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Abstract

A crucial component of an Adenovirus virion is the 23 kD cysteine endoprotease

(AVP), which requires activation by an 11 amino acid residue, substrate-derived,
cofactor peptide (pVIct) residing at the C-terminus of the adenovirus pVI protein. This

unique activation and binding mediated by the GVQSLKRRRCF-peptide was subject to

further analysis in this thesis.
The importance of the C-terminal residues along the peptide, especially the KRRR-

motif, in the activation and binding of the protease was examined. Binding and
activation experiments conducted with synthesised peptides containing single Alanine-
substitutions indicated that the most important residue, in addition to the previously
described Cysteine'10, was the lllh residue Phenylalanine. The positively charged

tetrapeptide on the pVIct was found not to be crucial for binding or for activation,

however, its potential role as a nuclear localisation signal (NLS), as suggested by
Pollard (2001), was confirmed.

Different fluorescent protein fusions were constructed in order to study the NLS
function of the activating peptide in vivo. Whilst no evidence was found that the

protease is nuclear translocated by the action of the activating peptide, the experiments
illustrated how the activating peptide sequence could be employed as a signal for

providing nuclear access for other proteins. Furthermore, mutational analysis on the pVI

protein demonstrated that this motif is required for the successful nuclear accumulation
of the pVI protein itself.

In this thesis, the application of native gel electrophoresis for the determination of

binding dissociation constants is described. In addition, the double fluorescent
constructs produced, containing different length sequences from the pVI gene, were

shown to be successful in vitro and in vivo indicators for the protease activity.
The results presented herein demonstrate additional characteristics and roles for the

peptide and their relevance in the course of adenoviral infection is discussed.
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Introduction

1.1 Introduction to Adenoviridae

Year 2003 welcomed the 50th anniversary of research into Adenoviruses. Since its first
isolation in 1953, the virus, its lifecycle, the complexity of its structure and virion

components have been studied in detail. This has not only benefited adenovirologists
but also contributed to the discovery and understanding of several fundamental themes
in molecular biology such as viral and cellular gene expression, DNA replication and
mRNA splicing. Currently, adenovirus-vectors are assessed for their utility in gene

delivery for therapeutic purposes, illustrating how adenovirus as an archetype, after
decades of devoted research, still offers interesting areas for further analysis.

1.1.1 Clinical importance ofAdenoviruses
These transmissible agents, responsible for cytopathic changes in children's adenoidal

tissue, were discovered coincidentally following attempts to establish cell-lines for the

growth of polioviruses (Rowe et al., 1953). The following year, the viruses were

isolated from military recruits suffering from acute respiratory illness (Hilleman &

Werner, 1954). According to their tissue source or clinical manifestation, the viruses
were referred to by different names, such as adenoid degeneration agents (ADs), until
1956 when they were subsequently renamed as adenoviruses according to the tissue of
the prototype virus isolation (Shenk, 1996 and references therein).

Different human adenovirus serotypes, spread by nosocomial and by faecal-oral

routes, are etiological agents of acute upper respiratory tract (URT) infections, epidemic

conjunctivitis and gastroenteritis (review: Shenk, 1996, Erdman et al, 2002). While

adenovirus infections are very common and often asymptomatic, they are endemic and a

cause for concern in infants and amongst those with an underlying immunologic

compromise. Adenoviruses (Ads) can persist as latent infections in peripheral blood

lymphocytes, tonsils, or in the upper airways where they can become reactivated due to

immunosuppression, such as in AIDS patients (De Jong et al., 1999, Hayashi, 2002).
Recent studies have highlighted that bronchiolitis caused by adenoviruses in children

could predispose them to the development of asthma and chronic obstructive pulmonary
disease (COPD) (Hogg, 1999, Hayashi 2002). They have also been recognised as an

important pathogen in children who have received bone marrow transplants, where

2



Introduction

disseminated adenovirus infections result in fatality rates up to 60% (review: Walls et

at., 2003).

Furthermore, the cessation in the production of live enteric-coated vaccines for Ad4
and Ad7 has resulted in re-emerging respiratory disease epidemics amongst military
recruits in the United States, which were previously prevented through immunization

(Erdman et al., 2002, Ryan et at., 2002). Despite their clinical importance, there are

only a few, non-specific antiviral chemotherapeutics available for treating severe Ad

infections, such as ribavirin and cidofovir, but even these exhibit limited efficacy and

can have severe side-effects (Gavin & Katz, 2002, Walls et al., 2003). While the ability
to diagnose adenovirus infections has improved through developments in techniques
such as Polymerase Chain Reaction (Chakrabarti et al., 2002), the failure to treat

disseminated infections still remains.

1.1.2 Classification
Until relatively recently the family of Adenoviridae, containing over 100 serotypes,

comprised of only two genera, Aviadenoviridae and Mastadenoviridae, infecting birds
and mammals, respectively (review: Shenk, 1996). Adenoviruses belonging to the
above two genera are distinguished by the presence of a genus-specific antigen,
characteristic to the mammalian serotypes. The isolation and identification of

adenoviruses from a range of exotic hosts, however, led to the introduction of two new

genera, Siadenoviridae and Atadenoviridae (review: Davison et al., 2003).
Mastadenoviridae consist of serotypes infecting human, simian, bovine, equine,

porcine, ovine, canine and opossum hosts. The human serotypes within this genus are

arranged into six subgroups (A-F) based on their red-cell haemagglutination abilities,

guanine-cytosine content and the percent homology of their genomes, as well as

according to their oncogenic potential in rodents (Shenk, 1996). The latter has only
been demonstrated in subgroup A of human adenoviruses (types 12, 18, 31) (Trentin et

al., 1962) and to date, there has been no evidence for their ability to initiate tumours in
humans. The classification scheme of the human adenovirus serotypes, including
clinical manifestations, is summarised in Table 1. The recently identified human

serotypes 50 and 51, isolated from HIV-infected individuals (De Jong et al., 1999), are

included.

3
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Aviadenoviridae genus consists currently of only a few isolates, fowl adenovirus type

1 or chick embryo lethal orphan (CELO) virus, fowl types 4, 9 and 10 (Davison et al.,

2003). Egg Drop Syndrome (EDS) virus, with its compact genome and ovine-bovine-
related nucleotide sequence (Harrach et al., 1997), differs from the other avian
adenoviruses and has therefore been assigned to the Atadenoviridae genus.

Atadenoviridae genus was named according to the high A + T content in the genomes of
the representative viruses (Benko et al., 2002, review: Davison et al., 2003) and

contains adenoviruses infecting a range of hosts, from reptilian to marsupial.
Adenovirus isolated from corn snake (Elaphe guttata) is an example of a recent species
included in this genus (Farkas et al., 2002).

There are currently only two members in the fourth, Siadenoviridae genus: an isolate
from leopard frog Rana pipiens (Clark et al., 1973, Davison et al., 2000) and turkey
adenovirus 3, THEV (Davison et al., 2003). Following the isolation of a fish (white

sturgeon) adenovirus, it is likely that a fifth genus will be introduced (Kovacs et al,

2003). And as illustrated by the wide range of isolates within the Atadenoviridae, host

origin forms only one of the several criteria used for the genus taxon. A recent review
into the evolutionary differences between the four current genera highlighted that
additional niche-specific genes are contained near the termini of the genomes (Davison
et al., 2003).

1.2 Adenovirus virion

Adenovirus particles are non-enveloped, approximately 60-90 nm in size and display
icosahedral morphology (Home et al., 1959, Shenk, 1996). Approximately 13% of a

single Ad2 particle, with a molecular mass of 150 x 106 daltons, is made up by the 35,
937 bp double-stranded DNA genome (Green & Pina, 1963, van Oostmm & Burnett,

1985, Stewart et al., 1991). The remainder of the virion consists of protein: a third of

which is contained in the core while the majority forms the capsid or 'coat' of the virion

(Hosokawa & Sung, 1976). The structural polypeptides of the adenovirus virion have
been named II to IX according to their molecular weight following separation by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (Maizel et al., 1968).
The role and spatial organisation of each stmctural protein in the virion will now be

discussed in more detail (see Figure 1).

4
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1.2.1 Capsid-associatedproteins
Hexon

The major structural protein accounting for over 60% of the total protein mass of the
virion is the hexon, protein II (Athappilly et al., 1994). The 240 copies of the 967 amino
acid (Ad2) hexon (Akusjarvi et al., 1984) are located on the rounded icosahedral outer

capsid, composed of altogether 252 morphological units or capsomers (Home et al.,

1959, Stewart et al., 1991), and in association with protein IX, penton base (III) and

protein Ilia. The majority of hexon trimers are associated as groups of nine (GON)

forming the 20 facets of the virion. The remainder are referred to as peripentonal

hexons, functioning as linkers between the pentons and hexon facets (see Figure 1).
The 109 kD hexon (Akusjarvi et al., 1984) requires an association with another

adenoviral protein, the 100 kD protein, for its homotrimerisation and assembly

(Oosterom-Dragon & Ginsberg, 1981). Following successful structural modification of
the hexon, it relies on the precursor polypeptide VI (pVI) for its nuclear accumulation

(Kauffman & Ginsberg, 1976, Wodrich et al., 2003).
The crystallographic structure of the adenovirus type 2 hexon reveals that it consists

of two morphologically distinct parts: the N-terminal pseudo-hexagonal base inside the

capsid portion and the triangular shape of the extended top structure (Roberts et al.,

1986, Athappilly et al., 1994). Amongst the predominant /3-barrel structure of hexons, it
is the loops of the hexon-trimers, which are exposed on the surface of the virion

(Toogood et al., 1989). These loops exhibit variability between adenovirus serotypes

and possess type-specific epitopes, which function as a criterion in the subdivision of
adenoviruses (Russell et al., 1981, Toogood et al., 1992). Recently, the solved structure

of the Ad5 hexon has been shown to represent an improved structure-model, compared
to the earlier Ad2 hexon, and subsequently refines the epitope positions on the hexon

(Rux & Burnett, 2000).

Penton

Penton base

The penton consists of the pentameric penton base (protein III) and fiber (protein IV),
both of which are involved in the association with cellular receptors and proteins. At

each of the 12 vertices of the virion, five copies of the 63 kD (571 aa) protein III

5



Table 1. Classification of human adenoviruses. Table adapted and updated from that

by Shenk (1996).

Figure 1. Schematic diagram of the mature adenovirus type 2 particle. Figure is
based upon current view on the disposition ofproteins (updated from that by Brown
et al., 1975, Stewart et al., 1991).
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Table I. Classification ofhuman adenoviruses
me japW

Oncogenic
potential

High

Moderate

Low-none

Low-none

Low-none

Unknown

Hamagglutination
Subgroup groups

A

B

C

D

E

F

Serotypes

little or no agglutination 12, 18,31

complete agglutination 3, 7, 11, 14, 16, 21,
of monkey erythrocytes 34, 35, 50

partial agglutination of
rat erythrocytes

1,2, 5,6

complete agglutination 8-10, 13, 15, 17, 19,
of rat erythrocytes 20, 22-30, 32, 33,

36-39, 42-49, 51

little or no agglutination 4

little or no agglutination 40,41

Percentage of Infections caused
G-C in DNA

48-49

50-52

57-59

57-6!

57-59

52

respiratory, urinary,
gastrointestinal

respiratory,
gastrointestinal,
ocular, urinary

respiratory, urinary,
gastrointestinal

ocular,
gastrointestinal

ocular, respiratory

gastrointestinal

Adenovirus virion

- 60-90 nm

Capsidproteins

fiber IV
w penton base III

ED" hexon II

D peripentonal hexon

^^ Ilia

4 IX

O VI

□ VIII

Core proteins

m TP

Q VII

o V

u P

o IVa2

o protease
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(Boudin et at., 1979, Alestrom et al., 1984) are found interacting non-covalently with
the peripentonal hexons (Stewart et al., 1991). The penton base contains an RGD-motif

(Arg-Gly-Asp), which interacts with cellular adhesion molecules during the
internalisation of the virion (Wickham et al., 1993). The RGD-motif also confers toxin¬

like, cell-rounding and -detaching activity, which may aid in lysing of the endosomes

during the entry of the virion into the cytoplasm (Boudin et al., 1979, Bai et al., 1993),

(see section 1.3.1).

Fiber

A homotrimer of the protein IV (fiber) forms the elongated, protruding structure of the

penton complex (van Oostrum & Burnett, 1985). The amino-terminal tail region of the
62 kD (582 aa) fiber has noncovalent interactions with the penton base (Devaux et al.,

1987) while the approximately 180 residues of the carboxy-terminus form the 'knob' of
the shaft, interacting with the cellular receptors on host cells (Louis et al., 1994).
Between different adenovirus serotypes, the length of the fiber varies according to the
number of a 15 amino acid repeat in the polypeptide (shaft region) (Green et al., 1983).
Adenovirus serotype 40 exhibits two fibers of different lengths on its virion, which is
most likely an adaptation for enhancing attachment to several cellular receptors (Russell
& Kemp, 1995 and references therein).

Protein Ilia

The approximate 74 copies of protein Ilia per virion are located at the vertex regions

(van Oostrum & Burnett, 1985), next to the peripentonal and GON hexons. Ilia proteins
are most likely to function as linkers strengthening the capsid structure, however, they
are also thought to extend to the side of the viral core and to interact with proteins V

and VII (Everitt et al., 1975, Boudin et al., 1980). In addition to possessing a protease

cleavage site (Webster et al., 1989a) and being subject to phosphorylation (Tsuzuki &

Luftig, 1983), the disassociation of this ~ 65 kD protein (585 aa) is presumed important
at the uncoating stage of the virion during entry into a host cell (Greber et al., 1996).

7
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Protein VI

The mature protein VI, a 22 kD minor capsid protein, is found inside the capsid in
association with viral DNA and core protein V as a dimer, linking the external capsid
and the internal DNA-protein core together (Everitt et al., 1975, Chatterjee et al., 1985).
In addition to its DNA binding ability (Russell & Precious, 1982), protein VI
demonstrates hexon-binding affinity, specific to two sites, between amino acids 48-74
and 233-239 of the protein VI (Matthews & Russell, 1995). The precursor of protein VI,
a 27 kD (250 aa) pVI is cleaved by the adenovirus protease at two sites: 33-34 and at

238-239 (Akusjarvi & Persson, 1981, Anderson, 1990). The C-terminal cleavage site of

pVI is preferentially cleaved (Diouri et al., 1996), leading to the formation of an

intermediate form of protein VI, iVI (Matthews & Russell, 1994). Mature VI has also
been proposed to be subject to cleavage at a degenerate site during the uncoating

(endosome-cycle); its proteolysis together with that of some of the hexon particles
would result in the entry of the virion into the cytoplasm (see section 1.3.1).

Protein VIII

Protein VIII is of relatively small size, 15 kD, and its exact function as a monomer in

the virion is not yet understood. Approximately 211 copies of the protein (van Oostrum

& Burnett, 1985) are found in association with hexons at the inner face of the capsid

(Everitt et al., 1975) and studies with mutant adenoviruses suggest that this protein may

play a role in the stabilisation of the virion (Liu et al., 1985). Webster et al. (1989a)

reported that there are three potential viral protease cleavage sites on the 25 kD

precursor (pVIII), however, the order of cleavages in its maturation has not yet been
characterised.

Protein IX

The 14 kD, 139 aa, protein IX (Alestrom et al., 1980) is not only of similar size to

protein VIII, but is also thought to contribute to the stabilisation of the capsid structure,

as revealed by experiments with thermolabile virions lacking the protein (Colby &

Shenk, 1981). One virion contains approximately 247 copies of protein IX (van
Oostrum & Burnett, 1985) found on the outside of the capsid in association with GON

hexons. Together with protein IVct2, protein IX is a structural component of the virion,
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which is not transcribed from the Major Late Promoter but as an intermediate gene prior
to the onset of late transcription (Crossland & Raskas, 1983). Recent studies also

suggest additional roles for protein IX as a transcriptional activator and as a component

reorganizing nuclear structures for the benefit of viral infection (review: Parks, 2005).

1.2.2 Core proteins

Similarly to the adenovirus capsid, the protein components of the core are structurally

organised, as indicated by Brown et al. (1975). The spatial organisation of the core

polypeptides is depicted in Figure 1 according to generally accepted views.

Terminal protein, TP

Each 5'-end of the dsDNA adenoviral genome contained in the core is attached to the
terminal protein, TP, via 5'phosphodiester bonds (King & van der Vliet, 1994 and
references therein). The terminal protein is synthesised as an 80 kD precursor, pTP,

processed by the protease via an intermediate iTP into its mature 55 kD form (Challberg
& Kelly, 1981, Tremblay et al., 1983, Webster et al., 1994). The importance of the pTP

as a component of the adenovirus DNA replication machinery is discussed in further
detail in section 1.3.4.

Protein V

Protein V is a minor core protein (Brown et al., 1975) and the only core protein not

processed by the viral protease into its mature form. Approximately 160 copies of the
41.6 kD protein are found (per virion) in association with the penton and protein VI

(Chatterjee et al., 1985, van Oostrum & Burnett, 1985). This protein most likely
functions as a link between the capsid and core structures by 'coating' the protein VII-
DNA complex (Everitt et al., 1975), as supported by its non-specific DNA-binding

ability (Russell & Precious, 1982). Recent studies on protein V have identified several
nuclear and nucleolar targeting sequences (Matthews & Russell, 1998, Matthews,

2001), which are evident in the lysine and arginine rich N and C-termini, respectively.
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Protein VII

With over 800 copies per virion (van Oostrum & Burnett, 1985), protein VII is the

major component of the core and like protein V, is highly basic in nature. The mature

19 kD VII is derived from the 22 kD precursor pVII via cleavage by the viral protease

(Anderson, 1990, Houde & Weber, 1990). In the core, this arginine/alanine-rich

polypeptide is closely associated with viral DNA (Russell & Precious, 1982), and

perhaps evenly distributed around the DNA molecule (Everitt et al., 1975). It is thought
that protein VII could be a histone-like protein of the virus (Russell & Kemp, 1995).
The identified nuclear and nucleolar targeting signals in protein VII are most likely to

be involved in the delivery of the Ad genome to the nucleus following capsid
dissociation (Lee et al., 2003). Furthermore, the aforementioned authors made an

interesting observation that pVII co-localises with chromosomes.

Protein n

Approximately 125 /r proteins are found in the core of a single adenovirus particle (van
Oostrum & Burnett, 1985). The adenovirus protease matures the 11 kD (79 amino acid)

precursor /jl into a 3 kD fragment (Weber, 1995 and references therein). As with the
other core components, /r is a highly basic protein and found in association with protein
V and VII and with viral DNA (Hosokawa & Sung, 1976, Chatterjee et al., 1985).
Recent subcellular localisation experiments have shown that the p/x is a nucleolar

protein with its target signal contained within the 19 aa /t sequence (Lee et al., 2004).

Protein IVa2

Protein IVo2 is transcribed from the intermediate gene transcript (delayed early) and its

expression is required for the activation of Major Late Promoter (Crossland & Raskas,

1983, Lutz & Kedinger, 1996). This -54 kD protein is a minor component of the virion

(Weber et al., 1983), present in mature as well as assembly intermediates of the

adenovirus particles (Winter & D'Halluin, 1991). IVo2 has an affinity for viral DNA

(Russell & Precious, 1982) and its localisation in the nucleolus, in addition to being
found in the nucleoplasm, has been suggested to indicate an additional role in virus

infection, which is yet to be revealed (Lutz & Kedinger, 1996).
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Protease

A crucial component of the infectious adenovirus virion is the 23 kD protease, which is

responsible for the maturation of structural pre-proteins. The discovery of a

temperature sensitive Ad mutant ts\ in 1976 (Weber) suggested the existence of an

adenoviral endoprotease; the virion particles formed at a nonpermissive temperature of
39°C contained unprocessed structural proteins and were non-infectious following their
failure to uncoat. The ts\ mutant was subsequently mapped to the L3 late region and
identified as a single C/T transition at position 137 resulting in a Proline to Leucine

change in the gene encoding the protease (Yeh-Kai et al., 1983). Subsequently, the

recombinantly expressed, 204-amino-acid Ad2 protease was shown to possess in vitro

activity (Anderson, 1990, Houde & Weber, 1990). The role of the protease in
adenovirus lifecycle is discussed in more detail in section 1.4.

1.3 Productive Adenovirus infection
1.3.1 Attachment, penetration and uncoating of the virion
The entry of adenovirus into a host cell, for successful replication, is a process requiring
a stepwise dismantling of the virion structure (Figure 2A). First, the binding between
the globular fiber 'knob' and a cellular receptor assures the adsorption of the virion to a

host cell surface (Louis et al, 1994). The primary receptor for Ad2 and Ad5 is a 46 kD
transmembrane protein from an immunoglobulin gene family, which is also referred to

as a coxsackie-adenovirus receptor (CAR), following the reported binding by both
coxsackie B viruses and subgroup C adenoviruses (Bergelson et al., 1997, Tomko et al.,

1997, Tomko et al., 2000). It has also been proposed that, in the absence of CAR

receptors, subgroup C adenoviruses are capable of using major histocompatibility

complex class I (MHC-I) a2 subunit as an alternative cellular receptor (Hong et al.,

1997), although this has been since disproved by McDonald et al. (1999). Furthermore,
since Ad37 from subgroup D and Ad 11 from subgroup B have been reported to bind

a(2-3)-linked sialic acid saccharides on glycoproteins (Arnberg et al., 2000) and
membrane cofactor CD46 (Segerman et al., 2003), respectively, adenovirus serotypes

are likely to employ different receptors according to their cellular tropism and

pathogenicity.
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Following the attachment, endocytosis of the virus particle via clathrin-coated
vesicles ensues (Greber et al., 1993). The penton base with its RGD-motif interacts with

secondary receptors, cellular integrins ov/33 and ov/35, promoting the internalisation of
the virion (Bai et al., 1993, Wickham et al., 1993). According to Wang et al. (1998),
successful internalisation of the Ad virion also requires dynamin, a 100 kD cytosolic

protein involved in the regulation of clathrin-coated pit pathway.
The receptor-mediated endocytosis is followed by a subsequent disintegration of

structural components of the virion (Greber et al., 1993). During this uncoating process,

fibers are the first structural proteins to dissociate followed by some of the penton base

complexes and stabilising components, proteins Ilia, VIII and IX. An acidification of

the

endosome has been proposed to cause a change in the structure of the penton base

thereby triggering the release of the partly-uncoated virion into the cytosol (review:

Greber, 1998). As the virion penetrates into the cytosol, the reduced environment of the
host cell is believed to re-activate the viral protease resulting in the degradation of VI

(Cotten & Weber, 1995, Greber, 1998). Cleavage of VI at an additional, degenerate
consensus site (possibly at position, LASG54-ISGV) is thought to weaken the capsid
structure and to unfasten the DNA from the capsid wall, in preparation for its release at

the nuclear pore (review: Greber, 1998, Ruzindana-Umunyana et al., 2002).

Following the detachment of several structural components, the capsid finally
disassembles at the nuclear pore complex (NPC) where the transport of the viral DNA

to the nucleus takes place (Greber et al., 1997, Trotman et al., 2001). Docking of the

capsid to the NPC, and more specifically interacting with the CAN/Nup214 NPC-
filament protein has been shown to be necessary for Ad DNA import (Saphire et al.,

2000, Trotman et al., 2001). Furthermore, the hexons on the capsid at the NPC are

thought to interact with nuclear histone HI, which in turn interacts with HI import-
factors importin7 and importinP (Trotman et al., 2001). While this results in the nuclear

import of hexons, the viral DNA could be nuclear transported via an association with
the basic core proteins V, VII and /x, which carry reported nuclear or nucleolar
localisation signals (Matthews & Russell, 1998, Lee et al., 2003, Lee et al., 2004).

Recently, a cellular transport protein p32, which interacts with core protein V, has been

proposed as the candidate shuttling component responsible for the nuclear transport of

12



Figure 2 (A). The entry and uncoating process of the adenovirus type 2 virion. Figure
is based upon the current view on the order of events and components involved

(adapted from that by Greber et al., 1993, Greber, 1998, Trotman et al., 2001).

Figure 2 (B) & (C). Adenovirus gene expression and its genome organisation.

(B) The division of gene expression into early, E and late, L phases.

(C) The schematic representation of adenovirus type 2 genome indicates the
localisation of early and late transcripts as well as individual genes encoded. The
arrowheads show the direction of transcription and the dashed line indicates that each

region encodes several spliced mRNAs. (Figure adapted from that in Dimmock &

Primrose, 1994).
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viral DNA (Matthews & Russell, 1998). For a successful intracellular passage from the

cytoplasm to the nucleus, the Ad5 virion is also reported to interact with microtubule

cytoskeleton and dynein (Leopold et al., 2000).

Once in the nuclei, the Ad chromatin-like genome binds to the cell nuclear matrix

(NM), a process mediated by the covalently attached viral TP (as well as pTP later on

during replication) (Fredman & Engler, 1993), which complexes with a cellular,
multifunctional pyrimidine synthesis enzyme, CAD (carbamyl phosphate synthetase,

aspartate transcarbamylase, and dihydroorotase) (Angeletti & Engler, 1998). As

proposed by the authors, this interaction between the components may serve to chain
the viral genome in the vicinity of cellular factors necessary for replication.

Furthermore, Ad infection proceeds as transcription and replication complexes form at

discrete foci on the NM (Puvion-Dutilleul et al., 1992).

1.3.2 Transcription ofAdenoviruses
Adenovirus gene expression, similar to that of Papovaviridae, a family of circular
dsDNA viruses including simian virus type 40 (SV40), can be divided into two main

phases: early and late phase that is pre-and post-DNA synthesis, respectively (review:
Dimmock & Primrose, 1994). More specifically, there are in fact four temporal sub-

phases (see Figure 2B & 2C). Early transcription takes place from five early regions, on

both DNA strands, resulting in the synthesis of several mRNAs, which are further

subject to splicing events. After the expression of immediate early transcription unit,

E1A, the delayed early genes of E1B, E2, E3 and E4 are transcribed. Following the
onset of virus DNA replication, around 6-8 h after initial infection (Crossland &

Raskas, 1983), the transcription of intermediate genes IVa2 and IX ensues.

Subsequently, the expression of late genes from the Major Late Promoter (MLP)

follows, encoded on the right side of the Ad genome. The order of events in adenovirus

gene expression will now be discussed in more detail.

1.3.3 Early gene expression
Virus-encoded trans-acting regulatory factors control the transcription of the Ad

genome and are crucial for successful Adenovirus replication. The immediate early,
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El A proteins are necessary for the transcriptional activation of early genes, which are

required for replication (E2 gene products) and for the conversion of the host cell into a

productive environment for the viral infectious cycle. The role of the El A 289R (13S)
and E1A 243R (12S) proteins is to directly or indirectly affect cellular proteins involved
in cell cycle and to interfere with cell regulation mediated by NF-kB and p53, a nuclear
transactivator and a tumour suppressor, respectively (review: White, 2001).

The functional domains of the El A proteins, especially the constant regions CR 1-3,

represent sites through which the proteins interact with several important cellular

regulators, some of which are shown in Figure 3A (note: only El A 289R contains

CR3). By interacting with a signal transducer and activator of transcription, STAT-1,
via its N-terminus, El A protein aims to suppress the host immune response (Look et al.,

1998). Binding to the cell growth regulator Rb (retinoblastoma protein), and to the

transcriptional co-activator p300, on the other hand, results in the cell cycle

deregulation and entry into S-phase, which enables viral DNA synthesis (review: White,

2001). Via its CR2, the El A binds to the UBC9 protein, involved in the small ubiquitin-
like modifier (SUMO) pathway, possibly in order to interfere with the required p53
modification (Hateboer et al., 1996, Rodriguez et al., 1999). The CR3 region of the
ElA 289R is responsible for transactivating the expression of early units E2, E3, E4 and
that of some cellular genes, as exemplified by the reported interaction with a

multiprotein complex Sur-2 (Boyer et al., 1999).

However, due to the fact that the cell-cycle deregulation activities of El A are pro-

apoptotic, there is a requirement for the expression of early E1B 55K and 19K proteins.
The latter, a homologue of the cell survival gene Bcl-2, counteracts the induction of

apoptosis caused by El A by binding to pro-apoptotic Bax and Bak proteins, which
cause caspase activation and mitochondrial death signalling (review: White, 2001). The
E1B 55K protein often works in cooperation with two proteins encoded on the E4

cassette, orf3 and orf6, which regulate the complex splicing of Major Late transcripts

(review: Leppard, 1997). An example of this is the interaction between E4 orf6, 34 kD

protein and E1B 55K protein and their binding to the cellular tumour suppressor protein

p53 to deter its stimulation of apoptosis (Grand et al., 1999, Querido et al., 1997). The
role of E1B 55K and orf6 proteins as regulators, which together alter the mRNA

transport to favour that of late viral message, is further discussed in section 1.3.5.
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From the remaining E4 genes, the orf6/7 gene product has been shown to function as

a downregulator of ElA activity as well as a transactivator stabilizing the binding of a

cellular transcription factor E2F at the E2 early promoter (review: Leppard, 1997). The
E4 orfl protein from adenovirus serotype 9, on the other hand, contributes together with
ElA and E1B to mammary tumorigenesis in rats (Javier, 1994). While the full-
transformation and tumour formation of primary rodent epithelial cells, characterised in

subgroup A adenoviruses, is dependent upon the cooperation between the El A and E1B

oncogenes (review: Lucher, 1995, White, 2001), it seems that Ad serotype 9 represents

an exception requiring an additional, E4 component (review: Leppard, 1997).
The role of the E3 gene products, whose transcription is induced by the 289R El A

protein, is to prevent host cell's antiviral defences through different strategies (review:

Russell, 2000). The E3 19 kD glycoprotein, for instance, prevents the infected cell from

being identified and destroyed by the cytotoxic T lymphocytes (CTL). It binds to the

major histocompatibility complex (MHC) class I antigens therefore preventing their

transport and display on the cell surface leading to CTL-response (review: Philipson,

1995, review: Ploegh, 1998). Conversely, the E3 11.6 kD protein, also known as the
adenovirus death protein (ADP), enhances cytolysis and promotes the release of

progeny virions from infected cells (Tollefson et al., 1996).
The E2 early gene products, E2A and E2B, encode for the essential viral replication

components, i.e. DNA binding protein (DBP) and pTP, and polymerase, respectively

(review: Lucher, 1995). ElA products stimulate their transcription and as the E2 gene

products accumulate, the initiation of replication can begin.

1.3.4 DNA replication
The linear adenovirus double-stranded DNA is replicated by a strand-displacement
mechanism initiated at the terminal replication origins (on) by protein priming (for
review: Hay & Russell, 1989, Hay 1996). The origin of DNA replication is within the
inverted terminal repeats (ITRs), which constitute around a 100 bp region depending on

the adenovirus serotype (Flint et al., 1976). Within the ori, there is a core and an

auxiliary region containing cA-acting DNA sequences recognised by the different

components of the replication machinery (Figure 3B). The core region is the minimal
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Figure 3 (A). Schematic diagram of E1A13S and E1A12S proteins and their binding

regions, CR1-CR3. Some proteins with which ElA proteins are known to interact are

illustrated: see text for further description. (Diagram adapted from that by Russell,

2000).

Figure 3 (B). Initiation of replication of Ad2 DNA synthesis at the origin. The order
of events and proteins participating in the initiation are illustrated. Adenovirus
terminal and pre-terminal proteins are abbreviated to TP and pTP, respectively, Ad
DNA polymerase to DNA pol, DNA binding protein to DBP and nuclear factors I &
III to NFI and NFIII. (Figure adapted from that by Hay, 1996).
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replication origin, consisting of 18 bp in Ad2, followed by the auxiliary region, which
has further stimulatory effects on DNA replication. The requirement of the auxiliary

region (19-50 bp) seems to be, however, serotype-specific following the discovery that
Ad4 compared to Ad2, requires only the core of the origin and no cellular factors for the
initiation of its replication (Hay, 1985).

The procedure of DNA replication is initiated by the covalent attachment of

deoxycytidine monophosphate (dCMP) to the serine residue 580 of the pre-terminal

protein (pTP) by viral DNA polymerase (Ad pol) (review: Hay, 1996). The 3'hydroxyl

group of pTP-dCMP is then used as a primer for the synthesis of a new strand of DNA

by Ad pol. Other cellular and viral factors are, however, required for, or function to,

stimulate the replication. The proposed order of initiation of replication begins with the
association of the 72 kD DNA-binding protein with viral dsDNA containing 5'end TP,

which in turn enhances the binding of a 47 kD cellular protein, nuclear factor NFI

(Nagata et al., 1982), for its recognition site at auxiliary region of ori (Stuiver & van der

Vliet, 1990). Subsequently, NFI interacts with Ad pol and the tightly bound heterodimer
of pTP/Ad pol associates at the core of ori at bp 9-18 (Chen et al., 1990). Further
interaction of pTP/Ad pol with the conserved DNA-binding domain POU of the nuclear
factor III (also known as NFIII or Oct-1) stimulates the formation of the pre-initiation

complex at ori (Coenjaerts et al., 1994). Following this, the distally positioned NFIII (at

bp 39-48) and the NFI (at bp 23-38) dissociate and the origin is unwound for the

template of DNA synthesis, possibly catalysed by the bound DBP (review: Hay, 1996).
The pTP/Ad pol complex then becomes specifically positioned for initiation; the

acceptor serine of pTP is opposite the GTA sequence at positions 4-6 of the template

(genome). The resulting pTP-CAT intermediate then 'jumps backwards' to positions 1-

3 of the genome for the synthesis of the first CAT sequence (King & van der Vliet,

1994). While using one strand of parent DNA as a template, elongation proceeds with

the pTP-dCMP-Ad pol initiation complex and with the help of DBP (Stuiver and van

der Vliet, 1990 and references therein) and nuclear factor NFII, a cellular topoisomerase
I (review: Lucher, 1995, Hay, 1996). The non-template strand of parent DNA

subsequently dissociates forming 'pan-handle' structures as the ITRs of the ssDNA

anneal. These circular structures can function as templates for re-initiation (Hay et al.,

1984) leading to the synthesis of more progeny DNA, as illustrated in Figure 3B.
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1.3.5 Late gene expression

Following the onset of viral DNA replication, the IVo2 and IX intermediate gene

products (Crossland & Raskas, 1983), which function as transcriptional, late-phase

dependent, activators of the Major Late Promoter (MLP), are transcribed (Lutz &

Kedinger, 1996, Lutz et al., 1997). The five late transcripts L1-L5 synthesised under the
control of MLP (note however that LI 52K and 55K are also expressed during the early

phase of infection) are expressed only from replicated and not from parental genome,

DNA template. This is likely to be guaranteed by a change in DNA structure or its
associated components during replication, which serves as a cA-acting requirement for

early-to-late switch in transcription (Thomas & Mathews, 1980). Following the

transcription of the late transcripts by cellular polymerase II, a complex series of

splicing events, within each late transcript family, generates the distinct mRNAs

encoding viral structural components (review: Lucher, 1995).
Viruses have developed different strategies to assure the synthesis of viral

polypeptides over those of the host cell. Influenza virus polymerase physically alters the
cellular mRNAs by removing their 5-end cap structure for the synthesis of its own

polyadenylated mRNAs (review: Whittaker et al., 1996). Unlike vaccinia virus, which
mediates the degradation of host cell mRNA (Rice & Roberts, 1983), adenovirus
infected and uninfected cells contain similar amounts of cellular mRNA. However, at

late phase of Ad infection, 90-95% of the mRNA reaching the cytoplasm is adenoviral

(review: Philipson, 1995). Adenoviruses accomplish this by enhancing the rate of

cytoplasmic export of the viral mRNAs by the action of a complex consisting of two

early proteins, E1B 55K and E4 orf6 (review: Leppard, 1997). This complex also blocks
the transport of newly synthesised cellular mRNAs. However, since some cellular
mRNA are known to escape the transport block (such as that for hsp 70 gene family and

/3-tubulin) (Moore et al., 1987), the translational control mediated by viral proteins on

the polyribosomes functions as the second checkpoint assuring the preferential synthesis
of viral proteins.

Once in the cytoplasm, viral mRNA is preferentially translated over cellular mRNA

by the actions of at least three factors encoded in the adenovirus genome. Virus-
associated RNAs, VA RNAi (major species) and VA RNAn (minor species) are viral

genes whose synthesis is induced by E1A (review: Philipson, 1995). They are
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transcribed by cellular RNA polymerase III in large amounts late in infection and
contribute to the viral translational control by combating the inhibitory consequences

induced by the virus infection. In response to adenovirus infection, the cellular protein

kinase, DAI, capable of inhibiting translation through phosphorylation of the a-subunit
of the translation initiation factor eIF-2a, becomes activated by dsRNA. VA RNAi

counteracts DAI by physically binding to it (review: Mathews & Shenk, 1991).
The 200-nucleotide-long tripartite leader sequence, formed by the splicing of three

small exons in the 5'noncoding region of all viral mRNAs from the MLP, is also a

component of the translational control. The adenoviral tripartite leader sequence confers
translation independent from the initiation factor eIF-4F complex (Dolph et al., 1990),
which consists of RNA helicase, cap-binding protein (CBP or eIF-4E) and p220 protein

parts. While eIF-4F is required for cap-dependent, cellular mRNA translation,
adenoviruses further eliminate competition by causing underphosphorylation of CBP

thereby inactivating the complex (Huang & Schneider, 1991). Recent experiments have
shown that the adenovirus L4 100 kD protein contributes to this by blocking the binding
of a Mnkl kinase component required for the phosphorylation of the cap-binding

protein (Cuesta et al., 2004).

1.3.6 Nuclear translocation

Influenza virus, an enveloped single-stranded RNA virus, faces nuclear trafficking

problems due to the spatial separation between genome replication and virion
maturation taking place in the nucleus and plasma membrane, respectively. A series of
nuclear import and export steps of the viral ribonucleoproteins (vRNPs), during
influenza virus infection, rely on the cellular transport machinery. These steps are

regulated by cellular and viral factors and the virus matrix protein Ml is considered the

major regulator of the bidirectional traffic; the dissociation or association of Ml

determines the import or export of the vRNPs from the nucleus, respectively (review:
Whittaker et al., 1996).

Likewise, adenovirus must orchestrate the transport of its synthesised late structural

polypeptides from the cytoplasm to the nucleus where the virion assembly and
maturation takes place (see Figure 4 for the overall outlook on adenovirus lifecycle).
How does adenovirus accomplish this?
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The nucleus of the eukaryotic cell, enclosed from the cytoplasm by the nuclear

envelope (NE), is an important organelle containing genes that control the cell's
function. It is therefore not surprising that the uptake of proteins by the nucleus is a

selective process. The nuclear pore complex (NPC), composed of approximately 30

proteins or nucleoporins, spans through both the inner and outer nuclear membrane.
NPC functions as a channel allowing free diffusion of small molecules while also taking

part in the receptor-mediated nucleo-cytoplasmic transport of proteins. The latter, a type

of active, energy-demanding transport of proteins, is mediated by the nuclear
localisation signal(s) (NLS) within the transported polypeptides (review: Garcia-Bustos

et al., 1991). While NLS on proteins interact with cytoplasmic import receptors, such as

the importin-/3, the receptors via their binding domains mediate interactions with

phenylalanine-glycine (FG) repeat-domains found on many NPC nucleoporins (review:

Fahrenkrog et al., 2004). A single NPC can reportedly support 1000 translocation
events per second (Fahrenkrog et al., 2004 and references therein) and, on the basis of
the structure of the central pore, NPC is able to confer translocation of molecules with a

diameter up to -40 nm (Pante & Kann, 2002).

Identified NLS governing the posttranslational transport from the cytoplasm contain
some unifying protein primary structure motifs. NLS are often short sequences (5-10

aas) rich in positively charged amino acids, lysines and arginines, located anywhere

along the protein sequence (review: Garcia-Bustos et al., 1991). In comparison to NLS,

nuclear export signals (NLS) are typically leucine-rich stretches of amino acids

promoting the exit from the nucleus via NPC. The human immunodeficiency virus type

1 (HIV-1) Rev protein is an example of a nuclear-cytoplasmic shuttling protein

containing both NLS and NES sequences required for its role in transporting viral

transcripts (Meyer & Malim, 1994). The presence of multiple NLS or NES may enable

proteins to interact with several transport receptors simultaneously, and thereby

accelerating the translocation process (Fahrenkrog et al., 2004).
In addition to nuclear signals of mammalian and yeast origin, several NLS for viral

proteins have been characterised (review: Garcia-Bustos et al., 1991). The simian virus
40 (SV40) T antigen contains one of the best-defined NLS, a sequence of Pro-Lys-Lys-

Lys-Arg-Lys-Val between residues 425-431 (Kalderon et al., 1984). The herpes

simplex virus type 1 (HSV-1) protease (Pra) has also been shown to contain a NLS
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(Gly-Lys-Arg-Arg-Tyr) along the UL26 gene, in the middle of the ICP35 polypeptide.
The two domains of the HSV-1 protease co-operate for nuclear translocation; the

proteolytic N-terminal domain (No) requires an association with the C-terminal (Na)
domain in order to successfully accumulate into the nucleus (Gao et al., 1994).

Adenovirus components and viral DNA have been shown to gain access through
NPC (Greber et al., 1997) and several adenovirus proteins such as the pre-terminal

protein (Zhao & Padmanabhan, 1988), DNA-binding protein (Morin et al., 1989), ElA

protein (Lyons et al., 1987), fiber (Hong & Engler, 1991) and core proteins V and VII

(Matthews & Russell, 1998, Lee et al., 2003) have NLS included in their sequences.

Following the observation that the pTP locates not just itself to the nucleus but is also

capable of directing Ad DNA polymerase to the nuclear matrix (Zhao & Padmanabhan,

1988), it is likely that those late adenoviral proteins carrying NLS form complexes with
those lacking signals and therefore function as essential transporters.

1.3.7 Assembly and maturation

After their translation, the majority of late viral polypeptides are efficiently transported
to the nucleus, within 6 min following their release from polyribosomes (Velicer &

Ginsberg, 1970). The first assembly-related events do, however, begin already in the

cytoplasm. The hexon trimers are formed within 3-4 min after their synthesis (Horwitz
et al., 1969) following a 1:1 complex with L4 100 kD protein (Oosterum-Dragon &

Ginsberg, 1981), after which they accumulate in the nucleus with the help of another
structural component, the precursor of protein VI (Kauffman & Ginsberg, 1976,
Wodrich et al., 2003). Additionally, the formation of capsomers from the penton base
and the trimerisation of fibers have been proposed to occur prior to their nuclear

translocation (Horwitz et al., 1969, review: D'Halluin, 1995). Once in the nucleus, the

assembly of virions proceeds at distinct nuclear sites from those used in viral DNA

replication (Puvion-Dutilleul et al., 1992).

Although the exact order of addition of some of the viral structural proteins has not

been established, mutational and isolation studies indicate that the assembly of the
adenovirus virions proceeds via intermediates (review: Greber, 1998). First, empty

capsids consisting of hexons, pentons, and other structural and scaffolding proteins, are

formed. This is followed by the accumulation of light intermediate particles. These
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Figure4.Synopsisoftheadenoviruslyticcycleandthemajoreventswithin. [1]Thevirusattachestothehost-cellCARreceptorsviaitsfiber.[2]Theparticleisendocytosedwhiletheviralpentonbaseinteracts withcellularintegrins.Insidetheclathrin-coatedvesicle,degradationofsomeviralsructuralproteinsbegins,whichcontinuesuntilthe virionentersthecytoplasm.[3]Thepartly-uncoatedvirionfinallydisassemblesatthenuclearpore,followedbythereleaseoftheviral DNAgenomeandtransportofit,possiblymediatedbythecoreproteins,tothenucleus.[4]TheElAimmediateearlygeneisthefirst
tobetranscribedbythecellularRNApolymeraseII,andsubjecttoalternativesplicing.[5],TheE1A12SandE1A13Sproteinsare translatedbythecellularmachinery,andtransportedtothenucleus[6]wheretheyregulateviralandhost-cellgeneexpression.[7]The 13S....

E1Astimulatesthetranscriptionofviralearlygenes(E1B-E4)mediatedbythecellularRNApolymeraseII.[8]Followingtheir transcription,theearlymRNAsaretranslatedontheribosomes[9],E2proteins,whicharenecessarycomponentsoftheviralDNA replication(Polymerase,DNABindingProteinandpre-TerminalProtein),accumulateinthenucleus[10]andco-operatewithhost- cellproteinsforefficientviralDNAsynthesis[11],TheprogenyDNAformedmayserveastemplatesforfurtherroundsofreplication [12-13],TheonsetofviralreplicationandtheappearanceofintermediategenesIXandIVo2triggersthetranscriptionoflategenes fromtheMajorLatePromoter[14],ThelatemRNAsencodingthestructuralcomponentsofthevirionarepreferablyexportedtothe cytoplasmbytheactionoftwoearlyproteins,E1B55kDandE4Orf6[15].ThetranslationofthelatemRNAsrequirestheVARNAi (transcribedbyRNApolymeraseIIIsincethebeginningoftheinfection),whichhelpstoavoidcellulardefensemechanismaswellas alateprotein,L4100kD[16],Thehexontrimersandthepentonbasepentamersarealreadyformedinthecytoplasmwiththehelpof L4100kDprotein,andthentransportedtothenucleusforassembly,alongwithotherstructuralproteins[17],Theassemblyofthe virionsviaintermediatesensuesinthenucleus,requiringscaffoldingproteinsandthepackagingsignalonthereplicatedDNA molecules.[18]Theimmatureparticlesarerenderedinfectiousastheviralendoproteaseperformesproteolysisoftheviralpre- proteins.[19]Thenewly-synthesisedvirionsarereleasedfromthelysedhostcellfollowingthedisruptionofthecytokeratinnetwork bytheviralproteaseandbytheactionoftheE3viraldeathprotein.(FigureadaptedfromthatbyFlintetal.,2000).
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particles contain, in addition to hexon, penton base and fiber, precursors of protein Ilia,

VI and VIII as well as some scaffolding proteins not found in mature particles (33K,
39K and 50K). The light intermediates also contain a fragment of DNA, a c/x-acting

sequence rich in A-T repeats derived from upstream of the El A promoter, which is

required for packaging of the progeny genomes (Hearing et al., 1987).
The next stage in adenovirus assembly is the formation of heavy intermediates from

the light ones by the encapsidation of viral DNA linked to pTP, a process aided by the

scaffolding proteins from the LI region (52K, 55K and Ilia) (review: D'Halluin, 1995).
At this stage, the scaffolding proteins 33K, 39K and 50K are released.

The subsequent assembly intermediates are the young virions containing core

proteins, V VII and p, together with other unprocessed precursor polypeptides. Finally,

the L3 region 23 kD protease becomes activated inside the virus particle performing the
crucial maturations of pre-proteins. This event renders a young virion into a mature

infectious one. Also, at the very late stages, protein IX associates with the capsid while
the 100 kD protein involved in scaffolding is lost (review: D'Halluin, 1995).

Unlike certain non-lytic enveloped viruses, such as retroviruses capable of budding
from the host cell membranes, non-enveloped viruses such as adenoviruses and

polioviruses need to promote lysis of the host cell for efficient release of the synthesised

progeny virions (Dimmock & Primrose, 1994). Adenoviruses encode components,

which promote successful host cell lysis late in the infection. One of the components is
the adenovirus death protein (ADP), an 11.6 kD gene product from the delayed early

transcription unit E3 (discussed earlier in 1.1.3). The virus-encoded protease also

promotes the escape from the host cell by cleaving the cytoplasmic intermediate
filament network (Chen et al., 1993).

1.4 Adenovirus protease

Since the main objectives of work described in this thesis involve the 23 kD protease,

its nature, function and regulation is now discussed in further detail.

1.4.1 Role ofadenovirus protease in lytic infection
In a single Ad2 particle approximately 10±5 protease molecules (Anderson, 1990),
basic in nature, are associated mainly with viral core structures and reportedly bind
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DNA non-specifically (Everitt & Ingelman, 1984, Webster et al., 1993). The Ad2

protease (AVP) performs proteolysis of at least six viral precursor proteins pVI, pVII,

pVIII, pllla, pTP and pia during virion assembly (Anderson et al., 1973, Bhatti &

Weber, 1979, Boudin et al., 1980, review: Weber, 1995). In addition, the protease is
known to be active during at least two other stages of the infection; during uncoating
and entry into the host cell (Cotten & Weber, 1995, Greber et al., 1996), and during the
last stages of the infection by cleaving proteins of the cytoskeleton (cytokeratin 18),

thereby promoting the release of the newly-synthesized virions from the host cell (Chen
et al., 1993).

An additional role for the adenovirus protease as a deubiquitinating enzyme during
viral infection was recently discovered (Balakirev et al., 2002). Given that the

ubiquitin-dependent proteolysis is a major histocompatibility complex (MHC) class I

antigen presentation- and antiviral defense-pathway, it would seem an apparent target

for inhibition by viruses (review: Ploegh, 1998). A similarity between adenovirus

protease and influenza B virus NS1 protein is that they both seem to target ISG15

(Balakirev et al., 2002, Yuan & Krug, 2001), an ubiquitin-like protein induced by ot/(3-
interferons. This could be a viral strategy for disarming at least a part of the host
antiviral response.

1.4.2 Adenovirus protease cleavage specificity
On the basis of cleavages of the viral pre-proteins as well as of synthetic peptides, two

types of consensus cleavage sites for AVP have been proposed: '(M, L, I) XGG-G or

2(M, L, I) XGX-G (Webster et al., 1989a, Anderson, 1990). Thus, the specificity of this

enzyme is determined by P4, P2, Pi and Pf sites, whereas P3 could be any amino acid
with its side chain pointing away from the enzyme, as suggested by Webster et al.

(1989a) and Ding et al. (1996). In 2002, Ruzindana-Umuyana et al. concluded that P3
and Pi were variable but never contained C, P, D, H, W, Y and C, P, G, M amino acids

in type1 consensus site, respectively or residues C, D, L, W and C, P, D, Q, H, Y, W in
2 2

consensus cleavage site type , respectively. In fact, the GX-G type consensus cleavage
site is hydrolysed more efficiently than the type1, GG-X site (Diouri et al., 1996). The

biological role for this type of preferential cleavage efficacy is well illustrated by the
maturation of pVI by the protease at the GX-G site, resulting in the release of the

25



Introduction

cofactor peptide (discussed in section 1.4.5), followed by the cleavage at the N-terminal
GG-X site.

1.4.3 Adenovirus protease and the new clan ofcysteine proteases

Processing of pre-proteins was first considered a trait associated with positive strand
RNA viruses and retroviruses. However, following the discovery of AVP, it became

apparent that DNA viruses could also encode for proteases (review: Krausslich &

Wimmer, 1988). Whether required to separate structural from non-structural proteins or

to cleave host-cell proteins to advance the infection, different types of viruses possess

representatives for the four main classes of proteases: retroviruses, such as HIV-1 code,
for an aspartic protease (Anderson, 1999), picornaviruses for the 3C cysteine protease

(review: Ryan & Flint, 1997), alphavirus for a serine protease in its capsid protein

(review: ten Dam et al., 1999) while hepatitis C virus codes for the NS2-3

metalloprotease (Grakoui et al., 1993). A protease is assigned to a particular group on

the basis of its active site nucleophiles, inhibitor profile and by comparison of its

sequence and structure with those of established proteases (Rawlings & Barrett, 1994).

Initially, adenovirus protease was considered a chymotrypsin-like serine protease

(Bhatti & Weber, 1979, Houde & Weber, 1990). Sequence analysis, site-directed

mutagenesis and a peptide-based enzyme assay, however, demonstrated that it belonged
to the cysteine class of proteases (Webster et al., 1989a, Tihanyi et al., 1993). An
additional difficulty in the classification of AVP was its inhibitor profile, which

diverges from those of classical serine or cysteine classes, and displays similarity with
the rhinovirus 3C proteases from the picornavirus family (Tremblay et al., 1983, Orr et

al., 1989, Webster & Kemp, 1993).
While attempting to establish the catalytic triad of the protease, sequence alignments

of adenovirus serotypes revealed that only two of the eight cysteine residues present are

truly conserved, Cysteine104 and Cysteine122 (Grierson et al., 1994). Since substitutions
at either one of these residues reduced protease activity by more than 95% (Grierson et

al., 1994), it appeared that both cysteine residues played an important role. Tryptophan
fluorescence experiments further substantiated that Cys104 was involved in activation

1
while Cys participated in catalysis (Jones et al., 1996). The published crystal

26



Introduction

structure of the protease (together with its cofactor, discussed later) confirmed this:

His54, Glu71 and Cys122 triplet form the catalytic triad (Ding et al., 1996).
When published, the structure of AVP was found to deviate substantially from other

cysteinyl proteases in the Protein Data Bank (Ding et al., 1996). Despite its unique,
overall protein fold, the spatial disposition of the AVP's active site amino acids

appeared to be identical to that of the conventional cysteine protease papain. In

addition, the Gin115 residue of AYP and the Gin19 of papain, believed to be involved in
the formation of the oxyanion hole, have equivalent spatial positions in the active site.

Therefore, AVP is believed to employ a catalytic mechanism similar to papain (review:

Mangel et al., 1997).
The Ad2 protease was in fact assigned to a new fifth and evolutionarily-distinct

cysteinyl protease clan, CE, to which other proteases such as the Ulp-1 endopeptidase
from Saccharomyces eerevisiae (SUMO-1 specific protease) and the African Swine
Fever Virus protease have since been included (Rawlings & Barrett, 2000, Andres et

al., 2001, Barrett & Rawlings, 2001). The characteristics shared by these proteases

include N-terminal extensions (possibly involved in substrate specificity), the consensus

cleavage site of GG-X, similarity in inhibitor profile, minor sequence similarity and
clear structural homology between the members (Lopez-Otin et al., 1989, Li &

Hochstrasser, 1999, Mossessova & Lima, 2000). Notably, the catalytic triad and their

sequential order in the polypeptide are conserved. Unlike in the more conventional

cysteine protease papain, the catalytic histidine precedes the cysteine in the primary

protein motif of these proteases (Ding et al., 1996). Interestingly, the crystal structure of
the Ulp-1 endopeptidase includes its substrate Smt3 in the active site (Mossessova &

Lima, 2000), which can modelled into the active site 'cleft' of the adenovirus protease.

1.4.4 Viral proteases and regulation of their activity
While the virus may benefit from encoding for its own protease, as opposed to relying
on a non-specific cellular one, the dilemma with the regulation of the protease activity
still exists. Since proteolysis is an irreversible process mediated by enzymes incapable
of repairing errors, premature-activation of a protease would be detrimental for the
success of the infection (review: Krausslich & Wimmer, 1988). Consequently, viruses
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have developed elaborate mechanisms in order to control the temporal and spatial

activity of their proteases.

Human cytomegalovirus (hCMV), a /3-herpesvirus, encodes for a 28 kD serine

protease required for viral capsid formation and for viral replication (review: Holwerda
et al., 1997). The activity of hCMV protease molecule is dependent upon dimerization
and the increased concentration of the protein components during capsid assembly may

function as a temporal trigger leading to the formation of the active dimeric protease

from the inactive monomers (Darke et al., 1996). An interesting characteristic

concerning the hCMV protease dimer-structure is that each subunit has a separate

active site, which form away from the interface of the subunits (Chen et al., 1996).

Furthermore, an intramolecular disulphide bond formation near the active site, between

Cys'138 and Cys'161, was shown to inhibit the activity of the hCMV protease in vitro,

probably by obstructing the access of the substrate to the active site (Baum et al., 1996).

Hence, it is possible that once the protease is autoproteolytically cleaved from its

precursor, oxidised and reduced surroundings and the non-active site cysteines may

control the activity of the hCMV protease for the benefit of the infection.
There are some similarities between the hCMV protease and that of the human

immunodeficiency virus type 1 (HIV-1), which cleaves itself from the Gag-Pol

polyprotein and further processes precursor proteins into their mature form. The HIV-1

protease also relies on the concentration-dependent dimerization for its activation and

the regulation of the protease activity has equally been proposed to occur by the
modification of its conserved, non-catalytic cysteine residues (Davis et al., 1996).

However, unlike the hCMV dimer, the 22 kD HIV-1 dimer subunits interact to form one

active site with Asp-residues contributed by each subunit (Anderson, 1999).

Furthermore, it seems that additional cofactors are involved in the activation of HIV-1

protease. One of its substrates, the HIV-1 reverse transcriptase (RT), can increase the

activity of the protease and given that its stimulatory role seems to be cleavage-site-

dependent, RT may play a part in the regulation of the order of cleavages performed by
the protease during the infection (Goobar-Larsson et al., 1995). Moreover, mutational
studies with defective retroviruses revealed that budding at the plasma membrane is of

importance for the HIV-1 protease since a factor restricted to this membrane, whether of
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viral or cellular origin, is required for initiating its activity during virus maturation

(Welker etal., 1997).
The cowpea mosaic virus (CPMV) protease demonstrates that another viral

polypeptide can also function as a regulator-stimulator for a viral protease. CPMV is a

single-stranded bipartite RNA plant virus and its B-RNA-encoded 24 kD protease

performs the required proteolysis in the B and M polyproteins (Vos et al., 1988). The 32
kD protein cofactor of the CPMV protease, located at the amino terminus of the B-

polypeptide, seems to have a bi-directional regulatory role. While 32 kD stimulates the
trans cleavage of M-polyprotein encoding capsid proteins at a Gin-Met site, it decreases
the B-polyprotein processing by remaining associated with the larger polyprotein (170

kD) after its cleavage (Peters et al., 1992). Therefore, though the exact mechanism is
not known, it seems that the presence of the 32 kD protein is important possibly for

inducing a certain optimal conformation or folding.

Similarly, this type of structural-stimulus in activity-regulation has been described for
the human rhinovirus-14 (HRV14) 3C protease. The low in vitro activity of the HRV14

3C protease encouraged the search for potential cofactors and it was discovered that
anions were capable of stimulating 3C activity by inducing a conformational change in
the protein structure (Wang & Johnson, 2001). Since HRV14 3C has also been reported
to complex with negatively charged viral RNA in infected cells (Leong et al., 1993),
viral RNA could be the anion-like molecule responsible for regulating 3C's enzymatic

activity in vivo (Wang & Johnson, 2001).

1.4.5 Regulation and activation ofA VP

Despite reports that other viral components were not required for enzyme activity

(Houde & Weber, 1990), the fact that the recombinantly expressed and purified AVP
had very little activity, which could be stimulated by the addition of disrupted tsl
virions (Mangel et al., 1993, Webster et al., 1993), suggested otherwise. The proposed

autocatalytic processing and maturation of the 23 kD AVP into a 19 kD active form

(Chatterjee & Flint, 1987) were found to be inconsistent and therefore not responsible
for AVP activation (Anderson, 1990, Webster & Kemp, 1993). A novel activation
stimulus for the adenovirus protease was discovered, to which a counterpart was later
detected in hepatitis C virus (HCV).
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Two groups simultaneously discovered that AVP had a substrate-mediated activation
mechanism based on the recruitment of a short peptide (Mangel et at., 1993, Webster et

al., 1993). AVP requires the 11-amino acid peptide GVQSLKRRRCF, derived from the
C-terminus of the precursor of protein VI following cleavage at site 238-239, as a

cofactor for maximal activity (Figure 5C) (Mangel et al., 1993; Webster et al., 1993). In

addition, adenovirus DNA has been reported as a second cofactor for the Ad2 protease

(Mangel et al., 1993, review: Mangel et al., 1997). The importance of viral DNA or a

polymer with high negative-charge density on AVP activity has been disputed (Webster
et al., 1994, Diouri et al., 1995). However, data suggests that DNase treatment abolishes
AVP activity, which can be restored upon the addition of Ad DNA (Mangel et al.,

1993).
In the case of HCV, its polyprotein is processed by the action of cellular and virally

encoded proteases. Host cell signalases on the endoplasmic reticulum (ER) are

responsible for liberating the amino-terminal structural envelope proteins (E1-E2),
whereas the non-structural (NS) proteins located further downstream of the polyprotein
are cleaved by the action of two HCV-encoded proteases (Hahm et al., 1995 and
references therein). The NS2-3 metalloprotease cleaves the NS2-NS3 junction while the
NS3 serine protease performs the cleavages at NS3/4A, NS4A/NS4B, NS4B/5A and
NS5A/5B junctions (Grakoui et al., 1993, Hong et al., 1996). NS3 is in fact a

bifunctional, 631-residue enzyme possessing both protease and helicase activities (Yao
et al., 1997, Howe et al., 1999). Although NS3 is enzymatically active on its own, it

requires NS4A, a 54-residue amphipathic peptide cofactor, for the cleavage at the
NS4B/NS5A site (Bartenschlager et al., 1994, Failla et al., 1994). While the central

portion of NS4A is required for the activation of the protease, its hydrophobic N-
terminus is responsible for co-localising the NS3-4A complex at host cell membranes

where, together with NS4B, NS5A and NS5B (RNA polymerase), it forms a larger

replication complex (Yao et al., 1999).
The proposed activation mechanism of AVP by the peptide is not completely akin to

that of the HCV NS3-NS4A association. Whereas NS4A interacts with the extended N-

terminal region of the protease as well as with the core of the enzyme (Yao et al., 1999),
the 11-mer peptide binds some distance from the active-site residues of AVP (Ding et

al., 1996). The crystal structure of the Ad2 protease-peptide heterodimer revealed that
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the activating peptide forms a 1:1 complex with the protease, possibly altering the
conformation of the active site by tying two non-continuous protease domains together

(Ding et al., 1996). Through the formation of a disulphide bond, between cysteine
residue 10 of the peptide and 104 of the protease, hydrogen bonds and side-chain

interactions, the peptide forms the sixth /3-sheet antiparallel to the middle, fifth /3-sheet
of the protease (Figure 5A & B). Within the overall ovoid shape of the complex, the N-
terminal GVQ residues of pVIct are in a pocket formed by the 7th /3-sheet loop, while
the SLKRRRCF-stretch of pVIct extends to the 3rd helix of the protease.

1.4.6 Order ofA VP activation during infection?

Despite the discovery of the activating peptide, there was still a conundrum concerning
the specific timing and control over the protease activity during adenovirus lytic cycle.
Late in the infection, cytokeratin 18 is cleaved by the protease at two cleavage

sequences resulting in the disruption of the cytokeratin network, completed by

approximately 36 hours into the infection (Chen et al., 1993). Simultaneously, however,
the maturation of viral pre-proteins inside the young virions by the protease takes place
in the nucleus, an event stimulated by an association with the peptide and possibly with
viral DNA. Hence, not only does the protease need to be activated at the correct time

during the infectious cycle to avoid premature lysis, but also there needs to be yet

another stimulus responsible for activating the protease in the cytoplasm.
Earlier reports with baculovirus-expressed pTP and Ad2 protease, which resulted in

some cleavage of pTP to iTP (Webster et al., 1994), suggested that a cellular component

could substitute for the 11-mer peptide. Brown et al. (2002) discovered that cellular
actin could stimulate the in vitro activity of the protease, resulting in the cleavage of

cytokeratin and actin itself. Given that the carboxy-terminus of actin, SGPSIVHRKCF,

displays sequence homology with the activating peptide, the actin molecule is believed
to interact similarly to that of the peptide, forming a 1:1 complex with the protease

(Brown & Mangel, 2004). Actin, as a cellular substrate cofactor, therefore completes
the puzzle. While the protease molecules in the cytoplasm become activated via an

association with actin and disrupt the cytokeratin network, the protease molecules in the
nucleus would have performed the maturation events preparing the particles, now

infectious, ready for their release.
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Figure 5 (A), (B) & (C).

(A). The crystal structure of adenovirus protease together with its cofactor peptide (solved

by Ding et al., 1996). The active site residues of the enzyme are highlighted (shown in ball
and stick or CPK mode) and coloured. The cofactor peptide, pVIct binds distinct from the
active site (shown in white) and the N-and C-terminus have been labelled.

(B). The structure of the activating peptide. The individual residues of the peptide are

labelled and shown in CPK mode. The orientation of the peptide is the same as shown in

Figure (A). The structures shown were compiled using molecular visualisation and analysis

program VMD, version 1.8.1 and the protein sequence for the complex was derived from
Protein Data Bank, ID: 1AVP.

(C). Schematic diagram showing the cleavage of Ad2 protein VI into its mature form by the

protease. pVI is first cleaved at the C-terminus (between residues 238-239) resulting in the
release of the activating peptide (intermediate VI or iVI), followed by the N-terminal

cleavage into VI (between residues 33-34). The two karyophilic stretches studied in this

thesis, KRRR and KRPRP, have been coloured in blue (discussed in further detail in
section 4).
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Finally, there is a third activation time point for the protease, which should be

considered. The protease has been reported to cleave the mature VI at a degenerate site,

enhancing the entry into the cytoplasm during the uncoating-stage (discussed earlier in
section 1.4.1). It is the reducing environment inside the host cell, which is believed to

re-activate this cysteine protease (Greber et al., 1996, review: Greber, 1998). According
to the theory of Greber (1998), the oxidising extracellular environment inactivates the

protease due to the formation of intrachain disulfides after the virus particles are

released from the lysed host cell. When the virus enters a new host cell, the reducing
milieu within the endocytic vacuole or cytosol causes disulphide bond reduction and re¬

activates the protease. Greber et al. (1996) also concluded that the RGD-dependent
interaction of the penton base with integrin receptors, during entry into the cytosol,
functions as a signal together with the reducing environment, which is required for

protease re-activation.
In conclusion, the adenovirus protease represents an example of a viral protease

whose activity, and regulation thereof, exhibit a high degree of adaptation and

dependency of several viral and cellular factors, likely to be discovered in other viral

systems. The objective of the work described in this thesis was to expand on the
characterization of the activating peptide and its role in the regulation of the protease.

To this end, the role of individual residues along the peptide for the in vitro protease

activity was examined and putative, additional in vivo functions for the peptide during
adenovirus infection were explored. Previous experiments by Pollard (2001) have
shown that the KRRR-sequence towards the C-terminus of the peptide could function as

a nuclear localisation signal. To continue from these observations, the aim was to

establish the relevance of this signal for pVI protein during adenovirus infection and to

assess whether this signal could be responsible for the nuclear import of the protease.
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2.1.1 Plasmids

The gene encoding Ad2 protease had been previously cloned into pETllc (Novagen)
vector (Anderson, 1990), referred to as pi75 construct. The pGEX-2T vector

(Amersham Biosciences) was a gift from L-N. Chen. The pEGFP-Cl/23K plasmid was

a gift from T. Vaughan. The pcDNA3.1(Invitrogen)-based vector, pdf20 was a kind gift
from P. de Felipe, as were the Clontech-vectors pDsRed2-Cl, pEGFP-Cl and

pHcRedl-Cl, the full description of which is available from the BD Biosciences
website (http://www.bdbiosciences.com/clontech/). The oligonucleotide sequences used
for the generation of different constructs are included in the Appendix (section 6).

2.1.2 Bacteria

Escherichia coli strain DH5a was used as a non-expressing host for plasmid

preparations whilst E. coli strain BL21(DE3) was used as a host for the expression of
recombinant AVP and pVI.

2.1.3 Mammalian cells
pr\

HeLa (Catherine Dargemont, Universites Paris) and COS-7 cell lines were used for

eukaryotic transfections and infections with Ad2.

2.1.4 Antibodies

A rabbit antiserum, raised against the N-terminal region of the Ad2 protease [sequence

MGSSEQELKAIVKDLGC coupled to human serum albumin) (Webster & Kemp,

1993)], was used for the detection of protease in Western blotting (at 1:4000 dilution).
A mouse monoclonal anti-GFP antibody (Roche), a gift from P. de Felipe, was used for
the detection of EGFP-fusion proteins (used at 1:1000 dilution in Western Blotting). A
rabbit polyclonal anti-VI serum raised against the residues 94-170 was used for

detecting pVI/iVI/VI (a gift from W.C. Russell). This antiserum was pre-adsorbed

against uninfected, fixed and permeablised HeLa cells and used at 1:80 dilution for
immunofluorescence.

The secondary antibodies, anti-rabbit IgG and anti-mouse IgG (Amersham) were

used at 1:4000 dilution in Western blotting, whilst the anti-mouse and anti-rabbit
fluorescein isothiocyanate (FITC)-conjugated antibodies (Oxford Biotechnology) were
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used at 1:200 dilution for immunofluorescence.

2.2 Peptide synthesis
The peptides used in the experiments were synthesised by G. Kemp at the University of
St Andrews according to the method of Atherton & Sheppard (1989) and by using a

Pepsynthesiser II (Cambridge Research Biochemicals). The basic steps in solid phase

peptide synthesis using fluorenyl-methoxycarbonyl-polyamide-chemistry (Fmoc) are: to

immobilise the first amino acid to a polyamide resin, followed by the N-terminal

elongation of the peptide by C-terminally activated, side chain protected amino acids.
The newly synthesised and HPLC-purified peptides were also confirmed by mass

spectrometry (University of St. Andrews).

2.2.1 Purification ofpeptides

Preparative reverse-phase High-Pressure Liquid Chromatography (HPLC) system

(Gilson) was used to purify peptides after synthesis. Peptides were dissolved in 0.1%

TFA in ddH20, injected onto a CI8 column (Bio-Rad) pre-equilibrated with 0.1% TFA
in ddH20 and eluted by increasing concentrations of acetonitrile. The collected
fractions were analysed by Mass Spectrometry and the correct fractions were freeze-
dried using a Modulyo-drier.

2.2.2 Synthesis andpreparation offluorescein-tagged peptide, pVIct-F
A peptide with a fluorescein tag on the lysine residue of GVQSLKRRRCF was

synthesised for in vivo assays whereby the peptide localisation could be followed in
cells. The pVIct-F peptide was synthesised according to procedure by Hoogerhout et al.

(1999). Standard Fmoc-polyamide chemistry was performed apart from the lysine
residue being protected with piperdine-stable ivDDE group and also the glycine residue
was protected with acid-labile Boc group, not with the usual piperdine sensitive Fmoc.

Following the synthesis, the peptide was maintained attached to a hydrazine-treated
resin. 40 /rmol of 5-(and-6)-carboxyfluorescein succinimidyl ester (Molecular probes)
in 0.5 ml of DMF was added to 0.25 g of peptide-containing resin, in order to label free

e-group of lysine. Together with 40 pi of di-isopropylethylamine, the mixture was

sealed, protected from light and mixed using a rotator for 3 h at room temperature.
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Sampling for MALDI-TOF (matrix-assisted /aser desorption/z'onisation, rime of/light)
mass spectrometry was first performed after 2 h, and every 0.5 h thereafter until finally
the peptide was cleaved off the resin by TFA. The fluorescein-tagged peptide was

purified as described previously, freeze-dried and stored at -20°C.

2.2.3 Determination ofpeptide concentration

Peptide concentrations were determined by comparison of electropherogram areas

resulting from capillary electrophoresis to areas of peptides of known concentrations,

according to method by Cabrita (1997).

2.3 Prokaryotic expression ofrecombinant adenovirus protease (A VP)
2.3.1 Expression ofprotease

A medium sized colony from pi75 master plate was resuspended in 1 ml of water and
absorbance at 600 nm was checked. The volume of cells was adjusted accordingly: if

A6oo was 0.1, 10 pi of cell suspension was resuspended in 1 ml water. 300 pi of the

resulting suspension was spread onto LA/carbenicillin plates and incubated overnight at

37°C.

The colonies from the overnight plates were scraped into 10 ml Luria Bertani (LB),
0.5% (w/v) carbenicillin and centrifuged at 3,000 rpm for 10 min (3K10 Sigma). The

resulting pellet was resuspended in 20 ml LB/carbenicillin. 20 pi of this cell suspension

was diluted in 1 ml water and absorbance was checked. The volume of the cell

suspension added to 500 ml of DMEM [supplemented with 2.5 ml of 10 mg ml"1
carbenicillin and sterile-filtered 25 mM HEPES, pFI 7.5] was determined according to

the following formula: Vol = 1.5 : A6oo, in order to obtain a starting OD of 0.15. The

culture was grown at 37°C till Aeoo reached 0.4-0.6 after which the expression of

protease was induced by the addition of 2 ml of 0.15 M IPTG (Isopropyl-[3-D-

thiogalactopyranoside). The expression was left to proceed for 3 h at 37°C. The culture

was centrifuged at 10,000 rpm (Beckman J2-21) for 5 min and the resulting pellet was

washed and resuspended in suspension buffer (50 mM Tris-HCl, 5 mM EDTA, 4%

glycerol, pFI 8), and finally stored at -20°C.
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2.3.2 Extraction ofprotease

To extract the protease expressed in the bacterial cells and to break the bacterial cell

wall, samples were incubated at 37°C for 15 min in the presence lysozyme (100 pi of 10

mg ml"1 stock), followed by freeze-thawing in liquid nitrogen (x3). The DNA was

broken down by adding 100 pi of 1M MgSCfi and 100 pi of DNAase I (2 mg ml"1 stock)

to the cell suspension, and incubating at 37°C for 15 min. Finally, the lysate was

centrifuged at 13000 rpm (MSE Micro Centaur centrifuge) for 5 min to separate cell
debris from the supernatant. The protease retained in the supernatant was stored at -

20°C until purification.

2.3.3 Purification ofprotease

Single step purification of recombinant protease, method of Pollard (2001), was carried
out with ion-exchange columns and using a Pharmacia P-500 system. Parameters of the

apparatus were set as follows: pump A with buffer A (50 mM Tris, pH 8), pump B with
buffer B (50 mM Tris, 1 M NaCl, pH 8), chart recorder set at 0.25 cm min"'and flow
rate set at 1 ml min"1.

The extract containing the protease was applied to a 10 ml superloop and the sample
was first passed through a 1 cm x 30 cm Diethylaminoethyl (DEAE) Sepharose column,

equilibrated with buffer A and eluted with equilibration buffer at 1 ml min"1. After 20
ml had been passed through DEAE column, pre-equilibrated Heparin-Sepharose (1 cm

x 10 cm) and Carboxymethyl-Sepharose (1 cm x 3 cm) columns were connected and
eluted with further 20 ml of buffer A. Finally the protease was eluted from the

Carboxymethyl-Sepharose column by passing through 50 mM Tris, 0.2 M NaCl (20%
buffer B). The collected 1 ml fractions were stored at -20°C until analysed on SDS-

PAGE mini gels and by Western blotting. Protease-containing fractions were pooled
and stored at -70°C.

2.4 Gel electrophoresis
2.4.1 SDS-Polyacrylamide gel electrophoresis (PAGE)
Sodium dodecyl sulphate polyacrylamide gel electrophoresis, SDS-PAGE was

performed with Bio-Rad Mini Gel-equipment. First the separating gel was prepared

[15% gel: 5.6 ml 40% (v/v) acrylamide, 0.65 ml 2% (v/v) bis-acrylamide, 5.6 ml 1 M
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Tris/HCl pH 8.7, 2.9 ml ddH20, 0.15 ml 10% (w/v) SDS, 12.5 pi TEMED (N,N,N',N'-

Tetramethylethylenediamine) and 50 pi of 0.1 mg ml"1 ammonium persulphate (APS)].
The separating gel mixture was poured in between 2 assembled glass plates and left to

polymerise with overlaid saturated butanol. Prior to loading the stacking gel, [consisting
of 1.3 ml 40% (v/v) acrylamide, 0.7 ml 2% (v/v) bisacrylamide, 1.25 ml 1M Tris-ElCl

pH 6.9, 6.75 ml water, 0.1 ml 10% (w/v) SDS, 25 pi TEMED and 50 pi of 0.1 mg ml"1
APS], the butanol was removed and the top of the gel rinsed with 70% ethanol. After
the stacking gel polymerised, the comb was removed and the wells were washed with
water to remove any unpolymerised acrylamide. The SDS-PAGE Bio-Rad apparatus

was then assembled and filled with chamber buffer [0.3% (w/v) Tris, 1.44% (w/v)

Glycine, 0.1% (w/v) SDS]. Samples were loaded into the wells after being boiled for 2

min with gel loading buffer [25% (v/v) [3-mercaptoethanol, 7.5% (w/v) SDS, 18.75%

(v/v) glycerol, 0.1875 M Tris, pEI 6.9 and 0.0375% (w/v) Bromophenol blue].

Electrophoresis was carried out at 180V for 45 min or until sufficient separation was

obtained using Bio-Rad Power Pac 3000.

2.4.2 Staining ofgels
After performing a SDS-PAGE, the gels were stained with Coomassie blue, unless
further used for Western blotting. After Coomassie blue-staining [0.2% (w/v)
Coomassie brilliant blue R250, 50% (v/v) methanol and 10% (v/v) acetic acid], the gels
were destained using 25% (v/v) methanol, 7.5% (v/v) acetic acid to visualize bands and

to remove excess background. During both the staining and destaining procedures, the

gels were placed onto an orbital shaker.

2.4.3 Determination ofprotein concentration

The concentration of the purified protease sample was determined from a standard
curve obtained with 0.05-1.5 pg of Soybean Trypsin Inhibitor (SBTI) on a 20% SDS-
PAGE. Bradford reagent (Bio-Rad) was also used to estimate protein concentration by

measuring the absorbance at 595 nm and by comparison to prepared standards

(Bradford, 1976).
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2.4.4 Western blotting
Protein samples were electroblotted to a Hybond PVDF membrane after separation

using SDS-PAGE. The PVDF membrane (pre-soaked in methanol for 2 minutes) was

placed on top of the gel, which in turn was placed between two 3 mm papers

(Whatman) soaked in transfer buffer [48 mM Tris, 39 mM glycine, 20% (v/v) Methanol

& 0.00375% (w/v) SDS] and two fibrous pads. The transfer, using Bio-Rad Mini Gel

equipment, proceeded at a constant current of 300 mA for 2 h.
The resulting membrane was incubated at room temperature in 20 ml of blocking

buffer [5% (w/v) dried milk powder, 0.1% (v/v) Tween 20 in PBS] for 10 min. The

primary antibody was added and incubation continued for 30 min, with shaking. The
excess primary antibody was removed by washing with blocking buffer (3 x 10 min

washes), after which the secondary antibody was added and incubation continued for 30
min. The membrane was washed in blocking buffer (3 x 10 min) and in TTBS (0.1%

(v/v) Tween 20 in PBS) to reduce the background. Finally the blot was incubated in 1ml
of each ECL reagent [reagent 2.5 mM luminol, 0.369 mM coumaric acid, 0.1 M
Tris/HCl pH 8 and reagent2: 0.0192 % (v/v) H202 and 0.1 M Tris-HCl pH 8.5], placed
between acetate sheets and exposed to Fuji X-ray film. The film was developed using
Kodak M35 X-OMAT processor.

2.4.5 Non-denaturing, native gel electrophoresis
The non-denaturing, native gel electrophoresis method for AVP and peptide variants
was adapted from Goldenberg (1989). The SDS-PAGE Mini Gel apparatus was

assembled according to manufacturer's instructions and as described earlier in 2.4.1.

The major difference between a non-denaturing, non-reducing native gel compared to a

standard SDS-PAGE is the absence of SDS, sample preparation, and the gel

polymerisation, in the case of riboflavin-based native gels.

2.4.6 Riboflavin native gel electrophoresis
A 15% separating gel consisting of 5.47 ml 40% (v/v) acrylamide, 3.0 ml 2% (v/v) bis-

acrylamide, 1.53 ml ddFI20, 2.5 ml riboflavin (0.004%), 10 pi TEMED and 2.5 ml

separating gel buffer [48% (v/v) 1 M KOH, 17.2% (v/v) glacial acetic acid, pH 4.3] was

prepared. The stacking gel mixture [0.91 ml 40% (v/v) acrylamide, 0.5 ml 2% (v/v)
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bisacrylamide, 4.09 ml (MH2O, 2.0 ml riboflavin (0.004%), 15 pi TEMED and 2.5 ml

stacking gel buffer (48% (v/v) 1 M KOE1, 2.9% (v/v) glacial acetic acid, pH 6.8)] was

laid on the top of the separating gel with the well-forming comb. The polymerisation of
the gels was started by exposing the gels to light using two RRB Illuminator light
boxes. Electrophoresis was carried out in electrode buffer [3.12% (w/v) P-alanine, 0.8%

glacial acetic acid, pH 4.5],

2.4.7 Ammonium persulphate native gel electrophoresis
The ammonium persulphate (APS)-containing native gel mixture consisted of [(15%

gel): 4.5 ml 40% (v/v) acrylamide, 2.4 ml 2% (v/v) bisacrylamide, 3.45 ml ddH20, 10

pi TEMED, 150 pi 10% APS] and 1.5 ml separating gel buffer [12.8% (v/v) glacial

acetic acid, 1% (v/v) TEMED, 1M KOH to pH 4], The stacking gel mixture for APS
native gel was prepared [1 ml 40% (v/v) acrylamide, 0.56 ml 2% (v/v) bisacrylamide,

5.2 ml ddH20, 10 pi TEMED, 200 pi 10% APS] and used together with 1 ml stacking

gel buffer [4.3% (v/v) glacial acetic acid, 0.46% (v/v) TEMED, 1M KOH to pH 5.0],

Electrophoresis was carried out in electrode buffer [1.42% (w/v) P-alanine, acetic acid
to pH 4.0],

With both types of non-denaturing gels, the gel-mixtures were degassed using water

suction prior to the addition of APS or riboflavin with TEMED.

2.4.8 Binding assay mixture

The reaction mixture for the native gels consisted of 75 pi of purified protease sample
to which 2.5 pi of 4 mg ml"1 lysozyme was added to serve as an internal standard of the

loadings. 4 pi of the protease/lysozyme mixture was further added to 5 pi doubling
dilutions of 1 mM peptide in water. Finally 12.5 pi of assay buffer (50 mM Tris, 10

mM EDTA, 2 mM /3-mercaptoethanol, pH 8.0) and 10 pi glycerol-tracking dye solution

[0.2% (w/v) methyl green, 50% (w/v) glycerol] was added and 20 pi of each sample
was loaded per well. Electrophoresis was carried out towards the cathode at 40 mA for
45-60 min using Bio-Rad Power Pac 3000, after which the gels were stained with
Coomassie blue for analysis.
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2.4.9 Analysis ofprotein bands from native gel electrophoresis
The native gels were scanned using CanoScan FB 636U and the intensity of the
heterodimer complex formation between the peptides and AVP was analysed by NIH

image 1.62 software. The lysozyme added to the binding assay functioned as an internal
standard of the loadings. To obtain equilibrium dissociation constant, Kd, the
concentrations of Bound peptide, [pVIctjbound and Free peptide, [pVIct]free were

calculated: [pVIct]b0und= [AVP](I0/Imax)

[pVIct]free— [pVICt]initial" [pVIct]bound
where [AVP] is the initial protease concentration, Io the intensity of heterodimer band at

a certain peptide concentration and Imax the maximum intensity for 100% bound- dimer.
From Scatchard-plot analysis ([pVIct]b0Und/ [pVIct]free v [pVIct]b0Und), the Kd value
could be determined [slope = -1 /Kd\.

2.5 Activity and binding experiments
2.5.1 Isometric Titration Calorimetry (ITC)
A VP-ITC MicroCalorimeter (MicroCal™) was used to measure binding between the

protease and peptide variants. ITC is a technique by which both the magnitude of

binding affinity and the magnitude of the enthalpy (AH) and entropy (AS) changes can

be measured.

In a typical experiment 0.5-1 mM of activating peptide in a 250 p\ syringe was

injected to the 1.8 ml sample cell of MicroCalorimeter, containing 5-10 gM of purified
AVP. The buffer, in which the protease and peptide were dissolved, was identical in
terms of pH and concentration of buffer solvents. To minimise any heat effects
associated with differences in buffer concentration, the AVP was dialyzed overnight

against 50 mM Tris/HCl, lOmM EDTA, pH 8 (with or without 2 mM /3-

mercaptoethanol), in which the peptide was later dissolved. Prior to loading the peptide
and AVP into the syringe and sample cell, respectively, the samples were degassed at 1-
5 degrees below the intended experimental temperature using ThermoVac-system

(MicroCal™). Using the VP viewer software, 21 injections of 10 gl of peptide were

selected with a spacing of 150 sec. The constant temperature during the experiment was

kept at 25°C, 30°C or 37°C, with an initial delay of data collection of 60 sec and a

stirring speed of 300 rpm.
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2.5.2 Protease activity assay with peptide substrate
2.5.2.1 Standardprotease activity assay

The method has been described previously in Cabrita et al. (1997). 10 pi of purified

protease (at 0.1-0.2 mg ml"1) was incubated with 10 pi of activating peptide (100 pg ml"
1 in ddFEO) and with 25 pi of assay buffer (50 mM Tris, 10 mM EDTA, 2 mM /3-

mercaptoethanol, pH 8.0) at 37°C for 10 minutes. 5 pi of 2 mg ml"1 Ac-LRGAGRSR
substrate (peptide with acetylated N-terminus) was then added to the reaction mixture

and incubation was continued at 37°C. 10 pi samples were removed at 5, 10, 15 and 30

min time points. The reaction was terminated by the addition of 10 pi 1% (v/v) TFA

and the samples were stored at -20°C until analysis by the BioFocus 3000 Capillary

electrophoresis (CE) system.

2.5.2.2 Sample preparation and analysis
An additional 80 pi of filtered ddH20 was added to the cleavage samples prior to the

analysis with BioFocus 3000 system. The samples were separated by an electric field

(from positive to negative electrode) in 0.1M phosphate buffer, pH 2.5 (Bio-Rad) within
a capillary cartridge of 24 cm x 25 pm, at constant voltage 10 kV and at 20 PSI x sec

pressure injection. The absorbance was set at 200 nm and the electropherograms were

collected using BioFocus V3.10 software (Bio-Rad). The spectra were further analysed

using Integrator V3.01 software (Bio-Rad) and the observed peaks were manually
edited after conversion to ACQ (Acquisition files).

The relative specific activities were calculated according to the method by Cabrita

(1997). The data [including time point, percentage of substrate remaining (S/So) and

ln(S/So)] were plotted in Microsoft Excel program. By employing the array formula

{linest(ln(S/So)5mm: ln(S/So)30mm, time point5mm:tirne point30mm, False, True)}, the initial
rate of substrate digestion was obtained from the linear graph (-k), together with
standard error and correlation coefficient.

2.5.3 Fluorescent-substrate assay

2.5.3.1 Kinetic data for A VP activated by p Vict variants

Binding and activation data for AVP and peptide mutants were obtained by conducting

activity assays with a fluorescent substrate (benzyloxycarbonyl) z-Leu-Arg-Gly-Gly-
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AMC (uminoraethylcoumarin) (Bachem). The experiments were performed using
Perkin-Elmer Luminescence Spectrometer LS 50B and 10 mm light path fluorimeter
cuvets (Sigma). The absorbance of the released cleaved product was measured at

excitation wavelength 370 nm and emission wavelength 460 nm (slit width set at 2.5
nm at both occasions). Each experiment was performed in triplicate. Prior to adding the

pre-incubated AVP and peptide to the substrate containing solution, the background for
the substrate itself was recorded.

2.5.3.2 Rate constant experiments

The experiments for the determination of kcai and Km values were conducted as

described previously apart from peptide concentration being kept at 2 /xM whilst the
substrate concentration was altered from 15.6 /xM to 200 /xM. The peptide concentration
used was the same for all the peptide variants and for those with very high Kd values,
the concentrations of peptides in the solution were less than saturating. Therefore, the
concentration of active AVP/pVIct-complex present in the assay was determined

according to the Kd of the peptide variant, according to method by Baniecki et al.

(2001) and using the equation: [pVIctJo [AVP]o/ [pVIctJo + Kd

where [pVIctJo and [AVP]o are the concentration of peptide and protease used,

respectively, and Kd is the equilibrium dissociation constant of the peptide, as

determined by the native gel electrophoresis.

2.5.3.3 Equilibrium dissociation constant (Ka) experiments
26 nmol of purified AVP and the varying concentrations of peptides (0.3-4 /xM) were

incubated in assay buffer [50 mM Tris, 10 mM EDTA, 2 mM /3-mercaptoethanol (pH

8)] at 37°C for 10 min prior to the addition of the substrate (62.5/xM). The assays were

left to run for 10 min at 37°C. Data interval was set at 0.0017 and response time at 4
sec.

2.5.3.4 Analysis ofdata

The raw data obtained from the Perkin-Elmer Luminescence LS50 B was analysed

using Igor Pro 3.12 software. The data points were converted to seconds and the

fluorescence units to product formation after calculating the molar extinction coefficient
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for 7-amino-4-methylcoumarin (AMC), which is the released fluorescent product after
the cleavage by AVP. The rate of substrate hydrolysis was derived from a linear graph

[rate v time] and all rates were finally plotted as a rectangular hyperbola, Vo v [S].
For the binding-experiments, the fluorescence units were converted to product

formation, as described above. Then to obtain the Kd, the concentrations of Bound

peptide, [pVIct]b0Und and Free peptide, [pVIct]free were calculated:

[pVIct]bound= [AVP](V0/Vmax)

[pVIct]free— [pA^Ict]initial- [pVIct]bound
where [AVP] is the concentration of the enzyme in the assay, Vo the recorded rate, Vmax

the estimated maximum rate and [pVict]initial the initial concentration of peptide added
to the assay. By plotting the ratio of [pVIct]b0Und /[pVIct]free versus [pVIct]b0Und, one can

obtain a Scatchard plot and the Kd value from the negative reciprocal of the slope [slope
= -l/Kd\.

2.6 Eukaryotic expression ofproteins
2.6.1 Maintenance ofmammalian cells

Human cervical cancer cells, HeLaCD and African Green Monkey kidney cells, COS-7
were maintained at 37°C and in 5% CO2 atmosphere in Dulbecco's modified Eagle's

medium, D-MEM (Gibco) supplemented with 10% foetal calf serum, FCS (Gibco),

glutamine (4 mM), penicillin (100 pg mf1) and streptomycin (100 pg ml"1). Cells were

passaged at around 80-90% confluence of the cell monolayer. Medium of the cells was

removed, monolayer was washed twice with 5 ml of warm PBS and the cells incubated

for 2 min with 2 ml of trypsin. The trypsin was inactivated by addition of D-MEM/10%

FCS, after which the cells were centrifuged at 1200 rpm for 3 min (Beckman GS15

centrifuge), resuspended in D-MEM /10% FCS and aliquoted into 75 cm2 flat flasks

(Cellstar®).

2.6.2 Transfections ofmammalian cells

Transient transfection of mammalian cells was mediated either by electroporation

(adapted from Neumann et al., 1982), calcium phosphate method (adapted from
Graham and van der Eb, 1973) or by using FuGENE 6 (Roche) transfection reagent.
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2.6.2.1 Calcium Phosphate transfection
Calcium phosphate transfections were performed using sterile 2x HBS buffer (280 mM

NaCl, 1.5 mM Na2HP04, 50 mM HEPES pH 7.05) and sterile 2 M CaCl2.

Approximately 1 x 105 HeLa cells were plated onto each well in a 12-well dish

(Nunclon™) 24 h prior to the transfection. (The DNA used in the transfection was

diluted to a final concentration of 0.2-1 pg pi"1.) First, 6-12 pg of the DNA was mixed

with 37 pi 2 M CaCl2, which was made up to 0.3 ml with water. This was added

dropwise with continuous tapping to an equal volume of 2x HBS buffer. The solution
was left at room temperature for 10-30 min before being added dropwise to the cells.

The plate was incubated at 37°C for 24 h, after which the medium of the cells was

changed to D-MEM/10% FCS and the plate incubated for further 24 h.

2.6.2.2 Electroporation
The electroporation- transfections were performed using Genepulser II (Bio-Rad). The
cells were given fresh D-MEM medium enriched with 10% FCS 1 h prior to the

transfection. After trypsin-treatment, the cells were resuspended in 15 mM HEPES/D-
MEM. 200 pi of the cell suspension (5 x 106 cells per ml of medium) together with 210

mM NaCl and 5 pg of DNA in ddH20 was electroporated in a 4 mm (EquiBio) cuvette

at 950 mFD, 240 V for a > 30 msec impulse. The cells were resuspended in 4 ml of D-

MEM/10% FCS. 1 ml of this cell suspension was aliquoted to a well in a 12-well dish

(Nunclon™) containing sterile coverslips and incubated at 37°C.

2.6.2.3 FuGENE transfection
FuGENE (Roche) is a multi-component lipid-based transfection reagent that complexes
and transports DNA into the cell with very low cytotoxicity (Roche manual 5/2001).

To transfect a well of a 12-well dish (Nunclon™) with a monolayer of cells (1-3 x

105), 3 pi of FuGENE reagent was added to 97 pi of Optimem (Gibco). This solution

was mixed thoroughly prior to the addition of 0.25-1 pg of DNA. The tube was gently

tapped to mix and left at room temperature for 45-60 min. The mixture was then added

dropwise to cells (in Optimem), which were incubated at 37°C for the required time.
The amount of each component used was proportionally increased when performing

larger scale transfection assays.
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2.6.3 Addition ofpeptide to the culture medium

Monolayers of HeLa cells, on sterile coverslips in 12-well dishes (Nunclon™), were

grown at 37°C in D-MEM/10% FCS. The culture medium was removed, cells washed

(x3) in PBS and the culture medium was replaced with Optimem containing 1 pM or 10

pM of unlabelled or fluorescein-labelled peptide. The cells were incubated for 15-60
min in presence of the peptides at 37°C, after which the cells were either fixed for

fluorescence imaging (see 2.6.4) or washed (x3) in PBS and incubated further at 37°C
in Optimem (live-imaging). The protocol for the addition of peptides to transfected

cells, betweenl6-24 h post-transfection, was the same (as detailed above).

2.6.4 Fixing the cells
The transfected and/or infected coverslips were washed a few times in PBS containing
0.5 mM CaCfi and 1 mM MgCfi and fixed with 4% paraformaldehyde/PBS for 10 min.
The coverslips were further washed with PBS and with 0.1 M Glycine/PBS for 15 min

and left in PBS overnight at 4°C. Alternatively, the coverslips were washed with PBS

and cells fixed with 1 ml of cold 95% (v/v) Methanol-5% PBS (kept at -20°C) at room

temperature for 10 min (Morin et al., 1989), or with cold, 1:1 (v/v) Acetone-Methanol

(Matthews & Russell, 1998), after which they were rehydrated in PBS. Mowiol solution

[2.4 g mowiol G488, 6 ml of glycerol, 6 ml ddHaO, 12 ml of 0.2 M Tris (pH 8.5), 2.5%

(v/v) DABCO and DAPI to 1.5 pg ml"1 (4',6-Diamidino-2-phenylindole)] was used to

fix the coverlips onto slides. The slides were stored at 4°C.

2.6.5 Immunofluorescence
The cells fixed onto the coverslips were permeablised using 0.1% Triton X-100 in PBS
and blocked using PBS (v/v) 0.5% Donkey Serum (DS). The primary antibody was

added in PBS/DS and left to incubate for 1 hour. The primary antibody was washed off

by PBS/DS. The coverslips were incubated for 1 h in the presence of anti-mouse or

anti-rabbit FITC conjugated antibody (used at 1:200 dilution). Coverslips were mounted

on the slides using moviol/DAPI (described above).
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2.6.6 Microscopy

Coverslips were examined under 40x or lOOx oil immersion with a Nikon Microphot-
FXA microscope. Multiple fluorescence images were acquired using a DeltaVision
Restoration Microscope system (Applied Precision, Issaquah, MA, USA), which
consists of an inverted microscope (Olympus 1X70, Tokyo, Japan) with 60x or lOOx oil
immersion objective and photometric CH300 CCD camera. Images were processed with

softWoRx- software (Applied Precision).

2.6.7 Lysis ofmammalian cells
The cell monolayer was washed twice with ice cold PBS and the cells were lysed using
RIPA (Radio-Immunoprecipitation Assay) lysis buffer [150 mM NaCl, 1% Nonidet P-

40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, (pH 8), 100 pg ml"1
phenylmethylsulfonyl fluoride, 1 pg ml"1 aprotinin, 1 mM ethylenediaminetetraacetic

acid, 5 pg ml"1 leupeptin] (Sambrook et al., 1989). The cold RIPA buffer was added to

cell monolayer (500 pi per 60 mm well) and left for 20 min on ice at 4°C. The samples
were collected with a cell scraper, centrifuged (at 13,000 rpm for 5 min) and

supernatant collected for analysis by SDS-gel electrophoresis and Western blotting (see
section 2.4.1).

2.6.8 Cytoplasmic and nuclear extracts oftransfected mammalian cells
A larger scale transfection of HeLa cells was performed to obtain separate cytoplasmic
and nuclear extracts of the cells. The transfected cells were removed from the 6-well

plate (Cellstar®) or 25 cm plates using a cell scraper at 24-30 hpt and resuspended in
200 pi buffer A [10 mM Hepes (pH 8), 50 mM NaCl, 0.5 M Sucrose, 1 mM EDTA, 0.5

mM spermidine, 0.15 mM spermine, 0.2% Triton X-100]. The lysate was left on ice for

6 min and centrifuged at 6500 rpm for 3 min at 4°C using Sigma 3K10 centrifuge. The

resulting supernatant was stored at -70°C as a cytoplasmic fraction. The pellet was

further washed with 200 pi of buffer B [50 mM NaCl, 10 mM Hepes, 25% (v/v)

glycerol, 0.1 mM EDTA, 0.5 mM spermidine, 0.15 mM spermine] and centrifuged at

6500 rpm for 3 min at 4°C after which the supernatant was discarded. The pellet was

carefully resuspended in 100 pi of buffer C [350 mM NaCl, 10 mM Hepes, 25% (v/v)

glycerol, 0.1 mM EDTA, 0.5 mM spermidine, 0.15 mM spermine] and left on ice for 30
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min, with regular mixing. The lysate was centrifuged at 6500 rpm for 20 min at 4°C.
The resulting supernatant was stored at -70°C as a nuclear extract until further analysis.
Buffers A-C all contained a mix of protease inhibitors added freshly before use.

2.6.9 Liquid nitrogen stocks ofmammalian cells
A 75 cm2 flask of cells was grown at 37°C, 5% CO2 to 90% confluence. The cells were

removed from the flask by trypsin/EDTA-treatment, centrifuged at 1200 rpm for 3 min
and the pellet resuspended in 2 ml of freezing mix [10% dimethyl sulphoxide (DMSO),
30% FCS and 60% D-MEM]. The cells were aliquoted into 1 ml sterile vials and placed

inside a polystyrene container overnight at -70°C. Next day the vials were frozen in

liquid nitrogen.

2.6.10 Establishing stable cell lines
This method was used for the establishment of cell lines that constitutively expressed
EYFP and ECFP-tagged proteins. After characterising the expression of the fusion

proteins in HeLa cells, a standard FuGENE-transfection in 25 cm flask was performed

(described in 2.6.2.3). The following day, the standard media was replaced with

Optimem/10% FCS containing 1.5 fig puromycin (Sigma) per ml medium, which over

time selected for cells with stable incorporation of the construct in their genomic DNA.

(The amount of puromycin required to kill non-expressing cells varied from one cell
line to another.) The antibiotic medium was replaced every other day. Once the cell
death of non-expressing cells was obtained, the remaining colonies were picked into 24-
well dishes (Nunclon™) and checked separately for fluorescence. Single colonies were

picked using a Gilson PI00 pipette with a sterile tip, which was lowered to the surface
of the cell, scraped and sucked gently and transferred to a separate well, in the presence

of a small amount of trypsin/EDTA. After obtaining stable cells of interest, a lower
concentration of puromycin was used. Also a stock of stable cell lines expressing the

gene(s) of interest were prepared and stored at -70°C (as described in 2.6.9).
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2.7 Adenovirus type 2 preparations
2.7.1 Preparation andpurification ofAd2
The preparation and purification of Ad2 by CsCl-gradient centrifugation was performed
as described previously by Russell and Blair (1977). 6 litres of HeLa spinner cells were

grown in Jokliks/7.5% Newborn Calf Serum (NCS). The cells were pelleted by

centrifugation at 4,000 rpm for 10 min (Beckham ultracentrifuge J6-HC) and

resuspended in 250 ml Jokliks without serum. The cells were infected using 1 ml of
Arcton-extract of previously purified virus. The infection was left to proceed for 5 h in

the warm room, after which the cells were given another 4 1 of Jokliks medium. The

following day, another 2 1 of Jokliks/ 2% NCS was added and the infection was left to

proceed altogether for 72 h. The infected cells were then centrifuged at 4,000 rpm for
30 min using Beckham J6-HC. The resulting pellets were washed three times using
sterile PBS before resuspending in 8 ml of sterile 10 mM Tris/HCl, pH 7.5 per each litre
of infected cells. Each tube with 12 ml of cell suspension was mixed with 15 ml of
Arcton (1,1,2-Trichlorotrifluoroethane) and the tubes were sealed prior to applying a

wrist action shaker to disrupt the cells (shaken at full speed for 30 min in the cold

room). The mixture was centrifuged at 4,000 rpm for 30 min and the top layer

consisting of Arcton was removed. To obtain pure Ad2, 2 ml of sterile 2 M CsCl was

pipetted into 4 cm3 Beckham ultracentrifuge tubes. To the bottom of the tubes, 3 ml of 3
M CsCl was carefully injected, whilst the Arcton was pipetted onto the top of the

gradient. Care was taken to ensure that the tubes were full in order to prevent collapse
of the gradient. The tubes were centrifuged at 30,000 rpm for 2 h at 20°C using
Beckham L-60 ultracentrifuge. After the centrifugation, the viral band (blue/white in

colour) was collected carefully following the removal of the top, soluble antigen layer

by pipetting. The purified virus was mixed in an equal volume of glycerol and stored at

-70°C.

2.7.2 Plaque assay for virus titre
To estimate the titre for the purified virus, plaque assays were conducted using a

monolayer of HeLa cells in 9.4 cm2 plates (6-well plates, Cellstar®). First, a dilution
series of the virus from 10'5 to 10"10 ml was prepared in D-MEM. The dilutions of the
virus were added to the cell monolayer, which was incubated on a vertical shaker in the
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warm room for 1.5 h. After allowing the virus particles to adsorb to the cells, the
medium of the cells was replaced with a warm mixture of 18 ml of D-MEM/2% FCS,
100 yu.1 of 1 M MgCl2 and 7 ml of 3% low-melting agarose. This mixture was left to set

on top of the infected monolayer at room temperature for 30 min, after which the plates
were incubated at 37°C until observable plaque formation. To aid in the visualisation of
the plaque forming units (pfu), the cells were stained with neutral red, a dye taken up by

living cells.

2.7.3 Infections ofHeLa cells by Ad2
Viral infections of HeLa cells were performed at a multiplicity of 5 to 10 pfu per cell. In

general, the virus was added in D-MEM or Optimem (Gibco), without additional serum,

to cells and left to incubate in the warm room, on slow shaking for 1-1.5 h. Afterwards,
the medium of the cells was replaced with D-MEM or Optimem supplemented with 2%
FCS. The percentage of serum was increased to 10% after 6 h, and the infection was left
to proceed for another 18-40 h at 37°C prior to fixing the coverslips for
immunofluorescence. Optimem medium was used in infections of transiently or stably

expressing fluorescent-protein fusions.

2.8 Cloning
2.8.1 DNA sequencing
All generated plasmids were sequenced by ABI PRISM 377™ Applied Biosystems

Sequencer at the University of St. Andrews DNA sequencing unit.

2.8.2 Polymerase Chain Reaction (PCR)

PCR reactions were carried out using Applied Biosystems' GeneAmp PCR System
2400 and the following cycle conditions: initial denaturing at 95°C for 2 min, 30 cycles
of amplification (denaturing at 94°C for 30 sec, annealing at 50°C for 45 sec, extension
at 72°C for 1 min), final extension at 72°C for 7 min. The PCR cycle conditions were

adjusted according to the melting temperature of the primers and the size of the

amplified fragment. A typical PCR reaction mixture consisted of 0.2-1.0 fig of template

DNA, 2-5 /xl of each oligonucleotide to final concentration of 1 /xM (purchased from

Oswel), 10 jiil of lOx Vent polymerase buffer, 0.5-1.0 /d (0.5-1 units) of Vent DNA
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polymerase (New England Biolabs), 2 pi of dNTP mixture from stock solution (10 mM
of dATP, dCTP, dGTP and dTTP) and nuclease-free water, up to 100 pi.

2.8.3 Restriction digestions
A standard single restriction digestion mixture consisted of: 1 pg DNA sample in

ddH20, 2 p 1 lOx restriction enzyme buffer, 2 pi acetylated BSA (1 mg ml"'), 1 p1

Promega® restriction enzyme (2-10 units) and ddH20 to final volume of 20 /xl. The
reaction was left to proceed at 37°C for 2-4 h after which the digested fragments were

analysed by agarose gel electrophoresis.

2.8.4 Ligation

Isolated and purified DNA samples were ligated using T4 DNA ligase (Promega®). A

typical ligation reaction consisted of 5 pi water, 3 pi fragment, 1 pi linearized plasmid,

1 pi lOx ligase buffer (100 pi solution: 25 pi 1 M Tris-HCl pH 7.8, 10 pi 1 M MgCl2, 5

pi 1 M (3-mercaptoethanol, 6 pi 0.1 M ATP and 54 pi water) and 1 pi T4 DNA ligase (3

units pf'). Ligation reactions were incubated at 4°C overnight or alternatively on bench

for 1-3 h. Control ligation reactions were performed alongside with cut vector. The

insert/template ratio in ligations ranged from 3:1 to 10:1.

2.8.5 Agarose gel electrophoresis

Electrophoretic analyses and preparative purification of DNA (including amplified PCR

products) were performed using Bio-Rad (Power Pac 3000) gel electrophoresis

apparatus together with the appropriate agarose gel electrophoresis rigs (Bioscience

Services). Preparative 0.9% agarose gels consisted of [0.45 g agarose, 50 ml lx TBE

buffer (10.8 g Tris, 5.5 g boric acid, 4 ml 0.5 M EDTA, pH 8) and 2.5 pi ethidium
bromide at 10 mg ml"1]. Agarose gel electrophoresis was carried out at 60-80 V until

sufficient separation was obtained.

2.8.6 Isolation ofDNA

2.8.6.1 Isolation ofDNA from agarose gels
DNA bands were isolated from agarose gels by migration into autoclaved filter paper.

The wet filter paper was placed inside a 500 pi Eppendorf (with a hole in the bottom of

53



Materials and Methods

the tube), which was placed inside a 1.5 ml Eppendorf. The tubes were centrifuged at

13,000 rpm for 1 min using MicroCentaur centrifuge. The recovery of DNA into the 1.5
ml Eppendorf was confirmed under UV lamp and samples stored at -20°C.

2.8.6.2 Gel extraction

Alternatively, the DNA bands were extracted and purified from agarose gel according
to the QIAquick gel extraction kit (QIAGEN) protocol (QIAquick spin handbook
March 2001). The DNA fragment was excised from the gel with a scalpel and weighed
in a 1.5 ml Eppendorf tube. 3 volumes of QG buffer were added per 100 mg gel slice

(or adjusted accordingly) and the tube incubated at 50°C for 10 min. Following that,
one gel volume of isopropanol was added to the sample, which was mixed and applied
onto a QIAquick column. The column was centrifuged for 1 min at 13,000 rpm using
MicroCentaur centrifuge. The column was washed with 0.5 ml buffer QG, followed by
0.75 ml buffer PE. The DNA was finally eluted off the column by the addition of 50 p1
of ddH20 or EB buffer (10 mM Tris/HCl, pH 8.5) and by centrifugation at 13,000 rpm

for 1 min.

2.8.7 Competent cells

Competent E.coli strain DH5a cells were used for routine plasmid DNA preparation.

First, 5 ml of LB was inoculated with a single colony of DH5a and left to grow

overnight at 37°C. The 5 ml culture was used to inoculate a further 100 ml of LB the

following day. The bacteria were left to grow at 37°C until the absorbance at 600 (Aeoo)
reached 0.4. The culture was then transferred into sterile 50 ml tubes and kept on ice for
30 min at 4°C. The cells were centrifuged at 3600 rpm for 5 min at 4°C using Sigma
3K10 centrifuge. The bacterial pellet was resuspended carefully in sterile, cold, 25 ml
of (100 mM CaCl2, 40 mM MgSOQ and kept on ice for 30 min. The cells were

centrifuged at 3600 rpm for 5 min at 4°C and resuspended in cold 5 ml of [100 mM

CaCl2, 40 mM MgSCE, 10% (v/v) autoclaved glycerol]. The cell suspension was then

aliquoted into 200 pi sets, quick frozen on dry ice and stored at -70°C. Cells were

considered competent if 106 colonies were obtained per 1.0 pg circular plasmid.
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2.8.8 Transformation

2-10 pi of the ligation mixture or 0.2-1 /xg circular plasmid was transformed by heat

shock method into 100 pi of E.coli strain DH5o: competent cells. First the cells were

kept on ice for 30 min, followed by 45 sec at 42°C before being placed back on ice for
1-2 min. The cells were left to recover with 500 pi LB at 37°C for 30 min. Prior plating

out the cells onto LB-agar plates supplemented with the appropriate antibiotic, the cells
were harvested by centrifugation at 13,000 rpm for 10 sec. 400 pi of the supernatant

was removed whilst the remaining 200 pi of resuspended cells was spread onto the

plates (supplemented with correct antibiotic). The plates were incubated at 37°C

overnight. Positive colonies from the plates were used to inoculate 5 ml of LB,

supplemented with the appropriate antibiotic. Plasmid DNA was isolated using the

QIAGEN miniprep spin protocol.

2.8.9 Glycerol stocks ofplasmids

Glycerol stocks of the plasmids were prepared in DH5a (Stratagene®) cell line

designed for DNA purification. A single colony was used for inoculating 2 ml of LB

supplemented with the appropriate antibiotic and grown overnight at 37°C. Following

day, 2 ml of 80% glycerol was added to the culture and 1 ml aliquots stored at -70°C.

2.8.10 Purification ofplasmid DNA

2.8.10.1 QIA GENMiniprep
The method is based on the procedure of alkaline lysis of bacterial cells (described by
Birboim & Doly, 1979), followed by the adsorption of the DNA onto silica QIAprep
membrane in the presence of high salt. This protocol was followed according to

QIAprep Handbook 10/2001, designed for the purification of up to 20 /xg of circular

plasmid DNA. First, 1-5 ml of overnight culture of E.coli in LB was centrifuged for 3
min at 13,000 rpm. The resulting cell pellet was resuspended in 250 /xl buffer PI

(RNase-containing) and another 250 pi of (lysis) buffer P2 was added to the Eppendorf
tube. The tube was inverted gently and left at room temperature for 5 min. 350 /xl of

(neutralising) buffer N3 was added to the lysate, the tube inverted several times before

centrifugation at 13,000 rpm for 10 min. The resulting supernatant was applied to a

QIAprep spin column and the column centrifuged at 13,000 rpm for 1 min. The column
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was washed in 500 /xl buffer PB and 750 [il buffer PE and centrifuged after each
addition. The DNA was finally eluted off the column by the addition of either ddHaO or

buffer EB (10 mM Tris/HCl, pH 8.5), and by centrifugation of the column at 13,000

rpm for 1 min.

2.8.10.2 QIAGENMaxiprep
As mentioned previously in the Qiagen Miniprep method, Maxi-preparation of circular

plasmid DNA is also based on modified alkaline lysis procedure. The maxi protocol has
been designed for the purification of up to 500 |Ug of high-or low-copy number plasmid

(Maxiprep-handbook 10/2001).

First, a single colony was picked from a plate (supplemented with antibiotic), used to

inoculate 5 ml of LB (with antibiotic), and left to grow at 37°C for 8 h. This culture was

then used to inoculate 100 ml of LB (with antibiotic), which was grown at 37°C

overnight. The following morning, the cells were centrifuged at 6000x g for 15 min at

4°C using Sigma 3K10. The resulting pellet was resuspended in 10 ml buffer PI. To

this, 10 ml buffer P2 was added and the tube was gently inverted to mix and left at room

temperature for 5 min. 10 ml of chilled buffer P3 was then added to the lysate, the tube
inverted and centrifuged at 20,000x g for 30 min at 4°C. The supernatant containing the
DNA was removed carefully and re-centrifuged at 20,000x g for 15 min at 4°C. The

supernatant was then applied to a QIAGEN-tip 500 column (equilibrated with buffer

QBT) and allowed to enter by gravity flow. The column was washed after the loading of
the supernatant using 60 ml buffer QC. To elute the DNA off the column, 15 ml of

buffer QF was passed and the eluate collected into a glass Corex® tube. The DNA was

precipitated by the addition of 10.5 ml room-temperature isopropanol. The sample was

quickly mixed and centrifuged at 12,000x g for 30 min at 4°C to obtain a glassy

appearing pellet. The pellet was further washed in 70% ethanol at 12,000x g for 10 min.
The pellet was finally air-dried and re-dissolved in appropriate volume of ddH20.

2.8.11 Determination ofDNA concentration
The quantification of DNA was performed by Spectrophotometric analysis according to

Sambrook et at. (1989). The first reading at 260 nm was used to calculate the
concentration of nucleic acid [OD 1 corresponding to 50 /xg mf1 for dsDNA, 40 /xg ml"1

56



Materials and Methods

for ssDNA and RNA]. An estimate for the purity of the sample was obtained by

calculating the ratio of readings at 260 nm and 280 nm [pure preparations of DNA or

RNA having OD260/OD280 around 1.8-2.0].

2.9 In vitro transcription/translation experiments
2.9.1 TNT® Quick coupled transcription/translation
Cell-free in vitro expression of proteins from pdf20 clones containing a T7 promoter

cloned genes was obtained by using TNT® Quick coupled transcription/translation

system (Promega). The TNT® Quick system combines the RNA polymerase,

nucleotides, salts and recombinant Rnasin® ribonuclease inhibitor with the rabbit

reticulocyte lysate, also known as the Master mix.
The reactions were conducted according to manufacturer's instructions (Roche).

Briefly, in a standard reaction 40 /xl of master mix (from -70°C) was combined with 2 jul
"5 r

[ S] methionine (1,000 Ci/mmol at lOmCi/ml), 1 /xg plasmid DNA and nuclease-free
water to a final volume of 50 jul. Often smaller scale reactions were performed by

proportionally reducing the volumes of all assay components. The reaction mixture was

incubated at 30°C for 60-90 min, after which the synthesised proteins were analysed by

SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The resulting gel was dried onto

3 mm paper using BIO-RAD 583 gel-dryer (at 80°C for 40 min) and exposed to Kodak-
MR film. Alternatively, the gels were exposed to Phosphor-imager screen and analysed

using Fujifilm FLA-5000 scanner and Image Reader software.

2.9.2 In vitro cleavage of TNTproducts by A VP
To assess the efficiency at which purified AVP was able to cleave the various pdf-

protein constructs, the TNT-translation products were incubated at 37°C in the presence

of protease for various timepoints. The cleavage assay consisted of 10 /xl assay buffer

[50 mM Tris, 10 mM EDTA and 2 mM /3-mercaptoethanol], 5 /xl TNT-translation

product, 5 /x1 AVP at 0.1 mg ml"1 and 0.2 /xg pVIct. After the incubation in the presence

of AVP, the cleavage reaction was terminated by the addition of gel loading buffer [5%

(v/v) P-mercaptoethanol, 2% (w/v) SDS, 2.5% (v/v) glycerol, 50 mM Tris, pH 6.9 and

0.001% (w/v) Bromophenol blue] and samples were boiled for a few minutes. The
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cleaved products were analysed on a 12.5% SDS-gel and by Phosphor-imaging as

described above.

2.9.3 Analysis ofcleavage
The Image Gauge v3.45 programme was used for the quantification of the protein
bands. The Profile/MW-mode was used, automated peak search selected and

background was subtracted from the intensity of the protein bands. The percentage of
substrate cleavage was calculated according to method by Hughes (2003):

Intensity ofprotein band/ Methionine-content of protein band = Actual protein intensity

(Actual intensity of cleaved fragment/ Actual intensity ofuncleaved template) x 100
= % cleaved product.
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3. Results: Activation and binding between protease and its cofactorpeptide

3.1 Objectives ofthe study
3.2 Activation studies with peptide variants

3.3 Binding experiments with native gel electrophoresis
3.4 Fluorescent-substrate assays: binding and activation

3.5 Discussion
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3.1 Objectives ofthe study
Previous results have shown that binding of the peptide to the protease resulted in a

conformational change, observed by intrinsic tryptophan fluorescence (Jones et al.,

1996). Furthermore, mutational analysis on the well-conserved Glycine'1 and Valine'2
showed that this N-terminal dipeptide was, together with the thiol-bridge forming

Cysteine'10, an important component of AVP stimulation and for bringing about the
conformational change (Cabrita et al., 1997).

What is the significance of the other C-terminal residues along the peptide? The four
cationic residues (the KRRR-motif) are well conserved throughout human adenovirus

serotypes (see alignment of pVI C-terminal sequences, Figure 6). Also the presence of
an aromatic amino acid at the 11th position is apparent. The aim of this study was to

investigate the importance of these residues to the binding of pVIct to the protease and
to the stimulation of protease activity.
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Figure 6. Alignment of known adenoviral pVI sequences. The protease cleavage sites
are shown with a dashed line and the conservation of the C-terminal peptide residues,
studied in this thesis, are shown in blue. The protein sequences were obtained from
Protein Data Bank, and the alignment was performed with Clustal W (1.82) multiple

sequence alignment.
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,

P6 CanineC MDAVNFSILAPRYGSHPMMSAWSGIGTSDMNGG!AFNWGGIWSGIK NFGSNVKNWGS 56

P6_CanineR MDAVNFSILAPRYGSHPMMSAWSGIGTSDMNGGIAFNWGGIWSGIK NFGSNVKNWGS 56
P6_Bovine MEGINFSALAPRYGSRPMLSSWSDIGTSSMNGGjAFNWGSLWSG- 43
P6_Human2 MEDINFASLAPRHGSRPFMGNWQDIGTSNMSGGjAFSWGSLWSGIK NFGSTIKNYGS 56
P6_Human5 MEDINFASLAPRHGSRPFMGNWQDIGTSNMSGG;AFSWGSLWSGIK NFGSTVKNYGS 56
P6_Humanll MEDINFSSLAPRHGTKPYMGTWSDIGTSQLNGGjAFNWSSIWSGLK NFGSTIKTYGN 56
P6_Huraan4 0 MEDINFASLAPRHGSRPFMGTWNEIGTSQLNGGAFSWSSLWSGIK NFGSSIKSFGN 56
P6Jfuman41 MEDINFASLAPRHGSRPFMGTWNEIGTSQLNGGAFSWSSLWSGIK NFGSSIKSFGN 56
P6_Humanl2 MEDINFSSLAPRHGTRPYMGTWNEIGTSQLNGGjAFNWNSIWSGLK NFGSTIKTYGT 56
P6_Mouse MDDP - FSTLAPRRGTQPLLSNWATIGISELHGG!ALGWGSWWSNLSRLGSSFGSNLKNLGL 5 9
P6_Frog MYSMLAPHMGQTTFSGYD- - IGTSELRGGSCINWGALGSSISNAFKTTGRFIGSAAN 54
P6_Turkey MFSNLAPRLGHTSFSTVS- -VGSAELRGG!KINWGSLGSSISNALRTTGRYLGQKAT 54
P6_CEL0 MDYAALSPHLGGWALRDHH- - IGDSSLRGGAINWGNLGSRITSALNSTGRWLYNTGN 55
P6_EDS MAFARLAPHCGLTPVYGLR- - IGNSDMRGGI-FSWASLGSSLSSGLSRIGSAVANTAR 54
P6 Snake MAYSRLAPHCGL-PVYGHH--IGNSEMSGG;-FSWSSLGSSLSSGLSRIGSFLGSTAQ 53

P6_CanineC RAWNSQTGKLLRQKLNDTKVREKLVEGISTGVHGALDIANQEIAKQIERRLER 10 9
P6_CanineR RAWNS QTGKLLRQKLNDTKVREKLVEGISTGVHGALDIANQEIAKQIERRLER 10 9
P6_Bovine
P6_Human2 KAWNSSTGQMLRDKLKEQNFQQKWDGLASGISGWDLANQAVQNKINSKLD 108
P6_Human5 KAWNSSTGQMLRDKLKEQNFQQKWDGLASGISGWDLANQAVQNKINSKLD 108
P6_Humanll KAWNSSTGQALRNKLKDQNFQQKWDGIASGINGWDLANQAVQKKINSRLD- 108
P6_Human40 KAWNSNTGQMLRDKLKDQNFQQKWDGLASGINGWDIANQALQNQINQRLENSRQPPVA 116
P6_Human41 KAWNSNTGQMLRDKLKDQNFQQKWDGLASGINGWDIANQALQNQINQRLENSRQPPVA 116
P6_Humanl2 KAWNSQTGQMLRDKLKDQNFQQKWDGLASGINGWDIANQAVQKKIANRLE 108
P6_MOUse KAWNSSTGQALRQHLKDTNLQHKWEGLSTGIHGAVDIARQEVDRQLAKRLEN 112
P6 Frog KFAKSKAFADIKQGLNDSGIARNVAALAGETLNNLVDIGRTRLQQDLDDLREK 107
P6_Turkey KFANSKTFSDIKAGIQDSGLVRNVAGLAGQTLNSLVDIGRFKVESELQKLRDR 10 7
P6_CELO RFVHSNTFNQIKQGIQDSGVIRNVANLAGETLGALTDIGRLKLQQDLEKLRRK 10 8
P6_EDS QIGNSQAFQQAKSGFLQSGILENVGQLAGQAVSSLVDVGRIKLEQDVQNLRDK 10 7
P6_Snake RIGNSQGFQQAKEGFLKSGVLENVGSLAGQTVSSLADIGRLKLESDLQKLRER 106

P6_Canxnec
P6_CanineR
P6_Bovine
P6_Human2
P6 Human5

P6_Humanll
P6 Human40

P6 Human41

P6 Human12

P6_Mouse
P6_Frog
P6_Turkey
P6_CELO
P6_EDS
P6 Snake

-HEPLEPEVEEETVETKSEA-KAPLWEMPLKRPRDEDLVITADEPPSYEETIKT 162

-QQPLEPEVEEETVETKSEA-KAPLWEMPLKRPRDEDLVITADEPPSYEETIKT 162

PRPPVE-EPPPAVETVS--PEGRGEKRPRPDREETLVTQIDEPPSYEEALKQ 157
PRPPVE-EPPPAVETVS--PEGRGEKRPRPDREETLVTQIDEPPSYEEALKQ 157
PPPATPGEMQVEEEIPP--PEKRGDKRPRPDLEETLVTRVDEPPSYEEATKL 158

LQQRPPPKVEEVEVEEKLPPLEVAP-PLPSKGEKRPRPDLEETLWESREPPSYEQALKE 175
LKQRPTPEPEEVEVEEKLPPLETAP-PLPSKGEKRPRPELEETLWESREPPSYEQALKE 175

PRPDEVMVEEKLPPLETVPGSVPTKGEKRPRPDAEETLVTHTTEPPSYEEAIKQ 162
YEPPRVASTEETVDDVKTVA--LPSKED ESERVLVTKIREPPPPYDAVFG 16 0

ALKKE-ALSPDKMIELLMRYQDSVSPAPLPA LPSPSPQIVELE 14 9
VLN TIPADQLAQILLNYQQTHDQVPMPVTPGD- -AIPLPPPPPAAIEPR 154
ALGEEG PATQAELQALIQALQAQVAAGEP PAAP AAPAPAPPLVP-T 153
VLGERQQHQGHPMPYPHIVQPPPEPIVRPPALPPVPALPALPPPIPLPPPAV 159
ALG-AQQQQLPPLTQEQLAQLLASTQTELPS SAPAVPMP-IPAPVP-PLVTG 155

P6_CanineC
P6_CanineR
P6_Bovine
P6_Human2
P6_Human5
P6 Human11

P6_Human40
P6Human41

P6 Humanl2

P6_Mouse
P6_Frog
P6 Turkey
P6CELO

P6 EDS

P6 Snake

MAP LVPMTRPHPSMARPVIAD RPTTLELKP -

MAP LVPMTRPHPSMARPVIAD RPTTLELKP -

-SDQPPPYSP 201
-SDQPPPYSP 201

GLP TTRPIAPMATGVLG QHTPVTLDLPP - PADTQQKP - - VLPGPSAVWT 2 04
GLP TTRP IAPMATGVLG QHTPVTLDLPP - PADTQQKP - - VLPGPTAVWT 2 04
GMP TTRPIAPMATGVMKPSQLHRPVTLDLPP-PPAAT AVPASKPVAAP 2 05
GASP YPMTKPIGSMARPVYGK- -ESKPVTLELPP-PVPTVP PMPAPTLGT 222
GAS YPMTRPIGSMARPVYGK- - EKTPVTLELPP- PAPTVP PMPTPTLGT 221
GAALSPTTYPMTKPILPMATRVYGKN-ENVPMTLELPPLPEPTIADPVGSVPVASVPVAS 221

PAP SAETNKKQKFEETLQNAG LVS SPP APIAAPAAIA 197
SEP PLPAVSVPALPSTS KRPLEVE 173
KRPYVEEIDDNPNDAEWIDTPALS TVPAIPA 186

TRP IPEMVTEVKPPVTS SAPAVPV 177
VEPPV VAPAIAAPSLAAPVEA DMPPASE 18 7

VRPGQ MRPEVLPPDRGVALG PLIEE 18 0

P6_CanineC QSSNMPVTAP VRSRGWQGTLANIVGVjGLSNVKRRRCF 238
P6_CanineR QSSNMPVTAP VRSRGWQGTLANIVGViGLSNVKRRRCF 23 8
P6_Bovine 1
P6_Human2 RPSRASLRRAASGPRSMRPVASGNWQSTLNSIVGI/GVQSLKRRRCF 250
P6_Human5 RPSRASLRRAASGPRSLRPVASGNWQSTLNSIVGLGVQSLKRRRCF 250
P6_Humanll KPVAVARSRPGGAPR PNAHWQNTLNSIVGI^GVQSVKRRRCF 24 6
P6_Human4 0 AVSRPTAPTVAVATP-ARRPRGANWQSTLNSIVGLlGVKSLKRRRCY 267
P6_Human41 NVPRLAAPTVAVATP-ARRVRGANWQSTLNSIVGljGVKSLKRRRCY 266
P6_Humanl2 TVSRPAVRPVAVAS- -LRNPRSSNWQSTLNSIVGIjGVKSLKRRRCY 265
P6_Mouse VPAQTTMSHPASSR RRHHWQGTLDSIMGLGLQPIKRRRCF 237
P6_Frog EMQVQSFVPSRKR--FRGTGVNSAWRQKLNEIVGS|GVNYSTLSRCY 217
P6_Turkey PPPTVAFVPSIKRPRIRGTGE-SEWQTHLNKMLGQGVRFTSTNQCY 231
P6_CEL0 DVPTTLEMRPPPPKRRRKRARPGQWRARLDSLSGT>GVATATRRMCY 223
P6 EDS PVADTWDRRRRN KKRKRVSGWGAALDSMVGEteVRYGSQRYCY 230
P6 Snake PAPRPIAVPGSRP RKRKRVRGWGSALEDMLGD|GVCYRSKRYCY 223
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3.2 Activation studies with peptide variants

Activating peptides were synthesised containing single Alanine-substitutions along the

wild-type peptide sequence [GVQSLKRRRCF (wild-type or wt), GVQSLARRRCF,

GVQSLKARRCF, GVQSLKRARCF, GVQSLKRRACF, GVQSLKRRRCA,

GVQSLKRRRCY, GVQSLKRRRC] according to the method by Atherton & Sheppard

(1989). In addition, a wt activating peptide with a fluorescein-tag on its lysine residue
was synthesised as outlined in method 2.2.2 for in vivo experiments (discussed later in
section 4). Two peptide sequences corresponding to the last 11 residues from the pVI

sequences of fowl adenovirus type 1 or Chick Embryo Lethal Orphan (CELO) virus and
that of the Egg Drop Syndrome (EDS) virus, belonging to the Aviadenoviridae and
Atadenoviridae genus, respectively, were also generated. It was thought of interest to

assess whether the EDS peptide (GVRYGSQRYCY) and CELO peptide

(GVATATRRMCY) were capable of activating an evolutionary distant, human
adenovirus serotype 2 protease.

For the in vitro activation and binding experiments performed in this study,
recombinant protease was purified according to method 2.3. In brief, the recombinant
wt AVP in pET 11c vector was expressed and extracted from E. coli BL21 cells

according to the method outlined in section 2.3.1 and 2.3.2. The protease was purified

by a single step purification method (Pollard, 2001) by passing the extract through the

Diethylaminoethyl (DEAE) Sepharose column, Heparin-Sepharose and Carboxymethyl-

Sepharose columns. The yield of protease, determined by Bradford assay and by

comparison to SBTI standards on 20% SDS-PAGE, was approximately 1 mg l"1 of cell
culture. Figure 7 (A-C) shows the general purification profile of the protease through
the different exchange columns and the protease fractions obtained from purification,
confirmed by Western blotting following SDS-PAGE.

The specific activity of protease with the peptide variants was conducted using the

Ac-LRGAGRSR-peptide substrate (a synthetic peptide with acetylated N-terminus).
The assays were performed essentially as described previously by Webster et al.

(1989b) and Cabrita et al. (1997). The initial rates of substrate digestion were calculated
from integrated peak areas (of Ac-LRGA and GRSR products and of un-cleaved

substrate) using Integrator V3.01 software (Bio-Rad). The data was analysed according
to a method by Cabrita (1997) as summarised in method 2.5.2.2.
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The relative activation efficiencies for the peptide variants, presented in Figure 7D,
were collected from a minimum of three determinations, with correlation coefficients of

^).9. Due to the differences in activity between protease batches used, each assay with a

peptide variant was performed alongside wild-type pVIct. Subsequently, the results
were normalised by expressing the activation rates as a percentage of that obtained with
wt pVIct.

The overall trend for the activation ability of the Alanine-mutants of KRRR-motif
was an approximately 40-50% reduction in activity to that of the wt pVIct. The KARR,
KRAR and KRRA-mutants displayed very similar rates of substrate hydrolysis

(50.2±6.6, 56.7±11.7 and 50.1±10.2 % of wt, respectively). The Lysine-6 mutant,

ARRR displayed slightly lower activity than the Arginine counterparts (44.3±9.5 % of

wt).
The pVIct-F, peptide with a fluorescein-tagged lysine residue, was capable of

activating the protease relatively efficiently (60.1±9.1 % of wt). This peptide was

synthesised for cell culture work, and it is discussed in more detail in Chapter 4 (nuclear
localisation experiments).

The C-terminal mutation, F'llA on the other hand caused the highest reduction in

activity (15.0±5.2 % of wt), together with the deleted version F'10 peptide (10.4±4.6 %
of wt), lacking the eleventh residue. Surprisingly, the tyrosine peptide (F'l 1Y) was not

as efficient in activation (52.0±4.3 % of wt) as the wt, Phenylalanine-bearing pVIct.
Given that the tyrosine is present in the sequence of several adenoviral pVI serotypes, it
was expected to easily substitute for the phenylalanine without an effect on the
activation.

The peptides from the distant avian adenoviral serotypes are capable of activating

protease from human adenovirus type 2. The CELO and EDS peptides displayed
activities of 25±5.6 and 23.7±4.0 % of that obtained with the wt peptide, respectively.
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Figure 7 (A)-(C). The purification profile of AVP (A). The protein extract was applied to

DEAE-Sepharose, Heparin-Sepharose, and Carboxymethyl-Sepharose columns. At position

I, only DEAE-column was connected, after which all three columns were connected (II).

Finally, only Carboxymethyl-Sepharose column was connected and the protease was eluted

using 0.2 M NaCl (III). Purified AVP fractions were separated on a 15% SDS-gel (B), and
further confirmed by Western blotting using an antiserum raised against the N-terminal 17
residues of the Ad2 protease and coupled to human serum albumin (HSA) (C). S refers to

protein molecular weight markers (note that HSA was included and hence the band

appearing in the Western blot) and p-AVP refers to a previously purified protease sample.

Figure 7 (D). Relative specific activity of peptide variants, determined by cleavage of the

peptide-substrate Ac-LRGAGRSR. Rates are expressed as a percentage of that obtained by
the wt peptide. The activity of the protease in the presence of wt pVIct was 5-10 mmol

product min"1 rumor1 protease. Values plotted are the mean values (± standard error)
derived from minimum of three determinations.
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3.3 Binding experiments with native gel electrophoresis

Non-denaturing, 'native' gel electrophoresis, performed in the absence of SDS and near

neutral pH, can be used to study protein-protein interactions and protein conformations
whilst the protein is found in its native conformation. Unlike SDS-PAGE, during native

electrophoresis the mobility of proteins depends on their charge, hydrodynamic size and
the folded conformation of the protein, not on their molecular mass (Goldenberg, 1989).

In this study, the native gel electrophoresis for basic proteins (an adapted method
from Goldenberg, 1989) was used to study binding between adenovirus protease and

peptide. Essentially, the binding assay mixture (described in section 2.4.8) with purified
recombinant protease and doubling dilutions of 1 mM peptide was prepared with assay

buffer and gel tracking solution, prior to being loaded onto a 15% native riboflavin gel,
which was separated as detailed in Methods. Lysozyme was added to the assay to

function as an internal standard. Following native gel electrophoresis, the gels were

stained with Coomassie blue, destained, scanned and the band intensities were measured

using NIH Image 1.62 software (developed at the U.S National Institutes of Health).
The data from native gel electrophoresis assays were used for Scatchard-plot analysis.

For the calculation of equilibrium dissociation constant, Kd, 1:1 binding ratio for the

peptide and protease is assumed. The published crystal structure supports the concept

that the protease behaves as a heterodimer and that only one pVIct molecule binds to

one AVP molecule (Ding et al., 1996). To obtain equilibrium dissociation constant, Kd,
for pVIct variants the concentrations of Bound peptide, [pVIct]b0Und and Free peptide,

[pVIct]free were calculated, as detailed in method 2.4.9. The Kd value was determined

from the negative reciprocal of the slope [slope = -1 IKd\ in Scatchard-plot analysis

([pVIct]bound/ [pVIctjfrce V [pVTctjbound)-
The representative native gel in Figure 8A (lane B) indicates the two bands subject to

analysis. The upper band represents the formation of a protease/activating peptide

heterodimer-complex, whilst the lower band is that of the lysozyme. With the doubling
dilution series of the peptides (final concentration -140 pM to 2 pM), the intensity of
the protease/peptide complex decreases (Figure 8B). As a control, native gels were

performed without the inclusion of peptide. From Figure 8A (lane A), it can be seen that

65



Activation and Binding Studies

in the absence of the peptide, there was no visible band for the AVP itself but rather a

smearing or ladder-effect, emphasising the importance of pVIct for the formation of the
active complex.

Table 2 shows the mean values of binding data together with standard deviations for
each peptide variant (data from minimum of three determinations). According to the

binding dissociation constants derived from the native gel electrophoresis, Alanine-
mutants to the KRRR-motif displayed affinities similar to that of the wt pVIct {Kd

1.28±0.19). From those four peptide variants, Lysine to Alanine mutation caused the

biggest increase in the Kd value (2.88±1.51). The differences between the mean binding
affinities of GVQSLKRARCF, GVQSLKRRACF and GVQSLKARRCF peptides

however, were small.

Following the analysis, the C-terminal mutant F'llA and the peptide lacking the 11th
residue (GVQSLKRRRC) exhibited the weakest binding affinities compared to that of
the wt pVIct, apparent from the approximate 4.6 and 7.5-fold increase in Kd values,

respectively. If however, the C-terminal Phenylalanine was substituted with Tyrosine,
which is very similar in nature, binding was restored close to that obtained with wt

(2.04±0.40).
The fluorescent peptide pVIct indicated relatively good binding ability (1.8±0.57)

while the two avian peptides CELO and EDS demonstrated similar binding affinities

(3.3±0.34 and 2.9±0.8, respectively).

Overall, these experiments showed that this method could be successfully used as a

means of obtaining binding information and repeatable data, and in this case binding
affinities between a peptide and a protease. However, when conducting native gel

electrophoresis, and to obtain consistent data, variables such as the enzyme preparation
used and its age, should be kept to a minimum. In this study, photo-polymerisation with
riboflavin was preferred since it leaves less reactive compounds in the gels offering

perhaps the most native conditions for proteins.
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Table2.Bindingdataforpeptidevariantsobtainedfromnativegelelectrophoresis.Thedataforthepeptidevariants wasderivedfromaminimumofthreedeterminations,thestandarddeviationsareshown(+). Figure8(A).RepresentativenativegelshowingtheAVP/pVIct-complex.LaneAshowstheprotease(adenain)inthe absenceofpeptidewhilelaneBshowsthedimer-complexformedinthepresenceofa300-foldmolarexcessof pVIct.[FigurecourtesyofG.Kemp,(Honkavuorietal.,2004)]. Figure8(B).Representativeriboflavin-basednativegelsforthedeterminationofbindingaffinities.[1]Proteasewith doublingdilutions(140/xM-2/xM)ofwtpVI-CT.[2]Proteasewithdoublingdilutions(140/xM-2/xM)ofpeptide mutantGVQSLKRRACF.NativegelelectrophoresisandanalysiswereperformedasdescribedinMethods,with lysozymeasaninternalstandard.100%-lanereferstoundilutedpeptidesample(280/xM)inthepresenceof0.8/xM protease. Figure8(C).RepresentativebindingdataforpeptideGVQSLKRRRCAandGVQSLKRARCF.Concentrationof proteaseusedinassaywas0.8/xM.



Table2.Bindingdissociationconstants
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Peptide

Kd(pM)

GVQSLKRRRCF GVQSLARRRCF GVQSLKARRCF GVQSLKRARCF GVQSLKRRACF GVQSLKRRRCA GVQSLKRRRC GVQSLKRRRCY pVIct-F EDS CELO

1.28±0.19 2.82±1.51 1.45±0.12 1.55±0.3 1.47±0.27 5.88±0.28 9.56±2.13 2.04±0.40 1.80±0.57 2.9±0.80 3.3±0.34
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3.4 Fluorescent-substrate assays: binding and activation
In order to measure both the binding and activation abilities of the peptide mutants,

expressed as the Michaelis constant (Km), catalytic rate constant (kCat) and the

equilibrium dissociation constant (Kd), I opted for the use of a fluorogenic substrate,
which is commercially available and previously used for the confirmation of protease

activity (Balakirev et ah, 2002).
The experiments were performed with a fluorescent substrate z(benzyloxycarbonyl)-

Leu-Arg-Gly-Gly-AMC (7-amino-4-raethylcoumarin) (Bachem) and using a Perkin-
Elmer Luminescence Spectrometer LS 50B. The adenovirus protease cleaves this

peptide-AMC substrate following the second Glycine residue. The absorbance of the
released cleaved product (AMC) was measured at an excitation wavelength of 370 nm

and an emission wavelength of 460 nm. In the activity assays (kCat and Km experiments),

varying fluorescent substrate concentrations were added to the pre-incubated 26 nM of
AVP and 2 [iM of peptide. In the ^-experiments, the concentration of the peptide was

varied (0.3-4 fjM) while the substrate and protease concentration was kept at 62.5 fiM
and 26 nM, respectively. The concentration of components used in the assay was based

upon the data published by Baniecki et al. (2001), where a similar synthetic substrate

(Leu-Arg-Gly-Gly-NH)2-Rhodamine was employed to evaluate the binding and
activation abilities of peptide mutants. Conducting experiments in this manner also
allowed for easier comparison with the corresponding data of Baniecki et al.

The data obtained was analysed using Igor Pro 3.12 software, and as described in
Methods. The catalytic rate constants, Michaelis constants and the binding data from the

experiments with the fluorogenic substrate are summarised in Table 3. For the
calculation of kcat, the concentration of active complex present in the assay needed to be
considered. Since the assays were conducted in the presence of 2 /xM peptide variant,
the concentrations of the active AVP/pVIct-complex were less than saturating.

Therefore, the concentration of active complex in each experiment was calculated on

the basis of the Kd values obtained from the native gel electrophoresis, as explained in
method 2.5.3.2, and according to the example by Baniecki et al. (2001).

The kcat for the wt pVIct was 0.0283 sec"1; the highest catalytic rate constant obtained
from all the peptide variants assayed. The Alanine mutants of the KRRR-sequence
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exhibited a catalytic rate 57-71% of that by the wild-type, with Km values varying from
60-135 nM.

The most crucial residue according to these experiments, which if mutated lead to a

dramatic decrease in both binding and activation of the protease, was the Phenylalanine-
11. The Phenylalanine to Alanine mutant displayed a 3.8-fold reduction in activity as

well as a 4.6-fold reduction in binding ability. When, in this study, the Phenylalanine
was substituted with a Tyrosine, the binding affinity was restored, although the catalytic
rate constant was still only approximately half of that obtained with the wt pVIct.

Since the excitation and emission spectra, at which AMC-product formation was

measured overlaps with the spectrum for fluorescein, the data for the fluorescein-tagged

peptide should be treated merely as an approximation (although here there was no

indication that the peptide caused interference with its fluorescein-tag to the
measurement of product formation). The rate of substrate hydrolysis for this peptide
was approximately 46% of that obtained with the wt peptide. According to the AMC-
substrate experiments, the pVIct-F and GVQSLARRRCF peptides showed that a

mutation to or a tag on the Lysine residue affected slightly the binding to the protease

(Kd -2.5), but overall these peptides were capable of stimulating protease activity

reasonably well when compared to the wt peptide.
With the AMC-based substrate, the rates of hydrolysis with the two distant avian

peptides, were ~5% (EDS) and -6% (CELO) of that obtained with the wild-type peptide

Considering the reduced sequence similarity between the avian strains with that of the
human serotype 2, the approximately two-fold increase in K,a values and their poorer

ability to activate protease were perhaps expected.
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Table 3. Activation and binding data for peptide variants using a fluorogenic
substrate. The assays were performed using z-Leu-Arg-Gly-Gly-AMC-substrate as

described in Methods. In brief, in the Kd experiments 26 nmol of purified AVP and
the varying concentrations of peptides (0.3-4 /xM) were incubated in assay buffer [50
mM Tris, 10 mM EDTA, 2 mM /3-mercaptoethanol (pH 8)] at 37°C for 10 min prior
to the addition of the substrate (62.5/xM). The experiments for the determination of
kcat and Km values were conducted as described previously apart from peptide
concentration being kept at 2 /xM whilst the substrate concentration was altered from
15.6 /xM to 200 jixM. Each experiment was performed in triplicate and standard errors

are shown (±). The concentrations of active AVP/pVIct-complex used for the
determination of kcat values was calculated according to method by Baniecki et al.

(2001).

Figure 9. Binding of wt peptide to AVP, shown as [pVIct]b0Und v [pVIct]free (A) and as

a Scatchard-plot (insert) (B). The Kd values for the peptides were obtained from

Scatchard-plot analysis. The assays were performed using the aforementioned

fluorogenic substrate, 26 nM of recombinant AVP and assay conditions as described
in Methods.
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Table 3. Activation and binding data for pVIct variants

Peptide Ki(pM) Km(pM) hat $

GVQSLKRRRCF 1.62±0.16 49.1+16.5 0.0283+0.004

GVQSLARRRCF 2.5±0.4 135+44.4 0.0202+0.0038

GVQSLKARRCF 1.34±0.39 98.55+15.5 0.017+0.0014

GVQSLKRARCF 2.19±0.18 61.6+21 0.0161+0.0024

GVQSLKRRACF 1.01±0.30 60.9+12.7 0.0173+0.0016

GVQSLKRRRCA 7.46±1.64 200+92.9 0.0075+0.0022

GVQSLKRRRC 9.09±2.48 171.1+121 0.0015+0.0005

GVQSLKRRRCY 0.86+0.2 34.55+11.4 0.0117+0.0009

pVIct-F 2.52±0.15 109.8+54.3 0.013+0.0033

EDS 3.00±0.35 79.63+20.1 0.0013+0.0002

CELO 4.19+0.56 169.1+26.2 0.0018+0.0002
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3.5 Discussion

3.5.1 Crucial interactions between pVIct and A VP
Within experimental error the binding affinities, whether determined by native gel

electrophoresis or by using the fluorescent substrate, are comparable (Table 2 & 3). The
K& for the wt pVIct is 1.62 fiM and 1.28 /iM as determined by the fluorescent substrate

assay and native gel electrophoresis, respectively. In the case of the mutants

GVQSLARRRCF, GVQSLKARRCF, GVQSLKRARCF and GVQSLKRRACF, Kd

values vary from 1.01 to 2.5 juM with the fluorescent assays and from 1.45 to 2.82 jiiM
with native gel electrophoresis. Another conserved residue, hydrophobic

Phenylalanine'11, however, if mutated resulted in approximately 4.5-fold increase in

Kd. Both the native gel electrophoresis and fluorescent substrate assays gave similar
fold-increases in Kd values for this mutant when compared to that of the wild-type.

Likewise, the relative specific activities obtained using Ac-LRGAGRSR-substrate
and the catalytic rate constants derived from the use of the AMC-fluorogenic substrate,

displayed the same trend for the peptide variants. The Alanine-mutants to the KRRR-
motif exhibited around 50-70% activity to that of the wt pVIct and the most dramatic
decrease in activity was obtained with the C-terminal mutants F'llA and the peptide

lacking the 11th residue.

Overall, the experiments demonstrated that the binding to AVP was not dramatically
affected by mutating any of the cationic residues along pVIct. Yet, in addition to the

important residues of Cysteine'10, Valine'2 and Glycine'1 previously reported from
this laboratory (Cabrita et al., 1997), Phenylalanine'11 from the C-terminus of the

peptide is another crucial component contributing to the binding between pVIct and
AVP and to the stimulation of activity. Mutation to this last residue seemed to be poorly

tolerated, as shown by the F'llA mutant, unless substituted with another aromatic
residue.

Does the 3-dimensional structure of the protease/peptide-complex reveal potential
roles for the individual residues on the C-terminus of pVIct? At least partly, there are

interactions and contacts made by the components, which are apparent from the
structure modelling and can help interpret the results obtained from the Alanine-

scanning mutagenesis.
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A closer look at the C-terminus of the pVIct structure complexed with the protease

domain provides a potential insight to the importance of the 11th residue (Figure 10A-

C). As the final residue along the peptide, the aromatic, hydrophobic Phenylalanine
seems to be buried within a pocket formed by the residues Glu'89, Leu'92, Arg'93,

Ile'97, Arg'103 and lie'105 of the protease (some of which are indicated in Figure

10B). Also, Arg'9 of the peptide, which potentially forms a salt-bridge with Glu'89 of
the protease, turns towards the Phenylalanine and contributes to the hydrophobic

pocket. Thus, if Phe'll is removed or substituted with a small amino acid such as

Alanine, the hydrophobic pocket would subsequently become exposed, resulting in a

disruption between the binding of the C-terminus of pVIct and AVP, as observed by an

increase in K& and decrease in kcat.

Surprisingly, the Tyrosine peptide (Tyr'll) was unable to activate or bind Ad2

protease as well as Phe'll peptide, despite its similarity to Phenylalanine. On the basis
of the structure of the pVIct C-terminus, it could be that a Tyrosine with its extra

hydroxyl group does not fit in as comfortably as the Phenylalanine in the space

available or disturbs the Arg'9-Glu'89 interaction. In addition, it could be that the

adenovirus serotypes bearing the Tyrosine have slightly different order of protease

residues lining the hydrophobic pocket, and for an optimal fitting, Tyrosine residue is

preferred. In fact, sequence alignment of protease residues (not shown here) reveals
that Ad40, Ad41 and EDS possess a Lysine residue in the place of an Arginine at

position 93 of the protease. Furthermore, Ad40 and Ad41 encode for a Histidine residue

instead of an Arginine at the position 103 of the protease. Together these changes in the

residues, although small, could allow for a different formation in the protease pocket,
which might explain the preference for the Tyrosine at the 11th position in pVIct

sequences of the abovementioned serotypes.

Ad 12 peptide, with an identical sequence (GVKSLKRRRCY) to Ad40 and Ad41, has
been shown to stimulate the cleavage-activity of Ad2 AVP to a similar level as Ad2

pVIct while in the presence of Ad2 DNA and a synthetic protein substrate, as examined

by gel electrophoresis (Freimuth & Anderson, 1993). From the sequence alignment

(Figure 6) it is apparent that Adl2, 40 and 41 do also carry a Lysine at position 3 of the

pVIct sequence compared to Glutamine found in serotypes 2 and 5. While Ad 12 is a
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Figures 10 (A-C). Interactions between the Ad2 protease and its peptide. The images
were generated using molecular visualisation and analysis program, VMD version 1.8.1.
The protease molecule in all of the images has been presented in Surf, molecular surface
solver-mode. In (A) colouration of the protease was performed according to the Pos-

mode of the program, which is based on the distance of each atom to the center of the
molecule (i.e blue indicates surface exposure while orange buried, core structure). The

peptide is shown in silver with its termini labelled. (B) and (C) show the C-terminal
residues studied, in a perspective view of the structure complex. The peptide residues
are shown in turquoise and with single amino acid abbreviations whilst the interacting

protease residues are shown in white and with three letter amino acid abbreviations.
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serotype bearing a Tyr at position eleven on its peptide, it contains Arg at position 93
and 103 in its protease sequence, similar to Ad2 AVP. However, slight differences can

be found at positions 99-101 where, instead of Ser-Ser-Pro-stretch, Ad 12 displays Ala-

Thr-Lys. These changes could potentially lead to variations in the structure of the

hydrophobic pocket. In addition, it should be mentioned that there is no peptide

sequence identified amongst the Ad serotypes and their pVI sequences identical to the

GVQSLKRRRCY synthesised and used in this study, which could be taken to mean

that other small changes in the peptide sequence need to accompany the Tyrosine-

preference.

Moving further towards the N-terminus of the peptide, the disulphide bond between

Cysteine'104 of the protease and C'10 of the peptide forms on the side of the

Phenylalanine and 'underneath' the Arginine'9. Arginine'9 is facing the side of the

protease molecule whilst Arginine'8 points away from the /3-sheet of the protease,

towards the Cys'104 and in the vicinity of Thr'106 of the protease (Figure 10B). The
third Arginine ('7) of pVIct again extends to the side of the protease molecule, close to

Lys'109 and Asp'77, and potentially forms a salt-bridge with Asp'77.

Lysine'6 of the peptide, in the same way as Arg'8, twists away from the protease

having Glu'108 of the protease located underneath. Given that Lys'6 seems to push

away from the peptide backbone (Figure 10C), the fluorescein-tag on that specific
residue should not critically interfere with the binding of the peptide to the protease.

This is supported by the activation and binding ability of pVIct-F.

Overall, the structure of the C-terminus of the peptide shows an alternating trend:

every other residue essentially points away from the main structure of the protease

molecule. Hence, it would be expected that the residues not facing the side of the

protease (i.e. Arg'8) are not as important for optimal binding as those that do (i.e.

Arg'9). However, taken as a whole, the small differences in the binding and activation
data between the Alanine mutants to these cationic residues imply that the residues can

be comfortably mutated to small nonpolar residues (even Arg'9 and Arg'7, which

potentially form salt-bridges). Therefore, interactions formed by these residues are not

crucial; residues with the same general character (size and charge) should be able to

substitute for the KRRR-motif and follow the general line of residues forming the

peptide /3-sheet.
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The sequences from the two distant avian serotypes, EDS and CELO, do in fact

display the minimum requirement of conserved residues needed for binding and
activation of the Ad2 protease. Both of these peptides contain the essential Glycine'1,

Valine'2, Cysteine'10 as well as the aromatic 11th residue Tyrosine in their sequences

[GVRYGSQRYCY (EDS) and GVATATRRMCY (CELO)] and were able to stimulate

protease activity according to the assays conducted in this thesis. Other than the
conservation at the very N-and C-terminus, the avian peptides lacked the 'QSLK'-
stretch of residues present in human adenovirus serotypes. Despite the fact that both of
the peptides carry one or two Arginines, the cationic motif is not strictly conserved in
these peptides.

Similar to the C-terminus of the peptide, the N-terminus seems to comfortably

'occupy' a pocket at the other side of the protease structure, as is evident from Figure
10A. Hence, the collective role of the conserved residues at both termini of pVIct is

probably to bind and 'tie' two separate domains of the protease into a more compact

structure required for catalysis, as proposed by Cabrita et al. (1997).

3.5.2 Comparison of results
Baniecki et al. (2001) published their Alanine-scanning mutagenesis studies on the

peptide residues and their importance to the stimulation of protease activity. To

compare their data, obtained using (Leu-Arg-Gly-Gly-NH)2-Rhodamine substrate

(R110) and the data presented here with the z-LRGG-AMC substrate, the specificity

constants, i.e. the ratios of kcat/Km were calculated. Using this ratio, the specificity of
different synthetic substrates for the same enzyme can be evaluated.

In the presence of wt pVIct, the kcat/Km ratio for the substrate used in this study was

5.8 xlO2 (M"1 s"1) compared to 5.1 x 105 (M"1 s"1) in the study of Baniecki et al.

Evidently their substrate is preferred by the protease as displayed by a better turn-over

number. In fact their catalytic rate constant, obtained using the rhodamine-based
fluorescent substrate, is approximately 38-fold higher than that found in this study (1.08
s"1 and 0.0283 s"1, respectively). This is surprising considering that the substrates

possess the same, type1 consensus cleavage site [(M, I, L) XGG-X] with an identical

peptide sequence and differ only in the type fluorophore present (rhodamine or amino

methylcoumarin). A thousand-fold difference between the kca/Km ratios of the substrates

76



Activation and Bindine Studies

suggests that the rhodamine-tag itself could have affinity for the protease or that the

AMC-tag is somehow a hindrance.

Previously Leytus et al. (1983) noted that a rhodamine-based peptide substrate for
bovine trypsin, human and dog plasmin and for human trombin was substantially more

active than an equivalent 7-amino-4-methylcoumarin-substrate. This has been explained
in that the Rhodamine is a better leaving group, which could also confer optimal
orientation of the substrate at the active site, seen as improved efficacy in catalysis. The
differences between the Km values obtained in this study with an AMC-substrate (-50

pM for wt pVIct) and those of Baniecki et al. with R110-substrate (2 pM for wt pVIct)
do imply that the fluorophores affect the binding and orientation of the substrate in the
active site of the enzyme.

Another study, in which different AVP synthetic substrates were used, also noted the

high efficiency of the R110-substrate (Diouri et al., 1995). The somewhat unexpected
turnover number of R110 by AVP has been rationalised on the basis of its energetically
favourable electronic rearrangement that follows as the rhodamine amino groups are

liberated. The fluorescence of this substrate results from a two-step process: non-

fluorescent bisamide is cleaved to a fluorescent monoamide and a further conversion to

free rhodamine 110, which results in further gain in fluorescence.

Thus, certain chromophoric or fluorophoric leaving groups on peptides may confer
much improved substrate-binding properties. This has been shown to be the case with
several other viral proteases and their substrates, such as those of HIV-1 (Matayoshi et

al, 1990).

3.5.3 Does viral DNA play a role as an activator ofA VP?
There are reports suggesting that DNA functions as a second cofactor for AVP (Mangel
et al., 1993). According to this model, the ternary complex of adenoviral DNA, pVIct
and AVP, is the fully active complex required during infection to perform proteolysis of

precursor proteins.
Baniecki et al. reported that adenoviral DNA increases the kca/Km ratio of substrate

hydrolysis 34,000-fold in the presence of pVIct and AVP compared to that of AVP
alone. DNA, according to the above authors, could also suppress the negative effect of
an Alanine substitution along pVIct. This was evident from the approximately 17-fold

77



Activation and Binding Studies

increase (from 0.41 s"1 to 6.79 s"1) on the catalytic rate of GVASLKRRRCF peptide

following the addition of 12-mer ssDNA (GACGACTAGGAT). Despite these reports,

previous attempts by other groups have been unable to confirm that DNA, a polymer
with high negative charge density, is a crucial cofactor in AVP stimulation (Webster et

al., 1994, Diouri et al., 1995).

As proposed by McGrath et al. (2001a), the differences in the results for the role of
DNA could be due to several factors such as the length of pre-incubation of AVP-pVIct

complex, as well as the concentrations of DNA, substrate and enzyme used.
To evaluate the role of DNA, I repeated the assays with both the rhodamine-based

substrate and the AMC-substrate. With the AMC-substrate and by using the assay

buffer [10 mM Tris-HCl (pH 8), 5 mM octyl glucoside] and conditions described by
Baniecki et al. (2001) I found no increase in activity in the presence of 1 /rM ssDNA

(with same GACGACTAGGAT sequence as used by the aforementioned authors).

Following the proposal by McGrath et al. (2001a) that higher concentrations of
substrate can be inhibitory and therefore deter the increase in activity mediated by

DNA, the activity of AVP/pVIct/DNA at a lower substrate condition (3 fiM) was also
evaluated. Flowever, with the use the AMC-substrate, the inclusion of DNA had no

effect on the in vitro activity of the protease-peptide complex (rates not shown here).

Contrary to this, with the rhodamine-substrate (and assay conditions described by
Baniecki et al., 2001), the inclusion of 12-mer ssDNA resulted in an apparent increase
in AVP activity. Due to the limited amount of the rhodamine-substrate available, the

experiments could not be performed in sufficient repeats to obtain kinetic constants. The

preliminary results indicated approximately 1.9-fold increase in activity following the
inclusion of DNA in the presence of wt pVIct.

Another assay specific concern is the addition of NaCl and whether elevated ionic

strength does in fact stimulate the in vitro activity of AVP. According to the assay

system of Baniecki et al. (and McGrath et al., 2001a), 20 mM NaCl is included in

assays performed in the absence of DNA. Whilst optimising their assay conditions with
substrate (Leu-Arg-Gly-Gly)-NH2, Mangel and coworkers (1996) discovered that half of
the AVP activity was lost when 10 mM or 45 mM NaCl was included in the absence

and in the presence of DNA, respectively. Therefore, the inclusion of 20 mM NaCl with
the rhodamine-substrate could cause an unnecessary increase in the difference between
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the respective catalytic rates in the absence and in the presence of DNA. However, these

findings differ from those by Webster et al. (1994), which showed that with peptide
substrate LSGGAFSW, the addition of 1 M NaCl enhanced substrate hydrolysis
fivefold whilst the inclusion of DNA had no effect. Therefore, the effect of other assay

components as factors causing variation between results cannot be ignored. Equally, the
role of the ionic strength in stimulating AVP activity does seem to mainly depend upon

the nature of the substrate.

Can overall conclusions be drawn from the different reports for the role of DNA? It
seems that a crucial determinant in the in vitro AVP-assays is the substrate used,

agreeing with the suggestion that DNA stimulation could be specific to the (Leu-Arg-

Gly-Gly-NH2)-rhodamine-substrate (Baniecki et al., 2001). While the importance of
DNA in stimulation of AVP activity can be argued on the basis of varying in vitro

results, there is some in vivo data supporting a role for DNA. Mangel and coworkers

(1993) showed that Dnase-treatment results in the loss of protease activity in virions,
which is restored upon the addition of Ad2 DNA.

On the basis of the alanine-scanning mutagenesis performed in this study, the
conservation of the cationic residues along pVIct cannot be reasoned solely by the
activation role of the pVIct. McGrath et al. (2001a) have previously proposed a

biological role for this sequence during the assembly phase of the infection; as the

protease molecules enter the empty capsid bound to adenoviral DNA, the AVP-DNA

complex comes into contact with pVI, whose C-terminal positive charge enhances the

yield of pVIct. Furthermore, with pVIct bound to it, the protease reaches its maximal
stimulation and the protease-peptide complex moves along the DNA cleaving viral

precursor proteins. Their kinetic data support this theory, seen as the reduction in K&
values and an increase in kcat following the systematic binding of each of the factors

(Baniecki et al., 2001). The charge-potential map of AVP-pVict complex revealed five
clusters of positive charge on the protease molecule, which the authors presented as

putative binding sites for the negatively charged adenoviral DNA phosphate groups

(Ding et al., 1996). Also, the previous report of pVI possessing DNA binding ability

(Russell and Precious, 1982) could support this theory by offering a way in which pVI
could come into contact with AVP/DNA-complex prior to the cleavage of other
adenoviral precursor proteins. However, what should also be considered is that the DNA
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affinity of pVI may simply be a requirement for proper packaging during virion

assembly: pVI is a hexon-associated cement protein and thought to be closely linked
with viral DNA in the virion.

In order to obtain more specific binding data concerning affinity between the pVI

protein and DNA, and to assess the activation ability of the whole pVI protein on AVP,

expression of the full-length pVI protein in a pGEX-2T vector (Amersham Biosciences)
in E. coli BL21 cells was attempted in this study (see Appendix for oligonucleotide

sequences). However, no expression of the full-length pVI, as a C-terminal fusion to

Glutathione S-transferase, was obtained. Previously, Matthews and Russell (1994) have
conducted extensive studies into pVI and hexon interactions and while attempting to

express and purify pVI/iVI/VI proteins as Histidine-fusions, noted that residues 38-48
of pVI contained a toxic region deterring the expression of the full-length pVI in
bacteria. Therefore for future attempts, only N-terminal deletion mutants of the pVI

protein are likely to be expressed in bacterial cells to sufficient levels for purification.

Alternatively, gel retardation and ethidium bromide exclusion assays or Isothermal
Titration Calorimetry (ITC) assays could be conducted to assess whether the KRRR-
stretch on pVIct has specific affinity to DNA. Attempts were made in this study to use a

MicroCalorimeter (VP-ITC) to record more specific information concerning the binding

energetics of protease-peptide interaction (method 2.5.1). Although these attempts were

unsuccessful, this was most likely due to the overall low protease and peptide
concentrations used and not because the interactions occurring between the peptide and

protease are beyond the limits of calorimetric determination. Therefore, with further

optimisation, peptide-DNA binding interactions should be attainable with ITC, as was

recently demonstrated with peptideV (derived from adenovirus protein V) and plasmid
DNA (Preuss et al., 2003).

The discussion for an alternative or additional role for the KRRR-motif continues in

section 4.

80



Nuclear Localisation Studies

^ 4. Results: Nuclear localisation studies on Adenovirus protease andpVIprotein

4.1 Objectives ofthe study
4.2 Studies with fluorescein-labelledpeptide

4.3 Double-fluorescent constructs incorporated with sectionsfrom pVIprotein
4.4 Studies on the nuclear localisation ofpVI

4.5 Discussion
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4.1 Objectives of the study
The activity studies presented in this thesis support the idea that the KRRR sequence on

the C-terminus of the activating peptide has an additional role during adenoviral
infection. The individual residues of KRRR do not, if mutated, abolish AVP binding
and activation ability.

On the basis of the nature of the motif, this sequence could function as a nuclear
localisation signal (NLS). Previous results from this laboratory (Pollard, 2001) showed
that the KRRR motif was able to confer nuclear accumulation of pyruvate kinase, an

otherwise cytoplasmic protein. These experiments were conducted by fusing the peptide

encoding sequence to the C-terminus of the pyruvate kinase gene and by observing the
localisation of the fusion protein in transfected cells.

Furthermore, since the protease itself carries no apparent NLS on its sequence, and

yet it requires to nuclear localise for the assembly events, one hypothesis is that it
associates with the peptide for nuclear transport. The aim here was to further examine
what function(s) this sequence could exhibit within the adenovirus replication cycle.
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4.2 Studies with fluorescein-labelledpeptide
4.2.1 Localisation ofp Vict-F
A fluorescein-labelled peptide, pVIct-F, was synthesised in order to follow the
localisation of the activating peptide in mammalian cells during transfections with the
adenovirus protease, AVP. The GVQSLKRRRCF peptide was synthesised by standard
Fmoc chemistry (Atherton & Sheppard, 1989), except for the labelling of the e-group of

lysine with 5-(and-6)-carboxyfluorescein succinimidyl ester (Molecular probes) (see
method 2.2.2). The peptide was purified and quantified in the same manner as the other

peptides used in this study (method 2.2.1). Labelling of the lysine residue and the
structure of the fluorescent-tag is illustrated in the reaction scheme ofFigure 12.

For fluorescence microscopy, 2-5 x 105 FleLa cells were cultured overnight on a glass

coverslip in 30-mm plates. The cell monolayer was incubated with 10 /xM of pVIct-F

(in Optimem) for 15-60 min at 37°C, after which the medium was replaced with fresh

Optimem and the incubation was continued at 37°C (method 2.6.3). The cells were fixed
with 4% paraformaldehyde in PBS, as outlined in method 2.6.4, and the distribution of
the fluorescein-tagged peptide was analysed on a DeltaVision microscope system

(Applied Precision) using a 60x or lOOx oil immersion objective. The images were

acquired as 0.2-0.5 /xm optical sections through the cells, which were subsequently
deconvolved and compressed to one 'layer' (Quick Projection) to show the overall
fluorescence pattern in cells, using softWoRx-software (Applied Precision). This applies
to all fluorescence images shown in this thesis.

As apparent from Figure 11, one hour after the initial addition to the culture medium
a punctate cytoplasmic and a dotted or diffuse nuclear distribution of the peptide was

detected.

The translocation ability of cationic cell penetrating peptides, or CPPs, to the nucleus

by direct transport through the lipid bilayer, and not by endocytosis, has been proposed
in the literature (Derossi et al., 1996, Vives et al., 1997). However, a recent review of
the mechanism of cell penetrating peptides (CPPs) introduced the problem of cell
fixation used in fluorescence microscopy, which was found to lead to artifactual
redistribution of CPPs in cells. Richard et al. (2003) noted that in unfixed cells the
cationic peptide Tat48"60 (GRKKRRQRRRPPQ from HIV-1 Tat protein) had an

endosomal distribution compared to the nuclear localisation in fixed cells. According to

83



Figure 11 (A & B). Localisation of the fluorescein-labelled peptide, pVIct-F. DAPI-staining
was used to visualise the nucleus and the cells were fixed 1 h after the addition of the

peptide to the culture medium. The images shown [(A) closer view, (B) several cells] were

acquired using a DeltaVision microscope and lOOx and 60x oil immersion, respectively.
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the aforementioned authors, the artifact of nuclear localisation of CPPs could be related

to their highly cationic nature. The charge on the peptides would cause them to bind to

the negatively charged plasma membrane and following cell fixation CPPs, probably
bound to nucleic acids, would accumulate in the nucleus.

In this study, the distribution of the fluorescein peptide was also followed in living,
unfixed HeLa cells in glass-bottom WillCo-dishes® using a DeltaVision inverted

microscope-system containing a built-in environmental chamber (Solent Scientific) with
controlled temperature of 32.5°C and CO2 enrichment. As evident from Figure 12 (B-C),
the hourly images acquired display mainly a diffuse nuclear localisation for the peptide.
In the fixed-experiment, pVIct-F caused a more punctated cytoplasmic distribution,
characteristic of endocytic markers (Richard et al., 2003), while nuclear accumulation
was noted to a lesser extent and as a few singular dots. The ability of the peptide to

concentrate in nuclei is obvious with the live-experiment. Therefore, it seems that cell
fixation performed for fluorescence microscopy had, in the case of pVIct-F, a negative
and not artifactual effect on the peptide nuclear accumulation.

4.2.2 Binding and activation ofA VP by pVIct-F
On the basis of previous reports from this laboratory (Pollard, 2001), the main purpose

for synthesising the pVIct-F peptide was to assess the hypothesis that the activating
peptide could be responsible for the translocation of the protease to the nucleus.
Confirmation that the fluorescein-tag on the lysine residue did not greatly interfere with
the binding and activation of AVP by the peptide was therefore essential. As discussed
in the previous results section (3), the activation and binding studies between the

peptide variants and AVP were conducted using native gel electrophoresis, peptide-
substrate assay and fluorescent substrate assay. I found that the attachment of the label
to the lysine residue did not cause a severe detrimental effect on the binding and
activation ability of the peptide (pages 63, 66 & 70).

4.2.3 Is pVIct-F able to traffic A VP to nucleus?
In order to examine whether pVIct-F could bind and transport protease molecules to the
nucleus with it, the gene for the protease was inserted into a mammalian red fluorescent

expression vector, pDsRed2-Cl (Clontech). The expression of the protease as a
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Figure 12. Localisation of pVIct-F, fluorescein-tagged peptide in live, unfixed cells
alone (B-C) and together with AVP/HcRed (D-F). (A) Structure and labelling of the

lysine residue of pVIct with carboxy-fluorescein succinimidyl ester (created with
ChemDraw 6.0). (B) and (C) show cells at 1 h and 2 h post-initial addition of 10 /rM

peptide into the culture medium, with PBS washes performed before the imaging, as

briefed in Methods. The peptide was added to the (AVP/HcRed l-Cl)-transfected cells
at 24 hpt for 30 min. (D) shows peptide and protease distribution at 25 hpt [(E) & (F)
show peptide and protease distribution alone, respectively]. Fluorescent images were

acquired using a DeltaVision microscope system and a 60x oil immersion objective.
The images shown were deconvolved and processed using softWoRx-software

(Applied Precision) (scale bars 15 jam, as shown). Live, time-lapse experiments were

performed within an environmental chamber (Solent Scientific) with controlled

temperature and atmosphere.
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C-terminal fusion to the fluorescent protein could be easily detected in vivo and,

moreover, in the presence of the peptide. In addition, two AVP mutants, C122G and

C104A, were also assayed. They have previously been characterised as an active site

mutant, C122G (specific activity <0.5% of that by wt) and a mutant unable to form a

disulphide bond with the activating peptide, C104A (specific activity 3% of that by wt)

(Grierson et al., 1994, Jones et al., 1996). The mutants C104A, C122G and wt AVP
have been previously cloned into pETllc vector in this laboratory, sub-cloned into

pEGFP-Cl by T. Vaughan, and in this study further sub-cloned into pDsRed2-Cl and

pHcREd-Cl (Clontech) vectors by restriction digestion at the EcoRI/itamHI-sites, found
in multiple cloning site (MCS). After successful ligation, the fusion constructs were

sequenced at the University of St. Andrews DNA Sequencing Unit.
Transient transfections of HeLa cells with the DsRed2-fluorescent constructs were

performed by electroporation or by using the calcium phosphate technique, according to

methods 2.6.2.2 and 2.6.2.1, respectively. Alongside, transfections with the DsRed2-
fluorescent constructs were performed, to which pVIct-F was added at 24 hpt (hours

post-transfection). The cells were fixed for fluorescence microscopy with 4%

paraformaldehyde (method 2.6.4) and mounted with mowiol-solution containing 4',6-

Diamidino-2-phenylindole (DAPI), which reacts with nucleic acids, hence highlighting
the cell nuclei. The cells were checked for fluorescence with a Nikon Microphot-FXA

microscope. The double fluorescent images were acquired with a DeltaVision

microscope.

The wild-type protease and the cysteine mutants C122G and CI04A, as fusions

proteins with the fluorescent DsRed2, localised as thread-like structures and globules
within the cytoplasm (Figure 13A). This is consistent with previous labelling

experiments showing a cytokeratin-network distribution for the protease during
transient transfection (Pollard, 2001, Brown et al., 2002). In those cells, to which the

peptide was added, the intracellular protease distribution seemed to be unaffected

(Figure 13A). Co-localisation or interaction between the two components would have
been visible as yellow colour (DsRed + FITC).

Subsequent to the fixed-transfection experiments, time-lapse experiments were

performed to confirm that no co-localisation or interaction between the peptide and

protease occurred, by acquiring hourly images of unfixed HeLa cells till 28 hpt. The
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peptide was added at 20-24 hpt to the culture medium (Optimem) for 30 min, after
which the medium was replaced. Figure 12 D-F show HcRed/AVP at 25 hpt, at which

point peptide had been in the cells for 1 h. However, no co-localisation of the

components was observed. Some peptide was visible in the nucleus (albeit to a lesser
extent than in live-experiments with pVIct-F alone), whilst the AVP localised in its
characteristic thread-like manner in the cytoplasm.

Confirmation of the localisation of the protease and mutants following the inclusion
of the peptide was performed by subcellular fractionation of transiently transfected
cells. The cells were fractionated into nuclear and cytoplasmic extracts using a lysis
buffer procedure (method 2.6.8). The samples were further subject to SDS-PAGE and
Western blotting and the expression of protease was detected using an antiserum raised

against the N-terminal 17 residues of the Ad2 protease (Webster & Kemp, 1993). As

illustrated in Figure 13 (B), the transfected protease, or mutants thereof, appeared in the

cytoplasmic fractions before and after the addition of the peptide. Similarly to the

cytoplasmic distribution visualised by fluorescence microscopy, the fractionation

experiments did not indicate a change in the subcellular localisation of AVP by pVIct-F.

Despite the fact that the in vitro assays for pVIct-F indicated activation and binding

ability, there was a need to ascertain that the fluorescein-label did not interfere with

protease/peptide interactions in vivo. To address this, 10 /xM of unlabelled wt pVIct was

added to the culture medium of the cells transfected with AVP/DsRed2 at 24 h ptr. The
results from the unlabelled peptide experiments were identical to those where pVIct-F
was used in that the abundance of the protease and mutants within the cytokeratin
network was prominent and there was no indication of protease nuclear accumulation

following the inclusion of the peptide (images not shown here).
In conclusion, the fluorescein-labelled peptide seemed to be able to gain entry into

cells and also, to a lesser extent, localise within the nucleus. However, there were some

concerns about the validity of the observed peptide localisation due to the somewhat
inconsistent distribution in non-transfected and AVP/HcRed-transfected cells (Figure

12). The transfection with the protease could have affected the uptake of pVIct-F by the

cell, owing to the toxic nature of the protease. Furthermore, the inability to retrieve the

peptide from the cells after its addition (the peptide could be degraded by cellular

proteases or otherwise aggregated or modified within the cell into a form unable to bind

88



Figure 13 (A) & (B). Localisation of protease and mutants in the presence of pVIct-F
and pVI. The AVP and mutants, and pVI were expressed as a C-terminal fusion with
fluorescent proteins DsRed2 or EGFP, respectively, and used in transfections of
mammalian cells. The peptide was added to the cells for 30-60 min at 24 hpt (hours

post-transfection) and incubation of the cells was continued till 30 hpt. The cells were

fixed for fluorescence microscopy at 25 hpt (images shown here) and every hour
thereafter. The images were acquired using a DeltaVision microscope. For Western

blotting of nuclear (N) and cytoplasmic (C) fractions of transfected cells (B), the

expression of the protease and mutants was confirmed using the Ad2 protease antiserum

(Webster & Kemp, 1993). A previously purified protease sample (p-AVP) was included
as a size marker. The controls (C) and (N) refer to non-transfected cytoplasmic and
nuclear fractions, respectively and DsRed refers to cells transfected with an empty

pDsRed2-Cl vector.
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AVP) prompted the development of an alternative assay for the in vivo detection of

AVP/pVIct-interaction.

4.2.4 Protein-protein interaction requiredfor nuclear localisation?
Some nuclear proteins, such as the adenoviral pre-terminal protein (pTP) in a complex
with DNA polymerase (Zhao & Padmanabhan, 1988), have been reported to be capable
of 'piggy-backing' other proteins to the nucleus. The fact that the peptide is cleaved off
from the C-terminus of the pVI presented a hypothesis whereby the full-length pVI

protein, rather than merely its C-terminus, could be required for AVP nuclear
accumulation. To test this, the sequence encoding for pVI was amplified by PCR from

pVI/pUHD10-3 plasmid (Pollard, 2001) with the oligonucleotides R1-N-P6 and Rl-C-
P6 (see Appendix), and cloned into pEGFP-Cl and pDsRed2-Cl fluorescent vectors

(Clontech). Co-transfections with AVP/DsRed and pVI/EGFP constructs were

subsequently performed according to the calcium phosphate transfection method

(2.6.2.1).

Figure 13A shows the distribution of pVI/EGFP in transient transfection; pVI
localised in the nucleus mainly as singular dots. In co-transfection experiments, the
AVP/DsRed and pVI/EGFP localised independently of each other, AVP being
cytokeratin-associated whilst pVI nuclear. In addition to the fluorescence microscopy,
Western blotting of co-transfected nuclear and cytoplasmic fractions (where antiserum
raised against the protease was used) failed to indicate that pVI protein could target

AVP to the nucleus (Figure 13B). pVI/EGFP behaved in a similar manner as pVIct-F in
that it was capable of nuclear translocation but incapable of altering the cytokeratin
distribution of the protease.
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4.3 Double-fluorescent constructs incorporated with sections from pVIprotein

Following experiments with the fluorescein-labelled peptide, the aim was to obtain a

fluorescent construct, within which the peptide sequence could be incorporated. Since
the C-terminus of pVI is cleaved by the protease resulting in the release of the activating

peptide, this section of the protein could be used for the construction of a cleavable

fluorescent, in v/vo-substrate. With this type of fluorescent construct, both co-

transfections with AVP and infections with Ad2 could be performed in order to observe

possible co-localisation of the peptide sequence with the protease. Furthermore, these

assays would be more likely to mimic the real-life events present during Ad2 infection.
Various constructs were generated containing different length sequences from the C-

terminus of pVI, which were introduced between enhanced yellow and cyan fluorescent

proteins (EYFP and ECFP, respectively) or between EYFP and puromycin-resistance

encoding gene, enabling efficient selection of transfected cells (puromycin N-acetyl
transferase or pac). Pdf20, a pcDNA3.1 based-plasmid, which contains the human

cytomegalovirus (CMV) immediate-early promoter allowing expression in mammalian

cells, was used as the template for the constructs (a kind gift from P. de Felipe). Figure
14 shows the cloning procedure performed and the outcome and order of the gene

inserts in the constructs 20.1-20.6. Rather than introducing the mere 11-residue peptide
next to the EYFP and between EYFP/ECFP proteins, different length sequences from
34 amino acids (aa) and 79 aa to the full-length pVI (250 aa) were synthesised. This was

performed in order to obtain an optimal, fluorescent in v/vo-substrate for AVP; one

whose KRRR-motif would not be buried, nor cleavage site inaccessible for the protease.

This was a reasonable concern due to the large size (27 kD) of the cyan and yellow
fluorescent proteins on both sides of the insert. To bring in further flexibility for the

cleavage-site inserts, glycine residues were introduced to both N- and C-terminus of the

pVl-inserts (see Appendix for the oligonucleotide sequences).
Given that the constructs 20.5 and 20.6 encode the gene for the full-length pVI, they

carry on their sequence both protease cleavage sites (between residues 33-34 and 238-

239). The pdf68 vector (constructed by P. de Felipe for picornavirus 2A-mediated

experiments) was also assessed in this study: it contains the 79 aa sequence from the C-
terminus of pVI and therefore a single protease cleavage site. The order of genes in

pdf68 is shown in Figure 16.
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Figure 14. Pdf-fluorescent constructs with pVI-inserts. The pdf20 vector (kindly donated by
P. de Felipe) was modified, as outlined in the Figure, to contain different length sequences

from the C-terminus of pVI (34 & 79 aa) to the full-length pVI (250 aa) insert. The pVI C-
terminal sequences were amplified by PCR and using oligonucleotides, the sequences of
which can be found in the Appendix. Arrows, unless otherwise stated, refer to specific
restriction digestions.
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CMVp = cytomegalovirus promoter
EYFP= yellow fluorescent protein
ECFP = cyan fluorescent protein
2A= self-cleaving picornavirus 2A protein
pac= PuroR, puromycin-N-acetyl-transferase
pA= polyA tail
*C pVl = pVI C-terminal sequence, with AVP cleavage site
f-1 pVI = full-length pVl sequence, includes 2 AVP cleavage sites

pdf20

BamHl

Nhe 1 Xbal Apal / Xbal Apal

"pac pA
£coRI Not\

Xbal / Apal

*C pVI

*C pV I

f-l pVI

92



Nuclear Luculisuliun Studies

It should be emphasised that there were no potential nuclear localisation signals

present on the pdf20-construct. The picornavirus 2A protein, an 18 amino-acid-long

oligopeptide, which cleaves itself C-terminally and co-translationally, accumulates non-

specifically in the cytoplasm and nucleus as a fusion with EYFP or ECFP (de Felipe &

Ryan, 2004). Furthermore, ECFP and EYFP, derived by amino acid substitutions from
the enhanced green fluorescent protein (EGFP), have been characterised as cytosolic

proteins (Clontech Living Colours user manual, November 2001). Therefore, the pdf-
constructs made here were also utilised to estimate the strength of the KRRR-signal.

4.3.1 Localisation offluorescent pdf-constructs
The behaviour and competence of the pdf-constructs was measured by three different
means:(1) by their ability to translocate during transfections,(2) by in vitro transcription-
translation followed by cleavage assay with recombinant AVP and (3) by in vivo

cleavage during co-transfections with AVP and during infections with Ad2.

First, the constructed EYFP and EYFP-ECFP plasmids were used to transiently
rn

transfect HeLa (Catherine Dargemont, Institutes Paris) and COS-7 cells with
FuGENE (Roche), according to method 2.6.2.3. Both cell lines were used in order to

confirm that the localisation of the fluorescent polyproteins was consistent. The
localisation of the constructs was observed with a DeltaVision microscope (Applied

Precision) using a lOOx oil immersion objective. The yellow and cyan fluorescence
were acquired with correct filters (EYFP Aex=500/20 & Xem=535/30, ECFP AeX=436/10
& Xem=470/30), however, for clarity of representation, yellow fluorescence is shown
here in red while cyan is shown in green.

The successful nuclear accumulation was evident with all EYFP and EYFP-ECFP

constructs with the exception of 20.2 (Figure 15). The construct 20.2, with 34 amino
acids from the C-terminus of pVI, was found in both cytoplasm and nucleus. The likely

explanation for this, considering the construct 20.1 was nuclear, is that the signal

sequence is buried in between the two fluorescent proteins. While the pac-protein fused
to the C-terminus does not seem to hinder the recognition of the KRRR-NLS (construct

20.1), the ECFP, presumably due to its size or structure, does (construct 20.2). Hence,
this observation can be explained by the reports that the karyophilic domain needs to be
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Figure 15. Localisation of pdf-constructs during transient transfection. HeLa cells were

transfected with pdf-constructs, containing either 39 aa or 79 aa from the C-terminus of pVI
or the full-length pVI (250 aa) either in between EYFP and pac-protein (20.1, 20.3, 20.5) or

in between EYFP and ECFP fluorescent proteins (20.3, 20.4, 20.6). The pdf68 was

constructed by P. de Felipe and contains 79 aa from the C-terminus of pVI in between
ECFP and pac-protein. Transfections were performed using FuGENE-reagent according to

manufacturer's instructions (Roche). The cells were fixed for imaging at 24 hpt with

paraformaldehyde and as detailed in Methods. The images were acquired using a

Delta Vision microscope.
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exposed on the surface of the protein to function as an efficient NLS (Roberts et al.,

1987).

4.3.2 In vitro transcription/translation and cleavage ofpdf-subtrates
Assessment of the cleavage efficiency of substrates 20.1-68 by recombinant AVP was

made possible by the use of cell-free in vitro transcription and translation (TNT®)

system (Promega). The plasmid DNA templates (constructs pdf 20-68 in this case) with
a T7 promotor were expressed using rabbit reticulocyte lysate-mix and the production of
the protein was followed by the addition and incorporation of a radioactive amino acid

[35S] methionine. Following the TNT-expression, the constructs were cleaved for
various times by purified, activated AVP and separated on a 12.5% SDS-gel, according
to method 2.9.2. The radioactive gel was exposed to a Phosphor-imager screen and the

resulting bands were analysed by Image Reader software. The Profile/MW-mode was

selected and the background was automatically subtracted from the intensity of the
bands (method 2.9.3).

Figure 16A shows the representative translation profiles of the polyproteins and the

products, which can be identified following cleavage by AVP. Construct pdf20 and its
translated protein profile served as a reference for the other constructs. Since

picornaviral 2A protein was present in some of the constructs, and the co-translational

cleavage by 2A (of itself) was subject to variability throughout individual TNT-

experiments, two values for the uncleaved template were used for the calculation of the
initial maturation rates, if needed. For instance, in the case of construct 20.4, the

cleavage by AVP would result in the [YFP][pVIC* -fragment. However, this cleavage

product could be obtained from the uncleaved [YFP][pVI C*][CFP][2A][pac]-template
and from the [YFP][pVI C*][CFP][2A]-template, mediated after co-translational 2A-

cleavage.
The percentages of cleaved and uncleaved proteins were calculated in the following

manner: (1) intensity of protein band/methionine-content of the protein band = actual

intensity of the protein band,<2) actual intensity of a cleaved fragment/actual intensity of
uncleaved template x 100 = % cleaved fragment. Since the constructs 20.5 and 20.6
contained two AVP cleavage sites (compared to one in all the others), only cleavage

occurring at the C-terminal site was examined. This was performed in order to maintain
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the analysis of the different substrates consistent, and also since the main interest of the

experiments was to assess the release of peptide for potential nuclear accumulation of
the protease. The cleaved protein bands *CFP][2A][pac] and *pac] in 20.6 and 20.5,

respectively, could be identified by a comparison to the translation profile of other
substrates. In Figure 16D, the protein bands used for calculations as the uncleaved

template* and cleavage product*, have been labelled.
The cleavage-experiments with the fluorescent-substrates by AVP were performed in

duplicate and therefore, the data presented here should be weighted accordingly. These
maturation experiments were conducted in the hope of discovering an ideal substrate,
which would consequently be preferred for the in vivo-cleavage experiments, and not to

obtain exact values. The initial maturation rates shown in Figure 16C, are the mean

values plotted.
The initial maturation rates from the in vitro experiments for 20.3, 20.4, 20.5, 20.6

and 68 were comparable, 5.5-7% per min, and all notably better than the maturation

efficiency for 20.1 and 20.2 (under 1% cleavage per min). Taking under consideration
the size (27 kD) of the two fluorescent proteins, namely ECFP and EYFP, it appeared,
as no surprise that the size of the 'substrate-cleavage' insert was a determining factor in
maturation. Here the substrates 20.1 and 20.2, containing the shortest pVI C-terminal

sequence, exhibited the poorest cleavage efficiency.
On the whole, the results from the in vitro cleavages tied in together with those from

the localisation experiments; the least efficient substrate 20.2 is also unable to

accumulate solely in the nucleus, a problem not associated with the larger constructs.

Thus, the KRRR-motif must be inaccessible together with the preceding cleavage site in
the construct 20.2, whereas exposed in the construct 20.1.

4.3.3 Co-transfections ofpdf-substrates with Avp/HcRed
To re-test the hypothesis that pVIct transports the protease to the nucleus, in vivo-

maturation of the pdf-constructs by AVP was attempted. In order to visualise several
fluorescent colours simultaneously, the pHcRedl-Cl (Clontech) vector was used. This
is a far-red vector with distinct spectral properties beneficial for multicolour-labelling

experiments, such as those in this study where cyan and yellow fluorescence was

already employed. Due to the similarity in the multiple cloning sites in the fluorescent
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Figure 16 (A.-D). In vitro cleavages of pdf-constructs. The pdf-constructs were

expressed using TNT-system (Promega) in the presence of [S35] methionine as outlined
in the Methods. The expressed proteins and protein-complexed were cleaved by the
activated protease (5 fi\ AVP at 0.1 mg ml"1 and 0.2 fig pVIct in a 20 yu.1 reaction) at 37°C
for various timepoints, separated by SDS-PAGE and following exposure to Phosphor-

imager screen, analysis was carried out as briefed in Methods.

(A) TNT-profiles of pdf-constructs showing cleavage products in the presence

AVP/pVIct (timepoints 10 and 20 min are shown). The uncleaved profdes of the
constructs are shown on the right, together with molecular weight markers.

(B) Maturation over a time period for pdf 20.1-68. The pdf-constructs were incubated
for 10, 20, 60 and 180 min in the presence of AVP/pVIct, and analysed as explained
above. The experiments were performed in duplicate, (B) showing one such an

experiment for the constructs.

(C) Initial maturation rates indicating the differences in cleavage efficiencies for pdf-
constructs. Values calculated following the analysis of the samples incubated for 10 min
with AVP/pVIct. Mean values are shown from the experiments performed in duplicate.

(D) Schematic diagram of the uncleaved template and the cleavage products used for the
calculations of the values presented in (B) and (C).
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vectors (Clontech), the gene encoding for AVP was simply sub-cloned into pHcRedl-
C1 vector by restriction digestions with BamHl and jFcoRI from pDsRed2-Cl vector

(see earlier section 4.2.3).
For fluorescence microscopy, approximately 1 x 105 cells seeded onto glass

coverslips were transfected with 1 jag of each plasmid DNA (AVP/HcRed and pdf-

plasmid) using FuGENE 6 transfection reagent. The expression of proteins was allowed
to proceed up to 30 h, after which the cells were fixed for microscopy and the
localisation of the fluorescent proteins was analysed with a DeltaVision microscope

system, as described earlier.
The co-transfections did not, however, indicate cleavage by AVP/HcRed. The

substrates were found in the nucleus while the protease was cytoplasmic, localising as

observed with earlier transfections. The lack of cleavage during co-transfections could
be due to the fluorescent substrates, bearing the nuclear signal(s), capable of rather

quick localisation following their synthesis on the ribosomes. The protease and
substrates may therefore not have had a chance to interact.

Co-transfections of 20.2 with AVP/FIcRed were performed exactly for this reason; to

allow for interaction between the substrate and enzyme. Although construct 20.2 was

earlier noted to be a poorer substrate, it accumulated in both the cytoplasm and nucleus,
and could therefore be available for AVP in the cytoplasm. Despite these efforts, no

cleavage of substrate 20.2 was observed when co-transfecting with AVP/HcRed. The
localisation of the substrate-constructs, although unaffected following co-transfections
with the protease, is shown in Figure 17.

Another possibility for the lack of observable cleavage could have been impairment
in AVP activity. The attachment of the fluorescent protein to the N-terminus of AVP
could have disturbed its proteolytic ability. In addition, it cannot be confirmed that the
structure of the protein following the pVI C-terminal insert (whether ECFP or pac,

depending upon the construct) does not hinder in vivo the binding to AVP/HcRed.

Compared to the in vitro-cleavage experiments, the protease used therein was untagged
and purified, and therefore expectedly more active.
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Figure 17. Co-transfections with pdf-constructs and AVP/HcRed. HeLa cells were

transfected using FuGENE-reagent and fixed for microscopy with paraformaldehyde at 24

hpt as described in Methods. Images acquired using a DeltaVision microscope and 60x oil
immersion objective. The multiple fluorescent images were processed with softWoRx-
software (Applied Precision).
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4.3.4 Cleavage of the pdf-constructs in stably expressing HeLa cells by Ad2
On the basis of the efficiency of maturation in TNT-cleavage experiments, 20.3, 20.4,
20.5 and 20.6 constructs were used to obtain stably expressing HeLa cells for the
infection experiments. Cells stably expressing the fluorescent constructs were selected
with puromycin (method 2.6.10). The fluorescence pattern seen in stably expressing
cells was analogous that seen in transient transfections, although occasionally more

'diffuse', non-dotted nuclear distribution was observed. However, diffuse nuclear

staining also occurred with extended transient transfections (^0-48 h) (de Felipe &

Ryan, 2004), and therefore this phenomenon is likely to be due to the expression of the
fluorescent proteins simply increasing to such an extent that the 'singular', dotted
distribution disappears.

The preparation and purification of Ad2 by CsCl gradient centrifugation was

performed as described previously by Russell and Blair (1977). Viral infections of
stable (or transfected) HeLa cells were performed at a multiplicity of 5 to 10 plaque-

forming units (pfu) per cell, as described in method 2.7.3.
At 30-32 h post-infection (hpi), nuclear substrates 20.3 and 20.4 showed signs of

maturation by the protease. In some cells, stably expressing the substrate pdf 20.3, the

yellow tluorescence was visible in the cytoplasm following the infection with Ad2, as

expected. The only NLS on 20.3 would, after cleavage, be separated from the EYFP,

leading to the relocation of EYFP. The localisation of pVIct however, which was now

only attached to pac-protein, could not be followed.
In cells stably expressing substrate 20.4 (Figure 18), the consequence of protease

activity was evident at 32 h into an Ad2 infection with the appearance of two distinct,

yellow and cyan, fluorescence areas in the nucleus (shown as red and green in the

image, respectively). While the intact fusion-protein could be visualised as yellow
fluorescence in the image (EYFP + ECFP), the separated [EYFP][C* and

pVIct][ECFP][2A] could be seen as red and green dots (indicated with arrows).

However, as the cleavage at the C-terminus of pVI between residues 238-239 (at the

IVGL|G site, sec Figure 5C) results in the KRRR-motif separation to the

pVIct][ECFP][2A, with time the [EYFP][C* should relocate into the cytoplasm having
lost the only NLS. pVIct][ECFP][2A] should retain itself in the nucleus.
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Following the observation that the protease was proteolytically active in the nucleus
at 30-32 hpi, in vivo cleavage of construct 20.2 was attempted in the hope of examining
the timepoint, at which the protease is active in the cytoplasm. Unfortunately, no

cleavage of pdf 20.2 was noted. Also, because of the two cleavage sites present on

constructs pdf 20.5 and 20.6 analysing where the cleavage has occurred, according to a

change in fluorescence pattern, would be impossible with these two larger constructs.

An additional drawback associated with the Ad2 infections of the stable cells was the

inability to follow the localisation of the protease. Attempts were made to label the

protease with an antiserum [OA10, raised against AVP (Vaughan, 1997)], during Ad2

infections, however, without success.

The localisation of pVI/iVI/VI during Ad2 infection was also assessed by the use of
an antiserum raised against residues 94-170 of protein VI (a gift from W.C. Russell) and
a secondary, anti-rabbit fluorescein isothiocyanate (FITC)-conjugated antibody. The
localisation of the protein during infection (at 22 hpi) confirmed that the dotted pVI
nuclear distribution, seen in cells transfected with pdf-constructs and pVI/EGFP, was

not an artefact associated with the transfections or fluorescent proteins used (Figure 18).
The infection-experiments with pdf-constructs demonstrated the ability use synthetic

substrates to assess protease activity during adenoviral infection. They also indicated
that at 30-32 h post-initial infection protease mediated cleavage is detectable in the
nucleus. Unfortunately though, by using infectious Ad2 virions, the other proteins and
factors present during normal infection were not excluded. Hence, if the protease could
access the pdf-substrates found in the nucleus, and was able to cleave them, at least
some of the protease molecules were obviously nuclear localising independently of the

peptide KRRR-motif present on the substrate. Therefore, these experiments could not

provide an answer as to how the protease accesses the nucleus.
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Figure 18. In vivo cleavage of pdf20.4 during Ad2 infection (A -C) and the
localisation of pVI/iVI/VI in Ad2 infected HeLa cells (D). The distribution of
the construct 20.4 and its cleavage products at 32 h post-initial infection in fixed

cells, shown here with (A) and without (B) DAPI-staining. The image (C) shows
a magnification of a section, (boxed in B) indicating the appearance of separate

red (EYFP) and green (ECFP) fluorescence dots, as a result of cleavage by the

protease. Image (D) shows the pVI/iVI/VI distribution at 22 h post-initial Ad2

infection, detected with a protein Vl-antiserum together with a secondary FITC-

conjugated antibody. All images acquired using a DeltaVision microscope and
lOOx oil immersion.
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4.4 Studies on the nuclear localisation ofp VI

Despite the efforts with the pVIct-F and pdf-substrate assays, I found no confirmation
for the theory that pVIct or pVI translocates the protease to the nucleus. Interest,

however, turned towards the nuclear accumulation of pVI protein itself. In fact, the

sequence of pVI harbours two putative NLS: in addition to the KRRR 245 248 at the very

C-terminus, another putative NLS is situated in the middle of the protein KRPRP 131~135.
Several nuclear proteins are known to contain multiple NLS, which can function

independently or act cooperatively to emphasize nuclear localisation. The sequence

KRPRP is also highly conserved throughout adenovirus human serotypes (Figure 6,

page 60). In addition, the KRPRP sequence has previously been identified as a NLS for
adenoviral E1A protein (Lyons et al., 1987), reconfirming the possibility that it is also a

NLS for the adenoviral pVI protein.
To assess the importance of the KRPRP and KRRR sequences for the nuclear

accumulation of pVI, they were mutated to five and four Alanines, respectively, using
site-directed mutagenesis by PCR (see appendix for oligonucleotide sequences). Also a

double mutant was constructed, in which both putative NLS signals were abolished.
These are referred to as a middle-mutant (mm), C-terminal mutant (cm) and double-
mutant (dm) in this thesis.

In addition, truncated versions of pVI (34-250, 1-239 and 34-239) were generated.
These mutants are natural cleavage-site products of AVP: 1-239 and 34-250
intermediate forms (iVI), and 3'1 239 the mature VI.

The PCR-generated mutants of pVI protein were cloned to the C-terminus of both

types of fluorescent proteins: enhanced green fluorescent protein (EGFP) and red-
fluorescent protein (DsRed2). This was performed in order to confirm that the nuclear
accumulation of this protein and its mutants was independent from the fluorescent tag,

to which it was attached. Soling et al. (2002) reported that different fluorescent proteins
affected the intracellular localisation of Herpes simplex virus type 1 thymidine kinase

(TK). The aforementioned authors found that fusion proteins of the thymidine kinase
with DsRed2-tag were unable to pass through the nuclear pores compared to the fusion

proteins of TK with an EGFP-tag. While the first version of DsRed protein (DsRedl),
isolated from Discosoma species, has been criticised for causing aggregates in cells
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owing to its tendency to tetramerise, the successor variant DsRed2 does have reportedly
a much improved solubility (Clontech Living Colours user manual, July 2001).

In this study, the intracellular distribution of the truncated pVI-proteins and that of
the NLS mutants was assessed by fluorescence microscopy and by subcellular
fractionation and Western blotting of transfected cells. In transient transfections of
HeLa cells with empty DsRed2-Cl and EGFP-C1 plasmids, fluorescence was visible

throughout cytoplasm and nucleus, as expected. Collectively, it can be concluded from

images A-F (Figure 19) that the pVI protein and mutants of it localised in a similar
manner whether expressed as a fusion with the fluorescent protein EGFP or DsRed2.

As evident from Figure 19, the cm and mm mutants were found in both the cytoplasm
and the nucleus in a spot-like distribution. The dm, however, was mainly found in the

cytoplasm. From the synthesised truncated versions, 1-239 (iVI) and 34-239 (VI)
localised similarly, in both the cytoplasm and nucleus, having both lost one of their
NLS. Surprisingly, the truncated version 34-250 was also incapable of complete nuclear
accumulation despite possessing both putative NLS. This was presumably a

consequence of a disruption to the protein conformation, after the deletion of the first 33

amino acids, and to such an extent that the NLS were not readily 'available' for

recognition. None of the mutants, however, were capable of complete nuclear

accumulation, similar to that observed with the wild-type pVI protein.

Subsequently, the fluorescence microscopy experiments were followed by
fractionation of transfected cells (at 24 hpt) into cytoplasmic and nuclear extracts. The
fractions were obtained following lysis-buffer (see method 2.6.8) and they were subject
to SDS-PAGE electrophoresis and Western blotting. The antiserum raised against
residues 74-190 of protein VI (a gift from W. C. Russell) and the anti-GFP-antibody

(Roche) were used for detecting the expression of the fusion proteins.
The cytoplasmic and nuclear fractions (see F igure 19), revealed the localisation of the

mutants to be very similar to that observed with fluorescence microscopy. Most of the
truncated versions and NLS mutants were present in both fractions, in comparison to the

wild-type pVI, which was solely nuclear. The cm, mm, iVI, VI and 34-250 proteins
were all present in both nuclear and cytoplasmic fractions, compared to the dm, which
was almost exclusively cytoplasmic.

105



Figure 19 (A-B). Localisation of the NLS mutants and truncated versions of pVI. The
localisation of the proteins, expressed as C-terminal fusions with EGFP & DsRed2, was

confirmed by fluorescent microscopy following standard transient transfection (method

2.6.2.3)(A) and by Western blotting of nuclear and cytoplasmic fractions of cells
transfected with EGFP-fusions (B). Anti-GFP antibody (Roche) was used at 1:1000
dilution in Western blotting for the detection of the proteins. The cells were fixed for

microscopy at 24 hpt and viewed using a DeltaVision microscope and lOOx oil
immersion.
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Because of the possible disruption to the protein structure in the case of truncated
version 34-250 (or iVI), the localisation pattern seen with mature VI/EGFP could be

disputed. However, the fact that the localisation of the iVI was very similar to that of the

cm, served as a confirmation that the mature VI (truncated version 34-239) was

incapable of complete nuclear accumulation without the second NLS, present on the

activating peptide sequence. Overall, the results indicated that the KRPRP and KRRR
motifs function to enhance each other in the nuclear accumulation of the pVI protein.
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4.5 Discussion

The nuclear localisation experiments presented in this thesis stemmed from the
activation and binding studies, according to which KRRR-motif of pVIct could have an

additional role. Previous results (Pollard, 2001) showed that this sequence was capable
of directing a cytoplasmic protein to the nucleus and that the minimum requirement for
nuclear accumulation was the tripeptide KRR.

4.5.1 Nuclear localisation conundrum ofthe protease molecules
The ability of the activating peptide to associate with the protease and to transport it to

the nucleus was assessed using a fluorescent-peptide and by transfecting a

fluorescently-tagged protease. Although these experiments did not reveal in vivo-
association between the components to support the hypothesis, they lead to the

development of useful double-fluorescent (pdf) constructs.

While the pdf-fluorescent constructs did not indicate that pVIct nuclear translocates

AVP, they were shown to be successful substrates for in vitro and in vivo protease

activity. Also, the pdf-constructs could be further optimised to examine cytoplasmic

activity of the protease during adenovirus infection, the exact timing of which is not

known. Furthermore, these types of experiments could reveal additional cellular
substrates for the protease. This could be achieved by employing another signal on the

substrate-construct, in addition to the NLS, which would target the protein-complex

immediately after synthesis. The role of a C-terminal hydrophobic domain in Polyoma
virus middle T antigen is to bind the protein to the plasma membrane (review: Garcia-
Bustos et al., 1991). Previous hybrid experiments have shown that this membrane
anchor is capable of overriding a NLS causing cytoplasmic distribution (Roberts et al.,

1987). In this study, such a signal could be fused to the N-terminus of the EYFP protein,

targeting the expressed protein complex to the appropriate compartment. In this manner,

the substrate would be present in the vicinity of the separately expressed protease.

Consequently, the maturation of the fluorescent substrate, mediated by the protease,

would result in the release of the cleavage product bearing a NLS. The localisation of
this cleavage product, and whether in a complex with the expressed fluorescent

protease, could be followed.
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If not by the action of pVI or pVIct, could any other adenovirus protein nuclear
localise the protease? In order to avoid premature cleavage of the viral pre-proteins, it
would be non-beneficial for the protease to associate and nuclear accumulate in

complex with those viral proteins, which are in fact its substrates. This theory clearly
rules out pVI and leaves protein V as the sole candidate transporter with identified
nuclear and nucleolar targeting sequences, which is not processed by the protease.

According to previous reports, protease is found in both the cytoplasm and nucleus at

36 and 52 hours post-infection (Webster et al., 1994) and is active in both cellular

compartments towards the end of the infection (Chen et al., 1993). Unless this

equilibrium changes towards nuclear accumulation at a certain point, approximately half
of the protease molecules would remain cytoplasmic. Perhaps therefore, the most

plausible scenario is that the protease molecules are not actively transported to the
nucleus after their synthesis. Instead, they passively diffuse through the NPC, which
allows for this type of signal-independent entry in the case of ions and small molecules
or proteins up to 60 kD size (Paine et al., 1975, review: Garcia-Bustos et al., 1991). As

the protease molecules do not possess specific nuclear retention signals, they would be

equally subject to export from the nucleus. Some of the protease molecules inside the
nucleus would become associated at the packaging and assembly events, whereas the
ones removed from the nucleus, relocate in the cytoplasm. There, they would associate
with actin and aid in the lysis of the host cell.

However, according to this theory the virus, while relying on the cellular transport

machinery for the nuclear import of its structural proteins, does not control more

specifically the localisation its protease. This would seem risky, especially since the

protease is such a pivotal component of an infectious particle, required for the efficacy
and success of the infection.

4.5.2 Nuclear localisation ofp VIprotein
In this study, transfections with pVI revealed a dot-like nuclear distribution for the

protein. The gene for the polypeptide pVI encodes two putative NLS. Mutational

analysis on these NLS showed that for complete pVI nuclear localisation both, the
KRPRP and KRRR motifs, are required. The KRPRP NLS on pVI is identical to that
used by the adenoviral El A protein (Lyons et al., 1987). A similarity search for the
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KRRR motif using NPS@ Network Protein Sequence Analysis revealed that proteins,
such as the Tupaia adenovirus type 1 E1B protein (residues AKRRRL15"20), also contain
this motif (Flugel et al., 1985).

The need for multiple NLS on a single protein can be rationalised by weaker NLS

acting cooperatively and additively. In the case of yeast MATo2 protein, the dual NLS
have been proposed to perform different functions; one is involved in binding at the
nuclear pore complex whilst the other mediates translocation (Hall et al., 1990).

In the case of adenoviral DNA-binding protein (DBP), two signal sequences have
been identified which seem to complement the effect of one another (Morin et al.,

1989). Disruption to either one of the DBP NLS (PPKKR42"46or PKKKKK84"89) prevents

nuclear localisation during transient transfection. During an Ad2 infection, however,
other viral factors are capable of rescuing the DBP NLS mutants (Morin et al., 1989). It

would be interesting to examine whether this occurs with pVI dm (double-mutant)

during Ad infection. Do other viral factors also contribute to the nuclear accumulation
of pYI? Or is pVI capable of transporting other adenoviral proteins to the nucleus, in a

similar manner to that of the adenoviral pre-terminal protein, pTP and DNA polymerase

(Zhao & Padmanabhan, 1988)?

During the preparation of this thesis, Wodrich et al. (2003) published data showing
that pVI protein, rather like HIV-1 Rev protein (Meyer & Malim, 1994), undergoes bi¬
directional nucleocytoplasmic shuttling. According to their report, in addition to the two

NLS signals, the presence of two nuclear export signals (NES) on the pVI protein
causes pVI to 'ferry' between the nucleus and cytoplasm transporting hexon to the
nucleus via importin of/3-dependent mechanism in the process.

How do the findings by Wodrich et al. compare with results presented here? The two

NES studied by the above authors, KLK70"72 and LGV239"241, were not investigated in
this thesis following the consistent nuclear distribution of expressed pVI. Transfected

pVI localised identically to that observed with pVI/iVI/VI during infection, in a foci-
manner avoiding the nucleolus. Further, with the pdf-substrate constructs 20.1-20.6 used
in this study (with the exception of 20.2), a similar distribution to that of pVI/iVI/VI in
infection was obtained by transient transfection. In addition, rather than fusing the full-

length pVI sequence, utilising a part of the C-terminus of the protein was sufficient to

confer this type of localisation within cells. Although the proposed NES on pVI are
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Nuclear Localisation Studies

leucine-containing sequences, they seem weaker signals than for instance the LERLTL-
stretch identified in HIV-1 Rev, which is also a nucleocytoplasmic shuttling protein

(Meyer & Malim, 1994).
Some mutual conclusions from these two studies can be drawn. First, both NLS

signals are required to confer efficient nuclear accumulation of pVI, as illustrated by the
constructed NLS-mutants. The need for both NLS could be rationalised on the basis of

the NES sequences, in that if the ratio of NES to NLS is altered from 2:2 to 2:1 (shown

by cm and mm/EGFP mutants), the cytoplasmic accumulation of the fusion proteins is

promoted. Further, the double fluorescent experiments with pdf-constructs performed in
this study, in particular constructs 20.1, 20.3 and 20.4, suggest that in a 1:1 ratio of pVI

NLS to NES, the NLS predominates.

Also, on the basis of these two studies, the pVIct and the KRRR-sequence at its

carboxy-terminus, is a sufficient NLS. Here, the inability of the deletion mutant 1-

239/EGFP (iVI) to accumulate into the nucleus, in a similar manner to that of the

pVI/EGFP, confirms that the 11-residue peptide is necessary for pVI/VI nuclear
accumulation. These results also affirm the concept that the protease does not cleave off
the activating peptide for maximal activation and proteolysis until the maturation stage,

taking place in the nucleus during the final steps of the infectious cycle.
Wodrich et al. have provided an elegant proposal of how protein VI switches to its

assembly role from nuclear cytoplasmic shuttling-and-transport function. Previously,
Matthews and Russell (1994) have demonstrated that the processed, mature VI has more

hexon-binding affinity than the unprocessed pVI. Moreover, a previously identified

temperature-sensitive strain of Ad5, tsl47, indicated the importance of hexon binding to

pVI for nuclear import: infection with tsl47 resulted in the degradation of pVI as well
as in the cytoplasmic accumulation of hexon (Kauffman & Ginsberg, 1976). Hence, the

proposal is that following the nuclear import of hexon with pVI, the concentration of
hexon increases, leading to more pVI molecules associating with hexon. This in turn

reduces the amount of pVI shuttling between cytoplasm and nucleus and the increasing
intranuclear concentration of pVI would trigger the activation of the protease. The

cleavage of the activating peptide, between residues 239 and 240 of pVI, would separate

the NLS from the proposed, C-terminal NES on the pVIct. The maturation of pVI to VI
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Figure 20. Model diagram for the role of adenovirus pVI protein in the nuclear

import of hexon and the relevance of the two NLS signals on the nuclear
accumulation of pVI itself. The importance of pVI as a shuttling protein, which

transports hexon to the nucleus is based upon the recent observations by Wodrich et

al. (2003). pVI protein requires both the C-terminal NLS located within the pVIct

and the internal NLS motif for complete nuclear accumulation, and associates with

import receptors a and /3. Wodrich et al. have also proposed two NES signals on the

pVI protein, which guarantee the recycling of the pVI back to the cytoplasm by

associating with export receptors. As the export complex dissociates in the

cytoplasm, the released pVI may export more hexon molecules to the nucleus.

According to data presented in this thesis, neither pVI nor pVIct import the protease

into the nucleus and the component responsible for this, whether cellular or viral, is

yet unidentified. The protease cleaves pVI releasing pVIct in the nucleus later during

infection, and hence the proposed NLS and NES sequences would be separated. This
in turn leads to the mature VI having increased binding affinity for hexon during

assembly.
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Nuclear Localisation Studies

would improve its binding ability to hexon and therefore enhance the assembly of

protein VI into the virus. The proposed model by Wodrich et al. is depicted in Figure

20, together with observations made in this study.
Another adenoviral late protein pjU, was recently shown to affect the accumulation of

early E2 proteins as well as to target itself specifically to the nucleolus (Lee et al.,

2004), and it will be interesting to find out what type of activities pfi mediates following
its specific localization during adenoviral infection. Interestingly, the localisation of

pTP at 20 hpi, which was shown in the study by Lee et al., displayed a similar type of
nuclear distribution to that seen here with pVI. Hence, the observed speck-like
distribution of pVI/iVI/VI in the nucleus could in fact reveal an additional function for
the protein. Future studies into the pVI localisation should include a closer look at the
distribution of the protein within the nucleus. Is pVI colocalising with promyelocytic
leukaemia protein (PML) bodies? PML bodies, a major component of nuclear domain
10 (ND10) structures have been implicated in transcription/replication, antiviral

response and apoptosis and already one adenovirus component, Ad4 ORF3, has been

proposed to disrupt ND10 and to redistribute PML (Carvalho et al., 1995, Leppard &

Everett, 1999).
In conclusion, recent studies combined with earlier observations offer a more

complex regulatory role for the activating peptide. The nuclear localisation role of its

KRRR-sequence together with the previously discussed role in promoting an association
with viral DNA-protease-complex (see section 3.6.3) raises the question whether this
short karyophilic sequence might in fact perform multiple tasks during adenovirus
infection.
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5. Concluding remarks

The adenovirus protease/peptide represents an interesting model system for studying

important molecular interactions required for successful infection. For efficient

catalysis, the 11 -mer peptide needs to be cleaved from the precursor protein VI and
associate via a disulphide bond with the enzyme. Furthermore, these components need
to associate at correct timepoints during the infection in order to serve their purpose for
the virus.

What characteristics of the GVQSLKRRRCF-peptide have been identified to date as

essential components for the interaction with AVP? And what, if anything, did the

assays performed in this study further reveal of this interaction?
First and foremost, previous studies have shown that the Cysteine residue at C-

terminus of the peptide performs an essential duty in the binding process by forming a

disulphide bond with Cys'104 of the protease and contributes to the activation of the

protease (Webster et al., 1993, Jones et al., 1996, Cabrita et al., 1997). Recent
mutational studies, however, showed that if the Cysteine was mutated to Alanine, the
inclusion of DNA could suppress the effects of the mutation when binding to AVP and
to enhance the constants for substrate hydrolysis (McGrath et al., 2001b). Most

interesting is the observation by McGrath et al. (2001b) that the maximal rate of
substrate hydrolysis was reached in vitro by 160 sec and prior to disulphide bond
formation. These authors suggest that in fact the disulphide bond formation must not

therefore be essential for AVP stimulation.

How about the N-terminus of the peptide? The importance of the N-terminal Glycine
and Valine in binding to the protease and in stimulation of activity was noted by Cabrita
et al. (1997), and from the structure of the heterodimer complex (discussed in section

3), it is apparent that the N-terminus of pVIct is surrounded by the protease-formed

pocket. Additionally, the distance between the Cysteine and the N-terminus of the

peptide was concluded important in that there needs to be nine residues preceding the

Cysteine residue as peptides of shorter length were ineffective in binding (Cabrita,

1997).
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From this study, the conserved, aromatic residue at the C-terminus of the peptide can

be added to the list of pVIct residues playing an important role. The examination of the

crystal structure of the complex showed that similarly to the N-terminus, the final C-
terminal residue seems to be contained within a protease-formed pocket. The presence

of Phe or Tyr residue next to Cys has been previously researched: these residues may

stabilise the Cys-Cys disulphide interaction by contacts mediated between the aromatic

ring and side chain of Cys (Viguera & Serrano, 1995). This could therefore also explain
the prevalence of an aromatic residue at the 11th position in the adenovirus peptide

sequences, and especially in those serotypes, which contain Tyrosine residues on both
sides of the Cysteine'10, such as EDS and snake (Figure 6: alignment of pVI

sequences).

Flowever, the KRRR-motif and its strong conservation throughout human adenovirus

serotypes, examined in this study, could not be fully explained on the basis of the
activation and binding data. While mutational in vitro assays highlighted the

significance of the last C-terminal residue for protease activity, a more in v/vo-type of
role for the cationic-stretch during adenovirus infection was explored, ft was in fact

found that the activating peptide sequence could be employed as a nuclear localisation

signal and that this signal was required for the sufficient nuclear accumulation of the

pVI protein itself, together with a KRPRP-sequence contained within the pVI sequence.

A hypothesis that a protease/peptide interaction in vivo could be responsible for nuclear
localisation of the protease was also examined, although this was not found to occur.

However, if the human adenovirus pVIct sequence is responsible for transporting the

pVI protein to the nucleus during Ad infection, where does it leave those distant
adenovirus serotypes lacking the KRRR-motif? Serotypes such as EDS and snake
adenovirus have in fact a cationic stretch located further upstream of their peptide

sequence (KKRKR201"205 in the pVI sequence of EDS), which could potentially
substitute for the KRRR-motif. Further in vivo studies with the recently identified
adenovirus serotypes, their proteases and virion components, would be very interesting
in examining potential differences and adaptations following evolution of these viruses.
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6. Appendix

Oligonucleotides used in this study.

[1] For the generation of the deletion and NLS-mutants in EGFP-C1 and dsRED2-Cl vectors.

oligo (1) with oligo (2) for wt, full-length pVI. (BamHl and EcoRl sites are underlined)

oligo (1) with oligo (3) for the C-terminal NLS-mutant ofpVI. (mutations introduced in bold)

oligo (1) with oligo (4) for the middle NLS mutation. The product of the PCR was used with oligo (2) to

generate the lull-length mutant.

oligo (5) with oligo (2) for the 34-250 deletion mutant.

oligo (1) with oligo (6) for the 1-239 deletion mutant

oligo (5) and (6) for the generation of the 34-239 mutant

(1) 5 '-GCTCAAGCTTCGAATTCCATGGAAGAC-3'

(2) 5 '-CGGTGGATCCTTAGAAGCATCGTCG-3'

(3) 5'-CGGTGGA1CCTTAGAAGCATGCTGCGGCCGCCAGGGATTGCAC-3'

(4) 5'-CCTGTCGGCCGCCGCCGCCGCTTCGCCACGCCC-3'

(5) 5'-GCTTCGAATTCTGCCTTCAGCTGGGGCTCG-3'

(6)5' -GGAGGATCCTTACAGACCCACGATGCTG-3'

[2 J For the generation of constructs pdf20.1-20.6.

oligo (1) with oligo (2) for the constructs 20.1 & 20.2

oligo (1) with oligo (3) for the constructs 20.3 & 20.4

oligo (1) with oligo (4) for the constructs 20.5 & 20. 6

(Apal and Xba\ sites are underlined, inserted glycine residues in italics and pVI sequences in bold)

(1)5 '-CAAAAGGGCCG4 CCGCCAGCGGCCGCGAAGCATCGTCGGCGCTTCAGGGA-3'

(2) 5'-GAAAATCTAGAGGTGGCGG/IGAATTCGGTCCGCGATCGATGCGGCCCGTAGCC-3'

(3) 5'-GAAAATCTAGAGG7GGCGG/4GAATTCGTGCTGGGCCAGCACACACCTGTAACG-3'
(4)5'-GAAAATCTAGAGGTGGCGG/lGAATTCATGGAAGACATCAACTTTGCGTCTCTGG-3'

[3] For the generation of the pVI gene in pGEX-2T- expression vector.

N-terminal oligo (1) with C-terminal oligo (2).

(BamHl and EcoRl sites are underlined)

(1) 5 '-CTCGGATCCATGGAAGACATCAACTTTGCG-3'

(2) 5 '-CGTGAAIICGAAGCATCGTCGGCGCTTCAG-3'
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