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Abstract

The murine Unp gene encodes a ubiquitously expressed protein that fractionates with
the nuclear fraction (hence its name ubiquitous nuclear protein) (Gupta, K., Copeland, N. G.,
Gilbert, D. J., Jenkins, N. A., and Gray, D. A. (1993). Oncogene 8, 2307-10). It possesses
proprieties of an oncogene, such as the ability to promote tumours in a nude mouse assay
(Gupta, K., Chevrette, M., and Gray, D. A. (1994). Oncogene 9, 1729-31), and its human
homologue, USP4 (previously known as Unph), was shown to be over expressed in certain
types of human lung tumours (Gray, D. A., Inazawa, J., Gupta, K., Wong, A., Ueda, R., and
Takahashi, T. (1995). Oncogene /0, 2179-83).

Although very little was known about this protein’s normal function, even less on its
mechanism of tumorigenicity, the predicted protein sequence gave some clues on its
function. It possesses the two conserved domains present in all ubiquitin specific proteases,
and the two motifs common to viral oncoproteins through which they interact with the
retinoblastoma gene product pRb. In addition to these features it also possesses a region that
resembles a nuclear localisation signal.

A mutational approach was taken in combination with ubiquitin cleavage assays and
binding assays to study Unp’s function. With these, it was confirmed that Unp is a ubiquitin
specific protease, its ability to cleave ubiquitin dependent on the conserved cysteine, and
may be dependent on Unp phosphorylation status. Unp is a phosphoprotein, being
phosphorylated on serine residue(s). It is capable of binding to pRb’s hypophosphorylated
as well as the hyperphosphorylated forms, a binding that is dependent on an intact conserved

motif 2 (CR2). It is also capable of binding to the other pocket proteins, p107 and p130,



although with different requirements of conserved regions that for pRb.

With these and other results obtained, a model is proposed linking Unp’s activity as
a deubiquitinating enzyme and its interactions with the pocket proteins with its role as an
oncogene. The data obtained also supports the newer view that ubiquitin specific proteases,

have a role in the specific regulation of protein levels and not just as general ubiquitin

recycling enzymes as previously believed.

il
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Chapter 1

Introduction

Cancer has been the leading cause of death in Canada surpassing heart disease since
1993 (Statistics_Canada, 1999). In the year 2000 there were an estimated 65,000 deaths due
to cancer and an estimated 132,100 new cases of cancers diagnosed, a death to case ratio of
0.49 (Canadian Cancer Statistics, LCDC, Health Canada, 2000). Lung cancer is the most
prevalent form of cancer in the human population, although it is second to breast cancer in
women and to prostate cancer in men. Lung cancer has one of the highest death/case ratios
at 0.85 surpassed only by pancreas and esophagus cancers. In combination with its high
prevalence in the population, this high ratio makes lung cancer the most deadly of all cancers
in Canada with 17,700 predicted death in 2000 compared with 5,500 for breast cancer and
4,200 for prostate cancer. Lung cancers are classified in 4 major groups: small cell lung
carcinoma (SCLC), squamous cell carcinoma, adenocarcinoma and large cell carcinoma with
the last three collectively known as non small cell lung carcinomas (NSCLC). The SCLC,
accounting for 20-25 % (Travis et al., 1995) of the lung tumours, has a very aggressive
clinical course with frequent early metastasis and a poor prognosis (Bast et al., 2000).

Specific chromosomal aberrations have been associated with lung cancer early on.
Already in 1982, Whang-Peng et al. found constitutive deletions in chromosome 3p in 16
SCLC (Whang-Peng et al., 1982a, 1982b). A finding which was later confirmed by DNA
polymorphism analysis in SCLC (Naylor et al., 1987; Yokota et al., 1987) as well as in

NSCLC (Yokota et al., 1987; Kok et al., 1987). This event, the loss of a region of 3p was



reminiscent of the loss of the tumour suppressor pRb in retinoblastomas (Francke et al.,
1976) and thus led to a model of a lung specific tumour-suppressor on chromosome 3p. In
addition to chromosome 3, Yokota et al. identified two other chromosomes that consistently
underwent loss of heterozygosity, chromosomes 13 and 17 (Yokota et al., 1987). While the
tumour suppressor affected in chromosome 13 was found to be pRb (Harbour et al., 1988)
and p53 in chromosome 17 (Takahashi et al., 1989), the identity of the chromosome 3
tumour suppressor has yet to be identified. There may be three tumour suppressors in
chromosome 3 since three distinct regions have been shown to be frequent targets for 3p
deletions in lung tumours (Hibi et al., 1992), these regions are 3p25, 3p21.3 and 3pl14-cen.

The human homologue (USP4) of the recently cloned mouse gene Unp has been
localized to chromosome 3p21.3 (Gupta et al., 1993; Gray et al., 1995). Although, as an
oncogene (Gupta et al., 1994; Gray et al., 1995), Unp is unlikely to be the 3p lung tumour
suppressor, it has been hypothesized that it could be activated by the chromosomal
rearrangement occurring during the loss of heterozygosity event in the 3p21.3 region. Once
activated, the Unp oncoprotein would be but one participant in the formation of lung
tumours, with other oncogenes including the myc family (Little et al. 1983; Funa et al,,
1987), the Ras family (Rodenhuis and Slebos, 1990; Slebos et al., 1990), and c-erbB-2

(Schneider et al., 1989).

In simple terms, the formation of a tumour can be defined as an unregulated growth
of cells beyond what is required for the normal maintenance of the organism. Two types of
events have been implicated in tumour formation: the loss of tumour suppressors and the

activation of oncogenes, although oncogenesis may require a combination of many such



events (Vogelstein and Kinzler, 1993) (Hartwell and Kastan, 1994). Both of these types of
events disrupt the control of the cell cycle. Tumour suppressor proteins normally act to
provide a negative influence on proliferation while the oncogene products act to promote
proliferation, when required. Disruption of these proteins eliminates the regulation that they

provide on the cell cycle.

1.1 Cell Cycle

The cell cycle is an ordered progression through specific phases allowing a cell to
grow (G1 phase), duplicate its DNA (S phase) and eventually to divide into two cells (M
phase), all in the appropriate order. Progression through the cycle is mediated by the
temporally regulated cyclin-dependent kinases (Cdks) (Simanis and Nurse, 1986; Draetta et
al., 1989; Taya et al., 1989; DeCaprio et al., 1992) . Although present throughout the cycle,
these kinases are active only in specific phases (Hagan et al., 1988; Draetta et al., 1989).
This temporal regulation of the Cdks is achieved by their required association with a cyclin
partner whose abundance oscillates during the cell cycle (Evans et al., 1983). This
oscillation is the result of their rapid, phase specific proteolytic degradation (Evans et al.,
1983) which assures directionality in the cycle (Amon et al., 1994; Amon et al., 1993). A
degraded cyclin cannot be accidentally reactivated as might occur if inactivation were
achieved by a reversible modification. A Cdk whose activity is dependent on that cyclin will
only be reactivated in the next cycle when the cyclin is reexpressed. The specific
degradation of the cyclins (the Cdk partners are unaffected) is mediated by the ubiquitin
pathway of protein degradation (Glotzer et al., 1991; Deshaies et al., 1995; Yaglom et al.,

1995) (see section 1.2). The discovery of the ubiquitin pathway of protein degradation has



had a strong impact on the understanding of the cell cycle control, since it is involved at
many levels of regulation. In addition to regulating the core of the cell cycle machinery (ie
the activity of the cdks) it is also involved in the fine tuning of its regulation. Inhibitors of
G1-S transition must be degraded following mitogenic signals. The activity of positively
acting proteins (proto-oncogenes) must be tightly regulated, partly by limiting their half-life
in order to prevent deregulated growth. These are but just examples of the importance of the

ubiquitin pathway in the control of the cell cycle.

1.1.1 Checkpoints

Smooth progression through the cell cycle is achieved by the action of many
checkpoints, in all phases of the cycle. These checkpoints assure that all the required events
are completed before continuing to the next step in the cycle. Of these, two major
checkpoints involved in the G1-S transition are usually deregulated in tumors; the pRb

pathway and the p53 checkpoint.

pRb pathway

The pRb pathway is a major checkpoint that links the extracellular signals (thus the
conditions outside the cell) to the control of the initiation of another round of division
(Polyak et al., 1994; Day et al., 1997; Alesse et al., 1998). If the conditions do not support
proliferation, the pRb pathway will favor entry into a quiescent state. If, on the other hand,
the conditions favor proliferation, then it will regulate the proper transition from Gl to S
phase. The critical aspect in this control is the ability of pRb to bind and functionally

inactivate the transactivational activity of the E2F transcription factors (Chellappan et al.,



1991). In quiescent or early G1 cells pRb is in its active, hypophosphorylated form. It
interacts with the E2F transcription factors and converts their transactivation potential into
an active repression of E2F responsive genes (Ferreira et al., 1998; Ross et al., 1999). Near
the end of the Gl phase, the G1 Cdks (Cdk2, 4 and 6) become activated and they
phosphorylate their substrates which includes the pRb protein (Hinds et al., 1992; Kato et
al., 1993; Ewen et al., 1993). Hyperphosphorylation of pRb results in its functional
inactivation and the release of free E2F (Brown et al., 1999; Harbour et al., 1999). With this
event, the cell passes the restriction point and is committed to another round of division
(Pardee, 1989). The pRb-free form of E2F, as a heterodimer with DP-1 binds the DNA at
specific E2F binding sites and transactivates the genes necessary for passage to S phase.
These genes include regulatory molecules such as cyclin A, cyclin E, p107, E2F, B-myb,
MCM2-7 and cdc2 and proteins involved in DNA replication including thymidine kinase,
DHFR, DNA pol a and ckc6 (DeGregori et al., 1995; Leone et al., 1998).

pRb is part of a family with p107 and p130, and are collectively called the pocket
proteins. They share 30-35% amino acid identity, mostly concentrated in a region termed
the pocket (Ewen et al., 1991; Li et al., 1993; Hannon et al., 1993). This region, composed
of two domains, box A and B separated by a spacer sequence, is crucial for binding and
regulating many cellular proteins, including the E2F family members (Chow and Dean,
1996; Chow et al., 1996; Shao et al., 1997).

Despite the similarity between p107 and p130 with pRb, only pRb has been
demonstrated to have tumor suppressor properties (Lipinski and Jacks, 1999). Unlike what
has been observed for pRb, very few mutations in pl07 or p130 have been found in human

tumors. This may be due to an additional role of pRb not performed by p107 and p130. pRb



actively participates in promoting differentiation in certain lineages. pRb null mice die
between 13-15 days of gestation with pronounced defects in erythroid, neuronal and lens
development (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992). In contrast to pRb,
both p107 and p130 null mice are normal and fertile (Cobrinik et al., 1996; Lee et al., 1996),
at least in a 129/sv background. More severe defects have been observed in a different
background (LeCouter et al., 1998a; LeCouter et al., 1998b). Mice null for both p107 and
p130, survive to birth but die perinatally, showing pronounced defects in endochondrial bone
development with excessive chondrocyte proliferation (Cobrinik et al., 1996). The strain-
dependent variations in the p107 and p130 phenotypes suggest the existence of yet
unidentified modifier genes that are able to alter their function.

E2F was originally identified as a factor that bound specifically to an element in the
adenovirus E2 promoter (Kovesdi et al., 1987; Yee et al., 1987). There are currently 6
members in the family (E2F-1 to E2F-6). All six contain highly conserved DNA binding
domains and dimerization domains (to dimerize with their DP partners) (Helin, 1998). The
C-terminal region of E2F-1 to 5 also contains a potent transactivation domain and embedded
in it is a highly conserved domain that mediates binding to pRb-family of proteins. E2F-6,
which does not bind to pRb family members or possess a transactivation domain, is thought
to be involved in repression of E2F-dependent transcription (Morkel et al., 1997). Although
pRb can bind all E2Fs (Ikeda et al., 1996; Moberg et al., 1996), it preferentially interacts
with E2F-1 to 3 (Lee et al., 1993). E2F-4 binds with high affinity to both p107 and p130
(Beijersbergen et al., 1994a; Ginsberg et al., 1994; Vairo et al., 1995) while E2F-5 is seen
to interact mostly with p130 (Sardet et al., 1995). The different complexes appear in

different conditions and seem to have drastically different effects. For example, during



quiescence, the predominant complex is p130/E2F-4, and is involved in actively repressing
E2F responsive genes. Free E2F-4 has not been shown to be very active in transactivation
(Humbert et al., 2000; Rempel et al., 2000). In cycling cells the complexes mostly involve
pRb in combination with E2F 1-3 (DeGregori et al., 1997; Lukas et al., 1997). These
complexes function in part in the proper regulation of the transactivation potential of these

E2Fs.

pS3 checkpoint

The p53 checkpoint is the other major checkpoint to be disrupted in tumors, occurring
in over half of all tumors (Sherr, 1998; Hollstein et al., 1994). It is activated by irregularities
in the cell cycle, whether caused by DNA damage (Fritsche et al., 1993; Hall et al., 1993;
Zhan et al., 1993) or by the presence of oncogenes (Debbas and White, 1993; Lowe and
Ruley, 1993; Hermeking and Eick, 1994;Wagner et al., 1994; Qin et al., 1994; Wu and
Levine, 1994; Serrano et al., 1997). Activation results in increased levels of the pS3 protein
which is normally kept low. The increase in protein levels is mostly the consequence of a
change of its half life. In normal growing cells, the p53 protein has a very short half life due
to its constitutive degradation by the ubiquitin pathway (Fuchs et al., 1998; Haupt et al.,
1997; Honda et al., 1997). When the checkpoint is activated, the pS3 protein becomes
phosphorylated and this form is not recognized by the degradation machinery (Fuchs et al.,
1998). The kinases involved in phosphorylating p53 are dependent on the type of the
activating stress (Giaccia and Kastan, 1998). The activation of the p53 pathway results in
one of two possibilities. Induction of cell cycle arrest, usually following the induction of

p21, an inhibitor of G1 Cdks, or the induction of apoptosis. Induction of a cell cycle arrest



prevents the replication of damaged DNA while apoptosis eliminates aberrant cells (Stewart
et al., 1999; Sionov and Haupt, 1999). Thus both alternatives function in preventing the
transmission of damage to the cell’s progeny. The choice between these two options
depends on many factors including the cell type, the oncogenic status of the cell, the
extracellular growth and survival stimuli, the intensity of the stress signals, the level of p53

expression and the interaction of p53 with specific proteins.

1.1.2 Oncogenic viruses

Some DNA viruses are dependent on host cell DNA replicative machinery and as
such require cycling cells for replication. These viruses are able to push the host cells to
cycle uncontrollably, thus promoting the formation of tumors. To accomplish that task, these
viruses must be able to overcome the checkpoints that protect the cell cycle and thus, have
evolved proteins to interfere with these checkpoints. The large T antigen of the SV40 virus
(DeCaprio et al., 1988), the E7 of papillomavirus (Dyson et al., 1989), and E1A of
adenovirus (Fattaey et al., 1993) are all able to bind the pRb protein and functionally
inactivate it. The binding occurs through two conserved domains that they share, termed
CR1 and CR2. Binding of these viral proteins to pRb through these domains causes pRb to
release E2F thus inducing the cell cycle (Watanabe et al., 1992) (Fattaey et al., 1993). This
improper induction of the cell cycle would normally activate the pS3 checkpoint (Debbas and
White, 1993), but another set of proteins also inactivate the pS3 protein. The SV40 large T
antigen (Levine et al., 1991) and the adenovirus E1B (Debbas and White, 1993; Yew and
Berk, 1992) proteins bind to p53 and inactivate its transactivational potential. The

papillomavirus E6 protein action also results in the inactivation of the p53 protein, but is



doing so by a different strategy. It is able to recruit a cellular protein, E6AP and use it to

induce the ubiquitin-mediated degradation of p53 (Scheffner et al., 1993).

1.2 The Ubiquitin Pathway

The concept of intracellular protein degradation has drastically changed over the
years. Ithas evolved from an unregulated, nonspecific terminal scavenger process assumed
by the lysosome, to a highly complex, tightly regulated process termed the ubiquitin
pathway. It plays important roles in a broad range of basic cellular processes, including cell
cycle, differentiation and development, response to stress and extracellular modulators,
modulation of cell surface receptor, DNA repair, signal transduction, regulation of
transcription, chromosomal silencing, regulation of the immune and inflammatory responses,
biogenesis of organelles, and apoptosis. Thus, to assume these functions, the ubiquitin
pathway must be highly specific. It must be able to distinguish between the short-lived
proteins and the many stable proteins that are present in the cell and sometimes even in the
same complex, and to discriminate between mutated or misfolded proteins from their normal
counterparts (Laney and Hochstrasser, 1999). A classical example that demonstrates the
specificity involved, is the degradation of cyclin B1. Cyclin B1 is a short-lived protein that
is essential in the G2-M phase transition of the cell cycle. It is the regulatory component of
a cyclin-dependent kinase complex created by binding with Cdc2. In order for the cell to
complete its M-phase, the cyclin Bl subunit must be irreversibly inactivated (Glotzer et al.,
1991). The cell accomplishes this inactivation by selectively degrading the cyclin
component from the complex, while the Cdc2 partner remains unaffected.

One key determinant for this specificity is that the short-lived proteins are first tagged



by covalent attachment of ubiquitin molecules before being directed to the degradation
machinery, the proteasome. It is this feature that is lacking in the prokaryotic ATP
dependent proteases, Clp and Lon, which have only limited specificity (Gottesman et al.,
1997).

Degradation by the ubiquitin pathway involves 2 major steps: first, the recognition
and conjugation of the substrates (see Figure 1.1) and second, the degradation by the

proteasome.

1.2.1 Components of the Ubiquitin Pathway
Ubiquitin

Ubiquitin, named for its expression in all cells and tissues, and in most species (with
the exception of prokaryotes) is a small, highly conserved and extremely stable 76 amino
acid polypeptide. The primary sequence among higher eukaryotes is absolutely conserved,
and only a few (up to 3) residues substitutions are observed in lower organisms (Haas and
Siepmann, 1997). Part of this unusual sequence conservation derives from structural
requirements for correct folding and stability (Lazar et al., 1997), and the selective pressures
imposed by interactions with multiple components of the ubiquitin/proteasome pathway.

The great stability of ubiquitin reflects its tightly folded structure which consists of
a globular domain made of a 3.5 tum amphipathic a-helix intercalated into a five-strand
mixed B-sheet (Vijay-Kumar et al., 1987). From this is protruding a flexible 4 amino acid
c-terminal tail. This structure is often depicted as a stick and ball model in diagrams. The
observation that more mutations occurs in lower eukaryotes, suggest that ubiquitin is

involved in fewer functions (perhaps in fewer protein interactions), implying reduced
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Figure 1.1 Ubiquitin pathway

Ubiquitin is first activated on its C-terminal glycine by an E1 activating enzyme, a reaction
requiring ATP. This molecule of ubiquitin is transferred to the active site cysteine present
in the E2 conjugating enzyme. The E2, with the E3 ligase enzyme then conjugates the
ubiquitin onto an internal lysine residue of the substrate. Some classes of E3 will first
transfer the ubiquitin to themselves before conjugation to the substrate. This cycle is
repeated until a polyubiquitin chain is formed, with the participation of another enzyme, E4
with some substrates. Once the polyubiquitin chain has attained sufficient length, it is
recognized by the proteasome, the substrate degraded and the ubiquitin recycled.

I






selective pressure (Haas and Siepmann, 1997).

Ubiquitin Conjugating Enzymes

Conjugation of ubiquitin to the substrate is achieved by a cascade of enzymatic
reactions involving up to 4 classes of enzymes designated E1 to E4. Prior to conjugation to
a substrate the ubiquitin molecule must be activated. This role is assumed by the E1 enzyme
(also termed ubiquitin activating enzyme) a single gene copy in most cells (with the
exception of wheat which contains 3 related genes (Hatfield and Vierstra, 1992)). The
human gene, Hsubal is alternatively spliced to produce a short cytoplasmic form as well as
a longer nuclear form, Ela and E1b respectively (Hatfield et al., 1990; Stephen et al., 1997).
The E1 enzyme has an essential role since deletion of the E1 in yeast is lethal (McGrath et
al., 1991).

The activation of ubiquitin by the E1 enzyme requires the hydrolysis of ATP thus
forming PPi in addition to a tightly bound (to the E1) ubiquitin-adenylate at its C-terminal
glycine 76. The adenylate then becomes the donor of ubiquitin to an active-site sulthydryl
group of El forming a thiol-ester bond. This E1(with one ubiquitin bound) is capable of
undergoing another round of ATP-dependent AMP-ubiquitin formation resulting in a ternary
complex of one E1 with two activated ubiquitin molecules (Haas et al., 1982). The activated
ubiquitin is then transferred from the E1 to a conserved cysteine of a ubiquitin conjugating
enzyme (E2, also called ubiquitin carrier protein), in a transthiolation reaction. Unlike E1,
there are many members of the E2 family (11 members in yeast), functionally characterized
by their absolutely conserved cysteine residue and their ability to receive ubiquitin molecules

from El.
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In the last step of ubiquitin conjugation, the E2 catalyses the transfer of the ubiquitin
molecule from itself to the e-amino group of a lysine residue in the substrate to generate an
isopeptide bond. In some cases, the ubiquitin can be conjugated in a linear fashion on the
N-terminal residue of the substrate (Breitschopfet al., 1998). Usually amember from a third
group of enzymes, the ubiquitin ligases (E3), is required in order for this transfer to occur.
The critical function of the E3s is substrate recognition. Each E3 will recognize specific
motifs in their substrates whether a short sequence, as in the destruction box recognized by
the APC complex (Glotzer et al., 1991), or specific phosphorylation events on substrates of
the SCF complexes (Chen et al., 1995; Diehl et al., 1997). These motifs are termed
degradation signals. For many substrates, these signals are still unknown.

The currently known E3s have been divided into 6 subgroups with regard to their
structures and the type of degradation signals they recognize. In three of these subgroups,
the E3s are in the form of a complex (the APC, the SCF and the VHL subgroups). Each of
these 3 subgroups, the members are almost identical. The complexes remains mostly the
same except for one component, the substrate recognition protein (call F-box protein in
SCF), which varies depending on the substrate it conjugates. This allows a greater variety
of substrates to be conjugated with a limited number of proteins involved. For example, in
the SCF complex (for Skp/Cullin/F box) the identity of the F box protein will change
according to the identity of the substrate. Proteins targeted by these SCF complexes are
mostly although not all, involved in the degradation of proteins implicated in the G1/S
transition of the cell cycle and tend to be recognized in a phosphorylation dependent manner.

These E3s often also serve as scaffold proteins that bring together the E2 and the substrate.

13



Hect domain proteins, another subclass of E3s, are involved in an additional step in
the conjugation cascade. The ubiquitin molecule is first transferred from the E2 to the E3
enzyme before it catalyses the transfer to the substrate.

Once the first ubiquitin is attached on an internal lysine residue of the substrate, a
polyubiquitin chain is formed by subsequent rounds of ubiquitination, involving the same
cascade, except that with these, the ubiquitin is conjugated on an internal lysine of the
previous ubiquitin molecule, usually on lysine 48. In some cases, yet another enzyme,
termed E4, is required for the conjugation of a chain of more than three ubiquitins (Koegl
et al., 1999). Since it is not required for cell viability in yeast (Koegl et al., 1999), this
enzyme seems to be required only for a subset of substrates.

In addition to lysine 48, six other lysines are present in ubiquitin and although they
can be utilized for polyubiquitination, chains linked through lysine 48 bonds are the principal
signal for proteasomal proteolysis (Chau et al., 1989; Finley et al., 1994). In fact, of all the
lysine mutants, only the mutation of lysine 48 is lethal when expressed as the sole source of
ubiquitin in yeast. In addition, there has been no evidence to date demonstrating that
conjugation through other lysines serves as a target for proteolysis. On the contrary, it has
been shown that lysine 63 conjugates have a role in DNA repair (Hofmann and Pickart,
1999) that is independent from proteolysis, as seen by two lines of evidence: first, it has been
shown that the inability to assemble lysine 63-linked chains does not inhibit the turnover of
short-lived and abnormal proteins (Spence et al., 1995) and second, the conjugation of a
lysine 63-linked chain to a specific yeast protein does not destabilize that protein (Hofmann
and Pickart, 1999). These observations suggest that the proteasome does not recognize

lysine 63-linked polyubiquitin chains as a degradation signal.

14



Proteasome

The proteasome is a large, 26S, multicatalytic protease that degrades poly-
ubiquitinated proteins into small peptides, ranging from 3 to 22 residues in length (Kisselev
etal., 1999). The proteasome is a 2.1MDa complex composed of approximately 65 subunits
(Baumeister et al., 1998; Rechsteiner, 1998). It can be separated into two subcomplexes, a
catalytic 20S subunit, to which is attached a regulatory 19S particle on each end (see Figure
1.2).
20S proteasome

The 208 proteasome is made of 14 different subunits, classified as a and p subunits
on the basis of their homology to the simpler version of the proteasome found in the
archaebacterium Thermoplasma acidophilum (Loweetal., 1995). Electron microscopy and
X-ray crystallography of these proteasomes, as well as the 20S proteasomes from
Saccharomyces cerevisiae (Groll et al., 1997) reveals a cylindrical structure made up of 4
stacked rings, a, ., a, with a narrow channel in the centre. Each ring is made up of seven
subunits and whereas in the primitive archaebacteria proteasome these subunits are identical,
in the yeast (and higher eukaryotes) the rings are made up of seven different subunits giving
the general structure of a, B, , B, @, ,. Three catalyticsites: the trypsin-, chymotrypsin- and
post-glutamyl peptidyl hydrolytic-like sites are located in the B-subunits, facing the interior
of the barrel, shielded from the cytoplasm (Groll et al., 1997). The sites are only active when
the two B-rings are attached and the B-subunits from the two rings are able to interact. The
catalytically inactive a rings play an essential role in stabilizing the two B-rings as well as

interacting with the 19S regulatory subcomplexes.
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Figure 1.2 Representation of the proteasome

A The 268 proteasome consisting of the core 20S proteasome and capped at each end by a
198 regulatory subunit. Figure modified from Voges et al., 1999.

B The structure of the 20S proteasome showing the degradative chamber formed by the
assembly of the 2 B rings and the narrow entrance to the tunnel created by the a rings. The
active sites formed at the interface of the 2 p rings are shown. Figure modified from Stock
etal., 1996
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198 Regulatory Complex

Electron microscopy has also shown that both ends of the 20S proteasome are capped
by a 198 particle. This complex can be further divided in two domains: a base, consisting
of six ATPases and three non-ATPases subunits, in addition to the lid which consists of eight
non ATPase subunits (Glickman et al., 1998).

Since folded proteins cannot reach the small chamber inside the barrel shape of the
20S proteasome, this subunit by itself hydrolyses only small peptides and denatured proteins
in an ATP independent process. To enable the proteasome to degrade folded proteins
specifically marked for degradation by a ubiquitin chain, the 19S complex is thought to carry
out a number of different biochemical functions. First, it can recognize polyubiquitinated
substrates. The subunit Rpn10/SSA has been shown to bind polyubiquitin chains. Since it
is not essential in yeast (van Nocker et al., 1996), there must be additional ubiquitin binding
component(s). It is possible that this function could be achieved by a complex of two or
more proteins in the 19S particle. Second, binding of the 19S complex to the 20S
proteasome may function to create a channel for the substrates to enter the proteasome.
Unlike the Thermoplasma 20S proteasome, the yeast 20S does not have the narrow opening
at each end of the particle (Groll et al., 1997). Third, since the chamber inside the 20S
proteasome is not big enough to accommodate folded proteins, it is assumed that the 19S
particle plays a crucial role in unfolding the targeted polypeptide chain and in inserting it into
the 20S particle. This function is thought to be accomplished by a reverse chaperone activity
of the six ATPases at the base of the 19S complex. There is some evidence to suggest that
this type of activity is possible from the study of the Escherichia coli clpA-clpP protease

(Kessel et al., 1995). ClpA is the regulatory subunit of the clpP protease and like the six
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ATPases in the base of the 19S, it has homology to the AAA family of ATPases. In the
presence of clpP, clpA promotes unfolding and degradation of the substrates, but in the
absence of clpP, it has been shown to function as a chaperone (ie. in promoting proper
folding) (Wickner et al., 1994). The base of the 19S particle which contains the 6 ATPase
subunits has also been demonstrated to exhibit chaperone-like activity (Braun et al., 1999).
This suggests that in the presence of the 20S, it may also be capable of reversing its activity.
And fourth, the 19S complex possesses deubiquitinating activity provided by the UCH37
deubiquitinating enzyme in the complex (Lam et al., 1997) (deubiquitinating enzymes will
be discussed in a subsequent section).

Proteasomes in Antigen Presentation

When comparing the 20S subunits of the proteasome from mammalian cells with
yeast, three additional B-type subunits are found in the mammalian cells. These subunits,
LMP2, LMP7 and MECLI, are inducible by y-interferon. In replacing three other closely
related B-type subunits in the normal 20S, they help form the immunoproteasome (also called
immunosome). These immunoproteasomes have been implicated in antigen processing,
supported by the observation of a deficit in presentation of certain antigens in cells from
mice carrying a deletion of either LMP2 or LMP7 (Fehling et al., 1994; Van Kaer et al.,
1994).

Two other proteasome interacting polypeptides, the REGa and REG, are induced
by y-interferon. These subunits, assembling in an alternating pattern, form a ring-shaped
hexamer called the 118 regulator or PA28 (Song et al., 1997). This regulator binds and
activates the 20S proteasome in a similar manner as the 19S regulator with the exception that

it does not require ATP for its assembly. A PA28-20S-PA28 complex can only digest
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peptides and not intact ubiquitin-conjugated proteins. Combined with the fact that the
subunits are induced by y-interferon it also suggests a role in antigen presentation. Indeed,
it has been shown that overexpression of PA28a (REGa) in cell lines that also expressed viral
protein antigens results in an enhanced presentation of peptides derived from these proteins
(Groettrup et al., 1996). This type of complex is probably acting downstream of the 26S
proteasome by trimming larger peptides that were generated by the 26S complex. This may
assure that peptides of the proper length are generated to be utilized in antigen presentation
(usually around 9 amino acid long). Interestingly, the existence of an asymmetrical 19S-
20S-PA28 proteasome has been reported (Hendil et al., 1998) suggesting that this process

may occur in a consecutive manner.

Deubiquitinating Enzymes

Possessing opposite actions to the ubiquitin conjugating enzymes, are the
deubiquitinating enzymes (also called ubiquitin specific proteases). They specifically
hydrolyse ester, thiol ester, and amide bonds to the carboxyl-terminal glycine (G76) of
ubiquitin (Rose and Warms, 1983; Pickart and Rose, 1985; Tobias and Varshavsky, 1991).
These enzymes have roles at many levels in the ubiquitin pathway (see Figure 1.3). The
first of them being the processing of precursors of ubiquitin. Unlike most other proteins,
ubiquitin is not translated in a “ready to use” form, but instead it is produced as a fusion to
either other ubiquitin molecules (polyubiquitin fusion gene) or to ribosomal subunits (fused
with L40 and S27a). These precursors are then processed by the deubiquitinating enzymes
(the identities of which are still unknown) to produce monomeric free ubiquitin ready to be

conjugated on substrates. As an interesting note, fusion of ubiquitin to the ribosomal subunit

19



Figure 1.3 The multiple function of deubiquitinating enzymes

Ubiquitin is synthesized as precursor fusions to either itself or small ribosomal subunits that
must be processed by cleavage at the C-terminal glycine. Following degradation of the
substrate, the polyubiquitin chain is cleaved from the residual peptide and then disassembled
into monomers. Deubiquitinating enzymes can counterbalance the effects of the conjugating
machinery by editing polyubiquitinated substrates. Ubiquitin can also be trapped by
reactions with cellular thiols or amines and must be salvaged (mostly the function of the
UCH). Figure modified from Wilkinson, 1997.
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is required for efficient assembly of the ribosomes, the ubiquitin moiety assuming a
chaperone-like function (Finley et al., 1989). Deubiquitinating enzymes also function to
salvage ubiquitin that has been trapped by reaction with small cellular nucleophiles, to
recycle the ubiquitin from the polyubiquitin chains of a degraded substrate, and to edit
polyubiquitin chains on a substrate. The deubiquitinating enzymes are divided in two
families, the ubiquitin carboxyl-terminal hydrolases (UCH, also called type | UCH) and the
ubiquitin-specific proteases (UBP, also called type 2 UCH) (Wilkinson, 1997).
UCH

This family was the first to be identified. Members were originally purified on the
basis of their ability to bind ubiquitin affinity columns (Miller et al., 1989). They exhibit a
preference for cleaving small adducts from ubiquitin such as peptides and amino acids. They
tend to be small proteins (25 to 30 KDa) with the exception of human BAP1, which has a
molecular mass of 81KDa (Jensen et al., 1998). The crystal structure of a human UCH,
UchL3, has been published (Johnston et al., 1997). The catalytic core domain strongly
resembles that of cathepsin B, a member of the papain family of thiol proteases (Johnston,
et al., 1997). In the active site is located the catalytic triad consisting of a cysteine, a
histidine and an aspartic acid, all of which had been predicted by mutational analysis (Larsen
et al., 1996). The specificity of UCHs is enforced by substrate-induced conformational
changes induced by binding to ubiquitin (Johnston, et al., 1997).
Ubp

The first three Ubps were originally cloned using an assay to detect yeast enzymes
that could deubiquitinate a ubiquitin--galactosidase fusion protein (Baker et al., 1992;

Tobias and Varshavsky, 1991). This assay has since become the traditional test for Ubp
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activity. Members of the Ubp family are extremely diverse (unlike UCHs that have up to
40% conservation across species (Chung and Baek, 1999). They are homologous only in 2
regions: the Cys box and the His box (Papa and Hochstrasser, 1993; Wilkinson et al., 1995).
They are bigger and more numerous than the UCH (16 Ubps in yeast compared with 1
UCH). They can cleave at the C-terminal of ubiquitin in natural and engineered fusions
irrespective of their sizes. In addition to their ability in cleaving linear fusions, many of the
Ubps have been shown capable of cleaving ubiquitin conjugated by isopeptide linkages (the
form of ubiquitin in the chains) (Lam et al., 1997; Papa et Hochstrasser, 1993; Amerik et al.,
1997; Layfield et al., 1999). Presently, more than 70 Ubps have been cloned in different
species (and entered in GenBank), but for a very few exceptions, their substrate specificities

are unknown.

1.2.2 Regulation of the Ubiquitination Pathway

Traditionally, regulation of the ubiquitination pathway has been thought to be
accomplished exclusively at the level of ubiquitin conjugation, with the role of
deubiquitinating enzymes limited to the recycling of ubiquitin, a view still held in the recent
review by Ciechanover et al. (2000). But it is becoming increasingly evident that regulation
is also achieved by the action of deubiquitinating enzymes. An interesting parallel can be
made between the ubiquitin conjugating/deubiquitinating enzymes and the
kinases/phosphatases enzymes. Originally, only the kinases were viewed as key regulators
of protein phosphorylation in vivo, while the small number of phosphatases were thought
to play only housekeeping roles. In the current view, the important regulatory functions can

be performed by either the kinase or the phosphatase depending on which pathway is
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involved (D’ Andrea and Pellman, 1998; Denu et al., 1996; Klingmuller et al., 1995).

Recognition of Ubiquitin Chain by the Proteasome

In an in vitro system it was determined that a substrate needs to be ubiquitinated by
4 moieties to be efficiently recognized by the proteasome (Cook et al., 1994). Four
consecutive ubiquitin molecules on the chain have been shown to form a tetramer structure,
and it is this structure that is recognized by the proteasome, not the individual ubiquitin
moieties (Cook et al., 1994). In fact, the affinity of the proteasome for the tetramer is about
100 fold that with only two ubiquitin molecules present (Thrower et al., 2000). All ubiquitin
moieties in the chain are equivalent in forming the tetramer binding unit. However, inside
the unit all ubiquitins are not equivalent. Ubiquitin 1 (the proximal) and 3 are the most
directly involved in the actual binding, although the ubiquitin 2 and 4 are necessary for the
formation of the proper conformation (Thrower et al., 2000). Binding of the substrate to the
proteasome is mediated entirely through the polyubiquitin chains. The substrate itself does
not bind the proteasome (Thrower et al., 2000). Contrary to the previous belief that the chain
participates in the unfolding of the substrate (Ghislain et al., 1996; Pickart, 1997), there is
no indication that the chain performs any functions besides targeting to the proteasome
(Thrower et al., 2000).

In an in vivo system more than four ubiquitin molecules are required for efficient
degradation (Thrower et al., 2000; Hochstrasser, 1996). This discrepancy can be attributed
to the function of the deubiquitinating enzyme UCH 37, present in the 19S subunit. It
cleaves ubiquitin from a proteasome bound substrate starting from its distal end. This results

in gradually decreasing the length of the chain (Lam et al., 1997). Since all the experiments
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to determine proteasomal affinity were performed in the presence of ubiquitin aldehyde, an
inhibitor of deubiquitinating enzymes, its effect was not observed. This suggest a model in
which a longer polyubiquitin chain than four moiety is required so that the substrate will be
bound to the proteasome sufficiently long to allow time for the protein to be unfolded,
probably the limiting step in degradation (Thrower et al., 2000), and fed to the 20S
proteasome. If the chain is not sufficiently long, the action of the proteasome-bound UCH
will result in a chain shorter than four ubiquitins before the protein is unfolded and degraded.

Since a chain this length cannot stably bind to the proteasome it might escape degradation.

The Monoubiquitin Signal

A consequence for the requirement of polyubiquitin chains for recognition and
degradation is that monoubiquitin conjugated on proteins can serve as a different type of
signal.

Some proteins in the cell are tagged with a single ubiquitin molecule. However,
unlike the polyubiquitin chain, monoubiquitination does not serve as a signal for
degradation. The functions of this signal is starting to emerge, although they are far from
being fully understood.

Histones

Normally, between S and 10% of nuclear histones H2A and H2B are
monoubiquitinated during interphase. In synchronized cells experiments, it was found that
both type of histones were completely deubiquitinated during metaphase, which coincides
with complete condensation of the mitotic chromatin (Mueller et al., 1985). The histones

were reubiquitinated by the time the cells had progressed to anaphase, a time frame of only
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minutes (Matsui et al., 1979). It is still unknown what the function of these modifications
are but it has been speculated that they must be removed, possibly by Ubp-M (Cai et al.,
1999) for the cell to undergo mitotic condensation and mitosis. Ubp-M was shown to be able
to deubiquitinate histone H2A in vitro and an inactive mutant transfected in cells was
observed to associate closely with mitotic chromosomes followed by apoptosis of the cells.
Endocytosis

Another recently found role for monoubiquitin is in the endocytosis of plasma
membrane proteins. This function is mostly studied in yeast where the proteins, the
pheromone receptors Ste2p (Hicke and Riezman 1996; Terrel et al. 1998) and Ste3p (Davis
et al. 1993; Roth and Davis 1996), the uracil permease FUR4 (Gallan et al. 1996) and the
maltose transporter (Lucero et al. 2000) were found to be ubiquitinated on the cytoplasmic
tail followed by endocytosis and degradation in lysosome-like vacuoles. In these cases, the
function of the ubiquitin molecule appears to be a direct signal for internalization of the
plasma membrane protein. It has recently been shown that ubiquitination of the cytoplasmic
tail does not promote internalization by inducing a structural change to expose a previously
masked signal, rather, the ubiquitin molecule itself is the signal (Shih et al., 2000). Two
patches on the three-dimensional surface of ubiquitin are required for this function.
Ubiquitination, or at least the ubiquitination machinery is also required for endocytosis of
mammalian hormone receptors including the growth hormone receptor (GHR)(Goverset al.,
1999), the epithelial growth factor receptor (EGFR)Opresko et al., 1995; Waterman et al.,
1999) and the epithelial Na” channel (EnaC) (Staub et al., 1997). In these cases the proteins

can be polyubiquitinated.
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Site of degradation

Ubiquitin mediated degradation clearly occurs in the cytosol. In addition there is
strong evidence to suggest that it occurs at the cytosolic side of the endoplasmic reticulum
(ER) membranes. Proteins to be degraded from the ER must first be retrotransported into
the cytoplasm (Plemper and Wolf, 1999; Sommer and Wolf, 1997). It is still unclear if
degradation occurs in the nucleus. Although components of the system have been localized
to the nucleus (Brooks et al., 2000), conjugation and degradation have yet to be demonstrated
in this compartment. In addition, drugs that inhibit nuclear export almost completely prevent
Mdm2- and E6-AP/E6- dependent degradation of p53 (Freedman and Levine, 1998). There
is also evidence that suggests the degradation of p27 also occurs in the cytosol following
nuclear export (Tomoda et al., 1999). The relationship between nuclear export and

degradation is still not understood.

Deubiquitination

Depending on the level of action, whether before or after the proteasomal degradation
step, a deubiquitinating enzyme may promote either the degradation or the stability of a
given protein substrate. Two well-characterized Ubps that promote degradation are
Isopeptidase T (Ubpl4 in yeast) and Doa4. IsoT’s role in the cell is to disassemble
unanchored polyubiquitin chains. It sequentially degrades these chains into free monomeric
ubiquitin starting from the free proximal end of the branch chain (the end that was
conjugated to the substrate) (Wilkinson et al., 1995), having for an effect the recycling of the
ubiquitin pool. An Ubp14 null yeast strain accumulates unanchored polyubiquitin chains

(Amerik et al., 1997). The half-life of several ubiquitin pathway substrates were also
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prolonged, probably due to excess ubiquitin chains binding to the proteasome and interfering
with its activity.

Doa4's role appears to be the cleavage of the peptide remnant on the chain after
proteasomal degradation (Amerik et al., 1997; Wilkinson et al., 1995) thus producing free
polyubiquitin chains that become substrates for Ubpl4. Doad4 mutants exhibit growth
defects, hypersensitivity to DNA damage (Singer et al., 1996), and impaired degradation of
several ubiquitin substrates (Papa and Hochstrasser, 1993). Small peptides bound to
ubiquitin polymers also specifically accumulate in these mutants (Papa and Hochstrasser,
1993). It is still unresolved whether Doa4 is an actual component of the proteasome.

On the other hand, deubiquitinating enzymes may promote the stability of substrates
by specifically removing ubiquitin moieties from the chains, and preventing that particular
substrate from being efficiently recognized and degraded by the proteasome. Since in yeast
there are more deubiquitinating enzymes (16) than ubiquitin conjugating enzymes (11), it is
unlikely that all deubiquitinating enzymes participate only in recycling functions. If this
model was to be true, the half-life of a substrate would be determined by the balance between
the ubiquitinating and the deubiquitinating enzymes. In this case, a change of expression of
cither the ubiquitinating or deubiquitinating enzymes would lead to a change of the half-life
of the substrate. If this substrate happens to be a regulator of the cell cycle, then the effects
could be tumorigenic. One possible example of this is the Tre-2 proto-oncogene. The full
length Tre-2 is a deubiquitinating enzyme for which the substrates remains unknown. A
truncated isoform was found to be transforming. This isoform is lacking the His domain and
therefore deubiquitinating activity (Nakamura et al., 1992). These observations suggest that

at least one substrate of full length Tre-2 is a tumour suppressor, whose half-life is prolonged
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by the deubiquitination action of Tre-2. The truncation of Tre-2, which renders it
catalytically inactive, thus reduces the stability of the tumour suppressor which in tum
promotes tumorigenicity. The truncated form of Tre-2 may even act as a dominant negative.

Another example of a deubiquitinating enzyme that acts to stabilize a particular
substrate(s) is the Drosophila deubiquitinating enzyme Fat facets (faf). The faf gene is
specifically required for eye development in Drosophila (Fischer-Vize et al., 1992). Mutant
flies are viable but have abnormal eye morphology caused by the presence of extra
photoreceptor cells in each eye facets. Faf is a Ubp, the largest in the family, and its
deubiquitinating activity is required for its function (Huang et al., 1995). In addition, the faf
phenotype is suppressed by a mutation in a proteasome subunit gene (Huang et al., 1995).
One substrate has been proposed for faf, liquid facets (Iqf), a newly described gene involved
in the endocytosis pathway. A slight increase of this protein in the appropriate cells is
sufficient to completely abolish the faf phenotype (Cadavid et al., 2000) suggesting that the
function of this deubiquitinating enzyme is the regulation of the Iqf protein levels. There are
indications that the Iqf protein is not the only substrate of faf. The mouse homologue, Fam
seems to be involved with different kinds of pathways (Taya et al., 1998), observations that

are also supported by evidence discovered with the Drosophila faf studies (Li et al., 1997).

1.2.3 Alternative pathways

The normal sequence of events in the ubiquitin pathway is the polyubiquitination of
proteins followed by their complete degradation. However, there are some cases in which
these two events are independent of each other. One example is the degradation of the

ornithine decarboxylase (ODC) protein. This protein has been shown to be degraded by the
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proteasome but this degradation is not dependent on prior ubiquitination. In this case the
recognition by the proteasome is mediated by the interaction of ODC with antizyme, a
negative regulator of ODC’s enzymatic activity (Hayashi et al., 1996; Murakami et al.,
1992). Another example demonstrating the uncoupling of ubiquitination and degradation
is the limited processing of p10S, a precursor protein of the transcription factor NF-xB,
(Orian et al., 1995; Palombella et al., 1994). This protein is ubiquitinated and targeted to the
proteasome, but unlike most proteins, the degradation by the proteasome is incomplete. The
partial degradation (from the C-terminal) results in the specific formation of p50, a subunit
of the active transcription factor NF-xB. This partial processing is regulated by
phosphorylation (Heissmeyer et al., 1999), and is dependent on the appropriate positioning

of a glycine rich stop signal (Lin and Ghosh, 1996).

1.2.4 Ubiquitin-like proteins

In the last few years, proteins with some degree of homology to ubiquitin have been
discovered. Atleast eight have been identified in mammalian systems with SUMO-1 (SMT3
in yeast) and NEDDS8 (Rubl in yeast) being the most studied (Jentsch and Pyrowolakis,
2000). Like ubiquitin these molecules are also conjugated to proteins in a manner very
analogous to the ubiquitin pathway. They have E1 enzymes (sometimes in the form of a
dimer) that are specific for each ubiquitin-like molecule as well as specific E2s. Some
substrates even require E3 enzymes. Members of the PIAS family are required for
conjugation of SUMO on yeast septins (Johnson and Gupta, 2001), p53 (Kahyo etal., 2001)
and LEF1 (Sachdev etal., 2001). Although conjugation of SUMO-1 to p53 in vitro requires

only p53, SUMO-1, the SUMO-1 activating enzyme and ubc9 (E2) (Rodriguez et al., 1999).
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Unlike the conjugation of ubiquitin, these proteins cannot form chains, with the possible
exception of SUMO-2 and 3 (Tatham et al., 2001) and the modification of proteins does not
target them to the proteasome for degradation.

The functions of these conjugates are not fully elucidated. Although conjugation
does not lead to degradation, in some instances its effects parallel the ubiquitin pathway and
can affect a protein half-life indirectly. Conjugation of SUMO-1 to IxBa occurs on lysine
residue K21 which is also utilized for ubiquitin modification (Desterro et al., 1998).
Conjugation of ubiquitin which is induced by phosphorylation results in the degradation of
IxBa and the activation of NF-xB. Modification by SUMO-1 which is inhibited by
phosphorylation of IkBa, prevents ubiquitination and the degradation of IxBa and thus the
activation of NF-kB (Desterro et al., 1998). p53 is another protein that can be modified by
both ubiquitin and SUMO-1. It is still unclear if the modification by SUMO-1 alters the
stability of p53, but it has been shown to result in an increased transactivational ability of
p53 (Gostissa et al., 1999; Rodriguez et al., 1999).

Another possible function of the modification by ubiquitin-like molecules is to affect
localization of the proteins or the stabilization of complexes. Conjugation of PML and
SP100 with SUMO-1 is required for their localization in the PML nuclear bodies.
Modification of RanGAP1 by SUMO-1 is also required for stable interactions in the nuclear
pore complex (Mahajan et al., 1997; Matunis et al., 1996). All members of the cullin protein
family are modified by the NEDDS protein (Hori et al., 1999). The cullins are part of a
subtype of E3 complexes and these complexes must be formed prior to their modification
by NEDDS8 (Kamura et al., 1999; Liakopoulos et al., 1999). The role of these modifications

is thought to be the stabilization or the activation of the ligase complex formed (Jentsch and
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Pyrowolakis, 2000) and is required for efficient ubiquitination of p27 by the SCF>*
complex (Podust et al., 2000) and for the degradation of p53 by adenovirus E4orf6/E1B55K

complex (Querido et al., 2001).

1.3 Thesis Work

A few years ago, in an analysis of genes linked to the Mpv 20 retroviral insertion site,
the Unp gene was cloned (Gupta et al., 1993). It was named Unp for the preliminary
evidence that suggested it was a ubiquitously expressed puclear protein (Gupta et al., 1994).
It was detected by northern analysis in every mouse tissues tested, and in fractionation
experiments it was detected exclusively in the nuclear fraction. When overexpressed, Unp
is an oncogene. This was first demonstrated in nude mice experiments where Unp
transfected NIH3T3 cells consistently produced tumours (Gupta et al., 1994). In addition,
its human homologue, USP4 (previously named Unph), was shown to be overexpressed in
specific types of human lung tumours (small cells and adenocarcinomas) (Gray et al., 1995).
The predicted amino acid sequence of Unp was found to contain the 2 domains, Cys and His
that had been associated with deubiquitinating activity in yeast Ubpl, 2 and 3, suggesting
that Unp is also a deubiquitinating enzyme. Interestingly, Unp also possesses two regions,
(CR1 and CR2 regions) that in viral proteins (like adenovirus E1 A) mediates binding to pRb
leading to the hypothesis that Unp’s tumorigenic activity, when overexpressed, may be a
result of stabilizing a protein in the pRb pathway by cleaving ubiquitin from its chain, thus

preventing its degradation by the proteasome.
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Chapter 2
Materials and Methods

Plasmid construction
Site-directed mutagenesis (Cys, CR2, CR1 and NLS mutants)

These mutations were created using the “Altered Sites in vitro Mutagenesis System”
kit from Promega. This consisted of cloning the Unp cDNA into their vector pAlter and
producing single stranded DNA using the M 13 phage. Mutagenic oligos were then annealed
to produced the desired mutations. Clones that seemed positive for the mutation by
restriction digest were sequenced and sub-cloned into the pCDNA3 vector (Invitrogen), a
mammalian cell expression vector in which the gene of interest is expressed under the strong
constitutive pPCMV promoter. A resistance gene, coding for G418 resistance is also included
in the vector under the SV40 promoter. The oligos used were (mutation underlined): CR1-
ATT CTA GAC GGA CTG CTC GAG GAC CTG AACCGC NLS- ATG TCA CAG
CCG CAG AAG AAT TCG AAG GCG GCAGTAGCCCTG CR2-GACTTT GGT
GGG CCC AGA ATG T. Genbank accession number for Unp cDNA is 6755942. The Cys
mutant was given by Rohan Baker (Australian National University, Canberra, Australia), and
the details of its construction are published (Gilchrist et al., 1997)

PCR deletion (acidic domain mutant)

The acidic domain mutant (ADE) was created by PCR reaction with oligos flanking
the domain, facing away from it. (1- ATC ACT TAA GAT ACC TAC TCC TAG AGC and
2- TCA TCT TAA GAG CGC CCA AAA GGT GAA). The PCR reaction, which resulted

in a linearized plasmid lacking the domain, was ligated together after digest with Afl II
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enzyme to regenerate the sticky ends. This restriction site was engineered in order to keep
the sequence in frame.
IRES-based vectors

The cDNA from WT and Unp mutant was cut from the pcDNA3 vector with Spel
and ligated into the pECE11 vector that was linearized with Xbal (compatible ends). In this
vector the gene of interest is expressed under the SV40 promoter, as well as the resistance
gene, hygromycin. This creates a bicistronic nRNA from which the second gene (Hyg) is
translated with the help of an internal ribosome entry site (IRES).
Bacterial GST-fusion constructs

The wt or mutant Unp cDNA was cloned in frame with the GST tag in the bacterial
expression vector pGEX4T3, using a specially designed adapter linking the BamH 1 site from
the GST to the BspE! site situated just downstream of the initiating methionine of Unp. This
adaptor encoded the first amino acids of Unp that would otherwise be missing after the
restriction digest. (Oligos: 1- GAT CGA TGG CGG AAG GCC GCG GCA GCC GTG

AGC GAC and 2- CGC TCA CGG CTG CCC CGG CCT TCC GCC ATG)

Cell lines and culture conditions

NIH 3T3 (mouse), COS1 (monkey), 293T (human), and Hela, (human) cells were
maintained in alpha medium (Gibco) supplemented with 10% donor bovine serum.
HFF, primary human fibroblast cells, and P19 (mouse embryonal cell line) were maintained
in alpha medium supplemented with 7.5% donor bovine serum and 2.5% fetal bovine serum.
H1299 cells, a human lung carcinoma cell line of epithelial morphology, a gift from Dr

Branton, (Department of Biochemistry, McGill University, Montreal Quebec) were cultured
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in medium supplemented with 10% fetal bovine serum. H1299 stable cells lines were

cultured with 0.4 mg/mL Hygromycin (Roche).

Transfections

Transfection methods and conditions were optimized for each cell line, and done
according to the manufacturers’ instructions. NIH3T3 cells were electroporated at 450 V and
250 uF. HFF cells at 300V and 960 pF and COSI1 cells at 220 V and 960 pF. P19, 293T
and Hela cells were transfected with Fugene6 (Roche) following the recommended protocols.
H1299 were transfected with Effectine (Quiagen) following these conditions:300 000 cells
were plated in 6 well dishes the day before transfection. They were transfected with 2 pg

DNA with 10 pL Effectine and 3.2 uL enhancer according to the provided protocol.

Immunofluorescence

Since the only antibody available against the endogenous Unp protein did not
function in immunofluorescence, Unp constructs were made with the Myc tag, for use with
the aMyc antibody. Cells (COS1) transfected with these constructs were grown on
coverslips, fixed with -20°C methanol for 10 minutes, washed in PBS, and incubated with
the primary antibody for 1h at 37°C in a humidity chamber or overnight at 4°C. The primary
antibody (aMyc) was diluted 1/100 in PBS+ 0.3% Triton X-100. After 3 washes with PBS,
the coverslips were incubated with the secondary, an FITC conjugated goat a mouse,
(Amersham, diluted 1/20, same buffer) for 45 min. at 37°C in humidity chamber, protected
from light. The coverslips were washed again 3 times with PBS before one wash in anti-

Fade buffer (Slow Fade kit, Molecular Probes) and mounted on slide using the buffered
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glycerol mounting media provided in the anti-fade kit. Immunofluorescence pictures were
taken both on a confocal microscope (a Leica Confocal Laser Scanning Microscope equipped
with an FITC filter combination, operated by Andrew Vaillant situated in the biology
department, at the University of Ottawa) and on a fluorescent microscope (Zeiss Germany

Axiphot)

SDS-PAGE and immunoblots

Cells were lysed with 500 puL (for 100 mm dishes, 300 puL for 60 mm dishes)of lysis
buffer containing protease and phosphatase inhibitors (20mM Tris pH 7.5, 150mM NaCl,
2mM DTT, 1% Triton X-100, 5% Glycerol, 2mM NaF, 2mM NaPPi, 50 uM f-
glycerophosphate, 500 uM Na-vanadate, 200 pg/mL PMSF, 5 pg/mL leupeptin, and 2
pg/mL aprotinin). After 20 minutes on ice, soluble proteins were recovered in the
supernatant following a 10 min. centrifugation at 4°C to pellet cell debris. Proteins were
mixed with 3X SDS sample buffer (NEB), boiled and run on 7.5% SDS polyacrylamide gel,
containing a 4% stacking gel(pH 6.8). Proteins separated of SDS-PAGE were transferred
to a nitrocellulose membrane (Hybond C+, Amersham) using a wet transfer method, at 400
mA for 50 min in transfer buffer (25 mM Tris-Cl, 192 mM glycine and 20% (v/v) methanol.
The membranes were blocked 1 hour at room temperature or over night at 4°C in 5% skim
milk in TBST (10 mM Tris-Cl pH 7.6, 150 mM NaCl, 0.05% Tween) prior to probing.

Membranes were incubated with primary antibody (see Table 2.1 for dilutions)
diluted in 5% skim milk in TBST for 1 hour at room temperature. Following 3 times 8
minutes washes in TBST, they were incubated for 45 min. with the appropriate secondary

antibody conjugated to horseradish peroxidase, and wash in the same manner. The signal
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was detected after a 1 min incubation with a chemiluminescent substrate (Kirkegaard and
Perry Laboratories) by exposure to X-ray film. When a phospho-amino acid antibody was
to be used on a membrane, TBST was replaced by PBST (8 g/L NaCl, 0.2 g/L KCl, 1.44g/L
Na,HPO,, 0.24 g/L. KH,PO, and 0.05% Tween) at every steps to reduce the high levels of

background inherent to these antibodies.

Immunoprecipitations

100 mm dishes of cells were lysed in 500 pL of lysis buffer and were incubated overnight
with the appropriate antibody (see Table 2.1 for dilution). Antibody-antigen complexes were
recovered by binding to protein G sepharose beads (Gammabind G Sepharose, Amersham
Pharmacia) that had been previously washed in lysis buffer. Following washing in the lysis
buffer, the proteins were eluted in SDS loading buffer (NEB) by boiling. The samples were

then manipulated as described in the previous section.

Table 2.1 Antibody dilutions

Antibodies [clone # Lompany ldilution for [P Idilution for WB
[UNP  [CSM-11 (rabbit) [Zymed 1/100 1/500

Myc  PEIO(mouse) |donated by Dr Bell [1/50 1/200

PRb  [G3-245 (mouse) [Pharmingen 1/100 11200

P107 |17 (rabbit)  [Santa Cruz 1/100 1/200

P130  [C-20 (rabbit)  [Santa Cruz 1/100 11200

E2F-1  |KHOS (mouse) [Santa Cruz 1/500

EF-1  [C-20(rabbit) [Santa Cruz 1/125
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pSer  [PSR-45 (mouse) [Sigma 1/100 1/500

pThr  [PTR-8 (mouse) [Sigma 1/50 1/100
Tyr [PYZO (mouse) ransduction 1/100 1/500

ratories

[EIA  |MS8(mouse)  [Pharmingen 1/250

[ub 70458 (rabbit)  [Dako 1/600

[Sumo-l Zymed 1/250

Imouse 2 HRP-conj. [KPL 1/5000

Imbbit 2 HRP-conj. lCederlane 1/5000

Production and purification of fusion protein

The method used is a modification of the protocol given with the pGEX vector and
incorporation of suggestions made by Takeshima et al (Takeshima et al., 1994). Briefly, 500
uL of an overnight culture of TG1 bacteria containing the fusion plasmid was added to 1.5
mL of fresh LB-Amp and left to grow to exponential phase for 30-45 min. The cultures were
induced with 1.5SmM [PTG and grown for 4h at room temperature. The pellets from 6 such
cultures were combined, and lysed in PBS + 1% Triton plus inhibitors (same concentration
as with cell lysis buffer) by a freeze/thaw cycle followed by 4 rounds of sonification. The
GST fusion proteins were recovered from the supernatant by incubating with 200 uL of a
50% slurry of previously washed (SOmM Tris pH 7.4, 7SmM NaCl) glutathione-agarose
beads (Sigma) for 1 to 2 hours at 4°C. After extensive washing in lysis buffer, the beads
were kept as a 50% slurry in lysis buffer (with inhibitors) a4°C. The expression was verified
by running ~30 pL of 50% fusion beads on PAGE gel followed by detection of proteins by

silverstaining of the gel.
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Silverstaining

The silverstaining protocol was obtained from Maniatis laboratory manual
(Sambrook et al,. 1989) and all solutions were made according to the protocol. The protein
gel was fixed overnight in fixing solution (30% ethanol, 10% acetic acid ). The next day, it
was washed 2 times 30 minutes in 30% ethanol and 3 times 10 minutes in double distilled
water. [t was incubated for 30 minutes in 0.1% silver nitrate. Following a brief wash in
water, the proteins were visualized by incubation in 2.5% sodium carbonate and 0.02%
formaldehyde. When the signal was sufficiently strong, the reaction was stopped by

incubation in 1% acetic acid.

Metabolic labelling of cells

Approximately 80% confluent 100 dishes of cells were washed and incubated with
pre-warmed minus-cysteine, minus methionine media + 5% fetal calf serum for 30 minutes.
The cells were then labelled with 200 pCi/mL of **S methionine/cysteine (Promix,
Amersham) for Sh at 37°C with 5% CO2. The cells were washed and lysed in presence of

inhibitors. (See IP section)

GST-pull down (radioactive)

Lysates from in vivo labelled cells were pre-cleared with GSH-agarose beads
overnight at 4°C and added to GST-fusion beads. GST alone was used for negative control.
The beads were incubated 1 to 2 hours at 4°C, washed 5X with the lysis buffer (+inh.), boiled
in SDS protein loading buffer (NEB biolabs) and loaded on a 7.5% polyacrylamide gel.

After separation, the gel was fixed for 20 min. (10% acetic acid, 20% methanol, 70% H,0)

38



dried, and exposed on a phosphorscreen. Results were visualized using the STORM

phosphorimager and software (Molecular Dynamics)

GST-pull down (antibody detection)

These were done in essentially the same way as the radioactive version except that
normal growing cells were used instead of in vivo labelled cells, and the gels with the
migrated proteins were transferred to a nitrocellulose membrane (Hybond C+, Amersham)

to be probed with specific antibodies.

Functional assays (bacterial)

Plasmids containing Unp and mutants, in the pcDNA3 vector, were electroporated
in competent bacteria containing either the pAC-R-Bgal or pAC-M-Bgal (control) plasmids.
These plasmids, a gift from Dr Rohan Baker (Molecular Genetics Group, John Curtin School
of Medical Research, Australian National University, Canberra), contain the Ub-X-figal
fusion proteins, a substrate for deubiquitinating enzymes. The transformed bacteria were
spread on LB/Chloramphenicol(35 pg/mL)yAmp(100 pg/mL)/Xgal and grown overnight at

37°C

Cleavage assay (in vitro)
Preparation of **S labelled Ub-GST substrate

Bacteria containing the pRB307 plasmid were donated by Dr Rohan Baker, and the
preparation of labelled substrate was done following his protocol. Briefly, 500 uL of an

overnight culture was added to S0 mL LB/Amp and grown until OD600 was about 0.9. The
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pellet was washed in M9 broth (6g/L Na2PO4, 3g/L. KH2PO4, 1g/L NH4Cl, 0.5g/L NaCl,
0,2% glucose, I mM MgSO4, 5x10-5% thiamine, and 0.1 mM CaCl2). The pellet was then
resuspended in same broth plus aminoacids (1/33 volume of Gibco MEM Non-Essential
Amino Acid solution +Trp, His and Leu at 40 pg/mL) +40 pg/ml. Amp + ImM IPTG and
grown for lh at 37°C. The bacteria were labelled with 70 uL of Translabel, ICN (a mixture
of **S met. and cys) for 3h before addition of unlabelled methionine to lmm. After washes
in M9 broth, the cells were lysed with sequential addition of 25% sucrose/50mM Tris pHS,
lysosyme, and Triton X-100. The supernatant was diluted with 50 mM Tris pH7,2 and
incubated with pre-washed glutathione-agarose beads for 2 hours. The beads were washed
and the Ub-GST fusion protein eluted in 50mM Tris/SmM GSH pH9.6. Fractions containing
the fusion (detected by autoradiogram of gel-migrated samples) were pooled and dialysed
with 50 mM Tris pH7.2/1 mM B-mercapto-ethanol, aliquoted and stored at -80°C.
Cleavage reaction

The GST-UNP fusion or immunoprecipitated Unp (wt or mut) still bound to beads
(~20 pL of 50% beads in buffer containing 2 mM DTT except where specified) were
incubated with 5 pL of substrate for 1h at 37°C. The whole reaction was then boiled with
10 puL SDS sample buffer, run on a 10% PAGE gel, fixed, dried and exposed on a

phosphorscreen.

CIP treatment
In the cases where dephosphorylation of the immunoprecipitated Unp was necessary,
the IP/beads complexes were split in 2 equal parts. One part was washed in buffer minus

phosphatase inhibitors (see IP) and adjusted to contain MgCI2 to 0.1 M. To this, 1 uL of Calf
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Intestine Phosphatase (CIP, NEB Biolabs) was added to the beads incubated for 1h at 37°C.

Production of Unp knock-out ES cell lines
Construction of targeting vector

A 5.3 kb EcoR|1 fragment from phage clone UG 7-3 containing exons 7, 8 and 9 was
used to clone the 5' and 3' regions into a bicistronic vector (containing an IRES Bgeo
sequence)(Mountford et al., 1994) using linkers. A 2.5kb EcoR1-BsaWl fragment
corresponding to genomic base pairs 16622-19083 was first cloned into BluescriptIl SK+
vector (in EcoR1-Xmal sites), followed by digestion at the EcoRV site (just outside of
EcoR1) and ligation of a Notl linker. From this construct, the fragment was released by a
Not! digest(present from linker and downstream of the Xmal site) and cloned into the Not1
site 5’ of the IRES. This fragment contains at its 3' end exon 7 minus the last 15 bp and part
of the intron preceding exon 7. For the 3' fragment, first a bigger, 2.2 kb Xbal- Xhol
fragment was cloned in the same sites in Bluescriptll SK+ vector, followed by digestion at
the internal EcoRV site and ligation of a Xhol linker. From this construct the
fragment,corresponding to genomic base pairs 20123-21813, was released by a Xhol digest
and cloned into the Xhol site downstream of the polyadenylation sequence in the bicistronic
vector containing the 5' fragment. The 3' fragment contains the totality of exon 9 and part
of the flanking introns.
Culture of ES cells

J1 ES cells passage 13 were obtained from John Bell’s lab (Cancer Research Group,
Ottawa Regional Cancer Centre) and cultured in ES cell media (DMEM (high glucose,

without sodium pyruvate),+ 15% fetal calf serum, Gibco non-essential amino acids, Gibco
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Glutamax, pen-strep and 0.1 mM B-mercaptoethanol) plus leukemia inhibitory factor (LIF)
at 500 units/mL on irradiated feeder cells (mouse embryo fibroblast cells from Tik KO mice
irradiated with 3000 rad)
Transfection of targeting vector

Targeting vector was linearized with SspB1 enzyme, and 50 to 100pug resuspended
in 400 uL electroporation buffer (20mM Hepes, 137mM NaCl, 5SmM KCl 0.7mM Na,HPO,,
6 mM Dextrose and 0.lmM p-mercaptoethanol) for the electroporation of approximately 60
million cells at 400V and 25uF. The cells were plated in 4 X 100mm dishes containing each
3 million feeder cells. 24h following transfection, G418 was added to a final concentration
of 0.2 mg/mL
Picking and freezing colonies

Colonies were usually ready to pick 10 to 12 days post selection. Picked colonies
were trypsinized in 60 pL for a few minutes at 37°C. Half of the colony was plated in a 96-
well dish containing feeder cells, while the other half was plated in 24 well dishes without
feeder cells. After 2-3 days growing in 96 well dishes, the colonies were trypsinized in 80
uL and 80 pL of media containing 2X serum and 20% DMSO was added. The cells were
overlayered with 2 drops of autoclaved liquid parafilm and frozen at -80°C.
DNA extraction

When cells growing in the 24 well dishes attained confluency, 500 pL of lysis buffer
(100 mM TRIS pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl and 100 pg/mL proteinase
K) was added per well and left at 37°C until all clones had been incubated with lysis buffer
at least overnight. The buffer (very viscous at this point) was then transferred into eppendorf

tubes and the DNA was precipitated with 500 pL of isopropanol.
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Southern analysis

15 pgof DNA was digested overnight with the appropriate enzyme and analysed by
standard Southern Blot analysis. The DNA fragment used to probe the blots is a 1kb EcoR|1
digestion product (from pKJ119 plasmid, which contains a fragment of Unp’s genomic
DNA) containing exon S and 6. It is situated outside of the region cloned in the targeting

vector.
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Chapter 3

Results

3.1 Characterization of Unp

Following the cloning and sequencing of Unp (Gupta et al.,1993), its protein
sequence was compared with the sequences in protein databases in the hope of finding
domains that may give indications of its role. Three types of domains were found with
homology to other proteins. The first group consists of two regions (termed Cys and His
domains) that match consensus sequences that are highly conserved in a family of proteins,
the ubiquitin specific proteases, (Ubps). The second group consists of exact match of two
motifs (CR1 and CR2) common in three transforming viral proteins implicated in the
interaction with the pRb tumour suppressor. The other motif has similarity to the nuclear
localization signal (NLS) found in the p53 protein.

The Ubps were originally discovered in yeast and were best characterized in that
system. Despite being very diverse in nature, they share a few regions of homology
including the highly conserved cysteine (Cys) and histidine (His) domains. When including
Unp with these proteins in a block analysis, it becomes evident that Unp also possesses these
regions of homology. Figure 3.1.1 shows a recent result of a block analysis performed with
Ubps of mouse, human, Drosophila, yeast, and rabbit origins. In addition to blocks
containing the Cys domain (Block A) and the His domain (Block E), other blocks of
homology are found. These blocks are very similar to the results obtained in the analysis
done with the yeast Ubps (Wilkinson 1997), indicating that they are general domains
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Figure 3.1.1 Block analysis of deubiquitinating enzymes

Deubiquitinating enzymes of different species were analysed for blocks of similarity with
aBlocks analysis. Arrows points to the three residues forming the catalytic triad. The other
conserved histidine residue is marked with an asterisk.
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involved in the function of the enzymes. On the top of each block is indicated a consensus
sequence that is more stringent than the one presented in Wilkinson’s review (Wilkinson
1997). The presence of these domains in Unp suggest that it is a member of this family and
possesses deubiquitinating activity. Assuming for the moment that Unp is a Ubp, we can
analyse its structure in more details. Wilkinson refers to these domains as the core catalytic
domain of Ubps. In addition to the Cys and His domains, the function of the other sequences
identified in the blocks is not known with the exception of a conserved aspartic acid residue,
present in Block B, which in combination with the cysteine and histidine residues (indicated
with arrows) constitute the catalytic triad of the active site of the enzymes. Like many other
Ubps, including yeast Ubp2 and Doa4, human Tre-2, and drosophila Faf, Unp possesses a
N-terminal extension. It also shares with its closest relatives (see figure 3.1.2 and
description below) an insertion of approximately 300 (400 for yeast Ubp12) amino acids
between Blocks C and D (Unp, TRE-2, USP11, USP15 and Ubp12 in figure 3.1.2). These
extensions and insertions are assumed to confer substrate specificity and localization to the
enzymes (Lin et al., 2000; Lin et al., 2001). The putative NLS falls in the insertion, but
interestingly, the CR1 and CR2 domains fall into Blocks B and C respectively. The relation
of Unp with the other Ubps was determined by constructing a phylogenic tree of available
Ubps. From this analysis, it was determined that the most closely related yeast Ubp is Ubp
12. A recent version of the tree analysis is shown in figure 3.1.2. This tree was constructed
with the help of the Grow Tree software at the Seqweb website of the University of Ottawa
The Cys and His domains, the most conserved regions in Ubps, were extracted from more
than 60 Ubps found in GenBank and entered into the Grow Tree software. The correction

method used was the Jukes-Cantor with a gap weight of 8. The sequences in this tree can



Figure 3.1.2 Phylogenic tree of deubiquitinating enzymes
The tree was constructed with sequences of the Cys and His domains of available Ubps with
the Grow Tree software at the University of Ottawa SeqWeb website.
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be divided in six early divergent groups. In this classification, Unp belongs in group 1
which. is also the largest, at least to date. This group also includes USP4, Unp’s human
homologue, yeast Ubp12, and USP6, a human proto-oncogene previously named Tre-2. In
addition to its human homologue USP4, the closest relatives to Unp are the recently cloned
human USP11 and USP15, and rat Ubp109 which is the homologue of human USP15. A
complete sequence alignment, shown in Figure 3.1.3, shows that the similarity between these
proteins extends to more than the Cys and His domains. High sequence homology is
detected throughout the sequences, except for the extreme C-terminal end and a region
between the CR2 up to, and including, the NLS. The CR1 and the CR2 domains are also
present in all these sequences. In the three human proteins (USP4, USP11 and USP15), the
identity between them varies from around 50%(4 and 11) to around 60% (4 and 15),
excluding approximately 200 N-terminal amino acids missing in USP11.

Since the Ubps have been mostly studied in the yeast organism, it was hoped that
finding the closest yeast relative would give indications on Unp’s role as a mammalian Ubp.
Unfortunately, the function of yeast Ubpl2 is also unknown (Hochstrasser, 1996). Our
approach in discovering Unp’s function was to perform a mutational analysis of the different
domains identified in Unp and investigate their effects on possible enzymatic activity, sub-
cellular localization, and protein interactions. Another, complementary approach taken, was
to generate mice null for Unp to study the effects caused by the absence of a functional Unp
protein.

Mutations in the identified domains were created by site-specific mutagenesis. The
sequence of these domains as well as the mutations created are shown in figure 3.1.4. In

addition to the domains identified by the homology search, a region of Unp was found to be
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Figure 3.1.3 Sequence alignment of Unp and other closely related Ubps
The sequence alignment was produced with the Pretty software at the University of Ottawa
SeqWeb website. The Cys and His domains are underlined, the CR1 and CR2 motifs are
shaded, the NLS is shown in bold, while the acidic domain is italicized.
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Figure 3.1.4 Domains present in Unp protein
A. Schematic representation of the Unp protein showing the relative position of the putative

domains.
B. Sequences of the domains shown in A and the mutations that were generated.

50



Cys

CR1

CR2

acidic domain
NLS

His

B
£ S

Cys GLGNLGNTCFMNSALQ (C311A)
$ 8

CR1 LHE (H406L)
$

CR2 LXCXE (C461G)

g
& @
Acidic %GDEEEEGKEQLSEVEGSGEDDQGDDHSE (A657-691)

& &
NLS SQPQKKKK (KTION/KT71S)
& &

His YDLIAVSNHYGAMGVGHY

AS’ (A1-168)



highly acidic, composed of more than 50% of aspartic and glutamic acid residues. This
region was also mutated utilising a PCR-based deletion strategy. Following mutagenesis,
a small region enclosing the mutation was subcloned in the wild type Unp expression vector
and sequenced to confirm the presence of the desired mutation as well as for the absence of

undesired mutations.

To determine whether Unp is a deubiquitinating enzyme as suggested by its
sequence, it was tested with a bacterial ubiquitin cleavage assay, a standard method that has
been used to confirm deubiquitinating activity of many other enzymes. This qualitative
assay is based on the N-end rule pathway, in which a protein’s half-life depends on the nature
of its N-terminal amino acid. One group of amino acids, including the usual methionine (M)
which is coded by the translation initiating AUG codon, confers a long half-life while others
including arginine (R), confer a short half-life (Tobias and Varshavsky, 1991). In this assay,
a plasmid encoding the enzyme to be tested is transformed in bacteria which are also
expressing a linear fusion protein composed of ubiquitin and p-galactosidase. This type of
engineered fusion has been demonstrated to be a general substrate of deubiquitinating
enzymes. The transformed bacteria are spread on LB-plates containing X-gal and [PTG. If
the fusion protein is in the form of Ub-M-Bgal, the arising colonies will be blue regardless
of whether or not the fusion is cleaved by the putative enzyme since both forms would
contain a methionine as their N-terminal amino acid. It thus serves as a control. However,
if the fusion is in the form of Ub-R-Bgal, the color of the colonies will be dependent on the
activity of the enzyme. An active enzyme will cleave the fusion resulting in the production

of a R-Bgal polypeptide containing a destabilizing N-terminal amino acid. As a consequence,
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blue colonies. To control for the quality of the X-gal on the plates, transfections of a
particular construct in bacteria containing each fusion type were plated on one-half of the
same plate. As seen in Table 3.1.1, wild-type Unp exhibits deubiquitinating activities seen
from the formation of white colonies. As a control, the cysteine residue in the Cys domain,
C311, has been mutated to an alanine, a type of mutation that results in inactive enzyme with
other Ubps. As expected, this mutant loses all activity, resulting in the formation of blue
colonies regardless of the identity of the substrates. In addition to the Cys mutant, only one
other mutation was found to have an effect, although unexpected, on activity, the CR2
mutant. This mutant displayed only partial activity, as seen with the formation of colonies
of a much lighter blue color than the negative control, but clearly not white. Since the
pCMYV promoter was found to be sufficiently leaky in bacteria to produce the amount of
protein required for the assay to function (Baker, personal communication), the Unp cDNAs
previously cloned in the mammalian expression plasmid (pcDNA3) were used for the assay
instead of subcloning in a bacterial expression plasmid. However the assay did not work
with cDNAs later cloned in the bicistronic pECE Il vector, which utilises the SV40 promoter,
probably due to insufficient levels of proteins in bacteria expressed from this promoter.

In cell fractionation experiments Unp is detected exclusively in the nuclear fraction
(Gupta et al, 1994). Since the available Unp antibody was not useful in
immunofluorescence experiments (and fairly weak in western blots), all Unp constructs were
tagged on the C-terminal with the 6xMyc epitope, which can be recognized with the 9E10
monoclonal antibody. The C-terminal end was chosen to prevent the detection of partially
translated proteins that may happen with a N-terminal tag. Although there is always the

possibility of translation using internal start sites, the majority of the signal should be full
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Table 3.1.1 Results of the bacterial assay

Constructs coding for wt Unp and mutants (in pcDNA3 vector) were transformed in bacteria
containing the substrate Ub-X-fgal and plated on LB-Amp containing IPTG and X-gal.
White colonies indicate an active deubiquitinating enzyme.
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Constructs Colonies Activi
Wild-type white yes
AS?® white yes
Cys blue no
CR1 white yes
CR2 light blue partial
NLS white yes

A acidic white yes

domain




length products. Transfection of a Myc tagged Unp in COS-1 cells was also shown to
fractionate with the nuclear fraction, both with soluble nuclear proteins and in the insoluble
nuclear fraction (Tibbo, 1997). Localization of Myc tagged Unp, wild type and mutants was
verified by indirect immunofluorescence. These constructs were transfected by
electroporation in COS-1 cells, and following incubation with the proper antibodies, the
immunofluorescent signal was observed with a confocal microscope. A representative
sample of the pictures obtained are shown in figure 3.1.5. In most cases, the expression of
Unp was seen throughout the cell including the nucleus and the cytoplasm. However, the
highest level of expression was peri-nuclear, as seen in a bright ring around the nucleus,
which was even more pronounced in the Cys mutant (panel D). In the case of the putative
NLS mutant, two kind of results were obtained. Some cells had an expression that was
similar to wild type cells (panel F), while others had expression in the cytoplasm only,
showing a dark nucleus which was also lacking the ring (panel E). The constructs used in
this experiment were all missing the first 168 amino acids, and the immunofluorescence
experiment was subsequently repeated with full length corrected constructs as well as with
additional mutants. With a fluorescent microscope, no differences were observed between
the 5' end deleted and the full length Unp. Figure 3.1.6 shows a representative sample of the
pictures obtained. In many cells, the pattem of expression appeared very filamentous (in
particular the cell shown in panel F) as if the protein was bound to a filamentous structure
in the cell. The specificity of the antibodies is demonstrated by the lack of signal detected

in vector-transfected cells (panel A in both Figure 3.1.5 and 3.1.6)
Since these experiments were performed with transiently transfected cells (thus with

highly expressed proteins levels), it is possible that the localization of Unp is affected by
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Figure 3.1.5 Confocal microscopy of wt Unp and mutants

COSI cells were transfected by electroporation with A pcDNA3 vector; B and C WT (pDG
50); D Cys mutant (pDG67); E and F NLS mutant (pDG68); and plated on coverslips.
Transfected cells were fixed with methanol, stained with anti-myc (9E10) and visualized
with an anti-mouse FITC-conjugated secondary antibody. Images were taken with the con-
focal microscope at the department of Biology of the University of Ottawa. These constructs
all have the first 168 amino acid deleted.

55






Figure 3.1.6 Immunofluorescence of full length wt Unp and mutants

Full length constructs of Unp and specific mutants were transfected in COS1 cells.

A pcDNA3 vector; B WT Unp (pDG104); C AS' (pDG50); D CR1 mutant (pDG106);

E CR2 mutant (pDG107); F NLS mutant (pDG108). Cell were treated as in Figure 3.1.5.
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such overexpression. In order to counteract that possibility, stable expression of Unp, wild
type or mutants, was attempted in different cell lines, with a variety of expression vectors
and transfection methods, all without success, Table 3.1.2A. When pcDNA3 was used as
a vector, colonies were obtained, but no expression was detected from them, either by
western or by immunofluorescence. With the pECEII vector (created by Ninan Abraham),
Unp and the selection gene, hygromycin, are both translated from a bi-cistronic message,
with the hygromycin gene being translated with the help of an internal ribosome entry site
(IRES) sequence. With this type of vector, colonies surviving in the selection media should
be expressing both genes. In transfection utilizing this vector, no colonies were obtained,
with the exception of one experiment. In one NIH 3T3 transfection, colonies with low
levels of expression were originally detected, but expression was rapidly lost, in about 3-4
passages. Only later, when transfections were carried out in p19 and H1299 cells were
stable transfections possible to obtain, Table 3.1.2B. Expression in these colonies was
clearly detected by western as shown in Figure 3.1.7, but the signal was just barely above
background in immunofluorescence detection, with the anti-myc antibody, therefore not
sufficiently strong to determine its localization. Deletion of the acidic domain had a greater
effect than expected on the migration of this mutated protein, as seen on the western blot
in Figure 3.1.7, lanes labelled ADE. It was not expected that deletion of 29 amino acid
would have a detectable effect on the migration of a protein with a molecular weight over
100 KDa. This particular mutation was also observed to be generally expressed at higher

levels than the other constructs.

The traditional (bacterial) assay for deubiquitinating activity requires that the protein
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Table 3.1.2 Attempts at generating stable cell lines expressing wt Unp or mutants
A Attempts that failed to result in positive colonies
B Attempts that succeeded in producing stable colonies.
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Date Construct Vector Cell Type Method
Sept 94 | Wt, Cys, AY pcDNA3 NIH3T3 electroporation
Apr95 |CR2,CRI,NLS(AS) | pcDNA3 NIH3T3 electroporation
May 95 | CR2, CRI, NLS (AS") pcDNA3 HFF electroporation
Sep 95 Wt, Cys, NLS pcDNA3 HFF electroporation
Feb 96 Wt, Cys (myc)AS") IRES-based | NIH3T3 electroporation
June 96 | all (myc)AS") pcDNA3 NIH3T3 electroporation
Nov 96 | Wt, Cys, ADE (myc) pcDNA3 NIH3T3 electroporation
Apr 97 Wt (myc) IRES-based | NIH3T3 electroporation
May 97 | Wt(myc) IRES-based | 293T Lipofection
June 97 | Wt (myc) IRES-based | Hela CaPO4
Sept97 | Wt(myc) I[RES-based | NIH3T3 electroporation

B
Oct 97 Wt (myc) IRES-based | P19 CaPO4
Nov97 | Wt, Cys, CR2, ADE [RES-based | P19 CaPO4
Oct 99 Wt (myc) [RES-based | H1299 Effectine
Jan 00 Cys, CR2, ADE (myc) |IRES-based | H1299 Effectine




Figure 3.1.7 Western blot analysis of H1299 stable colonies

H1299 cells were transfected (Effectine, Quiagen) with IRES based constructs of wt Unp and
mutants. 40 pg of proteins were migrated on a SDS-PAGE (7.5%), transferred to a
nitrocellulose membrane and probed with the anti-myc 9E10 antibody. The antibody also
recognized the endogenous human myc protein serving as a loading control. The migration
of molecular weight size markers in Kilodalton (kD) is indicated on the left of the figure.
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be expressed in bacteria. In addition to the concerns raised by this (correct folding and post-
translational modifications), it is not possible to manipulate the conditions in this assay. It
is also only qualitative, and it is not possible to quantitate differences of activity. Anin vitro
cleavage assay became available where the source of deubiquitinating enzymes can be from
mammalian cells as well as from bacteria. In this assay, a radioactive substrate in the form
of a linear fusion of ubiquitin to GST is produced in bacteria and purified using glutathione
beads. This substrate is incubated in the presence of a deubiquitinating enzyme, either
immunoprecipitated from mammalian cells or purified from expressing bacteria. The
products of the reactions are separated on an SDS-PAGE and visualized by autoradiography.
With this assay the activity of Unp and of the mutants was confirmed, whether the source of
Unp was immunoprecipitates (with the myc antibody) of transient transfections or stable cell
lines, or immunoprecipitates of the endogenous Unp protein. Figure 3.1.8A shows the
results of a cleavage assay performed with the Unp protein immunoprecipitated from
transient transfections in 293T cells. As expected from the previous assay, the Cys mutation
completely abolished activity of wild type Unp. In this particular experiment, no decrease
of activity was observed with the CR2 mutant although such a decrease was observed when
this mutant was immunoprecipitated from the stable cell line (panel B). With the CR1
mutation alone, no effect on activity was observed, although its combination with the CR2
mutation always resulted in the elimination of the activity. No effect on activity was
observed for the acidic domain deletion as well as the 5' deletion and the nuclear localization
signal mutant.

In this assay, the conditions of Unp’s activity can be better manipulated and they

were shown to be dependent on the presence of a reducing agent. Normally DTT was added
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Figure 3.1.8 In vitro activity test of wt Unp and mutants

Myc tagged Unp from 2 mg of proteins was immunoprecipitated with the anti-myc 9E10
antibody from lysates of A transient transfections; B stable transfections and incubated with
5 uL of the »°S substrate. The bands were separated on a 10% SDS-PAGE, the gel was
dried, exposed on a phosphoscreen and visualized on the STORM (Molecular Dynamics).
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in the immunoprecipitation buffer. When it was omitted, a drastic decrease of activity was
observed, as seen in Figure 3.1.9.

One possibility for the reduced activity of the CR2 mutant is the elimination of a
zinc finger motif. The sequence of the CR2 motif consists of LXCXE. The subsequent
amino acid in Unp is a cysteine giving an alternative motif of CXXC, which could be part
of a zinc finger. In this case, the mutation of the cysteine to glycine would disrupt binding
to zinc possibly explaining the reduced activity observed. If this model were true, it would
imply that binding to zinc is important for Unp activity. This possibility was tested by
adding increasing amount of EDTA to the immunoprecipitation buffer. EDTA is a
chelating agent that has affinity to divalent ions, including zinc. Thus, increasing amounts
of EDTA should lead to reduced amounts of zinc available for binding to Unp. If zinc
binding is important for Unp’s activity this would result in a decrease of activity that is
reversible by addition of zinc to the reaction. As seen in figure 3.1.9, this is not the case
since an addition of EDTA up to 30 mM (15 times the concentration in normal lysis buffer,
panel B) does not result in any change in Unp’s activity. Adding more zinc to the reaction

also does not increase the activity of Unp (panel A).

3.2 Protein Binding Analysis

In order to identify proteins binding to Unp, whether these are substrates or just
interacting proteins (and possibly regulators), a GST pull-down approach was chosen. For
this strategy, a GST-Unp fusion construct was created by subcloning the myc-tagged Unp

cDNA in frame with the GST coding sequence in a bacterial expression plasmid pGEX4T3
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Figure 3.1.9 Effect of DTT and zinc on Unp’s activity

Unp from | mg of proteins was immunoprecipitated from untransfected H1299 cells and
washed with the conditions indicated in each lane. The immunoprecipitated Unp was
incubated with the >°S labelled substrate under the same conditions. The bands were
separated on a 10% SDS-PAGE, the gel was dried, exposed on a phosphoscreen and
visualized on the STORM, Molecular Dynamics.

A Variation of the concentration of EDTA from the usual 2 mM in lysis buffer to 30 mM.
B Addition of 10 mM Zinc, or 20 mM EDTA, or both.
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(Promega). A fusion construct was also made with the Cys mutant because of the possibility
that a catalytically inactive mutant may bind more strongly to its substrate(s). The Unp
fusion proteins expressed from these constructs contain the GST tag at their N-terminal end
in addition to the Myc tag at their C-terminal end, resulting in proteins with a molecular
weight of approximately 170 KDa. The bacterially expressed fusion proteins were purified
with glutathione beads and expression levels were verified by western blot analysis. Figure
3.2.1A shows a western blot probed with the myc antibody. With both constructs, the
binding to the beads resulted in the purification of full length proteins. The proteins detected
in this manner should be full length since they were purified by affinity for the tag (GST) at
one end and detected by the tag (myc) at the other end. To confirm, a blot was also probed
with an antibody that recognizes the GST tag, panel B. Since the intensities of the bands
were weaker than expected, a bacterial fractionation was done to determine in which
bacterial compartment the protein was expressed. The localization and form of expression
of the protein can determine which method of preparation is the most efficient, especially in
the case of periplasmic expression. As seen in Figure 3.2.2, the majority of the expression
was detected in the insoluble pellet, most likely in the form of inclusion bodies. As expected
from the previous preparation, expression was also detected in the soluble fraction, although
to a lesser degree, but practically no expression was detected in the periplasmic fraction. To
avoid the problem of solubilizing the inclusion bodies, which requires the denaturation of
the proteins, followed by a renaturation step, the cultures were grown and induced at 25°C.
It had been suggested by Takeshima et al. (Takeshima et al., 1994) that induction at room
temperature greatly reduces the production of inclusion bodies for some proteins, thus

increasing the yield of soluble proteins. Using that condition, in combination with a slightly



Figure 3.2.1 Purification of bacterially expressed GST-Unp fusion proteins

Bacteria expressing GST-Unp fusions were lysed and the fusions were purified with
glutathione beads. The proteins were eluted by competition with free glutathione and
alkaline pH in successive fractions. The elution fractions were migrated on SDS PAGE and
probed A with anti-myc and B with anti-GST antibodies
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Figure 3.2.2 Bacterial fractionation and expression of fusion proteins

The bacteria expressing wt GST-Unp fusion were fractionated in cytoplasmic, insoluble and
periplasmic fractions. Aliquots from each fractions as well as total lysates were migrated on
SDS-PAGE and the expression was verified by probing with the anti-myc antibody.
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reduced concentration of IPTG (30 mM instead of 40 mM), the yields were indeed
increased and the purified proteins were visible on a silverstained polyacrylamide gel, figure
3.2.3. Inaddition to the full length product , which can be detected by western blot analysis
with the myc antibody, many other smaller bands were present that were absent in the
control GST alone lane. Since these were also purified with the GSH beads, they are most
likely products of an incomplete translation or partial degradation, and should not interfere
with the binding assay. With the induction at room temperature, the expression of the
fusion proteins improved, but was still not as efficient as the GST alone since a dilution of
1/10 was required to see comparable amounts of proteins, suggesting that the production of
inclusion bodies had not been completely eliminated.

With these conditions, enough proteins were produced and purified on beads to
attempt the pull down assays. This assay was performed with the purified proteins still
attached to the beads, providing means of separating the fusion and bound proteins from the
unbound ones. For these, NIH 3T3 cells were metabolically labelled with **S methionine
and cysteine. Following the 5 hours labelling reaction the cells were lysed, and the lysates
were pre-cleared with GST bound beads which were produced in the same manner as the
Unp fusion proteins, from the pGEX vector. The pre-cleared lysates were then incubated
with GSH-beads bound with either GST alone or in fusion with the wild type or Cys mutant
Unp. After extensive washing, the bound proteins were eluted in SDS sample buffer,
migrated on an SDS PAGE and visualised by autoradiography. A typical result, migrated
on a 7.5% gel is shown in figure 3.2.4. Arrows are pointing to the bands which are present
in the Unp lanes but not in the GST alone control lane (with the exception to the smallest

band which is also present in the GST lane, but is much more intense in the wild type Unp
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Figure 3.2.3 Silverstain of GST-fusions

Bacteria expressing GST-Unp fusions were induced at room temperature to reduce the
formation of inclusion bodies. Fusions were purified by incubation with glutathione beads
and following extensive washing, aliquots (1/5 of the beads from 12ml of bacteria culture)
were eluted directly in SDS sample buffer and migrated on SDS-PAGE. Proteins were
visualized by silverstaining the gel.
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Figure 3.2.4 353-labelled pull down

Two 100mm dishes of NIH3T3 cells were metabolically labelled with *’S Met and Cys
(Promix, Amersham) and 1/3 of the combined lysate was incubated with each of GST or
GST-Unp fusion containing beads. The amount of beads used was 2/5 of the prep (from 12
mL of bacterial culture, which is double the amount used for figure 3.2.3). Interacting
proteins were eluted in SDS sample buffer and migrated on SDS-PAGE. The gel was dried,
exposed on a phosphoscreen and visualized on the STORM, Molecular Dynamics. Bands
present in lanes with fusion proteins and absent in control GST alone lane are indicated with
arrows at the right of the figure.
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lane). The samples were also migrated on a 12.5% gel to obtain a better resolution of the
smaller molecular weight proteins (not shown). The bands that were seen consistently in
most experiments are indicated in Table 3.2.1. One of these, with a molecular weight
around 100 KDa, may be pRb. This is a definite possibility due to the presence of the CR1
and CR2 domains in Unp. Figure 3.2.5 shows a co-immunoprecipitation experiment that
was performed in transfected NIH 3T3 cells. The cells were transfected with Unp, either
alone or with wild-type or mutant pRb. Unp was immunoprecipitated from the lysates with
the myc antibody and migrated on SDS PAGE. Binding to pRb was seen by probing with
an antibody recognizing the pRb protein. Clear binding was observed when both Unp and
wild-type pRb were transfected. The small amounts of binding seen in the other lanes may
be due to the endogenous pRb present in the cells.

In other pRb interacting proteins containing the CR1 and CR2 domains, mutation
of the cysteine residue in the CR2 domain has been shown to be sufficient to abolish pRb
binding. A GST-CR2 Unp fusion construct was generated and its expression in bacteria
verified. Since the yields were usually slightly lower than for the other fusions, the amounts
added to the assays were compensated in consequence. A GST pull down experiment was
performed with the three Unp fusions. Since it was binding to pRb that was investigated
at this point, the assay was performed with unlabelled cell lysates (again NIH3T3) and the
interaction was detected by western blot analysis with an anti-pRb antibody. Figure 3.2.6A
shows a silverstained gel containing approximately the same amount of proteins for the
three GST fusions. In panel B, binding to pRb was detected with both wild type and Cys
mutant Unp, but not in GST alone or with the CR2-mutated Unp, suggesting that the

interaction is not an artefact. Similar results were obtained using lysates from both p19
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Table 3.2.1 Results of *>S GST pull-down
Summary of the consistent Unp interacting bands detected in the s pull-down experiments.
These results are a combination of results from 7.5% and 12.5% gels of three independent

experiments.
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Size Frequen
~100 KDa 33
~70 KDa 2/3
45 to 60 KDa 3/3
~35KDa 2/3
20 to 25 KDa 3/3




Figure 3.2.5 Co-immunoprecipitation in transfected NIH3T3 cells

NIH3T3 cells were transfected with myc-tagged Unp, alone or with pRb. Lysates
(approximately 2 mg in 500 pL) were immunoprecipitated with anti-Myc migrated on SDS
PAGE and probed with anti-pRb. 10 pL of the lysate was run in lanel.
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Figure 3.2.6 Cold GST pull-down - pRb

A Silverstained gel with GST and the three GST-Unp fusion proteins (as described in Figure
3.2.3).

B GST pull-down with unlabelled, untransfected NIH3T3 cell lysate, with 2/5 of the GST
protein preps (double the amount used in panel A). The interacting proteins were migrated
on an SDS-PAGE and transferred on a nitrocellulose membrane. The blot was probed for
the presence of pRb. 1% of input lysate for GST pull down was loaded on lane 1.
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(mouse) and A431 (human) cells (not shown).

pRb is part of a family which also includes p107 and p130. Since Unp is binding to
pRb, the possibility existed that it would also bind to p107 and p130. To test this hypothesis,
the pull down blots were also probed with antibodies against these proteins. As seen in
figure 3.2.7, Unp was able to bind to both although with obvious differences from the pRb
interaction. In contrast to the results obtained with pRb, binding of Unp to p107 occurred
with the CR2 mutant in addition to the other Unp fusion, panel A., while no interaction was
detected in the GST alone lane. Two type of result were seen for p130. In some cases, as
seen in panel B, binding of Unp to p130 was only observed in the lane where Unp’s CR2
domain was mutated, but in other cases, binding was observed in all three Unp-fusion lanes.
The first type of result was mostly observed when using subconfluent NIH3T3 cells while
the second type of result was mostly observed in lysates from confluent NIH3T3, or with
p19 and A431 cells. The fact that both p107 and p130 were able to bind the CR2 mutant
indicated that unlike pRb, these proteins bind some other motif(s) in Unp. The most likely
candidate is the CR1 domain.

GST-fusion constructs were made for two more mutants, the CR1 and a CR1/CR2
double mutant. Since our collaborator had also made a GST-CR2 mutant of Unp that was
different from ours (theirs is a cysteine to serine mutation, whereas ours is a cysteine to
glycine mutation), it was also used in the experiments. Figure 3.2.8 shows a silverstained
gel of all the fusions, including the CR2(S), which migrates slightly faster than the others.
The results of the pull down are shown in figure 3.2.9. In panel A we see that pRb bound
Unp through Unp’s CR2 domain as all the mutants that contained an intact CR2 domain were

able to bind pRb, but none of the three constructs with mutated CR2 domain would. On the
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Figure 3.2.7 Cold GST pull-down - p107 and p130

GST pull-down with unlabelled NIH3T3 cell lysate. The interacting proteins were migrated
on an SDS-PAGE and transferred on a nitrocellulose membrane. The blot was probed for
the presence of A p107 and B p130. Same conditions were used as for Figure 3.2.6.
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Figure 3.2.8 Silverstained gel of all GST-fusions
GST-fusions were generated for CR1 mutant as well as a double CR1/CR2 mutant. Proteins

were prepared as previously described. 1/5 of the preps (from 12 mL bacterial cultures) were
migrated on SDS-PAGE and visualized by silverstaining.
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Figure 3.2.9 Cold GST pull-down with all mutants

GST pull-down with unlabelled NIH3T3 cell lysate. The interacting proteins were migrated
on an SDS-PAGE and transferred on a nitrocellulose membrane. The blot was probed for
the presence of A pRb; B p107; C p130; and D E2F-1. Lane 1 (lysate) represent 1% of
input.
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other hand, p107 bound neither through Unp’s CR1 nor CR2 domains, as all the mutants,
including the CR1/CR2 double mutant, were able to bind it (panel B). Interestingly, p130
seemed to be able to bind Unp through both the CR 1 and/or the CR2 domains since only the
double mutant was unable to bind p130 (panel C). As a control, binding to E2F-1 was tested,
and no interaction was detected (panel D). Same negative result was obtained in probing
for cyclin D1, (not shown). The results obtained from the GST-pull down experiments are
summarized in Table 3.2.2.

The activity of these GST fusion proteins was tested, Figure 3.2.10, to assure the
proper conformation of the purified proteins. As expected, activity was detected from wild-
type Unp but not with the Cys mutant. As observed in most of the previous cases, a reduced
activity was associated with the CR2 mutant, which was completely abolished in
combination with the CR1 mutant. The CR1 mutation alone had no effect on activity as
previously seen.

With the availability of a commercial Unp antibody (useful for western and
immunopurification), it became possible to verify the interaction in a more physiological
setting. Co-immunoprecipitation of both endogenous Unp and pRb could now be attempted
in untransfected cells. Panel A in Figure 3.2.11 shows a co-immunoprecipitation experiment
with the Unp antibody. As seen in the longer exposure, Unp is capable of binding both the
hypophosphorylated and hyperphosphorylated forms of pRb. In contrast, pRb that was co-
immunoprecipitated with the E2F-1 antibody was only of the hypophosphorylated form as
expected from the functional aspect of pRb in the cell cycle. Co-immunoprecipitation was
also observed with the pRb antibody, panel B, although this binding was antibody specific

and only observed with the goat antibody.

78



Table 3.2.2 Summary of the GST pull-down results

All the results obtained in the GST pull-down experiments are summarized in the form of
a table indicating all the possible Unp mutant / pocket protein interactions. A “+” sign
indicates a positive interaction.
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pRb p107 p130
WT + + +
Cys + + +
CRI1 + + +
CR2 - + +
CRI/CR2 - + -




Figure 3.2.10 In vitro activity test with GST-fusions

The beads containing the GST fusions (1/5 of preps, from 12 mL bacterial cultures) were
incubated with 5 uL of the *°S substrate. Bands were separated on a 10% SDS-PAGE, the
gel was dried, exposed on a phosphoscreen and visualized on the STORM (Molecular

Dynamics).
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Figure 3.2.11 Co-immunoprecipitation with endogenous proteins.

A 2 mg of untransfected H1299 cell lysate was immunoprecipitated with anti-Unp or anti-
E2F-1 antibodies. The complexes were migrated on a 7.5% SDS-PAGE, transferred on a
nitrocellulose membrane and probed for the presence of pRb. The lane labelled lysate
represents 1% of input.

B 2 mg of untransfected H1299 cell lysate was immunoprecipitated with different anti pRb
antibodies. The complexes were migrated on an 7.5% SDS-PAGE, transferred on a
nitrocellulose membrane and probed for the presence of Unp.
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3.3 Phosphorylation studies

Depending on gel conditions used, Unp can be seen as a tight doublet. There are
several explanations possible for the presence of a doublet, one being differential
phosphorylation. To address this question, Unp was immunoprecipitated from *P-
orthophosphate labelled cells and resolved by SDS PAGE. Autoradiography revealed that
both bands are phosphorylated (see figure 1A in Appendix 2). Furthermore, these bands
were cleaved, digested and resolved by two-dimensional thin-layer chromatography and the
predominant phosphoaminoacid was shown to be phosphoserine (Figurel B, Appendix 2),
although we cannot exclude phosphorylation of threonine or tyrosine at levels below
detection in the system.

To confirm this data using a second approach, studies of Unp phosphorylation state
was made using phospho-amino acid antibodies. A possible link to Unp’s regulation by
phosphorylation was also investigated.

A cell lysate from untransfected H1299 cells was immunoprecipitated with an
antibody against Unp. The precipitated proteins were migrated on an SDS-PAGE and were
probed with antibodies against the phospho-amino acid epitopes. Only the phosphoserine-
specific antibody detected a signal above background (Figure 3.3.1. panel A). Panel B shows
the results when the experiment was performed in the reverse order. The H1299 cell lysates
were immunoprecipitated with antibodies against the phospho-amino acid epitopes and the
blot was probed for the presence of Unp. A clear signal was obtained in the lane

immunoprecipitated with the pSer antibody, while the high background in the other lanes
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Figure 3.3.1 Phospho-amino acid analysis

A 2 mg of untransfected H1299 cell lysate was immunoprecipitated with anti-Unp antibody.
The complexes were migrated on a 7.5% SDS-PAGE, transferred on a nitrocellulose
membrane and probed with an anti-phospho-serine antibody.

B 2 mg of untransfected H1299 cell lysates were immunoprecipitated with different anti-
phospho amino acid antibodies. The complexes were migrated on a 7.5% SDS-PAGE,
transferred on a nitrocellulose membrane and probed for the presence of Unp.
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makes it impossible to be certain. The apparent bands in the pThr and pTyr lanes however,
could be the result of Unp co-immunoprecipitated with proteins phosphorylated on threonine
and tyrosine.

Immunoprecipitated samples were treated with the general phosphatase CIP in order
to eliminate phosphorylation. Panel A in Figure 3.3.2 shows that the treatment was effective
in eliminating the hypophosphorylated band in immunoprecipitates of pRb, while the doublet
is still present in Unp immunoprecipitates. Although the doublet is still present, the
phosphorylation on pSer was completely eliminated as seen in panel B, where in untreated
immunoprecipitates, both bands were phosphorylated on serine residue(s) while that signal
completely disappeared after treatment. The disappearance of the signal was not due to the
loss of the protein since it was present when probed with an anti-Unp antibody. The CIP
treated and untreated immunoprecipitates were tested for deubiquitinating activity with the
in vitro cleavage assay. The result, shown in Figure 3.3.3 demonstrates that the
phosphorylation was necessary for activity as the sample treated with CIP, in the last lane,

had an activity comparable to the negative control.

3.4 Knock-out of Unp

The biological roles of many genes have been elucidated by analysing the phenotype
of mice in which the expression of these genes had been disrupted. These mice can be
generated by random inactivation of genes (by insertion of retroviral provirus for example)
or by the targeting of specific genes. Gene targeting in embryonic stem (ES) cells has

become a very effective method to introduce specific mutations into the mouse genome.
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Figure 3.3.2 Western of phosphatase treated Unp

2 mg of non-transfected H1299 cell lysate was immunoprecipitated with anti-Unp (anti-pRb
for panel A, right). Half of each sample was treated with the phosphatase CIP. The proteins
were eluted in SDS sample buffer, migrated on a 7.5% SDS-PAGE, and transferred on
nitrocellulose membranes. The blots were probed with the indicated antibodies (Unp and
pRb in panel A, pSer and Unp in panel B).
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Figure 3.3.3 Effect of phosphorylation on Unp’s activity

2 mg of untransfected H1299 cell lysate was immunoprecipitated with anti-Unp. Half of the
sample was treated with the phosphatase CIP. Following incubation of the beads with 5 uL
of the >°S substrate, the bands were separated on a 10% SDS-PAGE, the gel was dried,
exposed on a phosphoscreen and visualized on the STORM (Molecular Dynamics). Positive
control is bacterially purified Unp while negative control is beads alone.
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These cells, originating from the epiblast (primitive ectoderm)(Brook and Gardner, 1997),

retain totipotency and as such are able to contribute to the formation of all tissues, including
germ cells. Targeting in ES cells is achieved by homologous recombination of exogenous
DNA containing the desired mutation, in a targeting vector, with the chromosomal DNA.
Targeted ES cells are injected in blastocysts and implanted in pseudo-pregnant females. If
the procedure is successful, chimeric mice will be bom in which the contribution of the
targeted ES cells can be estimated by the coat color. The injected ES cells originate from
agouti colored mice while the recipient blastocysts originate from white colored mice. The
chimeric mice are then bred with wild-type mice to test for germ-line contribution of targeted
ES cells. These mice, heterozygous for the null mutation can be further bred to obtain
homozygotes, if viable.

To further study the biological function of Unp, it was decided to generate mice null
for Unp. Unp’s genomic structure consist of 22 exons (Di Fruscio et al., 1998) with exon
8 containing all of the Cys domain. The strategy for creating a null mutant of Unp was to
replace this exon with an [RES Bgeo selection cassette (Figure 3.4.1). Mutation of the
cysteine residue in the Cys domain was shown to be sufficient to completely inactivate Unp’s
enzymatic activity (section 3.1.). In combination with the stop codons present in the
selection cassette, deletion of exon 8 should result in a severely truncated, catalytically
inactive protein that does not possess the CR1 and CR2 domains. To reduce the background
of surviving ES colonies that arise from random integration in the genome a promoter-less
strategy was chosen. In this approach, the selection marker (neo) is not expressed from a
exogenous promoter included in the targeting vector. Instead, its expression is dependent

on recombination of the vector in an actively transcribed gene since it is translated from a
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Figure 3.4.1 Targeting strategy for Unp knock-out

The targeting strategy was to delete exon 8, marked with an asterisk, with a p-geo selection
cassette. The targeting vector was constructed with a total of 4.3 kb of homology, the shorter
arm (3") being 1.7 kb. Panel A shows the wild type genomic structure and the targeting
vector while the panel B shows the structure of a targeted allele.
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bicistronic mRNA with the help of an internal ribosome entry site (IRES) sequence
(Mountford et al., 1994). Thus colonies will only be produced when there is homologous
recombination and the resistance gene is expressed from Unp’s promoter or when it
randomly integrates in the coding sequence of another gene. In addition to reducing the
background levels, this approach increases the fidelity of the homologous recombination
event by eliminating the need for any exogenous transcriptional control elements (Mountford
et al., 1994).

The efficiency of homologous recombination is dependent to some degree on the
length of homology present in the targeting vector. A minimum length of homology of 1.7
kb is necessary for the homologous recombination to happen and an increase to 4.2 kb results
in a 16-fold increase (Hasty et al., 1991). Further increases in length do not result in as
drastic an increase in efficiency (Hasty et al., 1991). Also a minimum of 1 kb of homology
on each arm is required for the recombination to occur with fidelity (Thomas et al., 1992).
With these considerations in mind, a strategy was designed to generate a vector with a total
homology of 4.3 kb, including a short arm of 1.7 kb from a 5.3 kb genomic fragment (see
materials and methods). The targeting vector was generated by subcloning of fragments,
without the use of PCR to avoid the problem of introducing mutations. Once the cloning was
finished, all junctions were sequenced to confirmed their integrity.

After trying different combinations of restriction digests and probe fragments, a final
working screening strategy was established, shown in figure 3.4.2. The 1.0 kb probe
fragment containing exon 5 and 6, is situated outside the region that was cloned in the
targeting vector, eliminating the possibility of false positives that can be created with internal

probes combined with a restriction fragment size that coincides with the expected size.
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Figure 3.4.2 Screening strategy
Genomic structure of A a wild type allele and B a targeted allele, demonstrating the

presence of the restriction sites and the size of expected fragments following a Southern blot
analysis with the external exon5-6 fragment as a probe.
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Depending on which of the 2 enzymes is utilised for a particular digest, the targeted allele
will be shorter (Hpal) or longer (Sph1) than the wild-type allele (see figure 3.4.2).

In one set of experiments 128 colonies were picked. Of those 86 grew that gave a
signal either positive of negative, from these colonies 6 were determined positive with both
screening strategies (two such blots are shown in figure 3.4.3). The efficiency of
homologous recombination of 7% would be considered high with the original types of
vectors, but is within expected range for the promoter-less vector used. These colonies were
thawed, expanded and re-screened to confirm their state before being sent to Rudniki’s lab
(McMaster University, Hamilton, Ontario) for injection in blastocysts. Unfortunately no
chimera were produced from these injections although one mouse had black eyes, a early
sign of a possible chimera. Possible explanations were that the ES cells used were too old,
or that the media/serum was not appropriate. To eliminate these possibilities, the
transfection, selection and colony picking were redone in Rudniki’s lab with his cells and
media conditions that has worked for other KO studies. In this experiment, two more
colonies were found to be positive and were used for injection. Again no chimeras were

obtained.
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Figure 3.4.3 Results of Southern blot analysis
Southern blot analysis of ES colonies digested with A Hpal and B Sphl demonstrating
positive colonies.
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Chapter 4

Discussion

Characterization of Unp as a Ubp

In a homology search with protein databases, Unp was found to have domains of
homology with the deubiquitinating family of enzymes. More than 60 Ubps have now been
discovered from many species. Using the highly conserved Cys and His domains, a
phylogenetic tree was constructed with the Ubps entered in the database. This tree is
composed of six major groups with Unp fitting in the biggest, group 1. Sixteen Ubps were
identified in the completely sequenced yeast genome and are distributed throughout the six
groups. Of these, Ubp12 in group 1 is the closest yeast relative of Unp. Groups 1 and 5
contain clusters of yeast Ubps with no related mammalian homologues. This suggest that
either these Ubps assume functions in yeast that have no equivalent in mammalian cells, or
that mammalian Ubps related to these yeast Ubps have yet to be discovered. Since one of
these Ubps, Ubp3, is implicated in gene silencing (Moazed and Johnson, 1996) which is not
a yeast specific event, the latter possibility is more likely. In addition to Unp’s human
homologue, USP4, two other human proteins are highly related, USP11 and USP15. These
three human proteins also share high sequence homology in regions outside the Cys and His
domains, especially in a region encomprising the Cys domain and the CR1 and the CR2
domains. This suggests that they have evolved from a single gene and may have related
functions in the cell. Upb109, the rat homologue of USP15, was shown to be localized to
both the nucleus and the cytoplasm (Park et al., 2000). The nuclear localization was
dependent on only one of three similar nuclear localization signals, LKKR which is similar
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to Unp’s other stretch of basic amino acids, VKKK.

USP21, in group 6, has been shown to possess activity in cleaving NEDD8
conjugates in addition to the ubiquitin conjugates (Gong et al., 2000). This suggests that
only a small variation was necessary to convert a ubiquitin cleaving enzyme to a NEDD8
cleaving enzyme. In contrast, enzymes involved in cleaving the SUMO-1 ubiquitin-like
protein, SENP1, SUSP1, Ulp1 and Ulp2 do not have homology to the Cys and His domains
of Ubps, indicating a greater divergence of the SUMO- 1 pathway from the ubiquitin pathway
than observed with the NEDDS pathway. Not surprisingly, the NEDD8 protein is more
closely related to ubiquitin (50%) that SUMO-1 (18%) (Jentsch and Pyrowolakis, 2000).
With the exception of USP25 which has identical Cys and His domains, USP21 has no close
relative. The high degree of conservation between the active site of USP21 and USP25

suggest that USP25 may also be a dual specificity protease.

As suggested by its homology with the Ubp family of enzyme, Unp is a
deubiquitinating enzyme. This has been demonstrated with two different types of assays and
in parallel in our collaborator’s lab (Gilchrist et al., 1997). The first was the traditional
assay, developed by Tobias and Varshavsky (1991) and used as a screening strategy that
resulted in the cloning of yeast Ubp2 and Ubp3 (Baker et al., 1992). Since then, it has been
used for confirming deubiquitinating activity of many proteins including the yeast DOA4
(Papa and Hochstrasser, 1993) and the Drosophila fat facets (Huang et al., 1995). From this
assay the expected output is a yes or no (white or blue) answer to whether the protein is a
deubiquitinating enzyme. The result of light blue colonies for the CR2 mutant was a

surprise, as the assay was not expected to discriminate between the levels of activity. Unp
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was also shown to be a functional deubiquitinating enzyme with a second assay, the in vitro
cleavage assay. In this assay, the effect of the CR2 mutation was observed from the H1299
stable cells lines but not from the 293T transient transfections. These observations could be
explained by a low efficiency of Unp toward linear fusion substrates, which are probably not
their endogenous substrates. When comparing the levels of substrate cleavage of Unp with
that of USP3, Ubp1 or Ubp2 (Sloper-Mould et al., 1999; Baker et al., 1999) performed by
the same assay, it is clear that Unp does not cleave with the same efficiency. Combined with
the low levels of expression expected from a mammalian vector in bacteria, this could have
brought down the cleavage activity low enough to detect partial cleavage of the Bgal
substrate by the CR2 mutant. The high levels of expression in the transiently transfected
293T cells (cells known for their highly efficient transfections (>90%) and strong expression
of transfected genes (Pear et al., 1993)) could mask the small effect of the CR2 mutation,
which is visible in the lower levels of expression attained in the H1299 stable cell lines.
Unp possesses an N-terminal extension as well as an insertion in the middle of the
core catalytic domain. These are assumed to confer specificity and localization to the
enzymes. This concept was recently demonstrated by Lin et al. (Lin et al., 2001; Lin et al.,
2000). Deletion of these domains in Unp may improve its catalytic activity toward linear
fusion proteins, as well as toward polyubiquitinated proteins in general. Unp can cleave the
isopeptide bond, at least when ubiquitin is conjugated to an &-N of lysine (Layfield et al.,
1999), although it was incapable of cleaving the more complex polyubiquitin chain on
proline-B-gal (Gilchrist et al., 1997). This may be due to the extension and insertion which

would direct the enzymatic specificity toward its cellular substrates.
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There are two possible explanations for the effect of the CR2 mutation on activity.
This mutation may cause a change in the protein folding, or it may destroy a zinc finger
motif. The latter was considered a possibility since the CR2 domain consists of LXCXE and
is followed by another cysteine residue. This CXXC motif in combination with a HXXH
motif downstream could form a zinc finger domain. Similar type of zinc finger domain have
been found to bind zinc in the human YVH-1 protein-tyrosine phosphatase (Muda et al.,
1999) in which it has been shown to regulate its activity. Zinc binding has also been shown
to regulate the function of bovine intestinal alkaline phosphatase (Bortolato et al., 1999), and
to stabilise both the human Sonic Hedgehog (Day et al., 1999) and the myelin-associated
glycoprotein (Kursula et al., 1999). If the reduced activity of this mutant is due to the
elimination of a zinc finger motif, it would be expected that the activity of the wild type
protein is dependent on the presence of zinc. However, no such dependence on zinc was
observed, unless the zinc/protein complexes formed in the cell were bound tightly enough
not to be displaced by the presence of high concentrations of EDTA, a formal possibility.
In addition, there were some observations that support the misfolding model. The CR1
mutation, which had no effect on activity on its own, aggravates the loss of activity observed
with the CR2 mutation alone. In the case of the transient transfection experiments for which
no effect was observed with the CR2 mutant, a greatly decreased activity was observed with
the CR1/CR2 double mutant. This additional effect of the CR1 mutation may be interpreted
as an enhancement of the misfolding induced by the CR2 mutation. If misfolding is the
reason for the decreased activity observed with CR2 mutant, it would have to be minor. This
mutant still retains part of its activity and it is capable of binding both p107 and p130

proteins, suggesting that the overall folding is correct.
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The possibility of assaying Unp’s activity in an in vitro system as opposed to the
bacterial assay has allowed us to better analyse the conditions necessary for Unp’s activity.
From these studies, it was clear that Unp requires a reduced environment to be active. This
observation is not surprising when considering the identity of the amino acids that constitute
the active site. It is now established that three amino acids, a cysteine, a histidine and an
aspartic acid are essential in the formation of this site, and as such are sometimes referred as
the catalytic triad (D'Andrea and Pellman, 1998). The reduced environment may be
necessary for the cysteine residue to be in its proper conformation. Otherwise it may form
disulfide bonds with other cysteine residues which would most likely affect the conformation
of the active site.

A region of Unp was found to be highly acidic, 17 residues out of 32 (53%) are
aspartic or glutamic acids. A deletion mutant of this region did not have any obvious effect
on the activity or localization of Unp. This region may be involved in protein-protein
interactions, possibly with Unp substrates, either as a direct binding site or through the

stabilization of an interaction via a basic patch of the interacting protein.

Unp’s sub-cellular localisation

Nuclear proteins bigger than approximately 45 KDa can no longer diffuse freely in
and out of the nucleus (Miller et al., 1991). They must therefore be actively transported
through the nuclear pores. Recognition of these proteins by the nuclear pore complex is
mediated by short positively charged sequences termed nuclear localization sequences
(NLS). The Unp protein contains a sequence (SQPQKKKK) which has similarity to one of

the p53 NLS (NLSI, PQPKKKP) (Shaulsky et al., 1990) and to the SV40 large T antigen
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NLS (PKKKRK) (Kalderon et al., 1984). The question was whether this sequence is
functional. In the original fractionation experiment, endogenous Unp expression was
detected exclusively in the nuclear fraction (Gupta et al., 1994). In addition, transiently
transfected myc-Unp in COS1 cells was shown to fractionate to the soluble and insoluble
nuclear fractions (Tibbo, 1997). However, the immunofluorescence experiments showed a
different picture. Although there was some nuclear expression, seen by confocal
microscopy, it is clear that Unp was not located exclusively in the nucleus. This discrepancy
can be resolved with the hypothesis that Unp is binding to a structure outside the nucleus
which under the conditions utilized would fractionate with the nucleus. Some observations
suggested that this could be a possibility. In the images obtained with the confocal
microscope, one of the most prominent features was the presence of an intense ring of
fluorescence around the nucleus, which was more intense in cells transfected with the
catalytically inactive protein. This may result from overwhelming the nuclear import
machinery or by a preferred binding site on the nuclear membrane. In addition, pictures of
cells transfected with full length Unp, taken from a fluorescence microscope, showed that
the fluorescent signal in the cytoplasm appears very filamentous. Recent results obtained
with a deconvolution microscope (Gray, personal communication) suggest that myc and GFP
tagged Unp in transient transfection colocalizes with the ER protein BiP, in addition to some
nuclear expression.

In a paper published in 1998 from a group that was interested in the human
homologue of Unp (Frederick et al., 1998), the authors argued for an exclusively cytoplasmic
localization of Unp. Their conclusion was based mostly on a fractionation experiment in

which they detected Unp only in the cytoplasmic fraction, but was not supported by their
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immunofluorescence experiments. In these the localization of Unp was determined by
transfection of myc-tag transfected Unp visualized by fluorescent microscopy. In these
experiments, they observed whole cell expression with some cells demonstrating nuclear
exclusion. Their explanation for these observations was that the whole cell expression was
due to a strong cytoplasmic signal masking the nucleus and that unambiguous nuclear-
exclusion was evident only in fortuitously well-positioned nuclei. Since no confocal
microscopy was performed to confirm nuclear exclusion, and our confocal data show clearly
that there is some degree of nuclear expression, an alternative explanation is more likely.
Apparent nuclear exclusion was also observed in our inmunofluorescence experiment when
visualised with a fluorescent microscope. In these the expression levels of transfected Unp
was very high thus requiring a shorter exposure time when taking pictures. A weak signal
in the nucleus would appear weaker in comparison with a strong signal in the cytoplasm.
Another possible explanation would be cell cycle regulated exclusion from the nucleus.
Such a relationship of localization with cell cycle progression has not been comprehensively
studied, but is not apparent in preliminary experiments (Raynal, unpublished). The
differences they observed in the fractionation experiments may be due to more stringent
conditions in the fractionation buffer, which may not preserve endogenous interactions.

It still remains unclear to what degree the localization of Unp is due to its putative
NLS. Mutation of this domain does not have the expected effect of eliminating all
expression in the nucleus. However, by confocal microscopy the proportion of cells which
presented dark nuclei and the absence of a ring was much higher in the NLS mutant than
with wild-type Unp or other mutants. It would seem that this sequence participates in Unp’s

localization although it does not have the sole responsibility for Unp’s localization. It is
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possible that it is part of a bipartite NLS motif. The p53 NLS has recently been identified
as a bipartite motif (Liang and Clarke, 1999), although there are no basic residues in the
equivalent positions in Unp. There is however another stretch of basic amino acids in Unp

that could serve as an NLS (411-RVKKK)(Rao-Naik et al., 2000).

Protein interactions

The CR1 and CR2 domains present in Unp (LHE spacer LXCXE) has been
demonstrated to be a pRb binding domain in many other mammalian (RB P-1, RBP-2) and
viral (SV40 largeT, ad5S E1A, HPV16 E7) proteins (Defeo-Jones et al., 1991). This
suggested that these domains in Unp were also involved in binding pRb. The possible Unp-
pRb interactions were first tested by a GST pull down assay. GST-Unp fusions were
constructed for the wild-type and different mutants of Unp. Problems with the solubility of
the fusion proteins, resulting from the formation of inclusion bodies by the bacteria were
greatly reduced by inducing expression at room temperature instead of 37°C as suggested
by Takeshima et al, 1994. This problem of purifying soluble protein is not inherent to Unp,
but seems to be common with many Ubps (Wilkinson, 1997). With the new conditions it
was possible to purify enough proteins to visualise on gel and to perform the binding assay.
Full length proteins were obtained which was verified by the presence of both the GST and
the myc tags. In addition to full length proteins, other smaller bands were seen. Since these
were observed following GSH beads purification, and the GST tag being present at the N-
terminus, they most likely result from premature termination of translation. It is not
expected that these would interfere with the binding assay. With this assay it was

demonstrated that Unp is indeed capable of binding pRb. The interaction is dependent on
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an intact CR2 domain, but was not affected by the CR1 mutation. Mutation of the cysteine
residue in the CR2 domain is sufficient to abolish binding, as had been observed with other
pRb binding proteins (Corbeil and Branton, 1994). The CR1 domain may also contribute
to stable binding but is not required in this assay.

Two proteins share homology with pRb and have a similar function in the cell. These
proteins, p107 and p130 were also investigated as possible Unp interacting proteins. Both
of them were found capable of interacting with Unp, although their interactions were
mediated in a different manner from that of pRb. In contrast to pRb where only the CR2
domain was critical for interaction, binding of Unp with p130 can occur through either the
CR1 or the CR2 domains. The only mutant that was unable to interact with p130 was the
double CR1 and CR2 mutant. An interesting observation was made in some pull-down blots
probed with a p130 recognizing antibody. In some experiments the interaction of Unp with
p130 was not detected unless the CR2 domain was mutated. One possible explanation for
this observation is that the interaction of Unp is stronger with pRb than with p130, in which
case, only when Unp is unable to bind pRb (in the CR2 mutant) can it bind p130. An
alternate explanation would be that the interaction with pRb is not necessarily stronger but
the observation is due to the presence of a higher concentration of pRb than p130 in the
protein lysate. This observation was usually made when using sub-confluent, growing,
NIH3T3 cells for generating the cell lysates. Most experiments were performed with
confluent dishes of cells or a mix of confluent and sub-confluent dishes, and often with cells
having some degree of contact inhibition. In cell cycle arrested cells, the most abundant
pocket protein is p130 (Smith et al., 1996; Smith et al., 1998). On the other hand, neither

motifs were required for binding to p107 protein since all fusion proteins maintained the
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ability to interact with it. The region(s) of Unp required for binding with p107 remain
unknown. Binding of pl107 has been demonstrated for other proteins including cMyc
(Beijersbergen et al., 1994b), B-Myb (Sala et al., 1996), and PR59 (a regulatory subunit of
protein phosphatase 2A) (Voorhoeve et al., 1999) in addition to E2F-4 (Ginsberg et al.,
1994). None of these proteins contain the CR1 or CR2 motifs. HBP1, which contains a CR2
domain is able to bind both pRb and p130, but not pl07 (Tevosian et al., 1997).
Furthermore, no mutation of E1A’s CR1 and CR2 was able to abolish p107 binding (Corbeil
and Branton, 1994). There is no obvious motif conserved between these p107 interacting
proteins that would be indicative of a possible binding domain. This may be the result of
several existing pl107 binding motifs, or this motif may only be formed by the three-
dimensional structure of the interacting proteins. However, it is still a possibility that Unp
binds p107 through either the CR1 or CR2 domain. In this study only point mutations were
made in these domains, perhaps a full deletion of a CR domain is required for abolition of
the interaction.

Although the Unp interacting proteins in this system are from an endogenous source,
from the lysates of untransfected cells, the Unp component is purified from a bacterial
expressing system. Although this was necessary to study interaction with Unp mutants, it
would be useful to study interactions in a more endogenous setting. It was possible to co-
immunoprecipitate endogenous Unp and pRb complexes from H1299 cell lysates. Co-
immunoprecipitation was observed when precipitating with both the Unp antibody as well
as with a pRb antibody, although not all pRb antibodies were proficient. The fact that not
all antibodies were able to co-immunoprecipitate is not surprising. The antigen motif

recognized by an antibody, especially with monoclonal antibodies, may be hidden by the
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interacting protein of the complex. The signal detected in co-immunoprecipitation was
stronger when cells were transfected with both Unp and pRb, as expected for a complex of
low abundance. Both the hyperphosphorylated and hypophosphorylated forms of pRb were
detected in the colP experiments, while control IP with E2F-1 only detected the
hypophosphorylated form. Only the hypophosphorylated form of pRb was expected to
interact with E2F-1 since phosphorylation of pRb is the signal that causes it to release E2F-1
at the end of the G1 phase. The fact that Unp is able to bind both forms of pRb indicates that
the interaction is phosphorylation independent thus significantly different from the E2F-1
interaction.

In addition to Unp, other proteins have been demonstrated to bind all three pocket
proteins, HDAC-1 (Ferreira et al., 1998), TFIIIB (Sutcliffe et al., 1999) and prohibitin (Wang
et al., 1999). These proteins are all implicated in the repression of E2F mediated
transcription.

In pull-down experiments performed with metabolically labelled proteins for the
detection of all interacting proteins, other bands were reproducibly detected in addition to
the approximately 100 KDa band. This suggest that other Unp interacting proteins exist. At

this point in time thought, the identity of these proteins is unknown.

Phosphorylation status

Unp is detected as a doublet by western blot analysis. This doublet cannot be due to
alternative splicing since it is also detected with an anti myc antibody after transfection of
a myc-tagged cDNA in cells. Another possibility is that Unp is modified by

phosphorylation. This hypothesis was supported by the finding that Unp is phosphorylated
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on serine residue(s), detected by a tryptic/phospho-amino acid analysis (see Figure 1 in
appendix 2). In that analysis no phosphorylation of threonine or tyrosine residues was
detected. Phosphorylation of Unp was confirmed with immunoprecipitation-western
experiments with phospho-amino acid antibodies. Phosphorylation was consistently detected
with anti phospho-serine antibody whether it was used in the immunoprecipitation (detected
with anti Unp) or in the western detection (IP with anti Unp). These experiments do not rule
out the possibility of phosphorylation on either threonine or tyrosine. In fact, in some
instances positive signals were obtained, but these results were not consistent. The
possibility exists that phosphorylation occurs on these residues, but present in lower
stoichiometry than with serine phosphorylation, at the limit of detection.

Although Unp is a phosphoprotein, phosphorylation does not account for the
appearance of the doublet. In fact both bands can be detected on a western blot with an
antibody directed against the phospho-serine epitope. In addition, following treatment with
a general phosphatase (CIP), the signal with the phospho-serine antibody is lost, while the
doublet is still present when the western blot is probed with anti Unp antibody.

The identity of the modification that results in this doublet is still unknown. In
addition to phosphorylation, we have eliminated the possibility of it being a conjugation to
ubiquitin and to a ubiquitin like molecule, SUMO-1 (data not shown). Conjugation to
SUMO-1 was considered since it has been shown that its conjugation on certain proteins
targets them to the nuclear membrane or nuclear pores (Matunis et al., 1998; Saitoh et al.,
1998). Since Unp is detected as a ring surrounding the nucleus, it was plausible that
conjugation with SUMO-1 was responsible for this localization.

Although the phosphorylation does not account for the presence of the doublet
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observed on western blots, it is not without effect. The deubiquitinating activity of Unp was
shown to be dependent on its phosphorylation status. Treatment with the CIP phosphatase
completely eliminated its activity when assayed by the in vitro activity test, while not
changing its molecular mass. Whether the phosphorylation event necessary for regulating
Unp’s activity is on a serine residue or on a hard to detect threonine/tyrosine residue is still
unknown. It is also still unknown which serine residue(s) are phosphorylated in Unp.

The possibility that a deubiquitinating enzyme is regulated by phosphorylation is very
interesting. It would be the first case of such regulation with the deubiquitinating aspect of
the ubiquitin pathway. The ubiquitination part of the pathway has been demonstrated to be
regulated in some instances by phosphorylation. Many proteins involved in the G1 phase
of the cell cycle are degraded in a phosphorylation dependent manner. These include cyclin
E (Clurman et al., 1999; Won and Reed, 1996) and the Cdk inhibitor p27 (Tsvetkov et al.,
1999). These proteins are recognized by the SCF type of E3 enzymes. To date, all proteins
ubiquitinated with help of the SCF E3s have been shown to require phosphorylation for
recognition. The only possible exception is E2F-1 for which it is still unknown if
phosphorylation is required, although it is expected that it will be. Regulation of Unp’s
activity by kinases and phosphatases may be a quick way for the cell to respond to a
changing environment. If phosphorylation by a kinase is sufficient for Unp’s activation
following a specific signal, it could quickly result in the stabilization of its substrate(s).
See manuscript in Appendix 2 for a more comprehensive analysis of the phosphorylation

status of Unp.
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Model and speculation

As more deubiquitinating enzymes are discovered, it is becoming clear that they are
not solely involved in the recycling of ubiquitin monomers as originally thought, but have
important roles in regulating specific pathways. Some of these Ubps are expressed only in
certain conditions and in certain tissues. For example, the murine Dubl (Zhu et al., 1996)
and Dub2 (Zhu et al., 1997) proteins are only expressed in hematopoietic cells following
specific cytokine induction. Their overexpression induces cell cycle arrest and thus they
seem to provide a checkpoint for proper induction of cycling. The Ubps are now viewed as
critical regulators of protein degradation. The half life of a particular protein is probably
mediated by the balance of the activity of ubiquitin conjugating and cleaving enzymes, where
a change in the level of activity of either could change the stability of the substrate. This
type of regulation would permit a rapid temporal or spatial change of a protein’s abundance
by modifying the activity of either enzymes. This is of particular interest in the cell cycle
where a protein’s stability suddenly decreases in a particular stage of the cycle.

The questions that are now arising in the deubiquitinating field are dealing with
discovering the identity of Ubp substrates and the modes of regulation of these enzymes. For
most of these enzymes, including Unp, these answers are still unknown.

When overexpressed, Unp acts as an oncogene (Gupta et al., 1994), and its human
homologue (USP4) has been shown to be involved in certain types of human lung cancers
(Gray et al., 1995). It is therefore a likely possibility that at least one of its substrates is
involved in the control of the cell cycle. Although Unp is capable of binding the three pocket
proteins, it is unlikely that these are actual substrates of Unp. There are two reasons for this.

Due to their transient nature, an enzyme-substrate interaction is not expected to be strong
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enough for detection by the type of assay used. But more important, with the exception of
p130 (Smith et al., 1998), these proteins have not been shown to be conjugated by ubiquitin
and degraded by the ubiquitin pathway. It is more probable that the effect of their binding
is the regulation of Unp’s activity in some manner. One interesting possibility is that these
pocket proteins serve as scaffold proteins to bring Unp in contact with its substrate(s).

Since Unp is oncogenic when overexpressed, it is not unreasonable to postulate that
at least one of its substrates is a proto-oncogene. The overexpression of Unp is expected to
result in the stabilization of its substrate(s) by the shortening of their polyubiquitin chain.
It would therefore produce the same effect as overexpressing these substrates, including this
possible proto-oncogene. In fact, this effect of overexpression has been demonstrated with
the Drosophila deubiquitinating enzyme Faf, the first Ubp for which a substrate has been
identified. An increased expression of its substrate, liquid facet (Iqf), was found to be
sufficient to compensate for the effects caused by the absence of functional faf proteins
(Cadavid et al., 2000).

The E2F family of transcription factors have many characteristics that make them
good candidates for Unp’s substrates. First, many of its members have proven oncogenic
properties (Xu et al., 1995). E2F-1 in particular has been shown to be sufficient to induce
DNA replication (Johnson et al., 1993; Kowalik et al., 1995; Qin et al., 1994; Shan and Lee,
1994), and to cooperate with activated Ras to transform cells and form tumours in nude mice
(Johnson et al., 1994a; Jooss et al., 1995; Singh et al., 1994). The activity of the E2Fs is
tightly regulated at many levels. In addition to their temporally regulated transcription
(Johnson et al., 1994b; Neuman et al., 1994; Slansky et al., 1993), the activity of the proteins

is modulated negatively by binding to pocket proteins, their DNA binding activity is
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regulated by phosphorylation (by cyclinA/Cdk2)}(Dynlacht et al., 1994; Krek et al., 1995;
Leone et al., 1998), and the protein levels are regulated by ubiquitin mediated degradation.
This degradation has been demonstrated for E2F-1, 3, and 4 (Flores et al., 1998; Hateboer
etal., 1996; Hofmann et al., 1996), suggesting that it is a general mechanism to regulate E2F
protein abundance. Interestingly, the ubiquitin mediated degradation of E2F1 and E2F4
occurs only with the “free” form of E2Fs (free of pocket proteins, but in a dimerized form
with DP). Binding of E2F with a pocket protein protects it from degradation (Hateboer et
al., 1996; Hofmann et al., 1996; Martelli and Livingston, 1999). To date, this protection
effect of the pocket proteins has not been fully explained. It is thought to be necessary to
assure that in GO and G1 phases of the cycle, enough E2F/pocket protein complexes are
present in the cell to fully repress E2F responsive genes, while the excessive E2F, which is
not bound to a pocket protein would be degraded. Since most of the free E2F occurs in S
phase while the pocket-protein bound E2F occurs mostly in G0-G1 phase, the protection of
E2F by pocket proteins results in phase dependent different half-life of E2F. Expression of
large T antigen which abolishes E2F/pRb complexes also eliminates this cycle dependent

difference in half life (Martelli and Livingston, 1999).

Our model is that the E2Fs are substrates of Unp, that their protection from
degradation obtained by binding to pocket proteins is mediated by the action of Unp, see
Figure 4.1. In effect, the function of Unp’s binding to the pocket proteins would be to allow
Unp access to its substrates, the E2Fs, but only in GO, G1 phases when these proteins need
to be stabilized. Unp ability to bind p107 and p130 in addition to pRb would result from the

fact that E2F-4 and E2F-5 binds preferentially to them.
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Although the binding of viral CR2 containing proteins to pRb results in the
dissociation of pRb from the E2Fs, this is not a direct consequence of the CR2 mediated
binding. This effect most likely arises from a stearic hindrance caused by other parts of the
viral proteins. Binding of HDAC-1 to pRb through a similar CR2 domain does not disrupt
its interaction with the E2Fs. In fact it depends on these interactions to assume its function
which is the repression of E2F-responsive genes (Ferreira et al., 1998). In the same manner,

binding of Unp to pocket proteins is not expected to disrupt the pocket/E2F interactions.

The CR2 binding site in pRb is highly conserved across species which suggests that
this structure is critical to the normal function of pRb (Lee et al., 1998). Many pRb
interacting proteins have been discovered, and among them at least 19 (in addition to Unp)
have the LXCXE or related sequence (Dick et al., 2000). A key component of pRb’s
properties as a cell cycle regulator is thought to be the regulation of E2F-dependent
transcription (Dyson, 1998), and it has been shown that the repression of E2F target genes
is sufficient to induce a cell cycle arrest (Sellers et al., 1995). The elimination of the LXCXE
binding site in pRb does not affect pRb’s ability to bind the E2Fs (Dick et al., 2000).
Surprisingly, this mutant retained the ability to actively repress the transcription of E2F-
responsive promoters and efficiently arrest pRb-deficient cells in G1 (Dick et al., 2000). As
a consequence, that mutant generates a pRb arrest that is resistant to the inactivating effects
of viral proteins. Thus, the evolutionary conservation of the LXCXE binding motif does not
have the purpose of binding cellular proteins to affect its cell cycle arrest properties. It must
therefore be conserved to bind cellular LXCXE containing proteins whose function is

independent of cell cycle arrest. Binding to Unp may be one of these functions. Unp’s
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Figure 4.1 Model of Unp’s function

A Cells in S phase. In this phase, the E2Fs are not in complex with pocket proteins. In this
free form, they are ubiquitinated and efficiently degraded by the proteasome.

B Cells in GO (quiescence) or early Gl. In these phases, the E2Fs are bound to pocket
proteins (here shown with pRb). Although ubiquitination still occurs, the chains are cleaved
by Unp which have access to the E2Fs through its interaction with the pocket proteins. As
a result, the E2F proteins possess a longer half-life.
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binding with pocket proteins and the stabilization of E2Fs may assure that enough E2F is
present at the restriction point to promote an efficient transition from G1 to S phase.

A more direct piece of evidence to support this model of Unp was obtained from in
vitro experiments in which the synthesis of a polyubiquitin chain on E2F-1 was reduced by
a factor of two in the presence of Unp (Pagano, personal communication).

Although the in vivo experiments did not demonstrate any significant differences on
the stability of E2Fs in Unp transfected versus untransfected cells, this may simply be due
to an inappropriate system used in these experiments. The ideal system would be a Unp
negative cell line versus a Unp expressing cell line. Since Unp expression is ubiquitous to
all cells, a knock-out cell line would be required. Unfortunately, all the attempts made to
generate knock-out mice were unsuccessful. So the next best approach was also tried. ES
cells in which one allele had been targeted by the knock-out vector were grown in 10 times
the concentration of hygromycin to select for colonies in which the second allele was
converted to the targeted allele. Although tried with many ES clones, this approach was also
unsuccessful.  This failure to generate a double knock-out ES cell line may be due to
technical difficulties (location of Unp’s gene) or to the possibility that the absence of Unp
is lethal to the cells.

This model may also help explain the difficulties encountered when attempts were
made in establishing stable cell lines expressing Unp. E2F-1 has been shown to have
tumour-suppressor capabilities in addition to its oncogenic ability (Field et al., 1996;
Yamasaki et al., 1996) when functionally overexpressed. This function of E2F-1 is mediated
through its ability to induce apoptosis in a p53 dependent manner. Thus, cells

overexpressing Unp may as a consequence also be overexpressing E2F-1. This would result
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in an activation of p53 followed by either apoptosis or cell cycle arrest. In either case, the
transfected cells would not be able to grow sufficiently to produce colonies. Interestingly,
the two cell lines in which it was possible to obtain stable colonies, p19 and H1299, have
been confirmed to be deficient in the expression of p53 (Boivin et al., 1999; Schmidt-Kastner
et al., 1998). In the original tumorigenicity experiment, Unp was transfected in NIH3T3
cells and injected in nude mice. Mice receiving Unp-transfected cells produce tumours
whereas mice receiving untransfected cells did not. However it has not been possible to
establish Unp stable cell lines with NIH3T3 cells. At most these colonies express for a few
passages before losing expression. This apparent discrepancy can be resolved when taking
into consideration that for the nude mice experiment, Unp transfected cells were selected
only for a brief time before they were pooled and injected in mice. Whereas in the stable
experiments individual colonies were selected, thus requiring long term stability of
expression. The conditions of growth are also very different in tissue culture compared to
growth in the mouse organism. Therefore a gene whose expression is selected against in an

in vitro culture, would not necessary be selected against in an in vivo culture, or as rapidly.

Although the model proposes E2Fs as substrates, these are most likely not the only
ones, especially since only a small fraction of Unp seems to localize to the nucleus. Other
substrates of Unp may be found to co-localize at the nuclear envelope or at the endoplasmic
reticulum (ER).

Unp has previously been demonstrated to be an oncogene. The human homologue,
USP4, has been implicated in lung cancers, in small cell lung cancer and adenocarcinomas

of the lung (Gray et al., 1995), in which it was consistently overexpressed. USP4 has been
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localized to chromosome 3p21 (Gray et al., 1995), a region that is frequently rearranged in
lung and breast tumors (Ali et al., 1989; Kok et al., 1987). This suggest a mechanism of
action for the induction of Unp’s ovcrexpmsioﬁ in lung tumor.

Interestingly, Eymin et al. have recently shown that E2F1 is upregulated in the
majority of small cell lung cancer (Eymin et al., 2001). This upregulation of E2F1 was not
due to amplification of the gene, but to increase levels of mRNA. The E2F1 was functional,
determined by elevated levels of cyclin A and E, cdc2 and DHFR, and they found no
correlation between the status of E2F1 and pRb in the cells. The authors were unable to
explain the elevated expression of E2F1 in these tumors except to mention the observation
that E2F1 has been reported to stimulate its own transcription. Since E2F1 is known to be
a tumor suppressor as well as an oncogene, they have measure the ratio of Bcl2 and Bax and
the KI67 apoptotic index and determined that SCLC are less susceptible to apoptosis than
NSCLC (non small cell lung cancer), which correlated with the levels of E2F 1 between these
two groups. Therefore, they conclude that in SCLC, overexpression of E2F1 would lead to
increase proliferation. One possible explanation of these results, in the light of our model
is that the overexpression of Unp seen in this type of tumors may protect E2F1 from
degradation which would in return transactivate its own promoter to result in a drastic
increase in the E2F1 levels and promote proliferation.

It is now demonstrated that Unp is a deubiquitinating enzyme capable of interacting
with the three pocket proteins. Since these proteins are involved in the control of the cell
cycle, it is a likely possibility that overexpression of an enzymatically active Unp affect their
regulation. As a consequence, interfering with Unp’s enzymatic activity would be a possible

approach in restoring the cell cycle control that is disrupted in these tumors.
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It will be very interesting to find out what the phenotype of mice null for Unp will
be. The targeting vector will be used with a different system for generating knock-outs that
has been recently established in the Cancer Research Group. Their approach use the newer
aggregation technique combine with a different ES cell line, (R1 cells) instead of the
traditional blastocyst injection method. The recent cloning of two human genes,USP15 and
USP11 (Baker et al., 1999; Swanson et al., 1996), with high homology with USP4 suggest
the presence of Unp related genes in the mouse genome. Whether these proteins have the
same localization and specificity than Unp, and if they have redundancy remains to be

determined, but Unp null mutant mice would also address that issue.
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Association of UNP, a ubiquitin-specific protease, with the pocket proteins

pRb, p107 and p130
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The murine Unp genme encodes a widely expressed
ubiquitin-specific protease. The predicted sequence of
the UNP protein features motifs common to viral
oncoproteins through which these proteins interact with
the retinoblastoma gene product pRb, as well as the
related ‘pocket proteins’ pl07 and pl130. We have
explored the possibility that UNP interacts with pocket
proteins, and report here that such associations can be
detected in vitro and in cells. Associations of UNP and
pocket proteins are sensitive to site-directed mutations in
a manner directly analogous to those documented in viral
oncoproteins. We conclude that within cells UNP does
physically associate with pRb, and can also associate
with p107 and p130. Oncogene (2001) 20, 5533 - 5537.

Keywords: ubiquitin; Ubp; deubiquitinating enzyme;
retinoblastoma; pocket protein

The pRb tumor suppressor protein plays a central role
in the regulation of the Gl to S phase transition of cell
cycle, its function mediated through interactions with
several cellular proteins (reviewed in Grana et al., 1998;
Lipinski and Jacks, 1999). Binding of associated
proteins to pRb can occur in different binding domains
of pRb, but most proteins bind the ‘pocket’ region,
which is composed of two domains, A and B,
separated by a spacer region (Lipinski and Jacks,
1999). Proteins binding the pocket tend to interact
through CR domains, first discovered in the viral
oncoproteins adenovirus EIA (Whyte er al, 1989),
SV40 large T antigen (DeCaprio et al., 1988), and HPV
E7 (Dyson et al., 1989) but subsequently identified in
cellular proteins, including RBP1 (Fattaey er al., 1993),
RBP2 (Fattaey er al., 1993), and RIZ (Buyse er al.,
1995). Cell cycle transitions are rendered irreversible by
the destruction of key molecules through ubiquitin-
mediated proteolysis (reviewed in Hoyt, 1997; Koepp
et al., 1999). Relevant proteins regulated by this
pathway include the cyclins (Diehl e al., 1997; Glotzer
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et al., 1991), Cdk inhibitors (Carrano er al.. 1999) and
p130 (Smith er al., 1998), a member of the pRb family.
Under normal conditions pRb does not appear to be a
substrate of ubiquitin/proteasome pathway, but it may
be directed into the proteolytic pathway by viral
proteins (Boyer et al.. 1996). Some pRb-binding
proteins are known substrates of the ubiquitin
proteolytic system, including c-myc (Gregory and
Hann, 2000), E2F-1 (Hofmann et al., 1996) and E2F-
4 (Hateboer et al., 1996). Unp encodes a ubiquitin-
specific protease (Ubp) that in some circumstances can
promote oncogenesis (Gupta er al.. 1994). As is the
case for most of the ubiquitin-specific proteases, the
number and identity of UNP’s substrates and the mode
of its regulation are unknown. In an effort to identify
UNP interacting proteins (which could be either
substrates or regulators) binding studies were under-
taken. Having previously noted the presence of
sequences related to viral oncoprotein CR domains in
the UNP protein sequence (ibid, Figure la), we were
particularly interested in the possibility that UNP
physically interacts with pRb, and/or the related
pocket proteins p107 and p130.

GST fusions of myc-tagged UNP and mutants
thereof were generated, purified from a bacterial
expression system and incubated with metabolically-
labeled NIH3T3 cell lysates for GST pull-down
experiments. Consistent UNP-interacting bands were
observed (Figure Ic) for both wild-type and catalyti-
cally inactive UNP, demonstrating that associations
exist that do not require catalytic activity. One such
band was detected at approximately 100 kDa. The
apparent molecular mass of this band together with the
presence of the LxCxE motif in UNP (Gupta ez al,
1994) suggested that it might be pRb. The pull-down
experiment was repeated with non-labeled cell lysates
and the interacting proteins were probed with an anti-
pRb antibody (Figure le). As seen in Figure le, the
interaction of UNP with pRb was found to require the
LxCxE motif. Substitution of the central cysteine
residue in this motif abolished pRb association as
had been previously demonstrated for the analogous
residue in the adenovirus EIA LxCxE motif. This
association was not specific to the mouse or to
NIH3T3 cells in particular; identical results were
obtained in lysates from murine pl9 teratocarcinoma
cells, human A431 epidermoid carcinoma cells, and
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Figure 1 Association of UNP with pRb. (a) Schematic of UNP, with the positions of the putative interaction domains (CR1 and
CR2) indicated. The shaded boxes represent highly conserved catalytic domains common to Ubp enzymes. (b) Production of
recombinant GST fusions. GST fusions of myc-tagged wild type UNP, the Cys domain mutant of UNP, and the CR2 mutant of
UNP were expressed in the TGl strain of E. coli, induced at room temperature with 30 mm IPTG for 4 b, lysed in PBS+1%
Triton + inhibitors and purified with GSH agarose beads (Sigma). Expression levels were verified by silverstaining an SDS-PAGE
gel. The GST-UNP band was detected at its predicted molecular mass of 170 kDa. (¢) GST pull-downs of metabolically labeled
NIH3T3 cells. 100 mm dishes of ~80% confluent cells were labeled with 200 mCi/ml of **S methionine/cysteine (Promix,
Amersham) for 5 h at 37°C and were lysed in lysis buffer (20 mm Tris pH7.5, 150 mm NaCl, 2 mm DTT, 1% Triton X-100, 5%
glycerol, 2 mM each of NaF and NaPPi, 500 mM sodium vanadate, 200 mm PMSF, 5 mg/ml leupeptin, and 2 mg/ml aprotin).
Following an overnight pre-clearing of the lysates with GST-beads, they were incubated with fusion-beads for 2 h at 4°C. The
fusion beads were then extensively washed and binding proteins migrated on an SDS—PAGE and visualized by autoradiography.
Arrows to the right indicate bands that are consistently seen in the UNP fusion lanes but absent in the GST alone control lane. (d)
Verification of recombinant GST fusions, as per b. (¢) GST pull-downs as per b, but performed in the absence of metabolic labeling.
The unlabelled interacting proteins were transferred to a nitrocellulose membrane and probed with a mouse anti-pRb antibody. G3-
245 (Pharmingen, 1/200 dilution)

human H1299 non-small cell lung cancer cells (data not ~ LxCxE-dependent association of UNP and pRb was
shown). Further, in an independent body of work in  detected in a distinct set of human cell lines (described
the laboratory of Dr Michele Pagano, the in vivo, in the accompanying report of DeSalle er al., 2001).
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Our unpublished work suggests that like pRb, UNP and pRb requires post-translational modification of
can be phosphorylated in vivo (Raynal and Blanchette, either partner, because it could be detected when both
unpublished). It is unlikely that the association of UNP  proteins were produced in bacteria (PhD thesis of C
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Figure 2 Association of UNP with pl07 and p130. (a) GST- UNP fusions were created containing site-directed mutations of the
CR1 domain as well as 2 CRI/CR2 double mutation. These fusions were expressed in bacteria, and expression levels were verified
by silverstaining of an SDS-PAGE gel. (b) Left pancl: GST pull-down as per 1d, probed with an anti-pl07 rabbit polyclonal
antibody (C-17, Santa Cruz). Right panel: Western blot confirming the specificity of the antibody for pl07. No signal was detected
in a lysate of primary fibroblasts from a p107 homozygous null mouse (LeCouter et al., 1993a). (¢) Left panel: GST pull-down as
per 1d, probed with an anti-p130 rabbit polyclonal antibody (C-20, Santa Cruz). Right panel: Western blot confirming the specificity
of the antibody for p130. No signal was detected in a lysate of primary myoblasts from a p130 homozygous null mouse (LeCouter
er al., 1998b). Antibody dilutions for panels b and ¢ were 1/100. (d) Summary of all GST pull-down results for the interactions of
the three pocket proteins with UNP mutants
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Gilchrist, Australian National University, 1998). Asso-
ciation of bacterially produced UNP and pRb was
abolished by mutation of the UNP LxCxE motif (ibid).

Because pRb belongs to a family of proteins that
includes pl07 and pl30, we tested for possible
interaction of Unp with these pocket proteins. As seen
in Figure 2, both p107 (b) and p130 (c) interact with
UNP, although with different requirements for the CR
domain LxCxE motif than pRb. Interactions of mutant
UNP with the pocket proteins are summarized in D.
No interactions were detected with either E2F-1 or
cyclin D1 (data not shown).

The UNP-pRb interaction occurs in an endogenous
complex, but not an abundant one. A weak interaction
was detected in co-immunoprecipitations of untrans-
fected H1299 cell lysates with an anti-UNP antibody
(Figure 3a, long exposure), or with one of two anti-
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Figure 3 In vivo interaction of UNP and pRb as detected by co-
immunoprecipitation. (a) H1299 cells were lysed in the same
buffer as in Figure Ic and immunoprecipitated with an anti-UNP
rabbit polyclonal antibody (CSM-11, Zymed, 1/100 dilution) or
an anti-E2F-1 rabbit polyclonal antibody (C-20, Santa Cruz, 1/
125 dilution), then probed with an antibody to pRb. (b)
Reciprocal experiment. H1299 cells were lysed, immunoprecipi-
tated with a goat anti-pRb polyclonal antibody (C-15 goat, Santa
Cruz, 1/100 dilution) or a murine anti-pRb monocional antibody
(G3-245, Pharmingen, 1/100), then probed with the anti-UNP
polyclonal antibody (Zymed CSM-11, 1/500). (c¢) Co-immunopre-
cipitation of UNP and pRb in transfected murine cells. NTH3T3
cells were transfected with a myc-tagged UNP plasmid with or
without a pRb expression plasmid. UNP was immunoprecipitated
using the mouse monoclonal antibody 9E10 against the myc
epitope tag, and the precipitated proteins were probed with the
anti-pRb monoclonal G3-245

pRb antibodies tested (b, goat polyclonal lane). As
expected from a low abundance complex, exogenous
transfection of plasmids for these proteins increased
the signal obtained (c, lane 3 versus lane 2).

It has been reported that only the hypopho-
sphorylated form of pRb binds to E2F-1 (Helin er
al., 1992; Shan et al., 1992), a finding that has been
incorporated into the popular model of pRb’s
function in the GI1-S transition (reviewed in Nevins,
1998). We have observed that UNP can interact with
both hypo- and hyperphosphorylated forms of pRb as
indicated by the doublet in Figure 3a (long exposure).
These data suggest a fundamental difference in the
interactions of UNP or E2F-1 with pRb. There are
also major differences in the manners in which the
pocket proteins interact with UNP. The interaction of
pRb requires only the CR2 domain LxCxE motif,
whereas p130 can utilize either the CRI1 or the CR2
domain. Qur data suggest that pl07 requires neither.
The region of UNP involved in binding p107 is still
unknown, but it is not the first protein to which pl107
binds outside the CR domains (Beijersbergen et al.,
1994; Sala er al., 1996; Voorhoeve et al. 1999;
Ginsberg et al., 1994).

It is clear that Ubp enzymes do not function solely
to recycle the cell’'s ubiquitin pools, with regulation of
the ubiquitin pathway left entirely to the ubiquitin
conjugating enzymes and ligases; it is now becoming
apparent that Ubps also have roles in specific
regulation of the pathway. Recent results from studies
of the Drosophila Fat facet Ubp strongly suggest a
role of maintaining higher levels of specific substrates
by protecting those substrates from formation of a
ubiquitin chain of threshold length for proteasomal
targeting (Cadavid er al., 2000). One can imagine a
scenario in which the ubiquitin conjugating machinery
and the deubiquitinating enzymes would possess
opposing activities, resulting in an equilibrium that
determines the net half-life of specific proteins. If a
particular substrate is a protein involved in the cell
cycle control, a change of abundance or activity of
either the chain forming or cleaving activities might be
sufficient to stabilize an oncoprotein or inactivate a
tumor-suppressor protein. We have demonstrated that
UNP interacts with all three pocket proteins, but we
think it unlikely that they are substrates of UNP.
Rather we speculate that the pocket proteins serve as
a bridge to bring UNP in contact with one or more
proteins that also interact with the pocket proteins.
Given the central role of pRb in cell cycle regulation
it is conceivable that through such interactions
abnormally high levels of UNP could significantly
affect the levels of critical protein substrates, whose
increased abundance could lead to accelerated pro-
liferation. In light of the pRb association we report
here and our previous observation of elevated
expression of UNP in primary human lung cancer
samples (Gray er al., 1995) we believe this model
deserves further exploration. The identity of UNP
substrates amongst pRb-associated proteins is the
focus of our current research.
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SUMMARY
The mouse Unp gene and its human ortholog USP4 encode ubiquitin-specific proteases
that have been implicated in oncogenic transformation. Although the in vivo substrates of
the UNP and USP4 are not yet known, the enzymes contain structural motifs common to
viral oncoproteins whose function is the deregulation of cell cycle control. We have
investigated the possibility that UNP enzyme activity is regulated by phosphorylation, a
central element mechanism of cell cycle regulation and of signal transduction
modulation. We report here that UNP is a phosphoprotein in which phosphoserine is the
predominant phosphoamino acid. The ability of UNP isolated from mammalian cells to
cleave a synthetic substrate could be totally eliminated by treatment with a phosphatase.
Altemative splicing and differential phosphorylation were excluded as the source of two
observed isoforms of UNP, and both isoforms were found to be sensitive to inactivation
by phosphatase treatment. These data suggest that UNP may be regulated by

phosphorylation in vivo.



INTRODUCTION
Ubiquitin-mediated proteolysis is the principal cellular mechanism for the regulated
degradation of proteins (for recent reviews see [1, 2]). The enzymatic components of this
pathway are able to recognize and designate specific proteins for destruction, while
ignoring the constellation of other proteins present in the cel!. The basis of the exquisite
specificity of ubiquitin-mediated proteolysis is not yet fully understo;)d, but it is thought
that the necessary complexity is derived from the presence of multiple ubiquitin
conjugating (E2) enzymes and ubiquitin ligase (E3) enzymes, that may act
combinatorially.

There are many occasions during which cellular substrates are degraded temporally or in
response to extracellular signals, and it is not at all surprising that the selectivity of the
ubiquitin system is brought to bear in such circumstances. A classic example of
temporally regulated proteolysis is the destruction of mitotic cyclins occurring with each
cell cycle [3]. The proteolytic degradation of cyclins is ubiquitin-mediated, and the
enzymology of the process is reasonably well understood [4]. In sxgnahng pathways, it is
now apparent that not only are many of the ‘immediate early’ effector molecules of short
half-life because of ubiquitin-mediated degradation [5, 6], but many of the upstream
molecules — even some membrane-bound receptors — have their activities delimited by
ubiquitin-mediated proteolysis or ubiquitin-mediated trafficking [7-9]. Because so much
of cellular regulation (including the cell cycle and signal transduction pathways) is
accomplished through the action of kinases, it seems likely that many intersections must
exist between the systems that mediate the phosphorylation and ubiquitination of

proteins. It is reasonable to suppose that phosphorylation is used to inform the ubiquitin



pathway that certain substrates should be degraded, and it would seern that this
hypothesis is supported by recent findings in the degradation of p27, for example {10]. In
this case phosphorylation of the substrate is used to attract the attention of the
ubiquitination machinery, but one could equally suppose that phosphorylation of the
ubiquitin conjugation or ligation enzymes themselves could regulate their activities. The
multiprotein complex that targets mitotic cyclins for destruction (anaphase-promoting
complex, also known as the cyclosome) seems to contain such enzymes [11].

There is another side to ubiquitination that is perhaps underappreciated, represented by
the activities of the ubiquitin carboxyterminal hydrolases (UCH enzymes) and ubiquitin-
specific proteases (Ubp enzymes), enzymes which serve to cleave ubiquitin peptide or
isopeptide bonds. By reducing the lengths of ubiquitin chams or by éleaving them off a
substrate such enzymes might preclude formation of the threshold-length ubiquitin chain
that serves to target the substrate to the proteasome [12]. This might explain why there
are so many Ubp enzymes in the cell (16 in yeast, and an unknown but probably large
number in metazoans). It may be that the net stability of a protein substrate can be finely
tuned by the opposing activities of enzymes that are actively lengthening and shortening
the ubiquitin chain. Were both activities subject to kinase-mediated regulation, the
system could respond rapidly to a variety of signals to degrade or stabilize the substrate
in question.

We have previously reported the identification of a mamma_lian Ubp enzyme encoded
by a gene we designated Unp ([13]; the human ortholog is now d&siénated USP4, but was
formerly designated Unph [14]. We have investigated the phosphorylation status of the

UNP enzyme, and have found that it is phosphorylated and that its activity is utterly



dependent on phosphorylation. We believe this to be the first report of potential
regulation of a ubiquitin-cleaving enzyme by phosphorylation.

EXPERIMENTAL PROCEDURES
Cell lines, bacterial strains, and antibodies. Cos-1 cells were obtained from Dr. John
Bell (Ottawa Regional Cancer Centre), and were used for the metabolic labeling. HeLa
cells were obtained from the ATCC. Endogenous UNP was ;analyzed in H1299 cells, the
gift of Dr. Philip Branton (McGill University). GST-Unp was produced in the TG1 strain
of E. coli. The UNP antibody (CSM-11) was purchased from Zymed, and was used at a
dilution of 1 in 100 for immunoprecipitations and 1 in 500 for western blots. The
RGSHis antibody was puchased from Qiagen. The antibody to phosphoserine was
purchased from Sigma, and was used at a dilution of 1 in 100. The antibody to pRb was
purchased from Pharmingen and used at a dilution of 1 in 100.
Constructs used in the experiments. Construct pDG50 encodes amino acids 169-945 of
murine UNP, fused to a C-terminal 6 x myc tag. Plasmid pDG104 encodes residues 1-
945 fused to a C-terminal 6 x myc tag. The analogous hexahistidine-tagged Unp
construct pDG280 was produced by replacement of the myc :tag of pf)GlO4 with the
RGSHis6 seqeunce. The bacterial GST-Unp fusion construct pDG284 was created by
subcloning the myc-tagged Unp cDNA from pDG104 in frame in the pGEX4T-3 vector
(Pharmacia). Bacteria expressing the GST-ubiquitin fusion were obtained from Dr.
Rohan Baker (Australian National University, Canberra). The plasmid pDG288
encoding the smaller isoform of UNP was generated from plasmid pDG280 (encoding
UNP with the C-terminal 6x His tag) as follows. An RT-PCR fragment spanning the

position of the alternatively spliced exon in Unp [15, 16] was obtained from NIH 3T3



RNA using the forward oligonucleotide primer GAGTCAGACCTTGAAGG and the
reverse primer GCTTCTTCTTTACGCGG. The RT-PCR product was digested with Cla
I and Nhe I, and was used to replace the corresponding Cla I/Nhe I fragment of plasmid
pDG280. The resulting plasmid pDG288 was sequenced to verify the spliced exon was
absent, that the reading frame had been maintained across the junction, and that no
mutations were introduced into the Unp sequence during the RT-PCR amplification.
Protein extracts, immunoprecipitation and purification of Unp. Eukaryotic recombinant
Unp was obtained from HeLa cells transiently transfected using Fugene 6 tranfection
reagent (Roche Molecular Biochemicals). Epitope-tagged Unp (24 hours post-
transfection) or endogenous Unp protein was harvested from confluent 100mm culture
dishes with 500 pl of lysis buffer containing protease and phosphatase inhibitors (20mM
Tris pH 7.5, 150mM NaCl, 2mM EDTA, 2mM DTT, 1% Triton X-100, 5% glycerol,
10mM NaF, 4mM NaPPi, SOuM B-glycerophosphate, 500uM Na-vanadate, 200ug/ml
PMSF, 5ug/ml leupeptin, and 2pg/ml aprotinin). After 30 min on ice; soluble proteins
were recovered in the supernatant after a 10 min. centrifugation at 4 C to pellet cell
debris. Each extract was incubated overnight with the appropriate antibody. Antibody-
antigen complexes were recovered by binding to protein G sepharose beads (Gammabind
G Sepharose, Amersham Pharmacia).

Phosphoamino acid analysis. COS-1 cells transiently transfected with pDG50 (encoding
myc-tagged Unp) were placed in phosphate-free a-DMEM medium for Lh at 37 C.
500uM Na-Vanadate and 200uCi/ml 32p orthophosphate (Arhersham) were added and
cells were incubated 4h at 37°C. After 5 washes with PBS, radiolabeled soluble proteins

were prepared as for non-radioactive protein extracts. The epitope-tagged protein was



recovered by addition of the 9E10 monoclonal antibody followed by rabbit anti-mouse
antibody bound to protein A sepharose beads. The beads were washed 3 times in lysis
buffer prior to separation by SDS-PAGE and transfer to an Immobilon-P membrane
(Millipore). *2P-labeled proteins were detected by conventional autoradiography. The
exposed film and membrane were aligned and the Unp bands were excised from the
membrane and hydrolysed directly in 6N double-distilled HCL for 75 minutes at 110 C.
The hydrolysate was lyophilized, mixed with authentic phosphoamino acids, and
separated by two dimensional thin layer chromatography using standard procedures.
Ubiquitin cleavage assays. GST-UNP was produced in bacteria and puriﬁed by
glutathione affinity chromatography using standard methodologies. The measurement of
UNP activity against the ubiquitin-GST substrate has been described previously [17].
For activity assays using UNP from mammalian cells, the enzyme was isolated by
immunoprecipitation. Each immunoprecipitate was divided into two portions, and one
portion was treated with calf intestinal alkaline phosphatase (NEB) for 1 hour prior to
incubation with the substrate at 37 C for 1 hour. Samples were separated by SDS-PAGE
(10% gels) and were analyzed using a Phosphorimager SI instrument (Molecular
Dynamics).

RESULTS
UNP is a phosphoprotein. We have frequently observed that UNP appears eitheras a
single band of approximately 110 kDa or as a closely migrating doublet on western blots.
One possible explanation for the appearance of a second band is post-translational
modification, and we sought to determine if the enzyme was modified by

phosphorylation. COS-1 cells were transfected with an expression plasmid encoding



myc-tagged UNP, and were metabolically labeled with *P-orthophosphate. UNP protein
was immunoprecipitated using an antibody specific for the ep1tope ta'g, and was resolved
by SDS-PAGE. Autoradiography (Figure 1A) revealed a doublet centered at
approximately 90 kDa, consistent with the predicted size of the amino terminally
truncated UNP (the endogenous doublet is typically detected at 110 kDa on western blots,
not shown). Detection of the doublet by autoradiography indicated that whatever their
source, both isoforms of UNP were phosphorylated, and both bands were excised from
the gel and pooled for phosphoaminoacid analyses. Complete digestion of UNP and
resolution of amino acids by two-dimensional thin-layer chromatography revealed that
the predominant phoshoaminoacid in both isoforms of UNP was phosphoserine (Figure
1B). These data do not exclude phosphorylation of threonine or tyro.sine, but if these
residues were phosphorylated they were below the level of detection in our system.
Preliminary data from preliminary tryptic peptide analyses were consistent with
phosphorylation on multiple sites, but the number of phosphorylatioﬁ sites and their
positions could not be determined from these data, and the data are not shown.

UNP activity is sensitive to phosphorylation state. It has been previously reported that
UNP has ubiquitin-specific protease activity, and is able to cleave synthetic ubiquitin-
protein fusions in vitro (17, Gilchrist and Baker, in press]. The UNP in these experiments
was produced in bacteria, so we first sought to confirm that UNP isolated from
mammalian cells had comparable activity. As reported in Figure 2, immunoprecipated
UNP had activity comparable to the recombinant protein in the in vitro cleavage assay.
To determine if the phosphorylation of UNP was of any significance with respect to its

activity we tested the ability of the enzyme to cleave the synthetic test substrate before



and after its treatment with the nonspecific calf intestinal alkaline phosphatase (CIP).
We observed that upon CIP treatment both immunoprecipitated endogenous UNP and
FPLC purified his-tagged UNP isolated from transfected cells was inactive (Figure 3),
showing background activity comparable to a previously reported (17) site-directed,
catalytically inactive mutant version of the enzyme [17). Immunoprecipitated UNP
catalytic activity was also found to be sensitive to protein phosphatase 1 (PP1; data not
shown), but there was evidence of proteolytic degradation of UNP in the presence of PPI
that could not be inhibited with the specific phosphatase inhibitor I-2 (unlike CIP, which
did not seem to contain contaminating protease activity, vide infra). Bacterially-
produced UNP was also found to be sensitive to CIP, but for unknown reasons the results
showed more variability than was observed with UNP of mammalian origin.
Elimination of phosphoserine immunoreactivity by CIP treatment. To ensure that the
observed inactivation of UNP activity by CIP treatment was due to dephosphorylation as
opposed to contaminating activities (such as proteolysis), aliquots of the UNP enzyme
were analyzed by western blotting following CIP treatment. Similar UNP protein
doublets were observed before and after incubation with CIP, eliminating the possibility
that loss of activity was due to proteolysis (Figure 4A). These data also suggested that
the two bands did not arise from alternative phosphorylation. The phosphatase activity of
CIP was confirmed in parallel experiments in which the slower migrating,
hyperphosphorylated form of the retinoblastoma protein was eliminated by treatment
with CIP (Figure 4B), as expected. The observed loss of UNP activity ubiquitin-specific
protease activity upon CIP treatment (Figure 3) was accompanied by a total loss of

phosphoserine immunoreactivity (Figure 4C).
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The alternatively spliced exon of UNP is not required for its enzymatic activity. Both
human USP4 [15] and mouse Unp (Gray, unpublished) are altematively spliced to
generate two mRNA isoforms. The alternatively spliced exon in the Unp gene is exon 7
([16]; Gray, unpublished) which encodes residues 233-279 of the UNP protein, a region
containing a high density of serine residues (16 serines out of 47 residues). To determine
if the residues encoded by the alternatively spliced exon were required for the
phosphatase-sensitive cleavage activity of the UNP enzyme, we generated an epitope-
tagged version of the shorter isoform by RT-PCR. Plasmids encoding the short or long
isoforms of UNP were transfected into 293T cells, and the enzymes were isolated by
immunoprecipitation using the antibody to the hexahistidine tag. Cleavage activities of
the two isoforms were then tested in the in vitro assay. As reported in Figure S, there was
no apparent difference in the activities of the two isoforms as evidenced by production of
the cleaved product. Further, the short and long isoforms showed the same sensitivity to
phosphatase treatment.

DISCUSSION
Western blotting analysis of UNP has frequently revealed the presence of two closely
migrating isoforms. In other systems multiple isoforms can be explained by be the
existence of one or more closely related genes, alternative splicing of mRNA from a
single gene, or various post-transiational modifications of a single gene product. Both the
human USP4 [15] and the murine Unp gene (Gray, unpublished) display alternative
splicing of the seventh exon, but this cannot explain the appearance of the two protein
isoforms because an UNP protein doublet can be detected in transfe&ed cells using an

antibody specific for an epitope tag (Figure 1A). We therefore think it most likely that
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the two UNP isoforms are the products of one or more post-transiational modifications.
The data presented herein confirm that phosphorylation comprises at least one such
modification: UNP can be metabolically labeled with *2P orthophosphate (Figure 1A),
can be detected using an antibody specific for phosphoserine (Figure 4C), and is sensitive
to a nonspecific phosphatase (Figure 3). Metabolic labeling revealed that UNP was
predominantly phosphorylated on serine residues (Figure 1B), but it is possible that
phosphorylation of other hydroxyamino acids occurs at lower stoichiometric levels. It is
also possible that phosphorylation of the endogenous UNP protein could occur on
threonine or tyrosine residues at the amino or carboxy terminus of UNP, both of which
were removed in the generation of pDGS50, which was used for metabolic labeling. No
difference has been detected in the cleavage activities of full-length or truncated UNP
produced in bacteria (Gilchrist and Baker, submitted; Blanchette, unpublished) and we
have no evidence for other functional roles for the termini, but we currently cannot
exclude the possibility that phosphorylation of N or C terminal threonine or tyrosine
occurs at some level in vivo. Whether or not this is the case the endogenous protein is
clearly phosphorylated on serine residues (Figure 4C), and we conclude from the
available data that at least some of the UNP present in cells exists as a phosphoprotein,
and that phosphorylation is essential for the activity of the enzyme. The phosphorylation
of UNP cannot account for the appearance of two closely migrating bands on western
blots, however, because both bands persist following phosphatase treatment (Figure 4A)
when phosphoserine immunoreactivity is lost (4C). It is therefore likely that UNP is
subject to other post-translational modifications in addition to phosphorylation. The

nature of these modifications is currently unknown.
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UNP contains a large number of phosphorylation consensus sites as revealed by
computerized motif searching. Without additional information there is no basis on which
to predict which of these sites, if any, is actually utilized in cells. An examination of the
predicted amino acid sequence of the protein revealed several regions rich in serine
residues, most notably the region encoded by the alternatively spliced exon 7. Were the
residues encoded by exon 7 targets for phosphorylation, an attractive model of UNP
regulation could be envisaged in which alternative splicing would generate isoforms of
differential sensitivity to regulation by phosphorylation. Elimination of the exonin a
shorter version of transfected, epitope-tagged UNP did not alter cleavage activity in vitro
or sensitivity to CIP (Figure 5) indicating that the residues encoded by exon 7 are
dispensable for cleavage activity, and irrelevant with respect to phosphatase sensitivity.
These data do not exclude that phosphorylation of residues encoded by exon 7 occurs, but
the activity of the enzyme cannot be dependent on such phosphorylation events. The
critical phosphorylation sites must therefore reside elsewhere in the protein. The location
and identity of these residues is a focus of ongoing research. |

What purpose could be served by the phosphorylation-dependent cleavage activity of
UNP? There are a constellation of kinases and phosphatases in the cell that are
responsive to temporal and signalling pathways. It may be that the stability of UNP’s
cellular substrate (or substrates) can be rapidly adjusted through the phosphorylation or
dephosphorylation of UNP in response to cellular signals. The net stability of cellular
proteins may, in fact, be determined by the opposing activities of ubiquitin conjugating
and deconjugating activities, each poised to interpret phosphorylation-mediated signals.

Given the responsiveness of the proposed mechanism in fine-tuning substrate stability,
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we predict that UNP will be but the first of many deubiquitinating enzymes to show
dependence on phosphorylation status.
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Figure 1. Phosphorylation of UNP as detected by metabolic labeling. A) Autoradiogram
of SDS PAGE of immunopreciptated UNP protein from COS-1 cells transfected with
myc-tagged UNP. Lane 1: Secondary antibody control (9E10 primary a myc antibody
omitted); Lane 2: UNP immunoprecipitated using 9E10 monoclonal antibody followed

by rabbit « mouse/protein A sepharose. The position of the UNP doublet is indicated by

the arrows.
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Figure 2. In vitro cleavage activity of UNP. Bacterially produced **S-labeled ubiquitin-
GST fusion protein was exposed to bacterially produced GST-UNP (lane 1),
immunoprecipitated wild-type mammalian UNP (lane 2), or immunoprecipitated C311A
mutant UNP, which is catalytically inactive (lane 3). The upper band corresponds to the
intact fusion protein, and the arrow indicated the position of cleaved GST (the ubiquitin
component was allowed to run off the bottom of the gel to increase the separation of the

fusion protein and GST). Mammalian UNP was found to have cleavage activity

equivalent to that of the recombinant protein.
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Figure 3. Effect of phosphatase treatment on UNP cleavage activity.' UNP was isolated
from mammalian cells and divided into two aliquots, one of which was treated with calf
intestinal alkaline phosphatase (CIP). Sample 1: Transfected UNP isolated by
immunoprecipitation using an antibody to the epitope tag. Sample 2: Endogenous UNP
isolated by immunoprecipitation using an anti-UNP antibody. Sample 3: Transfected
UNP isolated by nickel matrix FPLC purification. In all cases the cleaved GST (bracket)

was not detectable following CIP treatment, indicating that UNP had been inactivated.
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Figure 4. Western blot analysis of phosphatase-treated UNP. A) Immunoprecipitate of
endogenous UNP untreated (-) or treated with CIP (+). In both cases the UNP doublet
was detectable, and there was no evidence of proteolysis. B) Immunoprecipitate of pRb,
treated as in panel A. C) Endogenous UNP immunoprecipitate treated as in panel A, and
probed with an a phosphoserine antibody. CIP treatment eliminated phosphoserine

immunoreactivity.
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Figure 5. Cleavage activity of the alternatively spliced UNP isoforms. A) Schematic
representation of UNP showing the position and sequence of the residues encoded by the
alternatively spliced exon. Note the preponderance of serine residues. B) Cleavage
assays. Lane 1: GST-UNP (positive control); lane 2: glutathione beads (negative
control); lane 3: long isoform of UNP; lane 4: long isoform of UNP treated with CIP;
lane 5: A233-279 isoform of UNP; A233-279 isoform of UNP treated with CIP. The
position of cleaved GST is indicated by the arrow. The enzymatic activities of both

isoforms were found to be sensitive to phosphatase treatment.
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