epidermal growth factor receptor substrate 15> . Thus, the interactions mediated by the PDZ
domain of PTPN3 had not been deeply studied, and hence the role of this protein in cellular
signalling was not well understood. I aimed to bridge this gap by performing an integrative

structural and functional study of PTPN3 and its PDZ-mediated interactions. The goal of this
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thesis project was to gain insights about fundamental aspects of PTPN3 function and
signalling, and to understand in particular its interactions with PBM-containing partners.

I first performed a biophysical characterization of PTPN3-PDZ, which allowed me to
explore the stability of this domain in solution and study the effects of PBM ligand binding.
Then, I determined the affinities of the interactions between PTPN3-PDZ and its cellular and
viral partners and obtained the first crystal structures of PTPN3-PDZ complexed to PBM
peptides. This way, I highlighted the atomic determinants of PTPN3-PDZ/PBM interactions
and identified the crucial positions that define the selectivity of this domain. By combining
these observations with data previously obtained for the PTPN3 close homolog PTPN4, I
explored the structural basis of the selectivity of the NT5 subfamily of phosphatases.

The second part of this project focused on HBV, the targeting of PTPN3 by the HBc
PBM, and the effects of PTPN3 on the viral life cycle. Despite the known relevance of viral
PBMs for the life cycle of various families of pathogenic and non-pathogenic viruses®**, little
was known about the HBc PBM. Thus, I set out to investigate the interactome of the HBc
PBM by searching for new potential cellular PDZ-containing protein targets of HBc that
could be relevant for the viral life cycle. I identified various potential PDZ protein partners of
HBc, many of which are involved in cell polarity, and are also targeted by other viruses.
Among these partners, | also found PTPN3. I showed that PTPN3 bound HBc in the context
of the viral capsid, suggesting that this interaction could be physiologically relevant. To gain
more insights on this, I analysed the impact of PTPN3 overexpression in HBV-infected cells.
Finally, to gain a more comprehensive understanding of the physiological role of PTPN3, I
searched for cellular partners that interact with PTPN3 through its PDZ domain and that could

be displaced by HBc, potentially affecting the cellular homeostasis.
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Results



S5 Structural and functional characterization of the PDZ
domain of PTPN3 and its interaction with the high-risk
HPYV type 16 E6 oncoprotein

5.1 Summary

Most structural and biophysical studies of PTPN3 have focused on its phosphatase
domain, whose structure has been determined in complex with phosphopeptides derived from
its substrates Eps15> and p38y’’. However, at the start of this project, the structure of the
PTPN3 PDZ domain was not known, and thus there was a lack of data on the PDZ-mediated
interactions with cellular and viral partners.

To address this, we first performed a biophysical characterization of our PTPN3-PDZ
construct, and optimized its delimitation to increase its stability for further structural studies.
Then, we solved the crystal structure of the PDZ domain of PTPN3 in complex with the PBM
of HPV16 E6. We combined the information derived from the X-ray structure with data on
the complex formation obtained by NMR spectroscopy to identify the molecular basis of the
recognition of the C-terminal sequence of E6 by PTPN3 and the perturbations that spread
from the binding groove upon ligand binding. We also measured the affinities of the
interactions between PTPN3-PDZ and the PBM of cellular and viral partners: p38y, the HBV
core protein and the HPV types 16 and 18 E6 proteins. We observed that the affinities of the
viral and cellular partners of PTPN3-PDZ fall in the same range and are comparable. We
report thus the first structural data on the PDZ domain of PTPN3, and we provide insights on
the mechanism of binding of its PBM ligands.
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5.2 Article: Structural and functional characterization of the PDZ domain
of the human phosphatase PTPN3 and its interaction with the human

papillomavirus E6 oncoprotein
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. The human protein tyrosine phosphatase non-receptor type 3 (PTPN3) is a PDZ (PSD-95/DIg/Z0-1)

domain-containing phosphatase with a tumor-suppressive or a tumor-promoting role in many cancers.
Interestingly, the high-risk genital human papillomavirus (HPV) types 16 and 18 target the PDZ domain
of PTPN3. The presence of a PDZ binding motif (PBM) on E6 confers interaction with a number of
different cellular PDZ domain-containing proteins and is a marker of high oncogenic potential. Here,

. we report the molecular basis of interaction between the PDZ domain of PTPN3 and the PBM of the

HPV E6 protein. We combined biophysical, NMR and X-ray experiments to investigate the structural
and functional properties of the PDZ domain of PTPN3. We showed that the C-terminal sequences from

viral proteins encompassing a PBM interact with PTPN3-PDZ with similar affinities to the endogenous

PTPN3 ligand MAP kinase p38~. PBM binding stabilizes the PDZ domain of PTPN3. We solved the X-ray
structure of the PDZ domain of PTPN3 in complex with the PBM of the HPV E6 protein. The crystal
structure and the NMR chemical shift mapping of the PTPN3-PDZ/peptide complex allowed us to
pinpoint the main structural determinants of recognition of the C-terminal sequence of the E6 protein
and the long-range perturbations induced upon PBM binding.

Protein tyrosine phosphatases (PTPs) play critical roles in cell signaling pathways. They are known to regulate a

© variety of cellular processes including cell growth, differentiation, mitotic cycle, and oncogenic transformation.

Together with kinases, they control the balance of phosphorylated species, enabling specific and varied signaling
responses.

The human protein tyrosine phosphatase non-receptor type 3 (PTPN3) and the protein tyrosine phosphatase
non-receptor type 4 (PTPN4) compose the NT5 type of non-transmembrane PTPs. These large modular proteins
feature a N-terminal FERM (Band 4.1, Ezrin, Radixin, and Moesin) domain that is responsible for the localiza-
tion of these enzymes to submembranous sites in the cell, a PDZ (PSD-95/Dlg/Z0-1) domain that allows specific

. binding to C-terminal recognition sequences in target proteins, and a C-terminal catalytic tyrosine phosphatase

domain (Fig. 1). Three different isoforms of PTPN3 are known to be produced by alternative splicing, one being
the full-length protein (UniProt P26045-1), whereas the FERM domain is partially or totally missing in the other
two (UniProt P26045-2 and P26045-3). PTPN3 is localized in the cytoplasm and enriched at the plasma mem-

© brane, although in absence of the FERM domain it is exclusively cytoplasmic'.

PTPNS3 has been linked to many cancers either with a tumor-suppressive or a tumor-promoting role
Interestingly, PTPN3 is targeted by oncoviruses such as the high-risk genital human papillomaviruses (HPV)
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Figure 1. Schematic representation of the PTPN3 constructs. Numbers on both extremities indicate the
boundary residues for each construct; Numbers in italic above the schematic construct of full-length PTPN3
correspond to the boundary residues of each protein domain from Uniprot P26045.

Peptides Sequences Kp (M) Tm (°C)
p38yPBM SWARVSKETPL 26+25 45
HBVc PBM RRRRSQSRESQC 29+24 47
HPV16E6 PBM RSSRTRRETQL 53+31 52
HPV18E6 PBM RQERLQRRETQV 37£20 49

Table 1. Peptide sequences, affinities for PTPN3-PDZ and melting temperature of complexes. The errors are
the standard deviations of all the Ky, values derived from 8 to 14 curves fitted for each titration.

types 16 and 18° and the hepatitis B virus (HBV)*. HPV types 16 (HPV16) and 18 (HPV18) are responsible of
70% of cervical cancers and precancerous cervical lesions’.

The E6 proteins of HPV16 and HPV18 possess a conserved C-terminal PDZ binding motif (PBM), which
mediates interaction with some cellular PDZ domain-containing proteins. The ability of E6 to bind to PDZ
domain-containing proteins correlates with its oncogenic potential®. The PDZ domain of PTPN3 (PTPN3-PDZ)
has been identified as a target of the E6 PBM of HPV16 and 18. This PDZ-PBM interaction results in the
ubiquitin-mediated proteasomal degradation of PTPN3. Therefore, the endogenous levels of PTPN3 are particu-
larly low in HPV-positive cervical carcinoma cell lines®.

To date, the structure of PTPN3-PDZ is not known and the PDZ-mediated interactions between PTPN3 and
viral partners have not been described. Indeed, the few biophysical and structural studies on PTPN3 have focused
on the PTP domain in complex with phospho-peptide substrates derived either from the mitogen-activated
protein kinase (MAPK) p38~ (also known as MAPK12)” or the Epidermal growth factor receptor substrate 15
(Eps15)%. We have previously shown that the PDZ domain of the closely related PTPN4 inhibits its phosphatase
activity”!”. Similarly, the inhibitory role of the PDZ domain of PTPN3 on the catalytic activity has been reported
using a phospho-p38~ peptide as a substrate for kinetics experiments’.

In this study, we report the structural and functional analyses of the PDZ domain of PTPN3. We investigated
the molecular mechanism of interaction between the PDZ domain of PTPN3 and the PBM of cellular and viral
partners (Table 1), the MAP kinase p38~, the HBV core protein and the HPV E6 protein. We employed an inte-
grative approach based on biophysical, nuclear magnetic resonance (NMR) and X-ray crystallography experi-
ments. We showed that the C-terminal PBM sequences of the HPV E6 protein interact with PTPN3-PDZ with
similar affinities to those of the endogenous PTPN3 ligand p38~ and the HBV Core protein®. By solving the X-ray
structure and mapping the NMR chemical shift changes of PTPN3-PDZ in complex with the PBM of HPV 16 E6,
we identified the molecular basis of recognition of the C-terminal sequence of E6 protein and the induced pertur-
bations that spread from the binding groove.

Results
Quality control of the recombinant PTPN3-PDZ domain. Presently, there is no structural information
on PTPN3-PDZ other than that provided by homology modelling’. To bridge this gap, we performed different
structural and biophysical studies on the recombinant PTPN3-PDZ construct (Fig. 1) expressed in Escherichia coli.

To estimate the secondary structure content of the PDZ construct, we performed circular dichroism (CD)
measurements in the far-UV (195-240 nm). The PTPN3-PDZ spectrum (Fig. 2A) appeared to be of mixed
a-helix and 3-sheet content, which upon deconvolution indicated 16% a-helix and 32% (3-sheet. The second-
ary structure content extracted from the X-ray structure of the PDZ domain of its close homologue PTPN4
(PTPN4-PDZ) (PDB id 3NFK)!! is 17% «-helix and 31% (3-sheet. Thus, the PTPN3-PDZ construct presents a
secondary structure content similar to that of PTPN4-PDZ.

We assessed the tertiary folding of PTPN3-PDZ by NMR by performing '*N heteronuclear single quantum
correlation (HSQC) experiment. The high dispersion of resonances in the HSQC spectrum of PTPN3-PDZ
(Fig. 2B) is indicative of a mainly well-folded construct in solution.

Stability and oligomeric state of PTPN3-PDZ. To evaluate the stability of PTPN3-PDZ, we performed
differential scanning calorimetry (DSC) (Fig. 2C). A single endothermic peak was observed in the DSC thermo-
gram, with a thermal transition midpoint (T,,) of 41 °C. As a comparison, we performed DSC on PTPN4-PDZ.
We obtained an endothermic peak with a T,, of 47 °C (Fig. 2C). The data show that PTPN3-PDZ is less stable in
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Figure 2. Stability, oligomerization and structural characterization of PTPN3-PDZ. (A) Far-UV CD spectrum
(195-240 nm) of PTPN3-PDZ. The experimental spectrum of PTPN3-PDZ and the best fit obtained with the
CONTINLL algorithm are represented as black and red lines, respectively. (B) Superimposed 'H, "N HSQC
spectra of PTPN3-PDZ (black) and PTPN3-PDZy,, (red). (C) DSC thermograms of PTPN3-PDZ unbound
and complexed to PBM peptides. Free PTPN3-PDZ curve is shown as a black line, and PTPN3-PDZ complexed
to p38~y PBM, HBVc PBM and HPV16E6 PBM and HPV18E6 PBM curves are shown as yellow, purple, green
and red lines, respectively. The DSC thermogram of free PTPN4-PDZ is colored in blue. (D) Sedimentation
coeflicient distributions of PTPN3-PDZy.,, unbound and complexed to viral PBM peptides. The black, red,
green and purple lines correspond to PTPN3-PDZy.,, unbound and complexed to HPV18E6PBM, HPV16E6
PBM and HBVc PBM, respectively.

MW theoretical (kDa) | 10.5 10.5 10.5 12.0

MW estimated (kDa) | 12.4 11.3-25.9* | nc 13.5

Sed coef (Sg,,,20) (S) 1.5 1.5-2.6 nc 1.6

MW theoretical (kDa) | 12.7 12.7 12.7 14.1 14.1 14.2
MW estimated (kDa) 12.7 12.5 15 13.7 14.7 15.6
Sed coef (Sya0) (S) | 1.6 1.7 1.6 1.6 1.6 1.6

Table 2. Hydrodynamic parameters of PTPN3-PDZ derived from the analysis of analytical ultracentrifugation.
“Two peaks are present; nc: not calculated because of a continuum of species.

solution than PTPN4-PDZ. This thermal instability of the PTPN3-PDZ construct could be responsible for its
aggregation previously detected by NMR. Indeed, we observed a significant loss of peak intensities in the HSQC
spectrum of PTPN3-PDZ related to aggregation after 10 h at 20 °C (data not shown).

To estimate the oligomeric state of the PTPN3-PDZ construct, analytical ultracentrifugation (AUC) experi-
ments were performed (Table 2). Three different concentrations of the protein were tested, 10, 25 and 70 uM. Only
one single peak was detected at 10 uM with a sedimentation coefficient of 1.5S in agreement with a monomeric
form of 10.5kDa. At 25 M, an additional peak was detected with a sedimentation coeflicient of 2.6S correspond-
ing to a dimeric form. At a concentration of 70 uM, higher oligomeric species could be detected. Thus, the AUC
data of the PTPN3-PDZ construct reveal a concentration-dependent equilibrium between monomer, dimer and
higher oligomeric states with only monomers detected at a concentration of 10 uM.
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PBM-mediated stabilization of the PTPN3-PDZ. To check whether the PBM binding to the PDZ
domain could affect the stability of PTPN3-PDZ, we performed DSC and AUC on PTPN3-PDZ in complex
with the p38~ PBM and the viral PBMs of HBV Core and HPV 16 and 18 E6 proteins, namely HBVc PBM,
HPV16E6 PBM and HPV18E6 PBM respectively (Table 1). These PBMs have been shown to interact with the
PTPN3-PDZ**. A single endothermic peak was observed in the DSC thermograms of all complexes (Fig. 2C)
with a Tm of 45°C, 47 °C, 52°C and 49 °C for PTPN3-PDZ complexed to p38~y PBM, HBVc PBM, HPV16E6
PBM and HPV18E6 PBM, respectively (Table 1). For all the PBMs tested, an increase of 4 to 11 °C in the Tm was
observed, showing that the PBM binding onto PTPN3-PDZ stabilizes the domain, whether the PBM is of cellular
or viral origin.

In addition, AUC experiments of the PTPN3-PDZ construct at 70 uM complexed to HBVc PBM show only
one species with a sedimentation coeflicient of 1.6S corresponding to a one-to-one complex with the peptide,
without higher oligomeric species (Table 2). Thus, the PBM binding onto PTPN3-PDZ prevents oligomerization
at high concentration.

Affinities of the viral and the cellular PBMs for PTPN3-PDZ. The affinities of HPV16E6 PBM,
HPV18E6 PBM, p38~ PBM and HBVc PBM for PTPN3-PDZ were measured by NMR titration. We followed 'H,
5N chemical shift perturbations of PTPN3-PDZ signals in the "H-">N HSQC spectra as a function of increasing
concentrations of the PBM peptide to determine the dissociation constant (Kp) (Fig. S1). The p38~ PBM peptide
binds to PTPN3-PDZ with a K}, value of 26 pM (Table 1). This affinity is 16-fold lower than the one previously
reported for PTPN4-PDZ (K, of 1.6 pM)'°. We obtained Ky, values of 29 uM, 53 pM and 37 uM for PTPN3-PDZ
with HBVc PBM, HPV16E6 PBM and HPV18E6 PBM, respectively (Table 1). The Ky, values are all in the same
tenth-of-micromolar range for the viral PBMs and are close to the one of the cellular partner p38~. The measured
affinities fall in the standard 0.1-100 uM range'? for PDZ-PBM interactions. To rule out the possibility of an
effect of self-association of PTPN3-PDZ on the K}, values, we compared the K, values with the HPV16E6 and
HPV18E6 PBM peptides fitted from the NMR data with the ones estimated from the binding intensities (BIs)
obtained for the HPV16E6 and HPV18E6 PBM peptides measured from a quantitative screening assay against
the human PDZome library, in which each PDZ domain is at a concentration of 4 pM and in excess of PBM pep-
tides'?. The Bls are directly related to the Kd. For PTPN3-PDZ, the estimated Ky, values are 46 and 96 uM for the
HPV16E6 and HPV18E6 PBMs respectively, in good agreement with our experimental results.

Stabilization of PTPN3-PDZ for structural studies. The instability and tendency to oligomerize of
PTPN3-PDZ made this construct unsuitable for crystallogenesis. To gain in stability and protein expression
yield, we extended the N-terminal extremity of PTPN3-PDZ by 15-residues with its wild-type upstream sequence
(PTPN3-PDZy., in Fig. 1). These extensions have been reported to provide structural stability to some PDZ
containing proteins'>'*, The PTPN3-PDZ production yield was increased two-fold after extension from 0.9 mg to
1.8 mg of purified protein per liter of culture. The stability of PTPN3-PDZy,,, was then evaluated by NMR HSQC
spectra recorded during a week at 20 °C. Spectra show a similar pattern of resonances than in the HSQC spectrum
of PTPN3-PDZ without any signs of aggregation, such as a loss of peak intensity (Fig. 2B). The additional peaks
of the N-terminal extension residues fall in the spectral region characteristic of unfolded protein and no chemical
shift differences between PTPN3-PDZy., and the shorter form are detected. Thus, the N-terminal extension is
not structured in the PTPN3-PDZy.,, and does not interact with the PDZ domain.

In addition, one single peak was detected by AUC for PTPN3-PDZy.,, at concentrations between 17.5pM and
70 pM with a sedimentation coefficient of 1.6-1.7S, in agreement with a monomeric form of 12.7kDa (Table 2)
and devoid of higher oligomeric species. All these data indicate that the extension of PTPN3-PDZ resulted in a
stable and folded PDZ domain in solution.

AUC experiments were also performed on the PTPN3-PDZy,,, construct at 70 uM complexed to HBVc PBM,
HPV16E6 PBM and HPV18E6 PBM (Table 2 and Fig. 2D). As expected, only one species with a sedimentation
coefficient of 1.6S is detected in all cases, corresponding to a one-to-one complex.

Crystal structure of the PDZ domain of PTPN3 in complex with the viral HPV16E6 PBM. To
investigate the molecular determinants of the interaction of PTPN3 with the HPV16 E6 protein, we solved the
crystal structure of the complex formed by PTPN3-PDZy.,, and HPV16E6 PBM by molecular replacement at
2.19 A resolution (Table 3). The structure factors and coordinates have been deposited in the Protein data Bank
under accession code 6HKS.

PTPN3-PDZy. adopts a typical PDZ fold, with a 3-sandwich comprising five 3 strands and two « helices
(Fig. 3A). The PBM ligand binds in a hydrophobic cleft formed by the 32-strand, the a2-helix and the “GLGF”
loop (Figs 3A,B). HPV16E6 PBM binds to the PDZ domain as an anti-parallel extension of the 32-strand
domain in a conventional mode. There is no electron density corresponding to the N-terminal extension of
PTPN3-PDZy.,, in the crystal, which indicates a disordered region, in agreement with the NMR results that show
an unfolded extension.

We also determined a 3D structural model with the CS-ROSETTA approach'® using the *N, *C,, *CO NMR
backbone and *Cj resonances of PTPN3-PDZy,,, complexed to HPV16E6 PBM (BMRB accession number
27645). The CS-Rosetta modeling using solution NMR data revealed a very similar conformation to the crystal
structure, with a low root mean square deviation (rmsd) of 1.11 A for the backbone atoms between the crystal
structure and the averaged solution model originated from the 10 lowest energy models (Fig. 4C). Thus, 3D mod-
els of PDZ-PTPN3 determined by CS-Rosetta reveal a conformation in solution that matches the crystal structure
of the PDZ domain of the complex PTPN3-PDZy.,, and HPV16E6 PBM (Fig. 3B). The AUC sedimentation veloc-
ity was also back-calculated using the crystal structure'®. We obtained a calculated sedimentation coefficient value
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PTPN3-PDZy,,/HPV16E6 PBM
Data collection
Space group P1211
Unit cell (a, b, ¢) (A) 46.62,77.43,130.03
o f3,~() 90.00, 90.14, 90.00
Resolution (A) 46.62-2.19 (2.23-2.19)
No. of reflections (total/unique) 324034/47024
Redundancy 6.9 (6.5)
Completeness (%) 99.1(95.7)
I/o(l) 8.17 (1.11)
R-measq 0.14 (1.71)
CC(1/2) 99.6 (72.6)
Refinement
Resolution (A) 43.34-2.19
No. reflections 46869
Ryorict/ Rireek 0.195/0.245
No. of protein atoms/ligand atoms 4402/350
No. of solvent/hetero-atoms 235/9
Rmsd bond lengths (A) 0.008
Rmsd bond angles (°) 0.949
Wilson B-factors 47.6
Ramachandran plot (favored/disallowed)* | 97.4/0.4
PDB code 6HKS

Table 3. Data collection and refinement statistics. Values in parenthesis correspond to the highest resolution
shell. SRmeas = Sh(n/n — 1)V2%i |Tli(h) — (I(h))|/>h3i li(h), where li(h) and (I(h)) are the ith and the mean
measurement, respectively, of the intensity of reflection h. 'Rwork = £h||Fobs(h)| — |Fcalc(h)||/Zh|Fobsh)|,
where Fobs(h) and Fcalc(h) are the observed and calculated structure factors, respectively. No I/o cutoff was
applied. *Rfree is the R value obtained for a test set of reflections consisting of a randomly selected 5% subset of
the data set excluded from refinement. “Categories were defined by MolProbity.

of 1.59S, which is in good agreement with the experimental measurement of 1.6S. Thus, the overall structure of
the domain in the crystal is consistent with its arrangement observed in solution.

Then, we compared the PDZ domains of PTPN3 and PTPN4, which share 71% of sequence identity (Fig. 4A).
Both structures of PTPN3-PDZ and PTPN4-PDZ are highly similar, with a very low rmsd value of 0.34 A for the
backbone atoms (PTPN4 PDB ID 5EYZ)™ (Fig. 4B).

Structural insights on the recognition of the PBM of HPV16 E6 protein. The PDZ domain of
PTPN3 possesses the interaction network specific to class I PDZ domains and recognizes the consensus sequence
S/T-X-Pcoon, where X is any residue, and  is a hydrophobic residue!”. A clear electron density map was seen for
only the last seven C-terminal residues of HPV16E6 PBM (-TRRETQL ) that are inserted into the binding
groove (Fig. 3A,B). Similarly, only the last 5 or 6 C-terminal residues of PBM peptides are visible in the crystal
PTPN4-PDZ structures in complex with PBM peptides (PDB IDs 3NFL, 3NFK, 5EZO, 5EYZ in references'®!").

The interactions of the PBM residues at positions 0 and —2 with PTPN3-PDZ are quite similar to the bonding
patterns already observed in the complex between PDZ-PTPN4 and the viral peptide Cyto13-att (-GETRL. coop)
derived from the attenuated rabies virus, or the optimized pro-apoptotic 13-amino acids peptide Cyto8-RETEV
(-RETEV_coon) (PDB IDs 3NFK and 5EYZ respectively)!®!!. Indeed, the C-terminal carboxylate of the leu-
cine (L,) of the HPV16E6 PBM forms three H-bonds with the amide nitrogens of F521, G522 and F523 of the
“GLGF motif” on PTPN3-PDZ (Fig. 3B) as observed for F528, G529 and F530 of PTPN4-PDZ with the L, of the
Cytol3-att (-GETRL.coon) PBM!. The hydroxyl group of threonine at position —2 forms a hydrogen bond with
the Ne2 of the conserved histidine H572 from the a2-helix of PTPN3-PDZ (Fig. 3B). Electron acceptors such as
serine and threonine are therefore preferred at this position for the class I PDZ domains.

At position —1 of HPV16E6 PBM, the glutamine (Q_,) side chain well defined and forms a H-bond with a
water molecule that is also H-bonded to the N62 of N524 of PTPN3-PDZ (Fig. 3B), whereas it is exposed to the
solvent. Interestingly, in the complex of PTPN4-PDZ with the PBM of the glutamate receptor subunit GluN2A
(PDB ID 3NFL), which presents a D in position —1'!, the D _, forms a H-bond with the N531 side-chain amine
group of PTPN4-PDZ, the equivalent of N524 of PTPN3-PDZ.

A glutamate at position —3 (E_;) is conserved in all viral PBMs targeting PTPN3 and is also present in the one
of p38~. The side-chain carboxyl of E_; forms a bifurcated H-bond with the hydroxyl of the conserved S538 (5545
for PTPN4) and N524 (N531 for PTPN4) amine group (Figs 3B and 4A). E_j is also stabilized by hydrophobic
contacts involving its C3-C~ carbon chain and the long aliphatic side chain of K526 as observed in PTPN4 (K533)
bound to Cyto8retev (PDB 5EYZ).

Finally, the guanidinium nitrogens of arginine at position —4 (R_,) form ionic bonds with the carboxylate
oxygens of D573 (D580 in PTPN4)(Fig. 3B).
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Figure 3. X-ray structure of PTPN3-PDZy,,, bound to HPV16E6 PBM. (A) Sequence and secondary-structure
elements in PTPN3-PDZy.,.. No electron density was observed for the residues shown in gray. (B) Left panel:
Overall structure of PTPN3-PDZy,,, bound to HPV16E6 PBM displayed as a ribbon. The structure is colored
according to secondary structure elements (3-strands in blue, helices in red, and loops in white). The peptide
(in yellow) enters the PDZ-binding pocket delimited by the 32 strand, the o2 helix, and the “GLGF” loop
SGKFGF>#. Right panel: Detailed view of the PTPN3-PDZ bound to HPV16E6 PBM. Important residues are
shown as sticks in CPK colors, molecules of water are represented as red spheres, and intermolecular H-bonds
and polar contacts are shown as black dashed lines.

To determine short- and long-range perturbations in PTPN3-PDZ upon PBM binding, we analyzed by solu-
tion NMR the chemical shifts of the free PTPN3-PDZ in solution and its complex with peptide HPV16E6 PBM,
comparing their 'H, "N HSQC spectra. We assigned 97% of the HN resonances, 99% of the Cax resonances, 90%
of the C3 resonances and 89% of the CO resonances (89 non-Proline residues over 94) of PTPN3-PDZ complexed
to HPV16E6 PBM (BMRB accession number 27645). Chemical shift changes (Ad) in PTPN3-PDZ spectra upon
complex formation provide insights at atomic level on the residues involved in the interaction with the HPV16E6
PBM and on potential distal effects. Two types of signals were useful for the analysis of the 'H, '*N chemical shift
mapping (Fig. 5A): (1) signals experiencing significant chemical shift changes (A8 > 0.15 ppm); (2) signals that
undoubtedly disappear from their original well-resolved position in the spectrum upon complex formation and
are therefore severely affected when binding to the PBM (either due to large chemical shift changes or to severe
line broadening effects caused by exchange). Residues corresponding to type 1 are shown in blue in Fig. 5A,B,
while seven residues of type 2 are colored in red. Nine residues, whose behavior could not be safely defined
mainly because they fall in crowded spectral regions, are colored in gray.

As expected, we identified differences in backbone NH chemical shifts between free PTPN3-PDZ and when
bound to HPV16E6 PBM. Residues G522, G527 and H572, are among the most affected and are located in the
PBM binding site. 1559 and L590 also experience a strong effect. Indeed, they make hydrophobic contacts of 5.4 A
and 4 A with F523 and F521 of the “GLGF motif”, respectively. E589 (in red), the direct neighbor of L590, displays
perturbations both in chemical shift or intensity. Some residues of a2-helix in the binding site are affected: D573
and F578 (in blue) and V575 (in red). We find also residues such as F521 and F523 of the “GLGF” motif and D516
in the “GLGF” loop affected in their NMR resonances. D530 in the 32-(33 loop forms a H-bond with H572, which
interacts directly with the PBM peptide (position T_,).

Interestingly, G556 (in red) is part of a path of perturbation starting from G527 (in red) and G528 (in blue) at the
end of 32-strand in the binding groove, transmitted to the close V536 (in red) at the beginning of 33-strand, affected
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Figure 4. Structural comparison of the X-ray structure of PTPN3-PDZy,,, bound to HPV16E6 PBM with
PTPN4-PDZ complexed to Cyto8retev, and with the CS-ROSETTA model of PTPN3-PDZ. (A) Clustalw2
alignment of PTPN3-PDZ (top) and PTPN4-PDZ (bottom). (B) Superposition of the structures of PTPN3-
PDZy.,; bound to HPV16E6 PBM (light green/green) with PTPN4-PDZ bound to Cyto8retev (PDB 5EYZ)
(light blue/blue). (C) Superposition of PTPN3-PDZy,,, bound to HPV16E6 PBM (light green/green) with the
CS-ROSETTA model of PTPN3-PDZ (pink).

in signal intensity. The perturbation of V536 seems to be transferred to the close G556 on the 34-strand. I559 (in red)
on 34-strand is also affected, possibly experiencing the perturbation of the F523 located 5 A away of the “GLGF motif”.
Finally, the path of perturbation finishes with R595 at the C-terminus of the PDZ domain (in blue). Thus, long-range
perturbations seem to be induced upon PBM binding and transmitted through an interconnected network of residues
throughout PTPN3-PDZ. This network involves the 32, 33 and (34 strands and the C-terminus.

Discussion

PTPN3 is a PDZ domain-containing phosphatase that has been demonstrated to function as a tumor suppressor
or, conversely, as an oncoprotein in a context-dependent manner. It integrates a number of signaling pathways via
interactions mediated by its PDZ domain'®-?°. The PDZ domain of PTPN3 is also a cellular target of oncoviruses.
Until now, no structural data on this domain were available. We investigated the structural and functional proper-
ties of PTPN3-PDZ and characterized its interaction with the PBMs of one cellular partner, the MAP kinase p38~,
and of its viral partners, the HPV E6 protein and the HBV core protein. We defined in particular the molecular
basis of the PDZ-PBM interaction between HPV E6 and PTPN3.

Structural properties of the PDZ domain of PTPN3.  The crystal structure of PTPN3-PDZy,,, com-
plexed to HPV16E6 PBM reveals a typical PDZ fold with five 3-strands and two a-helices (Fig. 3A,B). It was
previously reported that some PDZ domains can be stabilized by extensions of either the N-, C-, or both termini
of a PDZ*!. These extended regions were required for correct folding and ligand binding. For example, the PDZ1
of the membrane-associated guanylate kinase inverted MAGI-1 is unstable without N- and C-terminal extensions
of 14 and 26 residues, respectively, even though these sequences are unstructured in both free and ligand-bound
states?>. Our minimal PTPN3-PDZ construct, deduced from sequence alignments with PDZ domains of known
structure (Fig. 1), started at residue 504, while the first N-terminal secondary structure element observed in
the crystal structure of PTPN3-PDZy.,,, the 31-strand, started at residue 507 and not at 510 as expected from
the sequence alignments. We showed that this PTPN3-PDZ construct is folded but unstable. We were able to
increase its stability and production yield, while decreasing its tendency to auto-associate, by the addition of an
unfolded 15-residue N-terminal extension to the minimal delimitation of PTPN3-PDZ. 3D structural models of
PDZ-PTPN3 in complex with HPV16E6 PBM determined by CS-Rosetta using backbone and *C; NMR chemi-
cal shift assignments revealed a conformation in solution congruent with the X-ray structure of the PDZ domain.

Our AUC data showed that PTPN3-PDZ auto-association is prevented by PBM binding, as already reported
for other PDZ domains?. The molecular mechanism by which PBM binding interferes with PTPN3 PDZ
auto-association remains unknown. Our NMR results on long-range perturbations upon PBM binding are con-
sistent with a network involving the 32, 33 and 34 strands and the C-terminus residues throughout PTPN3-PDZ.
This connected pathway communicates the binding event to regions that are distal to the binding cleft. These find-
ings are compatible with previous data on PDZ domains suggesting that energetic pathways within PDZ domains
may support allostery**-?’. A regulation controlled by the equilibrium between PBM binding and dimerization is
attractive since over 30% of PDZ domains are known to form dimers in solution®.
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Figure 5. Adbetween free PTPN3-PDZ and PTPN3-PDZ bound to HPV16E6 PBM. (A) A¢d values (*H, 1°N)
computed as AS = [(ASH)?+ (ASN*0.15)%] /2. The dashed black line represents the threshold used to determine
the perturbed region with A& > 0.15 ppm; blue circles mark residues perturbed with A% > 0.15 ppm; red circles
mark residues with no resonance in free PTPN3-PDZ; grey circles mark residues whose behavior could not

be safely defined, mainly because they fall in crowded spectral regions. (B) Two views of the structure of
PTPN3-PDZ bound to HPV16E6 PBM (PDB ID 6HKS) with different colors depending on A§ values. Blue:
A$>0.15ppm,; red: resonances absent from the free PTPN3-PDZ spectrum; grey: residues whose resonances
fall in crowded spectral regions. HPV16E6 PBM peptide is represented in yellow. Side chains of affected residues
are represented as sticks.

The PDZ domain of PTPN3 as a target of viruses. We showed that the viral PBMs interact with
PTPN3-PDZ with similar affinities to that of the endogenous PTPN3 ligand p38~. Despite variations in the PBM
sequences, all the affinities fall in the 25-55 M range (Table 1), in agreement with affinities previously reported
for HPV E6 PBM PDZ binders'?. This result is consistent with the hypothesis of a competition between cellular
PBM-containing partners and PBMs on viral proteins to bind PTPN3 and hijack signalling pathways in infected
cells. E6 binding to PTPN3 should be favoured in HPV infected cells since E6 is highly expressed in HPV-derived
cancer cells. Only the C-termini of E6 oncoproteins in high-risk HPV strains contain PBMs, and this is a marker
of high oncogenic potential. The presence of a PBM on E6 confers the capacity to interact with various cellular
PDZ domain-containing proteins including PTPN3%. Furthermore, this interaction causes degradation of most
of its targets through the ubiquitin-proteasome pathway®. Therefore, PDZ-protein interactions with E6 PBM
not only disrupt protein—protein interactions but also promote degradation of the PDZ-containing protein. Our
results raise the question of how specificity is achieved in this interaction, and whether or not PTPN3 PDZ
domain is able to discriminate its binding partners.

Molecular basis and specificities of the interaction with the PDZ domain of PTPN3.  The crystal
structure and the NMR chemical shift mapping of PDZ-PTPN3 in complex with the PBM of the E6 oncogenic
protein of HPV16 highlight the main structural determinants of recognition of the C-terminal sequence of the
E6 protein. HPV16E6 PBM binding to PTPN3-PDZ is consistent with the binding mode observed for canonical
class IPDZ domains, where Ly and T_, are involved in key interactions with the PDZ domain. Indeed, L, interacts
with the conserved GLGF motif, which is crucial for the hydrogen bond coordination of the terminal carboxylate
group during the PDZ domain-PBM ligand interaction. Moreover, the T_, forms a hydrogen bond with a con-
served Histidine or Arginine in the PDZ domain, signature of class I PDZ domains'*?!. The histidine, H572 in
PTPN3, is very well conserved in the PTPN3 and PTPN4 orthologs (Fig. 6), and was also identified as a preferred
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Input_pdb_ATOM_A/518-597 518 D:
UniRef90_UPI000854D815_17_928/521-600 521 EG
UniRef90_W5MCR7_24_955/538-617 538 E
UniRef90_UPI000A3387B2_276_880/210-289 210 D;
UniRef90_UPIO009E43500_23_931/514-593 3|
UniRef90_UPI0004575161_1_938/543-622
UniRef90_F7DD38_131_1042/516-595
UniRef90_H3A3G9_1_871/475-554
UniRef90_L5LFC3_1_847/518-597
UniRef90_I3JFM2_6_893/499-578
UniRef90_AOATW5AIM7_1_927/539-618
UniRef90_UPIO00CD5EDC2_1_845/519-598
UniRef90_UPIO0045E46FB_1_890/495-574
UniRef90_H2TCI9_3_900/507-586
UniRef90_G3UGS4_87_679/198-277

UniRef90_ AOA287CSIQ 1_651/518-597
UniRef90_G3P3G4_4_894/499-578
UniRef90_UPI00074FC289_23_935/521-600
UniRef90_G3W2F3_1_688/292-371
UniRef90_UPI000DF6BBC3_1_704/518-597
UniRef90_UPI00033154AB_1_912/518-596
UniRef90_M4AFA1_21_908/490-569
UniRef90_G1KG45_23_927/511-590
UniRef90_H2LYV7_3_875/483-562
UniRef90_F7BD43_1_921/525-604
UniRef90_A0A091U835_14_726/478-557
UniRef90_UPI0007045AD7_47_994/552-631
UniRef90_A0A1W4ZB12_1_924/528-607
UniRef90_F6WK37_1_921/525-604
UniRef90_H3CQ44_1_925/530-609
UniRef90_UPI000CD62DB1_1_922/527-606
UniRef90_A0A2U9C8F2_1_921/530-609
UniRef90_A0A2/4CB33_1_921/529-608
UniRef90_Q8JFS7_1_913/523-602
UniRef90_UPIO007AD3FA3_1_899/504-583
UniRef90_G3H5E1_1_910/525-604

UniRef90_. AOA1SSP076 1_927/532-611
UniRef90_H2N2X7_1_925/532-611
UniRef90_UPIO00BAA2E16_1_931/557-636

IPI0006966D2D_109_960/454-533454 N
IPI000551C031_1_917/524-603 524 H

UniRef90_A0A060Y1S1_1_921/530-610
UniRef90_Q4SQ75_108_956/476-555
UniRef90_UPIO00BAF413C_49_959/513-592 513 Q
UniRef90_AOA2CIK4N6_25_956/540-619

UniRef90_UPI0009750821_46_987/544-623 544 Q
UniRef90_UPI000A28261C_146_869/329-408 329 N
UniRef90_W5K801_1_807/525-604
UniRef90_A0A226NDI4_108_872/372-451
UniRef90_V9KJE2_1_716/525-604
UniRef90_UPI0007B9D45D_161_857/301-380301 N
UniRef90_F7FW16_14_580/172-251 1728
UniRef90_UPI00071D427C_305_951/252-331252 Q
UniRef90_UPI0006441C7D_1_658/523-602 523 H
UniRef90_UPI00044008BE_1_609/532-609 532 N
UniRef90_T1J8E8_278_884/214-293 214 Q)
UniRef90_AOA1S3MR04_364_943/169-249 169 Q
UniRef90_UPIO006D8FD4E_137_704/433-512433 N

residue for E6 binding by the alignment of 209 PDZ domains ranked according to their highest E6 binding inten-
sity, as determined by a high-throughput assay'?

At position —1 of HPV16E6 PBM, a glutamine forms a H-bond with a water molecule that is also H-bonded
to the N524 of the PDZ domain of PTPN3, whereas the N531 of PTPN4 forms a H-bond with the D in position
—1 in the PBM of the cellular partner GluN2A-16"". This asparagine is very well conserved in the orthologs of
PTPN3 and PTPN4, while a serine or threonine is more commonly found at this position in the PDZome.

N524 and S538 (S545 for PTPN4) form also H-bonds with the E in position —3 of the HPV16E6 PBM (Figs 3B
and 4A). 538 and N524 are strictly conserved in PTPN3 and PTPN4 orthologues, with only 2 and 1 exceptions
respectively (Fig. 6); although in the PDZome, S or T residues are often located at this position 524, and in posi-
tion 538, we often find S or T but also K, H, Q and R. E_; is also stabilized by K526 in PTPN3. This K is conserved
in PTPN3 and PTPN4 orthologues but only a few K are present at this position in the human PDZome and I,
V, A, S and M are more often found. We previously reported that one single mutation (Q to E) at position —3 of
the PBM of the envelope G protein of rabies virus (RABV) switches the fate of the infected cell from survival to
apoptosis®*”. Indeed, the Q to E change increases the number and change the pattern of cellular partners for the
PBM in the infected cells, enabling the attenuated RABV strain G protein to interact with PTPN4 inducing cell
death. PTPN4-PDZ is able to discriminate between these peptides, displaying a substantially higher affinity for
E rather than Q in position —3. Altogether, these observations and the fact that a glutamic acid is often found
in position —3 in all PBMs interacting with PTPN3 and PTPN4>%!01119.203233 gyggest that interactions with this
E in position —3 are a critical determinant of specificity of PDZ/PBM interaction in the NT5 group comprising
PTPN3 and PTPN4 phosphatases.

Finally, the arginine in position —4 is linked by ionic bonds to D573 in PTPN3-PDZ (D580 in PTPN4-PDZ)
complexed to HPV16E6 PBM. This interaction is most likely maintained in the complexes with viral HPV18E6
PBM, HBVc PBMs, and even with the p38~ PBM, which presents a lysine instead of an arginine. D573 is well
conserved in the orthologous PTPN3 and PTPN4 with only 3 exceptions, yet it is not the most frequently found
amino acid at this position in the human PDZome. It might also be a specificity determinant common to the PDZ
of PTPN3 and PTPN4 phosphatases. These two closely-related non-receptor PTPs that compose the NT5 sub-
family emerged in holozoa® and duplicated in vertebrates with 54% of sequence identity, which rises to 71% for
their PDZ domains. However, the expression pattern, substrates and interacting partners of PTPN3 and PTPN4
have a limited overlap.
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Methods

Production and purification of recombinant proteins and PBM ligands. PTPN3-PDZand PTPN3-
PDZy. (Fig. 1) are encoded as an N-terminal gluthathione S-transferase (GST) tagged protein in a pDEST15
expression plasmid and a pGST//2 (derived from pGEX-4T-1; Amersham) expression plasmid respectively. A
TEV cleavage site is introduced between the N-terminal tag and the protein sequence. The vectors were used
to transform E. coli BL21 Star (DE3) star cells (Invitrogen, Carlsbad, CA, USA). Uniformly *N-labeled, *C,
1°N-labeled and unlabeled PTPN3-PDZ and PTPN3-PDZy.,, constructs were expressed and purified as previ-
ously described’.

Briefly, harvested cells were resuspended in buffer A (50 mM Tris/HCI, pH 7.5, 150 mM NaCl), 2mM
3-mercaptoethanol and protease inhibitor cocktail (Roche), and then disrupted in a French press. The clarified
supernatants were loaded onto a GST column (GSTrap HP, GE Healthcare) and washed with the same buffer.
The GST tag was cleaved by overnight incubation at 4°C by TEV protease (1% mol/mol) directly injected into
the column. The eluted fractions containing the protein were pooled and loaded onto a size exclusion column
(HiLoad Superdex 75 pg; GE) equilibrated with buffer A with 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP).
For crystallogenesis of PTPN3-PDZy.,,, the same protocol was followed, replacing the Tris/HCl in buffer A by
20 mM HEPES pH 8 on the size exclusion chromatography step. Purified proteins were concentrated using cen-
trifugal filter devices (Vivaspin, Sartorius). Protein concentration was estimated from its absorbance at 280 nm.

The peptides, p38~ PBM, HBVc PBM, HPV16E6 PBM and HPV18E6 PBM, were synthesized in solid phase
using Fmoc strategy (Proteogenix) and resuspended in H,O.

CD experiments.  All CD measurements were acquired with an Aviv 215 spectropolarimeter. Far-UV (195-
240 nm) spectra were recorded at 25 °C on 8.4 pM PTPN3-PDZ samples in a cylindrical cell with a 0.2-mm path-
length. Ellipticity was measured every 1 nm. The final spectrum of the protein sample was obtained by averaging
three successive scans and subtracting the baseline spectrum of the buffer recorded under the same conditions.
The CONTIN program was used for quantitative decomposition of the far-UV CD spectrum®.

NMR experiments. The NMR samples for the PTPN3-PDZ and PTPN3-PDZy.,, constructs were prepared
in buffer A with 0.5mM TCEP and D,0O (5-10% vol:vol). All NMR experiments were performed on a 600-MHz
Varian NMR System spectrometer equipped with a triple resonance 'H{**C/'*N} cryoprobe.

The NMR titration experiments to measure PTPN3-PDZ-PBM peptide affinities and the NMR experi-
ments for backbone assignment of PTPN3-PDZ in complex with HPV16E6 PBM were performed with the
PTPN3-PDZ construct at 15 °C. Briefly, the unlabeled peptides (stock solutions ranging from 2.8 to 5.7 mM)
at pH 7.5 were added stepwise in a sample initially containing 240-260 pL of '’N-labeled PTPN3-PDZ at
a concentration of 95 or 149 pM. A series of 'H, >’N HSQC spectra was recorded for the different titration
points. Chemical shift changes were calculated using the free PTPN3-PDZ signals as a reference. Chemical
shift differences in the cross-peaks by titration were calculated using the relationship: A = ((Adyy)? + (0.
15 x Aby)?)"> where Adyy and Ady are changes in the 'H and >N chemical shifts in ppm, respectively. The
weighting factor of 0.15 was used to adjust the relative magnitudes of the amide nitrogen chemical shift
range and the amide proton chemical shift range. Signals broaden in the moderate fast-exchange regime
observed with PTPN3-PDZ and the PBM peptides, increasing the experimental errors on the chemical shift
measurements used for the fitting of the Kd. The following of chemical shift changes during titrations and
the fitting of curves were performed with the CcpNmr Analysis software®®. A pool of 8 to 14 peaks with the
best fit for each titration were kept to deduce the K, and the errors are the standard deviations of all the K,
values fitted from the curves.

The sequence specific 'HY, 1N, 3C®, 13C% and *CO resonance assignments were performed using
TROSY-based versions of the following experiments: 2D 'H, "N HSQC and 3D HNCO, HNCA, HN(CO)CA,
CBCA(CO)NH and HNCACB. The spectra were processed with NMRPipe®” and subsequently analysed in
CcpNmr Analysis software®®. The chemical shifts have been deposited in the BioMagResBank (BMRB) under
accession number 27645.

A series of 'H, "N HSQC spectra was recorded over a week at 20 °C for a sample of PTPN3-PDZ.,. at 170 uM
to follow the stability of the construct.

DSC experiments. DSC experiments were carried out on a Microcal VP-capillary DSC (Malvern). 18, 21,
94 and 28 uM of PTPN4-PDZ, free PTPN3-PDZ, free PTPN3-PDZy.,, and PTPN3-PDZ complexed with pep-
tides respectively were scanned from 10°C to 90-100 °C with a scan rate of 200 °C/h. Large excess of peptides
were used: about 600 uM for p38~ PBM, about 300 uM for HBVc PBM and HPV16E6 PBM and about 200 pM
for HPV18E6 PBM. The buffer A was repeatedly scanned to ensure a stable buffer baseline. The buffer baseline
was subtracted from the protein thermogram. Subsequent to normalization of the data by the protein concentra-
tion, a non-linear curve fitting algorithm was employed to obtain the Tm of the transition. All experiments were
repeated three times.

AUC experiments. Sedimentation velocity experiments were carried out at 20°C using a Beckman Coulter
XL-I centrifuge equipped with a AN60-Ti rotor. Various protein and protein-peptide complex concentrations
(protein concentrations ranging from 12.5 to 70 uM) samples were centrifuged for 17 h at 42000 rpm. Data were
analyzed with SEDFIT 15.1 using a continuous size distribution c(S) model. The partial specific volume, the vis-
cosity and the density of the samples were calculated with SEDNTERP. The processed data were used to obtain
values of sedimentation coeflicients at null concentration in our experimental conditions (S0) and to get the
standard sedimentation coeflicients in water at 20 °C (S,,,2,) (Table 2).
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Crystallisation, data collection, and structure determination. The HPV16E6 PBM peptide used for
co-crystallization was added in excess to form >95% of the complex with the protein. The PDZ domain-peptide
complex for crystallization was generated by mixing PTPN3-PDZy.,, and the peptide at a ratio of 1:2. Initial
screening of crystallization conditions was carried out by the vapor diffusion method using a MosquitoTM
nanoliter-dispensing system (TTP Labtech). Sitting drops were set up using 400 nL of a 1:1 mixture of each
sample protein and crystallization solutions (672 different commercially available conditions) equilibrated
against a 150 pL reservoir in multiwell plates (Greiner Bio-One). The crystallization plates were stored at 4°C in
a RockImager1000® (Formulatrix) automated imaging system to monitor crystal growth. The best crystals were
obtained by mixing 200 nL of PTPN3-PDZy.,- HPV16E6 PBM complex solution (concentration of the PDZ
domain at 4.8 mg/mL) in 20 mM HEPES pH 8, 150 mM NaCl, 0.5 mM TCEP mixed with 200 nL of reservoir solu-
tion containing 20% w/v PEG 3350, 0.2 mM KI at pH 7. Crystals were then flash-cooled in liquid nitrogen using
Paratone-paraffin 50%(V/V)/50%V/V) oil as the cryoprotectant.

X-ray diffraction data were collected at a wavelength of 0.979 A on the beamline PROXIMA-2A at Synchrotron
SOLEIL (St. Aubin, France). The data were processed with XDS*® and Xdsme?’, and other programs from the
CCP4 suite®. The structures were solved by molecular replacement with PHASER*! using the search atomic
model of PTPN4-PDZ (PDB ID 5EZ0). The locations of the bound peptides were determined from a F,-F, dif-
ference electron density maps. Models were rebuilt using COOT*, and refinement was done with phenix.refine
of the PHENIX suite®’. The overall assessment of model quality was performed using MolProbity*!. The crystal
parameters, data collection statistics, and final refinement statistics are shown in Table 3. All structural figures
were generated with the PyMOL Molecular Graphics System, Version 1.7 (Schrédinger).

Sequence alignment. Sequence of PTPN3 (accession number NP_002820.3) was used as query on the
InterEvolAlign server® to retrieve one single homolog per species assessed as probable ortholog through a recip-
rocal blast search procedure against the non-redundant database. Retrieved full-length sequences were re-aligned
using MAFFT* and displayed using Jalview*’.

Data Availability
All data generated or analysed during this study are included in this published article.
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5.3 Comments

In this article, we present the first structural data on the PDZ domain of PTPN3, as
well as data on binding affinity for its PDZ partners. Although several screenings to obtain the
crystallization conditions for the unbound PTPN3-PDZ were performed, I was unable to
obtain protein crystals. I used protein concentrations ranging from 4 mg/mL to > 10 mg/mL,
temperatures of 18 °C and 4 °C, and a large range of crystallization buffers. Some PDZ
domains fail to crystalize in the free form because of higher flexibility/dynamics of the
unbound form compared to the complex with a PBM. This could be also due to the tendency
of PDZ domains to auto-associate' *. We found that ligand binding prevents auto-association
of PTPN3-PDZ, something that had been previously observed in our lab for another PDZ

171
domain'’

. Most likely, the ligand binding induces changes the dynamics of the PDZ domain
and stabilizes the monomeric form at increasing concentrations, facilitating the crystallization
process.

Another point worth discussing concerns the measurement of the binding affinities.
NMR titration has the advantage of providing information on the state and folding of the
labelled protein at every titration point. Moreover, as we showed in our article, the titration
lead us to identify the residues involved in the binding of the ligand, the assignment of the
backbone resonances being available. However, in our case, the errors on the affinities values
introduced with this technique are quite large because of signal broadening in the moderate
fast-exchange regime observed by NMR with PTPN3-PDZ and all the peptides, which
increases the experimental errors on the chemical shift measurements used for the calculation
of the Kps. In addition, we fitted several titration curves simultaneously (i.e., following the
chemical shift of various signals on the spectra) to estimate the K,”**. We used 8 to 14 curves
for each titration to deduce the K, and calculated the standard deviation.

Before I joined the project, it was attempted to obtain these measurements by
Microscale Thermophoresis and Isothermal Titration Calorimetry. NMR titration proved to be
the most efficient way to obtain the affinities. The affinities of PTPN3-PDZ for its ligands fall
in the expected tenth-of-micromolar range, and that they are comparable among each other.
Moreover, the values obtained by NMR are consistent with those calculated from the binding

intensities of the holdup assay (developed in section 7.2).
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5.4 Additional results: Kinetic studies of PTPN3

5.4.1 Context

PTPN3 is composed of three domains: a N-terminal FERM domain, a central PDZ
domain and a C-terminal PTP domain (figure 5.1). When PTPN3 was first purified and
biochemically characterized, it was observed that the proteolytic cleavage of the protein
increased its catalytic activity’®. PTPN3 is 913 amino acids long, and the linker that connects
the FERM and PDZ domains is about 200 amino acids long predicted mostly unstructured,
and thus susceptible of being cleaved by proteases. Indeed, the FERM-PDZ linker was shown
to be cleaved in vitro by trypsin, releasing a fragment of around 50 kDa that corresponds to
the PDZ and PTP domains®. Further cleavage resulted in the apparition of a fragment of 39
kDa, and N-terminal sequencing indicated that this fragment started at residue 601, thus
encompassing the PTP domain. This separation of the PTP domain was concomitant with an
increase of the phosphatase activity’®. At the time that these experiments were performed,
PDZ domains had not been identified, and it was only known that some proteins presented a

conserved GLGF motif with unknown functionality.

29 312 507 596 646 901

PTPN3 1_| FERM —— Poz | PTP |—913
PTPN3-PDZ 504 57

604 913

PTPN3-Linker-PTP — PTP +
627 913

PTPN3-shLinker-PTP _| PTP I_
504 913

PTPN3-Bidomain { poz }— PTP +

Figure 5.1: Schematic representation of the PTPN3 constructs. The numbers on both extremities
indicate the boundary residues for each construct. The numbers in italic above the schematic construct
of full-length PTPN3 correspond to the boundary residues of each protein domain.

More recently, it has been reported that the PDZ domains of PTPN3 and of its

homolog PTPN4, exert an inhibitory effect on the catalytic activity of the adjacent PTP

70,198

domain . It was shown in our lab for PTPN4 that binding of a PBM partially releases this
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catalytic inhibition'”® and that the linker between the PDZ and the PTP is necessary for the
regulation by both the PDZ domain and the PBM'***°. PTPN3 has various reported PDZ
ligands, and is targeted through its PDZ domain by oncogenic viruses that encode PBMs.
However, it has not been studied whether these interactions have an effect on the catalytic
regulation.

To further understand the regulatory role of PTPN3-PDZ, we characterised the kinetic
parameters of PTPN3 catalysis, and studied the inhibition by the PDZ domain and the
potential effects of PBM binding. Four constructs of PTPN3 were expressed in E. coli and
purified: PTPN3-Bidomain, PTPN3-linker-PTP, PTPN3-shLinker-PTP (short linker, missing
23 residues) and PTPN3-PDZ (figure 5.1). In all experiments, the phosphatase activity was
assessed using the synthetic nonspecific phosphatase substrate p-nitrophenyl phosphate
(pNPP), whose hydrolysis into p-nitrophenol (pNP) by phosphatases can be followed

spectrophotometrically at 410 nm.
5.4.2 Results

5.4.2.1 Kinetic parameters of PTPN3. Effect of the PDZ domain

First, the kinetic parameters of the dephosphorylation reaction catalysed by PTPN3-
Bidomain and PTPN3-linker-PTP were analysed. The initial reaction rates were measured
independently at pH 7.5 and at 25°C for a 1 to 10 mM range of pNPP concentrations. The
dephosphorylation reaction followed Michaelis-Menten kinetics and exhibited a substrate
inhibition effect at high concentrations of pNPP (figure 5.2.A). The experimental data was
therefore fitted to a corrected Michaelis-Menten equation to take into consideration this
inhibition. The Michaelis constant (Ky) and the turnover number (k) derived from adjusting
the experimental data to this model are listed in table 5.1. In agreement with previous reports,
the catalytic activity of PTPN3-Bidomain was lower than the one of PTPN3-linker-PTP. We
observe that the PDZ domain affects mainly the k., reducing it by half (3.0 £ 0.1 stvs1.5+
0.1 s™") (table 5.1), whereas the Ky that reflects the affinity for the substrate is unaffected. The
Ky is weak with a value around 1 mM, meaning that the enzyme is saturated at only high

substrate concentrations.
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Figure 5.2: Regulation of the phosphatase activity of PTPN3 by its PDZ domain. (A) Michaelis-
Menten plots of the initial rates of pNPP hydrolysis by PTPN3 constructs. The K, and kcat constants

were deduced by fitting the data to a modified Michaelis-Menten equation, taking into account the
substrate inhibition observed at high concentrations of pNPP. The data and error bars are
representative of three independent experiments. The curves are nonlinear fits to a substrate-inhibition
equation. (B) Initial rates of pNPP dephosphorylation at 25 mM pNPP by PTPN3-linker-PTP, PTPN3-
linker-PTP pre-incubated with PTPN3-PDZ, and PTPN3-Bidomain. PTPN3-linker-PTP and PTPN3-
Bidomain were at a concentration of 75 nM, while PTPN3-PDZ was added at a concentration of 6 uM.

¢

10

Linker-PTP
shLinker-PTP
Bidomain + PBM-16E6
Bidomain + PBM-HBc
Bidomain + PBM-p38y
Bidomain + PBM-TACE

Bidomain

The data and error bars are representative of three independent experiments.

Table 5.1: Kkinetic parameters of hydrolysis of pNPP by PTPN3 constructs. The data are

representative of three independent experiments.

Construct Ky (mMM) kot 8" keadKm

Linker-PTP ,0£0,1 3,0+0,1 2941 +241
shLinker-PTP 1,2+0,1 3,2+0,2 2706+ 340
Bidomain 0,8+0,1 1,5+0,1 1848+234
Bidomain + PBM-HBc 1,3+£0,1 1,601 1233+151
Bidomain + PBM-E6 0,8+0,1 1,5+0,1 2000+ 180
Bidomain + PBM-p38y 1,2+03 1,7+0,2 1397+346
Bidomain + PBM-TACE 0,9+0,2 1,7+£0,1 1874+490
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5.4.2.2 Effect of the binding of PBM ligands to PTPN3-Bidomain

To test whether the binding of a PBM ligand to the PDZ domain releases the catalytic
inhibition, we added to PTPN3-Bidomain peptides comprising the PBMs of HPV 16 E6
(PBM-16E6), HPV 18 E6 (PBM-18E6), HBV core (PBM-HBc), and the cellular PTPN3
partners TACE (PBM-TACE) and p38y (PBM-p38y) (table 5.2). As the binding affinity of
PTPN3 for PBM peptides we reported in our article was calculated using the PTPN3-PDZ

30 1 validated that the interaction is not affected in the context of the Bidomain,

construct
using PBM-38y to measure the interaction by isothermal titration calorimetry. Indeed, I
confirmed that PTPN3-Bidomain binds PBM peptides with micromolar affinity. Then, a large
excess of each peptide was incubated with PTPN3-Bidomain for 30’ at 25°C, and the initial
rates of the dephosphorylation reaction were measured in the same range of pNPP
concentrations. For all peptides, as in the unbound Bidomain, there is a 0.5-fold decrease in
keat compared to PTPN3-linker-PTP, while the Ky remains largely unaffected (table 5.1).
Accordingly, the specificity constants (k../Km) of the complexed Bidomain decrease by 1.5-
and 2.4-fold in comparison with the unbound Bidomain. These data confirm the existence of
an auto-inhibited state of the enzyme in the Bidomain construct. The binding of PBM ligands

of either cellular or viral origin did not affect the regulation of the PTP activity by the PDZ

domain in the conditions assayed.

Table 5.2: Affinities of the synthetic PBM peptides. The sequences and nomenclature of the
synthetic peptides comprising the PBMs of HPV 16 E6 (PBM-16E6), HPV 18 E6 (PBM-18E6), HBV
core (PBM-HBc), TACE (PBM-TACE), and p38y (PBM-p38y) are indicated. The Kp values
correspond to the complex between PTPN3-PDZ and each peptide determined by "N-HSQC NMR
titration.

Peptide Sequence Kp (pM)
PBM-16E6 RSSRTRRETQL 53 +31
PBM-18E6 RQERLQRRETQV 37 +20
PBM-HBc RRRRSQSRESQC 29 £ 24
PBM-p38y SWARVSKETPL 29 £ 24
PBM-TACE  RQNRVDSKETEC 30+ 17

Additionally, we observed that the PTPN3-shLinker-PTP construct, in which the
linker lacks the 23 N-terminal residues (figure 5.1.) has the same catalytic activity than
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PTPN3-Linker-PTP, with the complete linker (figure 5.2 and table 5.1). This indicates that the

linker alone is not sufficient for the inhibition to take place.
5.4.2.3 Role of the interdomain linker

Next, we assessed whether the linker that connects the PDZ and PTP domains is
required for the catalytic regulation to take place, as observed for PTPN4. For this, we
measured the hydrolysis of pNPP at a fixed concentration of 2.5 mM and at 25°C, where the
Bidomain and linker-PTP constructs exhibited the highest initial rate of reaction (figure
5.2.A). We compared the initial rate of the reaction for PTPN3-Bidomain, PTPN3-linker-PTP,
and for PTPN3-linker-PTP with PTPN3-PDZ added in trans in large excess (molar ratio 80:1)
and incubated for 1h at 4°C. We observed similar initial reaction rates for PTPN3-Linker-PTP
with and without PTPN3-PDZ added in trans (figure 5.2.B) whereas as expected, the
Bidomain presents a lower initial rate. These results indicate that the regulatory mechanism is

not trans-acting and requires the two domains to be covalently linked.
5.4.3 Discussion and perspectives

Protein-protein interaction modules like PDZ domains are often found in combination
with catalytic domains, where they can impact the biological function of a protein by
enhancing substrate specificity or targeting the protein to macromolecular complexes. PTPN3,
for example, although lacking a ‘kinase interaction motif’ is still able to specifically
dephosphorylate the MAPK p38y thanks to the recognition by its PDZ domain of the C-
terminal PBM of p38y®®. There is an increasing awareness that non-catalytic scaffold domains
can, in some cases, perform direct regulatory functions on the catalytic domain to which they
are linked, exceeding their traditional roles as inert binding domains. A well-documented case
is the regulation of the catalytic activity of the tyrosine phosphatase SHP-2 by its two SH2
adjacent domains®*'. The unbound N-terminal SH2 domain of SHP-2 interacts with the
phosphatase domain, sterically blocking the active site in an open but inactive conformation,
preventing the closure of the WPD loop resulting in competitive inhibition. The binding of a
phosphoprotein ligand to the SH2 domain triggers allosteric conformational rearrangements
that prevent binding of the complexed SH2 to the PTP domain, releasing the inhibition®*'. The
SH2 domain thus works as an allosteric molecular switch. Similarly, the PDZ domain of
PTPN4 locks the phosphatase in an auto-inhibited conformation, and the catalytically active

198

state is restored upon binding of a PBM . Both the inhibition and release of inhibition
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processes occur through long-range intramolecular allosteric mechanisms that require the
covalent binding of the two domains. In the case of PTPN4, the inhibition is non competitive
(both k. and Ky affected, the specific activity decreases).

Here, I performed a kinetic characterization of the phosphatase activity of PTPN3 in
the context of the isolated PTP domain and the PDZ-PTP bidomain construct. The PDZ
domain inhibits the activity of the adjacent PTP domain by decreasing the turnover number,
without affecting the affinity for the substrate. This indicates that the PDZ domain is not
blocking the accessibility of the phosphatase substrate to the PTP active site. Therefore, the
inhibition is non competitive, as found for PTPN4. Similar studies of PTPN3 activity were
done using phosphorylated full-length p38y, which is both a substrate of PTPN3 and a ligand
of its PDZ domain through a PBM found in its C terminus’’. It was observed that the Ky is
lower with the Bidomain compared to the PTP (Ky of 3 uM and 16 uM respectively), which
can be attributed to the presence of the PBM.

We were interested in exploring whether PTPN3 features a similar allosteric inhibitory
mechanism as PTPN4. We have previously shown by sequence analysis of orthologues that a
conserved hydrophobic FQYT sequence in the PDZ-PTP linker in PTPN4 is implicated in the
regulation’
PTPN4 (figure 5.3). The linker of PTPN4 is largely unstructured and flexible as monitored by
NMR, yet resistant to proteolysis, which could indicate that it interacts with the PTP and PDZ

. However, these positions are not strongly conserved between PTPN3 and

domains with enough frequency to protect it against proteolysis® . On the contrary, secondary
structure prediction indicates that the linker of PTPN3 is likely to feature a a-helical region
(figure 5.4). We also found that in purified PTPN3-Bidomain samples, the linker is sensitive
to proteolysis even in the presence of protease inhibitors (figure 5.5), indicating that it is
predominantly exposed. This could be an indication that the linker does not actively
participate in the regulation by interacting with the PTP or PDZ domains. This is supported by
our observation that the PTPN3-shLinker-PTP construct, which features a truncated linker,

displays the same catalytic activity as PTPN3-Linker-PTP, in which the linker is complete.

100



Input_pob_ATOM_A/T-213
UniRefo0_LP0005S4D 815_17_8281.912
UniRef90_WSMCRT _24_9351-332
UniRefa0_UPI000G4F22AT_99_868/1-790
UniRef90_QBGRKT_1_0181-018
UniRef90_ADA 1L/8D 813 _1_0257-925
UniRef90_UPO00E£I 500_23_031M1-909
UniRef90_LIPI0004ST 5167_1_938'7-038
UniRef90_FTDD38_131_14211-912
UmiRef90_HIAIGE_1_67 41-671
UniRef90_L SLFCI_1_84771-847
UniRefS0_A DA 03 TRASS_1_9091-909
UniRef90_3FM2_6_893/1-868
UniRef90_ADA TWSAIMT _1_927/1-027
UniRefo0_LI3IPBO_d4d_070r1-927
UniRefa0_UPOOMSEH6FE_1_B90'-080
UniRlef00_H2TCI9_3_900r1-898
UniRef90_G3UGSS_BT_67W1-503
UniRef90_GIPIG4_+4_0947-881
UniRef0_LIRO0OT 4F 02 89_23_9351-913
UiniRefI0_UPI0006ET CD 10_2_68971-686
UniRef90_G3WIF3_1_6661-680
UniRef90_UPI00033 1 54AB_1_012/1-912
UmiRaf90_M3 Y7M0_8_994/1-913
UniRefS0_MAFA1_21_008/1-888
UniRlefO0_ADA1622434_1_913/1-913
UniRef90_GINGLS_13_927/1-905
UniRef90_HIL YVT_3_8T 51-873
UniRefO0_FTED43_1_92W1-921
UmiRef90_F1LQ0S_106_10157-913
UniRefS0_ADAOS1LE3S_14_T264-713
UniRef90_UPI0003 C45311_23_948/1-926
UniRef90_UIPI00042 CEO46_1_702/1-702
UniRef90_A0A 1WHZB12_1_024/1-024
UniRef90_W3M1G6_1_801-920
UniRef0_F 6WHK37_1_021/1-021
LiniRef20_LPI0007 04 58D T_47_90a/r-048
UniflePo0_A DA 1\ARKSXD_34_D567-923
UiniRlef90_H2SKS8_1_92 81-928
LiniRef90_AM 1ATYABT_1_92 019-321
Uniflef00_Q6NRPS_1_924/1-921
UiniRef90_LPI00080367EC_1_004/1-92¢
UniRef90_Q&FST_1_9131-913
UniRefI0_LAPD00TADIFA3_1_899/1-899
UniRef0_GIHSET_1_910/1-970
UniRef90_AOA 183P0T6_1_927/-027
UniRef00_HINI X7 _1_925/1-925
UniFlef90_A DR 1 WSB4HE_1_003/1-903
LiniRefI0_LPID00BO3 5F70_24_046/1-923
UniRef00_LIMO008S1CICO_2_93871-937
UniReD_S4R7XT_1_S421-942
UiniSef90_01MTL1_1_919/4-919

Q

Figure 5.3: Sequence alignment of the PDZ-PTP linker of PTPN3 and PTPN4 homologs. The
sequences of PTPN3 homologs are shown on the top, and those of PTPN4 (highlighted in grey) are
below. The black box indicates the conserved FQYI sequence in PTPN4 homologs. The red triangles
above the PTPN3 sequence indicate the conserved V599, F602, and F615 positions.
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Figure 5.4. Secondary structure prediction for the PTPN3 PDZ-PTP linker. (A) Consensus
secondary structure predictions for the PTPN3 linker. For the different softwares used: h is the
prediction of a-helix, e of B-strand, and ¢ of unstructured (http://npsa-pbil.ibcp.fr). (B) Disordered

101



region prediction of the PTPN3 PDZ-PTP linker using IUPred2A. The red curve indicates disorder
tendency (https://iupred2a.elte.hu).
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Figure 5.5: Sensitivity of PTPN3-Bidomain to proteolysis. PTPN3-Bidomain was purified in 50
mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM TCEP and cOmplete protease inhibitor cocktail
(Roche), and kept at 25°C for 15h. The state of the sample was then checked by SDS-PAGE, showing
that a large proportion of the protein had been cleaved at the interdomain linker.

A next step in this work could be to evaluate the specific role of the interdomain
linker. One possibility is that specific conserved positions establish interactions with the
domains, triggering allosteric mechanisms, as previously observed for PTPN4>’. The
sequence alignment of PTPN3 homologues shows that V599, F602, and F615 are conserved
(figure 5.3), and are thus good candidates for a mutational analysis. However, given the small
effects observed in PTPN4, and considering that PTPN3 is less active than PTPN4, it is
possible that any effects would be difficult to detect.

Direct regulation of the adjacent catalytic domains is a relatively unknown and poorly
documented function of PDZ domains. The proteases HtrA2 and DegS present an

intramolecular inhibitory mechanism of the catalytic domain by the PDZ domain®***%. 1

n
these two cases, as it happens for PTPN4, the binding of a PDZ ligand releases the inhibition.
Our data showed that in the case of PTPN3, the binding of peptides to the PDZ domain does
not affect the catalytic regulation. We cannot exclude that the full-length PBM-containing
proteins could be necessary to have an effect on the regulation of the catalytic activity, instead
of a PBM peptide. PTPN3 and PTPN4 share 51% of global sequence identity, but this rises to
71% for their PDZ domains and 61% for their catalytic domains. NMR mapping of the
chemical shift changes that occur in PTPN3-PDZ upon ligand binding shows induced

perturbations that extend from the peptide-binding groove until the opposite side of the

domain®*’. This raises the question whether these perturbations could be part of an allosteric
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network that could eventually trigger long-range conformational changes in PTPN3. Studying
the internal dynamic changes of free and bound PTPN3-Bidomain by NMR would provide
information about any structural rearrangements that might occur upon PDZ ligand binding.
N relaxation experiments detail the local and global dynamics of a protein. The "N
longitudinal (R) and transverse (R,) relaxation rates can be used to probe the relative motions
of the domains in the free and liganded forms. Unfortunately, our attempts to obtain useful
HSQC spectra of PTPN3-Bidomain were not successful. In agreement with our previous
results, the dynamics of the construct and a concomitant proteolysis of the linker prevent us to

record usable spectra (figure 5.6).
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Figure 5.6: "H-">N TROSY spectra of PTPN3-Bidomain at 70pM, 25°C, recorded at 600 MHz.

5.4.4 Materials and methods

Production and Purification of Recombinant Proteins

PTPN3-PDZ is encoded as an N-terminal gluthathione S-transferase (GST) tagged protein in
a pDEST15 expression plasmid. PTPN3-Bidomain and PTPN3-linker-PTP are encoded as N-
terminal 6xHis tagged proteins in pET15b expression plasmids. In the three cases, a TEV
cleavage site is inserted between the N-terminal tags and the protein sequences. The vectors
were used to transform E. coli BL21 Star (DE3) star cells (Invitrogen, Carlsbad, CA, USA).
PTPN3-PDZ, PTPN3-Bidomain and PTPN3-linker-PTP constructs were expressed and

purified as previously described'””.
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Briefly, harvested cells were resuspended in buffer A (50 mM Tris/HCL, pH 7.5, 150 mM
NaCl), 2mM B-mercaptoethanol and protease inhibitor cocktail (Roche), and then disrupted
in a French press. The clarified supernatants were loaded onto a GST column (GSTrap HP,
GE Healthcare) or a nickel affinity chromatography column (HiTrap HP, GE healthcare) and
washed with the same buffer. The GST/6xHis tag was cleaved by overnight incubation at 4°C
by TEV protease (1% mol/mol) directly injected into the column. The eluted fractions
containing the protein were pooled and loaded onto a size exclusion column (HiLoad
Superdex 75 pg; GE) equilibrated with buffer A with 0.5 mM Tris(2-carboxyethyl)phosphine
(TCEP). Purified proteins were concentrated using centrifugal filter devices (Vivaspin,

Sartorius). Protein concentration was estimated from its absorbance at 280 nm.

PBM Ligands
The peptides, p38y PBM, HBVc PBM, HPVI6E6 PBM and HPVIS8E6 PBM, were

synthesized in solid phase using Fmoc strategy (Proteogenix) and resuspended in H,O.

Enzymatic assays

Phosphatase activity was measured by following the hydrolysis of p-nitrophenyl phosphate
(pNPP) as previously described'”®. Absorbances were measured continuously at 410 nm for
pNP, using a Thermo Scientific UV spectrometer equilibrated at 25 °C. Initial linear reaction
rates were calculated during a 60 seconds reaction. The ke, and Ky, constants were deduced
from fitting the Michaelis-Menten equation with the Prism software. The equation takes into
account excess-substrate inhibition.

Reactions were performed in 50mM Tris-HCI, pH 7.5, I mM MgCl2, 150 mM NacCl, 0.5 mM
TCEP. pNPP was assayed for concentrations ranging from 19um to 10 mM. Specific

activities towards pNPP were measured at an enzyme concentration of 75 nM.

NMR experiments

Uniformly labelled PTPN3-Bidomain samples were expressed as previously described'”® and
purified as detaied above. The samples were prepared in buffer A with 0.5 mM TCEP and
D20 (5-10% vol:vol). NMR 'H, "N HSQC spectra were recorded on a 600-MHz Varian
NMR System spectrometer equipped with a triple resonance 1H{13C/15N} cryoprobe.
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6 Structural determinants of PDZ ligand selectivity for

the NTS subfamily of phosphatases

6.1 Introduction

One of the goals of the project was to gain insights into the way PTPN3 specifically
interacts with its viral and cellular PBM-containing partners. I presented in the first chapter of
the results the structural analysis of the interaction between PTPN3-PDZ and the PBM of
HPV 16 E6 (PBM-16E6). To document the binding mode of PTPN3 towards different PBMs,
I solved the crystal structure of the complexes formed by PTPN3-PDZ with peptides
comprising the PBMs of HPV 18 E6 (PBM-18E6), HBV Core (PBM-HBc), and the cellular
PTPN3 partner TACE (PBM-TACE). In this section, I compare these structures to highlight
the interactions that determine the recognition of these ligands by PTPN3-PDZ. Moreover, |
am interested in finding which of these specificity determinants are shared with its close
homolog PTPN4. Indeed, PTPN3 and PTPN4 compose the NT5 subfamily of non-receptor

. They share the same modular

PTPs and come from a gene duplication during holozoan
organization and 73% of sequence identity in their PDZ domains, which were inserted during
evolution into Monosiga PTPN3 (after yeast and before sponge)’**. Monosiga are the closest
unicellular organism to metazoans from an evolutionary point of view. The insertion of a PDZ
domain in Monosiga as in eukaryotes suggests that PDZ domain appeared concomitantly with
multi-cellular organisms.

We have performed a sequence alignment for the PDZ domains of PTPN3 and PTPN4
in different species to identify conserved positions that could be involved in the specificity of
recognition of PBMs by these phosphatases. In the following description, the numbering of
the residues in PTPN3-PDZ corresponds to the numbering of PTPN3 from Uniprot P26045.

The equivalent positions in PTPN4 can be found in figure 6.1.
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504 GDSYLVLIRITPDEDGKFGEFNLKGG MPL INPESPADTCIPKLN 554
515 ----LVLIRMKPDENGRFGF G MPVI APGTPADLCVPRLN 561
555 EGDQIVL IIGII s VVMF III;.IRI}E;.RILALViI;IRR 597
562 EGDQVVLINGRDI VVLFI C GELMLLVRPN 604

Figure 6.1: Sequence alignment of the PDZ domains of PTPN3 (top) PTPN4 (bottom).

6.2 Results and discussion

6.2.1 Crystal structures of PTPN3-PDZ/peptide ligand complexes

The sequences of the peptides derived from viral and cellular PTPN3 ligands used to
form the complexes with PTPN3-PDZ and parameters of the crystal structures (space group,
resolution, and Ry/Riee Of the structures) are listed in table 6.1. The data collection and

refinement statistics are detailed in section 9.4.

Table 6.1: Parameters of the crystal structures of PTPN3-PDZ in complex with PBM peptides.

Peptide Sequence Space group  Resolution (A) R, /Ryee
PBM-16E6 RSSRTRRETQL P1211 2.19 0.21/0.26
PBM-18E6 RQERLQRRETQV P6522 2.10 0.19/0.23
PBM-HBc RRRRSQSRESQC P3221 1.86 0.20/0.23
PBM-TACE  RQNRVDSKETEC P3221 1.70 0.17/0.20

In all cases, the global PDZ fold is well conserved, and the peptides bind in the
conventional mode as an anti-parallel extension to the B2-strand. Compared to our PTPN3-
PDZ structure in complex with PBM-16E6 (PDB ID 6HKS), all structures present a very low
root medium square deviation (rmsd) ranging from 0.19 A to 0.30 A for the backbone atoms,
indicating that none of these peptides produce significant backbone conformational changes
when binding to PTPN3-PDZ. All the complexes possess the interaction network of a class I
PDZ/PBM interaction (S/T-X-®coon). The C-terminal residues that present a well-defined

electron density map are underlined in the peptide sequence in table 6.1.
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6.2.2 Specificity of recognition of PTPN3-PDZ

The interactions at positions 0 and -2 are essential in PDZ/PBM recognition (section
2.4.2). Position -2 in particular can be considered as the class determinant for PBMs'®'. The
binding modes of each PBM peptide to PTPN3 are shown in figure 6.2. As expected, the C-
terminal carboxylate in each peptide forms three H-bonds with the amide nitrogens of F521,
G522 and F523 of the “GLGF motif” on PTPN3-PDZ. The PBM-18E6 V| is additionally
bonded to the carbonyl of G519 on the a1-B1 loop and the N of K580 of the a2-helix through
a molecule of water (figure 6.2.B). In position -2, the S or T side chains form H-bonds with
the N2 of the H572 at the base of the a2-helix of PTPN3-PDZ, which is conserved in class I
PDZ domains. These interactions found in these two key positions are in agreement with the
expected bonding pattern of a class I PBM for all the PBMs tested even when the expected C-
terminal hydrophobic amino acid is a cysteine.

In position -1, the Q side chain in the PBM-16E6 and PBM-HBc and the E side chain
in the PBM-TACE are forming a H-bond with a water molecule that is in turn bonded to the
No2 of N524 in the B2-strand of PTPN3-PDZ. In PBM-18E6, on the contrary, the side chain
is not making any contacts with the PDZ domain (figure 6.2). This position is not considered
to be a significant determinant for PDZ/PBM interaction. In fact, position -1 is not specified
in any of the three main classes of PDZ domains, although some studies have shown that
certain PDZ domains display a high specificity in this position’*. For example, in a large-
scale study of PDZ domain binding specificity to a random peptide library, the class I PDZ
domain of PDLIM-2 binds exclusively PBMs with a W_**.

In the case of PTPN3, sequence analysis of its known partners suggests a bias towards
residues with long and polar side chains in position -1 (table 6.1). In line with this, N524 is
strictly conserved in PTPN3 and PTPN4 orthologs, while in the PDZome the short polar
residues S or T are more often found in this position (figures 6.3 and 6.4). The short side
chains of S and T make them unsuited to establish bonds with Q-1 or E-1. Moreover, I
describe below that N524 is also H-bonded to position -3 of the PBM that requires also a long
side chain. Thus, the conservation of N524 could originate from these two interactions with

the -1 and the -3 residues of the PBM.
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PBM-TACE

Figure 6.2: Detail of the bonding network of PTPN3-PDZ and the PBM peptides of HPV16 E6,
HPYV 18 E6, HBc and TACE. Secondary structure elements of PTPN3-PDZ are shown in black trace,
and relevant residues are shown as sticks. Peptides are shown as coloured sticks, with the
corresponding name indicated below the structure. Polar interactions are shown as black dashes.
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Consensus ES+S5SLECEPR+VELEKGSPCCCLCGFS IRCCKGSPHFDECDH+GCIF ISRV IPCCPAA

PTPN3 - ----- DSYLYLIRITPD-EDCKFOFMLKGGOY -~ -~~~ DOKMPLYYSRINPESPAD
N524 T Q531 $538

K526

Consensus RDGRLRVGDRILEVNGVSVEGLTHEEAVELLKQAGGTVTLTVRRPPR++PEPE
PTPN3 TIPKLNEGDQIVLINGRDISEHTHDQYYMF | KASREELALY IRRR---------

HS;[

D573

Figure 6.3: Sequence conservation of the PDZome. Sequence logo showing the PDZome
conservation. Below, the PDZome consensus sequence and the aligned PTPN3 sequence are shown.
Relevant positions in PTPN3 are indicated.

We propose that positions -3 and -4 have a significant influence on PTPN3-PDZ
ligand selection. E is found in position -3 in all reported ligands of PTPN3-PDZ. Similarly,
most reported ligands of PTPN4-PDZ feature as well an E.;, with the exception of the
glutamate receptor 8-2 subunit, which has a G.;. In this case, the glycine cannot engage in any
interactions and a lower affinity of the peptide for PTPN4-PDZ is observed. In all of our
PTPN3-PDZ/peptide complexes, the E.3 side chain forms a bifurcated H-bond with the amide
nitrogen of N524 and with the side chain hydroxyl of S538 (figure 6.2). S538 is also strictly
conserved in PTPN3 and PTPN4 orthologs, with only one exception, while in the PDZome
this position is conserved only in 25% of cases: although S is most frequently found, also K,
T, A, and Q are common (figure 6.3). The aliphatic carbon chain of E_; is also well positioned
to establish hydrophobic contacts with the carbon side chain of K526, which contributes to
the stabilization of E.;. In PTPN3 and PTPN4 orthologs, a K residue is conserved at position
526, while in the PDZome R and V are more commonly found, followed by A, S, and K. In
agreement with this, similar hydrophobic contacts have been observed in the complexes of

PTPN4-PDZ with the PBMs of p38y, the ionotropic glutamate receptor GIuN2A, and the
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199,253

attenuated rabies virus G protein (figure 6.5), suggesting that this is also a specific

interaction of the NT5 subfamily.
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Figure 6.4: Sequence alignment of PTPN3 and PTPN4 homologs.

In PBM-16E6, PBM-18E6, and PBM-HBc, the strictly conserved R4 forms ionic
bonds with the carboxylate oxygens of D573 at the base of the a2-helix. PBM-TACE features
a K4 instead of R. Its long and positively charge side chain is also able to form an ionic bond
with the D573 side chain (figure 6.2). Most PTPN3 and PTPN4 orthologs present D in
position 573. In the PDZome, E is most frequently found in this position, although the
consensus is less than 30%, followed by A, D, S, Q, and K (figures 6.3 and 6.4). Both E and
D should be able to establish ionic bonds with a positively charged residue in position -4 of
the PBM, and indeed we find that 9% (6 out of 64) of PTPN3 and 4 orthologs have E instead
of D. However, in the two PTPN4-PDZ ligands, attenuated rabies virus G protein and
glutamate receptor GluN2A, G and I are found in position -4 respectively (figure 6.5). The
side chains of these residues are not able to bind to the D573, and the affinity of the

interaction decreases accordingly. Using optimization of sequence targeting PTPN4-PDZ,
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demonstration has been done that that D573 is also a significant determinant of the NT5

family binding specificity.

GluN2Al6

Figure 6.5: Structures of PTPN4-PDZ Bound to Cytol3-att and GluN2A-16. Close-up views of
the PTPN4-PDZ/peptide-binding sites. Important residues are shown as sticks in CPK colors. Peptides
form an antiparallel B-sheet with the P2-strand via a complete set of intermolecular canonical
backbone hydrogen bonds (black dashed lines). Other intermolecular H-bonds are shown in orange
dashed lines. Adapted from Babault et al. 2011°.

Then, in all the PTPN3-PDZ/peptide complexes, the amide N of R.5s or K_s forms a H-
bond with the Ne2 of the Q531 side chain. Q531 is strictly conserved in 63 out of 64 PTPN3
and 4 orthologs analyzed, but in the PDZome the conservation in this position is very low; G,
D, E, S, F, P, and H are all found with higher frequency than Q (figures 6.3 and 6.4).
However, although these interactions with Q531 likely contribute to the affinity of the
complex, they are not implicated in NTS5 subfamily ligand selectivity, as they involve
backbone of the PBM and thus any residue (except proline) could fill the position. This can be
observed in the complexes of PTPN4-PDZ with the attenuated rabies virus G protein and the
glutamate receptor GluN2A, which have G4 and L4 respectively (figure 6.5). These residues
do not establish ionic contacts with the conserved D (D573 in PTPN3) as do R4 and K 4 in
PTPN3, but both still form H-bonds with Q531.

One final observation is that the side chain of K526 from the (2-strand is pointed
towards the PBM-HBc and PBM-TACE, allowing its NC to form H-bonds with the carbonyl
oxygen of the K or R in position -4 and with the side chain hydroxyl of S.s, contributing to the
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stability of the complex. In the other two PTPN3 partners, there is R instead of S in position -
5. It appears that the possibility of forming a H-bond with the short, polar side chain of S.s
favours the K526 side chain to orient towards the peptide, while in the other cases it adopts an
extended conformation to maximize the hydrophobic contacts with the C3-Cy carbon chain of
E;.

In conclusion, the interactions with positions -3 and -4 of the PBM appear to be
significant determinants of ligand recognition by the PDZ domains of the NT5 subfamily
phosphatases. PBM-containing partners with E in position -3 are favoured because of their
capacity to form H-bonds with the conserved N524 and S538, as well as hydrophobic contacts
with the aliphatic carbon side chain of K526. Additionally, partners with R or K in position -4
are able to form ionic bonds with the conserved D573. Although these interactions are not
determinant for the binding to occur, they likely contribute to the affinity of the complex,

which will favour their binding over other potential partners.
6.2.3 Recognition of atypical PBMs with a C-terminal cysteine

An interesting feature in the complexes of PTPN3-PDZ with PBM-TACE and PBM-
HBc is the presence of the C-terminal cysteine in each PBM. The carboxylate-binding pocket
at the top of the peptide-binding groove PDZ domains is lined with hydrophobic side chains
(F521, F523, L525, 1579 for PTPN3-PDZ), which determines the preference for peptides with
hydrophobic C-terminal residues'®' (figure 6.6). Although sometimes classified among
hydrophobic amino acids since they are frequently found in the interior of proteins, the
sulthydryl group in cysteine is chemically similar to a hydroxyl group, making it a polar
residue. We observe that in the complexes of PTPN3-PDZ with PBM-TACE and PBM-HBc,
the cysteine side chain is oriented towards the interior of the peptide-binding groove, without
making any contacts with the hydrophobic side chains that line this pocket (figure 6.6.B). The
cysteine side chain of the PBM C-terminal residue is short enough to fit within the binding
pocket. Other polar amino acids with longer side chains in this position might cause steric

clashes that could prevent binding of the peptide.
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Carboxylate-binding
pocket

Figure 6.6: Surface hydrophobicity of PTPN3-PDZ. (A)The surface of PTPN3-PDZ is color-coded
according to the normalized consensus hydrophobicity scale®*®. Darker red indicates a more
hydrophobic environment, while white indicates polar regions. The peptide shown is PBM-TACE. (B)
Detail of the position of the terminal cysteine of PBM-TACE in the carboxylate-binding pocket of
PTPN3-PDZ. The spheres represent the Van der Waals radii of the sulphur (yellow) and carbon (red)
atoms.

Binding of PBMs with a terminal cysteine (hereafter, Co-PBM) has only been reported
in a handful of cases, many of which involve the PDZ domain of GIPC1. The PBM of HBc is
an case of Co-PBM of bound by GIPCI***. Other examples are the lutropin-
choriogonadotropic hormone receptor (LHCGR, -RYTECcoon)’', the complement
component Clq receptor (CD93, -PGTDCcoon)’*, the insulin-like growth factor 1 receptor
(IGF1R, -PQSSTCCOOH)349, and the dopamine 2 and 3 receptors (DRD2, DRD3), which share
the atypical C-terminal sequence -KILHCcoon™ -

Then, the PDZ domains in other proteins can also bind Co-PBMs. Both the MAGI-1
PDZ5 and the Scrib and PDLIM-4 PDZ domains bind the Co-PBM of the thyroid receptor
interacting protein 6 (TRIP6, -VTTDCCOOH)35 17353, However, there seems to be a lack of
structural data on complexes involving this type of PBM. Indeed, the only crystal structure
that we found of a PDZ domain bound to a Co-PBM is the one of the GRIP1 PDZ6 domain
complexed to the liprin-a PBM (-RTYSCcoon, figure 6.7)'*". We observe that in this case,
just as in the PTPN3-HBc complex, the cysteine side chain has the same orientation and can

be accommodated towards the interior of the hydrophobic carboxylate-binding pocket.
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Figure 6.7: Crystal structure of the PDZ6 domain of GRIP bound to the C-terminal peptide of
liprin-o, shown as dark green sticks and CPK colors (PDB ID IN7F).

It is widely considered that the hydrophobic character of the side chains that compose
the carboxylate binding-pocket imposes a specificity requirement for PBMs containing

152

hydrophobic residues in this position “°. The preference of some hydrophobic residues over

others in Py has been attributed to variations in the size and the geometry of the hydrophobic

carboxylate-binding pocket'®'

, although it is evident that selectivity at Py is not highly
stringent. As observed for PTPN3, PDZ domains can accommodate different residues in
position 0.

It is interesting that only a few PDZ domains have been reported to bind Cyp-PBMs. It
is possible that some of these interactions could have been overlooked in some large-scale
screenings due to restraints imposed on the sequence analysis (for example, if peptides with
C-terminal cysteines are filtered out). Nonetheless, it is remarkable that both GIPC and
PTPN3 have multiple Co-PBM partners, while this residue not frequently found in position 0.
This opens the possibility that the Cy in the HBc PBM is an evolutionary adaptation to
specifically target a subset of PDZ-containing proteins to favour particular steps of its life
cycle. On the next section of this thesis, I will show our results on the specificity of the HBc

Co-PBM towards the human PDZome. We report a number of PDZ-containing proteins that
bind the HBc PBM with higher affinity and are potentially significant targets of HBV.
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6.2.4 Binding specificity of PTPN3-PDZ for cellular proteins

We performed pull-down experiments to find new cellular PBM-containing partners of
PTPN3-PDZ (as described in section 7.2). The data obtained provides information on the
cellular partners of PTPN3-PDZ and on the consensus sequence of the PBMs that it binds.
However, since the data come from cellular proteins and not from a library of random
peptides, there might be a bias towards finding certain residues in certain positions, and so it
would be incorrect to use this data to define a preferred motif of PTPN3-PDZ. We used
purified GST-PTPN3-PDZ as bait to fish partners in HeLa S3 cell lysates, which were then
identified by LC-MS/MS. 326 proteins bind exclusively GST-PTPN3-PDZ samples but are
absent from GST controls. These are potential PTPN3 interactants through a PDZ/PBM
interaction. We then narrowed our list of candidate proteins by selecting those that feature a
PBM at their C terminus. This way, we shortlisted 128 potential PBM-containing proteins: 40
of class I (S/T-X-¢coon), 62 of class II (¢-X-dcoon), and 26 of classes 111 (H/R/K-X-dcoon)
and IV (D/E-X-¢coon) (section 9.5).
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Figure 6.8: Frequency plot of the C-terminal residues of the class I and class II PTPN3-PDZ
partners identified by pull-down. Amino acids are coloured according to their chemical properties:
polar amino acids (G,S,T,Y,C,Q,N) are green, basic (K,R,H) blue, acidic (D,E) red and hydrophobic
(A,V,L.LP,W,F. M) amino acids are black. The positions of the PBM are indicated above the
sequences.

As PTPN3-PDZ is a class I PDZ domain, we focused on the 40 class I PBM-
containing partners (table 6.2). Sequence conservation analysis shows the most frequently
found residues in each position of the PBM (figure 6.8). We can see that the preferred
residues of PTPN3-PDZ at Py are L, V, F, and I. Together, these account for 32 over the 40

binders. Then, we found 3 proteins with Co-PBMs: the microtubule-stabilizing protein
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esconsin (MAP7), the mitochondrial NADH-ubiquinone oxidorreductase 75 kDa subunit
(NDUFSI), and the PCI domain-containing protein 2 (PCID2). In P_;, PTPN3-PDZ shows a
slight tendency to bind proteins with S_;. In our crystal structures, the Q or E found in this
position is bonded to N524 through a molecule of water (figure 6.2). A S_; would be able to
bond directly to N524 thanks to its shorter side chain, which could explain why this residue is
favoured in this position. In P; we find a preference for E, although S, D and G are also
allowed. E and D have side chains with similar chemical properties, so a D_3 should be able to
form a H-bond with S538 in a similar way to E_3 in our structures. S and G cannot form this
bond and thus do not contribute to the interaction, but are accepted because their side chains
do not cause any steric clashes. Finally, the conservation in P4 is very low. This could be
explained because the frequency of occurrence of a certain residue in this position does not
reflect the affinity of the binding, but are mostly affected by the frequency in which said

residue is found in cellular PBMs, and their level of expression.

Table 6.2: PTPN3-PDZ Class I PBM-containing partners.

PDBID Name PBM
P48960 CD97 antigen SESGI
P12814 Alpha-actinin-1 GESDL
P11169 Solute carrier family 2, facilitated glucose transporter TTTNV
member 3

096008  Mitochondrial import receptor subunit TOM40 homolog ~ GLTIG
Q8TBC3  SH3KBPI-binding protein 1 NETSF
Q96TA1  Niban-like protein 1 VQTEF
P81605 Dermcidin LDSVL
P53985 Monocarboxylate transporter 1 EESPV
000592  Podocalyxin EDTHL
Q13151 Heterogeneous nuclear ribonucleoprotein A0 GGSSF
P62701 40S ribosomal protein S4, X isoform KQSSG
P26599 Polypyrimidine tract-binding protein 1 SKSTI
P27816 Microtubule-associated protein 4 QETSI
P02545 Prelamin-A/C NCSIM
P55060 Exportin-2 SVTLL
P23219 Prostaglandin G/H synthase 1 PSTEL
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QYHB71
Q9BSE5
015427
P35354
095336
P49189
Q9Y6MS5
P20020
Q9Y6M7
P52569
Q02543
P62829
043707
Q96T17
Q8TAA9
Q15758
Q15046
Q96BNS
QS5JVF3
P09543
014734

P28331

P23634
Q9Y2T3

Calcyclin-binding protein

Agmatinase, mitochondrial

Monocarboxylate transporter 4

Prostaglandin G/H synthase 2
6-phosphogluconolactonase
4-trimethylaminobutyraldehyde dehydrogenase
Zinc transporter 1

Plasma membrane calcium-transporting ATPase 1
Sodium bicarbonate cotransporter 3

Cationic amino acid transporter 2

60S ribosomal protein L18a

60S ribosomal protein L23

Alpha-actinin-4

MAP7 domain-containing protein 2

Vang-like protein 1

Neutral amino acid transporter B(0)
Lysine--tRNA ligase

Ubiquitin thioesterase otulin

PCI domain-containing protein 2
2',3'-cyclic-nucleotide 3'-phosphodiesterase
Acyl-coenzyme A thioesterase 8
NADH-ubiquinone oxidoreductase 75 kDa subunit,
mitochondrial

Plasma membrane calcium-transporting ATPase 4

Guanine deaminase

GDTEF
KVTTV
PETSV
RSTEL
KHSTL
VESAF
PESSL
LETSL
AETSL
KTSEF
PNTFF
AGSIA
GESDL
LNTFC
SETSV
KESVM
VGTSV
EETSL
LSTVC
SCTII
SESKL

EPSIC

LETSV
FSSSV

It is interesting that the number of class II partners is bigger than the one of class I. In
these partners, L, F, and A, are most often found in Py, and some Cy-PBMs are also present (2
out of 61 partners). No tendencies seem to emerge from P_;. The preferred residues at P, for
the class II partners are L, F, and G. Although a G.; should not cause any steric clashes if
inserted into the peptide-binding cleft, L and F would be more difficult to accommodate, since
they have longer and hydrophobic side chains. As with the pull-down methodology we are
fishing with full-length proteins, we cannot exclude that the interactions occur through a

different interaction motif, for example via internal PBMs. Additionally, it is possible that the
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class II PBMs interact with PTPN3-PDZ through a non-canonical binding mode. For

3435 the peptide ligands are

example, in a growing number of PDZ domain structures
inserted perpendicular to the PDZ domain, with only Py and sometimes P.; interacting with
the PDZ domain. Although it is possible that perpendicular binding is solely an artifact of the
crystal packing, the observation of this binding mode in the NMR solution structure of the
autoinhibited X11o PDZ1 domain®'* suggests that this type of noncanonical binding could be
more relevant than what is currently thought.

In sum, the data derived from the cellular partners of PTPN3-PDZ identified by pull
down experiments confirm the observations derived from the crystal structures of PTPN3-
PDZ and PBM peptides. First, we identified other Co-PBMs that can be bound by PTPN3-
PDZ. Although these partners might not be physiologically relevant, they show that the
characteristics of the carboxylate-binding pocket of PTPN3-PDZ allow it to accommodate
PBMs with a terminal cysteine. Then, by analysing the preferred residues in positions -1 and -
3 we confirmed that N524 and S538 are determinant for the selectivity of the NT5 subfamily.
In position -4 we did not find a strong conservation to support the relevance of D573.
However, it is important to keep in mind that with the methodology we used, the result is
strongly dependent on the level of expression of the cellular proteins. Thus, as this data does
not reflect the affinities of the interactions, the low conservation in position -4 does not mean
that in vivo the D573 does not affect partner selection by PTPN3-PDZ. Indeed, as shown for
PTPN4, the interactions established at this position have a significant impact on the binding

affinity.
6.3 Materials and methods

Crystallisation, data collection, and structure determination

The peptides used for co-crystallization was added in excess to form >95% of the complex
with the protein. The PDZ domain-peptide complex for crystallization was generated by
mixing PTPN3-PDZ and the peptide at a ratio of 1:2. Initial screening of crystallization
conditions was carried out by the vapor diffusion method using a MosquitoTM nanoliter-
dispensing system (TTP Labtech). Sitting drops were set up using 400 nL of a 1:1 mixture of
each sample protein and %(v/v)/50%v/v) oil as the cryoprotectant. crystallization solutions
(672 different commercially available conditions) equilibrated against a 150 pL. reservoir in
multiwell plates (Greiner Bio-One). The crystallization plates were stored at 4°C in a

RockImager1000® (Formulatrix) automated imaging system to monitor crystal growth. The
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best crystals were obtained by mixing 200 nL of PTPN3-PDZnexi'PBM-peptide complex
solution in 20 mM HEPES pH §, 150 mM NaCl, 0.5 mM TCEP mixed with 200 nL of
reservoir solution, as follows. For the complex with PBM-16E6, the PDZ domain was at a
concentration of 4.6 mg/mL, and the reservoir solution contained 20% w/v PEG 3350, 0.2 M
KI at pH 7; for PBM-18E6, the PDZ domain was at a concentration of 5 mg/mL, and the
reservoir solution contained 20% w/v PEG 3350, 0.2 M Nal at pH 7; for PBM-HBc, the PDZ
domain was at a concentration of 4.9 mg/mL, and the reservoir solution contained 20% w/v
PEG 3350, 0.2 M NaBr at pH 7; for PBM-TACE, the PDZ domain was at a concentration of
4.8 mg/mL, and the reservoir solution contained 20% w/v PEG 3350, 0.2 M NaSCN at pH 7.
Crystals were flash-cooled in liquid nitrogen using Paratone-paraffin 50%(v/v)/50%V/V) oil
as cryoprotectant.

X-ray diffraction data were collected at a wavelength of 0.979 A on the beamline PROXIMA-
1 at Synchrotron SOLEIL (St. Aubin, France). The data were processed with XDS and
Xdsme, and other programs from the CCP4 suite. The structures were solved by molecular
replacement with PHASER using the search atomic model of PTPN3-PDZ (PDB ID 6HKS).
The locations of the bound peptides were determined from a Fo—-Fc difference electron
density maps. Models were rebuilt using COOT, and refinement was done with phenix.refine
of the PHENIX suite. The overall assessment of model quality was performed using
MolProbity. The crystal parameters, data collection statistics, and final refinement statistics
are shown in Table X. All structural figures were generated with the PyMOL Molecular
Graphics System, Version 1.7 (Schrodinger).

Sequence logos

The sequence and frequency logos were created using the online WebLogo service™’ at
https://weblogo.berkeley.edu/. The amino acids are coloured according to their chemical
properties: polar amino acids (G,S,T,Y,C,Q,N) are green, basic (K,R,H) blue, acidic (D,E) red
and hydrophobic (A,V,L,LLP,W,F,M) amino acids are black. The sequence conservation is

shown as a frequency plot.
Pull down experiments

The pull down experiments to fish PTPN3-PDZ partners were performed as described in

section 7.2.
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7 Study of the interaction of PTPN3 with the hepatitis B

virus core protein

7.1 Summary

The hepatitis B virus has been the object of extensive research, much of which has
focused on its capsid protein HBc. This small and versatile protein has been shown to have
functions that extend well beyond its structural role. Zlotnick and collaborators adequately
referred to it ‘a pleiotropic keystone in the HBV lifecycle’'. Most of the HBc functions are
achieved thanks to its CTD tail, which contains nucleic acid-binding sites, transport signals to
regulate trafficking, post-translational modification sites, and a C-terminal PBM that mediates
interactions with cellular PDZ proteins™. However, despite the well-established relevance of
viral targeting of PDZ proteins, and in comparison to other viral PBM-containing proteins,
little is known about the functions of the HBc PBM. Until now, only two cellular partners had
been reported: PTPN3 and GIPC1. Previous studies showed that PTPN3 reduced the levels of
HBV gene expression under transfection conditions, and this effect required the catalytic
activity of PTPN3 but was independent of the PDZ/PBM interaction®.

Our working hypothesis was that, given the very high concentrations of viral proteins
in infected cells, HBc could displace natural PDZ ligands of PTPN3 during infection,
impairing their dephosphorylation and producing a benefit for the virus. Our previous data
supports this hypothesis showing that the PBM of HBc bound the PDZ domain of PTPN3
with a comparable affinity to the one of PTPN3 cellular partners.

We aimed to gain insights about fundamental aspects of PTPN3 signalling, and to
understand in particular the interaction of PTPN3 and HBc and its disruptive effects in the
context of HBV infection.

To this end, we investigated the recognition specificity of the PDZ binding motif of
HBc for human PDZ domains, and we identified new host proteins potentially targeted by
HBc during infection. Then, we showed that PTPN3 is able to bind the HBc PBM in the
context of the full-length protein forming capsids or dimers, confirming that HBc is a partner
of PTPN3. We structurally characterized this interaction by combining the crystal structure to
study the bonding pattern of PTPN3-PDZ complexed to the HBc PBM with NMR chemical
shift mapping to highlight short- and long-range perturbations induced in PTPN3-PDZ upon
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binding. Then, to begin to shed light on the role of PTPN3 in the viral life cycle, we
performed PTPN3 overexpression in HBV-infected cells and we observed that multiple
markers of the viral life cycle were affected indicating that PTPN3 may have several effects.
Finally, we investigated the PDZ-mediated interactions of PTPN3 with cellular proteins to

uncover potential disruptive effects produced during HBV infection.
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7.2 Article: Molecular basis of the interaction of the hepatitis B virus core

protein with the human phosphatase PTPN3
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7.2.1 Highlights

* Hepatitis B virus core protein (HBc¢) interactions with cell proteins are poorly known
* 28 potential human HBc binders were identified using a human PDZ domain library

* PTPN3 binds HBc in capsid-like particles and has multiple effects on HBV infection
* Potential PBM-containing cellular partners of PTPN3 were identified

*  Our study provides a new resource for the HBV-host interactions research

7.2.2 Abstract

Interactions between the hepatitis B virus core protein (HBc) and host cell proteins are
poorly understood, although they may be essential for the propagation of the virus and its
pathogenicity. HBc has a C-terminal PDZ-binding motif (PBM) that is responsible for
interactions with host PDZ domain-containing proteins. In this work, potential cellular
partners of HBc through PDZ-PBM interactions were identified by screening a human PDZ
domain library. Most of the HBc-interacting partners detected herein are also targeted by
others viruses through PBM-PDZ interactions. Among these partners, we focused on the
human protein tyrosine phosphatase non-receptor type 3 (PTPN3) and its interaction with
HBc. We solved the crystal structure of the PDZ domain of PTPN3 in complex with the PBM
of HBc, revealing a network of interactions specific to class I PDZ domains despite the
presence of a C-terminal cysteine in this atypical PBM. We further showed that PTPN3 binds
the HBc protein within capsids. The effects of PTPN3 overexpression on HBV infection in
HepG2 NTCP cells indicate a significant and potentially pleiotropic role of PTPN3 in HBV
replication. Finally, by performing pull-down assays with PTPN3-PDZ as bait, we identified a
pool of human PBM-containing proteins that might interact with PTPN3 in cells and that
could be in competition by the HBc PBM during infection.

Keywords
Protein tyrosine phosphatase PTPN3; PDZ domain; Hepatitis B virus core protein; host-

pathogen interactions; protein-protein interaction

Abbreviations
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BI, binding intensity; GST, glutathione S-transferase; HBc, Hepatitis B virus core protein;
HSQC, heteronuclear single quantum coherence; LC, liquid chromatography; MS, Mass
Spectrometry; PBM,  PDZ-binding motif; PDZ, PSD-95/Dlg/Z0O-1;  pNPP,
para-nitrophenylphosphate; PTP, protein tyrosine phosphatase; PTPN3, protein tyrosine
phosphatase non-receptor type 3; TCEP, Tris(2-carboxyethyl)phosphine; WT, wild type; root

mean square deviation (rmsd).

7.2.3 Introduction

Hepatitis B virus (HBV) remains a major global health problem, with 257 million chronic
HBYV carriers and almost 1 million deaths estimated in 2015 (WHO). Despite available
prophylactic vaccines, chronic hepatitis B is still incurable; existing treatments focus on
stopping the spread of the virus to prevent the progression of the disease. The acute infection
can be asymptomatic or symptomatic, in some cases, resulting in fulminant hepatitis. Chronic
infection can lead to the development of cirrhosis and hepatocellular carcinoma (HCC).

HBV is a small, enveloped DNA virus. The infectious particle contains a 3.2kb partial
double-stranded relaxed circular DNA (rcDNA) surrounded by the capsids composed by the
core protein (HBc). The different steps of the viral life cycle are: the virus entry in the cell,
the translocation of the nucleocapsid to the nuclear pore allowing the release of the rcDNA
into the nucleoplasm and its ‘repair’ into covalently closed circular DNA (cccDNA), the
transcription of the viral RNAs from the cccDNA, the export of the pgRNA to the cytoplasm
and viral protein translation, the encapsidation of the pgRNA and its reverse transcription into
rcDNA inside the capsids. Nucleocapsids are then enveloped at the endoplasmic reticulum
and released, or alternatively they return to the nucleus to form additional cccDNA molecules.
The HBc capsid protein has functions that surpass its structural role. Indeed, HBc has been
implicated in most stages of the viral life cycle, including subcellular trafficking and release
of the viral genome, pgRNA encapsidation, and reverse transcription [1]. Although HBV is
relatively well studied, little is known about its HBc-mediated protein interactions with host
proteins. To clarify the role of the virus structural protein in the pathogenesis of HBV-
infected hepatocytes and to identify human proteins involved in important stages of the virus
life cycle, the interactions with host-cell proteins have to be investigated.

HBc protein (183 residues) presents an N-terminal capsid assembly domain (residues 1-149)

[2] and an arginine-rich RNA-binding C-terminal domain (CTD, residues 150-183), which is
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dispensable for capsid assembly in vitro but is required for viral genome replication in cells
[2]. The CTD also contains nuclear localization signals and cytoplasmic retention signals that
regulate nuclear import and export of the HBV capsid [3], and multiple serine and threonine
residues that are susceptible of being phosphorylated [4]. Finally, the C-terminal residues of
the CTD form a non-canonical class I PDZ-binding motif (PBM) with a C-terminal cysteine (-
ESQCcoon; Class I PBMs are defined as -[X-S/T-X-®], where @ is any hydrophobic amino
acid and X is any amino acid). This PBM has been shown to interact with the PDZ (PSD-95,
Dlgl, ZO-1) domains of protein tyrosine phosphatase non-receptor type 3 (PTPN3) [5] and
GIPC1 [6].

PTPN3 possesses three domains: a N-terminal FERM (band 4.1, ezrin, radixin, moesin)
domain involved in localization to the cytoskeleton—-membrane interface or interaction with
transmembrane proteins, a central PDZ domain that mediates interaction with other proteins,
and a C-terminal protein tyrosine phosphatase (PTP) domain bearing the catalytic activity of
PTPN3. PTPN3 is a signalling protein and its FERM and PDZ domains account for
specificity in its functions. The FERM domain targets the protein to the plasma membrane
providing spatial regulation, while the PDZ domain mediates interactions with specific
partners and substrates, or anchors the phosphatase in multi-protein signalling complexes. A
few ligands and substrates and known functions of PTPN3 have been reported [7-16].
However, its precise role in cell signalling has not yet been clearly established. We performed
pull-down assays with the PDZ domain of PTPN3 (PTPN3-PDZ) to detect endogenous PBM-
containing proteins that potentially interact with PTPN3 in cells and that could be displaced
by the PBM-HBc during viral infection. Several of these potential PTPN3 partners have been
implicated in HBV infection and/or in HCC highlighting potential signalling pathways
disrupted by HBV and/or involved in HCC. We also report the effects of PTPN3
overexpression on HBV infection in HepG2 NTCP cells to further support the role of PTPN3
in the HBV life cycle. Moreover, we report a high-throughput analysis of the HBc-interacting
partners through PDZ-PBM interactions. As expected, PTPN3 binds the PBM of HBc (PBM-
HBc) via its PDZ domain,although the role of this interaction in HBV pathogenesis is
unknown. It has been shown that PTPN3 has a suppressive role on HBV gene expression that
is independent of its PBM-mediated interaction with HBc [17]. PTPN3 was also reported to
be targeted by the high-risk human papillomavirus types 16 and 18 (HPV 16 and 18) through
the PBM of the viral E6 oncoprotein [18]. Interestingly, HBV and HPV 16 and 18 are all

oncoviruses and accumulating evidence suggests that PTPN3 plays a critical role in the
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progression of various human cancers (breast, lung, colorectal cancer, intrahepatic
cholangiocarcinoma, hepatocellular carcinoma) [7,19-23].

We investigated the molecular mechanism of interaction between PTPN3 and HBc. We
previously reported the similar binding affinities of the PBMs from E6 and HBc for PTPN3-
PDZ, and we solved the structure of PTPN3-PDZ in complex with the PBM of the HPV16 E6
protein (PBM-16E6) [24]. To gain structural insights into the recognition of HBc by PTPN3,
here we solved the X-ray structure of PTPN3-PDZ in complex with the PBM-HBc, revealing
a network of interactions specific to class I PDZ domains despite the atypical PBM of HBc
containing a cysteine at its C-terminus. We showed that PTPN3 binds HBc within capsids in
vitro, supporting a model in which the CTD comprising the PBM is at least transiently

exposed at the surface of the capsids.

7.2.4 Results

7.2.4.1 HBY targets PDZ-containing proteins frequently targeted by other viruses

To investigate the recognition specificity of the PBM-HBc for human PDZ domains (the
PDZome), we used the automated high-throughput holdup assay, which allows measuring
binding intensities (Bls) for a large number of PDZ domain-PBM pairs [25]. We used an
updated PDZome library that contains all the 266 known human PDZ domains [26]. The
PDZome-binding profile (Fig.la) represents the individual Bls of each PDZ domain for the
PBM-HBc peptide (peptide sequence with the PBM underlined: RRRRSQSRESQC). The
binding intensities are directly linked to the PBM/PDZ affinities. Using BI=0.2 as the
minimum threshold for a significant PDZ-peptide interaction [25], 28 potential HBc binders
containing PDZ domains were identified (Fig.1b, Table 1). This dataset represents about 10%
of the human PDZome targeted by PBM-HBc with high-to-medium affinities. The best
binders, GIPC1 and PTPN3, have already been reported as targets of the HBV core protein
through PDZ/PBM interactions [6,17]. PBM-HBc also bound the PDZ domain of the non-
receptor protein tyrosine phosphatase 4 (PTPN4), the closely related isozyme of PTPN3, and
the PDZ domain of GIPC2, closely related to GIPC1. The interacting proteins include various
PDZ proteins targeted by other oncoviruses. The membrane-associated guanylate kinase, WW
and PDZ domain-containing proteins 1, 2 and 3 (MAGI1, MAGI2 and MAGI3), the discs-
large homolog 1 and 4 (DLGI1 and DLG#4), the protein scribble homolog (SCRIB), the multi-
PDZ domain scaffolding protein (MPDZ), the INADL protein (InaDl) and the Sorting Nexin
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27 (SNX27) [27] are all targeted by HPV types 16 and 18 through their E6 proteins [28].
PTPN3 and GIPC1 have also been reported as E6 binding partners. Thus, the same large pool
of human PDZ-containing proteins is targeted by the oncoviruses HBV and the high-risk
HPVs. Additionally, DLG1, MAGI1 and 3, and SCRIB are also targeted by another
oncovirus, the Human T Lymphotropic Virus Type I (HTLV-I), through the PBM of its Tax
protein. Likewise, non-oncogenic viruses target some of the PDZ-containing proteins that
bind the PBM-HBc. Indeed, Adenovirus binds DLG1, MAGI-1, MPDZ, and the tight junction
protein ZO-2 (TJP2) through the PBM of the early 4 ORF1 protein [28]. Then, the
Microtubule-associated serine/threonine-protein kinase 2 (MAST?2), the discs-large homolog
2 (DLG2), and PTPN4 interact with the PBM of the protein G of Rabies virus, and the beta-1-
syntrophin (SNTB1) binds the HTLV-I Tax PBM [29]. All these HBc binders identified
through the holdup assay and already reported as targets of other viral PBMs are good
candidates for validation in cells.

The 6 remaining binders have not been reported to be targeted by viruses. These are the discs-
large homolog 3 (DLG3), the alpha-1 and beta-2-syntrophin (SNTA1 and SNTB2), the
Signal-induced proliferation-associated 1-like protein 2 (SIPA1L2), the Syntaxin-binding
protein 4 (STXB4) and the Synaptojanin-2-binding protein (SYNJ2BP). They might be new
relevant binders of PBM-HBc, or they interact because of PDZ domain homology, as in
DLG3 with the DLG family and SNTA1 and SNTB2 with the syntrophin family.
Alternatively, they might emerge from the degenerate specificity of PBMs or the promiscuity
of PDZ/PBM interactions. Thus, the holdup assay enabled us to identify new host proteins
potentially targeted by HBc during infection in addition to PTPN3 and GIPC1. To follow, we
further investigated the interaction between HBc and PTPN3.

7.2.4.2 The atypical PDZ binding motif of HBc interacts with PTPN3-PDZ through a

network specific to class I PDZ domains

PDZ domains can be grouped into in three main specificity classes: class I recognizes a serine
or threonine at position —2 (P—,) within a C-terminal peptide sequence-motif defined as -[X-
S/T-X-®coon], where @ is a hydrophobic residue and X is any residue; class II recognizes any
hydrophobic residue at P, within a motif defined as -[X-®-X-®coon] [30,31]; and class 11
,which recognizes the motif -[X-D/E-X-®coon] [32]. The PBM-HBc is an atypical PBM
because it features a cysteine at its C-terminus. All the sequence consensus classes commonly

used to describe PBMs present a hydrophobic residue in the last C-terminal position.
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Although cysteine is often considered to be hydrophobic its classification is ambiguous, as
some consider it to be polar since it is often found close to or at the surface of proteins.
However, as we previously reported, its affinity for PTPN3-PDZ is similar to the affinity of
canonical class I PBMs such as the PBM-16E6, which presents a leucine at the C-terminus
(HPV16 E6 C-terminal sequence ETQL) [24].

To decipher the molecular basis of recognition of the C-terminal sequence of HBc by PTPN3,
we solved the crystal structure of the complex formed by PTPN3-PDZ and the PBM-HBc
peptide (xu2RRRRSQSRESQCcoon) by molecular replacement at 1.86 A resolution. The
structure of the complex between PTPN3-PDZ and the class I PBM-16E6 (PDB ID: 6HKS)
that we previously solved was used as a template (Fig. 2, Table 2). The structure factors and
coordinates have been deposited in the Protein Data Bank under accession code 6T36. We
compared the set of intermolecular bonds in both complexes to obtain structural insights on
the binding mode of the unconventional HBc PBM.

As expected, the overall structures of PTPN3-PDZ in complex with PBM-HBc and PBM-
16E6 are similar with a very low root mean square deviation (rmsd) of 0.18 A for all the
backbone atoms (Fig. 2a). PTPN3-PDZ adopts the typical PDZ fold comprising five p-strands
and two a-helices. A clear electron density map was seen for the last eight C-terminal residues
of PBM-HBc (underlined in the peptide sequence -RRRRSQSRESQCcoon). The last five
residues are inserted into the binding groove (Fig. 2b). PBM-HBc binds PTPN3-PDZ in a
conventional way, inserting into a hydrophobic cleft formed by the p2-strand, the a2-helix
and the “GLGF” loop (Fig. 2a) and pairing as an anti-parallel extension of the 2-strand, as
observed for the PBM-16E6. Indeed, the backbone amide proton of the cysteine (Cy) and the
serine (S.2) and the backbone carbonyl oxygen of S.; of the PBM-HBc are H-bonded to the b2
sheet of PTPN3-PDZ through the backbone carbonyl oxygen of F523, L525 and the backbone
amide proton of L525 respectively (black dashed lines in Fig. 2c¢).

PTPN3-PDZ possesses the interaction network specific to class I PDZ domains that differ
from other classes by the nature of the residue at P,. The key interactions of the PBM
residues at positions 0 and -2 with PTPN3-PDZ are identical to those we reported for the
complex formed between PTPN3-PDZ and the PBM-16E6, in agreement with the same range
of affinity of PTPN3-PDZ for PBM-HBc and classical PBMs [24]. The carboxylate of the C-
terminal cysteine (Cp) of PBM-HBc forms three H bonds with the amide protons of F521,
G522 and F523 of the ‘GLGF’ motif on PTPN3-PDZ (Fig. 2c). The side-chain of the C,
occupies the same position as the leucine side-chain in the complex with HPV16E6 PBM

(Fig. 2b, 2c). The space between the isoleucine 579 side-chain and the Cy permits to
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accommodate the cysteine side-chain in this hydrophobic environment without additional
polar contacts to maintain its position. In position -2, the hydroxyl group of the serine (S.,)
forms a H-bond with the Ne2 of the conserved H572 from the a2-helix, as those we observed
for T, in the PTPN3-PDZ/PBM-16E6 complex.

Interestingly, the same residues are found in positions -1, -3 and -4 (Q, E and R, respectively)
in both viral PBMs, PBM-16E6 and PBM-HBc. Accordingly, we observed the same network
of polar contacts in both complexes (Fig. 2c). In position -1, the eNH2 of the exposed
glutamine (Q.;) side-chain is H-bonded to the side-chain carbonyl and the terminal amine of
N524 of the b2-strand through a water molecule. The hydroxyl of S538 and the amine proton
of N524 form H-bonds with the side-chain carboxylate of the glutamate in position -3 (E.3),
and the carboxylate oxygens of D573 at the beginning of the a2-helix form ionic bonds with
the guanidinium nitrogens of arginine at position -4 (R.4) (Fig. 2c). These bonds involving
residues at positions -3 and -4 are known to modulate the affinity of PDZ domain for PBM
sequence while they do not strictly form part of the PBM [24,33-35]. A few water molecules
conserved in the two complexes participate as well in the PBM binding network, such as the
one making a bridge between R4 and G527 and Q531 of the b2-b3 loop. Moreover, the
backbone carboxyl oxygen of R4 forms H-bonds with the side-chain amine of K526, which is
in turn H-bonded to the hydroxyl of the serine of the PBM-HBc at position -5 (S.5)(Fig. 2c).
Finally, the backbone amide of R4 forms a H-bond with the side-chain carboxyl of Q531,
whose amine group is also bonded to the backbone carboxyl of S_g, whereas a water molecule
makes the bridge with the threonine at position -7 (T_7) within the complex with HPV16E6
PBM.

Thus, we determined that a C-terminal cysteine does not affect the PBM binding, considering
the similar binding affinities of the PBM-HBc and the PBM-16E6 for PTPN3-PDZ, and the

similar bonding patterns typical of class I PDZ complexes.

7.2.4.3 The PDZ-binding motif of HBc induces direct perturbations on residues at the
PBM binding site of PTPN3-PDZ and in its vicinity

To provide insights at the atomic level on the residues of PTPN3 affected upon interaction
with HBc, and on potential distal effects, we probed the binding of PTPN3-PDZ to the PBM-
HBc by solution NMR experiments. 'H, "N HSQC spectra were recorded on '*N-labeled
PTPN3-PDZ in its free form and in the presence of the unlabeled PBM-HBc peptide. We
assigned the signals using the previous assignment of the backbone of the PTPN3-PDZ
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complexed with the HPV16 E6 PBM (BMRB entry 27645) and we analyzed the chemical
shift perturbations (Dd) of the 'H, "N signals of PTPN3-PDZ induced by the binding to
PBM-HBc. Two types of signals were used for the analysis (Fig. 3a): (1) signals experiencing
significant chemical shift changes (Dd > 0.19 ppm; standard deviation 0.14 ppm); (2) signals
experiencing large chemical shift changes or severe line broadening effects caused by
exchange and disappear upon complex formation. Six residues belonging to signals of type 1,
G522, 1525, G527, G528, 1559, E589, are shown in red in Figures 3a and 3b, while 9 residues
of signals of type 2, D516, F521, F523, K526, V536, V575, K580, R583, S587, are colored in
magenta in Figure 3a and 3b. Seven residues, D505, D518, 1550, K552, H570, T571, R588,
whose behaviour could not be safely defined mainly because they fall in crowded spectral
regions, are colored in gray (Fig. 3b).

As expected, signals of the residues located in the PBM binding site such as L.525, K526 and
G527 of the p2-strand; K580, R583 and V575 of the helix a2; or F521, G522, F523 of the
“GLGF motif” are among the most affected when the complex with PBM-HBc is formed
(Fig. 3b). G528 in the P2-B3 loop, V536 on the B3-strand, and the S587 and E589 in the a2-
B5 loop are in close proximity to the PBM binding site and are also affected. In addition,
L525, in direct contact with the ligand, is located 3.9 A away from 1559 on the P4-strand,
likely transmitting the perturbation through hydrophobic contacts between the two. D516 also
experiences a strong effect upon PBM binding due to a network of water molecules that links
it to the carboxylate of C,. Thus, direct and distal perturbations are induced upon PBM
binding, as we previously observed in PTPN3 and PTPN4 PDZ domains [24,36].

7.2.4.4 PTPN3-PDZ binds to full-length HBc assembled into CLPs

We then tested the complex formation between PTPN3-PDZ and the full-length HBc (Fig.
3¢). 'H, "N HSQC-TROSY spectra were recorded on "N-labeled PTPN3-PDZ in its free
form (red signals in Fig. 3¢) and in the presence of the unlabeled HBc full-length protein at
different ratios. After stepwise additions of HBc to a final ratio 1:19.4 (black signals in Fig.
3c¢), nearly all of the TROSY resonances observed with free PTPN3-PDZ had disappeared,
almost certainly because transverse relaxation in the complexes was too fast to observe NMR
signals even with the TROSY effect. Indeed, WT HBc proteins form homodimers and self-
assemble into capsids [37] and the full-length HBc expressed in Escherichia coli mainly

assembles into capsid-like particles (CLPs) of 3 to 5 million Da, as measured by analytical
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ultracentrifugation (AUC)(Fig. 3d). Indeed, we observed by AUC a large peak corresponding
to a main species in our sample with a sedimentation coefficient of 85 S, in agreement with
the values previously reported for HBV CLPs at 82.5 S [38]. The molecular tumbling of
PTPN3-PDZ is drastically slowed down when forming high molecular weight complexes with
the CLPs, which induced the broadening of the linewidths of the PTPN3-PDZ signals beyond
detection. Yet, the TROSY spectra of the complexes did contain a few peaks, which we
attributed to regions of PTPN3-PDZ that remained mobile, probably the N-terminal and C-
terminal extremities. These results indicate that PTPN3-PDZ can bind the CTD of full-length
HBc within CLPs in vitro.

7.2.4.5 PTPN3 binds to the HBc protein within capsids as well as to the assembly-
deficient mutant Y132A

To investigate if the PBM at the end of CTD of HBc is accessible for PTPN3 binding when
capsids are assembled in cells, a GST pull-down in vitro assay was performed with lysates of
HeLa S3 cells overexpressing either the HA-tagged wild-type (WT) full-length HBc or its
Y 132A mutant that forms dimers but is unable to assemble into capsids [39] (Fig. 4a). GST
protein was used as a negative control. The expression of HA-HBc WT and HA-HBc Y132A
in the cell lysates was verified by Western-blot using the anti-HA antibody (Fig. 4a lane 5).
We also confirmed, using native western blot, the presence of capsid in the HeLaS3 HBc WT
cell lysate and its absence in the HeLaS3 HBc Y132A cell lysate (Fig. 4b).

The GST alone and its fusion with PTPN3-PDZ (GST-PTPN3-PDZ), used as baits, were
immobilized on glutathione beads and tested for their ability to pull down HA-HBc WT by
Western blot using the anti-HA antibody. After washing, identical amounts of beads were
analysed for the presence of the tagged proteins, and HBc WT was detected only in
interaction with GST-PTPN3-PDZ (Fig. 4a upper part, lane 2). Thus, the interaction between
HBc and GST-PTPN3-PDZ is specific of PTPN3-PDZ.

Similarly, GST-PTPN3-PDZ, but not GST alone, was able to bind to HA-tagged HBc Y132A
mutant protein as efficiently as WT HBc (Fig.4a lower part, lane 2). These results
demonstrate that PTPN3-PDZ interacts directly with the HBc protein both in the context of
the full-length protein within capsids and in the dimeric form, and suggest that the interaction

with PTPN3-PDZ could occur at different steps of viral infection.
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7.2.4.6 PTPN3 overexpression has multiple effects on HBV infection in hepatoma cells

Human hepatoma HepG2 NTCP cells stably expressing full-length PTPN3 were established
to monitor the effect of PTPN3 on HBV infection. Overexpression of PTPN3 was assessed by
the quantification of PTPN3 RNA in HepG2 NTCP-PTPN3 compared to HepG2 NTCP and
by western blot analysis (Fig. 5a). Neither cell death nor morphological differences were
observed in HepG2 NTCP-PTPN3 cells compared to HepG2 NTCP cells. This indicates that
PTPN3 overexpression is well tolerated by HepG2 NTCP cells.

Because HBc may be involved in different steps of the HBV life cycle, from the first steps of
infection to viral RNA transcription, encapsidation and reverse transcription, we studied the
impact of PTPN3 on HBV replication by following multiple virological parameters after
HepG2 NTCP-PTPN3 and HepG2 NTCP infection. We measured the level of cccDNA using
qPCR, HBYV transcription using RTqPCR, and calculated the ratio RNA/cccDNA to evaluate
cccDNA transcriptional activity. We also assessed HBV replication by measuring
cytoplasmic RC-DNA by qPCR, and finally we monitored HBV secretion by calculating the
ratio secreted RC-DNA/cytoplasmic RC-DNA.

We observed a 2-fold decrease of cccDNA levels in HepG2 NTCP-PTPN3 compared to
HepG2 NTCP (Fig. 5b). This might be due to a default of DNA import through the capsids on
the nucleus or an effect of PTPN3 on capsid stability. In parallel, a 2-fold increase in viral
genome transcription and a 2.5-fold increase of secreted particles were also observed in
PTPN3 overexpression conditions (Fig 5b). These results indicate a significant role of PTPN3
in HBV replication.

7.2.4.7 PTPN3 targets multiple PBM-containing binding partners in cells

We aimed at identifying new endogenous partner proteins of PTPN3 through a PDZ-PBM
interaction to highlight potential biological pathways involving the phosphatase. We
performed pull-down analyses using PTPN3-PDZ as a bait and HeLa S3 cell lysate. Purified
GST-PTPN3-PDZ and GST alone were incubated with the soluble fraction of HeLa S3 cell
lysates. The interaction partners recovered in each sample were then identified by LC-
MS/MS. In total, 348 and 54 different proteins, common between triplicates, were identified
with GST-PTPN3-PDZ and GST alone, respectively. 326 proteins were specifically detected
in GST-PTPN3-PDZ samples and were absent from GST controls (Supplementary Table S1).
These proteins are potential PTPN3 interactants through a PDZ/PBM interaction. Then, we
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narrowed our list of candidate proteins by selecting those that feature a PBM at their C-
terminus. We shortlisted 104 potential PBM-containing proteins: 40 of class I (S/T-X-dcoon),
62 of class II (¢-X-dcoon), and 2 of class III (D/E-X-dcoon) with ¢: V, I, L, A, G, W, C, M, F
(Supplementary Table S2). PTPN3-PDZ is known to bind preferentially type I PBMs, so we
focused on the 40 class I PBM-containing partners. Chronic infection with HBV can lead to
the the development of hepatocellular carcinoma (HCC) [40]. Therefore, we searched for
potential links between the 40 class I PBM-containing partners and HBV and/or HCC. Only
Vangll (planar cell polarity protein 1), component of the Wnt/PCP pathway, was known to
bind PTPN3, although it was not determined if the interaction occurred via its PBM [41].
Vangll is dysregulated in human cancers [42]. Interestingly, Vangll has been reported to be
upregulated in the HBV-related cancer HCC, and associated to the invasion capacity of HCC
cells [43]. Several other PTPN3-PDZ partners identified in our analysis have been linked to
HCC. The nuclear transport receptor Exportin 2 is overexpressed in HCC and its upregulation
correlates with de-differentiation, proliferation, and poor prognosis [44]. The PTPN3-PDZ
domain also binds Podocalyxin, whose expression is increased in HCC, and participates in
migration and invasion processes [45]. Acot8 is often upregulated in HCC patients [46],
whereas its silencing reduces in vitro tumorigenesis in HCC cells.

Moreover, among the PTPN3 partners identified, some are directly linked to HBV infection.
COX-2 is upregulated by HBV [47] and its expression is also increased in the liver of cancer
patients with chronic HBV infection. COX-2 might represent an important cellular effector of
the HBV protein HBx, which contributes to hepatitis B virus-associated hepatocarcinogenesis
[48]. Interestingly, hnRNP A0, another PTPN3 partner, is implicated in the LPS-induced post-
transcriptional regulation of COX-2 mRNA and specifically bind COX-2 mRNA [49]. The
PTPN3 binder 2°,3’-Cyclic Nucleotide 3’-Phosphodiesterase (CNP) is a gene stimulated by
interferon. It also strongly inhibits HBV production by blocking viral proteins synthesis and
reducing viral RNAs, respectively [50]. In patients with chronic hepatitis B, CNP is expressed
in most hepatocytes of HBV-infected liver specimens. Inactivation of CNP expression
moderately enhances viral production in HepG2.2.15 cells treated with IFN-a. Thus, CNP
could be an intermediary of the response induced by interferon against HBV. PTB, the
polypyrimidine tract-binding protein, is another interesting PBM-containing partner of
PTPN3. Indeed, PTB can bind to the HBV PRE (posttranscriptional regulatory element), an
RNA element that facilitates the export of unspliced mRNAs of the nucleus. Thus, PTB could
be important for the PRE activity and may function as an export factor for mRNAs containing

PRE [51].
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In sum, we have identified potential PTPN3 PBM-containing cellular partners. Some of them
have been reported in HCC and/or in HBV infection and could be displaced by HBc¢ during
HBYV infection by competition with PBM-HBc.

7.2.5 Discussion

Thus far, only a few interactions of HBc with host proteins have been described. There are the
ones mediated by the NLS present in the CTD of HBc, which can bind to importin of
complexes and target the capsid to the nuclear pores [3]. Several host kinases have also been
proposed as candidates for CTD phosphorylation [52] and two human PDZ-containing
proteins GIPC1 and PTPN3 [5,6] are known to bind the PBM of HBc. GIPC1 couples other
proteins to myosin VI movement and participates in the recycling of membrane receptors
[53], and has been proposed to be involved in short intracellular transport of HBc proteins or
capsids from the cytoplasm to the nucleus [54]. Its PDZ domain is targeted by at least two
other viral proteins: Tax protein of HTLV-1 [55] and E6 protein of HPV18 [56]. Concerning
PTPN3, the precise role of the interaction between HBc and PTPN3 in HBV pathogenesis is
still unknown.

In this study, we found that the effects of PTPN3 overexpression on HBV infection in
hepatoma cells are multiple, suggesting that PTPN3 could have a significant and pleiotropic
role in the HBV replication. In particular, we observed a decrease of cccDNA levels during
HBYV infection in HepG2 NTCP-PTPN3 compared to HepG2 NTCP. This might be due to a
default of DNA import on the nucleus or an effect of PTPN3 on capsid stability or
phosphorylation. We showed that PTPN3 binds the HBc CTD within CLPs and capsids in
vitro. We hypothesized that PTPN3 might interact in vivo with the HBc CTD of HBV capsids
through a PDZ/PBM interaction.

Indeed, several data indicate that at least a fraction of the HBc CTD are exposed on the
external surface of the particle [57-59]. The CTD of cytosolic HBc is responsible for binding
and encapsidating viral pgRNA through its CTD. It is generally accepted that the arginine-
rich C-terminal region of the HBc CTD interacts with the viral genome inside the particle.
Once the viral genome is matured to rcDNA within the capsids, a fraction of the rcDNA-filled
capsids is shuttled back to the nucleus to maintain the levels of cccDNA. At this step, the
nuclear localization signals (NLSs) of CTD are required. Therefore, to perform these

functions, the CTD should be able to shuttle between the interior and the exterior of the
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capsids. Previous observations support this model [60,61]. In addition, the linker at the
boundary between the assembly and arginine-rich domains of HBc seems to be mobile and
may allow a large mobility of the C-terminal domain [62].

Interestingly, PTPN3 contains 3 functional NLSs (1 in the FERM domain, 1 in the linker
between the FERM and PDZ domains and 1 in a loop of the PTP domain), and PTPN3
lacking its FERM domain is found in the nucleus [17]. Three isoforms of PTPN3 are
produced by alternative splicing, two of which have truncated FERM domains. PTPN3 might
play a role in the DNA import into the nucleus through the PBM-HBc/PTPN3-PDZ
interaction and the NLSs. Another attractive possibility is a modulation of capsid stability
involving the tyrosine dephosphorylation activity of PTPN3. The PBM-HBc/PTPN3-PDZ
interaction would allow PTPN3 to dephosphorylate the tyrosine of HBc. Several tyrosines in
HBc are susceptible of being phosphorylated, including the tyrosine 132 (Y132), which is
exposed in the HBc capsid and involved in capsid assembly [39]. To our best knowledge,
there is currently no data reported in the literature on tyrosine phosphorylation in HBc. We
can hypothesize that capsid assembly is regulated by phosphorylation of Y132, and that
PTPN3 could dephosphorylate HBc and modulate the stability of the capsid. Thus, PBM-HBc
might be responsible for PTPN3 recruitment to dephosphorylate HBc and regulate the capsid
assembly.

In this study, we reported a pool of human PDZ-containing proteins potentially targeted by
PBM-HBc. Despite the non-canonical composition of the PBM sequence (i.e. a cysteine at the
last C-terminal position), a large panel of interactors with high-to-medium affinities for PBM-
HBc was detected in vitro. As expected, we identified GIPC1 and PTPN3, but also new
cellular partners potentially involved in the HBV life cycle. Notably, a large majority of these
binders are targeted by other viruses. For example, the three proteins DLG1, MAGI-1 and
MPDZ are all targeted by the oncoviruses HBV, HPV 16 and 18, and HTLV-1, as well as by
adenovirus. Thus, viruses with quite distinct replication cycles encode PBM-containing
proteins that target a common subset of cellular PDZ proteins during infection [29]. A
majority of these PDZ-containing proteins are involved in cell-cell junction or polarity and
cellular trafficking, suggesting that interfering with these functions is a strategy shared by
viruses. The interaction of viral PBMs with PDZ-containing proteins frequently leads to a loss
of function either by abnormal sequestration in cell structures or by proteasomal degradation,
while in some cases an apparent gain of function of the cellular protein is observed. In all

cases, the targeting of PDZ-containing proteins and the alteration of cellular processes
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regulated by these proteins are likely to improve viral replication, dissemination in the host, or
transmission to new hosts.

As the structural data on PDZ domains in complex with a C-terminal cysteine PBM are rather
sparse, we have solved the high-resolution structure of the PTPN3-PDZ/PBM-HBc complex.
The atypical PBM-HBc binds PTPN3-PDZ establishing a network of interactions typical of
class I PDZ domains despite the cysteine in the last C-terminal position, which explains the
binding affinity for PTPN3-PDZ being comparable to the one of canonical PBMs.
Interestingly, PTPN3 is also able to bind to the cytoplasmic domain of TACE (tumor necrosis
factor alpha-convertase), which also presents a C-terminal cysteine in its PBM [13], and
GIPC1, the other reported PBM-HBc target, interacts as well with the human lutropin
receptor, which also presents a C-terminal cysteine in its PBM (-YTECcoon) sequence.
Structural insights about the binding of a cysteine at the C-terminal part of a PBM to a PDZ
domain have been reported for a class II PBM (liprin-a peptide) with the GRIP1 PDZ6 [63].
We compared the binding mode of this complex with our crystal structure of the complex
between the class I PBM of HBc and PTPN3-PDZ, and we found a similar orientation of the
side-chains of the two cysteines in the hydrophobic pocket. The position of these side-chains
is equivalent to the one of the classical C-terminal hydrophobic leucine in the PBM-16E6
bound to PTPN3-PDZ. Thus, it appears that a C-terminal cysteine in PBMs is not
discriminant, since PDZ domains such as PTPN3-PDZ can interact with these PBMs and with
canonical ones displaying a similar network of interaction and affinity.

HBYV, through the PBM-HBc, may enter in competition with endogenous partners to hijack
signalling pathways in infected cells as already reported for the rabies glycoprotein [34]. We
propose a list of PBM-containing candidates that are possible partners of PTPN3 through
PDZ/PBM interactions using a pull-down assay. Among the candidates, CNP, for example,
appears to be involved in cellular response against HBV infection, as it has been found to
block viral protein synthesis and reduce viral RNAs. PTPN3 might participate in a signalling
pathway of interferon-stimulated genes. HBc could block this process by targeting the PDZ
domain of PTPN3 partner and displacing CNP. Similarly, HBc could displace PTB, another
PBM partner of PTPN3. PTB binds the regulatory protein PRE and both proteins appear to
enhance the nuclear export of unspliced RNAs (such as the HBV RNAs). By targeting and
disrupting the PTPN3-PTB interaction, HBV could potentially favour the export of its RNAs,
and thus enhance virus production.

In conclusion, during infection the virus may target endogenous proteins for a direct and

specific action as PTPN3 on encapsidation, but also for a more general perturbation of
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cellular homeostasis in its favor. Further research on the specific set of PDZ-containing
proteins targeted by the PBM of HBc and the PBM-containing proteins interacting with PDZ-
PTPN3 will provide insights into the mechanisms whereby the interaction of HBc with these
cellular proteins is advantageous for the HBV life cycle. Our integrative study identifies
perturbations at the levels of proteins and cellular pathways and provides a new resource for

the HBV-host interactions research.

7.2.6 Materials and Methods

Holdup assay

The holdup assay was carried out against the biotinylated peptide PBM-HBc (peptide
sequence -RRRRSQSRESQC) in duplicates as previously described [25,26] with minor
modifications. We measured PBM-HBc interactions against 255 human PDZ domains. The
minimal BI threshold value is 0.2 to define a significant interaction as previously reported

[25].

Production and purification of recombinant proteins and PBM peptides

PTPN3-PDZ is encoded as an N-terminal glutathione S-transferase (GST) tagged protein.
Construct delimitations of PTPN3-PDZ are from residues 489 to 597 except for NMR
titration with PBM-HBc peptide and Holdup assays where the construct originated from
another plasmid and its delimitation was from residues 504 to 597. Uniformly '*N-labeled and
unlabeled PTPN3-PDZ constructs were expressed and purified as previously described [24].
For pull-down assays with GST-PTPN3-PDZ, the cleavage step by TEV protease in the
protocol was skipped. The samples for crystallogenesis of PTPN3-PDZ were prepared as
previously described [24].

The HBc expression vector pRSF-T7-HBc1830pt plasmid previously described [64] carrying
the HBc gene, optimized for bacterial expression, was used to express the full-length HBc.
Transformed E. coli BL21 CodonPlus (DE3) cells were grown in LB medium with 100
pg/mL of kanamycin and 25 pg/mL of chloramphenicol. Protein expression was induced at
Deoonm 2 with 1 mM isopropyl thio-B-d-galactoside at 18 °C for 16 h. Harvested cells were
resuspended in buffer B (50 mM Tris/HCL, pH 7.5, 300 mM NaCl, SmM DTT), 1 mg/mL
lysozyme, 50 U/mL benzonase and protease inhibitor cocktail (Roche), and then incubated 45

min with 0.5% Triton X-100. The lysis is achieved by sonication. The cell lysate was cleared
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by centrifugation at 20,000 g. HBV core particles were further purified by 10-60% sucrose
gradient (prepared with buffer B) ultracentrifugation at 140,000 g for 3 hours (Optima L-80,
Beckman ultracentrifuge). The eluted fractions containing the protein were pooled and
ammonium sulfate was then added to 40% saturation [65]. The mixture was left for 1 hour to
salt out the HBV core and then centrifuged at 20,000 g for 15 minutes to pellet the HBV core.
Minimal volume of buffer B was added to resuspend the pellet and then the mixture was
dialyzed against buffer B overnight. The purified HBV core sample was concentrated by
ultra-filtration with a MW cut-off of 100 kD (Millipore, USA). Protein concentration was
estimated by the Bradford method.

The peptides PBM-HBc and biotinylated PBM-HBc were synthesized in solid phase using

Fmoc strategy (Proteogenix) and resuspended in H,O.

Crystallisation, data collection, and structure determination

The PBM-HBc peptide used for co-crystallization was added in excess to form >95% of the
complex with the protein. The PDZ domain-peptide complex for crystallization was generated
as previously reported [24]. The best crystals were obtained by mixing 200 nL of PTPN3-
PDZ-PBM-HBc complex solution (concentration of the PDZ domain at 4.5 mg/mL) in 20
mM HEPES pH 8, 150 mM NaCl, 0.5 mM TCEP mixed with 200 nL of reservoir solution
containing 20% w/v PEG 3350, 0.2 M NaBr at pH 7. Crystals were then flash-cooled in liquid
nitrogen using Paratone-paraffin 50%(v/v)/50%v/v) oil as the cryoprotectant.

X-ray diffraction data were collected at a wavelength of 0.979 A on the beamline PROXIMA-
1 at Synchrotron SOLEIL (St. Aubin, France). The data wereprocesseding and the structures
were solved as previously reported [24] using the search atomic model of PTPN3-PDZ (PDB
ID: 6HKS). The positions of the bound peptides were determined from a F,—F. difference
electron density maps. Models, refinement and the overall assessment of model quality were
done as previously described [24]. The crystal parameters, data collection statistics, and final
refinement statistics are shown in Table 2. All structural figures were generated with the

PyMOL Molecular Graphics System, Version 1.7 (Schrodinger).

Analytic ultracentrifugation (AUC) experiments

HBc CLPs formation was verified by AUC. Sedimentation velocity experiments were carried
out at 20 °C using an analytical ultracentrifuge (Beckman Coulter Optima AUC) equipped
with a ANS5O-Ti rotor. The HBc protein sample at approximatively 150 mg/ml was
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centrifuged for 17 h at 12000 rpm. Interference profiles were analyzed with SEDFIT 16.1 [66]

using a continuous size distribution ¢(S) model with a constant diffusion coefficient D.

NMR experiments

The NMR samples of the PTPN3-PDZ constructs were prepared in buffer A with 0.5 mM
TCEP and D,0 (5-10% v/v). The NMR titration experiments to map the PTPN3-PDZ-PBM
interaction were performed on a 600-MHz Varian NMR System spectrometer equipped with a
triple resonance 'H{">C/"’N} cryoprobe at 15 °C as previously reported [24] with a stock
solution of the unlabeled peptide PBM-HBc of 3.6 mM at pH 7.5 and a sample of ’N-labeled
PTPN3-PDZ initially containing 260 pL at a concentration of 95 pM. The chemical shift
changes were followed with the CcpNmr Analysis software [67].

The NMR binding experiments between PTPN3-PDZ and full-length HBc as CLPs were
performed at 20 °C on a 600-MHz Bruker Avance III HD spectrometer equipped with a
cryoprobe. Briefly, the unlabeled HBc (stock solutions at 7.1 mM) were added in a sample
initially containing 270 pL of '"N-labeled PTPN3-PDZ at a concentration of 95 uM. A series
of 'H, "N HSQC-TROSY spectra was recorded for different titration points with a ratio
PDZ:HBc (mol:mol) 1:0, 1:1.4, 1:5.6 and 1:19.4.

Cells

HelaS3-HBc and HelaS3-HBcY132A were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% foetal calf serum (FCS). They are derived from HeLaS3 and
express the HBc wild type protein or HBc Y132A mutant respectively, as a fusion with Flag
and HA Tags. They have been established as previously described [68].

HepG2-NTCP cells (A3 clone) derive from HepG2 cells and express the human sodium
taurocholate cotransporting polypeptide (NTCP). HepG2-NTCP cells are grown in DMEM
with 10% fetal calf serum (FCS). HepG2-NTCP-PTPN3 cells are derived from HepG2-NTCP
cells and stably express PTPN3. pCMV6-PTPN3 plasmid was from Origene (reference
RC15851).

Pull-down assays

The construct PTPN3-PDZ tagged with a N-terminal GST (GST-PTPN3-PDZ) was expressed
and purified as previously described [24] without TEV cleavage. The additional TEV
cleavage step of GST-PTPN3-PDZ provides the GST alone. Pull-down assays were
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performed as previously described [35] except that the lysate is from human cervical
carcinoma cell line Hela S3 cells overexpressing the HA-HBc.

Briefly, Hela S3 cells were prepared as followed. Cells overexpressing the HA-HBc protein
were lysed in 20 mM Tris-HCI pH 7.5, 200 mM NaCl, 0.5% Nonidet P-40, complete protease
inhibitor cocktail (Roche), 2 mM DTT by incubating cells on ice for 15 minutes followed by
five sonication cycles and a 13,000 x g spin for 20 min.

After lysate binding, the glutathione-agarose beads were washed four times with binding
buffer, pelleted and resuspended in a SDS-PAGE sample buffer for Western blotting. After
boiling, the bound proteins were analyzed using 12% SDS-PAGE followed by Western
blotting using HRP-conjugated HA Epitope Tag monoclonal antibody (26183-HRP,
ThermoFisher) diluted to 1:2000. The proteins were visualized by enhanced
chemiluminescence according to the manufacturer's instructions (Immobilon Forte Western
HRP substrate, Millipore).

For pull-down analyses by LC-MS/MS, the proteins bound to the glutathione-agarose resin
were eluted by incubation with binding buffer containing 10 mM glutathione for 1h at 4°C.
The beads were separated by centrifugation, and the proteins in the supernatant were
precipitated using trichloroacetic acid/acetone [69].

Samples were re-suspended in 300 uL 8 M urea/ 100 mM Tris HCI pH 8.5. Briefly, samples
were reduced with 5 mM TCEP for 30 minutes at room temperature and alkylated with 10
mM iodoacetamide for 30 minutes at room temperature in the dark. Then, proteins were
digested for 5 hours at 30°C with 500 ng rLys-C Mass Spec Grade (Promega, Madison, WI,
USA). Samples were then treated as previously described [70] as well as tryptic peptides
analysis [70] with minor changes.

All data were searched using Andromeda [71] with MaxQuant software [72,73] version
1.5.3.8 against Homo sapiens reference proteome from Uniprot (20 399 entries) concatenated
with GST-PTPN3-PDZ protein sequence, usual known mass spectrometry contaminants and
reversed sequences of all entries as previously described [70]. The “match between runs”
feature was applied between replicates with a maximal retention time window of 0.7 minutes.
One unique peptide to the protein group was required for the protein identification. A false
discovery rate (FDR) cut-off of 1 % was applied at the peptide and protein levels. Reverse
proteins and usual MS contaminants were removed before the analysis of the data.
Quantification of each identified protein was performed by summing the intensities of its

associated peptides.
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HBYV production and infection

For virus production, HepAD38 cells were grown in Williams E medium supplemented with
5% FCS, 7.10° M hydrocortisone hemisuccinate, 5 mg/mL insulin, and 2% dimethylsulfoxide
(DMSO). HBV particles were concentrated through ultracentrifugation with a SW-32 rotor at
32,000rpm and a 20% sucrose cushion. Titers of enveloped DNA-containing viral particles
were determined by immunoprecipitation with an anti-preS1 antibody (gift of C. Sureau),
followed by qPCR quantification of viral RC-DNA wusing RC primers RC 5’ (5'-
CACTCTATGGAAGGCGGGTA-3") and RC 3’ (5-TGCTCCAGCTCCTACCTTGT-3").
Enveloped DNA-containing viral particles (vp) quantification was used to normalize for virus
infection, and multiplicities of infection (MOI) were expressed as vp per cell.

HepG2-NTCP or HepG2-NTCP-PTPN3 cells were infected with normalized amounts of virus
at a MOI of 500 vp/cell in presence of 4% PEG 8000 and 3% DMSO. Infected cells were
maintained in medium supplemented by 3% DMSO and collected 7 days after infection for

virus replication analysis.

Quantitative RT-PCR (RT-qPCR)

Total RNA was prepared using TRIzol reagent (Invitrogen) and DNA contamination was
removed by TURBO DNase treatment (Ambion). RNA (500 ng) was retrotranscribed using
Oligo dT primers and RevertAid H Minus M-MuLV reverse transcriptase (Fermentas). RT-
qPCR experiments were carried out as described [74]. Relative quantifications were
performed as described previously [75]. The primers HBV RNAall-F and HBV RNAall-R
amplify all HBV transcripts (pgRNA as well as the 2.4 and 2.1 kb mRNA) except the 0.8 Kb

transcript encoding HBx.

Quantification of cccDNA

For nuclei isolation, cells were lysed in fractionation buffer containing 100 mM tris HC1 pH 7
and 0,375% NP40 and shook using a vortex for 30 sec. Nuclei were pelleted by centrifugation
(10 min at 15,000 rpm) and washed in fractionation buffer. Supernatant corresponding to
cytoplasmic fraction were kept for RC-DNA quantification. Following centrifugation DNA
was extracted using QIAamp DNA blood mini kit (Qiagen). For HBV cccDNA
quantification, DNA was pre-treated with 10 U of plasmid-safe DNase (Epicenter) for 1 h at
37 °C and cccDNA was amplified using cccDNA primers: cccDNA 57 (5'-
GTGCACTTCGCTTCACCTCT-3") and cccDNA 3’ (5'- AGCTTGGAGGCTTGAACAGT-
3'). Samples were normalized using CyclinA2 quantification by qPCR with the following
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primers: CCNA2 5 (5-CCTGCTCAGTTTCCTTTGGT-3’) and CCNA2 3 (5°-
AGACGCCCAGAGATGCAG-3’).

Quantification of RC-DNA in the cytoplasm

Supernatant from nucleocytoplasmic fractionation described above is digested with DNase
and RNase for 1 h at 37 °C in presence of 6.25 mM MgOAc to remove nucleic acid
contaminants. Capsids were then digested with 7.5 pul Proteinase K (eurobio) and 12.5mM
EDTA, 1% SDS, 125 mM NaCl. DNA was then purified using phenol chloroform technique
followed by isopropanol precipitation and quantified by qPCR using RC primers: RC 5° (5'-
CACTCTATGGAAGGCGGGTA-3") and RC 3’ (5'-TGCTCCAGCTCCTACCTTGT-3").

Virus secretion

Supernatant from infected cells were recovered and centrifuge Imin at 13000g to remove
cellular debris and PEG 8000 was added to a 5% final concentration. After precipitation at
4°C, supernatants were centrifuged 15min at 13000g. Pellets containing virions were
resuspended in lysis buffer containing 1% SDS, 0,1M NaHCO3, 0,1M TrisHCI pH 6,5 and
0,8mg/ml proteinase K and incubated 1h 56°C. DNA was then purified using phenol
chloroform technique followed by isopropanol precipitation and quantified by qPCR using
RC primers: RC 5 (5-CACTCTATGGAAGGCGGGTA-3") and RC 3 (5'-
TGCTCCAGCTCCTACCTTGT-3").

Accession numbers
Coordinates and structure factors have been deposited in the Protein Data Bank with

accession number 6T36.
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Figure 1. PDZome binding of HBc investigated by in vitro holdup protein—peptide binding
assays. (a) PDZome-binding profile of PBM-HBc. PDZ domains are ranked on the basis of
their Bls for the PBM-HBc peptide. A dashed line indicates the cut-off for a significant PDZ—
PBM interaction (BI > 0.2). (b) Zoom-in on the 28 HBc¢ binders with a Bl > 0.2. The data and
error bars are representative of two independent experiments.

Figure 2. X-ray structure of PTPN3-PDZ bound to PBM-HBc. (a) Superposition of the
structures of PTPN3-PDZ bound to PBM-HBc (PDB ID: 6T36, light grey) and PBM-
HPV16E6 (PDB ID: 6HKS, light green). (b) Representation of the density of the peptide in
the binding groove of the PDZ domain. (c¢) Detailed views of the PTPN3-PDZ bound to PBM-
HBc. Important residues are shown as sticks in CPK colors, molecules of water are
represented as red spheres, and intermolecular H-bonds and polar contacts are shown as
yellow dashed lines. Black dashed lines show the H-bond pairing with the B2-strand.

Figure 3. Ao between free PTPN3-PDZ and PTPN3-PDZ bound to PBM-HBc. (a) Ad values
("H, "°N) computed as A8 = [(ASH)* + (ASNx0.15)*]"%. Red bars mark residues perturbed with
Ad > 0.19 ppm; magenta circles mark residues of PTPN3-PDZ severely affected when binding
to the PBM with signals that disappear from their original well-resolved position in the
spectrum upon complex formation (b) Views of the structure of PTPN3-PDZ bound to PBM-
HBc (PDB ID: 6T36) with the color depending on Ad values. Red: Ad > 0.19 ppm; magenta:
resonances absent in the complexed PTPN3-PDZ spectrum; grey: residues whose behaviour
could not be safely defined, mainly because they fall in crowded spectral regions. Residues
affected are represented as spheres. PBM-HBc peptide is represented as yellow sticks with its
H-bonds as dashed yellow lines. (¢) HSQC NMR spectra of '°N- labelled PTPN3-PDZ free
(in red) or in presence of an excess of full-length HBc (in black). (d) AUC diagram of the full
length HBc sample used for NMR.

Figure 4. GST pull-down assay of GST-tagged PTPN3 PDZ domain against HeLa S3 cell
lysate overexpressing HBc. (a) GST (negative control) and GST fusion proteins were bound
to the same amount of glutathione-agarose beads and allowed to interact with HA-tagged HBc
proteins from lysates of HeLa S3 cells overexpressing either the HA-tagged full-length WT
HBc or the Y132A mutant. Samples were washed and analyzed by western blot with anti-HA
antibodies. (upper part) Lanes I and 2: GST-PTPN3-PDZ in absence or presence of lysate
containing HA-HBc WT respectively; Lanes 3 and 4: GST in absence or presence of lysate
containing HA-HBc WT respectively; Lane 5 shows the signal of HA-HBc WT in lysates of
HeLa S3 cell lysate. (lower part) Lanes 1 and 2: GST-PTPN3-PDZ in absence or presence of
lysate containing HA-HBc Y132A respectively; Lanes 3 and 4: GST in absence or presence
of lysate containing HA-HBc Y132A respectively; Lane 5 shows the signal of HA-HBc
Y132A in lysates of HeLa S3 cell lysate. (left) Ticks and labels indicate molecular weight
markers. (b) Native Western blot on the Hela S3 HA-HBc WT and HA-HBc Y 132A using the
anti-HA antibody.

Figure 5. Effects of PTPN3 overexpression on HBV life cycle (a) PTPN3 expression in
HepG2 NTCP or HepG2 NTCP-PTPN3 cells was tested by RT-qPCR. P values were
determined by Mann-Whitney test. Results are expressed as the average of at least three
independent experiments. Standard error of the mean (SEM) are indicated. Error bars
represent SD of at least three independent experiments. (b) Effect of PTPN3 expression: (left
panel) on cccDNA levels in HepG2 NTCP or HepG2 NTCP-PTPN3 cells (cccDNA levels
was analyzed by qPCR); (second panel) on HBV total RNA (HBV RNA was analyzed and
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quantified by RT-qPCR); (third panel) on cytoplasmic RC DNA (RC DNA is quantified by
qPCR); (right panel) on secreted RC DNA (RC DNA is quantified by qPCR).
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BI HPV16&18 HTLV-1 Adenovirus Rabies

GIPC1 0,85 X X

MAGI3 0,78 X X

PTPN4 0,58 X
SNTB1 0,54 X

DLG4 3 0,53 X

MAGI2 0,51 X

MAGI1 0,49 X X X

STXB4 0,47

MPDZ 0,46 X X

PTPN3 0,45 X

SYNJ2BP 0,43

DLG4 1 0,43 X

DLGI 2 0,40 X X X

SNX27 0,39 X

DLG2 2 0,38 X
SNTB2 0,38

DLG3 2 0,36

DLG4 2 0,35 X

DLG2 1 0,35 X
DLGI1 3 0,34 X X X

DLGI 1 0,34 X X X

GIPC2 0,31

InaDI 0,29 X

TIP2 0,27 X

SNTALI 0,25

SIPA1L2 0,24

SCRIB 0,23 X X

MAST2 0,21 X

Table 1. Best binders of HBc PBM in the holdup assay. Binding intensities (BlIs) and
occurrences between HBV and others viruses are reported.
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PTPN3-PDZnex/ PBM-HBc

Data collection

Space group P3121

Unit cell (a, b, ¢) (A) 75.58, 75.58, 46.59
a,b,g(°) 90.00, 90.00, 120.00
Resolution (A) 46.59-1.86 (1.96-1.86)
No. of reflections (total/unique) 67510/13198
Redundancy 5.1(5.0)
Completeness (%) 99.4 (97.8)

1/s(1) 17.38 (2.70)
R-measy (%) 5.6 (57.5)

CC(172) 99.9 (97.7)
Refinement

Resolution (A) 29.35-1.86

No. reflections 13066

RyorkT / Rireel 0.197/0.236

No. of protein atoms/ligand atoms 749/63

No. of solvent/hetero-atoms 68/1

Rmsd bond lengths (A) 0.007

Rmsd bond angles (°) 0.836

Wilson B-factors 28.6
Ramachandran plot (favored/disallowed)* 96.9/0.0

PDB code 6T36

Values in parenthesis correspond to the highest resolution shell

9 Rmeas= Th(n/n-1)"7Zi [Li(h) - <I(h)>| / ZhZi li(h), where li(/#) and <I(/#)> are the ith and the mean
measurement, respectively, of the intensity of reflection h.

1 Rwork= Xh||Fobs(h)|-|[Fcalc(h)|| / Zh|Fobs(h)|, where Fobs(h) and Fcalc(h) are the observed and
calculated structure factors, respectively. No I/c cut-off was applied.

iRfree is the R value obtained for a test set of reflections consisting of a randomly selected 5%
subset of the data set excluded from refinement.

*Categories were defined by MolProbity.

Table 2. Data collection and refinement statistics
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Figure 3
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Figure 4
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Figure 5
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7.3 Comments

In this work, we began exploring the interplay between PTPN3 and HBV. After
confirming that PTPN3 is able to bind HBc in both its capsid and dimeric forms, we obtained
the first data about the multiple effects of PTPN3 in HBV infection. One possible explanation
we propose for these effects is that PTPN3 modulates capsid stability by altering its
phosphorylation state. HBc presents several tyrosines that are susceptible of being
phosphorylated, including the tyrosine 132 (Y132), which is crucial for capsid assembly’'®.
Indeed, the phenolic side chain of Y132 inserts into a hydrophobic pocket of a neighboring
subunit, contributing to around 10% of the surface buried by interdimer hydrophobic contacts.
Mutation of Y132 to alanine renders the protein unable to form capsids. We hypothesized that
capsid assembly or stability could be regulated by Y132 phosphorylation, and PTPN3 could
be implicated by specifically dephosphorylating this residue. However, there is currently no
data on tyrosine phosphorylation in HBc. To investigate this, we attempted to identify
phosphorylated tyrosines in HBc. We used our GST-PTPN3-PDZ construct to purify wild
type HA-tagged HBc from HBV-infected HepG2 NTCP cells, and subsequently tried to
identify phosphorylated tyrosines by mass spectrometry. However, due to the low relative
abundance of tyrosine phosphorylation and that we lacked the tools to perform an enrichment
of this type of samples, our attempts were not successful. As an alternative, we also tried to
obtain this result by Western blot. Using the same purification technique, we resolved the
proteins by SDS-PAGE and blotted them on PVDF membranes. Our plan was to use anti-
phosphotyrosine antibody to detect Tyr-phosphorylated species, and then identify the band
corresponding to HBc by re-blotting with anti-HA antibody. We also pre-treated one of the
HBc samples with a large amount of PTPN3-Linker-PTP to assess if PTPN3 was able to
specifically dephosphorylate HBc. Although PTPN3 was able to significantly reduce the
levels of tyrosine phosphorylation in the samples, the blotting was very noisy and we could
not obtain a clear band for HBc. We were unable to optimize this approach due to time
constraints. However, given the significance on Y132 in capsid assembly, it will be exciting

to further pursue this line of research in the future.
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Concluding remarks



8 Discussion and perspectives

Protein interaction modules evolved hand in hand with multi-cellularity, becoming
essential for enzyme function specialization by enhancing specificity and function. These
modules determine interactions that add to the complexity of functions associated to proteins
whose catalytic domains per se would be unable to achieve. It is clear from the large amounts
of evidence gathered so far that protein interaction modules represent a particularly attractive
target for pathogenic microorganisms. The recognition of many protein-protein interaction
domains involves short unfolded sequences exposed in larger intrinsically disordered regions
of proteins. It has been shown that viral proteins are more prone to target existing endogenous
protein-protein interaction interfaces rather than creating new interfaces. The protein-protein
interactions mimicked by viral proteins, such as PDZ/PBM interactions, are frequently
involved in multiple and transient regulatory interactions®®. As it was previously mentioned,
the short sequence needed to establish an interaction with a PDZ domain and the fact that
PBMs are located in flexible or disordered regions makes the appearance of these motifs
relatively easy from an evolutionary point of view.

In this thesis, I have developed the study of the human protein tyrosine phosphatase
PTPN3, with a particular focus on its PDZ domain and its PDZ-mediated interactions. For
this, I have employed an integrative and multidisciplinary approach.

The first part of this project focused on studying the specificity determinants of
PTPN3 for its PBM ligands. My work on PTPN3-PDZ contributed to the first structural data
on this domain. The structure of the domain provides insights into the structural determinants
of ligand binding. By using NMR spectroscopy, we identified short- and long-range effects
that occur upon the formation of the complex with the HPV 16 E6 PBM, including a
perturbation pathway that appears to communicate the binding cleft with distal regions in the
domain. This could be an indication of allostery in the PDZ domain of PTPN3. A few
examples demonstrate that PDZ domains are capable of supporting allosteric

171359361 "1 PTPN4, and most likely in PTPN3, an allosteric mechanism

mechanisms
involving transient interactions between the PDZ and PTP domains regulates the activity of
the catalytic domain. The dynamics of the PDZ domains could be relevant in this regulation.
Additionally, the observation that PBM binding stabilized the monomeric form of PTPN3-

PDZ suggests a modification of the domain’s dynamics upon complex formation, although we
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were unable to correlate these effects to a regulation of PTPN3 catalytic inhibition by its PDZ
domain.

Several viruses and cellular proteins target the PDZ domain on PTPN3 through PBMs,
potentially regulating homeostasis or affecting the function of PTPN3. I was interested in
studying the basis of the specificity of recognition of such short, unstructured motifs.
Therefore, I further characterized the determinants of PDZ ligand recognition of PTPN3 by
solving the crystal structures of the complexes of PTPN3-PDZ with PBM peptides derived
from viral and cellular PTPN3 partners. I found that all of these ligands establish a similar
bonding pattern that involves residues that are conserved in the PTPN3 and PTPN4 PDZ
domains, but less often in the PDZome, and thus could represent determinants for PBM ligand
sequence preference of the NT5 phosphatase subfamily. Moreover, I used proteomics data to
explore the sequence consensus of the cellular partners that PTPN3-PDZ preferentially binds,
and found that these data was in agreement with the observations derived from the crystal
structures. Some of the conserved positions in PTPN3 and PTPN4 mediate contacts beyond
the canonical 3-residue PBM that are not required for the interactions to occur, but possibly
favour the selection of some PBM partners over others by increasing their interaction
affinities. We have seen that PDZ domains are promiscuous protein-protein interaction
modules that bind their partners with low-to-medium affinities (1-100 uM), which is related
to the transient nature of signalling interactions. The specific polar bonds and hydrophobic
contacts that the preferred PTPN3 ligands establish via their positions -3 and -4 are likely to
enhance their binding over other potential PBM-containing partners. Additionally, it is likely
that a further degree of selectivity is achieved thanks to the spatial segregation of the protein
by its FERM domain, which targets the phosphatase to the interface of the membrane and the
cytoskeleton, promoting interaction with certain ligands or substrates over others. This was
supported by the observation that both the FERM and PTP domains of PTPN3 are required
for attenuation of HBV genome expression®. It is interesting to consider that from the three
isoforms of PTPN3 that have been described, two are likely to lack this spatial segregation
due tot their incomplete FERM domains. Importantly, these isoforms are likely to be more
active than full-length PTPN3, as suggested by in vitro limited proteolysis studies™.
Unfortunately, there is currently no data on the subcellular location or the physiological
relevance of these isoforms. One can only hypothesize about their potential role, and the
relevance of their PDZ domains for selecting substrates or anchoring these enzymes to
signalling complexes. To date, the role of PTPN3 in cell physiology has been studied with

‘classic’ methodologies, either by overexpressing the protein in cell or by decreasing its
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expression levels using techniques such as siRNA or shRNA. It would be interesting to use
genetic engineering techniques to generate cell lines that express only a particular isoform of
PTPN3 at endogenous levels to avoid artefacts of overexpression, and this way dissect the
individual roles of the splice variants of this protein.

The second part of this project focused on studying the role of PTPN3 in cell
signalling and to understand the effects of PTPN3 targeting during HBV infection through the
viral HBc protein. I investigated the potential interactome of the HBc PBM, and identified
novel potential PDZ protein partners. Many of these protein partners are scaffolding proteins
that are involved in cell polarity and/or cell-cell contacts. It was interesting to find that among
the pool of the HBc targets, a large majority has been reported as targets of other viruses,
suggesting that these interactions are potentially relevant for HBV infection. Despite the
distinct replication cycles of these viruses, they all target at least some members of the same
subset of cellular PDZ proteins. It is likely that facing similar cellular environments has
forced these viruses to adopt analogous strategies to favour their dissemination by hijacking
the same cellular pathways or processes.

PTPN3 was identified as one of the binders of the HBc PBM, and I was interested in
understanding its role in viral infection. By overexpressing PTPN3 in HBV-infected
hepatocytes, we obtained the first indications that PTPN3 has an active role in the viral life
cycle and impacts multiple virological parameters. Given the central importance of HBc in
HBYV biology and its interaction with PTPN3, we hypothesized that the effects on the viral
processes could be due to a modulation of the stability of the viral capsid by PTPN3. Indeed, I
confirmed that PTPN3 binds the PBM of HBc when HBc is forming dimers or capsids,
indicating that this interaction could occur in different steps of the viral life cyle. HBc
contains phosphorylated tyrosines that are potential substrates of PTPN3. The HBc Y132 is
well known to drive capsid assembly by burying its hydrophobic side chain’'®. Binding of the
HBc PBM could be a mechanism to favour dephosphorylation in a specific stage of capsid
maturation, as it has been suggested that HBc CTD exposure could be regulated by the
nucleic acid content of the capsid®'®. It is possible that phosphorylation of Y132 represents a
destabilizing factor for the viral capsid. Therefore, PTPN3 overexpression and increased
Y 132 dephosphorylation could then be considered to increase capsid stability. Currently there
is no data on tyrosine phosphorylation in HBc, so this will be an interesting path to further
explore. Another possibility is that interaction of HBc with the full-length PTPN3 prevents
capsid assembly. When I probed the interaction between PTPN3 and the viral capsid I used
the PTPN3-PDZ construct and not the full-length protein. It is necessary to evaluate whether
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the binding of full-length PTPN3 causes a steric hindrance for the assembly of the viral

314 The authors of this work

capsid. This effect has been proposed for the SRPK kinase
speculate that SRPK could bind HBc and act as a chaperone to sterically prevent HBc self-
assembly. Additionally, SRPK phosphorylates serine residues in the CTD of HBc in vivo. It is
therefore attractive to postulate a hypothetical assembly regulation mechanism that combines
the action of SRPK and/or other kinases and PTPN3. These proteins could be acting as
molecular chaperones, but also their activities might be involved in the regulation, for
example by modulating the phosphorylation state of Y132.

Finally, another relevant development of this thesis project is the first data on the
potential interactome of PTPN3-PDZ. Until now, the PDZ ligands of PTPN3 had not been
explored. We provided the first data on cellular partners of PTPN3 by its PDZ domain. This is
a first step towards uncovering the roles of this protein in cell signalling. The interactions
mediated by the PDZ domain of PTPN3 can be a mechanism to enhance the
dephosphorylation of specific substrates. For example, the PDZ/PBM interaction is required
for dephosphorylation of the PTPN3 substrate p38y’’. Alternatively, interactions with other
partners that are not substrates could place PTPN3 in multiprotein signalling complexes,
where the efficiency of signal transduction can be greatly increased, as discussed for the
phototransduction cascade in Drosophila”'">’. A first approach could be to search for other
protein-protein interaction modules in the PTPN3-PDZ interactors. In line with this, it will be
interesting to explore the interactions between the different partners. Then, as our affinity data
supported a possible competition between viral and cellular ligands of PTPN3, we focused on
searching for potential links of the PTPN3 ligands with HBV or HCC. We found that a
number of PTPN3 partners have been implicated in HBV infection and/or HCC. Further
validation will be required to determine which of these interactions are physiologically
relevant. In the case of the proteins reported in HCC, all of them are overexpressed in this
cancer, suggesting that they participate to the oncogenic activity. For those implicated in
HBYV infection, it is possible that the HBc PBM disrupts their normal interactions with
PTPN3 by competition for binding. This opens interesting possibilities. For example, CNP
appears to be involved in cellular response against HBV infection, as it has been found to
block viral protein synthesis and reduce viral RNAs. It is possible that PTPN3 is involved in
these effects by participating in a signalling pathway of interferon-stimulated genes. HBc
could block this process by targeting the PDZ domain of PTPN3, displacing CNP. Similarly,
HBc could displace another PBM partner of PTPN3, PTB. As I described in section 7.2, PTB

binds the regulatory protein PRE, and both proteins enhance the nuclear export of unspliced
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RNAs (such as the viral RNAs). By targeting and disrupting the PTPN3-PTB interaction,
HBYV could potentially favour the export of its RNAs, and thus enhance virus production.

In conclusion, the combination of structural, biophysical, proteomic and biochemical
approaches allowed me to study the functions and interactions of PTPN3 from a broad and
multidisciplinary perspective. 1 obtained a detailed structural understanding of its PDZ-
mediated interactions, but also a general idea of its potential implications in HBV infection
and cellular signalling. Further work is needed to validate the potential interactions I
identified and to test the hypotheses that these initial observations on the physiological role of

PTPN3 generated.
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9 Appendices

9.1 Table: The extended human PTPome.

Official gene . C.atalytic e s
symbol/ID Protein names flllgolziafture Specificity
Classic PTPs (class I Cys-based)” (subclass I) (37) (HCSxGxGR)
Classic RPTPs (class I Cys-based)” (PTP domain) (20)

1 PTPRA/5786 RPTPa

2 PTPRB/5787 RPTPp

3 PTPRC/5788 CD45

4 PTPRD/5789 RPTPS

5 PTPRE/5791 RPTPe

6 PTPRF/5792 LAR pTyr

7 PTPRG/5793 RPTPy HCSAGVGR?

8 PTPRH/5794 RPTPn, SAP-1

9 PTPRJ/5795 DEP1, CD148

10 PTPRK/5796 RPTPk

11 PTPRM/5797 RPTPp

12 PTPRN/5798 TIA-2 Phosphatase inactive®

13 PTPRN2/5799 IA-2B, phogrin PIPs

14 PTPRO/5800 GLEPP1 pTyr

15 PTPRQ/374462 E%IZIS{SI, HCSAGVGR | PIPs (D3 and D5 positions)

16 PTPRR/5801 gngl% HCSAGIGR

17 PTPRS/5802 RPTPo HCSAGVGR

18 PTPRT/11122 RPTPp HCSAGAGR pTyr

19 PTPRU/10076° PCP-2, PTPJ HCSAGTGR
RPTPC,

20 PTPRZ1/5803 RPTPB/C, HCSAGVGR
phosphacan

Classic non-RPTPs (class I Cys-based)” (PTP domain) (17)

21 PTPN1/5770 PTP1B

22 PTPN2/5771 TCPTP

23 PTPN3/5774 PTPHI

24 PTPN4/5775 PTP-MEGI1 HCSAGIGR | pTyr

25 PTPN5/84867 STEP

26 PTPN6/5777 PTP1C, SHP1
HePTP,

27 PTPN7/5778 LC-PTP
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28 | PTPN9/5780 PTP-MEG2

29 | PTPN11/5781 PTP1D, SHP2

30 | PTPN12/5782 PTP-PEST HCSAGCGR
PTP-BL,

31 | PTPN13/5783 PTP-BAS, HCSAGIGR
FAP1

32 | PTPN14/5784 PEZ,PTP36 | HCSAGVGR

33 | PTPN18/26469 BDP1 HCSAGCGR

| TP e | B esacion

35 | PTPN21/11099 PTPDI HCSAGVGR

36 | PTPN22/26191 LYP, PEP HCSAGCGR

37 | PTPN23/25930 HDPTP HCSSGVGR

Dual-specificity VH1-like PTPs (DUSPs) (class I Cys-based)® (subclass II) (64) (HCxxGxxR)"

Dual-specificity MAPK

phosphatases (MKPs) (class I Cys-based)* (PTP-DSP domain) (11)

38 DUSP1/1843 MKP-1
39 DUSP2/1844 PAC-1 HCQAGISR
40 DUSP4/1846 MKP-2
41 DUSPS/1847 B23, hVH3 HCEAGISR
42 DUSP6/1848 MKP-3 HCLAGISR
pSer, pThr, pTyr

43 DUSP7/1849 MKP-X

HCLAGISR
44 DUSP8/1850 hVHS5
45 DUSP9/1852 MKP-4 HCLAGVSR
46 DUSP10/11221 MKP-5 HCQAGVSR
47 DUSP16/80824 MKP-7 HCLAGISR

MK-STYX, L

48 STYXL1/51657 DUSP24 FSTQGISR Phosphatase inactive

Dual-specificity atypical phosphatases (atypical DUSPs) (class I Cys-based)” (PTP-DSP domain) (20)

Small-size atypical DUSPs (15)

49 DUSP3/1845 VHR HCREGYSR
DUSP13A®
g s
50 DUSP13/51207 BEDP, MDSP HCVVGVSR
DUSP13B?
g )
51 DUSP13/51207 TMDP HCAMGVSR
52 DUSP14/11072 MKP-6 HCAAGVSR
53 DUSP15/128853 VHY HCFAGISR
54 DUSP18/150290 LMWDSP20 HCAAGVSR
LMWDSP3,
55 DUSP19/142679 SKRPI, LDP-2 HCNAGVSR
56 DUSP21/63904 LMWDSP21 HCMAGVSR
57 DUSP22/56940 VHX HCLAGVSR
58 DUSP23/54935 VHZ HCALGFGR
59 DUSP26/78986 MKP-8 HCAVGVSR
h DUSP27,
60 DUPD1/338599 DUPDI HCVMGRSR

pSer, pThr, pTyr
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61 DUSP28/285193 VHP YCKNGRSR | ? =unknown substrate
62 PTPMT1/114971 B{[(J)S;;%%LIP HCKAGRSR | Phosphatidylglycerophosphate, PIPs
63 STYX/6815 STYX HGNAGISR | Phosphatase inactive
Other atypical DUSPs (5)
64 RNGTT/8732 HCE1 HCTHGFNR
S'CAP-mRNA
65 DUSP11/8446 PIR1 HCTHGLNR
66 DUSP12/11266 HYVHI1 HCHAGVSR | pSer, pThr, pTyr?
67 EPM2A/7957 Laforin HCNAGVGR | Phosphoglycogen, pSer
68 DUSP27/92235' SSEMGISR Phosphatase inactive
Slingshots (class I Cys-based)* (PTP-DSP domain) (3)
69 SSH1/54434 SSH1
70 SSH2/85464 SSH2 HCKMGVSR | pSer
71 SSH3/54961 SSH3
Phosphatases of regenerating liver (PRLs) (class I Cys-based)” (PTP-DSP domain) (3)
72 PTP4A1/7803 PRL-1 pTyr
73 PTP4A2/601584 PRL-2 HCVAGLGR ? = unknown substrate
74 | PTP4A3/606449 PRL-3 g(s):irt’i gg)hr’ pTyr, PtdIns(4,5)P; (D3
CDC14s (class I Cys-based)” (PTP-DSP domain) (4)
75 CDC14A/8556 CDCI14A
76 CDC14B/8555 CDC14B HCKAGLGR pSer, pThr
77 CDKN3/1033 CDKN3, KAP | HCYGGLGR
78 PTPDC1/138639 PTP9Q22 HCHAGLGR | ? =unknown substrate
PTEN-like (class I Cys-based)* (PTP-DSP domain) (8)
79 | PTEN/5728 PTEN HCKAGKGR E&d}fﬁsﬁ;‘r’s )P3 (D3 position), pSer.
80 TPTE/7179 TPTE HCKGGTDR | Phosphataseinactive®
0 [ BRI ucccoron | MG LR RIREIR B
82 TNS1/7145 Tensin HNKGNRGR | Phosphatase inactive
83 | TNS3/64759 Tensin 3 HCRGGKGR i?nzc‘?vke‘;own substrate, phosphatase
84 | TENC1/23371 geln;%\zl YCKGNKGK | pTyr, PtdIns(3,4,5)P3k
85 DNAJC6/9829' Auxilin HCLDGRAA
%6 GAK/2580"™ Auxilin 2, HCMDGRAA Phosphatase inactive
GAK
MTMs (class I Cys-based)” (PTP-MTM domain) (15)
87 MTM1/4534 X}E\t/{ltularin
88 MTMRI1/8776 MTMRI PtdIns(3,5)Ps, PtdIns(3)P (D3
89 | MTMR2/8898 e HCSDGWDR | position)
90 MTMR3/8897 MTMR3
91 MTMR4/9110 MTMR4 PtdIns(3,5)P2, PtdIns(3)P (D3
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position), pSer

92 SBF1/6305 MTMRS5 GLEDGWDI | Phosphatase inactive

93 | MTMR6/9107 MTMRG6

94 | MTMR7/9108 MTMR7 HCSDGWDR P:)‘gﬁi(s)’s)l) 2 PtdIns(3)P (D3
95 | MTMRS/55613 MTMRS b

96 | MTMR9/66036 MTMRO HGTEGTDS

97 | MTMR10/54893 MTMR10 QEEEGRDL

98 MTMR11/10903 MTMRI11 QERGDRDL | Phosphatase inactive

99 | MTMR12/606501 | MTMR12 LEENASDL

100 | SBF2/81846 MTMR13 CLEEGWDI

101 | MTMR14/64419 ﬁITPMRM’ HCISGWDR Eg‘gﬁi%s)l) 2 PtdIns(3)P (D3

SAC phosphoinositide phosphatases (class I Cys-based) (subclass

IIT) (SAC domain) (5) (CxxxxxR)

102 SACMI1L/22908 SACI PtdIns(4)P
NCMDCLDR
103 | INPP5F/22876 SAC2 PtdIns(4,5)P,, PtdIns(3,4,5)P5 (D3
position)
104 | FIG 4/9896 SAC3 NCVDCLDR | PtdIns(3,5)P; (D5 position)
105 | SYNJ1/8867 Isl\ylg;%tgamn L | SCERAGTR
Synaptojanin 2 PtdIns(3)P, PtdIns(4)P, PtdIns(3,5)P;
106 SYNJ2/8871 INPP5SH SCERTGTR
Paladin (class I Cys-based) (subclass IV) (PTP-like phytase)” (1) (CxxGxxR)
SCQMGVGR
107 PALD1/27143 Paladin ? = unknown substrate
SCLSGQGR”"
INPP4 inositol polyphosphate phosphatases 4’ (class I Cys-based) (subclass V) (L. preumophila
SidP-like; M. tuberculosis PtpB-like; INPP4 domain) (2) (CxxxxxR)
108 | INPP4A/3631 INPP4A SCKSAKDR | ptdIns(3,4)P2 (D4 position),
109 | INPP4B/8821 INPP4B CCKSAKDR | PtdIns(3,4,5)P3
TMEMSS inositol polyphosphate phosphatases 4’ (class I Cys-based) (subclass VI) (BopB-like;
TMEMS5S5 domain) (2) (CxxxxxR)
110 | TMEMSS5A/55529 TMEMSSA ICKDTSRR
PtdIns(4,5)P, (D4 position)
111 TMEMS5B/90809 TMEMS5B ICKVTSQR
LMW-PTP (class II Cys-based)” (arsenate reductase domain) (1) (CxxxxxR)
LMW-PTP, red
112 | ACP1/52 cell VCLGNICR | pTyr
phosphatase
SSU72 (class II Cys-based)® (arsenate reductase domain) (1)
113 | SSU72/29101 | ssum2 | VCSSNQNR | pSer
CDC25 (class III Cys-based)® (rhodanese domain) (3) (CxxxxxR)
114 | CDC25A/993 CDC25A
115 CDC25B/994 CDC25B HCEFSSER pThr, pTyr
116 | CDC25C/995 CDC25C

HAD-EY As (Asp-based)” [Rossmannoid (ED) domain] (4)
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117 EYA1/2138 EYA1

118 | EYA2/2139 EYA2

WDLDET pSer, pTyr
119 | EYA3/2140 EYA3
120 | EYA4/2070 EYA4

UBASH3 HIS-PGAM phosphatases (TULAs) (branch 1 His-based)” (HP domain) (2)

121 UBASH3A/53347 TULA, Sts-2

RHGE pTyr
122 | UBASH3B/84959 TULA-2, Sts-1

ACP HIS-acid phosphatases (branch 2 His-based)” (HP domain) (3)

123 ACPP/55 PAP, PAcP Nonproteinaceous, pSer, pThr, pTyr
124 ACP2/531 LAP RHGD ? = unknown substrate
125 ACPT/93650 ACPT Nonproteinaceous, pTyr

® Classification according to Alonso ez al.*. ® In the case of RPTPs, the catalytic signature motif for the
PTP D1 domain is provided. ¢ Note that some PTPs documented as inactive phosphatases contain all
essential residues in their catalytic signature motif, making it possible that these enzymes are active
towards unknown substrates. ¢ PTPRU is named PTPA in chicken. © PTPN20A (NM_001042387.1 —
NP_001035846.1) and PTPN20B (NM_001042357.3 — NP 001035816.1) are two duplicated
identical genes. ' Note that the catalytic signature motif is not conserved in the catalytically inactive
pseudophosphatases. ® DUSP13A (NM_001007271.1 — NP_001007272.1) and DUSPI13B
(NM_016364.3 — NP_057448.3) are different genes located in the same locus. " DUPDI
(NM_001003892.1 — NP_001003892.1) is a small-size active phosphatase. ' DUSP27
(NM_001080426.1 — NP_001073895.1) is a large-size inactive phosphatase. ' Absent in mouse. *
Note that TENC1 has been documented as an active PTP, although it lacks the conserved Arg in the
catalytic signature motif. ' Auxilins are included as PTPome members based on the presence of a
PTEN-like structural domain. ™ GAK (cyclin G-associated kinase) contains an active Ser/Thr kinase
domain. " PALDI contains two CxxxxxR motifs within two domains annotated as
PTP-like phytase/DSPc superfamily. PALDI has been proposed to be catalytically inactive, although
the evidence is indirect. ° Classification based on structural similarity to ACP1 [124]. P Classification
according to Rigden. ¥ ACP2 is included as a PTPome member on the basis of its similarity to ACPP
and ACPT. Adapted from Alonso and Pulido, 2016'.
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9.2 Table: Summary of Reactome pathway participation of

PDZ-containing proteins

Reactome pathway group Numb.er (:f Most el.lrichbed Number ch
proteins protein(s) pathways
Cell cycle 3 PSMD9 13
Cell—cell communication 8 — 1
Cellular responses to external stimuli 1 PSMD9 1
DNA replication 1 PSMD9 3
Developmental biology 12 LIMKI1 3
Disease: diseases of signal transduction 4 %illissfl{{% 5
g;;esi)s(;er.t 6c}lrlsorders of transmembrane 1 PSMD9 1
Disease: infectious disease 2 PSMD9 2
Extracellular matrix organization 2 — 1
polymersse  tanseription 2 PSMD9 ’
Hemostasis 2 — 1
Immune system: adaptive immune system 5 PSMD9 5
fnrrllgllllrrllg :z:::rn; cytokine signaling in 4 PSMD9 3
Immune system: innate immune system 9 PSMD9 3
Metabolism of RNA 1 PSMD9 1
Metabolism of proteins: post-translational
pr(e)te]ion0 msodi(f)'lcre)ltforel P e 3 PSMDY 3
Metabolism: metabolism of lipids 2 — 1
Metabolism: metabolism of polyamines 1 PSMD9 1
E/ilgszﬁlslifa Iéfftjgzlrl:m of water-soluble 1 PDZDI11 )
Muscle contraction: ion homeostasis 1 NOS1 1
Neuronal system: neurexins and neuroligins 15 — 1
and postsymaptc signal ranemission 6 DLG4 ;
IC\I;:;ireonal system: neurotransmitter release 6 RIMSI 6
Neuronal system: synaptic adhesion-like 3 B 1
molecules
Programmed cell death: apoptosis 3 — 1
Signal transduction: death receptor signalling 5 — 1
Signal transduction: GPCR downstream 7 — 1



Number of Most enriched Number of

Reactome pathway group proteins® protein(s)” pathways®
signalling

Signal transduction: intracellular signaling ) B 1
by second messengers

Signal transduction: MAPK family signaling 5 PSMD9 )
cascades

Signal transduction: signaling by Hedgehog 2 PSMD9 5
Signal transduction: signaling by Hippo 3 — 1
Slgnql tragsductlon: signaling by receptor 3 ERBIN )
tyrosine kinases

Signal transduction: signaling by Rho 13 LIMK )
GTPases

Signal transduction: signaling by WNT 6 DVL2 8
Signal transduction: TGF-f receptor

signaling in EMT (epithelial to mesenchymal 2 — 1
transition)

“ Total number of PDZ-containing proteins participating in particular pathway group; °
PDZ-containing protein known to participate in most of the pathways in particular pathway
group; ° The number of pathways in the pathway group the protein is involved in. Adapted
from Christensen et al. 2019
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9.3 Table: Main functions and molecular targets of E6 and E7 HPV

oncoproteins

High-risk
lg_ s Cellular ) . Effect on target
viral Function Main targets

. location expression
protein

P53 protein

Procaspase 8 protein

Bak protein

Escaping cell death TNR1

Fas/Fas ligand death
pathway

NF-kB; cIAP-2

P300/CBP complex

Deregulation of cell .
protein

1
cyele miR34a

IRF3

I t
mmune.sys em FNg
modulation

Nucleus and IFNk

E
6 cytoplasm NFX1-91

Cell Immortalization Myc

Spl

APOBEC3
Genomic instability

XRCC1

Dlg

SCRIB

MAGI-1, MAGI-2
and MAGI-3

Cell invasion PAR3

Fibulin-1

miR-23b

Paxillin disruption

pRB protein

p107/p130

Deregulation of cell p21
cycle p27

Claspin

E2F6
E7 Nucleus

Immune system TLRY

modulation Cgas-STING

Cell invasion MMP-9

Abnormal centrosome
Genomic instability synthesis

X X DA XRECE €  €CECECECEE €  €EEIYIPNEEEECE € D & %€ €€

v-Tubulin
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CDK2

E6/E7

Nucleus and
cytoplasm

Deregulation of cellular
energetics

Aerobic glycolysis

mTORCI1

GLUT-1

Genomic instability:
epigenetic deregulation

DNMT1
DNMT3A
DNMT3B

E-cadherin

CXCL14

CCNA1

CBP/p300

TIP60

ADA3

Inflammation promotion

IL-6

IL18

Angiogenic switch

Maspin

Thrombospondin-1

VEGF

IL-8

Cell Invasion

TIM-2

RECK

CEIDNEEIDCECEECECECECE D> (DI

267

Adapted from Estévao ef al. 20197™".
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9.4 Table: Data collection and refinement statistics for structures in

section 6.2

PTPN3-PDZNext complex

PBM-HBc PBM-16E6 PBM-18E6 PBM-TACE
Data collection
Space group P3121 P1211 P6122 P3121
Unit cell (a, b, c) (A)  75.58,75.58,  46.62,77.43, 82.34, 82.29, 76.79, 76,79,
46.59 130.03 139.35 42,26
a,b,g(°) 90.00, 90.00,  90.00, 90.14, 90.08, 89.92, 90.00, 90.00,
120.00 90.00 60.02 120.00
Resolution (A) 46.59-1.86 46.62-2.19 41.12-1.88 66.58-1.70
(1.96-1.86) (2.23-2.19) (1.99-1.88) (1.80-1.70)
No. of reflections 67510/13198  324034/47024  291781/23310  244786/17573
(total/unique)
Redundancy 5.1(5.0) 6.9 (6.5) 12.5 (12.7) 13.9 (13.7)
Completeness (%) 99.4 (97.8) 99.1 (95.7) 98.8 (95.8) 99.4 (98.4)
1/o(1) 17.38 (2.70) 8.17 (1.11) 18.12 (2.24) 12.51 (1.77)
Rineas' (%) 5.6 (57.5) 0.14 (1.71) 9.4 (126.7) 10.8 (131.1)
CC(172) 99.9 (97.7) 99.6 (72.6) 99.9 (90.8) 99.7 (91.8)
Refinement
Resolution (A) 29.35-1.86 43.34-2.19 35.65-2.1 66.58-1.70
No. reflections 13066 46869 16822 16687
Ruyork /Riree 0.197/0.236 0.195/0.245 0.192/0.227 0.1676/0.2026
No. of protein 749/63 4402/350 1471/156 737/46
atoms/ligand atoms
No. of solvent/hetero-  68/1 235/9 69/1 21/2
atoms
Rgnsd bond lengths 0.007 0.008 0.007 0.029
;Il’)lsd bond angles (°)  0.836 0.949 0.815 2.648
Wilson B-factors 28.6 47.6 3291 42.01
Ramachandran plo£ 96.9/0.0 97.4/0.4 98.97/0.00 96.84/0.00
(favoured/outliers)
PDB code 6T36 6HKS YYYY 7777

Values in parenthesis correspond to the highest resolution bin. T Rpess = Zn (nw/ny — 1) Zi<I,> —
Lnil/Zp2; Ins, where n denotes multiplicity. " Ryon = Zi/|[Fobsy| — |Fcalcy/[/Zh|Fobs,|, where Fobs, and
Fcalcy, are the observed and calculated structure factors, respectively. No I/ cut-off was applied. * Reee
is the R value obtained for a test set of reflections consisting of a randomly selected 5% subset of the
data set excluded from refinement. - Categories were defined by MolProbity.
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9.5 Table: PTPN3-PDZ partners fished by pull-down from HeLaS3 cell

lysates
PDBID  Protein name PBM Class
P48960 CD97 antigen SESGI I
P12814 Alpha-actinin-1 GESDL I
P11169 Solute carrier family 2, facilitated glucose transporter member 3 TTTNV I
096008 Mitochondrial import receptor subunit TOM40 homolog GLTIG I
Q8TBC3  SH3KBPI-binding protein 1 NETSF I
Q96TA1  Niban-like protein 1 VQTEF I
P81605 Dermcidin LDSVL I
P53985 Monocarboxylate transporter 1 EESPV I
000592 Podocalyxin EDTHL I
Q13151 Heterogeneous nuclear ribonucleoprotein A0 GGSSF I
P62701 40S ribosomal protein S4, X isoform KQSSG I
P26599 Polypyrimidine tract-binding protein 1 SKSTI I
P27816 Microtubule-associated protein 4 QETSI I
P02545 Prelamin-A/C NCSIM I
P55060 Exportin-2 SVTLL I
P23219 Prostaglandin G/H synthase 1 PSTEL I
Q9HB71  Calcyclin-binding protein GDTEF I
QI9BSE5  Agmatinase, mitochondrial KVTTV I
015427 Monocarboxylate transporter 4 PETSV I
P35354 Prostaglandin G/H synthase 2 RSTEL I
095336 6-phosphogluconolactonase KHSTL I
P49189 4-trimethylaminobutyraldehyde dehydrogenase VESAF I
Q9Y6MS  Zinc transporter 1 PESSL I
P20020 Plasma membrane calcium-transporting ATPase 1 LETSL I
Q9Y6M7  Sodium bicarbonate cotransporter 3 AETSL I
P52569 Cationic amino acid transporter 2 KTSEF I
Q02543 60S ribosomal protein L18a PNTFF I
P62829 60S ribosomal protein L23 AGSIA I
043707 Alpha-actinin-4 GESDL I
Q96T17  MAP7 domain-containing protein 2 LNTFC I
Q8TAA9 Vang-like protein 1 SETSV I
Q15758 Neutral amino acid transporter B(0) KESVM I
Q15046 Lysine--tRNA ligase VGTSV I
Q96BN8  Ubiquitin thioesterase otulin EETSL I
Q5JVF3  PCI domain-containing protein 2 LSTVC I
P09543 2'.3'-cyclic-nucleotide 3'-phosphodiesterase SCTIL I
014734 Acyl-coenzyme A thioesterase 8 SESKL I
P28331 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial EPSIC I
P23634 Plasma membrane calcium-transporting ATPase 4 LETSV I
Q9Y2T3  Guanine deaminase FSSSV 1
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Q13765
Q7Z2K6
Q9UBM7
Q16718
Q01813
P62750
P21796
Q12846
Q14165
QYPOLO
QYP2X0
P45880
P47897
P25705
Q29963
QYHOU4
P62081
P08237
P10809
043399
QINRW1
P11488
Q15165
075396
Q969Q0
Q59GN2
P22234
P16070
P62277
095292
P61619
Q9Y6C9
043175
QINZ01

P21912
P60866
P46778
Q13347
QYNRPO
P00403
Q96P70
P27708
P41252
P54709
Q05193

Nascent polypeptide-associated complex subunit alpha
Endoplasmic reticulum metallopeptidase 1
7-dehydrocholesterol reductase

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 5
ATP-dependent 6-phosphofructokinase, platelet type

60S ribosomal protein L23a

Voltage-dependent anion-selective channel protein 1
Syntaxin-4

Malectin

Vesicle-associated membrane protein-associated protein A
Dolichol-phosphate mannosyltransferase subunit 3
Voltage-dependent anion-selective channel protein 2
Glutamine--tRNA ligase

ATP synthase subunit alpha, mitochondrial

HLA class I histocompatibility antigen, Cw-6 alpha chain
Ras-related protein Rab-1B

40S ribosomal protein S7

ATP-dependent 6-phosphofructokinase, muscle type

60 kDa heat shock protein, mitochondrial

Tumor protein D54

Ras-related protein Rab-6B

Guanine nucleotide-binding protein G(t) subunit alpha-1
Serum paraoxonase/arylesterase 2

Vesicle-trafficking protein SEC22b

60S ribosomal protein L36a-like

Putative 60S ribosomal protein L39-like 5
Multifunctional protein ADE2

CD44 antigen

40S ribosomal protein S13

Vesicle-associated membrane protein-associated protein B/C
Protein transport protein Sec61 subunit alpha isoform 1
Mitochondrial carrier homolog 2

D-3-phosphoglycerate dehydrogenase

Very-long-chain enoyl-CoA reductase
Succinate dehydrogenase [ubiquinone] iron-sulfur subunit,
mitochondrial

40S ribosomal protein S20

608 ribosomal protein L21

Eukaryotic translation initiation factor 3 subunit I
Oligosaccharyltransferase complex subunit OSTC
Cytochrome ¢ oxidase subunit 2

Importin-9

CAD protein

Isoleucine--tRNA ligase, cytoplasmic
Sodium/potassium-transporting ATPase subunit beta-3
Dynamin-1
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MELTM
DLFVF
LPGIF
WKWPI
QPWSV
KIGII
LEFQA
VIVVG
CLCRL
GKFIL
RGLRF
LELEA
DPGKV
AGFEA
IACKA
GGGCC
PEFQL
GEAAV
GGGMF
DPAPF
GGCSC
DCGLF
LYCEL
RFWWL
QVIQF
TKLGL
RECNL
MKIGV
SALVA
GKIAL
GALLF
LKMLI
FQFHF
IPFLL

KKASV
TIADA
YEFMA
FEFEA
GYLMG
PVFTL
QTIGI
VLGRF
TTADF
ITARA
PPFDL

II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II

II
II
II
II
II
II
II
II
II
II
II



P14854
Q9Y277
QYUFH2
Q5JTVS
P31930
014975
P01834
P62805
Q02978
Q96HY6
QYBUF5
P00338
075832
P06703
000303
P01891
P51571
015260
P63261
P06748
P26640
P12235
P12236
P49327
P31327
014684
Q07812
Q9H9B4
075955
Q71UI9
P49257
P62424
P27105
QOHS845
Q7L014
P61978
Q9Y6M9
P09651
P62263
P61026
QINX63
P20674
P43047

Cytochrome ¢ oxidase subunit 6B1
Voltage-dependent anion-selective channel protein 3
Dynein heavy chain 17, axonemal
Torsin-1A-interacting protein 1

Cytochrome b-c1 complex subunit 1, mitochondrial
Very long-chain acyl-CoA synthetase
Immunoglobulin kappa constant

Histone H4

Mitochondrial 2-oxoglutarate/malate carrier protein
DDRGK domain-containing protein 1

Tubulin beta-6 chain

L-lactate dehydrogenase A chain

268 proteasome non-ATPase regulatory subunit 10
Protein S100-A6

Eukaryotic translation initiation factor 3 subunit F
HLA class I histocompatibility antigen, A-68 alpha chain
Translocon-associated protein subunit delta

Surfeit locus protein 4

Actin, cytoplasmic 2

Nucleophosmin

Valine--tRNA ligase

ADP/ATP translocase 1

ADP/ATP translocase 3

Fatty acid synthase

Carbamoyl-phosphate synthase [ammonia], mitochondrial
Prostaglandin E synthase

Apoptosis regulator BAX

Sideroflexin-1

Flotillin-1

Histone H2A.V

Protein ERGIC-53

60S ribosomal protein L7a

Erythrocyte band 7 integral membrane protein
Acyl-CoA dehydrogenase family member 9, mitochondrial
Probable ATP-dependent RNA helicase DDX46
Heterogeneous nuclear ribonucleoprotein K

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9

Heterogeneous nuclear ribonucleoprotein Al

40S ribosomal protein S14

Ras-related protein Rab-10

MICOS complex subunit MIC19

Cytochrome ¢ oxidase subunit SA, mitochondrial
ATP synthase subunit O, mitochondrial

FPGKI
FELEA
LLLQV
RGICL
FWLRF
KTLKL
NRGEC
YGFGG
LFLSG
AQAPA
EEIDG
KELQF
RMVEG
EALKG
KLVNL
TACKV
SHIQA
KKKEW
HRKCF
WRKSL
FQKML
IKKYV
LKKVI
SVREG
AGKAA
AARHL
WKKMG
FNKGL
PLRTA
QQKTA
AKKFF
ATKLG
HSHLG
LDRTC
RYKVL
SGKFF
RERPM
SGRRF
RGRRL
KSKCC
LEKGG
GLDKV
MREIV

II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
v
v
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12 List of abbreviations

AdV

Al
AMPAR
ANK
CAL
CaM
CAM
CaMK
cccDNA
CFTR
CRIPT
CTD
DLG
DSPs
E6AP
EGFR
ER

GHR
GK
GKAP
GLGF
GIluR2
GRIP
HBV
HCC
HFKs
HPV
HTLV-1
JAK
LMW-PTP
MAGI3
MAGUK
MAPK
MAST?2
MUPP1
Nav 1.5
NayCTD
NHERF1
NLS
NMDA
NSCLC
NTCP
NTPTPs
ORF
p-Ser
p-Thr

p-Tyr

Adenovirus

Adherens junction
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors
Ankyrin repeats

Cystic fibrosis transmembrane regulator-associated ligand
Calmodulin

Core allosteric modulators

Calmodulin-dependent kinase

Covalently closed circular DNA

Cystic fibrosis transmembrane conductance regulator
Cysteine-rich PDZ-binding protein

C-terminal domain

Discs large homolog

Dual specificity phosphatases

Ubiquitin ligase E6 associated protein

Epidermal growth factor receptor

Estrogen receptor o

Growth hormone receptor

Guanylate kinase

Guanylate kinase-associated protein
Gly-Leu-Gly-Phe

Glutamate receptor 2

Glutamate receptor interacting protein

Hepeatitis B virus

Hepatocellular carcinoma

Human foreskin keratinocytes

Human papillomavirus

Human T-lymphotropic virus type 1

Janus kinase

Low molecular weight protein tyrosine phosphatase
Membrane-associated guanylate kinase-related 3
Membrane associated guanylate kinases
Mitogen-activated protein kinase
Microtubule-associated serine/threonine-protein kinase 2
Multiple PDZ-containing protein 1

Voltage-gated sodium channels

Voltage-gated sodium channels C-terminal domain
Na'/H" Exchanger Regulatory Factor

Nuclear localization signals

N-methyl-D-aspartate

Non-small cell lung cancer

Sodium Taurocholate Co-transporter Polypeptide
Non transmembrane protein tyrosine phosphatases
Open reading frame

Phospho-serine

Phospho-threonine

Phospho-tyrosine
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Par
PBM
PDZz2
pgRNA
PH
PI3K
PICK1
PIP
PKC
PLC
pRb
PSD-95
PTEN2
PTKs
PTPN
PTPs
RABV
rcDNA
ROS
RPTPs
SAM
SH
SH3
STAT
TACE/ADAM17
TAM
TCR
tER
TGFp
TJ
TKIs
TNBC
TNF-a
TRP
TPRI
VCP
70-1

Partitioning defective

PDZ-binding motif

PDZ domain 2

Pre-genomic RNA

Pleckstrin homology
Phosphatidylinositol-3-kinase

Protein interacting with C kinase 1
Phospho-phosphatidylinositol

Protein kinase C

Phospholipase C

Retinoblastoma protein

Postsynaptic density protein 95
Phosphatase and tensin homolog deleted on chromosome 10
Protein tyrosine kinases

Protein tyrosine phosphatase non-receptor
Protein tyrosine phosphatases

Rabies virus

Relaxed circular DNA

Reactive-oxygen species

Receptor-like protein tyrosine phosphatases
sterile-alpha motif

Src homology

Src-homology domain 3

Signal transducer and activator of transcription
Tumor necrosis factor a-convertase
Tamoxifen

T cell receptor

Transitional endoplasmic reticulum
Tumor growth factor f3

Tight junction

Tyrosine kinase inhibitors

Triple-negative breast cancers

Tumor necrosis factor o

Transient receptor potential channel
TGEFp type I receptor

Valosin-containing protein

Zonula occludens 1
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Etude structurale et fonctionnelle de la phosphatase humaine PTPN3 et de ses
interactions avec des virus oncogénes

Résumé:

La tyrosine phosphatase non récepteur de type 3 (PTPN3) est une phosphatase humaine contenant un
domaine PDZ (PSD-95/Dlg/Z0O-1) avec un rdle soit de suppresseur de tumeur soit de promoteur de
tumeur dans de nombreux cancers. Cependant, sa fonction dans la signalisation cellulaire reste encore
floue. Fait intéressant, les papillomavirus humains (HPV) génitaux a haut risque de types 16 et 18 et le
virus de I'hépatite B (HBV) ciblent le domaine PDZ de PTPN3 (PTPN3-PDZ) par le biais de motifs de
reconnaissance au domaine PDZ (PBMs) dans ’oncoprotéine E6 et la protéine de capside HBc de
HPV et HBV respectivement. Nous avons étudié¢ de facon détaillée les interactions entre le domaine
PDZ de PTPN3 et ses ligands cellulaires et viraux. Pour étudier les propriétés structurales et
fonctionnelles du domaine PDZ de PTPN3 et de son interaction avec le PBM de E6, nous avons
combiné des expériences de biophysique, de RMN et de diffraction aux rayons X. Nous avons étendu
notre étude structurale de PTPN3-PDZ a d’autres partenaires cellulaires et viraux. Ces données
permettent de mieux comprendre les principaux déterminants structuraux de la reconnaissance des
PBMs. Nous nous sommes ensuite intéressés plus particuli¢rement a la protéine de capside HBc de
HBYV. En criblant une bibliothéque contenant I’ensemble des domaines PDZ des protéines humaines,
nous avons identifi¢ 28 partenaires cellulaires potentiels impliqués majoritairement dans la polarité
cellulaire et interagissant avec le PBM de HBc. Nous avons confirmé que PTPN3 pouvait interagir
avec le PBM de HBc au sein d’une capside virale et nous avons montré que les PBMs viraux
interagissaient avec PTPN3-PDZ avec des affinités similaires aux ligands endogeénes de PTPN3. En
utilisant des hépatocytes infectés par HBV, nous avons observé que la surexpression de PTPN3 avait
des effets multiples sur I’infection. Enfin, nous avons étudi¢ I’interactome de PTPN3-PDZ afin de
mieux comprendre le r6le de PTPN3 dans la signalisation cellulaire et les effets perturbateurs
de HBV sur celle-ci.

Mots-clés: [PTPN3, protéine tyrosine phosphatase, virus de I'hépatite B, papillomavirus humain,
cristallographie aux rayons X, RMN, biophysique]

Structural and functional study of the human phosphatase PTPN3 and its interaction
with oncogenic viruses

Abstract:

The human protein tyrosine phosphatase non-receptor type 3 (PTPN3) is a PDZ (PSD-95/Dlg/Z0O-1)
domain-containing phosphatase with a tumor-suppressive or a tumor-promoting role in many cancers,
although its role in cell signalling is still unclear. Interestingly, the high-risk genital human
papillomavirus (HPV) types 16 and 18 and the hepatitis B virus (HBV) target the PDZ domain of
PTPN3 through PDZ-binding motifs (PBMs) in their E6 and HBc proteins. Here, I report a detailed
study of the interactions between the PDZ domain of PTPN3 and its cellular and viral ligands. First,
we combined biophysical, NMR and X-ray experiments to investigate the structural and functional
properties of the PDZ domain of PTPN3 and its interaction with the E6 PBM. We then extended our
structural study of PTPN3-PDZ to other cellular and viral partners, and gained insights into the main
structural determinants of recognition of PBMs. We then focused on the HBV HBc protein. We
screened a library of human PDZ-containing proteins for HBc binders and identified 28 cellular HBc-
interacting partners, most of which are involved in cell polarity. We confirmed that PTPN3 can bind
the HBc PBM in the context of the viral capsid, and we showed that viral PBMs interact with PTPN3-
PDZ with similar affinities to endogenous PTPN3 ligands. Using HBV-infected hepatocytes we
observed that overexpression of PTPN3 has multiple effects on HBV infection. Finally, we
investigated the interactome of PTPN3-PDZ to gain insights into the role of this protein in cell
signalling and the disruptive effects of HBV.

Keywords: [PTPN3, protein tyrosine phosphatase, hepatitis B virus, human papillomavirus, X-ray
crystallography, NMR, biophysics]



