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ABSTRACT

The virion host shutoff protein (vhs) of herpes simplex virus triggers the
shutoff of host protein synthesis and degradation of mRNAs. Vhs specifically
targets mRNAs and binds to the transléltion initiation factor elF4H. A complex of
vhs/elF4H has ribonuclease activity in the absence of any other host or viral
factors. However, the role of elF4H and other host factors in the activity and
mRNA targeting of vhs has not yet been directly examined. Yeast extracts
expressing vhs were previously reported to lack nuclease activity, however, we
observed detectable nuclease activity which did not target to the EMCV internal
ribosome entry site (IRES), in the absence of mammalian factors. The activity of
vhs produced in yeast was strongly stimulated by RRL, elF4H or its sequence
paralogue, elF4B, and only RRL was able to reconstitute IRES-directed
targeting. These results demonstrate that additional mammalian factors are

required for targeting to the EMCV IRES.
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CHAPTER 1 : INTRODUCTION

1.1 INTRODUCTION TO HERPESVIRUSES

Members of the Herpesviridae family all share a common virion
morphology. A herpesvirus virion consists of four distinct components: an
electron dense core containing the linear double-stranded DNA; an
icosadeltahedral capsid; a tegument, which is an amorphous, proteinacious
layer surrounding the capsid; and a glycoprotein containing envelope (Roizman,
1996). Viruses in the Herpesviridae family also share a number of biological
properties: they encode a large number of enzymes; DNA replication and
assembly of capsids occurs in the nucleus; lytic infection results in the
destruction of the infected cell; and they establish lifelong latent infections in
their natural hosts (Roizman, 1996).

There are over 100 different herpesviruses that have been identified to
date, with eight viruses that infect humans. The family Herpesviridae has been
divided into three subfamilies: the alphaherpesvirinae, the betaherpesvirinae,
and the gammaherpesvirinae (reviewed in (Roizman, 1996)). The viruses in the
subfamily alphaherpesvirinae have a broad host range, a short production cycle,
rapidly infect and kill cells, and establish latency in sensory neurons. This
subfamily contains the first human herpesviruses to be recognized, the human
herpes simplex viruses type 1 and 2 (HSV-1 and HSV-2). The human varicella-
zostervirus (VZV) is also a member of this subfamily. The viruses belonging to
the subfamily betaherpesvirinae generally have a restricted host range, a long
reproductive cycle, grow slowly in culture, often cause infected cells to become
enlarged and establish latent infections in tissues such as secretory glands and
hematopoietic progenitor cells. The human herpesviruses belonging to this
subfamily are the human cytomegalovirus (HCMV) and human herpesviruses 6
(HHV-6) and 7 (HHV-7). In the subfamily gammaherpesvirinae, viruses have a

narrow host range, can replicate in epithelial cells, establish latency in T or B
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Introduction 2
lymphocytes, and can immortalize infected lymphocytes. This subfamily

includes the Epstein-Barr virus (EBV) and the Karposi's sarcoma-associated

herpesvirus (KSHV) or human herpesvirus 8 (HHV-8).

1.2 OVERVIEW OF HSV INFECTION

The pathogenesis of HSV infection of the human host can be divided into
four stages. The first stage is characterized by the primary infection which
requires intimate personal contact of a 'seronegative person with an infected
secretion (reviewed in (Roizman & Knipe, 2001, Whitley, 1996)). HSV-1 is
generally spread by oral contact or saliva and HSV-2 is usually spread by
genital contact or vaginal secretions. Infection is initiated when the virus comes
into contact with mucosal epithelium (predominately oral mucosal tissue for
HSV-1 and genital mucosal tissue for HSV-2) or breaks in the skin. The virus
then productively replicates at the site of the infection. The second phase of
infection is characterized by the latent infection of neurons. At the site of the
primary infection the virus enters the nerve endings of the innervating neurons
and the nucleocapsid travels by retrograde axonal transport to the nucleus of
the sensory ganglia (primarily the trigeminal ganglion for HSV-1 and the sacral
ganglia for HSV-2). The virus undergoes a period of transient replication after
which a latent state is established. The viral genome circularizes and remains in
an episomal state in the majority of infected neurons for the lifetime of the
individual. The third stage is the reactivation of the virus. The virus may be
activated by a variety of stimuli such as, physical or emotional stress, exposure
to ultraviolet light, tissue damage, fever, immune suppression, and axonal injury.
The virus undergoes a least a limited productive cycle and capsids are carried
by anterograde transport to the cells at or near the site of the initial infection.
The fourth stage of HSV infection is characterized by recurrent infection. The
reactivated infection involves the same area as the original infection. The virus
replicates in the mucosal tissue causing the shedding of virus. Reactivation can

be asymptomatic or lead to the formation of skin vesicles or mucosal ulcers.
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Introduction 3

1.3 EPIDEMIOLOGY AND CLINICAL MANIFESTATIONS OF HSV INFECTION

As mentioned above, HSV is transmitted from infected to susceptible
individuals by close personal contact. HSV-1 infection is common world wide
with serological studies indicating that 70 — 95 % of the population is infected
with HSV-1, depending on the country (Whitley & Gnann, 1993). Although
reciprocal infections can occur, HSV-1 is generally associated with infections
above the waist and HSV-2 with infections below the waist. Primary HSV-1
infection usually occurs before the age of 5 and is often asymptomatic (Whitley,
1996). Herpetic gingivostomatitis is the common clinical manifestation in
younger children, where as, in young adults primary HSV-1 infection often
results in herpes pharyngitis and a mononucleosis-like syndrome (Glezen et al.,
1975, McMillan et al., 1993). The most common clinical manifestation of
recurrent HSV-1 infection are vesicular lesions or more commonly known as
cold sores, which are estimated to affect about 33 % of adults (Friedman et al.,
1977, Ship et al., 1967, Ship et al., 1977). Other clinical syndromes caused by
HSV-1 include: herpetic keratitis, herpetic whitiow, eczema herpeticum and
herpes encephalitis (Simmons, 2002).

HSV-2 spread is primarily through sexual contact, and as such initial
infection usually occurs after the onset of sexual activity (Whitley, 1996).
Infection with HSV-2 is quite prevalent, with seropositivity to HSV-2 ranging from
5-25 % in western countries (Smith & Robinson, 2002). Recurrent HSV-2
infection causes genital herpes and very rarely HSV meningitis. HSV-2 can also
cause devastating neonatal infections (disease localized to the skin, eye and
mouth, encephalitis and disseminated infection involving multiple organs)
(Whitley, 1996), with HSV-2 infection accounting for 35 % of neonatal
encephalitis (Ferrante et al., 2000).

1.4 HSV VIRION
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Introduction 4
The HSV virion consists of four components: a DNA core, a capsid, a

tegument surrounding the capsid and an envelope (Roizman, 1996). The HSV
DNA is double-stranded, linear and wrapped in the form of a toroid or a spool
(Zhou et al., 1999). In the nucleus of infected cells, the HSV genome remains
linear (Jackson & DeL.uca, 2003). The viral genome of HSV-1 strain 17 is just
over 152 kilobase pairs long, with a GC content of 68 % for HSV-1 and 69 % for
HSV-2 (Becker et al., 1968). It can be divided into two covalently linked
components: the long and short regions. Each component contains unique
sequences that are flanked by inverted repeats. The repeated sequences
bracketing the unique long (U,) sequence are designated ab and b’ a’, and the
repeated sequences bracketing the unique short (Ug) sequence are designated
a’c’ and ca (McGeoch et al., 1988, McGeoch et al., 1985). Through
recombination, the inverted repeats allow the long and short components to
invert relative to one another to yield four linear isofoms. In an infected cell, the
HSV genome exists in equimolar concentrations of all four isomers (Delius &
Clements, 1976, Hayward et al., 1975)‘.' The HSV genome encodes about 90
unique proteins whose genes are transcribed from both DNA stands. Those
genes which are located in the inverted repeats are present in two copies
(Roizman & Knipe, 2001). For the most part, each gene has its own promoter,
although some transcripts share 3’ ends. The HSV virion contains 30 known and
10 suspected virus proteins distributed in the capsid, tegument and envelope
(Roizman & Knipe, 2001).

The icosadeltahedral capsid is composed of 162 capsomers. Capsid
assembly requires seven proteins which are encoded by six genes: UL18
(VP23), UL19 (VP5), UL26 (VP21 and VP24), UL 26.5 (VP22a), UL35 (VP26),
and UL38 (VP19C) (Tatman et al., 1994). The UL26 protein product has
protease activity which cleaves autoproteolytically to create VP21 and VP24,
and also cleaves pre-VP22a into VP22a (Homa & Brown, 1997). The proteins
VP5, VP19C, VP23 and VP26 are the structural components of the outer capsid
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Introduction 5
shell and VP21, VP22a and VP24 form the scaffold structure around which the

capsid shell forms (Homa & Brown, 1997).

The tegument is designated as the proteinacious layer between the
capsid and the envelope. It is largely unstructured and contains many proteins
required during the early events of infection (Zhou et al., 1999). Some of these
proteins include VP16, virion host shutoff (vhs) protein, VP22, VP13/14,
VP11/12, and VP1/2 (Roizman & Knipe, 2001). VP16 is important for its
transactivating activity on immediate-early (IE) gene promoters and vhs is
required for the shutoff of host protein synthesis. Both proteins will be discussed
in more detail below.

The envelope consists of a lipid bilayer with protruding glycoprotein
spikes. There are at least 10 glycoproteins on the surface of the virion. They are
gB, gC,gD, gE, gG, gH, gl, gK, gL and gM (Roizman & Knipe, 2001). Non-
glycosylated membrane proteins include the products of UL20 and US9, and
possibly UL24, UL43 and UL34 (Roizman & Knipe, 2001).

1.5 HSV LYTIC INFECTION

The HSV lytic infection proceeds though the following stages: virus
attachment and entry, capsid transport to the nucleus and release of the viral
genome, expression of the IE genes, expression of the early (E) genes and viral
DNA replication, and expression of the late (L) genes and virion assembly and
egress. Each step will be discussed in more detail below.

1.5.1 VIRUS ATTACHMENT AND ENTRY

HSV-1 meditates entry into the host cell via attachment at the cell surface
followed by fusion between the viral envelope and the host cell membrane.
There are five viral glycoproteins which aid in viral entry: gB, gC, gD, gH and gL
(Spear, 1993). With the exception of gC, all are essential for viral entry, as

mutant virions lacking one of the glycoproteins can bind but not enter cells
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Introduction 6
(reviewed in (Shukla & Spear, 2001)). Virions which lack gC show an

impairment in adsorption, and a delay in penetration of cells, however, bound
virus can still enter cells and initiate infection (Herold et al., 1991), where as
virions lacking both gB and gC are severely impaired for binding to cells (Herold
et al., 1994). The first step in entry of HSV into cells is the initial interaction of
the HSV membrane glycoproteins gB or gC with the heparan sulfate chains on
cell surface proteoglycans (Shieh et al.,, 1992, WuDunn & Spear, 1989). Both gB
and gC bind heparan suifate (Herold et al., 1991, Tal-Singer et al., 1995,
Williams & Straus, 1997) and soluble gC can inhibit the virus from binding to
cells (Svennerholm et al., 1991, Tal-Singer et al., 1995). However, cells which
do not express heparan sulfate but do express other glycoaminoglycans can
also be infected, although with decreased efficiency and glycoprotein gD
appears to play a role in the infection of this cell line (Banfield et al., 1995).

The second step in attachment involves the binding of the viral ligand gD
to one of several entry receptors. gD can independently bind entry receptors
belonging to four classes of molecules (Spear, 1993). The first is the herpes
virus entry mediator (HveA), which is a member of the tumor necrosis factor-
receptor family (Montgomery et al., 1996). However, HveA occurs primarily on
lymphoid cells so is unlikely to be a major player in HSV entry (Montgomery et
al., 1996). The second set of coreceptors belong to the immunoglobulin
superfamily. Nectin-1a (also known as HveC or Prr1) and Nectin-2a. (also
known as HveB or Prr2) were both found to bind gD (Geraghty et al., 1998,
Warner et al., 1998). Nectin-1a is found in cell lines of epithelial origin (HEp-2
and Hela) and in brain and spinal cord tissue on human multiple-tissue northern
blots (Cocchi et al., 1998), and can mediate entry of wild type HSV-1 (Geraghty
et al., 1998). However, Nectin-2a, can only mediate entry of HSV-1 mutants but
not wild-type virus (Warmner et al., 1998). The third family of coreceptors consists
of 3-O-sulfated heparan sulfate. 3-O-sulfated heparan sulfates can mediate
HSV-1 entry into Chinese hamster ovary cells, but it still has not been shown to
mediate entry into human cells (Shukla et al., 1999).
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Introduction 7
The third step in viral entry is the fusion of the host cell membrane with

the virion envelope. The interaction of gD with one of the receptors activates
membrane fusion, which requires gB, gH-gL, gD and the receptor (Forrester et
al., 1992, Ligas & Johnson, 1988, Sarmiento et al., 1979, Shukla & Spear,
2001). Upon fusion, the nucleocapsid and associated tegument is released into
the host cytosol. The fate of the proteins in the tegument is varied: some remain
in the cytosol, some are transported to the nucleus and some stay associated
with the capsid. The role of the tegument-associated proteins is to create a
hospitable environment for viral replication in the hostile host cell. Once inside
the host cell the nucleocapsid interacts with the microtubular network
(Kristensson et al., 1986, Sodeik et al., 1997) and is transported to the nucleus
via the microtubule-motor dynein and its cofactor dynactin (Dohner et al., 2002).
The nucleocapsid interacts with the nuclear pore complex (Batterson et al.,
1983, Sodeik et al., 1997), which requires importin-f and the interaction triggers
the release of the viral DNA into the nucleus (Ojala et al., 2000). Recently, a
paper has reported that once released into the nucleus the viral genome
remains linear and does not circularize during the course of the lytic infection
(Jackson & Del.uca, 2003).

1.5.2 IMMEDIATE—EARLY GENE EXPRESSION

Once inside the nucleus, transcription of the linear genome takes place
by host RNA polymerase II (RNAP II) (Alwine et al., 1974, Costanzo et al.,
1977). HSV genes are transcribed in a coordinately and temporally regulated
cascade fashion. HSV genes fall into three kinetic classes : immediate-early (IE
or o), early (E or B) and late (L or ) (reviewed in (Roizman & Knipe, 2001)). The
IE genes are transcribed in the absence of de novo protein synthesis and
stimulate the expression of the E and L genes. The synthesis of IE gene
products peaks between 3 and 5 hrs post infection at a multiplicity of infection of
20 (Honess & Roizman, 1974). E proteins peak synthesis between 5 and 7 hrs

post infection (Honess & Roizman, 1974) and these proteins are generally
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Introduction 8
required for DNA replication. The synthesis of L proteins continues at increasing

rates until at least 12 hrs after infection (Honess & Roizman, 1974) and L
proteins are required for assembly and egress of the virion.

IE gene promoters contain various cis-acting elements including, TATA
and CAAT elements, binding sites for the transcription factor Sp1 and
sometimes binding sites for infected cell protein 4 (ICP4) (Roizman & Knipe,
2001, Weir, 2001). Transcription of IE genes is controlled by inducible enhancer
elements that bind multiprotein complexes. The viral regulatory protein VP16
(also called o-TIF or ICP25 or Vmw65)h, which is encoded by the UL48 gene, is
responsible for the induction of IE gene transcription (Batterson & Roizman,
1983, Campbell et al., 1984, Post et al., 1981). The stimulation of transcription
by VP16 requires the presence of several copies of a conserved cis-acting
sequence in the promoter, known as the TAATGART element (where R is a
purine residue) (Gaffney et al., 1985, Mackem & Roizman, 1982a, Mackem &
Roizman, 1982b). While VP16 interacts with the element only weakly, a
multiprotein complex (the VP16-induced complex, VIC) comprising of the
ubiquitous transcription factor Oct-1, the host cell factor-1 (HCF, C1 or VCAF)
and VP16, interacts with the element with a much higher affinity (Kristie et al.,
1989, Kristie & Roizman, 1987, McKnight et al., 1987, O'Hare et al., 1988,
O'Hare & Gooding, 1988, Preston et af,, 1988). VP16 is a component of the
tegument and after delivery into the cytoplasm, HCF-1 directly interacts with
VP16 (Gerster & Roeder, 1988, Katan et al., 1990, Kristie & Sharp, 1990, Xiao
& Capone, 1990) and delivers it to the nucleus (La Boissiere et al., 1999). In the
nucleus, Oct-1 binds to a consensus octamer sequence which overlaps with the
enhancer element and VP16 interacts with Oct-1 bound to the viral DNA and
with HSV-specific DNA sequences directly adjacent to the octamer motif (Kristie
& Sharp, 1990, Pomerantz et al., 1992, Stern & Herr, 1991, Stern et al., 1989).
However, the formation of a stable complex requires the participation of HCF-1
(Gerster & Roeder, 1988, Katan et al., 1990, Kristie et al., 1989, Xiao & Capone,
1990). HCF-1 does not bind DNA, but rather interacts with both VP16 and Oct-1
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Introduction 9
to promote the stable assembly of the VIC (Hayes & O'Hare, 1993, Kristie &

Sharp, 1993, Vogel & Kristie, 2000). IE promoters also contain binding sites for

other cellular transcription factors, such as, GABP and Sp1 and these factors
have been found to significantly contribute to the activation of IE gene
transcription (Jones & Tjian, 1985, LaMarco & McKnight, 1989, Triezenberg et
al., 1988b). HCF-1 binds to both GABP and Sp1, and it appears that HCF-1 is
required for the stable assembly of all enhancer elements into a more complex
regulatory unit (Vogel & Kristie, 2000). This may be why HCF-1 is required
maximal transactivation of IE gene promoters (Luciano & Wilson, 2002).

VP16 contains two major domains required for its activity. The amino (N)-
terminus is required for promoter targeting via interaction with Oct-1and HCF-1
(Kristie & Sharp, 1990, Stern et al., 1989) and binding of DNA (Stern & Herr,
1991). On the other hand, the carboxy (C)-terminus contains an acidic domain
required for transcription activation by VP16 (Ace et al., 1988, Greaves &
O'Hare, 1989, Triezenberg et al., 1988a, Werstuck & Capone, 1989a) (Werstuck
& Capone, 1989b). The VP16 activation domain binds to multiple host
transcription factors: TFIID (Ingles et al., 1991, Stringer et al., 1990), TFIIB (Lin
& Green, 1991, Lin et al., 1991), TFIIA (Kobayashi et al., 1995), TFIIH (Blau et
al., 1996, Xiao et al., 1994), and hTAFII32 (Goodrich et al., 1993, Klemm et al.,
1995) as well as the RNAP II holoenzyme (Hengartner et al., 1995). Mutations
in VP16 which inhibit binding to these transcription factors, impairs VP16-
mediated stimulation of transcription (reviewed in (Flint & Shenk, 1997)). VP16
stimulates the early steps in transcription, such as assembly of preinitiation
complexes, initiation, and also elongation, probably by stabilizing the binding of
the RNAP II holoenzyme to the promoter (Flint & Shenk, 1997).

There are six |IE proteins which are produced following the transactivation
of IE gene promoters by VP16. These are ICP0O (RL2), ICP4 (RS1), ICP22
(US1), ICP27 (UL54), ICP47 (US12) and US1.5 (US1.5). All, except ICP47
stimulate E gene expression in at least some types of cells (Roizman & Knipe,
2001).
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1.5.3 ICPO

ICPO is a 110 kDa phosphoprotein that is non-essential for viral
replication, but is required for progression through the lytic cycle at low
multiplicities of infection (Sacks & Schaffer, 1987, Stow & Stow, 1986). Early
transfection studies demonstrated that ICPO is a promiscuious transactivator
and stimulates expression of gene products from viral |[E, E and L promoters
either by itself or in concert with ICP4 (Cai & Schaffer, 1992, Everett, 1984b,
Gelman & Silverstein, 1985, O'Hare & Hayward, 1985a, Quinlan & Knipe, 1985).
ICPO does not require specific promoter sequences (Everett et al., 1991b) and
cannot directly bind DNA (Everett et al., 1991a). Thus, ICP0O appears to be
affecting transcription indirectly, likely through interactions with other proteins. A
number of interactions have been detected which include: a ubiquitin-specific
protease (HAUSP or USP7) (Everett et al., 1997), cyclin D3 (Kawaguchi et al.,
1997b), elongation factor EF-18 (Kawaguchi et al., 1997a), transcription factor
BMAL-1 (Kawaguchi et al., 2001), the viral transcriptional regulator ICP4 (Yao &
Schaffer, 1994), and with RNAP II in a low molecular mass complex (Jenkins &
Spencer, 2001). How all of these interactions fit into the role of ICPO in
stimulating the lytic infection remains to be determined.

Early in infection ICPQ is translocated to the nucleus where it localizes to
nuclear domain 10 (ND10) structures (Everett & Maul, 1994, Maul & Everett,
1994, Maul et al., 1993), which are believed to play a role in the host anti-viral
repression system. ICPO causes the disruption of the ND10 sites (Maul et al.,
1993) (Everett & Maul, 1994, Maul & Everett, 1994), and is then translocated to
the cytoplasm (Kawaguchi et al., 1997b, Lopez et al., 2001). This disruption
requires the ring finger domain of ICPO (Maul & Everett, 1994, Maul et al., 1993)
and is proteasome dependent (Chelbi-Alix & de The, 1999, Everett et al.,
1998a, Muller & Dejean, 1999). ND10 contain two major components,
promyelocytic leukemia protein (PML) and Sp100, both of which are conjugated
to the ubiquitin-like protein SUMO-1. ICPO causes the proteasome-dependent
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degradation of the PML and Sp100 isoforms conjugated to SUMO-1 (Chelbi-Alix

& de The, 1999, Everett et al., 1998a, Muller & Dejean, 1999, Parkinson &
Everett, 2000). This is possibly through HAUSP (Everett et al., 1999b, Everett et
al., 1997) and/or a SUMO-1-specific protease SENP-1 (Bailey & O'Hare, 2002)
both of which may cleave SUMO-1 from PML or Sp100 and allow for their
ubiquitination and subsequent degradation. The degradation of PML and Sp100

correlates with the disruption of ND10 (Muller & Dejean, 1999, Parkinson &
Everett, 2000), which is not surprising as PML is required for the stable
assembly of ND10 (Ishov et al., 1999).

ICPO also causes the proteasome dependent degradation of the
catalytic subunit of DNA dependent protein kinase (Parkinson et al., 1999) and
centromere proteins CENP-A (Lomonte et al., 2001) and CENP-C (Everett et
al.,, 1999a). The proteasome inhibitor MG 132 blocks the ability of ICPO to
stimulate viral infection and reactivation from quiescence (Everett et al., 1998b).
As well, the ring finger domain found in its N-terminus has been found in other
E3 ligases to mediate the transfer of ubiquitin to targeted substrates (Joazeiro &
Weissman, 2000). These observations suggested that ICPO functions via the
ubiquitin-proteasome pathway. Indeed, ICPO has been found to induce the
formation of colocalizing conjugated ubiquitin in infected and transfected cells
(Everett, 2000). In addition, ICPO was found to act as an E3 ubiquitin ligase and
stimulates the synthesis of conjugated ubiquitin in vitro in the presence of E1
and E2 enzymes, UbcH5a and UbcH®6 (Boutell et al., 2002), and the E2 cdc34
enzyme (Van Sant et al., 2001). Thus, the role of ICPO in the lytic cycle is linked
to the ubiquitin-proteasome system by affecting the stability of cellular proteins
and nuclear structures.

ICPO has also been found to pléy a role in inhibiting the interferon (IFN)
and antiviral responses induced by the virion very early on during infection.
HSV-1 has been found to induce both IFN-dependent and IFN-independent
antiviral states, and inhibits both responses. The IFN-independent antiviral

response is characterized by the induction of IFN-stimulated genes without the
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need for IFN (Mossman et al., 2001, Nicholl et al., 2000). HSV-1 appears to

encode multiple gene products able to inhibit this response (Mossman et al.,
2001), and one such gene product is ICPO (Eidson et al., 2002). ICPQ inhibits
the induction of IFN-stimulated genes in a proteasome-dependent manner
(Eidson et al., 2002). The IFN response pathway is also affected by ICPO. ICPO
is required to overcome the antiviral repression mediated by IFN-o (Harle et al.,
2002, Mossman & Smiley, 2002) and 3 (Harle et al., 2002). ICPO overcomes a

distinct and possibly earlier IFN-induced pathway as compared to ICP34.5,
which counteracts the protein kinase PKR pathway (Mossman & Smiley, 2002).
The expression of ND10 proteins PML and Sp100 is increased in response to
IFN (Grotzinger et al., 1996, Guldner et al., 1992, Lavau et al., 1995) and the
PML promoter contains IFN response elements (Stadler et al., 1995). Recently,
it was found that PML, in part, mediates the antiviral state induced by IFN and it
appears that ICPO targets PML (Chee et al., 2003) and consequently ND10 for
destruction to preclude the development of an antiviral response by IFN. Thus,
ICPO appears to promote the lytic cycle by inhibiting antiviral repression
mechanisms of the host cell.

1.5.4 ICP4

ICP4 is a 175 kDa phosphoprotein which is encoded by the RS1 gene
which is present in two copies in the HSV genome. ICP4 is essential for viral
replication as it is required for transcriptional activation of most E and L genes
(Deluca & Schaffer, 1987, Everett, 1984b, Gelman & Silverstein, 1985,
Godowski & Knipe, 1986). In the absence of ICP4, the E genes are expressed
poorly and the other IE genes are overexpressed compared to the wild type
virus (DelLuca et al., 1985, Dixon & Schaffer, 1980, Preston, 1979). However,
the overexpression of the IE genes partly reflects the lack of ICP4’s ability to
repress transcription of certain genes (DelLuca & Schaffer, 1985, Godowski &
Knipe, 1986, Gu et al., 1993, O'Hare & Hayward, 1985b). ICP4 binds DNA as a

homodimer (Metzler & Wilcox, 1985) and localizes to the nucleus of infected
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cells (Courtney & Benyesh-Melnick, 1974). Early in infection ICP4 forms

discrete foci in the nucleus, some of which are associated with ND10 (Everett et
al., 2003). Some of the ICP4 foci develop into viral replication compartments,
suggesting that these foci may represent ICP4 molecules being recruited onto
parental viral genomes (Everett et al., 2003). Indeed, it appears that ICP4 is one
component necessary to localize the viral genome to ND10 (Tang et al., 2003).

ICP4 acts as a repressor of transcription on its own gene, ORF P, ORF
O, and LAT (DelLuca & Schaffer, 1987, O'Hare & Hayward, 1985b, Rivera-
Gonzalez et al., 1994, Yeh & Schaffer, 1993). These genes contain the
strongest affinity binding sites for ICP4 spanning the transcription initiation sites
(Faber & Wilcox, 1986, Kristie & Roizman, 1984, Muller, 1987). The strongest
binding sites for ICP4 are known to repress rather than activate transcription,
and the effectiveness of repression depends on the distance of the binding site
from the transcription initiation site (Roizman & Knipe, 2001). The DNA binding
activity of ICP4 is essential for its action as a repressor of transcription (Gu et
al., 1993, Roberts et al., 1988), however, repression also appears to involve
specific ICP4 interactions with the transcription factors, TATA-binding protein
(TBP), and TFIIB (Gu et al., 1995, Kuddus et al., 1995).

As mentioned above, ICP4 activates transcription from E and L
promoters, however, the exact mechanism by which this is achieved is not fully
understood. The DNA-binding domain is essential for transactivation (Paterson
& Everett, 1988b, Shepard et al., 1989), however a consensus sequence that is
strongly bound by ICP4 and present in all promotors activated by ICP4 has not
yet been found (Everett, 1987, Wagner et al., 1995). The minimal cis-acting
elements required for transactivation by ICP4 are the presence of a TATA-box
and a eukaryotic initiator sequence (Inr) (Cook et al., 1995, Everett, 1984a,
Homa et al., 1988, Johnson & Everett, 1986, Kim et al., 2002). The high levels
of L gene transcription are probably due in large part to ICP4 functioning
through the Inr element (Kim et al., 2002). lt is likely that ICP4 activates

transcription through interactions with cellular transcription factors. ICP4
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interacts with TBP (Gu et al., 1995, Smith et al., 1993), the TBP-containing

general transcription factor TFIID (Gu & DelLuca, 1994) through its TBP-
associated factor (TAF) 250 subunit (Carrozza & DelLuca, 1996), TFIIB (Smith
et al., 1993) (Gu et al., 1995) and the cellular high mobility group factor 1
(HMG1) (Carrozza & Deluca, 1998). HMG1 may aid the ICP4 interaction with
TFIID by its ability to bend DNA (Carrozza & Deluca, 1998). ICP4 can form
tripartite complexes with TBP, TFIIB and TFIID on DNA which contains a TATA
box and a ICP4 binding site in the proper position (Kuddus et al., 1995, Smith et
al., 1993). ICP4 also enhances the binding of TFIID to the TATA box which

promotes the formation of transcription preinitiation complexes on promoters
(Grondin & DeLuca, 2000). Thus, it appears that ICP4 functions at the earliest
stages of transcription.

ICP4 mutants which consist of the N-terminal ~ 800 amino acids can
activate transcription in vitro (Carrozza & Del.uca, 1996) and during virus
infection (DeLuca & Schaffer, 1988). These mutants can also activate
transcription of many B and By genes (DelLuca & Schaffer, 1988), repress
transcription from promoters (Del.uca & Schaffer, 1988, Gu et al., 1995), form
tripartite complexes with TFIID and TBP on promoters (Smith et al., 1993), and
can promote the formation of preinitiation complexes (Grondin & DelLuca, 2000).
Residues in the N-terminal 796 amino acids also include a transactivation
domain (Xiao et al., 1997), contribute to regulation of ICP4 functions by ICP27
(Samaniego et al., 1995), are required for homodimerization (Gallinari et al.,
1994), DNA-binding (Everett et al., 1990, Wu & Wilcox, 1990) and contains a
nuclear localization signal (NLS) (Paterson & Everett, 1988a). However,
mutants lacking the C-terminal region of ICP4 are defective for full activation of
E genes and DNA synthesis, and L genes are not expressed (DelLuca &
Schaffer, 1988). Consequently, these viruses are severely impaired for
replication. Thus, the C-terminal region of ICP4 is required for full-
transactivation activity and viral growth. However, it appears that it does not

function as an independent transactivation domain, but rather as an enhancer of
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the ICP4 N-terminal transactivation domain (Bruce & Wilcox, 2002). Thus, full

activation of transcription most likely requires motifs in both the N- and C-termini

(Bruce & Wilcox, 2002). The C-terminus of ICP4 also includes domains which
interact with TAFII250 (Carrozza & DelLuca, 1996), ICPO (Yao & Schaffer,
1994), and ICP27 (Panagiotidis et al., 1997).

1.5.5 ICP22/Us1.5

ICP22 has an apparent size of 88 kDa, and is one of two products of the
022 gene. Us1.5 protein is the other product, and the ORF is identical to the
middle and C-terminal of ICP22 (Carter & Roizman, 1996). Both are expressed
as IE proteins, and are considered non-essential for viral replication in tissue
culture (Ogle & Roizman, 1999, Poffenberger et al., 1993, Post & Roizman,
1981). However, it appears that ICP22 does show some cell-type dependent
activity, as it is not required in Hep-2 or Vero cells, but is required for optimal
virus replication in primary human cells and in rabbit and rodent cells
(Poffenberger et al., 1993, Purves et al., 1993, Sears et al., 1985). ICP22 is a
nuclear protein which localizes in small dense nuclear bodies early in infection
(Jahedi et al., 1999). After the onset of DNA synthesis, ICP22 localizes to
defined transcriptional complexes associated with L gene expression which also
contain ICP4, RNAP II, a host nucleolar protein, and viral DNA (Leopardi et al.,
1997). The association of ICP22 with these structures is dependent on UL13
and USS3, the viral protein kinases (Leopardi et al., 1997). Later in infection,
ICP22 relocalizes to small nuclear bodies (Markovitz & Roizman, 2000). Thus,
ICP22 may exert different effects at early and late times of infection at distinct
nuclear sites.

ICP22 plays a role in the regulation of HSV gene expression. ICP22 is
required for the efficient expression of ICPO (Purves et al., 1993), and influences
the splicing pattern of ®0 mRNA (Carter & Roizman, 1996). ICP22 is also
required for the efficient expression of a subset of L genes (y2) exemplified by
the products of the US11, UL38 and UL41 genes (Purves et al., 1993, Sears et
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al., 1985). In addition to ICP22, UL13 is also required for the expression of this

subset of L proteins (Purves et al., 1993). The role of ICP22 is intimately tied to
the viral protein kinase UL13, as viral mutants defective for UL13 exhibit a
similar phenotype as ICP22 mutants (Purves et al., 1993, Purves & Roizman,
1992). ICP22 is extensively posttranslationally modified and this appears to
modulate its activity. These modifications include, phosphorylation (Purves et
al., 1993, Purves & Roizman, 1992), n(jcleatidylation by casein kinase II
(Mitchell et al., 1997), and tyrosine phosphoryation (Blaho et al., 1997, O'Toole
et al., 2003). Both UL13 and US3 phosphorylate ICP22 and US1.5 (Purves et
al., 1993, Purves & Roizman, 1992).

HSV promotes the transcription of its genes by altering the host RNAP II
(Jenkins & Spencer, 2001, Long et al., 1999, Rice et al., 1995, Rice et al.,
1994). The largest subunit of RNAP II contains the catalytic activity and posses
a C-terminal structure called the C-terminal domain (CTD). The CTD is essential
for cell viability and is extensively phosphorylated (reviewed in (Dahmus, 1996,
Emili & Ingles, 1995)). RNAP 1I is normally present in two forms, RNAP 110
(hyperphosphorylated), and RNAP IIA (hypophosphorylated). RNAP IIA is
involved in transcription initiation and RNAP 11O is involved in transcription
elongation (Lu et al., 1991, Payne et al., 1989). During HSV infection, there is a
depletion of RNAP IIO and RNAP IIA and a new intermediately phosphorylated
transcriptionally active form of RNAP II appears, RNAP 1Ii (Rice et al., 1994).
ICP22 and UL13 mutants are deficient for the induction of RNAP IIi, the
depletion of RNAP IIA, and effective viral transcription does not occur at late
times of infection (Long et al., 1999, Rice et al., 1995). Thus, ICP22 and UL13
appear to be required to alter the phosphorylation of the CTD of RNAP II and
subsequently promote late gene transcription on certain cell lines.

ICP22 has recently been found to interact functionally with the cyclin-
dependent kinase cdc2 (cdk1), which is required for the optimal expression of
the same subset of y2 proteins (exemplified by US11) which also requires
ICP22 and UL13 (Advani et al., 2000a, Advani et al., 2000b, Advani et al.,
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2003). During HSV infection cdc2 is posttranscriptionally modified, stabilized,

and activated, while surprisingly its natural partners cyclinA and cyclin B are
degraded (Advani et al., 2000a). The posttranslational modification and
activation of cdc2 and the degradation of the cyclins requires the presence of
ICP22 and UL13 (Advani et al., 2000a). Cdc2 interacts with the viral DNA
polymerase processivity factor, UL42 (Advani et al., 2001), and in turn the cdc2-
UL42 complex recruits a phosphorylated form of topoisomerase 1la (Advani et
al., 2003). This complex has been suggested to mediate the expression of the
subset of ¥2 genes exemplified by US11 (Advani et al., 2003). ICP22 mediates
the posttranslational modification of topoisomerase Ila, which enables the
interaction of cdc2-UL42 with topoisomerase Ila (Advani et al., 2003). These
data suggest that ICP22 mediates the expression of a subset of y2 genes by

inducing the formation of the cdc2-UL42-topoisomerase Ilo. complex.

1.5.6 ICP27

ICP27 is a 63 kDa protein which is absolutely essential for viral
replication in tissue culture (McCarthy et al., 1989, Rice & Knipe, 1990, Sacks et
al., 1985). ICP27 carries out multiple regulatory functions that are indispensable
during the viral lytic infection. First, ICP27 is required for the efficient expression
of several E and most L gene mRNAs and proteins (McCarthy et al., 1989,
McGregor et al., 1996, Rice & Knipe, 1990, Rice et al., 1993, Sacks et al., 1985,
Uprichard & Knipe, 1996). Second, ICP27 stimulates viral DNA replication by
approximately 10-fold (McCarthy et al., 1989, Rice & Knipe, 1990). This effect is
most likely due to ICP27’s ability to promote the expression of E gene products
required for DNA replication (McGregor et al., 1996, Uprichard & Knipe, 1996).
However, ICP27 stimulates the transcription of L genes independently of
stimulating E gene expression and viral DNA replication (Jean et al., 2001, Rice
& Knipe, 1990). Third, ICP27 represses several E and L genes at late times
after infection (McCarthy et al., 1989, Rice & Knipe, 1990, Sacks et al., 1985).
Fourth, ICP27 represses the production of host mMRNAs and proteins during
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infection which contributes to the shutoff of host gene expression (Hardwicke &

Sandri-Goldin, 1994, Sacks et al., 1985, Soliman et al., 1997, Spencer et al.,
1997). Fifth, ICP27 contributes to the prevention of virus-induced apoptosis
during infection (Aubert & Blaho, 1999, Goodkin et al., 2003). It is required for

the activation and translocation of NF-kB to the nucleus in virally infected cells

to prevent apoptosis (Goodkin et al., 2003). Sixth, ICP27 is required for blocking
the cell cycle in the G1 phase during infection (Song et al., 2001).

At least some of ICP27’s effects appear to be mediated through
transcriptional modulation. ICP27 promotes the transcription of at least two L
genes, UL44 and UL47 (Jean et al., 2001), and inhibits host gene transcription
(Spencer et al., 1997). ICP27 interacts with both ICP0O and ICP4 (Mullen et al.,
1995, Panagiotidis et al., 1997), and alters the phosphorylation and DNA-
binding ability of ICP4 (Panagiotidis et al., 1997, Xia et al., 1996). Both ICP4
and ICP27 colocalize to replication compartments (de Bruyn Kops et al., 1998)
and are required to localize transcriptionally active viral DNA to ND10 (Tang et
al., 2003). In addition, ICP27 interacts with RNAP II (Jenkins & Spencer, 2001,
Zhou & Knipe, 2002}, and is required for the association of ICP8 with RNAP 11
(Zhou & Knipe, 2002). This interaction may reflect ICP27’s role in stimulating E
and L gene expression and/or its role in inhibiting host transcription.

The molecular mechanisms by which ICP27 mediates its various
functions are still poorly understood. However, it appears that ICP27 alters
almost every aspect of MRNA metabolism, including transcription,
polyadenylation, splicing, and nuclear export. ICP27 exerts at least some of its
effects at the post transcriptional level. It can alter the specificity of pre-mRNA

‘polyadenylation machinery by promoting the use of weak (non-consensus)
polyadenylation sites (McGregor et al., 1996), and downstream polyadenylation
sites (Hann et al., 1998). Thus, ICP27 may stimulate the expression of L genes
containing inherently weak polyadenylation sites (McGregor et al., 1996). ICP27
also inhibits pre-mRNA splicing and functions as a transport factor for the

nuclear export of intronless mMRNAs (see below for more details).
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ICP27 is required for the efficient shutoff of cellular protein synthesis

(Hardwicke & Sandri-Goldin, 1994, McCarthy et al., 1989, Sacks et al., 1985,
Soliman et al., 1997) and is thought to contribute to the shutoff process by
inhibiting pre-mRNA splicing (Hardwicke & Sandri-Goldin, 1994, Hardy &
Sandri-Goldin, 1994, Soliman et al., 1997). Therefore the maturation of intron-

containing transcripts would be stopped and they would be prevented from
reaching the cytoplasm. A significant amount of data has supported the notion
that ICP27 impairs pre-mRNA splicing. For instance, nuclear extracts from
infected cells have a lower splicing activity and this defect requires the presence
of ICP27 (Hardy & Sandri-Goldin, 1994). ICP27 co-immunoprecipitates with
various splicing factors and altered the phosphorylation state of at least two
proteins (Sandri-Goldin & Hibbard, 1996). ICP27 colocalizes with and
redistributes splicing factors in the nuclei of infected cells (Phelan et al., 1993,
Sandri-Goldin & Hibbard, 1996, Sandri-Goldin et al., 1995). ICP27 interacts with
the essential splicing factor, splicesome-associated protein145 (SAP145)
(Bryant et al., 2001). More recent evidence has found that ICP27 blocks
splicesome assembly early on at the pre-splicesomal complex A stage (Bryant
et al., 2001, Lindberg & Kreivi, 2002, Sciabica et al., 2003). Additionally, ICP27
has been shown to interact with SR protein kinase 1 (SRPK1) and alter its
activity to result in the hypophosphorylation of SR proteins (splicing factors),
thus impairing their ability to function in splicesome assembly (Sciabica et al.,
2003). The inhibition of splicing by ICP27 is a temporary and reversible
phenomenon that takes place at early times during infection (Sciabica et al.,
2003). However, splicing is not completely blocked in HSV-infected cells, as
ICP27 does not alter the rate of accumulation of spliced a-globin mRNA in
infected cells (Ellison et al., 2000) (Cheung et al., 2000) and does not inhibit
splicing of cellular transcripts in Xenopus oocytes (Koffa et al., 2001).

In the eukaryotic cell, the processes of transcription, polyadenylation,
splicing and mRNA export are linked. However, the majority of HSV transcripts

are intronless and therefore require a way to access cellular export pathways
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efficiently. ICP27 mediates the export of intronless viral mMRNAs (Chen et al.,

2002, Cheung et al., 2000, Koffa et al., 2001, Sandri-Goldin, 1998, Soliman et
al., 1997). It binds RNA through its arginine-rich RGG box (Mears & Rice, 1996,
Sandri-Goldin, 1998) and shuttles between the nucleus and cytoplasm (Sandri-
Goldin, 1998, Soliman et al., 1997) (Mears & Rice, 1998, Phelan & Clements,

1997). ICP27 also contains two nuclear localization signals (NLS) (Mears et al.,

1995) and a leucine-rich nuclear export sequence (NES) (Sandri-Goldin, 1998).
The deletion of the NES restricts ICP27 to the nucleus and impairs the viability
of the virus (Lengyel et al., 2002). ICP27 was originally thought to export
mMRNAs through the cellular export adapter CRM1 (Soliman & Silverstein, 2000).
However, CRM1 is not required for mRNA export by ICP27 in Xenopus oocytes
(Koffa et al., 2001) and the NES does not require CRM1 for its export activity
(Chen et al., 2002). More recently, ICP27 has been found to bind the cellular
export factors Aly/REF and TAP (Chen et al., 2002, Koffa et al., 2001). The
current model for ICP27-mediated export is that ICP27 recruits Aly/REF and
TAP to viral intronless mRNAs as a way of accessing the cellular TAP mRNA
export pathway (Chen et al., 2002, Koffa et al., 2001). Interestingly, the deletion
of the Aly/REF interaction domain (Koffa et al., 2001) has very little effect on
virus growth and gene expression in Vero cells (Lengyel et al., 2002). Thus, the

ICP27-Aly/REF interaction may be dispensable, at least in some cell types.

1.5.7 ICP47

ICP47 is a 12 kDa protein and is the only IE gene which does not play a
role in the regulation of viral gene expression. ICP47 is not essential in cell
culture (Longnecker & Roizman, 1986) but rather plays a role in immune
evasion in the host. It binds to the transporter associated with antigen
processing (Fruh et al., 1995, Hill et al., 1995) and prevents the translocation of
peptides into the endoplasmic reticulum (Fruh et al., 1995, Hill et al., 1995, York
et al., 1994). Therefore, assembly of class I major histocompatibility complex

(MHC) heavy chains with antigenic peptides does not occur and empty MHC
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class I molecules are retained in the endoplasmic reticulum (Fruh et al., 1995,

Hill et al., 1995, York et al., 1994). ICP47, along with vhs, effectively renders the
host cell resistant to lysis by HSV-specific CD8+ cytotoxic T lymphocytes (CTLs)

by preventing antigen presentation by MHC class I molecules on the surface of
the cell (Fruh et al., 1995, Hill et al., 1995, Tigges et al., 1996). Recently,
ICP47’s ability to evade CTLs has been used in vectors for xenotransplantation
(Crew & Phanavanh, 2003), gene therapy (Scaria et al., 2000) and
transplantation to prevent rejection of tissue grafts and prolong transgene
expression (Furukawa et al., 2000).

1.5.8 EARLY GENE EXPRESSION AND VIRAL DNA REPLICATION

The next set of HSV genes which are expressed are the E (or B) genes.
The E genes are genes that require at least the presence of functional ICP4 but
not viral DNA replication to be transcribed (Honess & Roizman, 1974, Honess &
Roizman, 1975). E protein synthesis peaks at about 5 to 7 hrs after infection at
a multiplicity of infection of 20 (Honess & Roizman, 1974). These proteins are
involved in DNA synthesis and nucleic acid metabolism. Thus, the appearance
of the E proteins signals the onset of viral DNA replication, which in turn
promotes the expression of the L genes (Roizman & Knipe, 2001). The E genes
can be divided into two general groups_(Roizman & Knipe, 2001). The first is the
B1 genes, which are expressed very early after infection or almost concurrently
with |IE gene expression. This group is exemplified by two main genes: UL29,
which encodes ICP8, the single-stranded DNA binding protein; and UL39, which
encodes, ICP6 the large subunit of nucleotide reductase. The second group is
the B2 genes, which are more heterogeneous with respect to their peak
polypeptide synthesis times, but generally more time after the onset of IE gene
expression takes place before their expression. These genes are exemplified by
UL23, which encodes thymidine kinase and UL30, which encodes the HSV
polymerase. Additionally, ICP27 is required for the expression of some of these

genes (Uprichard & Knipe, 1996). E gene promoters contain binding sites for a
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variety of cellular transcription factors upstream of an essential TATA element

(Roizman & Knipe, 2001). However, the composition and arrangement of these
binding sites differs considerably in E gene promoters, suggesting that the
organization and context of these elements determine the expression of the
gene.

After E gene expression begins, a number of the E proteins localize to
prereplicative sites near ND10 where they assemble onto the viral genome
(Ishov & Maul, 1996). Later, during viral replication, globular structures cailed
replication compartments form where DNA synthesis proceeds in earnest
(Quinlan et al., 1984). Seven viral gene products are necessary and sufficient to
replicate the HSV genome in cell culture (Challberg, 1986, Wu et al., 1988).
These are: UL30, the viral DNA polymerase; UL42, the processivity factor and
together with UL30 forms the HSV DNA polymerase holoenzyme; UL29, the
ICP8 ssDNA-binding protein; UL9, the origin-binding protein; and UL5, UL8 and
UL52, which form the helicase-primase. The contribution of host factors in HSV
DNA synthesis has not yet been determined, although they are required. The
HSV genome contains three origins of replication (Roizman & Knipe, 2001). The
first and second is ori S, which is located in the internal repeats of the short
region, and so is present in two copies. The third is ori L, which is located in the
unique long region between the UL29 and UL30 genes. The reason for three
origins of replication is not yet clear at this time, but neither origin is essential for
viral replication (Igarashi et al., 1993, Polvino-Bodnar et al., 1987).

The prevailing model of viral DNA synthesis for many years was that a
circular HSV genome was initially replicated by a theta replication mode and
then switched to a rolling-circle mechanism of replication (Roizman & Knipe,
2001). However, recently it has been found that the HSV genome does not
circularize during the lytic infection (Jackson & DelLuca, 2003). Circular
genomes could not be detected either in the presence or absence of viral DNA
replication and ICP0O was found to inhibit the formation of circular genomes

(Jackson & Deluca, 2003). Thus, it is likely that circular genomes are not the
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initial replication template. The current model is that genome replication may

proceed from the three origins on linear genomes to produce highly branched
structures that may be modified and/or resolved by recombination or by the viral
packaging machinery (Jackson & DelLuca, 2003). Thus, this model of HSV
replication will have to be further developed and tested in future experiments.

1.5.9 LATE GENE EXPRESSION, VIRION ASSEMBLY AND EGRESS

The L genes are expressed at peak times after viral DNA synthesis
begins, and their expression level is enhanced by viral DNA replication
(Roizman & Knipe, 2001). The transcription of L genes takes place in replication
compartments (Phelan et al., 1997) and protein synthesis peaks between 7 and
9 hrs after infection (Honess & Roizman, 1974, Honess & Roizman, 1975). The
L genes generally encode virion structural proteins. There are two main groups
of L genes, the first are the early-late or y1 and the second are the true-late or
Y2 genes (Roizman & Knipe, 2001). The y1 genes are genes which are
expressed early and whose expression is enhanced by viral DNA replication.
These genes include: UL19 (ICP5), UL27 (gB), and US6 (gD). The y2 genes
require viral DNA synthesis for any appreciable expression of their gene
products. These genes include: UL44 (gC), US11, US9, and UL49.5. The 1
promoters generally contain one or two binding sites for cellular transcription
factors upstream from the TATA element as well as an initiator element at
transcription initiation site (Huang & Wagner, 1994, Lieu & Wagner, 2000). The
v2 promoters do not have any cis-acting regulatory elements upstream from
their TATA box, but do have a downstream activator element (Homa et al.,
1986, Kibler et al., 1991, Mavromara-Nazos & Roizman, 1989). Late gene
expression also requires many of the IE proteins. ICPO, ICP4 and ICP27 are all
needed for efficient L gene expression and ICP22 is also needed for the
expression of a subset of y2 genes (Roizman & Knipe, 2001). The E protein
ICP8 is also needed to simulate L gene expression (Chen & Knipe, 1996, Gao &

Knipe, 1991). However, while these viral proteins are needed for gene
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expression, the L promoters do not contain specific binding sites for these

proteins (Smiley et al., 1992).

Once the L capsid proteins are synthesized, they localize to the cell
nucleus and the assembly of capsids takes place in structures called
assemblons (Nalwanga et al., 1996) or in replication compartments (de Bruyn
Kops et al., 1998, Lamberti & Weller, 1998). The assembly of capsids requires
six L gene proteins: VP5,VP19C, VP21M, VP22a, VP23 and VP24 and VP26
(Tatman et al., 1994). The formation of the capsids begins with VP21, pre-
VP22a and VP24 forming a scaffold structure around which the shell proteins
form the capsid (Homa & Brown, 1997, Roizman & Knipe, 2001). Pre-VP22a is
the major scaffolding protein, but VP21 can also serve as one. The UL26
protein product cleaves autoproteolytically to yield VP21 and VP24, which is
also a protease (Preston et al., 1994). VP24 or UL26 is also required to cleave
pre-VP22a into VP22a in the maturation step. There are four major proteins
which form the capsid around the scaffold structure (Homa & Brown, 1997,
Roizman & Knipe, 2001). These are: VP5, which is the major capsid protein and
is the structural subunit of all 162 capsomeres; VP19C and VP23, which are
located in the spaces between the capsomers; and VP26, which forms the outer
tip of the hexons. During encapsidation of DNA, the scaffolding proteins and the
protease are removed from the core of the capsid.

The encapsidation of viral DNA takes place in replication compartments
(Lamberti & Weller, 1998) and involves the cleaving of branched genome
structures into single genome lengths and the packaging of the linear genomes
into a capsid (reviewed in (Homa & Brown, 1997)). The branched DNA is
cleaved into unit-length genomes at two cis-acting DNA packaging elements,
pac1 and pac2 (Deiss et al., 1986, Smiley et al., 1990, Varmuza & Smiley,
1985). There are six viral genes which are essential for this process: UL6, UL15,
UL17, UL28, UL32 and UL33 (Roizman & Knipe, 2001). UL15, UL28 and UL33

interact in a complex and this complex may function as the viral terminase which
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binds both the viral DNA and capsid and cleaves the DNA (Beard et al., 2002).

The precise function of the other proteins remains to be defined.

The current model for acquisition of the viral envelope is through
envelopment, deenvelopment and reenvelopment of the HSV capsid (reviewed
in (Farnsworth et al., 2003, Mettenleiter, 2002)). The capsid acquires a primary
lipid envelope by budding through the inner nuclear membrane into the
preinuclear space (Farnsworth et al., 2003, Mettenleiter, 2002). Several viral
proteins have been implicated in this process, including UL34, UL31 and UL11
(Baines & Roizman, 1992, Reynolds et al., 2001, Roller et al., 2000). UL34 and
UL31 form a complex that localizes to the nuclear membrane and is essential
for optimal primary envelopment of nucleocapsids (Reynolds et al., 2001, Roller
et al., 2000). UL34 also interacts with VP5, the major capsid protein, suggesting
that UL34 may direct binding of the capsid to the nuclear membrane (Ye et al.,
2000). UL11 has been implicated in the formation of free enveloped virions in
the perinuclear space (Loomis et al., 2901). The viral kinase, US3 plays a role in
the deenvelopment of nucleocapsids during fusion of the virion envelope with
the outer nuclear membrane (Reynolds et al., 2002). In the cytoplasm the
nucleocapsids acquire their tegument (Mettenleiter, 2002). The first layer of
tegument appears to be icosahedrally structured and composed of UL36 protein
which interacts with VP5 (McNabb & Courtney, 1992, Mettenleiter, 2002). The
second layer is proposed to be composed of UL37 protein which interacts with
UL36 (Mettenleiter, 2002). The subsequent steps in tegumentation are still
largely undefined. Other tegument proteins include: VP16, VP22, ICPO, ICP4,
US3, US11 and vhs. The tegument-coated capsids then bind onto cytoplasmic
membranes, including the trans-Golgi network and endosomes (Farnsworth et
al., 2003, Johnson & Huber, 2002). These membranes are enriched in viral
glycoproteins that bridge the virion envelope onto nucleocapsids through
binding tegument proteins. So far two tegument proteins have been implicated
in this process. VP22 has been found to interact with gE and gM (Fuchs et al.,
2002) and VP16 interacts with gH and gD (Farnsworth et al., 2003, Johnson et
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al., 1984). The virions bud into the lumen of the cytoplasmic vesicles and

acquire their envelope. The HSV glycoproteins gD and gE/gL are redundant and
act to anchor the envelope onto tegument-coated capsids (Farnsworth et al.,
2003). Either one is required for efficient envelopment (Farnsworth et al., 2003).
The enveloped virions are then transported to the cell surface where they are

delivered into the extracellular environment.

1.6 VIRION HOST SHUTOFF

HSV employs a number of strategies to allow for efficient viral gene
expression, one of which is the shutoff of host protein synthesis. The shutoff of
host protein synthesis takes place in two phases. The first, termed “early
shutoff’, occurs early in infection and is mediated by a virion-associated protein
and as such, does not require de novo viral gene expression. The second
phase is called “delayed shutoff’, and occurs later in infection and requires de
novo viral protein synthesis. This distinction between the two phases of shutoff
came from the analysis of a HSV-1(HFEM) temperature sensitive mutant tsB7.
The mutant tsB7 can grow and inhibit host protein synthesis at the permissive
temperature (34°C), but cannot do either at the non-permissive temperature
(39°C) (Fenwick & Clark, 1982, Knipe et al., 1981). Ultraviolet (UV) inactivated
tsB7 (which cannot express any viral genes) can still suppress synthesis of
cellular proteins at 34°C, showing that the early shutoff function does not
requires de novo viral gene expression (Fenwick & Clark, 1982). A temperature-
resistant revertant virus of tsB7, RC2, was isolated and could now grow at 39°C
and induce delayed shutoff of host protein synthesis at late times post-infection,
but it could not induce early shutoff (Fenwick & Clark, 1982). These results
indicated that delayed shutoff required de novo viral protein synthesis and early
and delayed shutoff can occur independently of each other (Fenwick & Clark,
1982). These two phases were confirmed with the isolation and characterization
of a number of viral mutants which were unable to induce early shutoff but were

capable of inducing delayed shutoff of host protein synthesis (Read & N., 1983).
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As mentioned in the ICP27 section, ICP27 is thought to be the viral protein

responsible for mediating delayed shutoff through its effects on RNA
metabolism, particularly inhibition of splicing.

Early shutoff during HSV infection is characterized by the shutoff of host
protein synthesis, the disruption of pre-formed polyribosomes, and the
degradation of cellular mRNAs at early times of infection (Fenwick & Clark,
1982, Fenwick & Everett, 1990a, Fenwick & Everett, 1990b, Fenwick &
McMenamin, 1984, Fenwick & Owen, 1988, Fenwick & Walker, 1978, Jones et
al., 1995, Nishioka & Silverstein, 1977, Nishioka & Silverstein, 1978, Oroskar &
Read, 1987, Oroskar & Read, 1989, Read et al., 1993, Read & N., 1983,
Roizman et al., 1965, Schek & Bachenheimer, 1985, Smibert & Smiley, 1990,
Sydiskis & Roizman, 1966, Sydiskis & Roizman, 1967) (Sydiskis & Roizman,
1968). Studies using virion-associated host shutoff (vhs) mutants, in particular
the vhs1 mutant, showed that these mutants lacked the ability to shutoff host
protein synthesis at early times, disrupt polyribosomes, and destabilize mRNAs,
suggesting that all these processes are mediated by the same virion-associated
component (Fenwick & Everett, 1990b, Kwong & Frenkel, 1987, Kwong et al.,
1988, Oroskar & Read, 1989, Strom & Frenkel, 1987). However, it is still unclear
if host protein shutoff occurs solely as a consequence of MRNA degradation.
One study found that the inhibition of protein synthesis was much greater than
the amount of mMRNA degradation, suggesting that an additional function was
required for full inhibition of host protein synthesis (Schek & Bachenheimer,
1985). Additionally, the dissociation of polyribosomes before mRNA degradation
occurred has been observed (Nishioka“& Silverstein, 1978).

The destabilization of cellular mMRNAs is thought to aid viral mRNAs in
accessing the cellular translation machinery, by alleviating competition from
cellular mBNAs. Additionally, the vhs function also destabilizes viral mMRNAs
belonging to all kinetic classes (Kwong & Frenkel, 1987, Kwong et al., 1988,
Oroskar & Read, 1987, Oroskar & Read, 1989, Strom & Frenkel, 1987). During
vhs1 infection, the half-lives of viral MRNAs are longer than in wild-type
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infections (Kwong & Frenkel, 1987, Oroskar & Read, 1987, Strom & Frenkel,

1987), viral IE and E transcripts accumulate until late times, and L gene

expression is delayed and reduced (Kwong & Frenkel, 1987, Oroskar & Read,
1987, Oroskar & Read, 1989, Read et al., 1993, Strom & Frenkel, 1987). The
destabilization of viral mMRNAs is thought to aid in sharpening the transition
between sequential phases of viral gene expression by tightly coupling changes
in transcription with mRNA levels (Kwong & Frenkel, 1987, Oroskar & Read,
1989, Read et al., 1993, Strom & Frenkel, 1987).

The early shutoff of host protein synthesis or virion host shutoff is
mediated by a structural component of the virion, and as such, does not require
de novo synthesis of viral proteins to function. Four lines of evidence support
this conclusion. First, viruses which were irradiated with UV light, still induce the
shutoff of host protein synthesis and the disaggregation of polyribosomes
(Fenwick & Clark, 1982, Fenwick & McMenamin, 1984, Fenwick & Walker,
1978, Nishioka & Silverstein, 1978). Second, cellular mMRNA degradation still
occurs upon HSV infection in the presence of drugs that inhibit either de novo
transcription or translation (Fenwick & McMenamin, 1984, Fenwick & Walker,
1978, Schek & Bachenheimer, 1985, Strom & Frenkel, 1987). Third, the
inhibition of host protein synthesis also occurs during HSV infection of
cytoplasts which had their nucleus removed (Fenwick & Walker, 1978). Fourth,
infection of cells by L-particles (contain tegument and envelope, but lack
nucleocapsid) leads to host shutoff (McLauchlan et al., 1992).

The viral gene responsible for the early shutoff of protein synthesis was
found by mapping the vhs1 mutation to the UL41 open reading frame (Fenwick
& Owen, 1988, Kwong et al., 1988). The role of UL41 in early shutoff was
confirmed by the construction viral mutants in which the UL41 gene was
disrupted, and these mutants showed a deficiency in the ability to shutoff host
protein synthesis and mediate mRNA degradation (Fenwick & Everett, 19904,
Read et al., 1993, Smibert & Smiley, 1990). Additionally, HSV-2 displays a
stronger shutoff phenotype than HSV-1 (Powell & Courtney, 1975) and when
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the UL41 gene was taken from HSV-2 and inserted into HSV-1, HSV-1 with

UL41(HSV-2) displayed a strong shutoff phenotype (Fenwick & Everett, 1990b).
This further confirms that the UL41 gene product is responsible for early shutoff.

The UL41 gene is predicted to produce a primary translation product of
55 kDa (McGeoch et al., 1988). This closely agrees with an observation that the
in vitro translation product of the UL41 gene is a protein of 58 kDa (Anderson et
al., 1981) (Frink et al., 1981). The protein encoded by UL41, vhs, was confirmed
to be 58 kDa in infected cells, by the use of an antisera raised against a
synthetic peptide which corresponded to a region of the predicted amino acid
sequence of vhs (Smibert et al., 1992), and an antisera raised against a UL41-
lacZ fusion protein (Read et al., 1993). The 58 kDa vhs protein is the major
polypeptide, however a larger, 59.5 kDa protein was also detected in infected
cells, although in lower abundance (Read et al., 1993). Both proteins were
phosphorylated, and the difference in size was due to the extent of the
phosphorylation (Read et al., 1993). Only the 58 kDa protein was detected in
HSV-1 virions, confirming vhs as a virion component (Read et al., 1993, Smibert
etal., 1992). vhs was also shown to be a part of the tegument, as it was present
in deenveloped preparations of HSV L-particles (MclLauchlan et al., 1992).

The viral protein kinase UL13 has been implicated in virion-associated
host shutoff. Viruses with a disrupted UL13 gene were unable to mediate shutoff
of host protein synthesis (Overton et al., 1994). In the original report by Overton
et al. (Overton et al., 1994), lower levels of vhs were detected in cells infected
with UL13-negative mutants, however, there did not appear to be any difference
in the amount of vhs incorporated into the virions (Overton et al., 1994). A later
report found that while UL13 or ICP22 deficient viruses were unable to shutoff
host protein synthesis, there was much less vhs produced in infected cells and
incorporated into virions, as compared to the wild-type virus (Ng et al., 1997).
Thus, the lack of host shutoff in UL13 or ICP22 deficient viruses is most likely
due to the much lower amount of vhs initially delivered into infected cells, and

reflects a requirement of ICP22 or the posttranslational modification of ICP22 for
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efficient UL41 gene expression (Ng et al.,, 1997). In addition, vhs was shown to

be the only viral protein necessary and sufficient to mediate the shutoff of host
protein synthesis. A vhs expression vector transfected into cells, was able to
suppress the expression of cotransfected B-galactosidase (Jones et al., 1995)
and chloramphenicol acetyl transferase (Pak et al., 1995) reporter genes. -

The activity of the vhs delivered by the infecting virion is down regulated
by one or more newly synthesized viral proteins, allowing viral mRNAs to
accumulate after cellular mRNAs have been degraded (Fenwick & Everett,
1990a, Fenwick & Owen, 1988, Smibett & Smiley, 1990). The transactivator
VP16 is the viral protein believed to be responsible for the down regulation of
vhs activity. VP16 binds directly to vhs, both in vivo and in vitro (Smibert et al.,
1994). VP16 null mutants undergo accelerated host and viral mRNA turnover,
and arrest of viral protein synthesis at intermediate times post-infection (Lam et
al., 1996), and an inactivating deletion in the UL41 gene eliminates this
phenotype (Lam et al., 1996). As well, a mutant VP16 protein which is unable to
interact with vhs is able to complement the growth of a VP16/vhs null mutant but
not a VP16 null virus, suggesting that direct interaction between VP16 and vhs
is required for efficient virus growth (Knez et al., 2003).

Although vhs is not essential forhvirus replication, vhs mutants do display
a 5- to 10-fold reduction in virus yield in tissue culture infection (Read et al.,
1993, Read & N., 1983, Smibert & Smiley, 1990). In addition, vhs plays a critical
role in vivo in HSV pathogenesis. Viral isolates bearing inactivating mutations in
the UL41 gene display a greatly impaired ability to replicate in mouse corneas,
trigeminal ganglia, and brains and a severely impaired ability to establish
latency (Leib et al., 1999, Strelow et al., 1997, Strelow & Leib, 1995, Strelow &
Leib, 1996). The basis for this profound attenuation remains unclear. However,
accumulating evidence suggests that vhs plays a key role in disarming host
innate and adaptive immunity and it is possible that these effects contribute to
the attenuation of vhs mutants. Thus, vhs, along with ICP47, reduces the

expression of MHC class | molecules thereby contributing to the resistance of
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lysis of HSV infected cells by CTLs (Tigges et al., 1996). vhs also aids in

reducing the expression of MHC class |l molecules (Trgovcich et al., 2002) and
prevents dendritic cell activation in response to viral infection (Samady et al.,
2003), thus reducing the amount of antigen presentation to the immune system.
vhs has also been found to suppress production of the cytokines IL-1j, IL-8 and
MIP-10a in macrophages and IL-8 in HEL cells (Suzutani et al., 2000).
Additionally, the vhs protein of HSV-2 but not HSV-1 has been found to interfere
with the IFN o/ mediated innate antiviral response (Murphy et al., 2003).
Strong evidence suggests that vhs is either a ribonuclease (RNase) or a
subunit of a RNase which contains the active site. First, extracts of HSV-
infected mammalian cells and extracts of partially purified virions display RNase
activity, and this activity is eliminated by vhs mutations (Krikorian & Read, 1991,
Sorenson et al., 1991, Zelus et al., 1996). Second, antibodies against vhs inhibit
the RNase activity found in extracts of partially purified virions (Zelus et al.,
1996). Third, vhs induces endoribonucleolytic cleavage of a number of RNA
substrates when it is expressed as the only HSV protein in the rabbit
reticulocyte lysate (RRL) in vitro translation system (Elgadi et al., 1999, Elgadi &
~ Smiley, 1999, Zelus et al., 1996). Fourth, vhs, along with homologues from other
alphaherpesviruses shares amino acid sequence similarity in two regions with a
family of mammalian, yeast, bacterial and phage nucleases involved in DNA
replication and repair (Doherty et al., 1996, Everly & Read, 1997, Everly et al.,
2002). These similarities appear to be functionally relevant, as mutations in vhs
that alter conserved residues in the active site and essential for catalytic activity
of cellular homologues, abrogated the ability of the vhs mutants to inhibit the
expression of a reporter gene (Everly et al., 2002). Lastly, Everly et al. partially
purified a soluble complex of vhs and the eukaryotic translation initiation factor
elF4H when both were co-expressed in E coli. and showed that it displays
RNase activity (Everly et al., 2002). The RNase activity of the complex was
eliminated by mutations that alter residues located in the nuclease motif (Everly

et al., 2002), suggesting that vhs contains at least in part, the active site. Taken
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together, these data indicate that vhs is an integral and required part of the vhs-

dependent RNase. However, vhs has not yet been purified to homogeneity in a
soluble and biologically active form. Thus, the possibility remains that the vhs-
dependent RNase requires one or more cellular factors such as elF4H for full
activity.

Most if not all viral and cellular mRNAs are targeted for degradation by
vhs, while rRNAs and tRNAs are spared both in vitro and in vivo systems
(Krikorian & Read, 1991, Kwong & Frenkel, 1987, Oroskar & Read, 1989, Zelus
et al., 1996). Thus, mRNAs may be selected for degradation via a common
feature not present in other RNAs. The 3’ poly(A) tail was originally proposed as
a recognition site for the vhs-dependent RNase (Zelus et al., 1996), however in
both the RRL system and in extracts of HSV-infected cells it has been observed
that the poly(A) tail is not required for vhs-dependent degradation of an RNA
substrate (Elgadi et al., 1999, Karr & Read, 1999). The presence of a 5’ cap was
also found to be dispensable for vhs-dependent degradation of mRNAs in both
RRL and extracts of partially purified virions (Elgadi et al., 1999, Zelus et al.,
1996). Although the foregoing might be taken to exclude roles for both the 5'-
cap and 3 poly(A) tail, it is impdrtant to note that neither modification is required
for efficient translation in RRL. Thus, either/or both features may be important
for substrate recognition in vivo. Indeed, several lines of evidence suggest that
vhs targets mRNAs via interactions with the translation apparatus. In HSV
infected cells, sequences at the 5’ end of HSV thymidine kinase mRNA are
degraded before the sequences at the 3’ end of the transcript (Karr & Read,
1999). Consistent with this observation, the initial cleavage sites of signal
recognition particle a-subunit (SRPa) mMRNA are clustered around the 5’ end in
RRL containing pretranslated vhs (Elgadi et al., 1999). As well, the internal
ribosome entry site (IRES) of the encephalomyocarditis virus (EMCV) and
poliovirus serve as movable elements which direct vhs-dependent cleavage
events to be clustered immediately 3’ downstream of the IRES (Elgadi & Smiley,

1999). However, the degradation of mRNA in cells may be complicated, as a
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recent report found that in HSV infected cells the partially degraded IEX-1 RNA

lacked the 3’ sequences rather than the 5’ sequences (Taddeo et al., 2003).

In most cases, the initial cleavage sites appear to be near areas of
translation initiation, raising the possibility that vhs may interact with a
component(s) of the translation initiation machinery. Consistent with this
hypothesis, vhs has been found to interact with the eukaryotic translation
initiation factor elF4H in mammalian cells (Feng et al., 2001). Some vhs mutants
which were unable to degrade RNA in vivo were also unable to interact with
elF4H (Feng et al., 2001), suggesting the interaction is important for vhs activity.
elF4H is a 25 kDa protein which stimulates the translational activity of the elF4B
dimer (160 kDa) and elF4F (composed of elF4E, elF4A and elF4G) and
stimulates the helicase activity of elF4A(46 kDa) by increasing the processivity
of elF4A (Richter et al., 1999, Richter-Cook et al., 1998, Rogers et al., 1999,
Rogers et al., 2001). elF4H is thought to work together with elF4A and elF4B to
unwind secondary structure in the 5’ untranslated regions of mMRNAs. elF4B, the
sequence paralogue of elF4H functions to stimulate the RNA binding, ATPase,
(reviewed in(Rogers et al., 2001)), and together with elF4H modulates the
helicase activity of elF4A and elF4F (Rogers et al., 2001). For more detail of
translation initiation see the section below.

Everly et al. (Everly et al., 2002) have shown that the vhs/elF4H complex
displays detectable RNase activity in the absence of other viral and host
proteins. However, it is not yet clear whether vhs itself has RNase activity. In
addition, the role of elF4H and other cellular factors in controlling vhs activity
and targeting to mRNAs has not yet been assessed. Possibly relevant to these
questions, a previous report from this laboratory showed that extracts of yeast
engineered to express vhs displayed little if any RNase activity (Lu et al.,
2001a). However, vhs-dependent RNase activity could be restored with the
addition of unprogrammed RRL (Lu et al., 2001a), suggesting that the vhs-

dependent RNase requires one or more cellular factors for efficient activity.
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1.7 TRANSLATION INITIATION

Two modes of translation initiation on mRNAs have been defined. Cap-
dependent initiation is used by the majbrity of cellular mRNAs (reviewed in
(Hellen & Sarnow, 2001, Pestova et al., 2001), Figure 1.1). The first stage of
translation initiation involves the binding of the eukaryotic initiation factor 2
(elF2), initiation tRNAs, elF1A, and elF3, to the 40S ribosomal subunit to form a
43S complex. The second stage is the binding of the 43S ribosomal complex to
the 5’ end of the mRNA and involves the translation initiation factors elF3,
elF4A, elF4B, elF4F and the poly (A)-binding protein (PABP). elF4F is
composed of elF4E, the cap binding protein, elF4G, the scaffolding/adapter
protein, and elF4A, the ATPase/RNA helicase. elF4F binds the 5’ end of the
mRNA through the recognition of the 5’-terminal m’G cap by elF4E. elF4A in
conjunction with elF4B and elF4H, unwinds secondary structure in the 5’
untranslated region of the mRNA. The N-terminal of elF4G binds elF4E and
PABP (Imataka ef al., 1998, Mader et al., 1995), the middle portion interacts
with elF3, elF4A and RNA (Imataka & Sonenberg, 1997, Lamphear et al., 1995)
(Morino et al., 2000, Pestova et al., 1996b), and the C-terminal of elF4G
contains another binding site for elF4A (Imataka & Sonenberg, 1997, Lamphear
et al., 1995, Morino et al., 2000). The binding of 43S complexes to mMRNA is
thought to be mediated through the interactions of elF4G and elF4B (which also
interacts with elF3) with ribosome bound elF3 (Lamphear et al., 1995, Methot et
al., 1996a). The ribosomal complex then scans to the AUG codon and the 60S
subunit joins to form an active 80S ribosome and polypeptide elongation begins.

A second mode of translation initiation used by some cellular and viral
mMRNAs is cap-independent internal initiation, mediated by internal ribosome
entry sites (IRES) (reviewed in (Hellen & Sarnow, 2001, Pestova et al., 2001)).
Picornaviruses are a family of viruses that are non-enveloped and have a
positive-strand RNA genome. Picornavirus 5’-untranslated regions are very
long, have many AUG triplets and are predicted to contain complex secondary

structure. Picornavirus IRES structures are divided into three groups: cardio-
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and aphthoviruses, hepatitis A virus and entero- and rhinoviruses. IRES

elements were originally discovered in poliovirus (Pelletier et al., 1988) and
EMCV (Jang et al., 1988) and were subsequently found in many other viral and
cellular mRNAs (reviewed in (Martinez-Salas ef al., 2001)). Initiation by direct
internal ribosome entry was shown by inserting the viral 5’ non-translated region
between the two cistrons of a bicistronic mRNA, and finding that this lead to an .
enhancement of expression of the downstream cistron (Jang et al., 1988,
Pelletier et al., 1988). Infection of cells by picornaviruses leads to a rapid
inhibition of cap-dependent translation. Enteroviruses such as poliovirus, and
rhinoviruses produce proteases which cause the cleavage of elF4G into an N-
terminal one third fragment, which contains the elF4E and PABP binding sites,
and a C-terminal two-thirds fragment which contains the elF3 and both elF4A
interaction sites (Lamphear et al., 1995.'). On the other hand, infection by
cardioviruses, such as EMCV, does not cause the shutoff of host protein
synthesis by cleavage of elF4G. Rather, they cause the dephosphorylation of
4E-BPs, which then bind elF4E and prevent it from entering the elF4F complex,
thus resulting in an inhibition of cap-dependent translation (Gingras et al.,
1996).

Viral IRESs are the best characterized and show substantial diversity in
their mechanism of action. They are defined solely by functional criteria and
there are no significant similarities between individual IRESs unless they are
from related viruses. The EMCV IRES is among the best understood. It is ~450
nucleotides long and contains highly structured domains which lie upstream of
the initiation codon. Initiation of translation on the EMCV IRES does not involve
scanning, and ribosomal complexes are targeted directly to the initiation codon
which is located at the 3 border of the IRES (Kaminski et al., 1990). EMCV
IRES-mediated initiation is ATP-dependent and the assembly of 48S ribosomal
complexes on the IRES requires elF2, elF3, elF4A and the C-terminal two thirds
of elF4G (which elF4A binds), but does not require any IRES trans-acting

factors (Pestova et al., 1996a, Pestova et al.,, 1996b). The translation factor

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Introduction 36
elF4B and the pyrimidine tract binding-protein (PTB) enhance the assembly of

48S ribosomal complexes on the IRES, but are not an absolute requirement
(Pestova et al., 1996a). elF4G binds to the J-K domain (EMCV bases 682-795)
of the IRES, and recruits elF4A and elF4B to the IRES (Kolupaeva et al., 1998,
Pestova et al., 1996b). All three factors can bind the IRES directly, but the
presence of all factors enhances the binding of all three to the IRES (Kolupaeva
et al., 1998, Pestova et al., 1996b). The interaction of elF4A with elF4G
enhances the affinity of the elF4A/elF4G complex for the IRES (Lomakin et al.,
2000). This complex is essential to recruit the 43S ribosomal complex to the
IRES. The ribosome binds directly at or very close to the initiation codon,
without scanning from the 5’ end of the mRNA and translation begins from AUG-
11 (Kaminski et al., 1994, Kaminski et al., 1990).

In contrast, the hepatitis C virus (HCV) IRES binds the 40S ribosomal
subunit in the absence of initiation factors, in such a way that the ribosomal
peptidal site is in the immediate proximity of the initiation codon (Pestova et al.,
1998). The addition of ternary elF2/GTP/initiator tRNA complex is sufficient for
the bound 40S subunit to lock onto the initiation codon (Pestova et al., 1998).
The cricket paralysis virus (CrPV) IRES is another type of IRES, in that
80S/CrPV IRES complexes can be formed without Met-tRNA, elF2 or GTP
hydrolysis (Wilson et al., 2000). The IRES itself subsitutes functionally for the
role of initiator tRNA (Wilson et al., 2000). IRES elements have also been found
in an number of cellular mRNAs which'encode proteins that are involved in
growth control and cellular stress responses, such as hypoxia and apoptosis
(reviewed in (Hellen & Sarnow, 2001, Martinez-Salas et al., 2001)).

1.8 THESIS RATIONAL

When | started this project it was known that elF4H could interact with
vhs (Feng et al., 2001), however the effect of elF4H on the activity and targeting
of vhs was unknown. From work by Lu et al., it was clear that the vhs produced

in yeast required one or more mammalian factors for efficient activity (Lu et al.,
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2001a). Therefore, | tested whether elF4H could be the mammalian factor that

stimulated the activity of vhs expressed in yeast. Specifically | sought to
determine whether elF4H contributes to the RNase activity of the vhs-
dependent RNase or the targeting of vhs to specific sites on RNA substrates. In
order to address this question, | partially purified the translation initiation factors
elF4A, elF4B and elF4H, and assayed them for their ability to enhance the
RNase activity of extracts of yeast that expressed vhs. During the course of my
investigation, a new report was published that showed that a complex of vhs
and elF4H displayed RNase activity (Everly et al., 2002). However, since they
were unable to purify vhs to homogeneity in a soluble form, the role of elF4H in
this complex, whether it was to enhanéé the RNase activity or target vhs to
MRNAs, was still unclear. The results from my work show that both elF4H and
its sequence paralogue elF4B interact with vhs and can stimulate the RNase
activity of vhs produced in yeast. However, none of the translation initiation
factors tested could restore IRES-mediated targeting to vhs, indicating that one

or more other cellular factors is required to restore targeting to vhs.
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Figure 1.1: Mechanism of translation initiation. This figure represents the
current working model for translation initiation. Step 1: initiation begins with the
dissociation of a preexisting 80S ribosome to the individual subunits, followed by
the binding of elF3 and elF1A to the 40 S subunit. Step 2: Met-tRNA, binds to
elF2¢GTP to form a ternary complex which binds to the 40S subunit to form the
43S preinitiation complex. Step 3: elF4F (composed of elF4A, the RNA
helicase, elF4E, the cap-binding protein, and elF4G, the scaffolding protein)
binds to the m’G-cap. Secondary structure near the 5’ end is removed by elF4F
(or elF4A), in combination with elF4B and elF4H, and requires the hydrolysis of
ATP. The 43S complex is then binds to the mRNA through an interaction
between elF4G and elF3 (bound to the 40S subunit). Step 4: The 40S complex
scans along the 5’ UTR, in an ATP-driven process, until it encounters an
initiation codon (AUG) in a favorable sequence context. Step 5: When the start
codon is reached by the 408 initiation complex, the associated initiation factors
are released. This process is mediated by elF5, which is a GTPase-activating
protein, and promotes GTP hydrolysis by elF2. Step 6: Once the initiation
factors have disassociated, the 60S subunit binds to the 40S subunit and
polypeptide elongation begins.
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CHAPTER 2 : MATERIALS AND METHODS

2.1 PLASMIDS

The elF4H open reading frame (ORF) was obtained by RT-PCR from
Hela cell RNA using the following PCR primers: OSW1 (5’-
GACGGCATATGGCGGACTTCGACC-3'), used to engineer a Ndel site at the
AUG start codon to clone elF4H in frame into pET15b (Novagen) and OSW2
(5-CTCGACTCCCTCCCAACCGCAGGCTCATTC-3'), used to engineer a Xhol
site after the stop codon (Figure 2.1). The PCR products were ligated into
pGEM-T Easy vector (Promega). Both elF4H and elF4H, (contains a 20 amino
acid insertion after residue 137) were iéolated creating plasmids pSW1 and
pSW2 respectively (performed by Shawn Wasilenko, as a rotation student in our
lab). The sequence of elF4H; was pristine, however the sequence coding for
elF4H contained a deletion of one cytosine in a run of seven cytosines in
positions 531-537. To correct the deletion, oligonucleotide directed mutagenesis
was used. elF4H was cut out of pPSW1 using Sphl and Sacl and ligated into
PSELECT-1 (Altered Sites Mutagenesis Kit — Promega). The mutagenic oligo
(5-GGCTGCCCATGGGGGGGCCTGTTCGCC-3') was annealed to the
recombinant ssDNA template. T4 DNA Polymerase was used to synthesize the
mutant strand and the ligated plasmid was transformed into BMH71-18 mutS.
DNA was isolated and retransformed into HB101. Mutants were sequenced and
one with the mutation corrected was designated pGC2 (performed by Gary
Chan, as a rotation student in our lab).

PET15b (Novagen) is a bacterial expression vector that encodes a His,-
tag at the N-terminus and a Ndel site after the tag to clone the insert in frame.
The Ndel fragment of pGC2 bearing the elF4H ORF was cloned into the Ndel
site of pET15b creating pRD1 (Figure 2.1). To clone elF4H, into pET15b, pSW2
was digested with Sphl, the ends were made flush with T4 DNA polymerase
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and then the plasmid was digested with Ndel. The Sphl- Ndel fragment bearing

the elF4H, ORF was cloned into the Ndel-BamHI site of pET15b (after repairing

the BamHI site with the Klenow fragment of DNA polymerase I) to generate
pRD2.

Gene Storm Expression Ready clones that contained the ORF of elF4A
(accession no. D13748) or elF4B (accession no. X55733) were purchased from
Invitrogen. To clone elF4A into pET15b (Figure 2.2), the elF4A ORF was PCR
amplified (PlatinumTagq High Fidelity; Invitrogen) from pCDNA3.1/GS/elF4A
(Invitrogen) using PCR primers: ORD4 (5’-CATATGTCTGCGAGCCAGCAT-3),
used to engineer a Ndel site at the start codon, and ORDS5 (5'-
TCAGATGAGGTCAGCAACATTGAGG-3'), used to create a stop codon at the
C-terminus of the protein. The elF4A PCR product was ligated into pCR2.1-
TOPO (Invitrogen) to generate pRD6. The elF4B ORF was PCR amplified as
described for elF4A using PCR primers: ORD1 (5’-
CATATGGCGGCCTCAGCAAAAAAG-3’), and ORD14 (5'-
TTACTATCATTCGGCATAATCTTCTCCCTC-3'), and cloned into pCR2.1-
TOPO (Invitrogen) creating pRD9 (Figure 2.2). The Ndel-BamH]I fragments of
pRD6 and pRD9 containing the ORFs of elF4A and elF4B, respectively, were
cloned between the Ndel-BamHI sites of pET15b to generate pRD12 and
pRD10, respectively.

DNA primers were synthesized using the Applied Biosystems 394/8
synthesizer and plasmids were sequericed usingf a Beckman Coulter
CEQ2000XL DNA sequencing system at the Biochemistry DNA Services
Laboratory, Faculty of Medicine, University of Alberta.

pcdc34A,,His is a bacterial expression plasmid that expresses the yeast
ubiquitin-conjugating enzyme cdc34A,,, (Ptak et al., 1994), generously supplied
by Michael Ellison(University of Alberta).

The in vitro transcription vectors pCITE-1 and pSPSR19N which are used
to generate the reporter RNA substrates, pCITE-1 and SRPq, respectively and
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the vhs in vitro translation vector pSP6vhs have been previously descibed

(Elgadi et al., 1999, Elgadi & Smiley, 1999).

The yeast expression vectors pYEX-BX (Clontech) and pYEX-BX2.1vhs
which encodes the 2.1vhs ORF have been previously described (Lu et al.,
2001a). The 2.1vhs ORF contains a 8xHis tag after codon 138 and a HA-tag
after condon 344 (Elgadi et al., 1999).

2.2 BACTERIAL STRAINS AND GROWTH CONDITIONS

All plasmids, unless otherwise stated, were maintained and amplified in
Escherichia coli strain HB101 (F'A[gpt-proA]62 leuB6 supE44 ara-14 galK2
lacY1 AlmerC-mrr rpsL20 [Str] xyl-5 mt-1 recA13) (Maniatis et al., 1989).
Plasmids derived from pCR2.1-TOPO were maintained and amplified in strain
TOPO10 Electrocomp (Invitrogen) ( F - mcrA A(mrr-hsdRMS-mcrBC)
®80/acZAM15 AlacX74 recA1 deoR araD139 A(ara.leu)7697 gall gaK rpsL
(Str®) endA1 nupG). Plasmids derived from pCDNA3.1/GS were maintained and
amplified in strain GeneHogs (Invitrogen) (F mcrA A(mrr-hsdRMS-mcrBC)
®80/acZAM15 AlacX74 endA1 recA1 deoR araD139 A(ara.leu)7697 gall gaK
rosL nupQG). E.coli strain BMH17-18mutS (Promega) (thi supE A(lac-proAB)
[mutS::Tn10] [F’ proA*B* lagl"ZAM15]) was used in oligonucleotide
mutagenesis. All protein expression was preformed in strain BL21(DE3)pLysS
(Novagen) (F “dem ompT hsdS(r, m, ) gal M(DE3) [pLysS Cam'] ).

All strains transformed with recombinant plasmids were cultured at 37°C
in Luria-Bertani medium (LB; 1.0 % Bacto Tryptone, 0.5 % yeast extract, 1.0 %
NaCl, pH 7.0) containing 100 g ampicillin per ml in a shaker incubator set at
225rpm. Chloramphenicol (34 pg/ml) was also added when culturing strain
BL21(DE3)pLysS. For the GeneHogs strain, the salt concentration of the LB
was reduced to 0.5 %, the pH increased to pH 7.5 and the antibiotic zeocin (25

ng/ml; Invitrogen) was used.
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2.3 YEAST STRAIN, GROWTH CONDITIONS, AND YEAST TRANSFORMATION

The Saccharomyces cerevisiae strain W303-1A(MATa SUC3 ade2-1
can1-100 his3-11,75 leu2-3,112 trp1-1 ura3-1), (Livingstone-Zatchej et al.,
1997) was used as the host for plasmids derived from pYEX-BX. Growth
conditions and transformation of W303-1A have been described previously (Lu
et al., 2001a).

2.4 PREPARATION OF YEAST EXTRACTS FOR THE VHS ACTIVITY ASSAY

The method of Schuliz et al. (Schultz et al., 1991, Schultz et al., 1997)
was used for the preparation of frozen cells and yeast extracts. Briefly, one litre
of YNBG (0.67 % yeast nitrogen base without amino acids, 2 % galactose;
supplemented with adenine, histidine and tryptophan) was inoculated with an
overnight culture of S. cerevisiae strain W303-1A/pYEX-BX or W303-1A/pYEX-
BX2.1vhs and grown to an ODy,, of ~ 3-4. The culture was induced with 0.15
mM CuSO, for 5 hr. The cells were then harvested, washed, frozen in liquid
nitrogen and stored at -80°C. About 3 g of frozen cells were used to prepare the
extracts. Frozen cells were ground in a coffee mill, thawed and resuspended in
1.3 volumes of extraction buffer (100 mM HEPES-KOH, pH 7.9, 245 mM KCl, 5
mM EGTA, 2.5 mM DTT) with protease inhibitors. The extract was centrifuged
at 100,000 Xg for 2hrs. The supernataﬁt was then collected and dialyzed into
vhs assay buffer (1.6 mM Tris-acetate, 80 mM potassium acetate, 2.0 mM
magnesium acetate, 0.1 mM DTT). Aliquots were frozen and stored at -80°C.
ATP (0.25 mM) and 1ul of RNaseOut (Invitrogen) per 50ul sample were added

upon thawing of aliquots.

2.5 PROTEIN EXPRESSION AND PURIFICATION

Protocols were adapted from “The QlAexpressionist” (Qiagen). For the
expression of elF4H, elF4H; and cdc34A,,,, one liter of culture was grown to an

ODgqo Of ~ 0.3-0.4 and then induced wi’_;h 1 mM IPTG for 3 hrs. The cells were
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then harvested, resuspended in 2ml of lysis buffer (50 mM NaH,PO,, 300 mM

NaCl, 5 mM imidazole, 25 % glycerol, pH adjusted to 8.0 with NaOH) per gram

of wet weight, and frozen at -80°C. All subsequent purification steps were
performed at 4°C or on ice. Cells were thawed for 30 min and lysed by three
sonication cycles of 30 sec each at setting 7 (550 Sonic Dismembrator with cup;
Fisher Scientifc). The lysate was incubated with DNasel (5 ng/ml) and 8 mM
MgCl, for 20 min and the insoluble material was removed by centrifugation for
25 min at 10,000 Xg. The supernatant was incubated with 1ml of Ni-NTA
agarose (Qiagen) per 4ml lysate for 1hr on a Nutator (Becton Dickinson). The
resin was pelleted and washed sequentially with 10 ml lysis buffer, wash buffer
(lysis buffer + 20mM imidazole), and lysis buffer. The protein was batch-eluted
twice with 1X the vol of resin of elution buffer (lysis buffer + 400mM imidazole).
Elution fractions were combined and dialyzed overnight into DEPC-treated vhs
assay buffer with 25 % glycerol or Buffer B (20 mM Tris, 1 mM DTT, 0.1 mM
EDTA, 100 mM KCI, 2.0 mM MgCl,) with 25 % glycerol. Aliquots were frozen at
-80°C. ATP (0.25mM) and RNaseOut (Invitrogen) were added after thawing of
aliquots. We obtained 3-4 mg of elF4H and 1-1.5 mg of cdc34A, per litre of
culture. elF4H was as active in Buffer B as in vhs assay buffer.

elF4A and elF4B were expressed and purified in the same manner as
elF4H, with a few modifications. Two liters of culture per protein purified were
grown to an ODy,, of 1.0 and induced with 1 mM IPTG for 2 hrs. Cells
expressing elF4B were grown at 30°C instead of 37°C. Cells were harvested,
resuspended in lysis buffer (10 % glycerol) and lysed as described above. One
ml of Ni-NTA agarose was added per 6 ml lysates expressing elF4B. Bound
protein was batch-eluted with 1/2 X the vol of resin of elution buffer (10 %
glycerol). Elution fractions were dialyzed overnight into DEPC-treated Buffer B
with 10 % glycerol. Aliquots were frozen and stored at -80°C. ATP (0.25 mM)
and 1 ul RNaseOut per 50 pl protein were added upon thawing of aliquots.
Protein concentration was determined yvith the Bio-Rad Protein Assay (Bio-Rad)

using BSA as the standard.
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2.6 WESTERN BLOT

Samples indicated were run on a 12 % SDS-PAGE gel and transferred to
a nitrocellulose membrane (Hybond ECL, Amersham Pharmacia), at 400
milliAmps for 45 min. After the transfer was complete the blot was blocked in 10
% skim milk TBS-Tween (25 mM Tris, pH 8, 150 mM NaCl, 0.1 % Tween-20)
overnight at 4 °C. The blot was washed 3X 5 min with TBS-Tween and
incubated with the primary antibody, anti-tetra-His antibody (Quiagen) at a
dilution 1/2000 or anti-HA High Affinity (Roche) at 1/1000, for 1 hr at room
temperature. The blot was washed 3X 10 min with TBS-Tween and incubated
with the secondary antibody, anti-mouse horseradish peroxidase at a dilution of
1/3000 or anti-rat Ig-POD, Fab fragments (Roche) at 1/1000, for 1/2 hr at room
temperature. The blot was washed 3X 10 min with TBS-Tween and developed
with ECL+plus system (Amersham Biosiences) according to the manufacture’s

protocol. The signal was visualized using Fuji Super RX X-Ray film.

2.7 IN ViTRO TRANSCRIPTION AND RNA LABELING

vhs mRNA to be used for in vitro translation was produced using the
plasmid pSP6vhs (Elgadi et al., 1999). Ten micrograms of EcoRI-linearized
pSP6vhs template DNA was purified using a QlAquick column (Qiagen)
according to the manufacturer’s protocol (Elgadi et al., 1999, Smiley et al.,
2001). The 20 pl in vitro transcription reaction contained 1 ug of linear template,
0.5 mM cap primer m’G(5")ppp(5’)G (Pharmacia), 40 U of RNaseOut
(Invitrogen), 0.25 mM of ATP, CTP, GTP and UTP, and 40 U of SP6 RNA
polymerase (Invitrogen) in the buffer provided by the manufacturer of the
polymerase. The reaction proceeded for 1 hr at 37°C, after which the template
was degraded by 10 U of RNase-free DNase I (Ambion) for 20 min at 37°C. The

RNA was cleaned by phenol-chloroforrﬁ extraction, and precipitated with 95%
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ethanol. The RNA pellet was washed sequentially with 70% ethanol, 95%

ethanol, and then resuspended in 12 ul of RNase-free water.

Uncapped, internally labeled reporter RNAs were generated by the
method of Elagdi and Smiley (Elgadi & Smiley, 1999, Smiley et al., 2001). To
generate pCITE reporter RNA, an EcoNI- linearized template DNA (pCITE-1)
was transcribed with T7 RNA Polymerase to yield a runoff transcript of 2.3 kb
(Elgadi & Smiley, 1999). SRPa reporter RNA was transcribed using an EcoRV-
linearized template DNA (pSPSR19N) and SP6 RNA Polymerase to yield a
runoff transcript of 2.4 kb (Elgadi et al., 1999). The in vitro transcription reaction
was preformed as described above except that the GTP concentration was
reduced to 0.125 mM, the cap primer was omitted, 1 uCi of [a-*P] GTP
(3000Ci/mmol, New England Nuclear) was added and the reaction was
shortened to 40 min. The transcription reaction was stopped by the addition of 2
ul of RNA loading buffer (50% glycerol, 1 mM EDTA, 10 mg/ml xylene cyanol,
and 10 mg/ml bromophenol blue). The RNA was separated on a 1XTBE (90 mM
Tris-borate, 2 mM EDTA) agarose gel containing ethidium bromide (1 pg/ml) at
100 V for 30 min. A gel slice containing the full-length transcript was excised
from the gel using an RNase-free scal;;el. The reporter RNAs were electroeluted
from the gel slice into a 100 ul 7.5 M ammonium acetate trap in a six-well V-
channel electroelutor (International Biotechnologies Inc.) at 100 V for 1 hrin
0.5XTBE. The RNA was recovered by ethanol precipitation and sequentially
washed with 70% and 95% ethanol. The substrate RNAs were counted without
scintillant in a Beckman LS6500 scintillation counter and resuspended to 4000
Cerenkov cpm/pl.

Unlabeled pCITE reporter RNA was generated using the MEGAscript

transcription kit (Ambion) according to the manufacturer’s protocol.

2.8 IN VITRO TRANSLATION

In vitro translation of vhs RNA was preformed using the RRL system

(Promega), according to the manufacturer’s protocol as previously described
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(Elgadi et al., 1999, Smiley et al., 2001). Briefly, 2 ul of the vhs RNA template (~

2 ug) is incubated in 50 pl of RRL lysate supplemented with amino acids (minus
methionine), 40 U of RNaseOut (Invitrogen), and 2 pl of [**S] methionine (1175

Ci/mmol; New England Nuclear). Control reactions were preformed as
described above except that the mRNA was omitted. The reactions were carried
out for 90 min at 30°C and are stored at -80°C.

2.9 VHS ACTIVITY ASSAY

The vhs activity assay has been described elsewhere (Lu et al., 2001a).
Briefly, yeast extracts were mixed with various test proteins, blank RRL or
buffer. The amount of total protein of yeast extract used per timepoint was 20 ug
before the addition of test proteins. Reporter RNAs (4000 Cerenkov cpm per
timepoint) were added to samples indicated and all reactions were adjusted to
the same final volume with vhs assay buffer or Buffer B. The reactions were
incubated at 30°C and aliquots were removed at indicated timepoints. RNA was
recovered with the RNeasy Mini Kit (Qiagen) using the “clean up” protocol
following the manufacturer’s instructions. RNA samples were added to10 mM
EDTA made with RNase-free water to a final volume of 100 pl. Buffer RLT
(Qiagen) and 95 % ethanol were added and the mixture was added to an
RNeasy Mini Spin column. The column was washed twice with wash buffer
RPE (Qiagen) and eluted with 50 ul RNase-free water. The RNA was
precipitated with 1 vol of isopropanol and 1/10 vol of 3 M sodium acetate. The
RNA pellet was washed sequentially with 70 % and 95 % ethanol, and then
resuspended in 25 pl RNA sample buffer (1 X MOPS buffer [ 200 mM MOPS,
50 mM sodium acetate, 5 mM EDTA, adjust pH to 7.0 with NaOH], 50 %
deionized formamide, 16.7 % formaldehyde).

2.10 AGAROSE GEL ELECTROPHORESIS AND NORTHERN BLOT ANALYSIS
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RNA samples were incubated at 55°C for 10 - 15 min and then

transferred to ice for 2 min. RNA samples were combined with 2 pl RNA loading
buffer ( 50 % glycerol, 1TmM EDTA, 10 mg of xylene cyanol / ml, and 10 mg of
bromophenol blue / ml ) and loaded on to a 1.2 —1.4 % agarose gel containing 2
% formaldehyde. Electrophoresis was carried out in 1 X MOPS buffer at 130
volts for 2 hr until the gel had run ~ 7 — 8 cm. RNA was transferred to a
GeneScreen Plus ( NEN Life Sciences Products) nylon membrane in 10 X SSC
( 1.5 M sodium chloride, 150 mM sodium citrate) . Following UV-cross linking
(Stratalinker 2400; Stratagene) *P-labeled RNA fragments were detected by
exposure to Kodak BioMax MS film at - 80°C. The data was quantified by
phosphorimager analysis on a Storm 860 (Molecular Dynamics) using the
software program Image Quant for Macintosh version 1.2.

Unlabeled RNA fragments were detected by hybridization. After UV-cross
linking, the membranes were rinsed in 2 X SSC and prehybridized in 15 ml of
modified westneat solution ( 6.6 % SDS, 250 mM MOPS, pH 7.0; 5 X Denhardts
solution, 1 mM EDTA) at 48°C for 1 hr. Membranes were hybridized to either
ORD17 ( 5-GCCTTATTCCAAGCGGCTTCGGCCAGTC-3’), complementary to
residues 45 — 72 of the pCITE transcript, or JPP-E (5'-
GCCGGAGTTGGATGATGACCCGACG-3'), complementary to the extreme 3’
end of the pCITE RNA. Oligonucleotides were 5’-*P labeled using T4
polynucleotide kinase (Invitrogen). The entire kinase reaction, after a 10 min
incubation at 95°C, was added to the prehybridization westneat solution.
Hybridization was carried out overnight at 48°C. The membrane was then
washed twice in 2 X SSC - 0.2 % SDS at room temperature for 5 min and twice
in 0.2 X SSC — 0.2 % SDS at 48°C for 20 min before being subjected to

autoradiography.

2.11 FAR WESTERN ANALYSIS

The far western protocol was preformed following the method of Guitchet
efal. (Guichet et al., 1997). Briefly, 8 ug of each test protein was run on a 12%
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SDS-PAGE gel and transferred to a nitocellulose membrane (Hybond ECL

membrane, Amersham Biosciences). Human Protein Phosphatase 1(PP1) was
kindly provided by Kathleen Perrault (University of Alberta). After the transfer
was complete, the blot was blocked wit“h 2% milk powder in AC Buffer (10 %
glycerol, 100mM NaCl, 20mM Tris, 0.5mM EDTA, 0.1 % Tween-20) for 1hr at
4°C. To prepare the probe, RRL containing **S-labeled vhs generated by in vitro
translation was spun through a 1cc syringe packed with G-25 resin (Amersham
Pharmacia) to remove unincorporated amino acids. The probe was mixed with
10 mi 2% milk powder in AC buffer with 1mM DTT. After the blocking step, the
probe mix was added to the blot and incubated for 2 hr at 4°C. The blot was
washed with 2 % skim milk in AC buffer for 15 min and 4X 20min in AC buffer.
The blot was dried and visualized by autoradiography.

2.12 HELICASE UNWINDING ASSAY -

The assay has been described elsewhere (Du et al.,, 2002, Rogers et al.,
1999). Briefly, complementary RNA oligonucleotides: RNA -2 (5'-
CACCGUAAAGCACGCAAAAACAAAA-3’) and RNA,;-1 (5’-GCUUUACGGUG-
3’) were purchased from Dharmacon Research. RNA,,-1(2 uM) was **P-labelled

using T4-kinase (Invitrogen). Duplexes were prepared by annealing unlabelled
RNA,;-2 (15 pmole) with complementary labeled RNA,,-1 (7.5 pmole) in a 2:1
ratio in buffer containing 10 mM Tris, pH 7.5, 1ImM EDTA, and 100 mM KCI. The
mixture was heated to 95°C for 5 min then slowly cooled to 4°C over 90 min
(0.1°C/5s). The duplex was diluted to 0.02 pmol/ul. Each unwinding reaction
contained 25 mM HEPES, pH 7.5, 70 mM KCI, 2 mM DTT, 1mM ATP, 1TmM
MgCl,, 2 nM labelled duplex, 1mg/ml BSA and 0.8 uM elF4A in 20ul total.
Duplex was added last and the reactions were incubated at 35°C for times
indicated. The reactions were stopped by the addition of 5 pl stop buffer (50 %
glycerol, 2 % SDS, 20 mM EDTA, 0.01 % bromphenol blue, 0.01 % xylene

cyanol). The reaction products were resolved on a 18 % Tris borate—EDTA mini-
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gel at 200 V for 1.5 hr at 4 °C. The gel was dried for 1 hr and visualized by

autoradiography.
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Figure 2.1: Diagram of the cloning strategy to create the elF4H and elF4Hi
expression vectors. The elF4H ORF was cloned into pGEM-T easy, to create
pSW1, subcloned into pSelect-1 to generate pGC2 and finally into the
expression vector pET15b to produce pRD1. The elF4Hi ORF was cloned into
pGEM-T easy to generate pSW2 and then into the expression vector pET15b to
produce pRD2. See Materials and Methods for more details. Restriction sites
are as follows: N - Ndel, S - Sphl, X -Xhol, Sa - Sacl, and B - BamHI.
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Figure 2.2: Diagram of the cloning strategy to create the elF4A and elF4B
expression vectors. The elF4A ORF was cloned into pCR2.1-TOPO to
generate pRD6 and finally into the expression vector pET15b to create pRD12.
The elF4B ORF was cloned into pCR2.1-TOPO to generate pRD9 and then into
the expression vector pET15b to produce pRD10. See Materials and Methods
for more details. Restriction sites are as follows: N - Ndel, and B — BamHLI.
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GeneStorm Expression-ready clones containing elF4A or elF4B ORF |

pcDNA3.1/GS/elF4A pcDNA3.1/GS/elF4B

PCR amplify ORF creating Ndel site at start
codon and stop codon at C terminus of protein

Clone ORF into pCR2.1-TOPO

v v

Q Q
[¢] o]
N » B N » B
.%
pRD6 pRD9
Ndel/BamHI fragment containing
OREF cloned into pET15b
HisX6 I\II l? HisX6 l\ll |13
elF4A > elF4B >
pRD12 pRD10
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CHAPTER 3 : RESULTS

3.1 EXPRESSION OF VHS IN S. CEREVISIAE INDUCES A RIBONUCLEASE
ACTIVITY THAT IS STIMULATED BY ONE OR MORE MAMMALIAN FACTORS

A previous study from this laboratory reported that cell-free extracts
prepared from yeast engineered to express vhs display little if any RNase
activity when assayed under conditions that readily detect the activity of vhs
translated in rabbit reticulocyte lysates (RRL) (Lu et al., 2001a). In contrast, vhs-
dependent activity was easily detected when unprogrammed RRL was added to
the yeast extracts. These observations suggested that vhs produced in yeast
requires one or more mammalian factors for efficient activity in vitro. Our more
recent trials of this experiment confirm the stimulatory effect of RRL (Figure 3.1).
However, in contrast to the previous study, we are now able to reproducibly
detect vhs-dependent RNase activity in the yeast extracts in the absence of
RRL, as shown in the following representative experiment.

Cultures of S. cerevisiae harboring a previously described vhs expression
vector (2.1vhs) (Lu et al., 2001a) or empty vector (EV) were induced with copper
sulfate, and whole cell extracts were prepared as described in Material and
Methods. The extracts were then assayed for vhs-dependent RNase activity in
the presence and absence of added RRL, as previously described (Lu et al.,
2001a). Two RNA substrates were used for this assay: pCITE-1 RNA, which
bears the IRES of EMCV at it's 5’ end, and SRPo RNA (Figure 3.1A and B).
Internally labeled RNAs generated by in vitro transcription were added to the
extracts, and samples withdrawn at various times were analyzed by
formaldehyde-agarose gel electrophoresis followed by autoradiography (Figure
3.1C and D). As controls, the substrate RNAs were also incubated in RRL
containing pre-transiated vhs (RRLvhs), and in blank RRL. Previous studies
have shown that pCITE-1 RNA is initially cleaved immediately 3’ of the IRES in

the RRL in vitro assay system (Diagrammed in Figure 3.1A), giving rise to &’
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and 3’ products of 600- and 1800-nt, respectively (Elgadi & Smiley, 1999). The

600-nt fragment containing the IRES is stable throughout the course of the

reaction, while the 1800-nt fragment is subjected to further decay. As shown in
Figure 3.1C, we readily detected the stable 600-nt fragment in the reaction with
RRL containing pretranslated vhs (RRLvhs); however, we could not
unambiguously detect the predicted 1800-nt 3’ fragment in this experiment,
because the input RNA substrate contained small amounts of an RNA species
that migrated at this position in the gel (see Figure 3.6 for clearer evidence for
production of the 1800-nt 3’ fragment). The pCITE-1 RNA was quite stable in
the extract prepared from yeast harboring the empty expression vector, both in
the absence and presence of added RRL (Figure 3.1C, EV and EV+RRL).
However, it was significantly less stable in the extract prepared from yeast
induced to express vhs (Figure 3.1C, 2.1vhs, data quantified in Figure 3.1E).
This effect, observed in several independently prepared extracts, indicates that
expression of vhs in yeast is associated with enhanced RNase activity in cell-
free extracts. The degradation profile observed with the 2.1vhs extracts differed
from that observed in RRLvhs, in that substantially reduced levels of 600-nt
product were detected and 900- and 1200-nt fragments were also produced.
These findings raised the possibility that the vhs-dependent RNase detected in
the yeast extracts is not targeted to the RNA substrate in the same fashion as in
RRL, a hypothesis that is explored in further detail below (Figure 3.6).

Addition of RRL enhanced the RNase activity of the 2.1vhs extracts, and
altered the overall pattern, such that substantial amounts of the 600-nt fragment
accumulated. The addition of RRL may enhance the recovery of a stable 600-nt
fragment by targeting cleavage to just 3’ of the IRES (thus causing the nuclease
to bypass the IRES), by providing factors that bind the IRES and protect it from
degradation, or by a combination of both mechanisms. Broadly similar results
were obtained with SRPo RNA, with the exception that in this case discrete
reaction products were not readily detected in any of the reactions (Figure 3.1D,

data quantified in Figure 3.1F). Thus, the transcript was significantly less stable
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in extracts of yeast expressing vhs than in control extracts, and the activity of

these extracts was enhanced by the addition of RRL. It is unclear as to why
nuclease activity is now detected in yeast extracts containing vhs, however, it
does not appear to be due to a difference in the amount of vhs protein present
in the extracts. Both 2.1vhs extracts from this study and a previous one by Lu et
al. (Lu et al., 2001a) contain similar amounts of vhs protein (Figure 3.2 C).
Taken in combination, these results indicate that expression of vhs in yeast
induces a novel RNase activity that is enhanced, and perhaps altered, by one or
more factors present in RRL.

It also appears that the nuclease activity of vhs in yeast extracts has a
slightly different specificity for RNAs than vhs translated in RRL. A previous
study found that vhs translated in RRL has a stronger preference for pCITE-1
RNA, as compared to SRPo RNA (Lu et al., 2001b). However, the opposite is
true in yeast extracts expressing vhs (Figure 3.2 A, data quantified in Figure 3.2
B). In 2.1vhs yeast extracts, SRPa RNA is degraded at a significantly faster rate
than pCITE-1 RNA (Figure 3.2 A and B). In contrast, when RRL is added to
2.1vhs extracts, both RNAs are degraded at an almost identical rate. The

significance of this observation is not yet known.

3.2 EIF4H STIMULATES THE ENDORIBONUCLEASE ACTIVITY OF VHS
PRODUCED IN YEAST

As reviewed in the introduction, the initial cleavage events induced by
vhs translated in RRL occur near areas of translation initiation (Elgadi et al.,
1999, Elgadi & Smiley, 1999). vhs has been shown to interact with the
translation initiation factor elF4H (Feng et al., 2001) and a complex of vhs/elF4H
has RNase activity (Everly et al., 2002). We therefore sought to determine
whether elF4H is the mammalian factor that stimulates the RNase activity of vhs
expressed in yeast and/or serves to target vhs to specific sites on mRNAs. The

elF4H cDNA was cloned into a bacterial expression vector to express elF4H as
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an N-terminally Hisg-tagged protein that was partially purified as described in

Materials and Methods. Both elF4H and elF4H, an alternatively spliced version
of elF4H which contains an insertion of 20 amino acids after residue 137 (Feng
et al., 2001), were used in preliminary assays. We did not detect any differences
in the activities of the two proteins, so subsequent experiments were performed
using only the shorter version of elF4H. As a negative control, we also
expressed a Hisg-tagged version of the yeast ubiquitin-conjugating enzyme
cdc34A,,,, Which is truncated at amino acid 209 (Ptak ef al., 1994), a
presumably irrelevant protein. Translation initiation factors elF4A and elF4B
were also expressed and partially purified as described in Material and Methods
and were used in later experiments (see Figures 3.8 - 3.12). Figure 3.3 shows a
coomassie-stained gel, and western blot analysis of the partially purified
proteins. At least some of the extra bands seen below the intact elF4H and
elF4B on the coomassie-stained gel are degradation products that contain the
amino-terminus, as an antibody directed against the Hise-tag reacted with the
mayjority of the degradation products (Figure 3.3 C).

All of the recombinant protein preparations described above (elF4A,
elF4B, elF4H and cdc34A,., ) contained small amounts of contaminating RNase
activity that was readily detected when the partially purified protein was
incubated alone with radiolabeled substrate (although the amount of nuclease
activity varied between preparations) (Figure 3.4 C). However, the partially
purified proteins had no effect on the stability of the RNA substrate when they
were added to control yeast extract (Figure 3.5 and 3.9, EV+elF4H, EV+elF4A,
EV+elF4B). This observation suggested that the large excess of yeast protein or
(more likely) RNA present in the control extracts served to quench this nuclease
activity. Consistent with this interpretation, when elF4H and cdc34A,,, were
mixed with RNase-free BSA and total RNA purified from control extracts to the
same concentration as in control extracts, no appreciable nuclease activity was
observed (Figure 3.4 A and B, elF4H and cdc34A,,,). We therefore judged that
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these preparations were suitable for testing the effects of the various partially

purified proteins on the vhs-dependent nuclease in yeast extracts.

Partially purified elF4H was used to investigate whether elF4H affects the
activity of vhs produced in yeast. As described above, elF4H had no detectable
effect on the stability of the RNA substrates in extracts prepared from yeast
harboring the empty expression vector (Figure 3.5 A and B, EV+elF4H). In
marked contrast, addition of elF4H to the 2.1vhs extracts significantly
accelerated the decay of both pCITE-1 and SRPo. RNAs (Figure 3.5 A and B,
2.1vhs+elF4H, data quantified in Figure 3.5 C and D). This effect appears to be
specific, as a presumably irrelevant protein (yeast cdc34A,,), purified in the
same manner as elF4H, had no such effect (Figure 3.4 A and B, 2.1vhs+cdc34).
In addition, elF4H altered the pattern of degradation products of pCITE-1 RNA
compared to that observed in 2.1vhs extracts alone. Specifically, more of the
600-, 900- and 1200-nt degradation products were produced, and the 600-nt
fragment was quite stable even after the disappearance of the 900- and 1200-nt
fragments (Figure 3.5 A, 2.1vhs+elF4H). The 600-nt product co-migrated with
the 600-nt 5’ fragment produced in RRLvhs, and as documented below, at least
some of the material migrating at this position arises by cleavage just
downstream of the IRES (Figure 3.6). While the predicted 1800-nt 3’ fragment
diagnostic of IRES targeting was not observed with elF4H, the detection of this
fragment may have been compromised because the input RNA contained RNA
species that migrated at the same position (as in Figure 3.1). Although elF4H
altered the pattern of degradation products, it did not have the same effect as
adding RRL to the 2.1vhs extracts. With the addition of RRL, the degradation
product profile was much more similar to that observed in the intact RRL assay,
in that substantial amounts of the 600- and 1800-nt fragments and much less (if
any) of the 900- and 1200-nt fragments were produced. Thus, although elF4H
accelerated the cleavage of the RNA substrates, these data raise the possibility
that it does not efficiently reconstitute preferential cleavage to downstream of
the EMCV IRES. This point is examined further below (Figure 3.6).
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3.3 EFFECcTS oF RRL AND EIF4H ON TARGETING OF VHS ACTIVITY TO
THE EMCV IRES.

Elgadi and Smiley provided evidence that the EMCV IRES strongly
targets the initial vhs-induced cleavage events to sequences located just
downstream of the IRES in the RRL assay system (Elgadi & Smiley, 1999).
Two of the key observations that led to this conclusion were as follows. First,
when internally labeled pCITE-1 RNA was used as the substrate, 600-nt and
1800-nt degradation products were simultaneously produced early during the
reaction, with no evidence of prior intermediates (Elgadi & Smiley, 1999). These
two products roughly add up to equal the length of the intact substrate. Second,
the 600- and 1800-nt fragments were shown to correspond to the 5’ and 3’ ends
of the transcript respectively, using direct and indirect end-labeling techniques
(Elgadi & Smiley, 1999). The experiments depicted in Figures 3.1 and 3.5 did
not provide definitive information about the targeting properties of vhs
expressed in yeast (either in the presence or absence of mammalian factors)
because we could not unambiguously detect the 1800-nt 3’ degradation
fragment, and the origin of the various degradation intermediates was not
examined in detail.

To more rigorously determine if degradation of pCITE-1 RNA proceeds in
the same manner as in the intact RRL system in 2.1vhs extracts following
reconstitution with RRL or elF4H, we first repeated the experiment using
internally labeled substrate. The experiment was modified in two ways to
maximize the likelihood of detecting the unstable 1800 nt 3’ fragment: a more
homogenous substrate was used, and samples were taken at earlier time points
(Figure 3.6 A). The degradation pattern observed in the 2.1vhs extract
supplemented with RRL closely resembled that previously observed in the intact
RRL system (Elgadi & Smiley, 1999), in that 1800- and 600-nt products were

clearly evident at early times, and these were the only obvious discrete
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degradation fragments detected (Figure 3.6 A, 2.1vhs+RRL). Moreover, the

600-nt fragment was quite stable and accumulated throughout the reaction
while the 1800-nt fragment was subject to further decay. However, this was not
the case in reactions supplemented with elF4H. By 1.5 min, possibly up to four
degradation products could be detected (Figure 3.6 A, 2.1vhs+elF4H). Thus,
600-, 900-, 1200- and possibly 1800-nt fragments were produced, although the
1800-nt fragment was not one of the most predominant and was rapidly
degraded. The 900- and 1200-nt fragments were initially the most predominant
but were subject to further decay, while the 600-nt fragment accumulated at
later time points. These observations suggest that in the presence of elF4H, vhs
activity is not as strongly targeted by the EMCV IRES as in the presence of
RRL.

We next used a slightly modified version of the vhs activity assay to track
the fate of the 5’ and 3’ ends of the RNA substrate over the course of the
reaction. Unlabeled pCITE-1 RNA was incubated with variously supplemented
extracts, followed by northern blot analysis using oligonucleotide probes
complementary to the extreme 5’ and 3’ ends of the RNA (Figure 3.6 B). As
previously described (Elgadi & Smiley, 1999), the earliest products detected in
RRLvhs were a stable 5’ 600-nt fragment and a predominant 3’ 1800-nt
fragment (Figure 3.6 C and D, RRLvhs). The 600-nt fragment was essentially
the only product detected with the 5’ probe, and it arises through cleavage just
downstream of the IRES. While the 1800-nt fragment was the predominant 3’
product detected at early times, it was not the only 3’ degradation product
present. Over the time course, the 1800-nt fragment was subject to further
decay and a shift from larger to smallel: products occurred, with discrete
intermediates. The sizes of these further degradation products map the
positions of preferential cleavage sites, from 5’ to 3', as the initial 3’ product is
further degraded. The overall pattern of degradation products observed in
RRLvhs is consistent with a model where vhs cleaves the RNA in an overall 5’

to 3’ direction. Indeed, additional experiments using oligonucleotides
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complementary to multiple sites along the length of the RNA confirm this

interpretation (Perez-Prada and Smiley, unpublished results).

The 2.1vhs extracts showed a comparable loss of intact substrate, but
comparably abundant discrete degradation products were not detected (Figure
3.6 C and D, 2.1vhs). We have reproductively seen faint bands that co-migrate
with some the degradation products in RRLvhs, however at a much lower molar
yield. These observations demonstrate that 2.1vhs is not strongly targeted by
the EMCV IRES. In contrast, RRL altered the pattern of degradation products to
one almost identical to that seen with RRLvhs. A dominant 5’ 600-nt fragment
containing the IRES was detected, although faint larger 5’ fragments were also
observed. Furthermore, the 3’ 1800-nt fragment was the most abundant product
at early times, although other smaller 3’ products were also seen. However,
unlike in RRLvhs, the 3’ degradation products were not obviously shifted from
larger to smaller fragments over the course of the reaction. Further testing is
required to determine if vhs cleaves the RNA in a 5’ to 3’ direction in yeast
extracts supplemented with RRL. elF4H also altered the degradation profile of
the 2.1vhs extracts, however, the pattern was quite different from that seen with
RRL (Figure 3.6 C and D, 2.1vhs+elF4H). The 600-nt 5’ fragment bearing the
IRES was detected, however the molar yield was substantially lower and
additional larger 5’ products were also produced at early times. Furthermore,
the 3’ 1800-nt fragment was barely detectable; rather, smaller 3’ products were
more abundant. These observations indicate that in the presence of elF4H, the
sites of initial cleavage of pCITE-1 RNA are distributed throughout the length of
the RNA, rather than focused immediately downstream of the IRES as in
reactions containing RRL. Taken in combination, these results demonstrate that
although RRL restores IRES-mediated targeting to vhs expressed in yeast,
elF4H does not.

3.4 EIF4B INTERACTS WITH VHS
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We decided to examine two other translation initiation factors for their

ability to interact with and stimulate the RNase activity of vhs produced in yeast.
The first translation initiation factor chosen was elF4B, which is a sequence
paralogue of elF4H. These two proteins work together to modulate the helicase
activity of elF4A (Richter et al., 1999, Rogers et al., 1999, Rogers et al., 2001).
They have 62% similarity and 39% identity in their amino acid sequence
(Richter-Cook et al., 1998). By using the Blast 2 sequences alignment program
(see Figure 3.7 for parameters) (Tatusova & Madden, 1999), the region of
greatest similarity was found between residues 33-117 of elF4H and 87-147 of
elF4B (Figure 3.7). This region of strong similarity overlaps with the region of
elF4H that interacts with vhs (residues 90-137) (Feng et al., 2001), raising the
possibility that elF4B may also interact with vhs. The second candidate protein
we investigated was elF4A. elF4A is an RNA helicase which is a component of
elF4F, a translation initiation factor that binds the cap of mRNAs, and is known
to interact functionally with both elF4H and elF4B in translation initiation (Richter
etal.,, 1999, Rogers et al., 1999, Rogers et al., 2001). Both elF4A and eiF4B
were expressed as Hiss-tagged proteins and purified in exactly the same
manner as elF4H (Figure 3.3, elF4A and elF4B). The elF4B preparation
contained both the full-length protein as well as a series of smaller polypeptides,
some of which were quite abundant. The smaller species are presumably
degradation products of elF4B as an anti-His-tag antibody reacted with some of
the polypeptides (Figure 3.3 B). The degradation of elF4B in E. coli has been
previously noted by Methot et al. (Methot et al., 1994), who also reported that
the degradation products do not interfere with the ability of elF4B to stimulate
the helicase activity of elF4A. To compensate for the presence of these
degradation products we used equimolar amounts of full-length proteins in the
assays described below. h

Potential interactions between vhs and elF4B and elF4A were analyzed
by far western blot analysis using radio-labeled vhs as a probe. Partially purified

translation factors were resolved on a SDS-PAGE gel, transferred to a
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nitrocellulose membrane and probed with RRL containing **S-labeled vhs.

elF4H acted as a positive control as it has already been shown to interact with
vhs (Feng ef al., 2001). cdc34A,,,, BSA and protein phosphatase 1were used as
negative-control proteins and an interaction with vhs was not detected (Figure
3.8 A and B, cdc34, BSA, PP1). elF4H and elF4B were both found to interact
with vhs, as seen by the appearance of bands on the far western blot
corresponding to the positions of the proteins on the coomassie-stained gel
(Figure 3.8 A and B, elF4H and elF4B). While the signal intensity obtained with
elF4B was lower than with elF4H, it is unclear whether this is due to a lower
affinity for vhs or the consequence of a lower quantity of intact elF4B compared
to elF4H present on the blot. An interaction between vhs and elF4A was not
detected (Figure 3.8 A and B, elF4A). However, while we did not observe an
interaction between elF4A and vhs, the possibility of detecting an interaction by
other methods cannot be ruled out. These data show that both elF4H and elF4B
can directly interact with vhs in vitro.

3.5 EIF4B STIMULATES THE ENDORIBONUCLEASE ACTIVITY OF VHS
EXPRESSED IN YEAST

We next investigated whether elF4B or elF4A could stimulate the RNase
activity or reconstitute IRES-directed targeting to vhs produced in yeast. Vhs
activity assays were performed as described for Figure 3.6 adding either elF4A
or elF4B to yeast extracts. The concentration of elF4H and elF4B used in these
assays was 2.1uM, as this was the highest concentration of full-length elF4B
that we were able to achieve. Both pCITE-1 and SRPo RNA substrates were
very stable in control extracts in the presence of elF4A and elF4B (Figure 3.9 A
and B, EV+elF4A, EV+elF4B). elF4B enhanced the RNase activity of vhs on
pCITE-1 RNA and the degradation product profile was similar to that seen when
elF4H is added to 2.1vhs extracts, with the exception that the 600 nt product
was perhaps less stable (Figure 3.9 A, 2.1vhs+elF4B, data quantified in Figure
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3.9 C). Similar results were seen with SRPo. RNA, with the exception that

discrete degradation products were not observed (Figure 3.9 B, 2.1vhs+elF4B,
data quantified in figure 3.9 D). The ability of elF4B to enhance the activity of
vhs produced in yeast may vary with the substrate used, as elF4B did not
enhance the decay of pCITE-1 RNA as much as SRPa RNA, relative to the
effect of elF4H (Figure 3.9 C versus D, 2.1vhs+elF4B).

While elF4A did not affect the nuclease activity of the 2.1vhs extracts on
pCITE-1 RNA, a slight stimulation was observed with SRPo. RNA (Figure 3.9 B,
2.1vhs+elF4A, data quantified in Figure 3.9 D). The concentration of elF4A
used in these experiments was 7.6 pM to match that of elF4H used in previous
figures. However, when the concentration of elF4A was lowered to 2.1 uM to
match that of elF4H and elF4B used in these particular experiments, an
enhancement of nuclease activity of vhs could not be detected (Figure 3.10).
The purified elF4A protein retained RNA helicase activity as seen by the
increase in ssRNA over time in the presence of elF4A and ATP (Figure 3.11 A,
data quantified in Figure 3.11 B), suggesting that the protein preparation was
functional. Thus, the inability of elF4A to enhance the nuclease activity of vhs
produced in yeast was not due to a non-functional elF4A protein. It is important
to note that, while the elF4A and elF4B protein preparation contained similar
amounts of contaminating nuclease activity (Figure 3.4 C), the same amount of
each protein added to the 2.1vhs extracts had very different effects (Figure 3.9
vs 3.10). elF4B enhanced the nuclease activity of the 2.1vhs extracts, where as
elF4A did not have such an effect. Thus, the enhancement of the nuclease
activity of 2.1vhs is most likely not due to contaminating bacterial nucleases.

We next used the modified vhs activity assay to monitor the fate of the 5’
and 3’ ends of pCITE-1 RNA when elF4A and elF4B were added to 2.1vhs
extracts (Figure 3.12). As was the case for elF4H, with both elF4A and elF4B
the 3’ 1800-nt fragment was almost undetectable (Figure 3.12 B, +elF4A,
+elF4B). Additionally, the 5’ 600-nt IRES-containing fragment was almost

nonexistent with elF4A and the molar yield was substantially lower with elF4B
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than with RRL (Figure 3.12 A, +elF4A, +elF4B). These observations indicate

that elF4A and elF4B are unable to restore IRES-directed targeting to 2.1vhs. In
addition, elF4H and elF4A in combination and elF4B and elF4H in combination

were also unable to reconstitute targeting to 2.1vhs, as seen by the lack of
detection of a strong 3’ 1800-nt fragment with the corresponding 5’ 600-nt
fragment (Figure 3.12 A and B). Taken together, these results demonstrate that
while elF4B and elF4H stimulate the activity of 2.1vhs, one or more other
additional mammalian factors are required to fully reconstitute IRES-mediated
targeting to 2.1vhs.
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Figure 3.1: Extracts of yeast expressing 2.1vhs contain endoribonuclease
activity that is enhanced by one or more mammalian cofactors. (A and B)
Diagrams of pCITE-1 and SRPo RNA substrates, respectively, showing the
sites of initial cleavage events by vhs translated in RRL. The EMCV IRES on
pCITE-1 is indicated. (C and D) Analysis of nuclease activity on pCITE-1 and
SRPa RNA substrates, respectively. Internally labeled pCITE-1 and SRPa RNA
was added to control RRL (RRL), RRL pretranslated with vhs (RRLvhs),
extracts of yeast harboring the empty expression vector either alone (EV) or
mixed with RRL (EV+RRL), and extracts of yeast expressing 2.1vhs either alone
(2.1vhs) or mixed with RRL (2.1vhs+RRL). RNA was extracted at the indicated
time points, resolved on a 1.2 % agarose — 2 % formaldehyde gel, transferred to
a Gene Screen Plus membrane, and the RNA signal was detected by
autoradiography(panels C and D). The solid triangle indicates the previously
described 600-nt degradation product corresponding to the EMCV IRES. The
open square and triangle correspond to the 1200- and 900-nt degradation
fragments. The position and size of the markers is indicated in nucleotides at
the left. (E and F) Quantification of nuclease activity on pCITE-1 and SRPa
RNAs, respectively. The quantity of full-length RNA from three experiments
were determined using phosphor-imager analysis and plotted against the time
points indicated. The error bars indicate the standard deviation of each time

point calculated from at least three independent experiments.
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Figure 3.2: Comparison of the nuclease activity of 2.1vhs yeast extracts on
pCITE-1 and SRPa RNA substrates. (A) Analysis of nuclease activity using
pCITE-1 and SRPo RNA substrates. Internally labeled pCITE-1 and SRPa RNA
was added to control RRL (RRL), and extracts of yeast expressing 2.1vhs either
alone (2.1vhs) or mixed with RRL (2.1vhs+RRL). Samples were processed as
described in the legend of Figure 3.1. The solid triangle indicates the previously
described 600-nt degradation product corresponding to the EMCV IRES. The
position and size of the markers is indicated in nucleotides at the left. (B)
Quantification of nuclease activity on pCITE-1 and SRPa RNAs. The quantity of
full-length RNA from three experiments were determined using phosphor-imager
analysis and plotted against the time points indicated. The error bars indicate
the standard deviation of each time point calculated from at least three
independent experiments. (C) Western blot analysis of yeast extracts. Yeast
extracts prepared for this study were analyzed by western blot and compared to
those prepared for a previous study by Lu et al. (Lu et al., 2001a). Yeast
extracts containing the empty vector and expressing vhs were run on a 12%
SDS-PAGE gel, transferred to nitrocellulose membrane and the vhs protein was

detected using a monoclonal antibody directed against the HA epitope.
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Figure 3.3: Analysis of purified proteins. (A) Partially purified elF4H, elF4A,
elF4B and cdc34A,,, (5ug of each) were resolved on a 12 % SDS-PAGE gel
and stained with coomassie brilliant blue. (B and C) Western blot analysis of
partially purified proteins. EIF4H, elF4A, elF4B and cdc34A,y, (1 pg of full length
protein, panel B, and 4 g of elF4H, panel C) were resolved on a 12.5 % SDS
PAGE gel, transferred to a nitrocellulose membrane and proteins were detected
using the anti-Tetra-His antibody (Quiagen). The position and size of the protein

markers are indicated in kilodaltons on the left.
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Figure 3.4: The enhancement of the RNase activity of vhs expressed in
yeast is specific to elF4H. (A and B) Analysis of nuclease activity on pCITE-1
and SRPo RNAs, respectively. Internally labeled pCITE-1 and SRPa RNAs
were added to yeast extracts containing 2.1vhs either alone, mixed with elF4H
(+elF4H) or mixed with cdc34A,. (+cdq34). The RNA substrates were also
added to elF4H or cdc34A,,, mixed with 20 ug RNase-free BSA (Ambion) and
1ug total yeast RNA (extracted from empty vector yeast extracts) per time point.
elF4H and cdc34A,,, were used at a concentration of 7.7 uM. (C) Analysis of
nuclease activity on pCITE-1 RNA. Internally labeled pCITE-1 RNA was added
to protein preparations of elF4A, elF4B, elF4H and cdc34A,,,. No additional
RNA or protein was added to the preparations. Samples were processed as
described in the legend of Figure 3.1. The position and size of the RNA markers

in nucleotides are indicated at the left.
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Figure 3.5: elF4H stimulates the endoribonuclease activity of vhs
produced in yeast. (A and B) Analysis of nuclease activity on pCITE-1 and
SRPo RNA substrates, respectively. Internally labeled pCITE-1 and SRPa
RNAs were added to control RRL (RRL), elF4H mixed with vhs assay buffer
(elF4H), control extracts: alone (EV), mixed with RRL (+RRL), or mixed with
elF4H (+elF4H) and yeast extracts containing 2.1vhs: alone (2.1vhs), mixed
with RRL (+RRL) or mixed with elF4H (+elF4H). elF4H was used at a
concentration of 7.7uM. Samples were processed as described in the legend of
Figure 3.1. The solid triangle indicates the 600-nt fragment. The open square
and triangles indicate additional ca. 1200- and 900-nt degradation products,
respectively. The position and size of the RNA markers are indicated in
nucleotides at the left. (C and D) Quaniification of nuclease activity on pCITE-1
and SRPa RNAs, respectively. The quantity of full-length RNA from three
experiments was determined using phosphor-imager analysis and plotted
against time points indicated. The error bars indicate the standard deviation of

each time point calculated from at least three independent experiments.
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Figure 3.6: elF4H does not restore efficient IRES-directed targeting to
yeast-expressed vhs. (A) Analysis of nuclease activity on pCITE-1 RNA.
Internally labeled pCITE-1 RNA was added to control RRL (RRL), and yeast
extracts containing 2.1vhs in the presence and absence of RRL or elF4H
(2.1vhs, 2.1vhs+RRL, 2.1vhs+elF4H). Samples were processed as described in
the legend of Figure 3.1. (B) Diagram of pCITE-1 RNA, indicating the positions
of hybridization of oligonucleotides ORD17 and JPP-E specific for the 5’ and 3’
ends of the RNA, respectively. Also indicated are the RNA fragments produced
upon initial cleavage of the RNA by vhs translated in RRL. (C and D) Northern
blot analysis of nuclease activity on pCITE-1 RNA using oligonucleotide probes
for the 5’ and 3’ ends of pCITE-1 RNA, respectively. Unlabeled pCITE-1 RNA
was added to control RRL(RRL), RRL containing pretranslated vhs (RRLvhs),
and yeast extracts containing 2.1vhs, either alone (2.1vhs), mixed with
RRL(2.1vhs+RRL) or mixed with elF4H(2.1vhs+elF4H). RNA was extracted at
the indicated time points, resolved on an agarose-formaldyhyde gel, transferred
to a Gene Screen Plus membrane and analyzed by Northern blot analysis.
Symbols are as described in the legend of Figure 3.1, the closed square
indicates the position of the 1800-nt fragment. The position and size of the RNA

markers in nucleotides are at the left.
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Figure 3.7: Region of greatest similarity between elF4H and elF4B.
Sequence similarity between residues 33-117 of elF4H (accession no.
NP_114381) and 87-147 of elF4B (accession no. CAA39265) was determined
using the Blast 2 sequences alignment program
(http://www.ncbi.nim.nih.gov/blast/bl2seqg/bl2.html) (Tatusova & Madden, 1999).

The parameters were as follows: program: blastp, matrix: BLOSUMG62, gap

penalties: open gap 11, and extension gap 1. The residues shown between the
two sequences are conserved and the residues from the same family are
indicated as a “+". There is 43 % identity and 68 % similarity between elF4H
and elF4B in this region.
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Figure 3.8: elF4B interacts in vitro with vhs. (A) Far western analysis of
interactions between vhs and the proteins indicated. 8jg of each protein was
resolved on a 12 % SDS-PAGE gel, transferred to a nitrocellulose membrane,
incubated with RRL containing pretranslated **S-labeled vhs and the interaction
was detected by autoradiography. (B) Analysis of purified proteins. After transfer
of proteins to the membrane, the SDS-PAGE gel was stained for residual
protein with coomassie brilliant blue. The position and size of the protein

markers in kilodaltons is indicated on the left.
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Figure 3.9: elF4B stimulates the endoribonuclease activity of the vhs
protein produced in yeast. (A and B) Analysis of nuclease activity on pCITE-1
and SRPa RNAs, respectively. Internally labeled pCITE-1 and SRPo RNAs
were added to extracts of yeast containing the empty expression vector either
alone (EV), mixed with elF4H (+elF4H), mixed with elF4A(+elF4A) or mixed
with elF4B(+elF4B), and yeast extracts containing 2.1vhs either alone(2.1vhs),
mixed with elF4H (+elF4H), mixed with elF4A(+elF4A) or mixed with
elF4B(+elF4B). The concentration of purified proteins used was as follows:
elF4H - 2.1uM, elF4B - 2.1uM, and elF4A — 7.6uM. Purified proteins were
mixed with Buffer B, and 20g of RNase-free BSA and 1ug total yeast RNA
(extracted from empty vector yeast extracts) per time point. Symbols are as
described in the legend of Figure 3.1. The position and size of the RNA markers
in nucleotides are at the left. (C and D) Quantification of nuclease activity on
pCITE-1 and SRPo RNA substrates, respectively. The quantity of full-length
RNA from three experiments were determined using phosphor-imager analysis
and plotted against time points indicated. The error bars indicate the standard
deviation of each time point calculated from at least three independent

experiments.
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Figure 3.10: Lower concentrations of elF4A do not enhance the activity of
yeast extracts containing vhs. Quantification of nuclease activity on SRPa
RNA. Internally labeled SRPa RNA was added to yeast extracts containing vhs,
alone (2.1vhs) or mixed with elF4A (2.1uM). The quantity of full-length RNA in
three experiments was determined using phosphor-imager analysis (Molecular
Dynamics) and plotted against time points indicated. The error bars indicate the
standard deviation of each time point calculated from at least three independent

experiments.
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Figure 3.11: Helicase activity of elF4A. (A) Helicase activity assay. RNA
duplexes with a 3’ overhang were prepared using RNA,;-2 and RNA,,-1
oligonucleotides. RNA duplexes were added to reactions which were boiled
(boil), lacked ATP (-ATP), lacked elF4A (-elF4A) or contained both ATP and
elF4A (+elF4A). Reactions proceeded for the time indicated and exact details of
the assay are described in the Materials and Methods. (B) Quantification of the
helicase activity of elF4A. The ssRNA and dsRNA were quantified using
phosphor-imager analysis. Unwinding efficiency was calculated using the
following formula : % unwinding = 100 x (counts of ssRNA)/ (counts of ssRNA +
counts of duplex). The unwinding efficiency was plotted against the time points

indicated.
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Figure 3.12: elF4A and elF4B do not restore efficient IRES-directed
targeting to yeast expressing vhs. Northern blot analysis of nuclease activity
on pCITE-1 RNA using oligonucleotide probes for the 5’ (JPP-E, panel A) and 3’
(ORD17, panel B) ends of pCITE-1 RNA, respectively. For a diagram of the
positions of the oligonucleotides see Figure 3.6, panel B. Uniabeled pCITE-1
RNA was added to yeast extracts containing 2.1vhs, either alone (2.1vhs), or
mixed with RRL (+RRL), elF4H (+elF4H), elF4A (+elF4A), elF4B (+elF4B),
elF4A and eilF4H (+elF4A/elF4H) and elF4B and elF4H (+elF4B/elF4H). All
proteins was used at a concentration of 2.1 uM. RNA was extracted at the
indicated time points, resolved on an agarose-formaldyhyde gel, transferred to a
Gene Screen Plus membrane and analyzed by northern blot analysis. The
closed triangle indicates the ~ 600-nt IRES-containing fragment, and the closed
square indicates the position of the 1800-nt fragment. The position and size of

the RNA markers in nucleotides are at the left.
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CHAPTER 4 : DISCUSSION

Previous work, as reviewed in the Introduction, has provided strong
evidence that vhs is an integral part of the vhs-dependent RNase, an mRNA-
specific nuclease that requires one or more cellular factors for efficient activity.
In addition, vhs interacts with translation initiation factor elF4H (Feng et al.,
2001) and a complex of vhs/elF4H has RNase activity (Everly et al., 2002).
However, the role of elF4H in the activity and selective targeting of the vhs-
dependent RNase remained unclear. In this thesis, | demonstrate that cell-free
extracts of yeast expressing vhs display vhs-dependent RNase activity in the
absence of mammalian factors. This activity differs from that previously
described for vhs produced in RRL, in that it was not strongly targeted to
sequences located immediately downstream of the EMCV IRES. RRL
enhanced the activity of the extracts, and reconstituted IRES-directed targeting
to the nuclease. | also found that the elF4H paralogue, elF4B, binds to vhs, and
elF4B and elF4H each stimulate the activity of vhs produced in yeast. However,
neither factor was able to fully restore targeting to the EMCV IRES, indicating
that one or more other mammalian factors are also required.

The data presented in this thesis clearly demonstrate that cell-free
extracts prepared from yeast expressing vhs contain a novel RNase activity that
can be detected in the absence of added mammalian factors. This activity has
been detected in repeated experiments and with several independent
preparations of yeast extracts. However, a previous study from this laboratory
did not detect appreciable vhs-dependent RNase activity in extracts of yeast
expressing vhs until RRL was added to the extracts (Lu et al., 2001a). The basis
for this discrepancy remains unclear. My data suggest that it is not due to
drastic differences in the amount of vhs protein in the yeast extracts. Perhaps
the RNase activity in extracts is near the lower detection limit of the assay, and
our ability to detect it has improved over time. It may also be that currently

unknown variations in growth conditions affect the level of activity in the
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extracts. Possibly relevant in this context, Lu, et al. found that the severity of the

growth inhibitory effect of vhs in yeast varies depending on the carbon source
used in the medium (Lu et al., 2001a). It is unknown at this time whether vhs
expressed in yeast has activity on its own or instead requires interactions with
one or more yeast factors. Indeed, S. cerevisiae contains a homologue of elF4H
and elF4B known as Tif3 or Stm1 (Altmann et al., 1993, Coppolecchia et al.,
1993). Tif3/Stm1 plays an important role in translation initiation and was found
to have 25 % identity and 53 % similarity to the sequence of elF4H (Richter-
Cook et al., 1998). Thus, it is possible that Tif3/Stm1 or other yeast proteins can
interact with vhs and form a partially competent RNase.

To date, elF4H is the only published translation initiation factor to interact
with vhs. Therefore, it may be informative to investigate the activity of 2.1vhs
extracts derived from a strain of S. cerevisiae which contains a disruption in the
TIF3/STM1 gene (Altmann et al., 1993, Coppolecchia et al., 1993). If vhs
requires Tif3/Stm1 for catalytic activity, one would predict that extracts of
ATIF3/STM1 yeast expressing vhs would lack detectable RNase activity, which
could be restored with the addition of elF4H or elF4B. This observation would
highlight the necessity of elF4H/elF4B for the catalytic activity of the vhs-
dependent RNase. Alternatively, if RNase activity is still observed in the yeast
extracts, this would suggest that Tif3/S;fm1 is not contributing to the RNase
activity of vhs, but elF4H/elF4B should still enhance the activity of 2.1vhs. The
tandem affinity purification method is a procedure to purify protein complexes
from yeast under native conditions that can then be analyzed by mass
spectrometry for interacting components (Puig et al., 2001). This procedure
could be used to determine the subunit composition of the vhs-dependent
RNase present in yeast extracts and thus, potential mammalian factors that
interact with vhs.

The vhs-dependent nuclease activity observed in yeast extracts may
explain the previous finding that vhs strongly inhibits the growth of yeast on

certain carbon sources, an effect that correlates with the mammalian host
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shutoff activity of vhs in mutational studies (Lu et al., 2001a). However, this

hypothesis is not obviously consistent with the observation that vhs does not
induce global turnover of yeast mRNAs in vivo (Lu et al., 2001a). Perhaps the
RNase acts only on a subset of yeast mRNAs in vivo, or the effect is too weak
to be detected by northern blot analysis. An interesting alternative possibility is
that vhs inhibits the growth of yeast by binding the elF4H homologue Tif3/Stm1
and blocking its activity, rather than by (or in addition to) destabilizing mRNAs.
Indeed TIF3/STM1 gene disruptions cause a slow growth phenotype and a
defect in translation initiation (Altmann et al., 1993, Coppolecchia et al., 1993).
Further studies are required to determine if the inhibition of Tif3/Stm1
contributes to the growth inhibitory effect of vhs in yeast. The effect of vhs on
the growth rate of a tif3/stm1 mutant yeast strain (Altmann et al., 1993,
Coppolecchia et al., 1993) could be tested. If the expression of vhs does not
have an effect on the growth rate of the tif3/stm1 mutant, then the simplest
explanation is that vhs is only interacting with Tif3/Stm1 and inhibiting its
function. This could be confirmed by transfecting in the TIF3/STM1 gene and
demonstrating no change in the growth rate. However, if the expression of vhs
further attenuates the growth rate of the tif3/stm1 mutant and does not affect the
stability of yeast mRNAs, then vhs may be interacting with other yeast factors. If
the subunit composition of the vhs-dependent RNase has been determined,
other disruption mutant yeast strains could be tested, with both individual and
combination disruptions.

The RNase activity detected in yeast extracts differed in several respects
from that of vhs translated in RRL. Previous work has shown that the activity in
RRL is non-randomly targeted relative to the structure of the substrate mRNA.
Thus, the initial sites of cleavage on SRPo. mRNA are clustered over the 5’
quadrant of the transcript (Eigadi et al., 1999), and the EMCV IRES present in
pCITE-1 RNA targets the initial cleavage events to 3’ flanking sequences
(Elgadi & Smiley, 1999). In addition, as noted above, our unpublished data
strongly suggest that the subsequent degradation of pCITE-1 RNA (mediated by
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vhs, (Lu et al., 2001b)) proceeds in an overall 5’ - 3’ direction in the RRL

system (Perez-Prada and Smiley, unpublished). In this thesis, the detailed mode

of decay of SRPa mRNA in the yeast extract system was not examined, and
therefore it is not known whether the nuclease activity is initially targeted to the
5" end of this RNA. However, determining if vhs produced in yeast has the ability
to target to the 5’ end of SRPa RNA is important, as it is entirely possible that -
2.1vhs still retains this ability or that elF4H/elF4B can affect cap-dependent
targeting.

In contast, my data provide a clear indication that the 2.1vhs-dependent
RNase is largely untargeted relative to the EMCV IRES, with no obvious strong
clustering of preferred initial cleavage sites immediately downstream of the
IRES in the pCITE-1 transcript. In addition, while discrete degradation products
were produced from pCITE-1 RNA at relatively low molar yield, they did not
appear in the defined temporal order indicative of initial IRES targeting and
subsequent 5’ > 3’ decay as observed in RRL. Moreover, the 600-nt IRES-
containing fragment was relatively unstable in the yeast extracts. It is unclear
why the molar yield of the discrete degradation intermediates of pCITE-1 RNA
was reduced in the yeast extracts relative to reactions supplemented with RRL,
elF4H, or elF4B. It is possible that the vhs-dependent nuclease cleaves the
substrate at many more different sites in the absence of mammalian factors, or
acts primarily as an exonuclease. Alternatively, the degradation intermediates
may be more susceptible to yeast nucleases if the IRES is normally stabilized
by a factor(s) in RRL that is not present in the yeast extracts. The influence of
RRL, elF4B or elF4H on the overall polarity of RNA degradation by 2.1vhs was
not specifically addressed in this thesis. However, there is some indication that
the addition of RRL to the yeast extracts enhanced the 5 > 3’ decay of pCITE-
1 RNA. The use of oligonucleotides complementary to sequences along the
length of pCITE-1 and SRPo. RNAs will yield a clearer picture of the tracking
ability of the vhs-dependent RNase, in the presence or absence of mammalian

factors.
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It is interesting to note that the inherent preference of the vhs-dependent

nuclease for RNA substrates is different in the yeast and RRL systems. In RRL,
the vhs-dependent RNase has a much stronger preference for IRES-bearing
RNA substrates (Lu et al., 2001b). pCITE-1 RNA is degraded significantly faster
than SRPa RNA in RRL when lower concentrations of vhs protein are used (Lu
et al., 2001b). However in the yeast system, this preference appears to be
reversed. In 2.1vhs yeast extracts, SRPo. RNA is degraded faster than pCITE-1
RNA, though the difference between the rates of degradation is variable
between batches of yeast extracts. The significant amount of secondary
structure in the IRES element at the 5’ end of pCITE-1 RNA may block the vhs-
dependent RNase from loading onto the substrate. Thus, SRPa RNA, which
does not contain an IRES at its 5’ end, may now be more susceptible to vhs-
dependent cleavage in yeast. The use of additional RNA substrates may clarify
the discrepancy between the RRL and yeast systems. Two RNA substrates
which could be used are: pCITE-1 Msc/RI, in which the EMCV IRES was
deleted from pCITE-1 RNA (Elgadi & Smiley, 1999); and an RNA substrate in
which the EMCV IRES was inserted into the very 5’ end of SRPo RNA. These
RNAs would help decipher if SRPo. RNA is degraded faster in yeast due to the
lack of a 5’ IRES.

The data presented in this thesis demonstrate that mammalian factors
significantly alter the characteristics of the nuclease activity of vhs expressed in
yeast. Thus, RRL restored IRES-directed targeting and (as previously reported,
(Lu et al., 2001a)) enhanced the RNase activity of yeast extracts containing vhs.
In contrast, elF4B and elF4H stimulated the activity of vhs without fully restoring
IRES-mediated targeting. The pattern of RNA cleavage products when elF4H or
elF4B was added to yeast extracts containing vhs was very different from that
seen when RRL was used. On the pCITE-1 RNA substrate, elF4H and elF4B
cleave both immediately 3’ downstrearﬁ of the IRES and at sites along the

length of the RNA. The nature and position of these novel cleavage sites could
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be further investigated using primer extension analysis of the major cleavage

products.

There was initially some concern over the observed nuclease activity in
the protein preparations of the partially purified translation initiation factors.
However, a number of control experiments were performed to confirm that the
stimulation of nuclease activity of 2.1vhs is due to elF4H or elF4B and not a
contaminating bacterial nuclease. | found that elF4H and elF4B did not induce
nuclease activity when added to empty vector yeast extracts, the contaminating
nuclease activity could be quenched with the addition of RNase-free BSA and
total yeast mRNA, and a non-relevant protein cdc34A,,, did not enhance the
nuclease activity of the 2.1vhs yeast extracts. Additionally, Wei-Li Hsu, a post
doc in our laboratory has made preparations of elF4H which do not contain
contaminating nuclease activity and Holly Saffron, a technician in our laboratory,
has found that these preparations function identically to the elF4H preparations
used in the experiments for this thesis. Thus, nuclease-free elF4H stimulates
the RNase activity of vhs on both pCIT.E-1 and SRPa RNA.

While it appears clear that elF4H and elF4B are stimulating the nuclease
activity of the 2.1vhs extracts, it is possible that the nuclease activity observed is
not due to 2.1vhs but rather a yeast nuclease. Vhs expression in yeast causes
an inhibition of growth (Lu et al., 2001a) and therefore, the possibility exists that
the expression of yeast proteins is altered in vhs expressing yeast.
Consequently, the 2.1vhs extracts may contain yeast nucleases, that can be
stimulated by RRL, elF4H or elF4B, at a much higher levels than in yeast which
contain the empty vector. A control that could be used is the vhs mutant allele
D215N, which contains a point mutation in a potential catalytic residue (Everly et
al., 2002), but still retains the ability to interact with elF4H (Feng et al., 2001)
(Everly et al., 2002). D215N cannot inhibit the expression of a cotransfected
reporter gene in Vero cells (Everly et al., 2002, Feng et al., 2001) and can be
purified as a nuclease-deficient complex of D215N/elF4H from E. coli (Everly et

al., 2002). The expression of D215N in yeast may mimic wild-type vhs
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expression more closely, as D215N can interact with elF4H, and therefore

secondary effects that are not due to the nuclease activity of 2.1vhs may be
similar for 2.1vhs and D125N. Holly Safron, from our lab has assayed extracts
of yeast expressing D215N and found they had very little nuclease activity which
was unable to be enhanced by the addition of RRL or elF4H.

Feng, et al. demonstrated that the vhs-binding site on elF4H lies within
amino acids 90-137, however the elF4H binding site on vhs was not
conclusively determined and appears to involve at least two domains of the
protein (Feng et al., 2001). The vhs interaction site on elF4B must still be
defined and determined if it is in the region of homology between elF4H and
elF4B. Mutagenesis and systematic deletions of the vhs protein may more
precisely define the domains required for interaction with elF4H and elF4B. It
will be interesting to determine if any differences can be found between elF4H
and elF4B in their interaction with vhs. Once the minimum vhs-binding fragment
of elF4B has been determined, both elF4H and elF4B can be tested to see if
the minimum vhs-binding fragment is sufficient to stimulate the activity of vhs
expressed in yeast. If not, progressively larger fragments could be tested. When
the minimum vhs stimulating domain of elF4H and elF4B is found, these can be
used in competition binding assays to determine if either elF4H or elF4B can
out compete the other for binding, thus determining if either one or the other
binds vhs with a higher affinity.

Compared to elF4HelF4B, the role, if any, of elF4A in the vhs-dependent
RNase is much less clear. elF4A does not interact with vhs using far western
analysis, and could not restore IRES-targeting to yeast extracts containing vhs.
However, when elF4A was added to 2.1vhs extracts at a high concentration (7.6
uM), an enhancement of nuclease activity was observed on SRPo. RNA but not
pCITE-1 RNA. When the concentration of elF4A was lowered (2.1 pM), the
effect on SRPo RNA subsequently disappeared, while at the same
concentration, elF4B and elF4H strongly enhanced the RNase activity of
2.1vhs. In addition, while | did not detect an interaction, recently using the yeast
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two-hybrid system and GST pull-downs vhs was found to interact with elF4A

(D.N. Everly, 26™ International Herpesvirus Workshop). The interaction domain
appears to differ from that which intera;:ts with elF4H, as some vhs mutants
which do not interact with elF4H still interact with elF4A (D.N. Everly, 26"
International Herpesvirus Workshop). It is plausible that in the yeast extracts,
human elF4A binds vhs, interacts with the yeast translational machinery, and
thus delivers vhs to areas of cap-dependent translation initiation. Effectively,
elF4A may be enhancing the nuclease activity of 2.1vhs by increasing the
targeting of 2.1vhs to the 5’ end of SRPa RNA. It has recently been found that
the yeast elF4A and elF4G proteins interact (Dominguez et al., 1999, Neff &
Sachs, 1999), and mammalian elF4A can bind yeast elF4G1 (Dominguez et al.,
2001). However, mammalian elF4A cannot substitute for yeast elF4A both in
vivo and in the yeast in vitro translation system (Dominguez et al., 2001, Prat et
al., 1990). However, while this may discredit a role for elF4A, it is important to
note that vhs does not require ribosomes for nuclease activity in vitro (Elgadi et
al., 1999, Elgadi & Smiley, 1999, Sorenson et al., 1991), and vhs-dependent
nuclease activity still persists in the presence of translation inhibitors (Fenwick &
McMenamin, 1984, Schek & Bachenheimer, 1985, Strom & Frenkel, 1987).
Thus, elF4A can potentially enhance the nuclease activity of vhs on SRPa RNA
without the need for translation to occur, simply by the delivery of 2.1vhs by
human elF4A, through an interaction with yeast elF4G, to the 5’ end of SRP«
RNA. To determine if an increase in 5’ targeting occurs when human elF4A is
added to the 2.1vhs extracts, one could monitor the 5’ and 3’ ends of SRPa
RNA during the reaction and use primér extension analysis on the smaller
degradation fragments to determine where the initial cleavages occur.

It is perhaps not surprising that vhs requires mammalian factors to target
immediately downstream of the EMCV IRES, as this IRES cannot direct
translation initiation in yeast (Evstafieva et al., 1993). Although the basis for this
inactivity is unclear, a likely possibility is that yeast translation initiation factors

cannot functionally interact with the IRES or the IRES requires mammalian

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Discussion 99
factors to maintain its secondary structure for recruitment of translation factors.

RRL fully reconstituted IRES-directed targeting to vhs expressed in yeast, while
elF4B and elF4H did not, suggesting that distinct, or multiple, mammalian
factors are required for the targeting reaction. The combination of elF4A and
elF4H was also inactive, and a role for elF4H in IRES-directed targeting is
perhaps unlikely given that a mutant form of vhs (vhs1, T214->1 (Kwong et al.,
1988, Read & N., 1983)) that no longer interacts with elF4H (Feng et al., 2001),
retains the ability to perform IRES-directed cleavage (Lu et al., 2001b).
However, the combination of elF4A and elF4B was not tested. It will be
important to do so in future studies, as elF4A and elF4B together greatly
enhance the binding of each other to the EMCV IRES (Pestova et al., 1996b).
An additional approach to the vhs activity assay in yeast would be to
immunodeplete RRL using antibodies against elF4A and elF4B which have
been described in the literature (Pestova et al., 1996b). The immunodelpeted
RRL could then be used to test in vitro translated vhs for IRES-targeting, and for
use in the yeast vhs activity assay. If this approach yields a negative result, one
could test chromatographic fractions of RRL for the ability to restore nuclease
activity to vhs expressed in yeast in order to isolate the proteins needed by the
vhs-dependent RNase.

elF4G also plays a strong role in recruiting translation factors and
promoting ribosomal attachment to the IRES (see references in (Kolupaeva et
al., 2003)). The binding of elF4A, elF4B and elF4G to the EMCV IRES is
strongly stimulated by the presence of all three factors (Lomakin et al., 2000,
Pestova et al., 1996b), and the IRES has evolved to bind the elF4G/elF4A
complex with high affinity rather than elF4G alone (Lomakin et al., 2000). Thus,
it is reasonable to suggest that a combination of all three factors may be
required for IRES-directed targeting by vhs. However, the role of elF4A and
elF4G may be more important than elF4B as the vhs1 mutant, which does not
bind to elF4B, but still interacts with elF4A (G.S. Read, personal

communication), can still mediate efficient IRES-targeting (Lu et al., 2001b). To
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test this possibility, purified elF4G could be obtained and combinations of all

three factors in the yeast vhs activity assay could be tested. Holly Saffron, a
technician in our laboratory has found that a mutant EMCV IRES, GW8
(Witherell et al., 1995), which destroys most of the J-K domain and no longer
binds elF4G (Kolupaeva et al., 1998, Pestova et al., 1996a), does not promote
IRES-targeting by vhs translated in RRL. However, a smaller mutation in the
EMCV IRES, 768A4 (Hoffman & Palmenberg, 1995), which deletes four bases
in the A-bulge and disrupts binding of elF4G (Pestova et al., 1996a), still
induces targeting by RRLvhs. Thus, additional factors may also be required,
such as other canonical translation initiation factors and/or IRES trans-acting
factors (ITAFs). However, 768A4 may still retain some residual elF4G-binding
which was not detected by primer extension analysis. An important experiment
will be to determine exactly what initiation factors can interact with each mutant
IRES.

Another factor which may be involved is the pyrimidine-tract binding
protein (PTB) which helps maintain higher-order structure in the EMCV IRES
under non-ideal conformation situations (Kaminski & Jackson, 1998) and is
thought to be required for efficient IRES-driven translation in vivo (Kaminski &
Jackson, 1998) (Kim & Jang, 1999). PTB is an ITAF that binds to six sites on
the EMCV IRES (Kolupaeva et al., 1996), two of which are situated in the K
domain, one of the domains disrupted in GW8, the IRES that did not induce
targeting by vhs. PTB can be easily depleted from RRL using commercially
available poly (U)-Sepharose. The PTB depleted RRL and purified recombinant
PTB could then be used to study vhs IRES-targeting. Other factors which may
be involved in IRES-targeting by vhs are two ITAFs that bind the EMCV IRES
but are not required for translation in vitro, the La protein (Kim & Jang, 1999),
and ITAF45 (Hellen & Sarnow, 2001). One potentially relevant canonical
initiation factor is elF3, as it binds to both elF4B (Methot et al., 1996b), and
elF4G (Lamphear et al., 1995) and there is some evidence to suggest that it
may be able to interact with the IRES directly without the need for elF4G
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(Lomakin et al., 2000). Further studies using purified proteins are required to

determine the precise interplay of factors required for IRES-directed targeting by
vhs. The vhs-dependent RNase could be purified from both RRL and
mammalian cells using the tandem affinity purification method and mass
spectrometry to determine what factors interact with the vhs protein.

The data presented in this thesis demonstrate that elF4B and elF4H are
each able to stimulate the nuclease activity of vhs expressed in yeast. However,
the mechanism of this enhancement remains to be defined. It seems likely that
the stimulatory effect is a consequence of the direct interactions between the
translation factors and vhs (however see below). In addition, it seems plausible
that elF4B and elF4H stimulate vhs activity through similar mechanisms, given
the functional and sequence similarities between these proteins. The normal
function of elF4B and elF4H in the cell revolves around the RNA helicase elF4A
(Rogers et al., 2002). In the absence of elF4H and elF4B, elF4A (or elF4F) acts
as a non-processive ATP-dependent helicase (Rogers et al., 1999). elF4B
stimulates the helicase activity of elF4A, at least in part by increasing the affinity
of elF4A for RNA and by increasing the utilization of ATP by elF4A (Abramson
et al., 1987, Abramson et al., 1988, Bi et al., 2000). elF4H also stimulates the
helicase activity of elF4A (Richter et al., 1999, Rogers et al., 1999), but only
slightly enhances the affinity of elF4A fbr RNA and does not enhance the
catalytic step of ATP hydrolysis by elF4A (Richter et al., 1999, Richter-Cook et
al., 1998). elF4H has been proposed to stabilize conformational changes that
elF4A cycles through during the helicase reaction (Richter et al., 1999).
Furthermore, elF4A (or elF4F) becomes a slightly processive helicase in the
presence of elF4B or elF4H (Rogers et al., 1999) (Rogers et al., 2001), and
these two proteins have an additive, rather than synergystic effect on elF4A
when both are included in the helicase reaction (Rogers et al., 1999, Rogers et
al., 2001).

In light of this information there are at least three distinct ways that the
physical interaction between vhs and elF4B/elF4H could enhance the nuclease
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activity of vhs. First, by directly binding to vhs, elF4H and elF4B may induce a

conformational change in either vhs or the complex to create a more active
nuclease. The active site, contained at least in part by vhs (Everly et al., 2002)
may not be in a favorable conformation or may be partially hidden and require
the binding of elF4H or elF4B to assume an optimal configuration. Interestingly,
the activity of a homolgue of vhs, 5’ flap endonuclease/5’-3’ exonuclease (FEN-
1), is affected by an interaction with two proteins. The Werner Syndrome protein
(WRN), interacts with FEN-1 (Brosh et al., 2001) and stimulates the FEN-1
cleavage reaction by increasing the reaction velocity (Brosh et al., 2002). The
proliferating cell nuclear antigen (PCNA) protein also binds to FEN-1 and acts to
stabilize FEN-1 binding to the substrate (Tom et al., 2000). Second, elF4B and
elF4H may enhance the affinity of vhs or the complex for the RNA substrate,
either by inducing a conformational change in vhs or by directly contributing to
RNA binding. Indeed, elF4B and elF4H each contain a conserved RNA
recognition motif (RRM, see for example (Methot et al., 1994, Richter-Cook et
al., 1998)) that might direct the complex to particular RNA sequences and/or
enhance its general affinity for RNA. Third, the factors might act to alter the
overall pattern of RNase activity, for example by triggering a shift from a
distributive to a processive mode of RNA degradation (or vice-versa). Enzyme
kinetic studies will help determine the function of elF4H and elF4B in the vhs
cleavage reaction.

In this latter context, it is interesting to note that vhs is required both for
the initial cleavage of mRNAs and the subsequent degradation of the decay
products in the RRL assay system (Lu et al., 2001b). Moreover, as noted above,
the subsequent decay of the initial 3’ cleavage product of pCITE-1 mRNA
appears to proceed 5’ > 3’ (Perez-Prada and Smiley, unpublished). Both
observations are consistent with a model in which vhs is a processive enzyme
that, once loaded, tracks along the RNA, cleaves it at particular sites, and
remains associated with the 3’ cleavage product. Alternatively, vhs may be a

distributive enzyme with a preference for the 5’ ends of the mRNA degradation
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intermediates. Some indirect evidence is consistent with a role of elF4H (and

by analogy, perhaps elF4B) in the decay of the first products of vhs action.
Specifically, as noted above, the vhs1 mutant version of vhs (T214->1), which is
defective in host shutoff in vivo (Kwong et al., 1988, Read & N., 1983) and
unable to degrade SRPa RNA in vitro (Elgadi et al., 1999), does not detectably
interact with elF4H (Feng et al., 2001).-The vhs1 protein nevertheless retains
the ability to perform IRES-directed cleavage of pCITE-1 RNA in the RRL
system (Lu et al., 2001b). However, the resulting 3’ 1800-nt fragment is not
subject to further decay, suggesting that the mutation severely impairs the ability
of vhs to continue degradation of the RNA after the first cleavage reaction (Lu et
al., 2001b). Thus, considered in the light of the foregoing, elF4H may enhance
the decay of the initial degradation products by increasing the processivity of
vhs or by promoting its distributive cycling on and off the substrate. Further
analysis of the vhs nuclease reaction using purified vhs will be required to
denote between the possibilities.

The three scenarios described above all assume that elF4B and elF4H
stimulate vhs activity in yeast extracts éolely through their direct interactions
with vhs. However, it is important to stress that this is not necessarily the case.
As mentioned above, mammalian elF4A can interact with yeast elF4G
(Dominguez et al., 2001), and mammalian elF4B can functionally replace yeast
Tif3/Stm1 in in vitro translation reactions (Altmann et al., 1993) and are thus
capabile of interacting with other components of the yeast translational
apparatus. The same may also be so for elF4H. Therefore, it possible that some
or all of the effects of elF4B and elF4H that | have observed, stem from the
recruitment of additional yeast proteins into the vhs nuclease complex. As
mentioned above, purifying the vhs-dependent RNase from yeast will determine
what yeast factors are involved and could be tested for their effects on the vhs-
dependent RNase.

The study of vhs has been hampered by the inability to purify the protein.

The protein when expressed in E. coli is very insoluble and attempts to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Discussion 104
solubilize the protein have resulted in a non-functional protein preparation

(Everly et al., 2002). Everly et al. was able to co-express elF4H and vhs
together in E. coli and partially purify the complex (Everly et al., 2002). However,
the complex was not produced in great quantity and the protein preparations
were still contaminated with a number of bacterial proteins. The purification of
vhs in complex with elF4A may be a better alternative. elF4A has been found to
interact with vhs (D.N. Everly, 26™ International Herpesvirus Workshop), and |
found that elF4A does not substantially enhance the nuclease activity of vhs.
Therefore, the co-expression of vhs and elF4A in E. coli, should allow the
purification of a soluble vhs/elF4A complex which may be expressed at a much
higher level than vhs/elF4H due to a lower or lack of nuclease activity. In
addition, the use of this complex would eliminate the complicating issue of yeast
factors, and the use of purified translation factors would allow a rapid
determination of factors required for wild-type vhs activity.

All of the experiments presented in this thesis were performed in vitro,
thus the in vivo relevance of elF4H and elF4B for vhs function remains unclear.
There is some evidence for the biological relevance of the vhs—elF4H/elF4B
interaction. A number of mutants were found which lacked vhs activity in
transient co-transfection assays and were unable to interact with elF4H (Feng et
al., 2001). Thus, there appears to be a correlation between the inability to
interact with elF4H and a lack of vhs activity. One of these mutants, is the vhs1
mutant (Read & N., 1983), which is a spontaneous mutant, and is unable to
mediate the early shutoff of host protein synthesis in tissue culture (Read & N.,
1983). In addition, the vhs1 mutant shows a 5- to 10-fold reduction in titer (Read
& N., 1983), and displays little if any mRNA degradation of SRPa RNA (Elgadi
et al., 1999). To further investigate thehin vivo relevance of elF4B and elF4H,
co-transfection assays could be performed in tissue culture cells in which the
expression of the translation factors is blocked by RNA.. Interestingly, when the
tissue distribution of elF4H and elF4B mRNA was analyzed, it was found that

both mMRNAs were present in most of the tissues investigated (Osborne et al.,
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1996, Richter et al., 1999). However, the mRNA levels differed relative to one

another. So, for example, in the brain, elF4H mRNA was expressed 2-fold

higher than elF4B, and in skeletal muscle, elF4B mRNA was expressed 3.7-fold
higher than elF4H (Richter et al., 19995. These observations suggest that there
may be tissue-specific functions of the two proteins. Determining the mRNA and
protein levels of elF4B and elF4H in mucosal epithelial tissue may provide
insight as to the relative importance of the factors to the vhs-dependent RNase.

Future studies in vhs research are headed in three main directions. The
first main focus is the further investigation of the biological role of vhs. Recent
studies have suggested a role for vhs in the evasion of host immune responses.
Vhs has been implicated in the loss of MHC class I (Tigges et al., 1996), and
class II molecules (Trgovcich et al., 2002) from the cell surface, in IFN
resistance (Murphy et al., 2003) and in the inactivation of dendritic cells
(Samady et al., 2003). Some of the future issues to be addressed will be to
identify if vhs can inhibit antiviral responses in the animal model and which
pathways are affected, and determine if the evasion of immune responses is
solely due to the RNase activity of vhs. A second focus is investigating the in
vivo mechanism of vhs action. This includes, determining the requirements of
vhs for mRNA recognition (for example, are a cap or poly(A) tail required), and
the direction of the cleavage reaction (5’3’ or 3'>5’). A third main focus of vhs
research will be to further investigate the role of translation initiation factors
(including elF4A, elF4B, and elF4H) in the activity and targeting of vhs.

The data presented in this thesis demonstrate that mammalian factors
alter both the RNase activity and IRES-targeting properties of vhs. The in vitro
assay described here will facilitate future studies designed to identify the factors
required for IRES-directed targeting and illuminate the mechanisms that
regulate vhs activity.
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