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Abstract

The implications of USP7 (Ubiquitin Specific Protease 7, deubiquitinating enzyme
involved in several crucial molecular pathways) interactions with LANA (Latency Associated
Nuclear Antigen protein, that facilitates the tethering of viral y-Herpesvirus episomes into the
host's DNA and promotes its replication) has multiple health consequences, since USP7 is a
protein that has an essential role it the regulation of many cellular functions, like the p53-mdm2

pathway, that regulates cellular apoptosis and prevents cancer.

We aim to study the structural, biochemical and biophysical relations between USP7
and LANA, to understand the role of USP7 in the USP7-LANA DNA binding function. Several
constructs of both USP7 and LANA (from different species: Murine gamma-herpesvirus 68
LANA, or mLANA; Kaposi’'s sarcoma-associated herpesvirus, or KLANA, from humans) were
designed to be cloned, expressed, purified and complexed, for structural determination through
X-ray crystallography, and for DNA binding affinity determination, through EMSA and ITC

techniques.

So far, the role of increasing affinity for the tethering of the viral DNA into the host’s
chromatin, while inhibiting and thus regulating the replication of the viral DNA episome seems to
be more likely. The results indicate that USP7 aids LANA in its tethering functions and also
regulates its activity in the replication process, thus maintaining a lower quantity of episomes in
the cell, during the latent cycle. The “stealth” mode of the virus depends on preventing its

detection, so this might contribute greatly to its own survival and immortalization.

Keywords: Kaposi’'s sarcoma herpesvirus; Latency associated nuclear antigen; Ubiquitin
Specific Protease 7; LANA-USP7 complex; Lana Binding Site DNA.
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Resumo

As implicagbes das interacdes de USP7 (Protease Especifica da Ubiquitina 7, enzima
desubiquitinante envolvida em vérias vias moleculares cruciais) com o LANA (Antigenio
Nuclear Associado a Laténcia proteina, que facilita a fixacdo de epissomas virais y-Herpesvirus
no DNA do hospedeiro e promove sua replicacao) tém multiplas consequéncias para a salde,
ja que a USP7 é uma proteina que tem um papel essencial na regulacdo de muitas funcdes

celulares, como a via p53-mdm2, que regula a apoptose celular e previne o cancro.

O nosso objetivo é estudar as relacdes estruturais, bioquimicas e biofisicas entre USP7
e LANA, para entender o papel da USP7 na funcdo de ligacdo do DNA ao complexo USP7-
LANA. Diversas construcfes tanto do USP7 quanto do LANA (de diferentes espécies: gama-
herpes virus 68 LANA murino, ou mLANA; virus do sarcoma de Kaposi associado, ou KLANA,
de humanos) foram projetadas para serem clonadas, expressas, purificadas e complexadas,
para determinagdo estrutural através de cristalografia de raios X, e para determinacdo de
afinidade de ligacdo ao DNA, através de técnicas de EMSA e ITC.

Até agora, o papel do aumento da afinidade para a fixagdo do DNA viral ha cromatina
do hospedeiro, enquanto inibe e, portanto, regula a replicacdo do epissoma do DNA viral
parece ser mais provavel. Os resultados indicam que o USP7 auxilia o LANA nas suas funcdes
de ancoragem e também regula a sua atividade no processo de replicagdo, mantendo assim
uma menor quantidade de epissomas na célula, durante o ciclo latente. O modo “furtivo” do
virus depende da prevencdo da sua detec¢do, portanto isso pode contribuir muito para sua

prépria sobrevivéncia e imortalizagao.

Palavras-chave: herpesvirus do sarcoma de Kaposi; Antigenio nuclear associado a laténcia;
Protease Especifica da Ubiquitina 7; Complexo LANA-USP7; Local de DNA de ligacao ao
LANA.
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1 Introduction

1.1 Herpes Viridae

Herpesviridae are one of the most leading causes of human viral disease, right after
influenza and cold viruses. They can either unleash disease or remain silent for many years,
only to be reactivated when a more suitable environment manifestates itself (48). The name
herpes comes from the Latin herpes which, in turn, comes from the Greek herpein, which
means to creep. It is a direct reflection of the creeping or spreading nature of the skin lesions
caused by many herpes virus types (48). There are at least 25 viruses in the family
Herpesviridae (currently divided into three sub-families). Eight or more herpes virus types are
known to infect man frequently: Herpes simplex virus Type 1 (HSV-1); Herpes simplex virus
Type 2 (HSV-2); Epstein Barr virus (EBV); Cytomegalovirus (CMV); Varicella Zoster Virus
(VZV); Human herpes virus 6 (exanthum subitum or roseola infantum); Human herpes virus 8

(Kaposi's sarcoma-associate herpes virus) (48).

Once a patient is infected, it remains for life. The initial infection may be followed by
latency with subsequent reactivation. Usually, after middle age, patients have antibodies to
most herpes viruses, except for HHV-8 (or KSHV, Kaposi’'s sarcoma Herpesvirus) (48). Like
Epstein Barr Virus, KSHV is located in the B lymphocytes during the latent state of infection
(81), while its target cell type are endothelial cells during lytic infection. Its transmission vector is

suggested to be the exchange of body fluids (48).

Herpes viruses have a unique four-layered structure: genome, capsid, tegument and
envelope. A core containing the large, double-stranded DNA genome is enclosed by an
icosapentahedral capsid, which is composed of capsomers. The capsid is surrounded by an
amorphous protein coat called the tegument. it is encased in a glycoprotein-bearing lipid bilayer
envelope (Figure 1.1) (48, 49).
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Figure 1. 1: Kaposi’'s sarcoma Herpes Virus 3D model. Adapted from Physicians Research
Network.

According to its classification, herpes viruses are divided into three groups: the alpha-
herpesviruses, comprised of herpes simplex virus types 1 and 2 and varicella-zoster virus, have
a short replicative cycle, induce cytopathology in monolayer cell cultures and have a broad host
range; beta-herpesviruses, include cytomegalovirus and human herpesviruses 6 and 7, with a
long replicative cycle and restricted host range; and finally gamma-herpesvirus, to which the
Epstein-Barr virus and the human herpesvirus 8 (KSHV) belong, and which have a very

restricted host range (49).

1.2 Kaposi’s sarcoma-associated Herpesvirus (KSHV)

Kaposi’'s sarcoma-associated herpesvirus (KSHV), also referred to as human
herpesvirus 8 (HHV-8), is a recently identified human gamma-herpesvirus which is closely
associated with several malignancies, such as Kaposi’'s sarcoma (KS), primary effusion
lymphoma (PEL) and multicentric Castleman’s disease (MCD) (50-57). KSHV is a double-
stranded DNA virus with a genome that contains a 140 kb unique coding region, with multiple
GC-rich terminal repeats (55). The most interesting feature of the herpesvirus is an initial Iytic
infection in hosts, followed by the establishment of a lifelong latent infection, maintaining the
viral genome in the cell in the form of episomes, in different tissues. Occasionally, reactivation
of the virus occurs, shifting from latent to lytic state (58). KSHV infection, like the infection by
other herpesvirus, displays latent and lytic replication modes in its life cycle (59). While
maintaining a tightly regulated latent infection in infected cells, KSHV is also capable of keeping

a lytic infection undergoing in a percentage of cells in the population. Since only a small number



of the viral genes are expressed during latency, the virus can escape host immune surveillance,

establishing a persistent latent infection (55, 60).

1.3 Latency Associated Nuclear Antigen (LANA)

Among the very few genes expressed during KSHV (Kaposi Sarcoma Herpesvirus)
latent infection, LANA (encoded by ORF73) is the dominant one (18). LANA is a multifunctional
protein essential for latency, required for the maintenance of the viral episomes. It directs the
replication and tethers the viral episome to mitotic chromosomes (Figure 1.2), to ensure
efficient segregation of the newly replicated molecules during mitosis (19). It also activates the
expression of other KSHV genes. All these functions are accomplished by binding to specific

terminal repeat (TR) DNA sequences in the KSHV genome.

'
f KSHV

LANA episome

(f \:\QP'WJ/)I )

H2A/H2B u

dimer
(H3/H4), tetramer Nucleosome

Figure 1. 2: Model of latency-associated nuclear antigen binding to Kaposi’'s sarcoma-
associated herpesvirus episome and cellular chromosomes. Adapted from (46).

kLANA (Kaposi sarcoma herpesvirus LANA, of human origin) consists of 1162 amino
acid residues, divided into four unique regions: a proline-rich region, a central acidic repeat
region, a putative leucine zipper and a dimerization and viral DNA binding domain (DBD) (20).
Its N-terminal region is flexible and intrinsically disordered, while the C-terminal region is
structurally ordered and stable (19). The first 33 N-terminal residues interact with histones
H2A/H2B on the nucleosome surface (21-24). The C-terminus DBD operates both dimerization
and DNA-binding. The DBD binds to specific sequences present within the terminal repeat (TR)
of the viral episomal DNA, known as LANA binding site (LBS). Three LBS (LBS-1, -2 and -3)
have been identified so far, each of them having different binding affinities to LANA protein.
Each LBS region binds one LANA dimer, containing two recognition half-sites. The LBS
sequences are present in tandem within TR DNA, so they require LANA to oligomerize and
interact with LBS in a cooperative manner (Figure 1.3) (25-29). The central region of kLANA

contains several repeat sequences which vary in length among KSHYV isolates (30).
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Figure 1. 3: Hypothetical model of KSHV LANA oligomers. Dark blue: KLANA CTD dimers.
Cyan: KLANA acidic internal repeat regions and N-terminal domains. Grey: DNA. Orange: BET
proteins. LBS3 is not considered on this model, which should bind the KSHV TR DNA right after
LBS1, using a biphasic mode of binding. Adapted from (47).

The MHV-68 LANA (Murine Herpesvirus-68, or mLANA) protein, homologue to kLANA,
consists of only 314 residues, lacking the acidic repeat and the glutamine-rich sequence, but is
also able to efficiently tether the viral DNA and maintain viral episomes (31). mLANA binding
sites (MLBS) have also been identified in MHV-68 TR DNA (32). Both kLANA and mLANA,
other than having the tethering function, are also required to initiate episome replication. For this
purpose, they recruit various cellular replication proteins. They are also involved in activation
and repression of transcription (Figure 1.4) (33-35). In order to perform its multiple functions,
LANA requires intrinsic flexibility in its structure and employs strategies such as oligomerization

and post-translational modification.

a Latent infection ORF50
N _~—Immediate-early promoter

ORF45-47

|
LANA% Terminal repeats

DNA loop

RBP-Jx

b Lytic infection

Nature Reviews | Microbiology

Figure 1. 4: Establishment of the KSHV epigenome. Primary infection of KSHV results in
combination of both Iytic and latent transcription. Adapted from (45).



The efficient maintenance of viral episomes requires two minimal replicator elements
(MRE) containing the LBS sequence to be separated by 801 bps, irrespective of the DNA (36,
37). This fact indicates that a spatial arrangement is critical for accommodating a super
molecular structure that incorporates LANA bound to TR DNA, in addition to other host cell
proteins. This type of assembly could be responsible for the characteristic LANA speckles
observed in mitotic KSHV infected cells (19).

The C-terminal DBD of LANA from KSHV and MHV-68 have similar structural
topologies, as the reported crystal structures revealed (38-40). The LANA DBD dimerizes by
forming a central eight-stranded anti parallel p-barrel with four strands contributing from each
monomer and flanked on either side by three a-helices (Figure 1.5). The LANA DBD structure
is similar to EBV EBNA-1 (Figure 1.6) and HPV E2 latent proteins (40-42).

Figure 1. 5: Structural representation of mMLANA DBD. (TOP) A ribbon representation of the
dimer in the same orientation, showing the secondary structure arrangement. (BOTTOM)
Structural model of a mMLANA DBD DNA complex (rotated relative to top perspective) using
mLBS1 DNA docked onto the 18 bp EBNA1 DNA recognition sequence followed by energy
minimisation using YASARA. Adapted from (40).
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Figure 1. 6: Conserved sequence of mLANA DBD. Structure based sequence alignment of the
MHV-68 mLANA DBD with the DBD domains of KSHV kLANA, EBV EBNA1 (PDB ID: 1VHI),
and EBNA1 DNA complex (PDB ID: 1B3T). Adapted from (40).



A reported multiple-point mutant KLANA protein crystal structure bound with kLBS-1
fragment showed an asymmetric binding mode, different to the previously observed EBNA-1
and E2 DNA complexes (29). A total of nine mutations on the opposite side of the DNA binding
interface made the structure similar to the EBNA-1 protein, to improve the crystallizability of the
LANA protein. The DNA-free structures show higher oligomers formation for both KLANA and
mLANA DBD. KLANA shows a closed ring with a bend occurring at the dimer-dimer interface,
mLANA shows linear oligomerization in an end-to-end fashion (38-40). The disruption of this

type of interface leads to impared plasmid replication and maintenance in vivo (38, 39).

The biological relevance of the bend vs. linear tetramer formation, displayed in the
crystal structures of KSHV and MHV-68 LANA DBD respectively, still remains unclear due to the
absence of structural data in the presence of LBS 1-2 TR DNA. Quite recently, a ground-
breaking research reported that KLANA and mLANA are partially interchangeable in their
function, as they can bind to the respective non-cognate LBS DNA in vitro (19). The same
researchers demonstrated also that KLANA and mLANA bind DNA very differently, with
opposite thermodynamic binding profiles: mLANA DBD DNA binding is exothermic, while
kLANA DBD DNA binding is endothermic, due to the fact that KLANA absorbs energy, in order
to bend. They also showed that the presence of tandem low and high affinity binding sites is
obligatory for correct LANA binding (19).

1.4 Ubiquitin Specific Protease 7 (USP7)

The Ubiquitin-Specific Protease 7 (USP7), or HAUSP (Herpesvirus-associated USP), is
an important deubiquitinating enzyme (Figure 1.7), involved in the regulation processes of
several key proteins that have crucial functions, such as tumour suppressing (p53 protein), DNA
repair, immune responses, viral activity, epigenetic modulation and transcription. USP7 is
involved in cellular responses to various stress stimuli and in cellular homeostasis maintenance.
Dysregulation of USP7 is associated with diseases such as cancer and neurodegenerative
disorders (1).

USP7 is comprised by 1102 amino acid residues, with a total molecular weight of 128.3
kDa. Its regions can be divided into 3 domains: An N-terminal TRAF/MATH domain (residues
50-208); a catalytic domain (or USP domain, residues 214-521); a C-terminal region with a total
of five Ub-like domains (Figure 1.7). The TRAF (tumour necrosis factor receptor-associated
factors) corresponds to a region that allow proteins to interact and regulate different members of
the TNF (tumor necrosis factor) receptors. Interestingly, USP7 is the only ubiquitin specific

protease that holds a TRAF region. The USP7 TRAF domain adopts an eight-stranded anti-



parallel B-sandwich structure, with strands B1, 5, 6 and 38 in one sheet and strands 2, B3,
B4 and B7 in the other (Figure 1.8) (4).

Originally, USP7 was identified as an interaction partner of ICPO (or Vmw110), from the
herpes simplex virus 1 (HSV-1). ICPO plays a role in the initiation of the viral Iytic life cycle (11,
61). ICPO is a ubiquitin E3 ligase and induces auto-ubiquitination, this is counteracted by USP7
binding which leads to its stabilization (12, 61). ICPO can also ubiquitinate USP7 and reduce
cellular USP7 levels (13). However, when ICPO is expressed in limiting amounts, no reduction in
USP?7 levels can be observed, suggesting that ICPO deubiquitination by USP7 is dominant over
ICPO-induced degradation of USP7 (13). The difference, in the case of ICPO, is that it binds
within the C-terminal domain of USP7, in contrast with other USP7-binding proteins (14).

USP7 has been identified as a binder of many other substrates, enhancing or inhibiting
their functionalities, which are related to the stress response pathway, epigenetic silencing,
neurodegenerative disorders and progression of infection by DNA viruses (62). For example,
USP7 participates in the p53-MDM2 pathway, deubiquitinating both proteins, but has a higher
affinity for MDM2. USP7 stabilizes MDM2 and leads to MDM2-catalyzed degradation of p53
protein (1, 2, 3, 4, 5, 6, 7). Both proteins (MDM2 and p53) bind in a mutually exclusive manner
to the USP7 N-terminal tumor necrosis factor (TNF) receptor-associated factor (TRAF)-like
domain, recognizing the same shallow groove (Figure 1.8) on the USP7 surface (4, 7).
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Figure 1. 7: Structural modelling of USP7. (a) Schematic figure of USP7 domain architecture. (b)
A structural model of the full-length USP7. (c) The crystal structure of USP7 in activated state
(5JTV) illustrating how Ubl45 and the activating peptide bind onto the catalytic domain (CD).
Adapted from (44).
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HAUSP TRAF-like domain

Figure 1. 8: Structure of the HAUSP TRAF-like domain in a ribbon diagram (left) and a surface
representation (right). Secondary structural elements (left) and the putative substrate-binding
groove (right) are labelled. Adapted from (4).

The higher affinity for MDM2 can be accounted for the more extensive contacts that it
makes to USP7 (4, 7). Supporting this fact is that, in competition assays, a MDM2 peptide
efficiently displaced a p53 peptide (4). Upon genotoxic stress or nucleotide deprivation, the E3
ubiquitin ligase TRIM21 releases GMPS (Guanosine 5 monophosphate synthetase), which
transcends from the cytosol into the nucleus and there it binds USP7 and p53, preventing the
binding of MDM2 and therefore leading to p53 stabilization and transactivation of its target

genes (Figure 1.9).
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Figure 1. 9: The Stress-Induced TRIM21/GMPS/USP7 Cascade for p53 Stabilization. Adapted
from (43).

The consensus peptide sequence for recognition by USP7 has been identified as P/A-
X-X-S (with X as any residue), in which the Serine (S) residue plays an important role mediating
the contact to USP7 (7, 8). USP7 is also involved in the regulation of DAXX (death-domain-
associated protein) and HdmX, both regulatory participants in the p53-Mdm2 pathway (9, 10).
DAXX fine tunes the interplay between MDM2 and USP7, which demonstrates the relevance of

a tight regulation of USP7 in cell fate decisions (10).

Another protein that interacts with USP7 is Epstein-Barr virus EBNA-1, which is a
functional homologue of LANA protein. It was found that an EBNA-1 mutant, unable to interact
with USP7, performs decreased transcriptional activation and increased replication activity of
the latent EBV origin, but maintains normal activity on the segregation function of EBNA-1 (15).
USP7 also shows augmented recruitment to the FR (family of repeats) element of oriP, the
origin of latent EBV replication (15), and can decrease H2B ubiquitination together with GMPS
(guanosine 5’ monophosphate synthetase), influencing gene expression (15, 16). For these
reasons, there are evidences that USP7-EBNA-1 interaction regulates plasmid maintenance
and/or latent replication during EBV infection (15). It was also shown that EBNA-1 binds with
higher affinity to the N-terminal domain of USP7 than p53, so it competes with p53 for USP7
binding during infection, which is supported by structural studies (7, 17). LANA protein, as well
as the LANA homologues of two other gamma-2 herpesviruses, also interact with USP7 (1).
The residues critical for USP7 binding are in the C-terminal domain of LANA, in a short region
that displays high sequence homology to EBNA-1, and like EBNA-1, LANA interacts with the N-
terminal part of USP7, like the USP7 targets p53, MDMX and MDM2.



1.5 USP7-LANA interaction

Since the interaction between USP7 and ORF73 proteins seems to be conserved
among different gamma-herpesviruses, it has been suggested that it may be significant for the
viral latent life cycle (1). As such, it is expected to have an impact on LANA’s episomal tethering

and viral DNA latent replication functions.

The C-terminal domain of LANA alone can mediate the interaction with USP7 (1), so
truncations of the protein, including residues from that region, are suitable for the study of the
interaction. A small region of 16 amino acid residues (localized between residues 971 to 986)
has been shown to still interact with USP7, and the deletion of this region from the C-terminal
domain abolishes the interaction (1). This USP7 binding region was also found to be conserved
in EBNA-1, which is a functional homologue of LANA, but displays a limited sequential
homology to it. In relation to this region, several residues are identical, which again shows
conservation of the USP7 binding site in LANA and EBNA-1 (1). This USP7 binding region is
centered on a PGPS motif in LANA, corresponding to published consensus sequences (71, 72).
it was also shown that substitution of this motif with alanines eliminated the binding of USP7 to
the C-terminal domain of LANA (1). So, the residues 971 to 986 in the C-terminal domain of
LANA demonstrate a potential USP7 binding site, with its central PGPS motif mediating contact
to USP7. Typically, USP7 interacts with its partners through the N-terminal TRAF domain (15),
except for a few proteins, such as ICP0O. LANA was also observed binding to the N-terminal
TRAF domain of USP7 (1), similarly to EBNA-1, p53, MdmX and Mdm2. The possibility of
further USP7 regions being involved in the interaction with LANA was not excluded, though.

1.6 Possible roles of USP7 in LANA DNA binding activity

Regarding the role of USP7 in EBNA-1 activity, it has been demonstrated that EBNA-1
competes for the same binding pocket as p53 and Mdm?2 in the N-terminal TRAF domain of
USP7, and it binds EBNA-1 with higher affinity than p53 or Mdm2 (63, 64, 65, 66), so since
USP7 is necessary to stabilize p53, removing from it the polyubiquitin chains that normally
signal degradation (67, 68, 69), EBNA-1 USP7 binding reduces the levels of available free
USP?7 in the cell, causing decreased p53 accumulation in response to DNA damage (63, 70), so
it dampens p53 induced cell cycle arrest and induction of apoptosis, therefore allowing the

Epstein Barr virus infected cells to become immortalized.

As for the role of USP7 in LANA activity, this thesis was focused on LANA’s DNA
binding activity, specifically on the viral episome tethering (which is related to LBS 1-2) and on

the viral DNA latent replication (which is related to LBS 1-3) mechanisms. Other interactions of
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USP7-LANA complexes with other proteins and with other expression promoters has been
disregarded. For example, the influence that USP7 may have on LANA'’s inhibition of Rta
expression has not been considered. Whether USP7 has a simple affinity increasing role in
LANA DNA binding, or it participates in a more elaborated intrinsic mechanism upon the binding
is what remains to be determined, since the affinity increase has already been demonstrated by
previous studies (1), even though it is still not clear if this increase is specific to a particular DNA
binding site or if it delivers a more efficient structural capacity to bind any sequence of DNA. A
LANA mutant, lacking the USP7 binding site, has consistently showed increased replication
activity, in a transient replication assay (1). The same has been observed with EBNA-1 (15).
These observations may indicate that recruitment of USP7 to LANA can modulate latent viral
DNA replication (1). EMSA assays have shown that the increased replication activity of LANA
mutant (with deleted USP7 binding site) cannot be attributed to an enhanced DNA binding
ability (1).

Since it is widely accepted that the LANA region required for DNA binding and
dimerization is comprised of residues 1025 to 1162 (1, 73, 74), the USP7 binding site is
therefore outside of this domain. Since USP7 was shown to deubiquitinate histone H2B (75),
and mono-ubiquitination of H2B was reported to influence transcription, both positively and
negatively (65, 66, 76, 77), effects on processes such as DNA replication cannot be excluded
(1). Therefore, a complete lack or reduced recruitment of USP7 to LANA could influence H2B
mono-ubiquitination, enhancing or inhibiting deubiquitination of H2B, causing an impact on viral
DNA accessibility for transcription or replication (1). The KSHV episome also forms complexes
with histones (55, 78), so USP7 could influence accessibility of the viral DNA for latent
replication or for viral persistence mediated by LANA, since LANA is able to bind to histone H2B
directly (1). In fact, it has been suggested that a USP7’s role in the replication of latent viral

DNA, among gamma-1 and gamma-2 herpesvirus, seems to be a conserved feature (1).

The work in this thesis is set to determine the role of USP7 in MHV and KSHV LANA’s
DNA binding activity and specify USP7’s impact on LANA activity during the latent viral DNA
episome tethering and replication, through the analysis of ITC (isothermal titration calorimetry)
assays and EMSA (electrophoretic mobility shift assays), and also the analysis of 3D structural
data of the USP7-LANA and USP7-LANA/DNA complexes, using X-ray crystallography.
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2 Materials and methods

2.1 Constructs Design

The experimental design focused on constructs mostly involving KLANAg71.97¢ region
(USP7 binding site) and mLANA C-Terminal region. Initially, two constructs of MHV-68 LANA
(Murine Herpesvirus-68 LANA, or mLANA) were prepared, namely mLANA 40314 (this construct
contains less residues in the DBD, so it is expected to have less binding affinity, since it will
have less interaction sites) and in mLANA;1,4.314 (Containing more N-terminal residues in the
DBD, including a predicted structural arm conformation) (Figure 2.1). The MLANA40.314
construct has a molecular weight of 18.89 kDa, and corresponds to a total of 175 amino acid
(aa) residues with an isoelectric point (pl) of 9.18 (so, it will show a basic behaviour), with an
extinction coefficient of 10.68 M™ cm™ (280 nm) and a dimer molecular weight of 37.78 kDa.
The first samples of these two mMLANA constructs were previously expressed, purified and

characterized.

N-terminal C-terminal
mLANA Constructs LANA . _LANA

mLANA 4 T —
140 314 mLANA, 4344
124 314 mLANA, 54314

Figure 2. 1: Schematic diagram of mMLANA and the initial constructs used. The segment starting
at residue 140 includes less residues in the region necessary for DNA binding.

The kKLANA constructs were designed according to different functions. The KLANAg74.983
was designed to have only the 10 residues in which the LANA’s binding motif is included, while
minimizing the number of residues that could hinder the structural interactions. It was designed
for the structural determination of the binding region of the USP7-LANA complex. The KLANAg7;.
oge Was designed for the same purpose, but with a bit longer sequence, to verify if it would
favour the binding. The KLANAg71.1150 includes the USP7 binding region and the whole terminal
repeats (TR) DNA binding and dimerization regions. It does not include all the DBD sequence,
but the referred sites of interest are represented. The KLANAgz.1162 CONstruct includes the whole
DBD sequence, so it is expected to have higher affinity for the DNA than the previous
constructs. The KLANA,.32ng85.1162 has a small segment of the beginning of the sequence at the
N-terminal region together with the C-terminal region, including a portion of the glutamine-

glutamate segment, before the DBD (Figure 2.2).
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kLANA Constructs

§ X 1010 1150
1 ' u7 1162
ar1 oee
974 — 933 kLANAg7 4983
971 —— 086 KLANAG7; 586
971 1150 KLANAg71 1150
930 1162 KLANAg30.1162
4 1162 KLANAg 3308881162

32 888

Figure 2. 2: Schematic diagram of KLANA and the respective constructs designed. The region
between residues 5 and 30 (N) includes the nucleosome H2A/H2B binding region (residues 5 to
13) and the nuclear localization signal (residues 24 to 30). The USP7 binding region (U7, from
971 to 986) is presented as a segment apart from the DBD that is comprised between residues
1010 and 1150.

As for the USP7, two constructs were prepared: USP7s4.505 (it represents the N-terminal
domain of the protein), and USP754.195 (Missing the last 7 residues of the N-terminal domain)
(Figure 2.3). The USP7s4.198 cOnstruct has a molecular weight of 17.11 kDa, corresponds to a
total of 145 residues, its pl is 4.85 (so, it will have an acidic behaviour, interacting with the basic
nature of the LANA’s constructs) and it holds an extinction coefficient of 30.6 M™* cm™ (280 nm).

The first samples of this two USP7 constructs were previously expressed and purified.

53 208 540
USP7 1 -
USP75505 54 205
USP75,455 54 198
USP74505 62 205

Figure 2. 3: Schematic diagram of USP7. The TRAF, catalytic and ubiquitin-like domains are
indicated. The constructs are indicated as fragments of the TRAF domain. The fragments were
designed to have less residues at the edges of the TRAF domain, to allow a better
understanding of the type of interference that the missing residues might have on the overall
binding interactions.

2.2 Cloning and Transformation

The Sequence and Ligation Independent Cloning (SLIC) technique (Figure 2.4) was
used to clone all the previously described constructs. This technique holds the advantage of
requiring only the use of the T4 DNA Polymerase, with 3’-5’ exonuclease activity. The use of
restriction endonucleases tends to create small extensions on the overlapping ends, which
results in a very small number of hydrogen bonds between the few exposed nucleotides, so the
vector and the insert don’t hold together permanently, unless a DNA ligase enzyme is also used
to join the nucleotides covalently to the phosphodiester backbone. With the SLIC Cloning
technique, since the primers incorporate the necessary extensions, the complementarity of the

extended (10 to 15 nucleotides, instead of the usual 4 to 6 from the endonuclease activity)
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overlapping overhangs, resulting from the polymerase activity during the PCR ampilification,
ensures that the annealing of the insert to the vector occurs with a 90% rate of success by

simple mixing of both DNA fragments (79).

The linearization of the vectors was made using the appropriate restriction enzymes,
according to the inserts that they were meant to anneal with at the respective overlapping ends.
The linearized vectors were confirmed by electrophoresis in a 1% agarose gel stained with
GelGreen Nucleic Acid Stain (Biotium). The DNA inserts, specific for each construct, were
obtained with the PCR (Polymerase Chain Reaction) technique. Primer sequences, containing
recognition sites for the polymerase, were annealed with the template DNA and the required
sequence (the DNA insert, which encodes for the protein to be expressed) is polymerized in
several cycles of denaturation, annealing and extension, amplifying the sequence polymers in
the solution (Table 1.1). The overlapping ends of the insert must be complementary to the
overlapping ends of the linearized vector, to anneal and thus clone the insert into the vector.
The primers were synthesized by SIGMA-ALDRICH.

Table 2. 1: PCR cycling conditions. Tm refers to the melting Temperature at which half of the
DNA strands are in the single stranded (ssDNA) state.

Step Temperature (°C) Time Cycles
Initial Denaturation 98°C 30 sec 1
Denaturation 98°C 10 sec
Annealing Tm-5°C 30 sec 25-30
Extension 72°C 30 sec
Final Extension 72°C 10 min 1

The gel purification of the inserts was carried out using the QIAquick PCR purification
kit, from Qiagen. The linearized vectors were treated with Shrimp Alkaline Phosphatase (SAP)
enzyme to dephosphorylate its phosphate from the phosphodiester backbone, which prevents

the religation of the vector.
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Sequence-Ligation-Independent Cloning (SLIC)

Gene of interest
or
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Figure 2. 4: Schematic illustration of the Sequence-Ligation-Independent Cloning (SLIC)
technique.

The PCR reaction was performed in sample solutions (total volume of 50 pL) with the
following components: 0.5 pL of Phusion DNA polymerase; 10 pL of 5xPhusion HF buffer; 200
UM of dNTPs; 20 mM of magnesium cloride; 20 ng of DNA template and 10 pmol of each
primer. During the SLIC reaction, 40 ng of vector along with 80 ng of the DNA insert are
incubated at room temperature for 10 minutes with T4 DNA polymerase and 1x NEB buffer 2.1
in a 10 pL solution (all components used were from New England Biolabs). The reaction product
is placed on ice for 10 minutes to allow temperature decrease and consequent single-strand
annealing. Table 1.2 describes the cloning details for the USP7 and KLANA constructs:

Table 2. 2: Cloning details of USP7 and kLANA constructs.

Protein Vector RE Tag - SLIC Primers (Tm)
Construct [resistance] site protease
site

USP762-205 pET 47b (+) | Sacll/ His — 3C FOR: 5'-

(USP7 62) [Kanamycin] Xhol Protease GTCCTCTTTCAGGGACCCGGGgacaccagttg
gcgcetec -3’ (Tm=89.8°C) REV: 5’
AGAGCGAGCTCTGCGGCCgcttaccacgcaact
ccatggggagc -3’ (Tm=92.6°C)

KLANAg301162 | PET49b (+) | Saclll | GST-3C | FOR:5'*-

(KLANA F) [Kanamycin] Xhol Protease GTCCTCTTTCAGGGACCCGGGcaggagacgg
tggaagagcc -3’ (Tm=89.5°C) REV: 5’-
AGAGCGAGCTCTGCGGCCTTATGCGGCC
Gcttatgtcatttcc -3’ (Tm=88.6.°C)
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The transformation is done directly into DH5a Escherichia coli competent cells. 10 pL of
the SLIC reaction product (vector with insert) were added to 100 yL of DH5a competent cells
and the solution was incubated on ice for 30 minutes. The thermal shock, to allow the cells to
take up the vectors, was delivered by keeping the solution for 2 minutes at 42°C, followed by 1
hour in an incubator shaker at 37°C and 180 rpm. Afterwards, 150 pL of the cell suspension
was plated onto previously prepared LB agar plates, containing the appropriate antibiotics (50
pg/ml kanamycin, 100 pg/ml Ampicillin and/or 34 pg/ml of chloramphenicol). The remaining
volume of the cell suspension was plated onto LB agar plates as well. The plates were
incubated overnight at 37°C. On the next day, 3 colonies from each construct were chosen to
be used for colony PCR confirmation, using GoTag DNA polymerase (Promega) and for
inoculation in LB medium, with the appropriate antibiotics for overnight culture of each clone for
mini-prep, which was prepared with the use of the Minipreps DNA Purification Systems kit
(Wizards plus — Promega). To confirm the success of the cloning procedure, restriction enzyme
double digestion of 200 ng of DNA, in a 10 uL reaction at 37°C for 30 minutes was performed,

followed by an agarose gel (1%) electrophoresis.

2.3 Protein Expression

Once positive results arise, the vectors were transformed into an expression strain
(BL21 Star pRARE 2 (DE3)) cell line, using 0.2 pL of the miniprep and 100 pL of competent
cells. Same procedure was used as for the previous transformation into the cloning cell lines (30
minutes on ice, 2 minutes at 42°C, 1 hour at 37°C with shaking). To speed up the process and
start expressing on the next day, a pre-inoculum was prepared: freshly grown colonies were
used to inoculate 50 mL of ZY-0.8G medium (for growth to high densities with little or no
induction of expression), supplemented with the appropriate antibiotics. The cells were grown in
an incubator shaker at 37°C and 180 rpm. In the next day, 1 L of a preparation of ZYP-5052
auto-induction medium (auto-induction allows an activation signal to be triggered when a certain
concentration threshold of the inducer is reached, leading to stimulation of altered gene
expression; in this case, the lactose auto-induction system was combined with enzymatic
glucose release to provide a constant feed of glucose, instead of using glycerol as a carbon
source), supplemented with the appropriate antibiotics, was inoculated with 10 mL of the pre-
inoculum (with a 0.07 starting Optical Density (OD)), and 500 mL of culture was grown in 2 L
Flasks at 37°C and 180 rpm, for 2 hours, followed by an 18°C overnight incubation in a shaker
with cooling system. The cells were harvested using ultra-centrifugation at 9000 rpm for 20
minutes at 4°C and the supernatant was discarded. The cell pellets were frozen and stored at
-20°C.
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2.4 Protein purification

Pellets were resuspended in lysis buffer (100 mL, containing 25 mM Na/K Phosphate,
500 mM NacCl, 10% (v/v) glycerol, 1 M NDSB 201, 10 mM DTT, pH 7.5) by vigorous stirring
overnight. On the next day, the cell suspension was supplemented with lysozyme (0.25 mg/mL),
10 mM MgCl,, 5 unit/mL OmniCleave (Epicentre) and one EDTA-free protease inhibitor cocktail
tablet (Roche). The cells were left in incubation for 40 minutes at 4°C, and then the cell
suspensions were lysed with the use of a Branson 450D sonicator (10% amplitude, cycles of 30
seconds of pulse on followed by 30 seconds off, for 2 minutes and 30 seconds. The cell lysates

were then clarified by ultra-centrifugation at 19000 rpm, for 40 minutes at 4°C (82).

The cell lysis of USP7 pellets were done the same way as for LANA, except that NDSB
201 was not necessary. The adition of 20 mM imidazole to the buffer was used to minimize

non-specific protein binding during the His-Trap purification.

2.4.1 mLANA and KLANA purifications

Protein purification was carried using an AKTA Explorer 10 FPLC System at room
temperature (GE Healthcare). The supernatants were passed through 2x5 mL affinity columns
(depending on the protein construct tag, for example GSTrap columns for the constructs with
glutathione-S-transferase tag), connected in tandem, using a peristaltic P-1 pump (GE
Healthcare), at 4°C. Unbound proteins and general compounds were washed with buffer A and
the LANA proteins were eluted in buffer B (25 mM Na/K Phosphate, 500 mM NacCl, 10% (v/v)
glycerol, 20 mM of compound depending on the column (for example, Glutathione for the
GSTrap columns), pH 7.5), using a two steps gradient. The main fractions were pooled and 3C
protease was added in a 1:100 molar ratio to the tagged LANA proteins with an addition of 2
mM DTT and 1 mM EDTA. The cleaved tags and non-specific DNA were removed from the
LANA constructs passing through HiTrap Heparin HP columns (GE Healthcare), since heparin
mimics DNA and the LANA constructs contain a DNA Binding Domain (DBD), so the LANA
protein will be retained in such columns. The column was washed in washing buffer (25 mM
Na/K Phosphate, 200 mM NaCl, pH 7.5). The protein eluted using a linear salt gradient (25 mM
Na/K Phosphate, 0.2 - 2 M NaCl, pH 7.5). The fractions of the protein peak were pooled,
concentrated and injected into Superdex 200 10/300 GL size exclusion column (GE Healthcare,
which was pre-equilibrated with washing buffer (25 mM Na/K Phosphate, 250 mM NaCl, 10%
(v/v) glycerol, pH 7.5 at 25°C). The purity of the proteins was monitored at all stages of the
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purification process, running samples from the relevant fractions in 12.5% SDS-PAGE gel

electrophoresis, at 200 V for 1 hour.

2.4.2 Purification of USP7-TRAF

Purification of USP7-TRAF was carried out by His-tag affinity purification using HisTrap
HP columns (GE Healthcare) using the same protocol as for the LANA constructs, except for
the Heparin affinity purification step, this was followed by the Hiload Superdex 16/600 S75 PG
(124ml) size exclusion column using buffer containing 25 mM Na/K phosphate pH 7.5, 250 mM
NaCl, 10% glycerol, 0.1 mM TCEP.

2.5 Preparation of LANA USP7 complexes

Complexes were prepared with a minimum molar ratio of 1:2.5 LANA/USP7. Since LANA forms
dimers, the calculated molar amount is adjusted fto account for bindng to USP7, some excess
was used to guarantee saturation. The complexation buffer contained 25 mM Na/K phosphate
pH 7.5, 250 mM NacCl, 10% glycerol, 0.1 mM TCEP. On some occasions, desalting processes
was needed, so the sample buffer would be altered to reduce the salt composition. In such

cases, the buffer would be the same, but with half of the salt concentration (125 mM NaCl).

2.6 Crystallization and preliminary crystallographic analysis

Crystallization screenings were performed for USP754.196 MLANA40.314 (32.14 mg/mL)
and USP75,4.505 KLANA K16 (14.6 mg/mL) complexes (both complexes prepared with an excess
of 2.5x of the LANA ligand, in 25 mM Na/K phosphate pH 7.5 and 500 mM NaCl protein
solution), using the BCS HT-96 MD1-105 and the LMB MD1-98 Screening sets (Molecular
Dimensions) on the Crystallization robot Mosquito LCP (TTP Labtech), with the sitting-drop
vapor-diffusion method. Further optimizations, mainly deriving from the results of the
screenings, were made using both the sitting-drop and the hanging-drop vapor-diffusion
method. The crystallization drops were imaged regularly, using a Minstrel DT UV imager
(Rigaku).
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2.7 Electrophoretic Mobility Shift Assay

In order to analyse the way USP7 enhances the binding of LANA to DNA, several
Electrophoretic Mobility Shift Assays (EMSA) were performed. Several LANA Binding Sites
(LBS) DNA constructs were used, combining 3 different binding sites (site 1 and 2 are
considered necessary for LANA’'s DNA tethering, site 3 is considered necessary for LANA
replication activity). The DNA constructs used are incubated with the protein complexes and the
shift of electrophoretic mobility is evaluated, to determine if binding occured. For this reason, the
DNA constructs are usually named DNA probes. For visualization, the DNA probes are labelled
with fluorescein (Flc) at the 5-end (Flc-DNA synthesized by SIGMA-ALDRICH). The probes

sequences were:

kLBS1-2 (5-TTTGACGCCGCCGGGGCCTGCGGCGCCTCCCGCCCGGGCATGGGGCCGC-
3

kLBS1-3 (5-TTTTCCCGCCCGGGCATGGGGCCGCGCGCCGCCTCAGGGCCCGGLCGLGG-
3)

corresponding to the LBS1-2 and LBS1-3 sites of the terminal repeat (TR) DNA sequences of
KSHV. For control verification, LANA incubations with both USP7 and BSA (negative control)
were used. Protein samples were incubated with 0.2 uM of DNA probe at room temperature, for
30 minutes. Each incubation was made in 4 pL of Binding Buffer (20 mM Na/K phosphate, 300
mM potassium chloride, 10 mM magnesium chloride, 1 mM EDTA, 10 % (v/v) glycerol, 0.1 %
(v/v) Tween-20). The gel was run in TBE buffer for 1 hour at 150 V at 4°C. All results were

scanned with a Fuji TLA-5100 scanner.

2.8 Isothermal Titration Calorimetry (ITC)

Titrations were performed with with a MicroCal™ iTC200 Isothermal Titration
Calorimeter (Malvern) at 25°C. Protein absorbance (280 nm) was measured by NanoDrop
(NanoDrop Technologies) and their concentrations were determined using their respective
extinction coefficients. Twenty-three 1.5 pL injections of titrant (USP7:rae) Were titrated into
LANApgp protein solution. Data were corrected for nonspecific heat and analysed using
MicroCal Origin® 7.0 software, using a one-site binding model. Nitpic (MBR software, integrates
peaks and normalizes baseline), Sedphat (NIH software, allows graph analysis) were used for
fitting and calculating thermodynamic parameters, while Gussi (MBR software, illustrates the
output of Sedphat) was used to generate the graphical data (80). Proteins were freshly

prepared for the ITC assays.
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3 Results

3.1 Cloning

USP7 N-terminal construct USP74,.,05 Was cloned into pET-47b (+) vector, which includes
a N-terminal 6xHis-Tag and 3C protease cleavage site after the tag and is kanamycin resistant.
LANA DNA binding domain construct KLANAgz0.1162 Was cloned into pET-49b (+) vector, which
has a N-terminal GST-6xHis-Tag with a 3C protease cleavage site after the tag. pET-47b (+)
and pET-49b (+) vector maps are illustrated in Figure S1A and S1D, respectively. The inserts
were generated by PCR and the vectors were linearized by digestion with Sacll and Xhol
restriction enzymes and treated with SAP, to prevent re-ligation. The PCR products and the
linearized vectors were ligated with SLIC cloning. To confirm if the reaction of ligation was
efficient, the same restriction enzymes were utilized with the product of the SLIC cloning. The
linear vectors were visualized using a 1% agarose gel electrophoresis, to confirm the insert

presence (Figure 3.1).

kLANA

USP7

Figure 3. 1: Restriction digestion of the cloning of USP74,.505 and KLANAgz0.1162. Lanes 1-3 show
clone validation by Sacll/Xhol digest of different isolated USP74,.,505 clones. Lane 4 is a 1kb
ladder marker, Lanes 5-7 show clone validation by Sacll/Xhol digest of KLANAgs0.1162 iSOlated
clones.

The gel demonstrates that the ligation was efficient, since the presence of the insert is

visible in all experimental procedures.
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3.2 Expression and purification

USP765.005 and KLANAg3g.1162 Were expressed successfully, as were the other protein
truncations. Results were confirmed during purification. USP7yrp MLANApgp complex was
successfully purified (Figure 3.2), to be used in crystallization, EMSA, ITC and limited

proteolysis assays.

His-USP7 NTD mLANADBD SEC
chromatogram
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Absarbance (mal)
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1384
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Figure 3. 2: Size exclusion analysis of USP7ymp MLANApgp complex protein. The complex
sample was loaded into a Superdex 75 10/300 GL column and the elution profile was analysed.
A 12.5% SDS-PAGE gel was run (u).

3.3 Cirystallization of LANA-USP7

The only precipitant condition, in the initial screening made, that produced crystals was
the condition 0.2 M Ammonium sulfate, 0.05 M Magnesium sulfate heptahydrate, 0.1 M Bicine
pH 9.0, 20% v/v PEG Smear solution, only for the USP75,4.,05 KLANA K16 complex. Subsequent
optimizations were tested in several crystallization assays. Crystals from that condition and from
similar optimized conditions were tested for X-ray diffraction data collection at 100k, beamline
ID30A, at the European Synchrotron Radiation Facility, Grenoble France, proving to have no
diffractable quality (Figure 3.3 (left)). A crystal from a modified precipitant condition (0.1 Tris pH
8.5, 30% PEG4000, 0.6 M Lithium Sulfate) produced data sets, showing 4 of the 16 residues
(corresponding to the known motif, mentioned in the introduction) from KLANAg71.08¢ ligand
involved in direct interactions with USP7,9g (Figures 3.3 (right) to 3.5).
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Figure 3. 3: (Left) USP754.198 KLANAg71.955 Crystals from the BCS screen, with non diffractable
quality. The precipitant solution consisted of 0.2 M Ammonium sulfate, 0.05 M Magnesium
sulfate heptahydrate, 0.1 M Bicine pH 9.0, 20% v/v PEG Smear solution. (Right) USP7s4.20s5
KLANAg71.055 Crystal, diffracted at 1.6 A resolution. The precipitant solution consisted of 0.1 M
Tris-HCI pH 8.5, 30% PEG4000, 0.6 M Lithium Sulfate.

Figure 3. 4: Crystal from figure 3.3 (right) mounted on a cryo-loop and centred automatically as
detected by MX-cube software, at beamline ID30A, at the European Synchrotron Radiation
Facility, Grenoble France.

The ESRF MX beamline control graphical user interface (GUI) MX-cube analysed and
centred the crystal. Clear sharp single lattice spots indicate the presence of a single diffractable
crystal, with no evidence of salt diffraction which give rise to very strong spots. There are,
however, indications of ice, because some rings are visible in the diffraction patterns (Figure
3.5). The crystal was automatically indexed, and diffraction data collection strategy was
determined by EDNA software.
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Figure 3. 5: Diffraction pattern from the diffraction experiment of the crystal from figure 3.3
(right). Left: X-ray screening of crystal diffraction. Right: Second diffraction image 45° apart
from diffraction pattern on the left.

The unit cell dimensions of the crystal were a= 50.7628, b=50.7628, ¢=130.347 (A);
a=90, =90, y=90 (°). Space group was P 4; 2; 2 (Number 92, of the tetragonal crystal system).
Resolution range was 33 - 1.48 A. Work is currently ongoing to complete data refinement and

analysis of the crystal structure of the USP71rar-LANA complex.

Additional crystallization attempts where made, using several strategies, such as streak
seeding, macro seeding and micro seeding, salt adding after drop equilibration and maintaining
the drops at different temperatures (8° C, 14° C and 20° C). The most significant results from

those trials are presented next (Figures 3.6 - 3.11).

Figure 3. 6: Optimization from PEG Smear screening condition.
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Figure 3. 7: Further PEG combinations optimized from PEG Smear.

Figure 3. 8: Crystal obtained in the 8° C crystallization room.

Figure 3. 9: Altered salt concentrations.
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Figure 3. 10: Salt adding after drop equilibration.

Figure 3. 11: Extreme precipitation condition, 8° C room.

Unfortunately, these crystals did not produce the desired results. Crystals from figures
3.6 and 3.7 did not diffracted and crystals from figures 3.8 and 3.11 couldn’t even be collected
because their condition deteriorated during the procedure. The crystals from figures 3.9 and

3.10 reveal to be just salt crystals.
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3.4 Electrophoretic Mobility Shift Assays

3.4.1 Preliminary assays

Several herpes viral proteins (HSV-1 ICP0O, EBV EBNA-1) have been demonstrated to
interact with USP7 and such interactions have shown some degree of enhancement of DNA
binding affinity. Therefore, to verify USP7’s influence on DNA binding affinity by LANA,
preliminary assays were performed, using USP754.505 complexed with KLANA, 32rg88.1162 (Figure

3.12).

0.2 uM 0.1 uM 0.1 uM 0.1uM 0.4 pM 0.2 uM 0.1 puM 0.1 uM 0.1 uM 0.4 pM
kLBS 1-2 USP7 NTD BSA Complex Complex kLBS 1-3 USP7 NTD BSA Complex Complex
0.2 uM 0.1 M (KLANA + (KLANA + 0.2 uM 0.1 uM (KLANA + (KLANA +

kLBS 1-2 KLANA E USP7) USP7) kLBS 1-3 KLANA E USP7) USP7)

0.2 uM 0.2 uM 0.2 uM 0.2 uM 0.2 uM 0.2 uM
kLBS 1-2 kLBS 1-2 kLBS 1-2 kLBS 1-3 kLBS 1-3 kLBS 1-3

&
. ‘ 2
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-
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Ternary complex—— ’ tg "i

LANA-DNA—»

DNA Probe———»

Figure 3. 12: EMSA of titrations of 0.1 pM and 0.4 uM of KLANA USP7 complex with 0.2 pM of
DNA recognition sites, also having equimolar presence of BSA with KLANA (0.1 uM) as a
negative control and 0.1 uM USP7 alone titrations.
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This preliminary assay shows a positive influence of USP7 in the complex for enhancing
LANA’s LBS 1-2 DNA binding affinity, whereas in the case of KLBS 1-3, USP7 seems to inhibit
LANA’s DNA binding, at least at lower concentrations of the USP7-LANA complex. These
results are in line with what was previously suggested in studies with EBNA-1 (15) and USP7-
LANA (1).

3.4.2 mLANA model assays

To determine the USP7-mLANA-DNA ternary complex binding affinities, USP7¢5.05
complexed with mLANA,4.314 and mLBS 1-2 DNA were used, in two separate assays: firstly,
USP7 and mLANA were incubated overnight prior to binding it to the DNA and alternatively,
mLANA and DNA were incubated prior to binding to USP7 (Figure 3.13).

12 3 4 5 6 7 8 9 10 11 12 13 14

(mLBS 1-2 DNAincub. 2-4 hours) ((mLBS 1-2 DNAincub. Overnight)
(USP7 TRAF incub. Overnight) (USP7 TRAF incub. 2-4 hours)
mLANADBD 4+ o+ o+ o+ o+ + 0+ + + o+ 0+
USP7 TRAF
DNA/USP7 DNA: 4h 3h  2h USP7: 4h 3h 2h 4h
time . -
[S— . PR S— et — b - ~ -
5 ot e e L

Temary
Complex

e — B M

LANA-
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and USP7

mLANA ”

Figure 3. 13: Analysis of DNA binding mLANA DBD — USP7 TRAF ternary complex. A clear shift
between the ternary LANA/USP7 DNA complex and the LANA-DNA complex is visible. (A):
Electrophoretic mobility shift assays (EMSA). Lane 1 corresponds to a mLANA control; Lanes 2
to 6, DNA binds to previously formed LANA-USP7. Lane 7 shows a DNA control; Lane 8 shows
a mLANA control; Lanes 9-13, USP7 TRAF hinds to previously formed LANA-DNA, and lane 14
shows an USP7 control. In all the samples DNA was labelled with fluorescein. (B): Native gels
from the EMSA assays stained with coomassie blue.
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The ternary complex from the EMSA assay clearly shows that the mLANA-USP7
assembly prior to DNA binding results in a more stable complex. This is demonstrated by the
difference of intensity between the complex bands and the corresponding DNA probe bands. In
the first assay (lanes 1 to 6), USP7 was incubated with mLANA overnight, while the DNA was
added 2 to 4 hours before the run (as indicated). A clear shift can be observed between the
band of DNA binding mLANA (lane 1) and the band binding mLANA-USP7 complex (lanes 2-6).
Also, its clear that the intensity of the DNA binding complex is proportional to the concentration
of USP7, revealing a higher affinity of DNA to mLANA complexed with USP7. On the next assay
(lanes 7 to 14), DNA was incubated overnight with mLANA and USP7 was added a few hours
before the run. The difference of intensities between the lanes 1-6 and the lanes 7-14 is due to
a much higher incubation period with fluorescein labelled DNA in the case of the lanes 1-6,
allowing a higher ratio of binding. The coomassie blue stained native gels shows the mLANA
band is quite distinct from the complex band. It is interesting to notice that the USP7 band
coincides with the complex band, revealing that in the native state, the LANA-USP7 complex

electrophoretic mobility is mainly determined by the USP7 characteristics.

3.5 Isothermal Titration Calorimetry (ITC) analysis

3.5.1 USP7trar titration on LANApeD

ITC assays were performed to determine the thermodynamic parameters of the LANA-
USP7 binding, measuring the energetics of the binding process as it occurs throughout the
titration. 153 UM of His-USP74,.505 Were titrated into the cell, containing 10 uM of MLANA1,4.314
at a cell temperature of 25°C. Both proteins were kept in the same buffer (25 mM Na/K
phosphate pH 7.0, 250 mM NacCl, 5% glycerol). In the first assay, a complete saturation was not
achieved, because the concentration in the syringe wasn’t enough. Furthermore, a bubble most
have entered the cell, causing a disturbance in the titration, so the data was unable to be fitted

for a one-site binding model and was not used for further analysis. (Figure 3.14).
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Figure 3. 14: First ITC assay, a bubble on the cell prevented the titration correct reading. Also,
the concentrations did not lead to saturation.

A second ITC assay was prepared with optimized concentrations. this time, 361 uM of
His-USP7,,.,05 Were titrated into the cell, containing 20 uM of mLANA»4.314 at a cell temperature
of 25°C. Both proteins were kept in the same buffer (25 mM Na/K phosphate pH 7.0, 250 mM
NaCl, 5% glycerol), the buffer was freshly made. This time, a saturation curve was achieved,
and the titration allowed correct readings all across (Figure 3.15). The curve was fitted for a

one-site binding model.
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Figure 3. 15: Analysis of His-USP74,.505 binding by mLANA,4.314. The upper panel isotherms
indicate the USP7 binding raw data and the heat released versus time. The lower curve is
obtained after integration of the peak intensities plotted against the protein/protein molar ratio in
the calorimeter cell. The solid lines correspond to the best fit using a one-site binding model.
The thermodynamic parameters describing the fit for the USP7-mLANA titration are presented
on the table on the lower right corner. Titrations were performed with a series of 20 injections,
each with 2.0 uL of USP7, to the LANA sample.

The titration shows an exothermic reaction, since heat was being released upon the
binding. The USP7-mLANA binding signature has AH = -70.2 kJ/mol and -TAS = 38.9 kJ/mol,
with a Kp of 3.3 pM. The favourable AH proves that USP7 binding to mLANA is driven by
hydrogen-bonding and van der Waals interactions. The gained Gibbs free energy of binding is
AG = AH — TAS =-31.2 kdJ/mol.
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3.6 Limited proteolysis

3.6.1 Preliminary small-scale assay

To obtain a more crystallizable USP7-LANA complex, eliminating disordered regions that
are not relevant for the binding, limited proteolysis assays were conducted. This technique uses
protease enzymes to trim the complex, removing mostly disordered loops that are not stabilized
by the binding, thus not interfering with the interacting region, while creating a much more stable
complex. A preliminary small-scale assay, to determine the optimal time of digestion, was the

first step (Figure 3.16).

5' 20 60’ 3h Complex
37 kDa -—
25 kDa - LANAG g0
20 kDa -

-— T
15 kDa

Figure 3. 16: Limited proteolysis of USP7-mLANA peptide complex, using 1/50 dilution of 0.1
mg/mL of trypsin. The last well contains undigested complex sample.

A clear cut on LANA can be observed, reducing its size by approximately 1.6 kDa,
without cutting USP7, so the complex has remained stable. All the digestion periods, from 5
minutes to 3 hours, seem to have been efficient, so a 10-minute digestion period was decided

for further assays.
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3.6.2 Scale-up of the limited proteolysis assays

Since crystallization assays require a considerable amount of the proteins, a scale-up of
the limited proteolysis was initiated. The mLANA 54314 His-USP7y\rp complex was purified in the
Superdex S75 10/300 (24ml) size exclusion column (Figure 3.17).

mLANA124-314 His-USP7 NTD complex SEC

Za0.00

Absorbance {mAU)

5.00 7.00 B.00 9.00 10,00 11.00 12.00 13.00

Elution Volume (mL)

Figure 3. 17: mLANA,4.314 His-USP7yp complex purification chromatogram.

The symbols on the graph signal the relative position of elution of the complex (*) and a

mixture of incomplete complex and LANA dimer (#) (Figure 3.18).
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Figure 3. 18: 15% SDS-PAGE gel from the complex elution peak.

As it is shown, 2 separate samples were extracted, since sample 1 presents equimolar
bands (which means that it corresponds to the elution of the complex) and sample 2 does not.
Sample 2 was later treated with a desalination process, to allow the proteins to properly bind
and thus form the complex. After some optimizing steps, to determine the needed quantities of
protease enzyme in relation to the total complex protein amount, the final assay was performed
using 0.1 pg of Trypsin in a total of 340 ug of complex, for a period of 20 minutes, followed by
the injection of the sample into the SEC column (Figure 3.19). The resulting peaks were
analysed in 15% SDS-PAGE gel (Figure 3.20).
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Figure 3. 19: Size exclusion chromatography of the MLANAis3314 His-USP7ymp complex
following the optimized limited proteolysis.
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Figure 3. 20: 15% SDS-PAGE gel analysis of the limited proteolysis complex elution peaks.

The results show that it is still partial, so to obtain a complex sample fully digested, a
higher quantity of trypsin should be used, so 0.4 ug of Trypsin in a total of 340 pg of complex,

for a period of 20 minutes, should constitute a more optimized experimental condition.
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4 Discussion and conclusions

USP7 is targeted by LANA, that uses USP7 N-terminal TRAF (tumour necrosis factor [TNF]
receptor-associated factor) domain. A short sequence of residues (amino acids [aa] 971 to 986),
contained in the C-terminal domain of LANA, interacts directly with USP7 N-terminal TRAF. This
sequence has strong similarities with the USP7 binding site of the Epstein-Barr virus (EBV)
EBNA-1 protein (1). The location of kKLANA’s USP7 binding motif is at the N-terminus of its DBD,
while in the case of mMLANA, the USP7 binding motif 2?PSTS?” is located at the C-terminus of
the DBD, differently than KLANA and EBNA-1.

In this work, i aimed to try to understand the mechanism by which LANA recruits the de-
ubiquitinase (DUB) USP7, for its own trDNA binding purposes. A previous study revealed that
USP7 modulates the replication of KSHV latent episomal DNA (1), so i tried to evaluate the
impact of USP7 in LANA DNA binding activity. | have concluded that the EMSAs results for both
KLANA and mLANA indicate a clear influence of USP7 over LANA’s DNA binding. | was also
able to perform an ITC analysis of USP7+rar binding to the more stable mLANA DBD dimer.

4.1 Biochemical characterization of USP7-LANA complex

Purified USP71grar monomer conformation is 18.9 kDa in size, while LANApgp dimer is
sized 43 kDa. Since the complex, generated both by co-expression and complexation of its
individual components, eluted at 9 mL in the size-exclusion chromatography (SEC) column
(Figures 3.2 and 3.22), the calculated value was determined to be around 80.9 kDa size for the
complex. This interesting observation suggests that each LANA dimer recruits two USP71rar

monomers on opposing sides.

4.2 Effect of USP7 on DNA binding by LANA in vitro

Earlier studies have shown that USP7 or USP7yrp binding to EBV EBNA-1 increases its
DNA binding activity by 20 or 15-fold, respectively (75). In the case of LANA, deleting USP7
interaction region (aa residues 971-986) caused no change in its DNA binding activity (1). To
clarify the influence that USP7 has on LANA’s DNA binding activity in vitro, KSHV an MHV-68
LANA (KLANA and mLANA, respectively) proteins with both USP7 and DNA binding regions
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included in their structures were incubated with Fluorescein labelled LBS trDNA in the presence
of an excess of USP7yp or BSA (negative control). EMSASs results for both KLANA and mLANA
indicated a clear influence of USP7 on LANA’s DNA binding activity, although it remains to be
seen what, if any, consequence this may have on virus infection. Studies are underway to
explore this interaction with an in vivo model of infection.

As the EMSA results suggest, USP7 increases LANA'’s affinity to bind specifically LBS 1-2
DNA, while it seems to decrease somewhat its affinity for LBS 1-3 DNA. Since LBS 1-2 DNA is
directly involved in the process of viral DNA tethering into the host cell’s chromatin and LBS 1-3
DNA relates to the LANA’s episome replication functions, the results indicate that USP7 may
play multiple roles, while complexed with LANA, on its DNA binding activities. The USP7-LANA
complex will offer an optimal structure for the tethering function, while it may regulate LANA’s
role in the replication of the viral DNA episome, during the latent or Iytic cycle of infection. From
a survival and immortalization of the infected cells point of view, aside from the fact that LANA
will compete with p53 for the same binding location on USP7 and thus contribute to
destabilization of p53, it also seems that USP7 will favour LANA’s capacity to hide the presence

of the virus in the cell, during the latent cycle.

4.3 LANA interacts directly with USP71rar

The titration of MLANApgp with USP7:rar Was analysed by ITC. Their binding is governed
by exothermic heat. The dissociation constant (Kp) for LANA binding to USP7+gae is 3.3 UM and
a n-values of 0.99 for LANA monomer indicated a 1:1 binding stoichiometry. The binding is
stronger than host binding proteins p53 (8 uM). Interestingly, the interaction of LANA with
USP7y7p through the conserved motif (P/AxxS) is predominantly hydrophobic, and the same is
true for other USP7 binders, such as p53, HDM2 and EBNA-1, because the USP7yp binding
region contains a hydrophobic core, centred in residues Trp165-Gly166-Phe167 from strand B7.
The residues Trp and Phe form an aromatic clamp for the >’*QPSTS?*” motif region of mLANA.
However, the ITC results in this work clearly demonstrate a spontaneous enthalpy driven
binding between USP7.rar and LANApgp, promoted by hydrogen bond and Van der Waals
interactions. This might be a strong indicator of further interactions outside of the known motif.

The preliminary crystallographic results confirm the previously suggested binding motif
P/AxxS and no other residues have been identified as relevant for the binding of the peptide
used. This may be a consequence of the reduced size of the peptide motifs used, rather then
the complete LANA DBD, since it can offer a more stable binding interface for LANA USP7

interaction.

The nanomolar affinity of LANA C-terminal DBD for LBS 1-2 DNA is lower, but further

addition of another low-affinity site (LBS 3) increases the affinity to picomolar for LBA 2-1-3
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DNA (19). LANA'’s affinity for the trDNA increases with its cooperativity in binding. In the case of
EBNA-1, it has also shown to oligomerize and its nanomolar affinity for the dyad symmetry
sequence at the origin of replication is lower (83). The location of the USP7 binding motif in
EBNA-1 might be the reason why it may stimulate its binding affinity, since it is adjacent to its
DNA binding site. However, in the case of MHV-68 LANA homologue, the USP7 binding motif is
located further away from the DNA binding site (Figure 2.1). Therefore, it is still unclear whether

USP7 is really necessary for these latency proteins DNA binding stimulation.

Alternatively, LANA might adopt a simple strategy of interference in the normal regulation
of USP7 over the p53-HDM2 pathway, by competitive binding of the P/AxxS motif. ITC results
suggest the LANA may in fact be able to disrupt both USP7-p53 and USP7-HDM2 interactions,
thus altering p53 levels, which could lead to increased cell survival and proliferation, as it has
been observed in most forms of KSHV-latent infection. On the other side, if LANA sequesters
USP7, levels of HDM2 may decrease, increasing p53 levels in turn, unleashing its deadly
downstream apoptotic effects on the cell. The subtle interplay between LANA and USP7 may be
determinant to either cell-death, Iytic infection or cellular immortalization in long-lived memory B

cells during latent infection.

The USP7 binding motif closeness to the DNA binding interface of LANA can be a cause of
interference in the assembly of the origin of replication, imparing latent replication. Moreover,
the proliferating cell nuclear antigen (PCNA) is a DNA clamp that plays an essential role in
KSHV replication (84). PCNA ubiquitination is crucial for the maintenance of genomic stability
during DNA replication, and it is also deubiquitinated by USP7, regulating DNA-damage-
induced mutagenesis. LANA recruits PCNA to the viral replication centre, so the LANA-USP7
complex may eventually also have some function in the event of the PCNA post-translational

modifications being affected during KSHV infection.

4.4 Work ahead

Further studies may reveal more data on the structure of the ternary complexes (USP7-
LANA/DNA), as well as the thermodynamic parameters of the binary complex (USP7-LANA)
binding to DNA, allowing to understand the energetics of the different LBS DNA and correlate

this data to obtain a clearer view of their interactions.
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Figure S1: Map illustration of the vectors used for cloning in this thesis. Design of the reported
vector A) pET 47 b(+), encoding resistance for kanamycin with a 6xHis-Tag and a USP75.205
insert; B) same vector, but with a mLANA,,.314 insert; C) same vector, but with an USP754.505
insert; D) pET49 b(+) encoding resistance for kanamycin with a GST-6xHis-Tag and a
kLANAg30.116> insert; E) pPNEATH encoding resistance for ampicillin with a 6xHis-Tag and a
USP754.195 insert. The desired genes were cloned in the Multiple Cloning Site (MCS) region.
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