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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 1 . 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 [2][3][4][5][6][7][8][9][10] . 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 11 . 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 10,11 . 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 2+ fluxes, increased serum antibody concentrations and develop autoimmunity upon aging 10 . This highlights that PTPs are signalling molecules that can function as activators or repressors of signalling pathways. greater sensitivity to T cell anergy; less susceptibility to experimental autoimmune encephalomyelitis None 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) 5 R motif 14 . 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 II 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) 5 R motif. The "classical" PTPs are described more in detail below.

Cystein-based classical PTPs -Structural features and catalysis mechanism

The classical PTPs are encoded by 37 genes 14 , 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).

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 25 (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 [26][27][28][29][30] ), 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. 31 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 32,33 .

Downregulation of another NTPTP, SPH1 (PTPN6), has been observed in myelodysplastic syndrome 34 and T-cell lymphomas 35 . PTPN12 functions as a tumor suppressor in triplenegative breast cancer cells by inhibiting multiple oncogenic tyrosine kinases, including HER2 and EGFR, and is frequently inactivated in breast cancer 36 .

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 37,38 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 [39][40][41][42] . Other NTPTPs present similar activities: PTPN1 and PTPN7 are overexpressed in various cancers. Then, the dual-specificity phosphatase DUSP1, and the cell-cycle regulators PTP4A3 and the CDC25 A, B, and C isomers, are overexpressed in a number of malignancies 25,[43][44][45][46] . Overexpression or activation of RPTPs such as PTPε has also been reported to promote tumor growth 47 .

PTPN3 has been linked to some types of cancer, and this will be discussed in section 1.5.7. Tumour suppressor mutated in various human cancers.

PTPκ (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 (PTPN11)

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 PTPα (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.

PTPε (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 (PTPN1)

Has the capacity to activate SRC; overexpressed in mammary and ovarian carcinoma; reduced Ras activation by growth factors in Ptpn1 -/-mouse fibroblasts indicates a positive role of PTP1B in this pathway SHP1 (PTPN6)

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

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 25 . The implication of PTPs in hereditary diseases has been extensively reviewed by Hendriks and colleagues 49 ; 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 50 , rheumatoid arthritis 51 , systemic lupus erythematosus 52 , 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 53 .

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.

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 HeLa cell library using primers corresponding to conserved sequences in PTP catalytic domains 54 . The PTPN3 gene is located in chromosome 9q31 55 . In 1995, Zhang and collaborators expressed and purified it for the first time from insect cells, and demonstrated its tyrosine-dephosphorylating activity 56 .

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, Dlg1, ZO-1) domain and a 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). S459 QKSSSSVSPSSNAPG Induced cell growth and carcinogenesis 59,60 S469 SNAPGSCSPDGVDQQ S835 VRSLRVDSEPVLVHC Regulation of molecular association 58

Sites Flanking sequence

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 56 , and it suggests that the two alternatively spliced isoforms could be more active. It was also shown that the activity of the 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 Cterminal segments of PTPN3 could interact through electrostatic interactions 56 .

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 61 . 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 14-3-3β, in a phosphorylation-dependent way 58 . PTPN3 possesses two 14-3-3-binding sites identified by in vitro binding assays, RSLS 359 VE in the FERM-PDZ linker, and RVDS 853 EP in the PTP domain. These associations had no effect on the catalytic activity of PTPN3 58 . 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. 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 62,63 . 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 63 . 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) 57 .

A similar distribution was observed for full-length PTPN3 in mouse neurons 64 .

The FERM domain has been proposed to play a regulatory role in PTPN4, inhibiting catalytic activity by an unknown mechanism 65 , although this was not observed for PTPN3.

Besides PTPN3 and PTPN4, FERM domains are also found in other NTPTPs: PTPN13, PTPN21 and PTP14.

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 p38γ 66 . Additionally, PTPN3-PDZ is targeted by PBM-containing proteins of the oncogenic viruses human papillomavirus (HPV)

16 and 18, and hepatitis B Virus (HBV) 67,68 . 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.

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) 69 . Later, its structure was determined using a catalytically inactive mutant (D118A/C842S) in complex with a phosphopeptide derived from its substrate p38γ (the substrates and ligands of PTPN3 are detailed below) 70 . The kinase p38γ 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 66 . Kinetics data showed that PTPN3 displays increased K M for the dually phosphorylated (pT 183 -G-pY 185 ) rather than for monophosphorylated (T-G-pY 185 ) p38γ peptide as a substrate 70 . This preference of PTPN3 for dually phosphorylated p38γ as a substrate is explained by a salt bridge between the phosphate oxygen of pT 183 and the nitrogen atoms of the guanidine group of R 751 in the crystal structure of the complex with a dually phosphorylated peptide that mimics the p38γ activation loop. The structure of the complex is in good agreement with the structure of the free PTP domain, with the pY 185 of the peptide inserted into the catalytic cleft and surrounded by the substrate-binding loops. The major cysteines. PTPN3 appeared to be insensitive to exposure to different nitrosylating agents in NIH3T3 cells, while PTPN4 was more susceptible to being nitrosylated 74 . 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 75 . These alterations affect the activity of PTPs and can modulate the balance of tyrosine phosphorylation in the cell 74 .

PTPN3 functions

PTPN3 is a signalling protein that has been implicated in regulation of cell growth and homeostasis 60,[START_REF] Zhang | Identification of the cell cycle regulator VCP (p97/CDC48) as a substrate of the band 4.1-related protein-tyrosine phosphatase PTPH1[END_REF] . 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.

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 [START_REF] Bogdan | Epidermal growth factor receptor signaling[END_REF] . 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 dephosphorylating EGFR 36,[START_REF] Tarcic | An Unbiased Screen Identifies DEP-1 Tumor Suppressor as a Phosphatase Controlling EGFR Endocytosis[END_REF][START_REF] Yuan | Protein-tyrosine phosphatase PTPN9 negatively regulates ErbB2 and epidermal growth factor receptor signaling in breast cancer cells[END_REF][START_REF] Xu | Receptor-type proteintyrosine phosphatase-kappa regulates epidermal growth factor receptor function[END_REF][START_REF] Tiganis | Protein Tyrosine Phosphatases: Dephosphorylating the Epidermal Growth Factor Receptor[END_REF] , or by determining its cellular location [START_REF] Eden | Membrane contacts between endosomes and ER provide sites for PTP1B-epidermal growth factor receptor interaction[END_REF][START_REF] Ali | Recruitment of UBPY and ESCRT Exchange Drive HD-PTP-Dependent Sorting of EGFR to the MVB[END_REF] . PTPN3 has been shown to play different roles in modulating EGFR function, which are reported below.

In breast cancer, there is a relationship between EGFR, estrogen receptor α (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 [START_REF] Musgrove | Biological determinants of endocrine resistance in breast cancer[END_REF] . Phosphorylation of ER tyrosine 537 by the Src kinase regulates ER activity and decreases TAM sensitivity [START_REF] Castoria | Tyrosine phosphorylation of estradiol receptor by Src regulates its hormonedependent nuclear export and cell cycle progression in breast cancer cells[END_REF][START_REF] Sun | ERα Phosphorylation at Y537 by Src Triggers E6-AP-ERα Binding, ERα Ubiquitylation, Promoter Occupancy, and Target Gene Expression[END_REF][START_REF] Skliris | Estrogen Receptor Alpha Phosphorylated at Tyrosine 537 is Associated with Poor Clinical Outcome in Breast Cancer Patients Treated with Tamoxifen[END_REF] . ER can bind EGFR, forming a complex that inhibits the effects of anti-hormone therapy [START_REF] Massarweh | Tamoxifen Resistance in Breast Tumors Is Driven by Growth Factor Receptor Signaling with Repression of Classic Estrogen Receptor Genomic Function[END_REF][START_REF] Fan | Long-term Treatment with Tamoxifen Facilitates Translocation of Estrogen Receptor α out of the Nucleus and Enhances its Interaction with EGFR in MCF-7 Breast Cancer Cells[END_REF] . 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 [START_REF] Suresh | Protein-Tyrosine Phosphatase H1 Increases Breast Cancer Sensitivity to Antiestrogens by Dephosphorylating Estrogen Receptor at Tyr537[END_REF] . 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 60 .

Phosphorylation by p38γ 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 59 .

Although phosphorylation of S459 did not alter the activity of PTPN3 towards p38γ, 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 [START_REF] Dawson | Triple negative breast cancers: Clinical and prognostic implications[END_REF] . 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 [START_REF] Diluvio | NOTCH3 inactivation increases triple negative breast cancer sensitivity to gefitinib by promoting EGFR tyrosine dephosphorylation and its intracellular arrest[END_REF] . In lung cancer cells, PTPN3 dephosphorylates the EGFR substrate Eps15, promoting the lysosomal degradation of activated EGFR and subsequently downregulating EGFR signalling [START_REF] Li | Protein tyrosine phosphatase PTPN3 inhibits lung cancer cell proliferation and migration by promoting EGFR endocytic degradation[END_REF] . Notably, in K-Ras mutant colon cancer cells, EGFR dephosphorylation by PTPN3 confers resistance to TKIs [START_REF] Yin | The K-Ras effector p38γ MAPK confers intrinsic resistance to tyrosine kinase inhibitors by stimulating EGFR transcription and EGFR dephosphorylation[END_REF] , which highlights the cell type-dependent specificity of PTPN3 effects.

Thus, the destabilization of activated EGFR or the EGFR-ER complex by PTPN3mediated dephosphorylation is a potentially attractive approach to enhance the sensitivity of breast cancer to therapies combining TKIs and TAM 60 . 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.

Growth hormone signalling

The growth hormone receptor (GHR) is a transmembrane protein that activates intraand 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 activation of signal transducer and activator of transcription (STAT) proteins, which deliver cell proliferation responses [START_REF] Dehkhoda | The Growth Hormone Receptor: Mechanism of Receptor Activation, Cell Signaling, and Physiological Aspects[END_REF] .

Screening with substrate-trapping mutants showed that PTPN3 recognizes the growth hormone receptor as a substrate [START_REF] Pasquali | Identification of Protein Tyrosine Phosphatases with Specificity for the Ligand-Activated Growth Hormone Receptor[END_REF] , and has been proposed to participate in GHR signalling modulation in vivo [START_REF] Pilecka | Protein-tyrosine phosphatase H1 controls growth hormone receptor signaling and systemic growth[END_REF] . 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 [START_REF] Pilecka | Protein-tyrosine phosphatase H1 controls growth hormone receptor signaling and systemic growth[END_REF] .

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 homeostasis [START_REF] Jentsch | Cdc48 (p97): a 'molecular gearbox' in the ubiquitin pathway?[END_REF][START_REF] Meyer | Emerging functions of the VCP/p97 AAA-ATPase in the ubiquitin system[END_REF] , modulation of signalling pathways 100,101 , activation of transcription factors 102 , cell cycle progression 103 and response to DNA damage 104,105 .

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 [START_REF] Zhang | Identification of the cell cycle regulator VCP (p97/CDC48) as a substrate of the band 4.1-related protein-tyrosine phosphatase PTPH1[END_REF] . 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 106 . Interestingly, it was also found that the kinase that opposes the action of PTPN3 and inhibits tER assembly is JAK-2 106 , the same kinase that mediates GHR-dependent signal transduction events.

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 showing that both PTPN3 and PTPN4 are dispensable for TCR signal transduction in vivo 111 .

Tumor necrosis factor α-convertase regulation

The tumor necrosis factor α (TNF-α)-convertase (TACE, or ADAM17) 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 of membrane proteins 112 . TACE was first identified as the responsible of the release of the inflammatory cytokine TNF-α 113 , and its current list of over 80 substrates includes cell adhesion proteins, cytokines, growth factors and their respective receptors 114 , 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 screening and validated using in vitro and in vivo methodologies 115 . The interaction occurs 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-α shedding activity of TACE in COS-7 cells. In agreement with these results, other studies indicate a possible role of phosphorylation of the cytoplasmic domain of TACE in regulation of its sheddase activity [116][117][118][119] , although this is still not fully understood. Taken together, all these observations point towards an implication of PTPN3 in modulation of TACE-mediated ectodomain shedding.

1.5.6.6 14-3-3β 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 61 .

PTPN3 was identified in vitro and by co-expression experiments as a partner of 14-3-3β. 14-3-3β targets two different binding sites in PTPN3, which contain serine residues that are phosphorylated in vivo 58 (see section 1.5.4). Although no functional effects of this association were evident on PTPN3 activity assays, it is possible that 14-3-3β behaves as a cofactor that recruits additional regulators 58 , or as a linker between PTPN3 and some of its cellular ligands to promote their dephosphorylation.

Cardiac voltage-gated sodium channel function modulation

Cardiac voltage-gated sodium channels (Na V 1.5) 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 α and β subunits. 'Primary' α subunits are large transmembrane proteins that form the pore and control gating and ion selection through voltage-sensing domains. The smaller 'auxiliary' β subunits have a regulatory role in gating, expression and oligomerization of channels 120 . α subunits possess long C-terminal domains (Na V CTD) 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 121 .

PTPN3 interacts with the Na V CTD, 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 coexpressed with Na V 1.5 in HEK293 cells, PTPN3 caused a shift of the availability curve towards more negative potentials 122 , which suggests that tyrosine dephosphorylation could stabilize the inactivated state of the channel, decreasing its excitability. Although PTPN3dependent tyrosine dephosphorylation of the channel was not directly evaluated, the results are consistent with previous observations that phosphorylation of Na V 1.5 by the Src family tyrosine kinase Fyn destabilizes the inactivated state, thus accelerating recovery from inactivation 123 .

Ras transformation

MAPKs 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: p38α, p38β1, p38β2, p38γ, p38δ. p38 MAPKs are activated in response to extracellular stimuli such as pathogens or cytokines, by double phosphorylation in threonine and tyrosine residues 124 . The p38γ isoform (MAPK12) 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 α1-syntrophin, PSD95 and hDlg [125][126][127] .

Additionally, p38γ is the only p38 whose expression is induced during cell differentiation and Ras transformation 128,129 .

PTPN3 binds p38γ in rat intestinal IEC-6 cells through a PDZ/PBM interaction. As a result of this interaction, PTPN3 dephosphorylates and inactivates p38γ, which was observed to promote Ras transformation 66 . This will be further developed in the next section.

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 64,130 . 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 64 . Indeed, GHR is highly expressed in the central nervous system, and the growth hormone axis has been shown to affect cognitive functions 131 . 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 132 . These observations highlight the relevance of PTPN3 in brain function and physiology.

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 TNFα 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 130 , which contrasts with previous observations that PTPN3 and also PTPN4 are dispensable for the normal immune response 111 .

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.

PTPN3 as an oncogenic protein

Increased levels of PTPN3 expression could favour oncogenic phenotypes. In ovarian cancer, overexpression of PTPN3 favours drug resistance, stemness and tumorigenicity 133 . In 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 expression levels showed correlation with clinical metastasis 134 . 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 135 . 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 136 . 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 137 . 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 138 . I previously mentioned that the p38γ MAPK is a substrate of PTPN3, and that these proteins cooperate to enhance Ras-dependent oncogenesis.

Indeed, the expression of p38γ is induced by K-Ras (the oncogenic form of Ras) without increasing its phosphorylation levels, and non-phosphorylated p38γ promotes K-Ras oncogenesis 139 . Furthermore, PTPN3 is phosphorylated by p38γ dependently on their PDZ-PBM interaction, which also increases K-Ras oncogenesis 59 . Notably, PTPN3 and p38γ protein expression is increased in primary colon cancer tissues 66 . 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 140 . 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 152 . 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 channels 156 . 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 157 . 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 156,157 . This example highlights the relevance of PDZ proteins acting as a scaffold to enhance the functions of its partner signalling proteins in specialized cells.

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 PDZbinding protein (CRIPT) also target the PDZ domains of PSD-95 via C-terminal interactions 152,158 .

Peptide-binding groove

The peptide-binding groove is formed by the β2-strand, the α2-helix, and the β1-β2 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 (P 0 ); the subsequent residues in direction to the N terminus are numbered in reverse order (P -1 , P -2 , etc.) (figure 2.4.B). Backbone-backbone interactions between the PBM and the β2-strand stabilize the PBM as an additional strand in the antiparallel β2-sheet, a mechanism known as β-augmentation.

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, which derived in the identification of two distinct consensus motifs 161 . PDZ domains were thus divided into two main specificity classes based on the consensus sequence of the PBM they recognise: class I (S/T-X-ϕ COOH ) and class II (ϕ-X-ϕ COOH ), where X is any amino acid and ϕ is a hydrophobic amino acid. Later, other that recognize different motifs were identified. These observations highlighted P 0 and P -2 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-V COOH , which is consistent with a class I PDZ domain. In spite of this, it was clear from analysis of binding affinities that the W in P -1 (W -1 ) was largely responsible in this case for the strong interaction between PDZ2 and this PBM. Indeed, mutation of W -1 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 162 .

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 163 . 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.

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 P 0 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 P 0 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 152 .

Recognition of position -2

As discussed previously, P -2 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 -2 residue of the PBM with the first residue of the α2 helix In class II PDZ domains, a hydrophobic residue can be found in the place of the conserved histidine that determines preference for a hydrophobic residue in P -2 . For example, 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 β3-5 that was found to be crucial for the affinity of the interaction. In Erbin, the arginine residue found in position β3-5 is less suited to establish such an interaction, explaining why binding of Y is not possible in this case (figure 2.6) 166 . Thus, main chain and side chain interactions are implicated in selectivity in P -1 , showing that although in some cases it does not participate in binding, it cannot be disregarded as a specificity determinant.

Interactions beyond position -3

Accumulating evidence supports the contribution of interactions upstream of the core PBM in achieving selectivity or binding affinity 161,[168][169][170] . Further extending the PBM by using longer peptides has led to some unexpected results, such as interactions mediated by positions as distal as P -11 171 .

A good illustration is the complex between peptides derived from β-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 -5 is responsible for this effect by establishing hydrophobic interactions with the β3 strand and the β2-β3 loop 172 (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 173 .

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 S -8 of Cadherin bound to partitioning defective (Par)-3 PDZ3 174 ; or decrease it, as seen for Y -7 of ErbB2 in complex with Erbin 169 . 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 148 . 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 dynamics of the PDZ-PTP supramodule 198,199 . These observations contribute to the notion that scaffolding domains such as PDZ can actively participate in the regulation of signalling events 158 .

Other functions of PDZ domains

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 200 . 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) 201 . 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 202,203 . 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 204,205 .

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 177,203,205 . 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 206 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 206 .

regulated PDZ/PBM interactions is the GluR2 subunit of AMPA receptors. GluR2 contains a C-terminal PBM (-IESVKI COOH ) that binds to the PDZ domain of PICK1 and PDZ4,5 tandem of GRIP1 209 . The protein kinase C (PKC) can phosphorylate S -3 of the GluR2 PBM. This phosphorylation differentially regulates the binding of GluR2 to GRIP1 and PICK1. S -3 phosphorylation greatly decreases the binding affinity of the GluR2 PBM to GRIP1 PDZ4,5, although it does not affect its binding to PICK1 PDZ 210 (figure 2.13.A:). The residue in position α2-1 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 204 .

Large-scale studies have highlighted the significance of P -1 , and to a lesser extent P -2 , in this type of regulation 211,212 . 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 213 .

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, X11α has two PDZ domains that directly interact with each other forming a tandem PDZ supramodule 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 [225][226][227][228] . These three proteins have a tumorigenic activity and target DLG1, the mammalian homolog of the Drosophila tumour 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. 

DLG1 MAGI-1 MUPP1 PATJ ZO-2 β1-syntrophin DLG1 DLG4 ERBIN MAGI-3 pro-IL-16 SCRIB TIP-1 TIP-2/GIPC PDLIM2* DLG1 MAST2 MUPP1 PTPN4 CAL/GOPC DLG1 DLG4 MAGI-1 MAGI-2 MAGI-3 MUPP1 PATJ PTPN3 PTPN13 SCRIB TIP-1 TIP-2/GIPC PDZRN3 14-3-3 PAR3 SNX27 ARGGEF12 FRMPD2 LRRC7 PTPN3 TIP-2/GIPC

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 responsible for the definition of the basolateral domain 231,232 . The spatial organization and the molecular composition of these complexes are illustrated in figure 3.1.

sensing cues from neighbouring cells or the surrounding microenvironment and responding appropriately. Therefore, disruption of polarity prevents cells from responding to growthinhibitory signals and can deregulate senescence, differentiation, and apoptosis 232 . 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 237 .

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.

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 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 239 . A second function of the E4-ORF1 PBM is the interaction with an oncogenic, membraneassociated isoform of Dlg1, 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 240 . The E4-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, MUPP1, and MAGI-1, but fail to bind ZO-2 241 . 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 242 . The transforming and tumorigenic potential of Ad9 E4-ORF1 in cells depends on its ability to bind and sequester ZO-2 through its PBM.

Human T-lymphotropic virus type 1

The 

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 [START_REF] Zhang | Identification of the cell cycle regulator VCP (p97/CDC48) as a substrate of the band 4.1-related protein-tyrosine phosphatase PTPH1[END_REF][START_REF] Pasquali | Identification of Protein Tyrosine Phosphatases with Specificity for the Ligand-Activated Growth Hormone Receptor[END_REF][START_REF] Pilecka | Protein-tyrosine phosphatase H1 controls growth hormone receptor signaling and systemic growth[END_REF]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 68,256 .

Human papillomavirus

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 257 . 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). 5 258 . 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 according to the HPV genotype and the infected cell type 259 . Then, the virus is internalized through an endocytic mechanism (step 2), and subsequently undergoes endosomal transport, considered as oncoproteins. Sustained expression of E6 and E7 is one of the hallmarks of HPV-induced carcinogenesis 264 , and thus the transforming activities of these two proteins have been more characterised than that of E5. Recent studies, however, highlight the relevance of E5 in cell transformation and immune modulation 265,266 . 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.

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 267 . 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 268 .

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 267,268 .

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 α-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 269 . Other partners of the high-risk E6-E6AP complex include proteasome subunits and the p300 and CBP coactivators 264 . 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 264 . Other functions, such as promoting inflammation and angiogenic switch, are achieved by coordinated action with E7 267 .

One of the most evident differences between high-and low-risk HPV strains is the presence of a class I PBM (S/T-X-ϕ COOH ) 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 230 . Indeed, a diagnostic assay based on the binding of high-risk HPV-E6 oncoproteins to PDZ domains has been developped accordingly (OncoE6 TM 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 230,264 . Known host PDZ partners of the high-risk E6 PBM, among which we find PTPN3, are listed in table 3.2 and will be discussed in section 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

E6ΔPBM 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 277 . Moreover, anchorage independent growth 278 and cell immortalization 279 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 evolves to squamous cell carcinoma, while those expressing a PBM deletion mutant do not progress to hyperplasia 280 . 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 230 .

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 230 (figure 3.1).

E6 has been shown to bind SCRIBBLE and DLG1 at lateral adherens junctions and subsequently targets them for degradation in vitro and in vivo [281][282][283] . Interestingly, E6 appears 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 284 . This could be related to the pro-oncogenic activity that DLG1 and SCRIBBLE exhibit under certain conditions. DLG1 re-localization by AdV9

to the plasma membrane constitutively activates the PI3K proliferative pathway 240 , while SCRIBBLE can act as an oncoprotein in breast cancer, where it is overexpressed and mislocalized 285 .

MAGI proteins are found at subapical tight junctions, and are also targeted for degradation by HPV E6 oncoproteins 283,286 , which results in metastatic phenotypes such as loss of TJ integrity and stability, increased proliferation and deregulation of apoptosis 230 . 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 287 . 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 essential for the localization of TJ proteins and cell polarity 288,289 . The in vivo association of 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 290 . The fact that two isoforms 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.

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 TJs in polarized epithelial cells 291 . MUPP1 is a common target of two viral oncoproteins, AdV9 E4-ORF1 and HPV E6 292 . 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 292 .

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 293 . On the contrary, TIP-2/GIPC1 is targeted for proteasomal degradation by E6, which could benefit HPV by rendering cells less sensitive to cytostatic TGFβ signalling. GIPC1 is also known to interact with the HBV capsid protein, but the functional effects of this association are unknown 294 .

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 256 , 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 295 . 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 278 . The last target of the E6 PBM, also subjected to degradation, is the cystic fibrosis transmembrane regulator-associated ligand (CAL), which is supposed to take part in vesicular trafficking processes 296 .

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 HPVpositive cells growth and colony formation, and increasing apoptosis 297 . Additionally, E6

activity can be blocked by inhibitors such as small peptides, peptide aptamers, intracellular antibodies or small molecules 298 . 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 298 . A significant advancement came from solving the structure of E6 E6/E6AP/p53 complex 270,299 . 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 cells 300,301 . Targeting E7 activity by using antagonist peptides to reactivate the tumor suppressor pRb also showed antitumor effects in cell lines and animal tumor models 302 . Other approaches that have been proposed imply inhibition of E6 and E7 transcription or gene expression 298 .

E6 and E7 are also well-defined tumor-specific antigens that have been considered as the theoretical basis for the development of immunotherapy 303 . 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 304 .

Hepatitis B Virus

HBV 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).

Overview of the HBV life cycle

HBV 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 [305][306][307] , 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 308 . 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 'subgenomic' 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 309

HBc and reverse transcription

The HBV genome is reverse transcribed from pgRNA into rcDNA in a complex, multi-step process that involves genome rearrangements and template switches 323 . It has been shown that the HBc CTD is required at multiple stages of this process, and HBc participates as well in the context of the formed capsid.

HBc 149 can form capsids but fails to encapsidate pgRNA 311 . 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 transcription [324][325][326] , 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 313 .

Lewellyn and Loeb proposed that the CTD of HBc participates in reverse transcription by acting as a nucleic acid chaperone 325 , 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 327 .

The assembly domain HBc 149 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 328 .

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 αβ complexes and target the capsid to the nuclear pores 312 .

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 68,294 . GIPC1 is thought to be an adaptor protein involved in G protein signalling 329 . Its PDZ domain is targeted by at least two other viral proteins -Tax protein of HTLV-1 330 , and E6 protein of HPV18 331 . It is still not clear which role GIPC1 plays in the HBV life cycle.

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 experiments 68 . To assess possible effects of PTPN3 in HBV gene expression, Hsu and colleagues overexpressed PTPN3 in human hepatoma HuH-7 cells that were transiently coexpressing 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 68 . The decrease of the viral genome expression was independent of the PDZmediated 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 68 . It remains unclear how these effects can be of benefit for the HBV life cycle.

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 targeting the viral capsid assembly were discovered 332,333 . The mechanism of action of these inhibitors is based mainly on allosteric modulation, and were thus termed core allosteric modulators (CAMs) 334 . 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 309 . Since their discovery, many other CAMs have been obtained, 

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. Largescale genetic analyses of human tumours have highlighted the relevance of protein tyrosine phosphatases either as putative tumour suppressors or as candidate oncoproteins 335 .

The human protein tyrosine phosphatase PTPN3 is a modular protein comprising a Nterminal 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 66 .

Defects of its expression and/or mutations have been suggested to play a role in many cancers 336 . 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 68 and the E6 protein of high-risk HPV types 16 and 18 67 , 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 224 . It has been reported that the PDZ-mediated interaction of E6 with PTPN3 results in the proteasomal degradation of the phosphatase 67,256 .

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 68 .

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 p38γ 70 or the Epidermal growth factor receptor substrate 15 337 . 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 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 Among these partners, I 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.

Results

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

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 337 and p38γ 70 . 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: p38γ, 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.

Article: Structural and functional characterization of the PDZ domain

of the human phosphatase PTPN3 and its interaction with the human papillomavirus E6 oncoprotein

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 178 . We found that ligand binding prevents auto-association of PTPN3-PDZ, something that had been previously observed in our lab for another PDZ domain 171 . 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 K D s. In addition, we fitted several titration curves simultaneously (i.e., following the chemical shift of various signals on the spectra) to estimate the K D 338 . We used 8 to 14 curves for each titration to deduce the K D 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).

catalytic inhibition 198 and that the linker between the PDZ and the PTP is necessary for the regulation by both the PDZ domain and the PBM 199,339 . 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.

Results

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 (K M ) and the turnover number (k cat ) 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 cat , reducing it by half (3.0 ± 0.1 s -1 vs 1.5 ± 0.1 s -1 ) (table 5.1), whereas the K M that reflects the affinity for the substrate is unaffected. The K M is weak with a value around 1 mM, meaning that the enzyme is saturated at only high substrate concentrations.

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 p38γ (PBM-p38γ) (table 5.2). As the binding affinity of PTPN3 for PBM peptides we reported in our article was calculated using the PTPN3-PDZ construct 340 , I validated that the interaction is not affected in the context of the Bidomain, using PBM-38γ 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 k cat compared to PTPN3-linker-PTP, while the K M remains largely unaffected (table 5.1).

Accordingly, the specificity constants (k cat /K M ) of the complexed Bidomain decrease by 1.5- ). This indicates that the linker alone is not sufficient for the inhibition to take place.

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.

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 p38γ thanks to the recognition by its PDZ domain of the Cterminal PBM of p38γ 66 . 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 341 . 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 341 . 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 state is restored upon binding of a PBM 198 . Both the inhibition and release of inhibition 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 cat and K M 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 p38γ, which is both a substrate of PTPN3 and a ligand of its PDZ domain through a PBM found in its C terminus 70 . It was observed that the K M is lower with the Bidomain compared to the PTP (K M of 3 µM and 16 µM 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 FQYI sequence in the PDZ-PTP linker in PTPN4 is implicated in the regulation 339 . However, these positions are not strongly conserved between PTPN3 and 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 domains with enough frequency to protect it against proteolysis 339 . On the contrary, secondary structure prediction indicates that the linker of PTPN3 is likely to feature a α-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.

Briefly, harvested cells were resuspended in buffer A (50 mM Tris/HCl, pH 7.5, 150 mM NaCl), 2mM β-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, p38γ PBM, HBVc PBM, HPV16E6 PBM and HPV18E6 PBM, were synthesized in solid phase using Fmoc strategy (Proteogenix) and resuspended in H 2 O.

Enzymatic assays

Phosphatase activity was measured by following the hydrolysis of p-nitrophenyl phosphate (pNPP) as previously described 198 . 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 k cat and K M 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-HCl, pH 7.5, 1 mM MgCl2, 150 mM NaCl, 0.5 mM TCEP. pNPP was assayed for concentrations ranging from 19µm 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 198 and purified as detaied above. The samples were prepared in buffer A with 0.5 mM TCEP and D2O (5-10% vol:vol). NMR 1 H, 15 N HSQC spectra were recorded on a 600-MHz Varian NMR System spectrometer equipped with a triple resonance 1H{13C/15N} cryoprobe. 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.

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 161 . The binding modes of each PBM peptide to PTPN3 are shown in figure 6.2. As expected, the Cterminal 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 0 is additionally bonded to the carbonyl of G519 on the α1-β1 loop and the Nζ of K580 of the α2-helix through a molecule of water (figure 6.2.B). In position -2, the S or T side chains form H-bonds with the Nε2 of the H572 at the base of the α2-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 Cterminal 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 Nδ2 of N524 in the β2-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 345 . For example, in a largescale 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 -1 345 .

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.

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 -5

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 Cβ-Cγ carbon chain of E -3 .

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.

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, I579 for PTPN3-PDZ), which determines the preference for peptides with hydrophobic C-terminal residues 161 (figure 6.6). Although sometimes classified among hydrophobic amino acids since they are frequently found in the interior of proteins, the sulfhydryl 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.

esconsin (MAP7), the mitochondrial NADH-ubiquinone oxidorreductase 75 kDa subunit (NDUFS1), and the PCI domain-containing protein 2 (PCID2). In P -1 , PTPN3-PDZ shows a slight tendency to bind proteins with S -1 . 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 -1 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 -3 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 P -4 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. 

Q9Y2T3 Guanine deaminase 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 P 0, and some C 0 -PBMs are also present (2 out of 61 partners). No tendencies seem to emerge from P -1 . The preferred residues at P -2 for the class II partners are L, F, and G. Although a G -2 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 class II PBMs interact with PTPN3-PDZ through a non-canonical binding mode. For example, in a growing number of PDZ domain structures [354][355][356] , the peptide ligands are inserted perpendicular to the PDZ domain, with only P 0 and sometimes P -1 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 X11α PDZ1 domain 214 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 C 0 -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.

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 nanoliterdispensing 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 µL 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-PDZ Next •PBM-peptide complex solution in 20 mM HEPES pH 8, 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 NaI 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 Å 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 (Schrödinger).

Sequence logos

The sequence and frequency logos were created using the online WebLogo service 357 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,I,P,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.

7 Study of the interaction of PTPN3 with the hepatitis B virus core protein

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. 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 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. 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 HBVinfected 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 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 (-ESQC COOH ; Class I PBMs are defined as -[X-S/T-X-Φ], where Φ is any hydrophobic amino acid and X is any amino acid). This PBM has been shown to interact with the PDZ (PSD-95, Dlg1, 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 PBMcontaining 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 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.

Results

HBV 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 (BIs) 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. 1a) represents the individual BIs 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 nonreceptor 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 discslarge homolog 1 and 4 (DLG1 and DLG4), the protein scribble homolog (SCRIB), the multi-PDZ domain scaffolding protein (MPDZ), the INADL protein (InaDl) and the Sorting Nexin 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 (MAST2), the discs-large homolog 2 (DLG2), and PTPN4 interact with the PBM of the protein G of Rabies virus, and the beta-1syntrophin (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 discslarge 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. 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 ( NH2 RRRRSQSRESQC COOH ) by molecular replacement at 1.86 Å 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 Å for all the backbone atoms (Fig. 2a). PTPN3-PDZ adopts the typical PDZ fold comprising five β-strands and two α-helices. A clear electron density map was seen for the last eight C-terminal residues of PBM-HBc (underlined in the peptide sequence -RRRRSQSRESQC COOH ). 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 β2-strand, the α2-helix and the "GLGF" loop (Fig. 2a) and pairing as an anti-parallel extension of the β2-strand, as observed for the PBM-16E6. Indeed, the backbone amide proton of the cysteine (C 0 ) and the serine (S -2 ) and the backbone carbonyl oxygen of S -2 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 -2 . 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 Cterminal cysteine (C 0 ) 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 0 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 C 0 permits to 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 -2 )

forms a H-bond with the Ne2 of the conserved H572 from the a2-helix, as those we observed for T -2 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 εNH2 of the exposed glutamine (Q -1 ) 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 R -4 and G527 and Q531 of the b2-b3 loop. Moreover, the backbone carboxyl oxygen of R -4 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 R -4 forms a H-bond with the side-chain carboxyl of Q531, whose amine group is also bonded to the backbone carboxyl of S -8 , 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.

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. 1 H, 15 N HSQC spectra were recorded on 15 N-labeled PTPN3-PDZ in its free form and in the presence of the unlabeled PBM-HBc peptide. We 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 L525, K526 and G527 of the β2-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 β2-β3 loop, V536 on the β3-strand, and the S587 and E589 in the a2-β5 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 Å away from I559 on the β4-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 0 . Thus, direct and distal perturbations are induced upon PBM binding, as we previously observed in PTPN3 and PTPN4 PDZ domains [24,36].

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. 3c). 1 H, 15 N HSQC-TROSY spectra were recorded on 15 N-labeled PTPN3-PDZ in its free form (red signals in Fig. 3c) 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 selfassemble 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 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 Cterminal extremities. These results indicate that PTPN3-PDZ can bind the CTD of full-length HBc within CLPs in vitro.

PTPN3 binds to the HBc protein within capsids as well as to the assemblydeficient 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 Y132A 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.

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, HBV 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.

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 narrowed our list of candidate proteins by selecting those that feature a PBM at their Cterminus. We shortlisted 104 potential PBM-containing proteins: 40 of class I (S/T-X-ϕ COOH ), 62 of class II (ϕ-X-ϕ COOH ), and 2 of class III (D/E-X-ϕ COOH ) with ϕ: 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

Vangl1 (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].

Vangl1 is dysregulated in human cancers [42]. Interestingly, Vangl1 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 posttranscriptional 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-α. 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].

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 HBV infection by competition with PBM-HBc.

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 αβ 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 HBV 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 argininerich 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 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 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 (-YTEC COOH ) 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.

HBV, 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 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.

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 15 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-HBc183opt 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 µg/mL of kanamycin and 25 µg/mL of chloramphenicol. Protein expression was induced at D 600 nm 2 with 1 mM isopropyl thioβdgalactoside at 18 °C for 16 h. Harvested cells were resuspended in buffer B (50 mM Tris/HCl, pH 7.5, 300 mM NaCl, 5mM 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 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 2 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 Å 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 o -F c 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 (Schrödinger).

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 AN50-Ti rotor. The HBc protein sample at approximatively 150 mg/ml was centrifuged for 17 h at 12000 rpm. Interference profiles were analyzed with SEDFIT 16.1 [66] using a continuous size distribution c(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 2 O (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 1 H{ 13 C/ 15 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 15 N-labeled PTPN3-PDZ initially containing 260 µL at a concentration of 95 µM. 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 µL of 15 N-labeled PTPN3-PDZ at a concentration of 95 µM. A series of 1 H, 15 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 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-HCl 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 × 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 µL 8 M urea/ 100 mM Tris HCl 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. 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 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 µM), 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 68 . 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 56 .

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 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 Y132 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 the binding of full-length PTPN3 causes a steric hindrance for the assembly of the viral capsid. This effect has been proposed for the SRPK kinase 314 . The authors of this work speculate that SRPK could bind HBc and act as a chaperone to sterically prevent HBc selfassembly. 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 p38γ 70 . 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 150,157 . 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 HBV 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 HBV 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. I obtained a detailed structural understanding of its PDZmediated 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. Structural and functional study of the human phosphatase PTPN3 and its interaction with oncogenic viruses Abstract:

Index of tables

The human protein tyrosine phosphatase non-receptor type 3 (PTPN3) is a PDZ (PSD-95/Dlg/ZO-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 HBcinteracting 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]
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 17 Figure 1.7: PTPN3 phosphorylation sites. Relevant phosphorylation sites are indicated with their respective position. Data obtained from PhosphoSite (www.phosphosite.org).

  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.

(

  TCR), and the second one is mediated by cytokines or other co-stimulatory molecules107 . 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 production11 .Experiments performed in Jurkat T cells implicated PTPN3 as a negative modulator of T cell activation, strongly inhibiting signal transduction from the TCR 108 . Moreover, in vitro experiments showed that PTPN3 dephosphorylates the TCR ζ subunit 109 . 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 110 . 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 111 .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,

(position α2- 1 ,

 1 figure 2.5.A) in the PDZ domain. The nature of the α2-1 residue determines the nature of the corresponding residue in P -2 in the interacting PBM. Class I PDZ domains have a conserved histidine in position α2-1. 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-V COOH ), which features a T in P -2 164,165 (figure 2.5.A).
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 211 Domain organizations of a selected set of PDZ domain proteins). The C-terminal tail of X11α folds back and inserts into the target-binding groove of its own PDZ1 domain, resulting in a closed conformation of PDZ1 214(Figure 2.13.B). The authors of this study proposed that the auto-inhibition of X11α 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 -1 residue with E -1 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 X11α PDZ supramodule mediated by its Y 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 222 . 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 223 . 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 222 . 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 224 .

  are not tumorigenic for humans, human adenovirus 9 (AdV9) can produce estrogen-dependent mammary tumors in rodents under experimental conditions 238 . The main oncogenic determinant of AdV9 is the E4-ORF1 protein, which contains a class I PBM (-ATLV COOH ), the first viral PBM to be identified226,228 . 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, PATJ, MAGI-1, and ZO-2 are part of the TJ, while DLG1 participates in AJ assembly (figure3.1). 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 239 .
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 314 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[243][244][245] . Tax has a C-terminal class I PBM (-ETEV COOH ) that plays a major role in the oncogenic potential of the virus 224 . 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 (figure3.1). 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, DLG1 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 224 . Other PDZ proteins such as MAGI-1 and MAGI-3 have been shown to interact with the Tax PBM, but the relevance of these interactions has not been explored. The HTLV-1 envelope glycoprotein Env also targets DLG1 through a PBM. It is thought that this interaction favours the dissemination of the virus in the host by recruiting DLG1 to stabilize the viral synapses (cellular junctions induced by some viruses to allow cellto-cell transmission) formed between neighbouring T-cells 246 . Tax enhances this process by hijacking the microtubule-organizing center, a major site of microtubule nucleation, to form the viral synapse 247 . Thus, targeting host PDZ proteins allows HTLV-1 to manipulate cell polarity to enhance viral transmission while evading detection by the immune system 248 . 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 Émile Roux in 1885 of the rabies vaccine made of an attenuated RABV 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 249 . 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 Cterminal cytoplasmic tail of the G protein in position -3 of a class I PBM (-QTRL COOH for virulent strains, -ETRL COOH 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 human neuroblastoma 250,251 . MAST2 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 252 . 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 171,250 (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 anti-apoptotic role in neurons 250,253 . In normal conditions, PTPN4 likely maintains homeostasis by dephosphorylating its endogenous partners. During infection with an 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.
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 33 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, E5, E6, viral 'early' proteins; L1, L2, viral 'late' proteins.

  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 309 . Currently, several CAMs are undergoing clinical trials, and others are being subjected to pre-clinical testing.

  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 224 , 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.
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 24 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.

  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, I 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 PTPs and come from a gene duplication during holozoan 344 . They share the same modular organization and 73% of sequence identity in their PDZ domains, which were inserted during evolution into Monosiga PTPN3 (after yeast and before sponge)344 . 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.

  Zlotnick and collaborators adequately referred to it 'a pleiotropic keystone in the HBV lifecycle'1 . 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 proteins2,3 . 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 4 .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

  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.
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 242 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 -2 ) within a C-terminal peptide sequence-motif defined as -[X-S/T-X-Φ COOH ], where Φ is a hydrophobic residue and X is any residue; class II recognizes any hydrophobic residue at P -2 within a motif defined as -[X-Φ-X-Φ COOH ][30,31]; and class III ,which recognizes the motif -[X-D/E-X-Φ COOH ][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.

  assigned the signals using the previous assignment of the backbone of the PTPN3-PDZ complexed with the HPV16 E6 PBM (BMRB entry 27645) and we analyzed the chemical shift perturbations (Dd) of the 1 H, 15 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, L525, G527, G528, I559, 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, I550, K552, H570, T571, R588,

Figure 1 .

 1 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 BIs 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 BI > 0.2. The data and error bars are representative of two independent experiments.

Figure 2 .

 2 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 β2-strand.

Figure 3 .

 3 Figure 3. Δδ between free PTPN3-PDZ and PTPN3-PDZ bound to PBM-HBc. (a) Δδ values ( 1 H, 15 N) computed as ∆δ = [(∆δH) 2 + (∆δN×0.15) 2 ] 1/2 . Red bars mark residues perturbed with ∆δ > 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 Δδ values. Red: ∆δ > 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. (c) HSQC NMR spectra of 15 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 .

 4 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 1 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 Y132A using the anti-HA antibody.

Figure 5 .

 5 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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  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 HBV 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 318 . 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 314 . It is possible that phosphorylation of Y132 represents a destabilizing factor for the viral capsid. Therefore, PTPN3 overexpression and increased
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Table 1 .1: Protein tyrosine phosphatases involved in lymphocyte activation.

 1 Major features of the main PTPs linked to the regulation of lymphocyte activation. DCs, dendritic cells. Adapted from Rhee and Veillette 201210 .

	Type	Name	Lymphocyte phenotypes in deficient mouse strains	Involvement in human 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 deficiency); lower NK cell function	autoimmune hepatitis (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 2+ 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;	

Table 1 .2: Protein tyrosine phosphatases involved in cancer.

 1 Adapted from[START_REF] Östman | Protein-tyrosine phosphatases and cancer[END_REF][START_REF] Östman | Protein-tyrosine phosphatases and cancer[END_REF] Tonks 2006 6,48 . 

		PTPs with a tumor suppressing function
	PTP (gene)	Observations
	PTPBAS	
	(PTPN13),	
	PTPD2	
	(PTPN14), PTPH1 (PTPN3), PTPρ	Mutations identified in colon cancer; inactivating mutations confirmed for some variants of PTPRT
	(PTPRT), LAR	
	(PTPRF), PTPγ	
	(PTPRG)	
		Overexpression reverts the transformed phenotype of different tumour cells; loss of
	DEP1 (PTPRJ)	heterozygosis is seen in colon cancer; Ptprj is the gene present at the colon-cancer-
		susceptibility locus in STS/A mice
	SHP1 (PTPN6)	PTPN6 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
	PTP1B (PTPN1)	Generation of Trp53 and Ptp1b double-knockout mice revealed decreased survival and increased development of B-cell lymphomas compared with Trp53 knockout mice
	PTEN	
	(MMAC1)	

1.5.7.2 PTPN3 as a tumor suppressor

  

	prevent the binding of the ligases, and thus the TGFβ-induced transcriptional responses that
	normally inhibit growth are attenuated 143 .
	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 141 . 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 141 . 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) 93 . 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 142 . 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 31 . 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 L232R ), frequently observed in intrahepatic cholangiocarcinoma. In
	normal conditions, PTPN3 enhances tumor growth factor β (TGFβ) signalling by a
	mechanism that is independent of its phosphatase activity. PTPN3 binds the TGFβ type I
	receptor (TβRI) through its FERM domain, and prevents its proteasomal degradation by
	blocking the binding of E3 ligases. PTPN3 L232R still interacts with TβRI but is unable to

Table 1 .4: Implications of PTPN3 in cancer. Role Cancer type Observations References

 1 

		Ovarian	Overexpression favours drug resistance, stemness and tumorigenicity	
			Promotes tumorigenicity through	
			cytoplasmic accumulation and	
		Breast	stabilization of vitamin D receptor, independently of its phosphatase	
			activity. Increased expression levels	
			correlated with clinical metastasis	
		Gastric	Expression levels correlate to grade of	
		adenocarcinoma	differentiation of the cancer	
	Oncogenic	Esophageal	Expression levels correlate to grade of differentiation of the cancer	
			Promotes cell proliferation and	
		Glioblastoma	invasion. High expression levels	
			associated with poor prognosis	
		Glioma	Increased expression associated with tumor growth and metastasis	
		Intrahepatic cholangiocarcinoma	Increased activity due to activating mutations promotes tumor progression and postoperative tumor recurrence	
		Colon cancer	Dephosphorylates and cooperates with p38γ to promote K-Ras oncogenesis	
			Expression is decreased by epigenetic	
		Hepatocellular carcinoma	regulation, showing an inverse correlation with the aggressiveness of the tumor. PTPN3 loss favours cell	
			migration and migration	
	Tumor-		Prevents cell proliferation and migration	
	suppressor	Non-small cell lung cancer	by promoting EGFR degradation, and attenuating Src activity and Src-	93,142,144
			mediated DAAM1 activation	
			Frequently presents somatic missense	
		Colorectal cancer	mutations located in or near the FERM	31
			domain	

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) 145,146 . 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 147 . PDZ
	domains are highly prevalent in metazoan proteins -there are 152 PDZ-containing proteins in
	the human proteome, containing 266 different PDZ domains 148,149 . 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 150 .
	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 151 , 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 152 and the organization of the postsynaptic
	density by PSD-95 152 .

2.7.1 PDZ multimerization

  

	PDZ domains can mediate dimerization and oligomerization of their parent PDZ-
	containing proteins 186 . 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 β1 strand and the α1-β4 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 187 . Second, ZO-1
	forms stable homodimers in vitro and in vivo via its second PDZ domain. Dimerization occurs
	via a β-strand-swapping mechanism, in which the β2 and β3 strands from one monomer are
	inserted into the PDZ fold of the other monomer, and vice versa (figure 2.10.B) 188,189 . Here
	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 178 . 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 (K D < 5 µM) led to the proposal that
	PDZ dimerization contributes to selective formation and strengthening of multi-protein
	complexes.

Table 3 .1: Known cellular PDZ protein targets of viral proteins

 3 . * Although PDLIM2 is a PDZ protein, the interaction with Tax is not mediated by this domain, but rather by an α-helical region in PDLIM2 and multiple regions in Tax 229 . AdV9, human adenovirus 9; HTLV-1, human Tlymphotropic virus type 1; HPV, human papillomavirus; HBV, hepatitis B virus. Adapted from Javier and Rice 2011, and Ganti et al 2015229,230 .

	Virus	AdV 9	HTLV-1	Rabies	HPV	HBV
	Protein E4-ORF1	Tax	G	E6	HBc
	PBM	-ATLV COOH	-ETEV COOH	-ETRL COOH	16 -ETQL COOH 18 -ETQV COOH	-ESQC COOH
	PDZ					
	targets					

Table 3 .2: Known PDZ domain-containing targets of E6.

 3 Adapted fromGanti et al. 2015 230 . 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 271 , are located on the opposite side of the peptide binding pocket (figure 3.6.C) 270 . The multiple interactions in which E6 can engage define the role of this protein and its activities in the viral life cycle.

	Protein Name	Function
	DLG1	Polarity/tumour suppressor
	SCRIB	Polarity/tumour suppressor
	MAGI1/2/3	Polarity/tumour suppressor
	PSD95	Signaling complex scaffold
	TIP2/GIPC	TGF-β signaling
	NHERF1	PI3K/AKT signaling
	MUPP1	Signaling complex scaffold
	INADL/PATJ	Tight junction assembly
	PTPH1/PTPN3	Protein tyrosine phosphatase
	PTPN13	Non-receptor phosphatase
	PDZRN3/LNX3	RING-containing ubiquitin ligase
	14-3-3ζ	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

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 31 274 or 18

275 

, 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 (E6ΔPBM) resulted in a loss of these mutant genomes, indicating that the PBM is relevant for the episomal maintenance of the viral DNA 275 . Similar effects were observed in Normal Immortal Keratinocytes containing HPV16 E6ΔPBM genomes 276 . The levels of E6ΔPBM 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 expression or stability 276 . These observations support the essential role of the E6 PBM in the viral life cycle and genome maintenance.

Table 5 .2: Affinities of the synthetic PBM peptides

 5 Linker-PTP, with the complete linker (figure 5.2 and table 5.1

	Peptide	Sequence	K D (µM)
	PBM-16E6	RSSRTRRETQL	53 ± 31
	PBM-18E6	RQERLQRRETQV	37 ± 20
	PBM-HBc	RRRRSQSRESQC	29 ± 24
	PBM-p38γ	SWARVSKETPL	29 ± 24
	PBM-TACE	RQNRVDSKETEC	30 ± 17

. 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 p38γ (PBM-p38γ) are indicated. The K D values correspond to the complex between PTPN3-PDZ and each peptide determined by

15 

N-HSQC NMR titration.

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 PTPN3-

Table 6 .2: PTPN3-PDZ Class I PBM-containing partners.

 6 

	PDB ID	Name

Table 1 .

 1 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). Best binders of HBc PBM in the holdup assay. Binding intensities (BIs) and occurrences between HBV and others viruses are reported.

		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		
	DLG1_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
	DLG1_3	0,34	x	x	x
	DLG1_1	0,34	x	x	x
	GIPC2	0,31			
	InaDl	0,29	x		
	TJP2	0,27			x
	SNTA1	0,25			
	SIPA1L2	0,24			
	SCRIB	0,23	x	x	
	MAST2	0,21				x

*Categories were defined by MolProbity.

Table 2 .

 2 Data collection and refinement statistics

Appendices 9.1 Table: The extended human PTPome.

  Classification according to Alonso et al.4 . b In the case of RPTPs, the catalytic signature motif for the PTP D1 domain is provided. c 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. d PTPRU is named PTPλ in chicken. e PTPN20A (NM_001042387.1 → NP_001035846.1) and PTPN20B (NM_001042357.3 → NP_001035816.1) are two duplicated identical genes. f Note that the catalytic signature motif is not conserved in the catalytically inactive pseudophosphatases. g DUSP13A (NM_001007271.1 → NP_001007272.1) and DUSP13B (NM_016364.3 → NP_057448.3) are different genes located in the same locus. PALD1 contains two CxxxxxR motifs within two domains annotated as PTP-like_phytase/DSPc superfamily. PALD1 has been proposed to be catalytically inactive, although the evidence is indirect. o Classification based on structural similarity to ACP1[124]. p Classification according to Rigden. q ACP2 is included as a PTPome member on the basis of its similarity to ACPP and ACPT. Adapted from Alonso and Pulido, 201614 . Total number of PDZ-containing proteins participating in particular pathway group; b PDZ-containing protein known to participate in most of the pathways in particular pathway group; c The number of pathways in the pathway group the protein is involved in. Adapted fromChristensen et al. 2019 362 9.

	Official gene symbol/ID Classic PTPs (class I Cys-based) a (subclass I) (37) (HCSxGxGR) Protein names Catalytic signature motif Classic RPTPs (class I Cys-based) 2 (PTP domain) (20) PTPRA/5786 RPTPα HCSAGVGR b PTPRB/5787 RPTPβ PTPRC/5788 CD45 PTPRD/5789 RPTPδ PTPRE/5791 RPTPε PTPRF/5792 LAR PTPRG/5793 RPTPγ PTPRH/5794 RPTPη, SAP-1 PTPRJ/5795 DEP1, CD148 PTPRK/5796 RPTPκ PTPN9/5780 PTP-MEG2 PTPN11/5781 PTP1D, SHP2 PTPN12/5782 PTP-PEST HCSAGCGR PTPN13/5783 PTP-BL, PTP-BAS, FAP1 HCSAGIGR PTPN14/5784 PEZ, PTP36 HCSAGVGR PTPN18/26469 BDP1 HCSAGCGR PTPN20A, 20B/653129, 26095 e Typ (copyA, B) e HCSAGIGR PTPN21/11099 PTPD1 HCSAGVGR PTPN22/26191 LYP, PEP HCSAGCGR PTPN23/25930 HDPTP HCSSGVGR Dual-specificity VH1-like PTPs (DUSPs) (class I Cys-based) a (subclass II) (64) (HCxxGxxR) f Specificity pTyr Dual-specificity MAPK phosphatases (MKPs) (class I Cys-based) a (PTP-DSP domain) (11) DUSP1/1843 MKP-1 HCQAGISR pSer, pThr, pTyr DUSP2/1844 PAC-1 DUSP4/1846 DUSP5/1847 B23, hVH3 HCEAGISR DUSP6/1848 MKP-3 HCLAGISR DUSP7/1849 MKP-X HCLAGISR DUSP8/1850 hVH5 PTP4A3/606449 PRL-3 pSer, pThr, pTyr, PtdIns(4,5)P 2 (D5 position) CDC14s (class I Cys-based) a (PTP-DSP domain) (4) CDC14A/8556 HCKAGLGR pSer, pThr CDC14B/8555 CDC14B Paladin (class I Cys-based) (subclass IV) (PTP-like phytase) n (1) (CxxGxxR) CDC14A 105 SYNJ1/8867 106 SYNJ2/8871 INPP5H SCERTGTR Synaptojanin 2, PtdIns(3)P, PtdIns(4)P, PtdIns(3,5)P 2 INPP5G SCERAGTR Synaptojanin 1, MKP-2 DUSP28/285193 VHP YCKNGRSR ? = unknown substrate PTPMT1/114971 DUSP23, MOSP, PLIP HCKAGRSR Phosphatidylglycerophosphate, PIPs STYX/6815 STYX HGNAGISR position), pSer 92 SBF1/6305 MTMR5 GLEDGWDI Phosphatase inactive 93 MTMR6/9107 MTMR6 117 EYA1/2138 EYA1 WDLDET 118 EYA2/2139 EYA2 Number of Most enriched Number of Reactome pathway group proteins a protein(s) b pathways c pSer, pTyr 119 EYA3/2140 EYA3 signalling Phosphatase inactive Other atypical DUSPs (5) RNGTT/8732 HCE1 HCTHGFNR 5′CAP-mRNA DUSP11/8446 PIR1 HCTHGLNR DUSP12/11266 HYVH1 HCHAGVSR pSer, pThr, pTyr? EPM2A/7957 Laforin HCNAGVGR Phosphoglycogen, pSer DUSP27/92235 i SSEMGISR Phosphatase inactive Slingshots (class I Cys-based) a (PTP-DSP domain) (3) SSH1/54434 SSH1 HCKMGVSR pSer SSH2/85464 SSH2 SSH3/54961 SSH3 Phosphatases of regenerating liver (PRLs) (class I Cys-based) a (PTP-DSP domain) (3) PTP4A1/7803 PRL-1 HCVAGLGR pTyr PTP4A2/601584 PRL-2 ? = unknown substrate HCSDGWDR PtdIns(3,5)P , PtdIns(3)P (D3 position) 94 MTMR7/9108 MTMR7 95 MTMR8/55613 120 EYA4/2070 EYA4 UBASH3 HIS-PGAM phosphatases (TULAs) (branch 1 His-based) p (HP domain) (2) Signal transduction: intracellular signaling 2 -1 by second messengers MTMR8 96 MTMR9/66036 MTMR9 HGTEGTDS Phosphatase inactive 97 MTMR10/54893 MTMR10 121 UBASH3A/53347 TULA, Sts-2 RHGE pTyr 122 UBASH3B/84959 Signal transduction: MAPK family signaling 5 PSMD9 2 cascades TULA-2, Sts-1 QEEEGRDL 98 MTMR11/10903 MTMR11 Signal transduction: signaling by Hedgehog 2 PSMD9 5 ACP HIS-acid phosphatases (branch 2 His-based) p (HP domain) (3) QERGDRDL 99 MTMR12/606501 MTMR12 123 ACPP/55 PAP, PAcP Signal transduction: signaling by Hippo 3 -1 Nonproteinaceous, pSer, pThr, pTyr LEENASDL 100 SBF2/81846 MTMR13 CLEEGWDI 101 MTMR14/64419 MTMR14, MIP HCISGWDR PtdIns(3,5)P , PtdIns(3)P (D3 position) RHGD 124 ACP2/53 q LAP ? = unknown substrate 125 ACPT/93650 ACPT Signal transduction: signaling by receptor 3 ERBIN 2 tyrosine kinases Nonproteinaceous, pTyr Signal transduction: signaling by Rho 18 LIMK1 2 GTPases SAC phosphoinositide phosphatases (class I Cys-based) (subclass III) (SAC domain) (5) (CxxxxxR) 102 SACM1L/22908 SAC1 NCMDCLDR Signal transduction: signaling by WNT 6 DVL2 8 PtdIns(4)P 103 INPP5F/22876 SAC2 Signal transduction: TGF-β receptor PtdIns(4,5)P , PtdIns(3,4,5)P 3 (D5 104 FIG 4/9896 SAC3 NCVDCLDR PtdIns(3,5)P (D5 position) transition) position) signaling in EMT (epithelial to mesenchymal 2 -1
	PTPRM/5797 PTPRN/5798 DUSP9/1852 CDKN3/1033 PTPRN2/5799 PTPRO/5800 PTPRQ/374462 PTPRR/5801 DUSP10/11221 DUSP16/80824 STYXL1/51657 Dual-specificity atypical phosphatases (atypical DUSPs) (class I Cys-based) a (PTP-DSP domain) (20) RPTPµ IA-2 MKP-4 HCLAGVSR SCQMGVGR CDKN3, KAP HCYGGLGR Phosphatase inactive c IA-2β, phogrin PIPs GLEPP1 pTyr PTPRQ, PTPS31 HCSAGVGR PIPs (D3 and D5 positions) MKP-5 HCQAGVSR MKP-7 HCLAGISR MK-STYX, DUSP24 FSTQGISR Phosphatase inactive PTPDC1/138639 PTP9Q22 107 PALD1/27143 Paladin ? = unknown substrate HCHAGLGR ? = unknown substrate SCLSGQGR n PTEN-like (class I Cys-based) a (PTP-DSP domain) (8) PTEN/5728 PTEN HCKAGKGR INPP4 inositol polyphosphate phosphatases 4′ (class I Cys-based) (subclass V) (L. pneumophila PtdIns(3,4,5)P 3 (D3 position), pSer, SidP-like; M. tuberculosis PtpB-like; INPP4 domain) (2) (CxxxxxR) pThr, pTyr TPTE/7179 j TPTE 108 INPP4A/3631 INPP4A SCKSAKDR PtdIns(3,4)P2 (D4 position), HCKGGTDR Phosphataseinactive c PTP-SL, PTPBR7 HCSAGIGR pTyr PTPRS/5802 RPTPσ Small-size atypical DUSPs (15) DUSP3/1845 VHR HCREGYSR TPTE2/93492 TPIP, TPTE2, PTEN2 PtdIns(3,4,5)P 3 , PtdIns(3,4)P 3 (D3 PtdIns(3,4,5)P3 109 INPP4B/8821 INPP4B CCKSAKDR HCKGGKGR position), PtdIns(4,5)P 2 (D5 position) TMEM55 inositol polyphosphate phosphatases 4′ (class I Cys-based) (subclass VI) (BopB-like; HCSAGVGR PTPRT/11122 RPTPρ HCSAGAGR PTPRU/10076 d PCP-2, PTPJ HCSAGTGR PTPRZ1/5803 RPTPζ, RPTPβ/ζ, phosphacan HCSAGVGR Classic non-RPTPs (class I Cys-based) a (PTP domain) (17) PTPN1/5770 PTP1B PTPN2/5771 TCPTP PTPN3/5774 PTPH1 pSer, pThr, pTyr DUSP13/51207 g DUSP13A g , BEDP, MDSP TNS1/7145 Tensin TMEM55 domain) (2) (CxxxxxR) HNKGNRGR Phosphatase inactive HCVVGVSR DUSP13/51207 g DUSP13B g , TMDP HCAMGVSR DUSP14/11072 MKP-6 TNS3/64759 Tensin 3 HCRGGKGR ? = unknown substrate, phosphatase inactivec TENC1/23371 110 TMEM55A/55529 TMEM55A ICKDTSRR PtdIns(4,5)P (D4 position) 111 TMEM55B/90809 TMEM55B ICKVTSQR Tensin 2, C1-TEN YCKGNKGK pTyr, PtdIns(3,4,5)P3k LMW-PTP (class II Cys-based) a (arsenate reductase domain) (1) (CxxxxxR) HCAAGVSR DUSP15/128853 VHY HCFAGISR DUSP18/150290 LMWDSP20 HCAAGVSR DUSP19/142679 LMWDSP3, HCNAGVSR DNAJC6/9829 l Auxilin LMW-PTP, red HCLDGRAA Phosphatase inactive GAK/2580 l,m 112 ACP1/52 cell VCLGNICR pTyr Auxilin 2, HCMDGRAA phosphatase GAK SSU72 (class II Cys-based) o (arsenate reductase domain) (1) MTMs (class I Cys-based) a (PTP-MTM domain) (15) SKRP1, LDP-2 DUSP21/63904 LMWDSP21 HCMAGVSR 113 SSU72/29101 SSU72 VCSSNQNR pSer MTM1, MTM1/4534 myotubularin CDC25 (class III Cys-based) a (rhodanese domain) (3) (CxxxxxR)
	114 115 116	HCSAGIGR HCLAGVSR HCALGFGR HCAVGVSR HCVMGRSR HCSDGWDR HCEFSSER HAD-EYAs (Asp-based) a [Rossmannoid (ED) domain] (4) PTPN4/5775 PTP-MEG1 PTPN5/84867 STEP PTPN6/5777 PTP1C, SHP1 PTPN7/5778 HePTP, LC-PTP DUSP22/56940 VHX DUSP23/54935 VHZ MTMR1/8776 MTMR1 CDC25A/993 CDC25A DUSP26/78986 MKP-8 DUPD1/338599 h DUSP27, DUPD1 MTMR2, CDC25B/994 CDC25B MTMR2/8898 CM4TB MTMR3/8897 CDC25C/995 CDC25C MTMR3 MTMR4/9110 MTMR4	pTyr PtdIns(3,5)P 2 , PtdIns(3)P (D3 position) pThr, pTyr PtdIns(3,5)P2, PtdIns(3)P (D3

a h DUPD1 (NM_001003892.1 → NP_001003892.1) is a small-size active phosphatase. i DUSP27 (NM_001080426.1 → NP_001073895.1) is a large-size inactive phosphatase. j Absent in mouse. k Note that TENC1 has been documented as an active PTP, although it lacks the conserved Arg in the catalytic signature motif. l Auxilins are included as PTPome members based on the presence of a PTEN-like structural domain. m GAK (cyclin G-associated kinase) contains an active Ser/Thr kinase domain. n a

4 Table: Data collection and refinement statistics for structures in section 6.2

  in parenthesis correspond to the highest resolution bin.¶ R meas = Σ h (n h /n h -1) 1/2 Σ i |<I h > -I h,I |/Σ h Σ i I h,I , where n denotes multiplicity. † R work = Σ h ||Fobs h | -|Fcalc h ||/Σh|Fobs h |,where Fobs h and Fcalc h are the observed and calculated structure factors, respectively. No I/σ cut-off was applied. ‡ R free 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.

					PTPN3-PDZ Next complex	
				PBM-HBc	PBM-16E6	PBM-18E6	PBM-TACE
	Data collection				
	Space group	P 31 2 1	P 1 21 1	P 61 2 2	P 31 2 1
	Unit cell (a, b, c) (Å)	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 (Å)	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)
	I/σ(I)		17.38 (2.70)	8.17 (1.11)	18.12 (2.24)	12.51 (1.77)
	R meas	¶ (%)		5.6 (57.5)	0.14 (1.71)	9.4 (126.7)	10.8 (131.1)
	CC(1/2)		99.9 (97.7)	99.6 (72.6)	99.9 (90.8)	99.7 (91.8)
	Refinement				
	Resolution (Å)	29.35-1.86	43.34-2.19	35.65-2.1	66.58-1.70
	No. reflections	13066	46869	16822	16687
	R work	† /R free	‡	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					
	Rmsd bond lengths	0.007	0.008	0.007	0.029
	(Å)						
	Rmsd bond angles (°) 0.836	0.949	0.815	2.648
	Wilson B-factors	28.6	47.6	32.91	42.01
	Ramachandran plot	96.9/0.0	97.4/0.4	98.97/0.00	96.84/0.00
	(favoured/outliers) *				
	PDB code		6T36	6HKS	YYYY	ZZZZ

Values

9.

5 Table: PTPN3-PDZ partners fished by pull-down from HeLaS3 cell lysates

  

	10 Index of figures		
	PDB ID	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
	O96008	Mitochondrial import receptor subunit TOM40 homolog	GLTIG	I
	Q8TBC3 SH3KBP1-binding protein 1	NETSF	I
	Q96TA1	Niban-like protein 1	VQTEF	I
	P81605	Dermcidin	LDSVL	I
	P53985	Monocarboxylate transporter 1	EESPV	I
	O00592	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 III
	P27816 P63261	Microtubule-associated protein 4 Actin, cytoplasmic 2	QETSI HRKCF	I III
	P02545 P06748	Prelamin-A/C Nucleophosmin	NCSIM WRKSL	I III
	P55060 P26640	Exportin-2 Valine--tRNA ligase	SVTLL FQKML	I III
	P23219 P12235	Prostaglandin G/H synthase 1 ADP/ATP translocase 1	PSTEL IKKYV	I III
	Q9HB71 Calcyclin-binding protein P12236 ADP/ATP translocase 3	GDTEF LKKVI	I III
	Q9BSE5 P49327	Agmatinase, mitochondrial Fatty acid synthase	KVTTV SVREG	I III
	O15427 P31327	Monocarboxylate transporter 4 Carbamoyl-phosphate synthase [ammonia], mitochondrial	PETSV AGKAA	I III
	P35354 O14684	Prostaglandin G/H synthase 2 Prostaglandin E synthase	RSTEL AARHL	I III
	O95336 Q07812	6-phosphogluconolactonase Apoptosis regulator BAX	KHSTL WKKMG	I III
	P49189 Q9H9B4 Sideroflexin-1 4-trimethylaminobutyraldehyde dehydrogenase	VESAF FNKGL	I III
	Q9Y6M5 Zinc transporter 1 O75955 Flotillin-1	PESSL PLRTA	I III
	P20020 Q71UI9	Plasma membrane calcium-transporting ATPase 1 Histone H2A.V	LETSL QQKTA	I III
	Q9Y6M7 Sodium bicarbonate cotransporter 3 P49257 Protein ERGIC-53	AETSL AKKFF	I III
	P52569 P62424	Cationic amino acid transporter 2 60S ribosomal protein L7a	KTSEF ATKLG	I III
	Q02543 P27105	60S ribosomal protein L18a Erythrocyte band 7 integral membrane protein	PNTFF HSHLG	I III
	P62829 Q9H845	60S ribosomal protein L23 Acyl-CoA dehydrogenase family member 9, mitochondrial	AGSIA LDRTC	I III
	O43707 Q7L014	Alpha-actinin-4 Probable ATP-dependent RNA helicase DDX46	GESDL RYKVL	I III
	Q96T17 P61978	MAP7 domain-containing protein 2 Heterogeneous nuclear ribonucleoprotein K	LNTFC SGKFF	I III
	Q8TAA9 Vang-like protein 1 Q9Y6M9 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9	SETSV RERPM	I III
	Q15758 P09651	Neutral amino acid transporter B(0) Heterogeneous nuclear ribonucleoprotein A1	KESVM SGRRF	I III
	Q15046 P62263	Lysine--tRNA ligase 40S ribosomal protein S14	VGTSV RGRRL	I III
	Q96BN8 Ubiquitin thioesterase otulin P61026 Ras-related protein Rab-10	EETSL KSKCC	I III
	Q5JVF3 Q9NX63 MICOS complex subunit MIC19 PCI domain-containing protein 2	LSTVC LEKGG	I III
	P09543 P20674	2',3'-cyclic-nucleotide 3'-phosphodiesterase Cytochrome c oxidase subunit 5A, mitochondrial	SCTII GLDKV	I IV
	O14734 P48047	Acyl-coenzyme A thioesterase 8 ATP synthase subunit O, mitochondrial	SESKL MREIV	I IV
	P28331	NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial EPSIC	I
	P23634	Plasma membrane calcium-transporting ATPase 4	LETSV	I
	Q9Y2T3	Guanine deaminase	FSSSV	I
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	Par	Partitioning defective
	PBM	PDZ-binding motif
	PDZ2	PDZ domain 2
	pgRNA	Pre-genomic RNA
	PH	Pleckstrin homology
	PI3K	Phosphatidylinositol-3-kinase
	PICK1	Protein interacting with C kinase 1
	PIP	Phospho-phosphatidylinositol
	PKC	Protein kinase C
	PLC	Phospholipase C
	pRb	Retinoblastoma protein
	PSD-95	Postsynaptic density protein 95
	PTEN2	Phosphatase and tensin homolog deleted on chromosome 10
	PTKs	Protein tyrosine kinases
	PTPN	Protein tyrosine phosphatase non-receptor
	PTPs	Protein tyrosine phosphatases
	RABV	Rabies virus
	rcDNA	Relaxed circular DNA
	ROS	Reactive-oxygen species
	RPTPs	Receptor-like protein tyrosine phosphatases
	SAM	sterile-alpha motif
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Etude structurale et fonctionnelle de la phosphatase humaine PTPN3 et de ses interactions avec des virus oncogènes

  La tyrosine phosphatase non récepteur de type 3 (PTPN3) est une phosphatase humaine contenant un domaine PDZ (PSD-95/Dlg/ZO-1) avec un rôle 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 à haut risque de types 16 et 18 et le virus de l'hépatite B (HBV) ciblent le domaine PDZ de PTPN3 (PTPN3-PDZ) par le biais de motifs de reconnaissance au domaine PDZ (PBMs) dans l'oncoprotéine E6 et la protéine de capside HBc de HPV et HBV respectivement. Nous avons étudié de façon 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 à 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 particulièrement à la protéine de capside HBc de HBV. En criblant une bibliothèque contenant l'ensemble des domaines PDZ des protéines humaines, nous avons identifié 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 endogènes de PTPN3. En utilisant des hépatocytes infectés par HBV, nous avons observé que la surexpression de PTPN3 avait des effets multiples sur l'infection. Enfin, nous avons étudié l'interactome de PTPN3-PDZ afin de mieux comprendre le rôle de PTPN3 dans la signalisation cellulaire et les effets perturbateurs de HBV sur celle-ci.Mots-clés: [PTPN3, protéine tyrosine phosphatase, virus de l'hépatite B, papillomavirus humain, cristallographie aux rayons X,RMN, biophysique] 
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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

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.
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HBV production and infection

For virus production, HepAD38 cells were grown in Williams E medium supplemented with 5% FCS, 7.10 -5 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 using 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 HCl 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 5' (5'-GTGCACTTCGCTTCACCTCT-3') and cccDNA 3' (5'-AGCTTGGAGGCTTGAACAGT-3'). Samples were normalized using CyclinA2 quantification by qPCR with the following 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 µl 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 1min 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 TrisHCl 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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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 318 . 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 antiphosphotyrosine 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. 

Concluding remarks