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ABSTRACT

Poxviruses are large double-stranded DNA virused thplicate exclusively in the
cytoplasm of infected cells in distinct sites tednaral factories, with Vaccinia Virus
(VacV) acting as the laboratory prototype for thabat infect humans. Despite
encoding proteins responsible for DNA replicatiaomd anRNA transcription, like all
viruses they remain dependent on the host-celskaional machinery to produce viral
proteins. Although recent studies have shown tret\Wstimulates mTOR activity and
redistributes translation factors to viral factsridnow this is accomplished and its
importance to VacV replication remain unknown.

Here, we demonstrate that VacV activates the Pifada (PI3K) to stimulate its
downstream substrate mTOR, thereby inactivatingttaeslational repressor protein,
4E-BP1. This provides the first evidence that Vaaivates PI3K signal pathway in a
manner distinct from other poxviruses studied, sashmyxoma virus, which directly
stimulates Akt activity in a PI3K-independent modésing specific inhibitors we
dissect the role of various components of PI3K/p&thway and show that rapamycin-
insensitive mMTORC1 and mTORC2 activity is respolesibr stimulating the formation
of the translation initiation factor, elF4F, whichives cap-dependent translation in
infected and uninfected cells. We also show the#Elis important but not absolutely
essential for viral protein synthesis. In additio‘l® demonstrate that inactivation of the
PI3K by either LY294002 or wortmannin does not @apoptosis in human or monkey
cell lines.

In an attempt to understand how VacV causes thestridition of host translation
initiation factors to viral factories, we perform@mmunoprecipitation-based screens
and identified the product of the VacV I3L geneg ingle-stranded DNA (sSsDNA)
binding protein, 13 as interacting with elF4F. Wembnstrate that 13 binds elF4G
directly in vivo and in vitro within the elF4G C-terminal domain. PAA, a DNA
polymerase inhibitor that blocks viral factory fation and entry into late stages of
infection, did not significantly affect the abilif 13 to interact with elF4F, although it
did block re-localization of these factors. Clori@ddvas able to mediate the binding of
initiation factors to ssDNA in cell extracts, sugtieg that 13 sequesters host translation
factors within viral factories as they form. Outeanpt to recover Vac\AI3L mutants
using the Vac-Ba&/system was unsuccessful, suggesting that the é8e groduct (I13)

Is essential during VacV infection.

Overall, our results provide new insights into hdacV manipulates host signaling and
translation initiation factor function and their pwrtance in viral protein synthesis and
replication, highlighting a novel approach by a DN#us to manipulate the host-cell
translation initiation machinery.
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Section 1.0

Introduction



1.1 The Poxviridae family

Poxviruses are mysterious and fascinating micrdbas distinguish themselves from
other DNA viruses on account of their enormous,sipenplex morphology, and unique
replication cycle in the cytoplasm. Members of tamily of poxviruses Roxviridag

infect diverse genera of the animal kingdom fromsetts to mammals. Two of them,
variola virus and molluscum contagiosum virus ihfecly humans, but other members
of the family, such as monkeypox, can be transohiftem animals to humans as
zoonoses and have been reported to subsequemigyrtitsfrom human to human (Moss,

2007).

1.1.1 Classification of Poxviruses

The Poxviridae are divided into two subfamilies: the poxvirusek w@rtebrates
(Chordopoxvirinag consisting of eight genera, and the poxviruses irgects
(Entomopoxvirinag consisting of three genera (Table 1.1). The genabinnection
between poxvirus subfamilies was confirmed by DNggjieencing and bioinformatic
analysis; moreover, a genetic relation with otleggé DNA viruses belonging to the
families Asfaviridae Iridoviridae, Phycodnaviridag and recently discovered
Mimiviruses has been suggested (lyet al, 2001; Suzan-Montiet al, 2006).
Poxviruses pathogenic for humans belong to fouerd® genera of the vertebrate
poxvirus family, and the majority of them are oppbaviruses. Therefore, the
Orthopoxvirusgenus has been of interest to scientists for nyaays, becoming the best
known and the most widely studied amongst elevareige comprising the Poxvirus

family.



Family

Subfamily

Genus

Type species

Poxviridae

Chordopoxvirinae

Orthopoxvirus
Parapoxvirus
Avipoxvirus
Capripoxvirus
Leporipoxvirus
Suipoxvirus
Molluscipoxvirus

Yatapoxvirus

Vaccinia virus, Variola virus
Orf virus

Fowlpox virus

Sheeppox virus

Myxoma virus

Swinepox virus

Molluscum contagiosum virus

Yaba monkey tumor virus

Entomopoxvirinae

Alphaentomopoxvirus
Betaentomopoxvirus

Gammaentomopoxviru

Melolontha melolontha entomopoxviry
Amsacta moorei entomopoxvirus

sChironomus luridus entomopoxvirus

IS

Table 1.1 Classification of PoxvirusegData ofVirus Taxonomy2000)

The laboratory prototype of orthopoxviruses usethis study is vaccinia virus (VacV),

which has been employed to eliminate the smallppieznic of the 18 and 14

centuries (see next paragraph).



1.1.2 Smallpox disease

Smallpox, also called variola, is one of the mostastating diseases known, affects
only humans, and is caused by variola virus (VaiWe name “variola” is derived from
a term “variolation”, which was a practice of inimgl material from the dried pox scabs
or inoculating this material directly beneath thénsto stimulate the immune system
against smallpox. There are two clinical forms wfaipox: variola major, concerning
more than 90% cases and with the case-fatalitywatied from 5 to 40%, and variola
minor, a milder form of smallpox with a mortalitate of about 0.1-2%. Outbreaks of
variola minor were observed independently of variahajor outbreaks and located
mostly in South America and South Africa (Shchetret al, 2005). However,
biological distinctions between diverse forms ofriela still lack a complete

explanation.

Transmission of VarV follows inhalation or otheosé contact with infected persons or
their belongings, such as blankets (Damon, 20@7@ctious forms of the virus occur in
the pustules formed during the incubation periadjlastrated on Fig. 1.1.1. During the
first hour of the incubation period virus infectsliponary macropahges, then spreads
from the lungs to local lymph nodes where it muikip, and is borne by blood. The
virus also replicates in the spleen, bone marrod lgmph tissue. Finally, leucocytes
with multiplied virus appear in dermal and mucogessels, leading to characteristic
skin and mucosal symptoms (de los Rios and Jim&uwurez, 2007).

Infection begins with high fever (38-2D) and chills, often accompanied by malaise,
headache, lumbar pain, and less frequently by @auseniting, abdominal pain and
delirium. The rash arises within 4 days of infestemd begins with small red spots on

the tongue and in the mouth. These spots evolgeres that break open and spread the



virus into the mouth and throat, and soon afteth skin beginning on the face and
extending to arms, legs and entire body within 8drk. By the third day of the rash it
becomes raised bumps, filled with a thick, opadugl fcontaining infectious virions.

During the next 5 days the bumps evolve to rounstypes, which then begin to form
crusts and scabs. The scabs begin to fall offasahg infectious virions and leaving the
marks on the skin. The patient remains contagious the last scab falls off (de los

Rios and Jimenez-Gomez, 2007).



SMALLPOX

Figure 1.1.1 A poster showing the stages of rash during smallpdection. Multilingual
versions of the poster were prepared and distiibute1970, during smallpox eradication
programme (From Fennet al., 1988)



1.1.2.1Smallpox in human history

Smallpox has had a massive impact on human historgnore than 2000 years. The
virus causing smallpox probably originated in eitkgypt or India. Examination of the
Egyptian mummies, as well as analysis of the andietian Sanskrit describing the
smallpox-like disease suggest that smallpox existedhose lands as early as 1000-
1400 B.C. (Hopkins, 2002). By 1000 A.D. smallpoxesul in Europe, North Africa and
East Asia, but did not become a major problem thél 17" century (Carmichael and
Silverstein, 1987). During the f7and 18' centuries smallpox was introduced by
Europeans into North and South America, Austrahd &outh Africa, becoming a

worldwide issue.

Until recently, smallpox was the most infectiousd adeadly epidemic disease of
humans, with a mortality rate exceeding 30%. Ingh&vious century alone smallpox
killed more than 300 million people around the wlaathd most likely would have been
killing millions until now if not for the recognibn that vaccination with cowpox or
vaccinia virus protects from smallpox infection,igfhhas been observed and published
by Edward Jenner in 1798. The live vaccine wasiagphtradermally by scarifying the
skin on the arm. The virus replicated at the sitesaarification stimulating both
antibody-mediated and T cell-mediated protectivenimity against smallpox and other
orthopoxviruses such as monkeypox (Dimmetlal, 2007). Smallpox was completely
eradicated in 1977 through the international vestadm campaigns carried out by the
World Health Organization (WHO). The remaining &®of VarV have been destroyed
with the exception of two reservoirs in United $&and Russia (WHO, 1999) under
the supervision of WHO. Smallpox became a histang the only epidemic disease

known that has been completely eradicated by vatom



1.1.2.2Poxviruses still endanger

Although variola virus does not occur naturallytie environment anymore, there is a
concern that if unknown stocks of VarV exist, tlean be used as a potential and very
dangerous biological weapon in bioterrorism. Theralso a possibility of genetically
engineering orthopoxvirus strains such as monkeypms to create a smallpox-like
disease. Since WHO stopped the routine vaccinagainst smallpox in 1980 due to
the mass side effects and complications causedalsginia virus, the effects of a
smallpox outbreak on our current population wowddpbofound.

In addition, other orthopoxvirus infections, suchraonkeypox, have been reported in
humans. A recent outbreak of the monkeypox diseasarred in the United States in
2003, when 72 humans were diagnosed with monkegftex contact with wild prairie
dogs (Shchelkunoet al, 2005). Monkeypox virus can spread between hunaauas

cause a serious, smallpox-like disease (Fig. 1.1.2)

Figure 1.1.2Human monkeypox. The day 8 of the monkeypox inéecon a 7-year-old girl
(From Bremaret al., 1980)



Considering the facts described above, furtherarebein poxviruses is essential in

terms of investigating new antiviral agents andrioved vaccines.

1.1.3 Vaccinia virus

A remarkable poxvirus that is not host-species ifipers vaccinia virus (VacV), a
laboratory prototype of poxviruses, which, togethéth cowpox virus, has been used
for immunisation against smallpox. Since VacV andrW belong to the same
Orthopoxvirusgenus, they are closely related genetically, mdagically, and cover a
similar host range. VacV is the most widely studipdxvirus and has greatly
contributed to the expansion of general knowledg@tectious diseases and immunity;
it was the first animal virus seen under the micop®, precisely titered, grown in tissue
culture, physically purified, and chemically anayz(Moss, 2007). Furthermore, VacV
has been used as a live recombinant expressioarvectprotein synthesis vivo and

in vitro (Moss, 1996) providing a new tool in gene therajgyeloping vaccines against

various infectious diseases, and cancer therapgt(itagelcet al, 2000).

1.1.3.1 The origin of VacV

Although VacV biology has been widely studied ane virus was used for millions of
vaccinations, its origin and natural host remamysstery. Some scientists believe that
VacV is a laboratory strain with no natural resarvand could be a result of a cowpox
virus transformation during vaccination (Shchelkunet al, 2005). Furthermore,
Bedson and Dumbell (1964) were able to obtain rdgoamts of variola and cowpox
viruses with properties similar to VacV, suggestiitg origin. Another hypothesis

proposes that VacV is a derivative of other animalses that have disappeared from



the environment such as horsepox virus (Shchelkwetoal, 2005). Vaccinia-like
viruses were also isolated from buffaloes in Ingdighe late 1960s- early 1970s, and
most recently in 1992-96 (Kolhapuet al, 1997), and also from dairy cattle and
humans in Brazil during the outbreak in 1990s (Dsoret al, 2000). Those isolates
could be the derivatives of the vaccinia-like vessoriginally existing in nature, but
most likely they are mutated vaccine strains actmly introduced into the
environment during smallpox eradication and vadedma Some of those naturally
occurring strains became subspecies of VacV, sadhuéalopox and rabbitpox virus
(Virus Taxonomy2000).

Summarizing, the origin of VacV needs further irtigegtion including the analysis of
genomic structures of VacV and related orthopo»sgs) which will probably solve that

point of issue.

1.1.3.2 Virion structure and entry

The orthopoxvirus virions exist in four differenbrins, depending on the stage of
maturity: immature virions (IV), mature virions (MVwrapped virions (WV), and
extracellular virions (EV). The last three forme anfectious and differ in the number
of membranes and thus surface antigens (revieweshiithet al, 2002). The vaccinia
virion is very large in comparison to other animaduses. Reconstruction of the
intracellular mature virion (MV) by cryo-electronrhography carried out recently by
Cyrklaff and colleagues (2005) revealed its bribkfge with rounded edges and
dimensions of approximately 360x270x250 nm (Figl.3.A, B). Each MV s
surrounded by a lipid membrane which is 5-6 nmkifdod contains at least one, but

most frequently two lateral bodies built up by aehnegeneous protein layer and

10



attached to the outer membrane. The central pattieofvirion possesses a dumbbell-
shaped core with the wall composed of two layerg.(E.1.3 C, D; Fig. 1.1.4). The
outer membrane of the core appears continuougdretlike structures were identified
on the inner core membrane that may be involve@lEasing the viral mMRNA into the
cytoplasm shortly after infection (Griffithst al, 2001), indicating that VacV entirely

uncoats the outer core membrane before gettinghetaytoplasm.

Figure 1.1.3 Images of the VacV mature virion (MV)reconstructed by cryo-electron
tomography. (A, B) Two orthogonal views along perpendicular sixkighlighting the outer
shape and size of the virion. (C, D) Translucduositation of the virion showing the complex
internal structure of the core. (From Cyrklaffal,, 2005)
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Figure 1.1.4 Schematic diagram of the structure obrthopoxvirus mature virion (MV).
Virion is brick-shaped and surrounded by two lipidembranes. Viral genome DNA and a
number of proteins within the core are organized agcleosome. Lateral bodies are attached to
the outer lipoprotein membrane, which is 12 nm thickeTouter membrane surface

appears to consist of irregularly shaped tubiilgem Damon, 2007)

The viral genome is situated in the core. In thredgraphic reconstructions the contents
of the core separate in two phases, one of whiatteisser, contains DNA, and was
found to concentrate near the core membrane, \itelédower density volume is free of

DNA and is most likely occupied by enzymes anddexcheeded for synthesis of early

viral mMRNA (Cyrklaffet al, 2005).

Investigations of the mechanism(s) used by Vac¥rter cells are complicated by the
existence of multiple infectious forms that diffeom one another by their outer
membrane. MVs have a single outer membrane whiles BUssess an additional
antigenically distinct outer membrane that mustdissupted prior to or during entry
(Moss, 2007). MV enters the cell by fusion of thgoprotein membrane with the
plasma membrane or following endocytosis, whilayeof the EV is still a matter of

some debate. However, it is known that virus ergrfacilitated by interaction of viral
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proteins with specific cell surface receptors, wWwhoan determine tropism (Sieczkarski
and Whittaker, 2005; reviewed in Moss, 2006).

The outer membrane of MV is covered with irregylashaped, randomly located
surface tubules (Fig. 1.1.4) in lengths of aboutlBO nm, consisting of a single, 58
kDa polypeptide (Muller and Williamson, 1987). Sagé tubules were shown to inhibit
cellular protein synthesis both vivo and when added to the rabbit reticulocyte lysate

(Mbuy et al, 1982).

1.1.3.3 Life cycle

Unlike most other DNA viruses, poxviruses replicatelusively in the cytoplasm of

infected cells rather than in the nucleus, in stngs called viral factories or virosomes,
and can even replicate in enucleated cells (Prestat, 1971; Pennington and Follett,
1974). A single virion contains a complete transton system essential for the
synthesis of viral mMRNA which is capped, methylatud polyadenylated (Moss,

2007). A great number of viral core-associated eres/ and factors have been
identified including RNA polymerase, DNA helicagepoisomerase, vaccinia early
transcription factor (VETF), capping and methylgtenzymes, and many more. VacV
also encodes protein kinases and a protein phasg#asuggesting the role of protein

phosphorylation in the regulation of its life cy¢lEraktman, 1996).

The VacV life cycle starts after fusion with thdlaaembrane and releasing the core
into the cytoplasm (Fig. 1.1.7). The early genes #&anscribed and translated
immediately, while the core translocates on midoataes to specific cytoplasmic

compartments and forms a viral factory, where mtatiate-to-late protein synthesis as

well as viral DNA replication occur. The viral facy is also a place where the early
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VacV proteins accumulate (Kovacs and Moss, 1996miDand Beaud, 2000;

Katsafanas and Moss, 2007). As soon as the latesgae transcribed, virion assembly
begins with the formation of distinct membrane clnees. The newly synthesized viral
particles containing structural proteins, enzymaed a&arly transcription factors are
wrapped by membranes derived from virus-modifiedngrGolgi or endosomal

cisternae, containing at least seven viral protéiigss, 2007), and released from the
cell through exocytosis. Some enveloped virionsaiemattached to the cell surface and
induce the growth of actin tails beneath virionstba plasma membrane to facilitate

virus spread into neighbouring cells (Smith and 1L.2004).

1.1.3.4 Virion assembly

The assembly of vaccinia virions begins in viratéaies that form close to the nucleus.
The core of the immature virion (IV) originates rficthe crescent-shaped precursors,
and subsequently condenses and differentiates rta & mature virion (MV). The
difference in morphology between those two types/iabns has been illustrated in
Figure 1.1.5. MV is an infectious virion and can eéeased by cell lysis. However,
these virions are not sufficient for the efficiemrus spread, and the additional
enveloped forms of the virions are required foisthrocess. A number of MVs are
wrapped by modified trans-Golgi (Schmeliz al, 1994) or endosomal (Tooz al,
1993; van Eijlet al, 2002) cisternae to form intracellular wrappedovis (WV), which
then translocate to the cell surface through midroles. WVs can remain on the cell
surface as a Cell-associated Enveloped Virion (CEW)be released from the cell
through exocytosis, resulting in loss of the outeembrane and forming the

extracellular mature virion (EV) (Moss and WardD20Smithet al, 2002).
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Figure 1.1.5 Images of vaccinia virions in cells fected overnight, acquired by using a
three-dimensional electron microscopy system. Ammature virions (V) with one selected
and color coded with membrane in yellow and coreblire. B. Mature virions (MV) with
characteristic dumbbell-shaped core. One virioecetl and color coded with membrane in
yellow and core in two shades of blue, separatea jpglisade layer in red. (From Heuser, 2005)

VacV can spread from cell-to-cell in several wapsrect spread can be mediated by
cell lysis, release of MV and re-infection of adjat cells. In turn, CEV particles
present on the cell surface can be driven intohimgring cells by actin tails, which are
formed in response to expression of the proteir®ded by A33R, A34R or A36R

genes (Smith and Low, 2004).

1.1.3.5 Genome organization

Because poxviruses replicate in the cytoplasmfetted cells and hence are extremely
self-sufficient, the mature virions contain the qete package of enzymes needed for
synthesis of early viral mMRNA. The nuclear mateiwél VacV is a linear double-

stranded DNA molecule with the approximate lengti@0 kb and encodes more than

200 genes (Goebel al, 1990; Lefkowitzet al, 2005). The vaccinia genome has A+T-
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rich, covalently closed hairpin ends that connbkettivo DNA strands (Baroudst al,
1982; Conditet al, 1996). As a result, when the DNA is fully dematly a circular
single-stranded molecule is generated. Furtherméaey genome contains quite large
(approximately 10 kbp) inverted terminal repeti8afiTRs), which comprise identical
but oppositely oriented sequences at both endhieofgenome and exist in variable
lengths (Garoret al, 1978). Next to the ends of the ITRs, short tamdepeated
sequences occur (Wittek and Moss, 1980), which tAmught to participate in
recombination events (Traktman, 1996). The ITR3uthe a highly conserved DNA
sequence of less than 100 bp required for the uisnlof the VacV hairpin terminus
(DeLange and McFadden, 1987; Merchlinsky, 19908 amumber of open reading

frames (ORFs). The structure of the VacV genonikustrated in Figure 1.1.6.

Vaccinia genes are very tightly packed in the gesomhe gaps between coding
sequences usually do not exceed 50 nt. Moreovecjnia genes do not contain introns,
most likely as a consequence of the cytoplasmie sft replication, which makes
analysis of the genomic sequences much simplereTibeno specific order of the genes
location on the genome with respect to functiothalgh Mackett and Archard (1979)
illustrated that essential genes required for viguswth aggregate around the central
part of the genome, which comprises around 60%eftbtal genome. Genes situated
outside this region are generally not requiredviars replication, but seem to be related
to immune modulation and providing each poxviruecsgs unique and specific

characteristics.
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Figure 1.1.6 Schematic illustration of the VacV gesme. A A structure of the entire linear
double-stranded DNA genonilbustrates the hairpin ends and the location ekited terminal
repetitions comprising the tandem repeated seqeeBceThe nucleotide sequences of the
inverted and complementary forms of the terminapk (From Moss, 2007)
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Figure 1.1.7 Replication cycle of vaccinia virusA single virion containing DNA, enzymes
and transcription factors attaches to a cell (IJ tuses with the cell membrane (2). Virion
releases the core, and synthesizes early mRNAsHhegnslated into various proteins (3). After
uncoating (4) the DNA is replicated to form conca¢eic molecules (5). Intermediate genes are
transcribed and the mRNA is translated and to flaten transcription factors (6). The late genes
are transcribed, and the mRNA is translated anehdastructural proteins, enzymes and early
transcription factors (7). Virion assembly beginghwthe formation of the crescent-shaped
precursors (8). The concatemeric DNA intermediatsolve into unit genomes, which are
packed in immature virions (1V) (9). Maturation disato the formation of infectious intracellular
mature virions (MV) (10). MVs are enveloped by sd&Bolgi membranes and the wrapped
virions (WV) are transported to the cell surfacenaiorotubules (11, 12). After fusion with the
cell membrane extracellular enveloped virions (B¥8 released from the cell, followed by actin
tail formation beneath the EV (13). (From Moss, 200
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1.1.3.6 DNA replication

As mentioned before, the vaccinia virus genome ign@ar double-stranded DNA
molecule with the approximate length of 190 kb tisatinusual in having covalently
closed ends, which means that the molecule doeshawo¢ free 5 or 3’ termini.
Consequently, denaturation of DNA results in themfation of a circular single-
stranded molecule. VacV DNA is extremely AT-rict¥v %), especially on the termini,
and is not methylated. Although the detailed biociséry of VacV replication is not yet
established, the unique structure of the VacV genamd the presence of concatemer
junctions suggest a similar model of replicationthie rolling hairpin model proposed
for a single-stranded parvovirus DNA (Tattersalll adard, 1976). Replication of VacV
DNA does not only provide progeny genomes, but alsan obligatory step leading to
the activation of viral intermediate gene trangooip (Vos and Stunnenberg, 1988;
Keck et al, 1990). In turn, it is thought that optimal DNApieation requires the
synthesis of viral and/or cellular proteins that amade at intermediate and late times

after infection.

Vaccinia DNA replication begins one to two hourteainfection with the introduction
of a nick (cleavage at the phosphodiester bond detviwo nucleotides) near one or
both ends of the termini, presumably within 200dbphe end of the molecule (Du and
Traktman, 1996). Strand cleavage provides a fre@H’end, which acts as a primer
terminus for the viral DNA polymerase (Fig. 1.1.8)jrand extension proceeds towards
the hairpin telomere, leading to the formation dliraeric tail-to-tail concatemer, which
is then resolved to monomer progeny genomes ankegamto newly synthesized

virions.
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Figure 1.1.8 Schematic model for poxviral DNA repkation. F and S indicate the fast and
slow electrophoretic mobilities of DNA fragmentsntaining complementary and inverted
hairpin sequences. Newly synthesized DNA shownashel lines, with arrowhead at the 3'-
OH termini. Complementary sequences are labeled wpper and lower case. “Res” indicates
the resolution sites within the concatemer junct{&nom Moss, 2007)
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In spite of the fact that poxviruses are relativesjf-sufficient and encode proteins
responsible for DNA replication and mRNA transdopt like all viruses they remain
completely dependent on the host-cell translatiomathinery to produce viral proteins.
Consequently, they have to compete with the hdkircatilising the protein synthesis
factors. Virus influence affects all host-cell tséational processes including initiation,
elongation, termination, and signaling pathwayg,tha majority of the viral strategies

are focused on translation initiation (Gateal,, 2000).
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1.2 Translation initiation in eukaryotes

Translation is a multistep and multifactorial pregdeading to the synthesis of proteins,
the molecules highly important for every living argsm. Such an important process
needs to be precisely monitored and regulatedcandcenable the rapid manipulation of
protein production without involving new mRNA sye#is, processing, or export.
Although translational rates can be controlled atheof the three levels (initiation,
elongation, termination) the majority of the redida affects the initiation step, when
the ribosome is recruited to the mRNA (Mathestsal, 2007). This fact seems to be
logical and agrees with the biological principleigfhsays that it is easier and more
efficient to govern the process at its outset twammterrupt it in midstream and have to

struggle with the activated apparatus and the aatation of intermediates.

The regulation of translational rates (the freqyeot mMRNA translation) plays a key
role in many fundamental biological processes idiclg cell growth, development and
response to stress agents. Modulation of initiatiam influence both the overall rate of
protein synthesis as well as the relative ratesyothesis of different proteins. Control
of the overall rate of translation is potentiallygortant for cell growth during G1 phase
of the cell cycle, while the concentrations of tirewing number of specific proteins
involved in cell proliferation and differentiatioonontrol are now considered to be

modulated, at least in part, at the translatioenadll (Mathewset al, 2007).

Usually, translation in eukaryotes is cap-dependent starts with recognition of the 5’
end of the mRNA and association of initiation fastoHowever, translation of some
cellular mRNAs does not involve the cap and ocdhbrsugh internal ribosome entry
mechanism, which involves the internal associatibribosome subunits at or near the

initiation codon without requiring entry from 5’ @rof the mRNA. Internal ribosome
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entry sites (IRES) were first discovered in virdRNAs (Janget al, 1988; Pelletier and
Sonenberg, 1988), and the first cellular IRES wasuthented a few years later

(Macejak and Sarnow, 1991).

The key elements involved in cap-dependent trapslainitiation are eukaryotic

initiation factors (elFs), the 80S ribosome andessenger ribonucleic acid (MRNA).

1.2.1 The structure of eukaryotic mMRNA

The mRNA is an RNA molecule that carries codes ftbemDNA in the nucleus to the
region of protein synthesis in the cytoplasm. Titaadlational efficiency of eukaryotic
MRNA is limited by the rate of translation initiati, which is in turn determined by
structural characteristics of mMRNA that affect tetnent of ribosomes, scanning to the
initiation codon, and recognition of initiation amd Eukaryotic mMRNA associates
dynamically with proteins mediating nuclear expatipcellular localization, stability,
and translation initiation or suppression. Broadhye mRNA molecule is divided into a
coding sequence that is flanked by non-coding regitocated in the 5 or 3
untranslated regions (UTRs) that determine stgbdiid translational efficiency. The
majority of MRNAs transcribed in the nucleus comtai5'-terminal MG[5']ppp[5’]N
cap (where fG represents 7-methylguanylate, p represents pagsgioup and N is

any nucleotide), and a 3’poly(A) tail.

1.2.1.1 Cap structure

All eukaryotic mRNAs and small nuclear ribonucleazids (SsnRNAs) that are

transcribed in the nucleus are modified at theierids by binding a 7-methylguanosine
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to the first transcribed nucleotide. 7-methylguaness linked by the 5’-5'-triphosphate
bridge to the first nucleoside (Muthukrishnast al, 1975) (Fig. 1.1.9). This
modification is essential for efficient gene expgiea and viability for all living

organisms from yeasts to humans, and is often regfeto as “capping”, and the
enzymes catalyzing that process are referred toagping enzymes”(Cowling, 2010).
The guanosine is methylated on the 7 position tlirdasy a methyl transferase to

produce the 7-methylguanosine cap, abbreviated’@s m

7-methylguanosing 5' end of mRMA
I

5"10-5°
triphosphate
bridge

Figure 1.1.9 Structures of the cap at the 5’ end ofukaryotic mRNA. The guanosine is
methylated on position 7 by the methyl transferaseé connected to the 5’ end of the mRNA
via the unusual 5'-to-5’ triphosphate linkage. (friblolecular biology of the celR002)
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The 7-methylguanosine is required for translatibnthe majority of the mRNAs, with
the exception of a group of mRNA translated by IREpriggset al, 2008). The
presence of G is critical for mMRNA recognition by elF4F complerd the ribosome
in the initiation stage of protein synthesis. Tl @vas also reported to stabilize mRNA
against exonucleases, to promote transcriptiongisg] polyadenylation, and nuclear
export of RNA. Capping occurs in the cell nuclensl & a highly regulated process
controlled by several cellular factors (reviewedGxwling, 2010).

Some viruses, including vaccinia virus, encode #psptide containing all three
enzymes required for capping (triphosphatase, duliansferase, methyltransferase)
which allows the efficient capping and cap methglatof the viral mMRNAs (Shuman,

2002).

1.2.1.2 Poly(A) Talil

MRNA is modified at the 3’ end by addition of thelyfA) tail in a process called
polyadenylation (Shatkin and Manley, 2000). Theyp&) tail consists of multiple
adenosine phosphates which only have adenine mstsanges from 50 bases long in
yeasts to 300 bases in higher eukaryotes (Pestoah 2007). However, most histone
MRNAs and some viral RNAs (reovirus, rotavirus) dot contain this structure
(Marzluff, 1992; Poncetet al, 1993). The poly(A) tail plays an important role i
translation efficiency, promoting the recruitmeritd8S preinitiation complexes to the
MRNA (Tarun and Sachs, 1995), and in mRNA stabiliptecting the mRNA from
enzymatic degradation in the cytoplasm (Guhaniyagd Brewer, 2001). Poly(A)-
mediated translation initiation and the cap/poly@nergy require poly(A)-binding

protein (PABP) (Tarun and Sachs, 1995) and itgacteon with elF4G (Tarumt al,
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1997), leading to the formation of the “closed loopnfiguration” of the mRNA
molecule which stabilizes the translation initiaticomplexes on the mRNA and
facilitates the scanning process. Moreover, Murano@ Jacobson (1990) implicated the
role of poly(A)-tail and PABP in enhancing the 6@®somal subunit recruitment.

Both the cap and poly(A) tail are important but aesential for translation, as mRNAs
lacking any of these structures are still transladaly less efficiently (Gingrast al.,

1999).

1.2.2 Mechanism of cap-dependent translation initiation

Following transcription, post-transcriptional madtion and nucleo-cytoplasmic
export, eukaryotic mRNA is competent for translatidhe ribosome does not bind to
MRNA directly, but involves a series of proteinf@ia and protein:RNA interactions
resulting in the formation of an initiation factobosome complex (Morley, 2001).
Generally, translation initiation of eukaryotic mRNccurs by a scanning mechanism,
which starts with the recognition of the 5’ termsnaf the mRNA and the cap structure,

and scanning of the ribosome towards the initiatiodon (Kozak, 1989).

To do this, the methionine initiation transfer-RNIMet-tRNA;) and initiation factor 2
(elF2) associate with the 40S ribosomal subuniioton a 43S pre-initiation complex
(Fig. 1.1.10). The complex then binds to mRNA tlglouinteractions with the
translation initiation factor complex elF4F, forrmgirthe 48S initiation complex and
migrates to the AUG starting codon. The large (60)somal subunit joins the 48S
initiation complex forming the final 80S initiatiacomplex which begins translation of

the coding sequences (Pain, 1996).
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Figure 1.1.10 Mechanism of translation initiation.A ternary complex is formed by binding
the initiation factor elF2 together with GTP to thiet-tRNA;. A ternary complex associates
with a 40S ribosomal subunit carrying elF3 to foad3S pre-initiation complex, which then
binds to mRNA at the 5’ terminal ®@TP cap, and migrates along mRNA towards the AUG
codon. The mRNA binding to this complex involvestjggpation of the elF4E, elF4G, elF4A,
and the helicase-stimulatory factor elF4B. In timalfstep, Met-tRNAinteracts with the AUG
codon, facilitated by elF2 and elF4B to form theS4mitiation complex. Then the 60S
ribosomal subunit binds to the mRNA together wilhseusing the energy from the hydrolysis
of two GTP molecules to two GDP molecules. ThelfB@S initiation complex is formed by
joining the larger (60S) ribosomal subunit to thitiétion complex. (From Lopez-Lastet al,
2005)
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1.2.3 elF4F initiation complex

A key step in translation initiation is associatiohthe pre-initiation complex with an
MRNA mediated by initiation factors elF4. Withinetleukaryotic translation initiation
factors (elFs), the elF4F complex plays a criticdé in regulating the translation of
capped messages (Sonenberg and Hinnebusch, 20@9¢IH4F complex together with
associated proteins are localized to the 5’ enchRNA and unwind mRNA secondary
structure, allowing interaction of the 43S inittaticomplex with the AUG start codon
(Fig. 1.1.11). However, the exact mechanism leadlinthe assembly of elF4F on the
MRNA cap structure is still a matter of some delflterley, 1994; Pain, 1996; Gingras

et al, 1999).

elF4F consists of three subunits: elF4G, a largafading protein on which the
complex is built; elF4E, a small cap-binding proteand elF4A, an RNA helicase that
facilitates ribosomal scanning. Each of those sitbyolays a unique and crucial role in
initiating cap-dependent translation. Regulation @fF4G and elF4E activities
significantly affects translational rates, therefdrr has been a focus of many research

groups recently.
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Figure 1.1.11 Mechanism of 48S initiation complexofmation. In this schematic closed-loop
model of translation initiation the elF4F compleweracts with both the 5’end of mRNA and
the poly(A) tail (through PABP), and recruits theS4ribosomal subunit through binding with
elF3.(From Lopez-Lastrat al. 2005)

1.2.3.1elF4G

There are two isoforms of elF4G in mammals: elF4@dl elF4GII, which are 46%
identical, have molecular masses of 171 kDa and KIO&, respectively, and exhibit
similar biochemical activities (Gingras al, 1999). Human elF4G was initially isolated
as part of a large protein complex, identified dae elF4F, that could restore protein
synthesis in cell extracts derived from polioviingected HelLa cells (Prevadt al,
2003). elF4G interacts with many different cellukmd viral proteins and plays an
important role in gathering initiation factors tedin the effective process of protein

synthesis.
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1.2.3.1.1 elF4G structure

elF4G is a large scaffold protein on which the &Febmplex is built. It possesses
binding sites for the remaining elF4F components4E and elF4A, and also other key
translation initiation factors such as elF3 commex poly(A)-binding protein (PABP)
(Fig. 1.1.12). Furthermore, binding sites for MAIRdse-interacting kinase-1 and -2
(MNK1/2) were identified on the C-terminal regiohedF4Gl and elF4Gll (Pyronnet
al., 1999). It has been shown that complexes betweesetproteins exhibit enhanced

MRNA cap-binding and RNA helicase activities.

Three domains of elF4G have been identified that @mparable in size: the N-
terminal fragment, characterized by its cleavageicprnaviral proteases; the middle
domain that is critical for assembly of the tratiska machinery; and the C-terminal part

which appears to function as a translation modul@cevotet al, 2003).

N ! C’
PABP1 elF4E elF4A elF3 elF4A MNK1/2
(172-200) (572-578) (762-999)  (1015-1105) (1241-1451)

Figure 1.1.12Schematic illustration of elF4G binding sites f&BP1, elF4E, elF4A, elF3 and
MNKZ1. Amino acid location of each binding site iglicated in brackets. (Data of Hintenal,
2007)
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1.2.3.1.1.1 elF4AG-PABP interaction

The elF4G-PABP interaction enhances the formatibd8% and 80S complexes and
ribosome recycling through mRNA circularization, ush is important for the
contribution of the poly(A)-tail in translation tration at the 5’ end (Tarun and Sachs,
1995) (see paragraph 1.2.1.2). Moreover, Kahvegiaal. (2005) showed that PABP
enhances translation and stimulates ribosome tewent to the mRNA, both 40S and
60S subunits, and that an interaction between PAB® elF4G is essential for this

enhancement.

1.2.3.1.1.2 elF4G — elF4E interaction

The best characterized binding site on elF4G it fibraelF4E, which is placed within
the N-terminal half of the gene (Fig. 1.1.12) & ffosition 572-578 in human elF4Gl
(Gingraset al, 1999). This elF4G fragment binds to the dorsahvex surface of
elF4E behind the cap-binding slot by interactinghwa number of evolutionarily
conserved residues through hydrogen bonds, saltjdsj and van der Waals contacts
(Marcotrigianoet al, 1999). The role of elF4E is to recognize and esse with the 7-
Methyl-Gppp cap, and association with elF4G stirmdahis binding (Haghighat and
Sonenberg, 1997). Interaction between elF4E and&IiB regulated by elF4E-binding
proteins (4E-BPs), which block the elF4G-bindinge son elF4E (Ptushkinat al,
1999). Furthermore, it has been suggested that FARBINg to elF4G may stimulate

elF4E-cap interaction (von Der Hagtral, 2000).
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1.2.3.1.1.3 elF4A, elF3 and Mnk1/2- binding sites

The carboxy-terminal part of the elF4G molecule taos elF4A- and elF3- and
MNKZ1/2- binding sites. There are two independentding sites for elF4A, one is
located in the middle portion of elF4G, which alsossesses the RNA- and elF3-
binding sites (Lampheaat al, 1995), and the other is located in the COOH-teami
part of elF4G, which also binds the elF4E kinaseskkMand Mnk 2 (Pyronnedt al,
1999). Although there are two binding sites, elFd@y binds one elF4A molecule
(Rhoads, 2009). elF4A is a 46-kDa polypeptide #dtibits RNA-dependent ATPase
and RNA helicase activities (Gingrast al, 1999), which is thought to unwind
secondary structure in thédntranslated region of the mRNA. The helicasevégtof
elF4A is noticeably stimulated by two RNA-bindingtiation factors, elF4B and elF4H
(Rozenet al, 1990). The elF3-elF4G1 interaction is thoughfotan a link between the
40S subunit and mRNA. Hintaet al. (2007) demonstrated that elF4G lacking either the
elF4A-binding sites or elF3-binding site was stlble to interact with elF4E, but
resulted in significant decrease of translatioadts. The elF4G-Mnk1/2 interaction is

important for elF4E phosphorylation (see sectidh3l2.2.3).

1.2.3.2 elF4E

The smallest subunit of the elF4F complex was disced in 1978 as a 24 kDa cap
binding protein termed cap binding protein | (CBRd}er renamed elF4E, and was the
first elF4F component identified; the other compusewere isolated during elF4E

purification by affinity chromatography (Sonenbexgal, 1978; Taharat al, 1981;

McKendrick et al, 1999). elF4E exists in both free form and as d phan elF4F
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complex, and was shown to form nuclear bodies iditath to its cytoplasmic

localization (Rousseaet al, 1996).

1.2.3.2.1 Structure of elF4E

The three-dimensional structure of elF4E illussatecupped hand-shaped molecule,
which consists of one/f domain. The secondary structure includes threg & one
shorta helices and an 8-stranded, antipardllsheet (Marcotrigianet al, 1997). The
cap recognition occurs via interaction between thighly conserved tryptophan
residues on the concave surface, whereas the tyagdrihe interacting partners, such
as elF4G and elF4E-binding proteins (4E-BPs), bired the convex face of elF4E

involving tryptophan 73 (Goodfellow and RobertsQ2)

Interaction between elF4E and elF4G is a key stepdp-dependent translation
initiation. This interaction enables elF4G to brieg~4F complex and ribosome to
MRNA and start protein synthesis. Both elF4G andBPH, the translational repressor,
compete with each other for the binding site od&lRVioreover, association of one of
those proteins with elF4E results in conformatiooadnges in elF4E, and leads to
enhanced association of elF4E with the cap (Volpbal, 2006). The nature of the
structural changes during cap-binding has not badly understood, although

evaluations of CD difference spectra noticed withman cap-bound and apo-elF4E
(free elF4E) suggested that a region of approxin&i@ amino acids undergoes large-

scale structural rearrangements (Coétal, 2001).
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1.2.3.2.2 Function of elF4E

elF4E was discovered as a protein promoting tréinslanitiation, and the majority of
the study on its structure, function, and regutatias been evaluated with this in mind.
elF4E is an essential factor for cap-dependenstation that mediates 5’ 7-Methyl-
Gppp cap recognition by the elF4F complex and reoent of mMRNA to the ribosome,
which results in formation of the 43S pre-initimicomplex followed by scanning of
the mRNA. In addition, elF4E is thought to be tlstffactor interacting with the
MRNA to initiate translation. It is well known thaF4E stimulates translation of
capped mRNA, although mRNAs differ in their deperaie on elF4E (reviewed by
Goodfellow and Roberts, 2008; Rhoads, 2009). Mazeo\bvitkin et al. (1996)
demonstrated that depletion of elF4E (together agbkociated proteins) from the cell

extracts significantly reduced translation of cappeRNA.

Apart from its function in cap recognition, elF4kys also a crucial role in nuclear
transport. The majority (up to 68%) of the totalldar elF4E is localized in the
nucleus, in distinct sites termed nuclear bodidsre it is involved in the export of the
MRNAs (Iborraet al, 2001; Strudwick and Borden, 2002). elF4E enteesriucleus by
associating with the elF4E-binding protein knowrd&stransporter or 4E-T (Dostedt
al., 2000). Once in the nucleus, elF4E interacts wékieral proteins which regulate
cap-binding and mRNA export. One of such protesnBML (promyelocytic leukaemia
protein) which associates with elF4E via its RINGr@in. Nuclear elF4E was found to
co-localize with PML in complexes termed PML nucldsdies (Lai and Borden,
2000). Changes in those complexes appear to bmul of stress such as viral infection
(Regadand Chelbi-Alix, 2001) hence it is thougtattRML regulates mRNA transport

mediated by elF4E in response to stress (Culjketva., 2007).
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Surprisingly, overexpression of elF4E does not earsoverall increase in translational
rates, but leads to deregulation of cellular growtid induces cell transformation
(Mader and Sonenberg, 1995; de Benedetti and Hdr®@9). Conversely, increased
expression of translational repressor 4E-BP1 caerse the transformed phenotype and
induce apoptotic cell death (let al, 2002; Proud, 2005). High levels of elF4E have
been detected in a number of cancers and maligreamgformation (de Benedetti and
Graff, 2004), however, the role of elF4E in tumaogression still needs to be
determined. It was suggested that overexpressedEelébserved in malignant
transformation promotes the synthesis of growtimtatory and antiapoptotic proteins
(Clemens, 2004; Mamaret al, 2004). Another hypothesis says that overexprassio
elF4E may promote the export and selective traonslabf some mRNAs encoding
proteins involved in cell proliferation and tumagesis (Topisirovicet al, 2003;

Goodfellow and Roberts, 2008).

1.2.3.2.3 elF4E-Binding Proteins

elF4E was originally discovered as a single polyigepbound to the 7-Methyl-Gppp
cap, but since it was found in complexes with elFt@&as renamed as a subunit of
elF4F. However, the number of elF4E-binding pratdias grown recently and many of
the newly discovered roles of elF4AE are mediatedtbynteraction with those new

binding partners.

The specific and high affinity interaction betwesdR4E and elF4G leads to recruitment
of elF4F complex to mRNA, which allows the actieatiof elF4A-driven unwinding
machinery. The association of elF4G with cap-bopnotein enables initiation and

stimulates cap-dependent translation. In contta@eting of 4E-BP1, the translational
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repressor, to elF4E disrupts elF4F formation aneretiy inhibits cap-dependent
translation, whereas cap-independent translatioyp actually be enhanced by the 4E-

BPs (Svitkinet al, 2005).

The 4E-BPs are small (approximately 10-12 kDa),diaci heat-stable proteins,
discovered in 1994 by using Far-Western hybridaratechnique (Pausst al, 1994),
which enabled the isolation of cDNAs encoding twma#f (~12kDa) proteins
associating with elF4E and sharing 56% identityeSehproteins, named 4E-BP1 and
4E-BP2 were shown to inhibit cap-dependent traiaslabothin vivo andin vitro. In
addition, Pauset al. (1994) demonstrated that binding of 4E-BPs to Elldées not
alter the affinity of elF4E for the cap structutastead, it prevents the association
between elF4E and elF4G and thus the assembly-dFetomplexes (Haghighat al,
1995). Both elF4G and 4E-BPs possess a small aagidomotif (YXXXXLe, where X

is any amino acid, and is an aliphatic residue Leu, Met or Phe) whicleiatts with
elFAE (Madeet al, 1995). Deletion or mutation of this sequence sfaswvn to abolish
interaction with elF4E. Four years after the disgwf 4E-BP1 and 4E-BP2 proteins,
Paulinet al. (1998) reported a new member of the 4E-BP faneityned 4E-BP3 which
shares approximately 58% identity with 4E-BP1/2.wdwer, 4E-BP1 is the most

widely studied, and is thought to be a prototypthef4E-BPs family.

Another elF4E-binding protein that disrupts elF4F Maskin, which is thought to
repress translation of cyclin B1 and c-Mos mRNAXanopusoocytes through the
interaction with the RNA-binding protein CPEB [CBIiRding protein] and elF4E (de
Moor and Richter, 1999; Cao and Richter, 2002; reaset al, 2005). CPEB interacts
with the cytoplasmic polyadenylation element (CRE3mall sequence in the 3' UTR of

MRNAs, and mediates cytoplasmic polyadenylatiorsfdite rather weak association of
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Maskin with elF4E, Maskin does disrupt the elF4G4# interaction. Therefore, the
CPEB-Maskin—elF4E complex inhibits the translatioh CPE-containing mRNAs
specifically (Stebbins-Boazt al, 1999). As soon as frog oocytes are induced to
complete meiosis, CPEB stimulates growth of polyta)l. The newly elongated
poly(A) tail is then bound through PABP, which urrt associates with elF4G. PABP-
bound elF4G displaces Maskin from elF4E, thereljuang translation (Cao and

Richter, 2002).

Selected proteins interacting with elF4E are alswolved in embryogenesis. In
Drosophila melanogastethe product of the fs (2)cup gene (Cup), a nucfegpdasmic

shuttling protein, was found to directly assocmith elFAE which promotes retention
of the Cup protein in the cytoplasm (Zappavignal, 2004). Cup is required for the
proper accumulation and localization of elF4E witlthe cytoplasm of developing
oocytes. It was demonstrated that the Cup—elF4Bpaplays a crucial role in ovary-
specific developmental programs. Furthermore, tile of elF4E-binding proteins in
mammalian neurogenesis has recently been revehledet al. (2006) demonstrated
that neuroguidin (Ngd) binds to elF4E and inhikitanslation of CPE-containing
MRNAs. Ngd occurs in axons and dendrites of the malan nervous system and

contains three elF4E-binding motifs.

Another elF4E-binding protein discovered ten yeags is elF4E transporter (4E-T),
which was shown to mediate the nuclear import 6#&l via the importirufy pathway
(Dostie et al, 2000). 4E-T is thought to function to inhibit tdation and promote
recruitment of P-body through a third unrelatechpaty specific for mammalian cells.
4E-T binds to elF4E through the same site on elffdEassociates with elF4G and 4E-

BP1 (Dostieet al, 2000). Furthermore, overexpression of 4E-T wasnshto inhibit
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cap-dependent, but not cap-independent translé&emaiuoloet al, 2005), which may
involve at least two mechanisms. First, bindinglBf T prevents elF4E from binding to
elF4G, which would negatively affect translationtiation (Dostie et al, 2000).
Second, interaction between elF4E and 4E-T resulesccumulation of elF4E in P-
bodies (Farraiuol@t al, 2005), separating the associated mRNA from thestation
apparatus. Noteworthy, depletion of 4E-T by RNAeifdrence results in loss of P-

bodies and stabilization of at least some RNAsréraoloet al, 2005).

In the case of viruses, VPg proteins of plant piotgges and human caliciviruses also
interact with elF4E, which reduces elF4E affinitygr fthe cap and inhibits host

translation (Leonardt al, 2000; Goodfellovet al, 2005).

1.2.3.2.4 elF4E regulation

Since elF4E plays an important role in cap recagmiand association of the initiation
complex with mRNA, it is a key target for the regibn of protein synthesis. elF4E
activity is regulated by at least three differeneamanisms: (1) modulation of its
abundance, (2) phosphorylation, and (3) bindingtrahslational repressor proteins

(Gingraset al, 1999).

1.2.3.2.4.1 Regulation of elF4E abundance and turnover

The mechanisms regulating elF4E gene expressionareompletely understood, but
transcriptional activation appears to be an impdrpart of this regulation. Expression
of elF4E has been shown to be correlated with c-BXmression during the cell cycle

(Rosenwaldet al, 1993). In addition, in cells overexpressing c-Mytincreased level
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of elF4E mRNA has been observed, and transcritidhe elF4E gene was responsive
to activation of a Myc-estrogen fusion protein. thermore, two functional Myc-
binding sites (E boxes) have been characterizetthenelF4E promoter, and both of

them are required for promoter activity (Joeesal, 1996).

The c-Myc protein is a member of the nuclear onotgins and functions as a
transcriptional factor that activates a great nundiegenes. Moreover, its function in
regulating cell proliferation and growth has beesatibed (Adhikary and Eilers, 2005).
Since elF4E itself is a key regulator of cell grovaind proliferation, it appears to be an
important downstream target of c-Myc. Recent figdirsuggest that the role of Myc
during cell growth and proliferation is relatedan increase in elF4F activity. C-Myc
MRNA is complex and effectively translated durini-4= stimulation, forming a
feedforward relationship and providing a possibl®leoular mechanism of cell
transformation by Myc (Liret al, 2009). Therefore, developing therapeutics thaibih

elF4F and/or Myc could be a potential treatmentfaride range of human cancers.

1.2.3.2.4.2 Regulation by phosphorylation

elF4E is phosphorylated on Ser209 in response traastlular stimuli such as growth
factors, hormones and mitogens (Joshial, 1995). Phosphorylation of elF4E is
regulated by extracellular signal-regulated kinagE®Ks) and mitogen-activated
protein kinases (p38/MAPK). The ERK signaling catcas stimulated by growth
factors, hormones, cytokines or mitogen treatm@mtutative role for the ERK pathway
in elF4E phosphorylation was suggested after detraimgy an increased
phosphorylation of elF4E in ras- or src-transfornoetls (Fredericksoret al, 1991;

Rinker-Schaeffert al, 1992). However, Flynn and Proud (1996) demoretrahat
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ERK cannot phosphorylate elF4R vitro, which suggested indirect role of ERK in
elF4E phosphorylation. The p38/MAPK pathway is \aitd by various types of
cellular stress such as heat shock and exposamseaite or anisomycin. Stimulation of
this pathway was shown to enhance elF4E phosphianyl@Vorley and McKendrick,
1997; Wanget al, 1998). It was later discovered that both ERK pB&8/MAPK kinases
regulate the elF4E phosphorylation indirectly tlylouphosphorylation of Mnks
(Mnk1/2) — the kinases interacting with the scaffgbrotein elF4G and directly
phosphorylating elF4E on Ser209 (Waskiewiez al, 1997; Wanget al, 1998;
Pyronnetet al, 1999). Free Mnk1/2 does not phosphorylate elFfiEiently, but does
so through interaction with elF4G. The C-terminggion of elF4G contains a binding
site for both Mnk1 and Mnk2, whereas no such aibgngite was determined on elF4E
(Pyronnetet al, 1999), which suggests that elF4E is regulateghmsphorylation only
as a part of elF4F complex, by elF4G placing Mnkdn2l elF4E in proximity to one

another.

The biological significance of elF4E phosphorylatis not completely understood.
Phosphorylation of elF4E has been reported to esghds binding affinity for the cap
and mRNA (Minichet al, 1994), which may lead to the increased transiatioates
observed after elF4E phosphorylation (Bonneau amkfberg, 1987; Morlegt al,
1993; Dyeret al, 2003), and formation of more stable elF4F comgkaxet al, 1993).
The most recent studies demonstrate that elF4Eppbogation decreases its affinity
for the cap (Schepeet al, 2004). However, while some reports show a strong
correlation between elF4E phosphorylation and tedilomal stimulation, other studies
illustrate no effect of elF4E phosphorylation oanslation (McKendriclet al, 2001,
Morley and Naegele, 2002), or even its negativeatfbn protein synthesis (Knaef

al., 2001).
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Overall, it is not clear how elF4E phosphorylaticontrols the function of elF4E.
Although phosphorylation of elF4E is not critical high levels of translation, the most
recent studies demonstrate that it does contrélti@isformation (Furiet al, 2010)

and viral mRNA translation (Walsdt al, 2008).

1.2.3.2.4.3 Regulation by translational inhibitors

The third mechanism regulating elF4E is throughiiteeraction with a family of
inhibitory binding proteins, 4E-BPs. 4E-BPs acttleir hypophosphorylated form as
competitive inhibitors of elF4G binding to elF4EifGraset al, 2004; Proud, 2004).
Interaction of 4E-BP1 with elF4E inhibits cap-deg@ent translation botin vivo andin
vitro. In contrast, activation of the PI3K/Akt/mTOR pathy causes phosphorylation of
the 4E-BPs at multiple sites, decreases its affifat elF4E and thus releases the cap-
binding protein which is then incorporated into #l€4F complex by interaction with
N-terminal region of elF4G (see Fig. 1.2.1). Intti@n between 4E-BP1 and elF4E
does not appear to alter the affinity of elF4Etfer cap since elF4E-4E-BP1 complexes

were found to associate with the cap (Paaisd, 1994).

The phosphorylation of 4E-BP1 is regulated by aemidnge of extracellular stimuli
including growth factors, hormones, cytokines, méos, and G-protein coupled
receptor ligands (Gingrast al, 1999). During early adenovirus and VacV infectiis
BP1 also becomes hyperphosphorylated, which reisu#ts increase of translation rates
(Gingras and Sonenberg, 1997; Walsh al, 2008). An increase in 4E-BP1
phosphorylation is correlated with a decrease ofdibg affinity to elF4E.
Phosphorylation of 4E-BP1 occurs at multiple si@sl is regulated by mTORC1 to

control the release of elF4E which then interactsh welF4G promoting elF4F
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formation (Gingraset al, 1999). Furthermore, recent studies have shown tha
phosphorylation of 4E-BP1 stimulates its ubiquitioa, which leads to protein
degradation (Eliat al, 2008). In contrast, physiological stresses thhibit translation
and cause dephosphorylation of 4E-BP1, such as D&Aage, amino-acid starvation
or the activation of p53 might actually stabilize-BP1. Tillerayet al. (2006) reported
that induction of p53 leads to accumulation of Ipipmsphorylated 4E-BP1, and a
similar effect has been observed in cells treat#ld the proapoptotic cytokine TRAIL

(Elia et al, 2008).
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1.2.4 Signaling pathways regulating protein synthesis

Translation rates are chiefly regulated at theatdn stage, and precisely controlled in
response to extracellular stimuli, environmentatst, hormone/growth factor signals,
and availability of nutrients and amino acids (Rauand Gingras, 2007). Since protein
synthesis consumes a high proportion of cellulataivaic energy, the status of energy
of the cell can also modulate translation factdfge aforementioned agents regulate the
translational apparatus via phosphorylation of dlation factors and related proteins,
which may affect the basic activity of translatifactors or their ability to bind other
components (other factors, ribosome, RNA). Thesaghs are mostly controlled by
signaling pathways regulating the activities of dsas and effector proteins. These

pathways include:

l. The phosphatidylinositide 3-kinase (PI3K) pathway
Il. The mammalian target of rapamycin (nTOR) pathway

[l The ERK and p38 MAP kinase pathways (Wang and Rr20@i7)

In this study, we are interested mostly in thet fivgo pathways, the Pl 3-kinase (PI13K)

and the mTOR pathway.
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1.2.4.1The PI 3K/Akt/mTORC1 pathway

The PI3K pathway plays a key role in the transaunctdf signals from extracellular
stimuli such as hormones, growth factors, mitogearg] cytokines to regulate cell
growth, proliferation and survival. The PI3Ks aipid kinases generating second
messengers by phosphorylation of the phosphatidyipg at the 3’ position of the
inositol ring to form phosphatidylinositol phospbatPIP), phosphatidylinositol
biphosphate (PIP2) or phosphatidylinositol tripHose (PIP3) (Fig. 1.2.1) (Vivanco
and Sawyers, 2002; Engelmanal, 2006). Phosphatidylinositol (PI) is a component o
eukaryotic cell membranes and is unique among plodgds because it can be
phosphorylated at multiple free hydroxyls. A numbéphosphorylated derivatives of
Pl, termed phosphoinositides, have been identifre@ukaryotic cells from yeast to
mammals, and are thought to be involved in regutatif many cellular processes such
as proliferation, cytoskeletal organization, sualjvglucose transport, and platelet
function. The enzymes that phosphorylate Pl and de&sivatives are termed
phosphoinositide kinases. Although PI representy ansmall group among total
cellular phospholipids, it plays a significant rahesignal transduction as a precursor of

several second-messenger molecules (Fruehah 1998).
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Figure 1.2.1 Chemical structures of phosphatidylinositol (A), phosphatidylinositol-3,4-
biphosphate (PIP2) (B), and phosphatidylinositd&triphospahte (PIP3) (C).
Phosphatidylinositol (PI) is a glycerophospholifiét contains a glycerol backbone, two non-
polar fatty acid tails, and a phosphate group sulbstl with an inositol polar head group. The
inositol can be phosphorylated to form phosphaitidgitol phosphate (PIP),
phosphatidylinositol biphosphate (PIP2) or phosplganhositol triphosphate (PIP3).
(www.medlibrary.org/medwiki/Phosphatidylinositol)

PI3Ks consist of three classes of kinases basdti@nprimary structure and substrate
specificity. Class | PI3Ks can be divided into sld8 and class IB, depending on the
receptors to which they link. Class IA consists tbe catalytic subunit (p110,
comprising three isoforms B, 8) and an adaptor/regulatory subunit p85 contaihivay
SH2 domains, which are essential for their actoraby tyrosine kinase receptors. Class
IB PI3Ky has a p101 subunit, which is required for maxi@gy-stimulated formation
of PIP; (Stephengt al, 1997; Maieret al, 1999). Catalytic subunits form heterodimers
with various regulatory subunits and can use Plb&4hosphate (PHPas a substrate

to generate the second messenger Pl 3,4,5-tri-phtsP 1.
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Class Il PI3Ks are large (170-210 kDa) proteing dieare 45-50% similarity with class
| PI3Ks (Frumanet al, 1998). Class Il consists of three subunits nafRE&KC2u,

PISKCZ and PI3KC2, which contain a C-terminal region with homology €2

domaing. These enzymes can be activated by chemokineskiogs, insulin, epidermal
growth factor (EGF) or platelet-derived growth fac{PDGF) (Turneret al, 1998;

Brown et al, 1999; Arcaroet al, 2000; Ktori et al, 2003), and preferably
phosphorylate Pl and PI-4-P. The mechanism reggjdtie activity of class Il PI3Ks
and their function have not been fully exploredhaligh it was reported that PISKE2
might be involved in lysophosphatidic acid-induceell migration of cancer cells
(Maffucci et al, 2005). Class lll PI3Ks phosphorylate only Pl aodsist of the Vps34
enzyme. These proteins may play a role in the edigul of mTORC1 by amino acids

(Nobukuniet al, 2005).

The PI3K pathway starts with the Pl 3-kinase. Aatiion of PI3K leads to activation of
Akt (PKB) through its phosphorylation (at T308 ar473) which, in turn,

phosphorylates a number of substrates including -ZS@n upstream regulator of
MTORC1 (Wand and Proud, 2007) (Fig. 1.2.2). Akt ggiwrylation is mediated by
mammalian target of rapamycin complex 2 (MTORC2) pimosphoinositide-dependent
protein kinase 1 (PDK1) acting as downstream effsctor PI3K pathway (Alesst

al., 1996; Sarbassoet al, 2005). Akt consists of three isoforms 3, y) composed of

N-terminal central catalytic domain and C-termihgtlrophobic domain. Both Akt and
PDK1 are recruited to the plasma membrane througgractions with PIP3, where
PDK1 activates Akt by phosphorylating threonine .3B8tivated Akt is an essential

mediator for the regulation of proliferation andwth by PI3K.

1 A C2 domain (Protein kinase C homology domain<2)iC4a"-binding motif of approximately 130
residues in length. C2 domain is involved in targgtproteins to the cell membrane, and can bind a
variety of different ligands and substrates inahgdphospholipids, inositol phosphatases, and iathaar
proteins (Nalefski and Falke, 1996).
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Figure 1.2.2 The PI3K/Akt/mTOR pathway and its pharmacologicahibitors. PI3K is

activated through cytokines, chemokines, insuligrmwth factors, and then phosphorylates its

downstream substrates. PDK1 and Akt are recruitedhé cell membrane where PDK1
phosphorylates Akt on Thr308 and Ser473. Akt them activate mTORC1 directly or

indirectly by phosphorylation and inactivation o5C2, which normally inhibits mTORC1

when dephosphorylated. mTORCL1 activates p70S6 dihasvhich directly phosphorylates

ribosomal protein S6 and leads to increased prdataimslation. mTORCL1 also phosphorylates
4E-BP1, causing its dissociation from elF4E, arekifig elF4E to participate in formation of
the translation initiation complex by binding toFdé{5, which is also phosphorylated by
MTORC1. mTORCL1 indirectly (through p70S6K) stimaktphosphorylation of mTORC2,

which then inhibits Akt. T-bars represent suppmesdnhibitors marked in red.

Akt phosphorylates a number of factors such aspmoi@tic protein Bad, caspase-9,
glycogen synthase kinase,3and FKHR, which leads to the suppression of such
processes as cell growth, survival, and proliferaiiDattaet al, 1997; Cardonet al,
1998; Pap and Cooper, 1998), and also regulatesdtindty of transcription factors

stimulating the expression of several cell deatfege For instance, phosphorylation of
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Bad causes its dissociation from Bgl-ahd its sequestration by 14-3-3 proteins, thus
preventing it from translocation to the mitochomgrian event necessary for its
proapoptotic function (Kennedget al, 1999; Yanget al, 2001). As part of the
proapoptotic role, activated death receptors hasenbshown to attenuate survival

signaling events, thus potentiating cell death @&&diet al, 2003).

Furthermore, PI3K is thought to play a major ralecancer pathogenesis. The most
important proteins involved in proliferation andmtarigenesis are pl&Oand its
regulatory subunit p85 belonging to class IA PI3Kkhe activity of PI3K is
counteracted by the phosphatase PTEN (phosphataiséeasin homolog deleted on
chromosome 10), which acts as a tumor suppres3@NRand p85 were shown to be
mutationally inactivated in a wide range of malighduman cancers, but mostly in
prostate and endometrial cancers, melanomas, @tdagtomas, thereby constitutively
activating PI3K (Vivanco and Sawyers, 2002; Baeearl, 2005). Hyperactivation of
Akt isoformsa, B, andy by PIP3 or other kinases, such as PDK1 or PDKg,deen
reported in many human cancers. Noteworthy, mutBi@dkinases are thought to be
ideal drug targets, thus specific inhibitors of senutants could have a significant

therapeutic effect (reviewed by Badral, 20035.

Precise regulation of the PI3K/Akt pathway is esisérto coordinate the balance

between protein synthesis and protein degradatioesponse to nutrient availability.

1.2.4.1.1 Inhibitors of the PI3 kinase

The PI 3-kinase has two widely used specific irtbitsi, LY294002 and wortmannin,
which have been crucial in establishing the rolésPt8K in cellular processes.

LY294002 and wortmannin are structurally unrelaged they both target the pl110
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catalytic subunit of PI3K effectively blocking thisnase. Unfortunately, the poor
solubility and high toxicity have limited their olcal use. However, LY294002 and
wortmannin provide a powerful preclinical tool ttudy the cellular consequences of

PI3K inhibition.

LY294002 (2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyrat-one) is a synthetic
compound that was derived from the naturally odngrbioflavonoid quercetin (Vlahos
et al, 1994). LY294002 competitively inhibits the ATPalding site of PI3K, but does
not inhibit several other ATP-requiring enzymesisTdirug has been used in studies of
cardiovascular, neuronal, immune, and diabetesegtlaell function for more than a
decade, and it is more widely used in cell bioldlggn wortmannin due to its higher
stability in solution. An IG for this inhibitor of approximately 1uM has been
measured for a class IA PI3K, and 19 uM for clag¥lahoset al, 1994; Walkeet al,
2000). As such, LY294002 is widely used in manydss, including our own, over

ranges of 20-50 uM to ensure complete inhibitiobath Class | and Class Il PI3Ks.

e

W
4

Figure 1.2.3Chemical structure of LY294002. (www.medlibrargbmedwiki/LY294002)

Wortmannin is a natural small molecule productated in 1957 from the fungus
Penicillium wortmanii and reacts covalently with a residue in the actite of PI3K

inactivating it irreversibly (Powigt al, 1994; Walkeret al, 2000). Wortmannin was

2 |Cso — half maximal inhibitory concentration
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shown to act as a noncompetitive PI3K inhibitorhaigéspect to ATP, and has lows}C
lying between 1-10 nM for class | PI3K which makesnore potent inhibitor than
LY294002. In contrast to LY294002, wortmannin wabkown to cause large

conformational rearrangement in the active sitPIBK (Walkeret al, 2000).

Figure 1.2.4Chemical structure of wortmannin (www.medlibrargmnedwiki/wortmannin)
Wortmannin inhibits alPI3K isoforms and has shown antitumor activity agaia variety of
human cancers (Schulét al, 1995; Lemkeet al, 1999; Teranishét al, 2009) but due to the
fact that it is a biologically unstable moleculeprtmannin seems not to be a good drug
candidate. However, the use of wortmannin analagk as PX-866 has recently been reported
to have a potential therapeutic role in human dgisitoma (Koulet al, 2010). Because of its
instability, wortmannin is often used at a verydnaange of concentrations, often depending

upon how long the treatment time of the experinent

1.2.4.2mTOR

Another downstream target of PI3K/Akt is mammaliarget of rapamycin (nTOR), a
kinase that plays a central role in the regulabbreell growth and size, proliferation,
nutrient responses, survival, and protein synthgtay and Sonenberg, 2004). mTOR is
evolutionarily conserved serine/threonine kinashictv in humans is encoded by the
FRAP1 gene. mTOR was discovered as the moleculgettaof rapamycin, an
antifungal agent used clinically as an immunosuggaet and more recently as an
anticancer drug (Heitmaat al, 1991; Kunzet al, 1993; Fasolo and Sessa, 2008).

Rapamycin binds to a small, ubiquitously expregsedein FKBP12 (FK506-Binding
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Protein, molecular mass of 12 kDa), which then &iadd inhibits mTOR in a poorly
understood mechanism (Gingrast al, 2007). Recent research indicates that
deregulation of the mTOR pathway occurs in a mgjarf human cancers (Chiang and
Abraham, 2004; Guertin and Sabatini, 2007; EngeJm2@09), suggesting that

rapamycin analogs may be potent therapeutic agents.

A single TOR molecule is a high molecular-weighbtpn containing several distinct
and conserved structural domains. The N-terminussgsses 20 tandem HEAT
(Huntington, EF3, A subunit of PP2A, TOR1) repetitat are involved in protein-
protein interactions (Andrade and Bork, 1995). Thterminal half of mTOR contains a
kinase domain that shares sequence similarity thighcatalytic domain of PI3K, and
also the FATC (FRAP, ATM, TRAP, C-terminal) domdhat is essential for mTOR
activity (Petersoret al, 2000; Takahashet al, 2000). mTOR interacts with several
different proteins including raptor and rictor, aridrms two different types of

complexes: mTORC1 and mTORC2.

The downstream signaling of mTOR requires the aatat factors:regulatory
associategrotein of nTOR (raptor), and G proteif-subunit-like protein (BL) (Hara

et al, 2002; Kim et al, 2003). These three components constitute the nOIOR
complex, which interacts with downstream substrétesugh raptor. Raptor associates
with both N- and C-terminal domains of mTOR, whidL binds specifically to the
carboxyl end of this factor. Noteworthy, treatmemith rapamycin disrupts only
association with raptor, while it does not affediLGoinding to mTOR (Kimet al,
2003). In mammals, mTORC1 regulates the activityseferal translation factors
(elF4G, elF4B), translation inhibitors (4E-BP), andosomal S6 kinases. mTORC1

regulates the availability of initiation factor dlE through the phosphorylation of the
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4E-binding protein (4E-BP) leading to an increasgiiotein synthesis. mTORC1 also
activates, either directly or indirectly, p70 S6n&se (p70S6K), which in turn

phosphorylates ribosomal protein S6 (Gingeal, 2007).

In the case of mMTORC2, while it also containBLGraptor is replaced by a large
adaptor protein named apamycinmndependent companion of MOR (rictor)
(Sarbasso\et al, 2004). mTORC2, in contrast to mMTORCL, is resistarrapamycin
treatment and does not activate either S6K1 or PHE-Bnstead, it was shown to
phosphorylate and activate PKB/Akt on Ser473 byeahmanism similar to activation of

S6K1 by mTORC1 (Fig. 1.2.1) (Sarbassi\al, 2005).

Signaling towards mTORC1 can be activated by variagents including insulin,
growth factors, and amino acids. The mechanism ®DRC2 regulation was not
known until recently, when Juliegt al. (2010) discovered that phosphorylation of rictor
requires mTORCL1 activity. Rictor has been showrbéophosphorylated directly by
p70S6Kin vivo andin vitro, in a rapamycin-insensitive manner. Because mTOR&?
shown to phosphorylate Akt, it appears to form péid feedback loop between mTOR

and Akt.
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1.3 Manipulation of cellular translational apparatus by viruses

As mentioned before, all viruses remain dependemttle host-cell translation

machinery to synthesize viral proteins, for thesogathat protein synthesis requires
specific proteins that cannot be encoded withiralvgenomes. As a result, viruses
developed various tricks and strategies to takdrgbof translation factors, optimize

viral mMRNA translation, and avoid host-cell antalirresponses, and consequently
viruses compete with the cell at the translatideakl (Schneider and Mohr, 2003).

Some of such recently discovered strategies aceisked later in Section 4.

Viruses can be broadly divided into two classesARIMd DNA viruses. The strategies

used by each class of viruses are briefly chanaeg:below.

1.3.1 RNA viruses

RNA viruses can contain either positive- or negasense genome, the latter of which
must be transcribed to form positive sense mRNActvi then translated into proteins
using host cell ribosomes. Unlike DNA viruses, a@egpite the need for using the host
cell ribosomes for protein synthesis, many RNA s&s produce mRNA which lacks

either the 7-Methyl cap or the poly(A) tail. Theksof these structures, particularly the
5'mRNA cap, results in the necessity to developahovechanisms to ensure translation

of viral mMRNA.

1.3.1.1The closed-loop model of translation initiation

As mentioned before, experimental evidence sugghstis MRNA circularization is

required for efficient cellular protein synthedifowever, a number of viruses, such as
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rotaviruses, generate mRNA that lacks a 3’poly(&j). tRotavirus is a member of
Reoviridae and contains 11 double-stranded RNA segments. Essgment is
transcribed into mRNA that possess a 5’cap stradiut lacks a 3’poly(A) tail. Instead,
the 3’end contains a tetranucleotide motif whiclrasognized by the virus encoded
NSP3 protein (Piroret al, 1998; Vendeet al, 2000). NSP3 binds specifically to the
conserved viral 3'end and to the scaffold protdird&. In addition, elF4G displays
higher affinity for NSP3 than for PABP and as asemuence the interaction between
elF4G and PABP is disrupted in rotavirus-infectedlsc (Groft and Burley, 2002),
which results in reduced efficiency of host mRNAnslation and circularization-
mediated enhancement of viral protein synthesistidaer virus lacking 3’poly(A) tail is
Dengue virus, a mosquito-borne member of the fafilifiviridae. In this case PABP
was found to interact with the 5’UTR of the viralRNA to bring about its

circularization (Polacekt al, 2009).

1.3.1.2IRES

One of the mechanisms used by some RNA and DNAse#uo initiate protein
synthesis is use of an IRES (Internal Ribosome\ES8ite), which is a sequence of
nucleotides that allows initiation of the transtatiprocess in the middle of mMRNA, on
highly structured regions located within the 5’UTHelletier and Sonenberg, 1988),
without involving 5’mRNA cap. The entry of ribosomat an internal site of mMRNA
was first found in picornaviruses (poliovirus) (leger and Sonenberg, 1988) and
encephalomyocarditis virus (EMCV) (Jamg al, 1988), and occurs in a growing
number of viral MRNAs including those of hepatffizvirus (HCV) (Tsukiyama-Kohara

et al, 1992; Wanget al, 1993), flaviviruses (Lemon and Honda, 1997), and
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retroviruses (Balvagt al, 2007). IRES has even been proposed for some $wrnpses
MRNAs (Lowet al, 2001). It was also suggested that some mammaiRNAs also
have IRES (reviewed by Carteral, 2000).

Surprisingly, there is no general mechanism usedhbge viruses. In HCV-infected
cells IRES directly binds to 40S ribosomal subuwitile picornavirus IRESes do not
attract 40S directly, but rather through high-affinelF4G-binding site (Hellen and
Sarnow, 2001). Viral IRESes have been divided foto groups (Kieft, 2008; Hellen,
2009) based on their secondary structure, requinefoe elFs, the location of the start
codon relative to the site of the 40S ribosomalusitbrecruitment, and the ability to
operate in rabbit reticulocyte lysate with or withcsupplementation (Kieft, 2008).
There is a number of different mechanisms of itidiaused by viral IRES elements,
however, no viral proteins have been found to lsemsal for IRES function, although
the protease 2A encoded by poliovirus is thoughdlaéy a stimulatory role (Hambidge
and Sarnow, 1992).

In contrast to cap-dependent translation, tramsiatinitiation mediated by IRES
elements is independent of the cap, and is therefalependent of elF4F integrity. As
such, these viruses often inactivate elF4F by abgavelFAG or PABP, or

dephosphorylating 4E-BP1.

1.3.2 DNA viruses

In contrast to many RNA viruses that inactivate4élFunction, an increasing number
of DNA viruses are being found to stimulate theeadsly of translation initiation
complexes to maximize viral protein production. 3&enclude herpes simplex virus

(HSV), human cytomegalovirus (HCMV), VacV, and Afin swine fever virus (ASFV)
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(Kudchodkaret al, 2004; Walsh and Mohr, 2004; O'Shetaal, 2005; Walshet al,
2005; Walshet al, 2008; Castelleet al, 2009). In all of these cases viruses activate
MTOR to phosphorylate 4E-BP1 and stimulate elF&emsbly. In the case of human
papillomavirus (HPV), little is known about its efts on elF4F, however, it has been
shown that HPV de-regulates elF4E and 4E-BP1 throu§OR activation, which may
contribute to cell transformation (Okt al, 2006). Another example of elF4F
manipulation is adenovirus-encoded 100k proteinickvtbinds to the C-terminus of
elF4G and evicts Mnk, leading to dephosphorylatdrelF4E (Cuestat al, 2000;
Cuestaet al, 2004). 100k protein also binds to the viral mRN®& promote its
translation by the process of “shunting” in whidghosomes physically bypass parts of
the 5’ untranslated region to reach the initiattodon (Yueh and Schneider, 1996;eXi
al., 2004). In addition, a number of other viral fastbave been shown to interact with

elF4F and regulate its function during infectiors¢dissed in Section 4).

In contrast to other DNA viruses, only tRexviridae and Asfarviridae with its only
member ASFVreplicate exclusively in the cytoplasm of infecimalls. Recent studies
have shown that besides stimulating elF4F asseimblly VacV and ASFV cause a
unique redistribution of host translation factors \iral replication compartments
(Katsafanas and Moss, 2007; Walsh al, 2008; Castelloet al, 2009). How this
impressive rearrangement of the host translatiostesy is accomplished remains

unknown, and is part of the aim of this study.
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1.4 Aims of thesis

Previous studies by a number of researchers shdwatdpoxviruses stimulate elF4F
formation and commandeer components of this hasistation initiation complex by

redistributing and concentrating them within vif@ttories by an unknown mechanism.

This thesis aimed to analyze the signaling pathwatszated by vaccinia virus and
leading to elF4F complex assembly in infected c#lle intended to evaluate the effect
of VacV on PI3K/Akt/mTOR pathway, which is the kepthway regulating protein
synthesis in cells, but had not been studied inWiaected cells. Investigation of its
changes would provide valuable information not oalbout vaccinia virus strategies,

but also the cellular signaling and translationathinery in general.

Finally, we aimed to identify possible viral/cebulprotein(s) involved in redistribution
of translation factors during VacV infection. Inder to do this it was essential to screen
components of the elF4F complex in VacV-infectellsa® search for such protein(s).
The next step would be to clone and express thaeip(s) in cells to determine its
function and importance in VacV replication. Asastl point we planned to find the

regions of the protein(s) responsible for its fummct
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Section 2.0

Material and Methods
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2.1 Equipment

Applied Biosystems 2720 Thermal Cycler

Centrifuge Beckman Avanti J-25I

Container with printed label, 30 ml (greiner bioedn

Gene Pulser Il Electroporator (Bio-Rad Laboratgries
Hotplate stirrer (SB162, Stuart)

Laminar flow cabinet (Lamin Air, Model 1.2, Holten)

Leica DFC 500 microscope

Microcentrifuge Sigma 1-15 PK

Microcentrifuge Galaxy 14D, VWR

Microprocessor ph meter (pH210, HANNA instruments)
Mini see-saw rocker (SSM4, Stuart)

Micropipettes 1-1Qul, 10-100ul, 20-200ul, 100-1000ul (VWR)
Pipettes 1 ml, 2 ml, 5 ml (costar, USA)

Pipettes 10 ml, 25 ml (greiner bio-one)

Power Supply (PowerPac™ HV, catalogue no. 164-5B88;RAD)
Speed Gel SG 200 gel dryer (Savant, Farmingdalg, NY
Steri-cycle CO2 Incubator (Thermo Electron Corporgt

Tips, natural bevelled (TipOne, Starlab)

Vortex Mixer (PV-1, Grant Bio)

Vacuum Millipore
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2.2 Antibodies

Table 2.1 Primary antibodies used in immunocytocheroal studies

Antibody Host Supplier, #catalogue no.| Dilution
Akt Rabbit Cell Signalling #9272 1/1000
Phospho-Akt Ser47 Rabbit Cell Signalling #9271 00
Phospho-Akt Thr30& Rabbit Cell Signalling #927% ana
Phospho-Erk Rabbit Cell Signalling #9101 1/1000
mTOR Rabbit Cell Signalling #2972) 1/1000
p70 S6 Kinase Rabbit Cell Signalling #9202 1/10p0
4E-BP1 Rabbit Cell Signalling #9452 1/10Q0
Caspase 3 Rabbit polyclonal Cell Signaling #966R 1000
Cleaved Caspase 3 Rabbit polyclonal Cell Signatiegp 1 1/1000
Parp Rabbit polyclonal Cell Signaling #9542 1/1000
Cleaved Parp Rabbit polyclongl Cell Signaling #954(L 1/1000
PABP Rabbit polyclonal Cell Signaling #4992 1/1000
PABP Rabbit monoclong| Gift (Simon Morley) 1/30Q0
Phospho-elF4G Rabbit polyclongl Cell Signaling #244| 1/1000
elF-4E Mouse monoclonal  BD Labs #610269 1/100¢
P-elF2x Rabbit polyclonal Cell Signaling #9721 1/1040
elF-4G Rabbit polyclonal Gift (lan Mohr) 1/5000
Vaccinia virus Rabbit Virostat&101 1/1000
13 Rabbit Gift (J. Krijnse-Locker) 1/200(¢
FLAG Rabbit Sigma-Aldrich 1/100Q
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2.3 Water

Ultrapure water was used in the preparation ofretlia and solutions. Water was first
pretreated using activated carbon and pre-filtratiand then purified by a reverse
osmosis system (Milipore Milli-RO 10 Plus, Elgast#tiP) with a standard of 12-18

MQ/cm resistance.

2.4 Sterilization

Water, glassware, lids and all thermostable salstivere sterilised by autoclaving at
121° C for 20 minutes under pressure of 1 bar. Thernielawlutions and drugs were
filtered through a 0.45um sterile filter (Milipore, Millex-hv, SLHV033RB).Low

protein-binding filters were used for all proteiontaining solutions.

2.5 Cell culture

2.5.1 Medium

Cells were cultured in Dulbecco’s Modified EagleMedium (DMEM) (Sigma)

supplemented with 2 mM L-glutamine (Invitrogen, UK) mM sodium pyruvate
(Invitrogen, UK), 50 units of penicillin, and 5Q0g per ml of streptomycin (both
Invitrogen, UK). Medium with 5 % fetal bovine serufiBS) (Sigma) was used for
culturing cells, whereas 0.2 % FBS supplementati@s added to the medium for

starving NHDFs.

2.5.2 Celllines
The utilized cell lines were (1) primary normal hamdiploid fibroblasts (NHDFs)

(Clonetics, Walkersville, Maryland, United State@) HEK-293 cells, and (3) BSC40
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cells (which are monkey epithelial kidney cellsyitb kindly provided by Dr. I. Mohr,

New York University.

Table 2.2 Cell lines used in the study

Cell line Cell type Basal medium Source

Normal human

NHDF o DMEM Clonetics
diploid fibroblasts
Transformed
HEK-293 human embryonig DMEM Dr. I. Mohr
kidney cells
Monkey epithelial
BSC40 _ DMEM Dr. I. Mohr
kidney cells

NHDFs were used to carry out the majority of thpegkments as we were interested in
the effects of viral infection on normal human selNHDFs express low levels of
translation factors that are noticeably activatedrd) infection. We also used serum
starvation to study both actively cycling and negtstates of NHDFs.

HEK-293 is a hypotriploid human cell line estabédhfrom primary human embryonic
kidney cells, which were transformed with humanresg&us 5 DNA (Grahanet al,
1977). On account of the presence of increased tigjeanof translational factors,
characteristic for transformed cell lines, HEK-268lls were used in this study to
perform the majority of the binding assays.

BSC40 is a high-temperature tolerant derivativeB8tC-1 established by Brockman

and Nathans (1974), which supports the growth o€weéa virus for titering.
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2.5.3 Cell passaging

Cells were grown in a CQOncubator at 37C and 5 % CQuntil confluent. A 10 cth
dish of cells was then quickly washed with PBS aedted with 1 ml of trypsin. After
an incubation of five to ten minutes at®&7 cells were resuspended in the appropriate
amount of medium and mixed well. NHDFs were spli, 293 cells were split 1:10 and

seeded into new tissue culturing containers.

2.5.4 Cell starvation

For serum starvation, confluent cultures of NHDFarevwashed three times in PBS
then cultured in DMEM containing 0.2 % FBS for 5/gawhen more than 98 % of the
cells are in the gphase of the cell cycle. Starvation of NHDFs wasdu® simulate the

resting state of cells.

2.5.5 Cell harvesting
For the preparation of whole cell extracts fromturds seeded in 6-well plates or on 35
mn? dishes, cells were lysed in 250 of working sample buffer to solubilize total

cellular proteins. Working sample buffer was prepairom the stock of 2 x Laemmli

buffer.
1 x working buffer 2baemmli buffer
50 % 2x Laemmli 12.5 % 1M Tris, ptHB6
45 % UHP water 20 % SDS (20 %)
5 9B-Mercaptoethanol 40 % Glycerol (50 %)
4ul 8 % bromophenol blue per ml buffer 27.5 % UHP water
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The working sample buffer contains a negatively rgad detergent sodium
dodecylsulfate as well gsMercaptoethanol being the reducing agent. Thede®BBS
binds to the proteins hydrophobic regions and leadm unfolding of the polypeptide
chains. Other subunits are also released from tlaéeip. Anionic SDS interacts
proportionally to the protein’s molecular weightdanonfers its negative chargg-
Mercaptoethanol is added to analyse the polypéptldear form. This reducing agent
cleaves the disulfide bond between two thiol groufise samples were boiled after
harvesting for three minutes to destroy remainiegpadary and tertiary structures. All
proteins are now showing an ellipsoid structure aredgenerally not separated by their
conformation but by their size. After heating tl@nples, they were cooled, vortexed,

centrifuged and stored at -20° C until further @sag

2.5.6 Cell freezing

To allow long term storage of cell stocks, cellgevigozen and cryo-preserved in liquid
nitrogen at temperature below -£80. Once frozen properly, such stocks should last
indefinitely.

» Cells to be frozen were harvested in the log phafsgrowth (i.e. actively
growing and approximately 60-70 % confluent) bytda&mgation at 1200 rpm
for 5 min.

> Pelleted cells were carefully re-suspended in freemedium (FBS containing
10 % DMSO) (Sigma) and transferred into cryovi@sdiner).

» Cryovials were immediately placed in isopropanekfting container, as DMSO
is toxic to cells at room temperature, and se8&tC for 24 h.

» Cryovials were then transferred into liquid niteogcontainers, where they were

stored until required.
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2.5.7 Cell thawing
Immediately prior to removal of a cryovial from theguid nitrogen stores for thawing, a
sterile universal tube containing growth medium weepared for the rapid transfer and
dilution of thawed cells to reduce their exposumeetto DMSO freezing solution.
> The cryovial was quickly thawed at%3Z water bath.
» When thawed, the DMSO-cell suspension was quicklysferred to the media-
containing universal.
» The suspension was centrifuged at 1200 rpm for s the DMSO-containing
supernatant removed, and the pellet re-suspendeekim growth medium.
> Thawed cells were placed on 10%uish and allowed to attach overnight.
» After 24 h the cells were re-fed with fresh growttedium to remove any

residual traces of DMSO.

2.6 Cell fixation

Cells were washed 1x with cold PBS. The fixing solu was made by diluting the
Formaldehyde Solution 37 % (Sigma) in PBS in arafil:10, and 2 ml of the solution
was added to cells for 10 min. Cells were then wds3x in cold PBS and stored in 2

ml of PBS at 4C.

2.7 Virus
Vaccinia virus Western Reserve (VacV WR) was a lgift of Dr. Stewart Shuman,
Memorial Sloan-Kettering, New York, and was propgadaand titered on permissive

BSC40 cells as described below.
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2.7.1 Growing viral stocks
Virus was grown in confluent 10 éndishes using BSC40s, the cell line that supports
the growth of VacV (Brockman and Nathans, 1974).
> One day before infection BSC40 cells grown in 5 B&Rvere seeded on 10 tm
dishes by splitting 1:2 each confluent 10°aish. The next day medium was
changed to 2 % FBS, which supports virus growth.
> The stock tube of VacV was trypsinized for 30 mair87 C in an equal volume
of 0.25 % trypsin (diluted 1:10 in PBS). Trypsirtiba reaction was then
neutralized by adding an equal or larger volummetliium containing 2 % FBS.
> Cells were infected at moi 0.05 and virus was grawB? C for 2-3 days (the
virus is highly cell associated so growing stockdoaver temperature doesn’t
have any advantage). Medium was replaced with aale@lume of serum-free
DMEM, and cells were scraped very carefully, to idveplashing the virus
around. Cells together with serum-free medium veetkected in a 50 ml Falcon
tube and placed at -8G.
> To harvest the virus, cells were freeze/thawed lagipg the tube in a 8T
waterbath, a total of three times. Medium contgniimhe virus was then

aliquoted in 1ml aliquots and stored at*80

2.7.2 Titering virus
Virus was titered using confluent BSC40 cells growrDMEM 5 % FBS in 6-well
plates.

> The day before titering, BSC40 cells were seeddikaf cells per well of a 6-

well plate.

66



» The virus was thawed and trypsinized with an egoéime of 0.25 % trypsin;
mixed well by pipetting up and down and incubated 30 min at 37 C.
Trypsinization reaction was then neutralized byiaglé00 ul DMEM 2 % FBS.

» Serial dilutions of virus in DMEM 2 % FBS were maded 500 ul of each
dilution was then added to cells containing 1.52% FBS DMEM, and mixed
gently.

> Cells were placed at 3T, and on day 3 plates were fixed by aspiratingiomed
and adding 10 % TCA (Trichloroacetic acid) (Signfia) 10 min. Staining the
plates was performed by aspirating 10 % TCA andrad@rystal Violet stain
(Merck) for 15 min, followed by rotating plates ombital rotator. Plates were

then washed using tap-water and left to dry.

2.8 SDS-PAGE

(Sodium dodecylsulfate polyacrylamide gel electamelis)

To fractionate the samples, an acrylamide percentas chosen depending on the size
of the proteins to examine. To look at proteinshvathigh MW like elF4G a 10 % gel
was used while the different phosphorylation statésAE-BP1 were much better
resolved in a 17.5 % gel. The increasing percentdgecrylamide made it harder for
large proteins with a low electrophoretic mobility pass through the gel while small

proteins were separated more clearly.
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Table 2.3 Ingredients for SDS-PAGE resolving gel

7.5% 10 % 12.5% 17.5%
Water (ml) 2.75 222 1.55 -
1 M Tris pH 8.7 (ml) 2.5 3.75 3.75 3.75
30 % Acrylamide (ml) 0.95 3.34 4.15 5.85
2 % Bis-Acrylamide (ml) 3.75 0.67 0.5 0.365
20 % SDS (ul) 50 50 50 50
10 % APS (ul) 33.35 33.35 33.35 33.35
TEMED (ul) 8.35 8.35 8.35 8.35
Table 2.4 Ingredients for SDS-PAGE stacking gel (&)

Water (ml) 3.175

1M Tris pH 6.8 (ml) 625

30% Acrylamide (ml) 850

2% Bis-Acrylamide (ml) 350

20% SDS (ul) 25

10% APS (ul) 25

TEMED (ul) 12.5

All ingredients (40 % Acrylamide, 2 % Bis-Acrylangicand TEMED from Merck; Tris,
SDS and APS from Sigma) were mixed according tolégal2.3 and 2.4, and the

resolving gel was poured between two vertical glalsses. The vertical construction

minimizes oxygen absorption which limits the polyination. Approximately 50Ql of

water-saturated iso-butanol (Sigma) was added priamverlay the resolving gel and
prevent further oxygen uptake. After one hour atdotas washed out, the stacking gel

was poured on top, the comb inserted and once tvegywas set, gels were transferred
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to the electrophoresis chamber. The chambers wiee With 1x electrode buffer (0.25
M Tris, 2.5 M Glycine [Sigma], 1 % SDS), and bulsbthat could influence the electric
current were removed with the help of syringesediliwith buffer. The marker was
prepared in working sample buffer usinquBof Precision Plus Protein Dual Colour
Standards (Bio-Rad) per lane. After loading 5 tqulldf the sample the gel was run at

150 volts to resolve the proteins.

2.9 Western blotting (Immunoblotting)

The western blot or protein immunoblot is usedhighly sensitive detection as well as
quantification of immobilized proteins. The SDS-PBAGseparated proteins are
transferred to a nitrocellulose membrane via weictebblotting, immobilized and

immunochemically detected. For that the gel wa®fadly fixed between a piece of
chromatography paper and a nitrocellulose membrahe. sandwich made of the
chromatography paper, the gel, the nitrocellulosembrane, second piece of
chromatography paper, and two sponges on eachvegidestabilized between two
plastic scaffolds and then transferred to a charfibed with 1x transfer buffer mixed

with 20 % methanol (Merck). The methanol in thefeuhelps removing SDS from

protein-detergent complexes and increases the itgffinetween proteins and the

membrane.
5 X wet western transfer buffer 1 X transfer buffer:
124 mM Tris 20 % 5x wet western transfer buffer
960 mM Glycine 20 % methanol
0.05 % SDS 60 % UHP water
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An electric current induced by 57 volts for one htansferred the proteins out of the
gel onto the membrane. Big proteins such as elFd&led three hours of transfer.
Afterwards the membrane was washed in 1 X TBS{$-ftuffered saline with Tween

20) (1.5 M NaCl, 0.5 M Tris, 0.1 % Tween 20, pHuwsded to 7.4 using concentrated

HCI) to remove remaining SDS.

To detect proteins, the membrane was blocked iTBS-T with 3 % dried skimmed
milk powder with less then 1 % fat (Marvel, Premiternational Foods, UK) or 3 %
bovine serum albumin (BSA) (Sigma). The blockingyanted non-specific binding of
antibodies used for detection of the target proteithe membrane. After washing, the
membrane was incubated with primary antibodies’ & 4ver night. The next day the
membrane was washed 3 times for five minutes witk TBS-T to remove the
remaining primary antibodies and incubated withrappate horseradish peroxidase-
conjugated secondary antibodies in 1 x TBS-T wit 8ried skimmed milk powder or
3 % BSA for one hour. The horseradish peroxidasalysed the oxidation of luminol
when activated by hydrogen peroxide. The produchisfreaction is very unstable and
decomposes immediately. It emits blue light thaadke to a dark region which
corresponds to the protein bands of interest wieonsed to X-ray film. The brightness
of the light is proportional to the amount of piatepresent. After washing the
membrane 3 times for five minutes it was subjedtedhemiluminescence western
blotting substrate according to the manufacturer&ructions (Pierce ECL, Thermo
Scientific), fixed between cling films, exposedxteay film, and developed in the dark

room using Kodak developer/fixer solutions.
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2.10 Metabolic labelling

Radioactive medium was made by using the follovdogponents:

1 ml Methionine/Cysteine-free DMEM (Sigma)
10ul L-Glutamine (Gibco)

10ul Pen-Strep (Gibco)

10ul NaPyruvate (Gibco)

25ul HEPES, pH 8 (sterile, TC grade)

All ingredients were mixed by gently swirling, andrmed up at 37C. 3*S-Methionine
(Perkin Elmer) was thawed andul (0.017 mCi) was added per 1ml of medium (or 20
ul in the case of immunoprecipitation assay), andtlgemixed. Old medium was
aspirated off from cells, and radioactive mediunsadded with the amount of 1ml per
35 mmdish. If the cells were infected, the pipette utmdapplying the medium was
carefully placed in 1 % virkon several times, tadtivate the virus before placing the
pipette into radioactive waste. The dish was tharefally placed in the designated
container for labeling, together with the opened BB dish containing activated
charcoal, and incubated at°®7in cell culture incubator for 1 h. After labelinye dish
was carefully removed and transferred to the safabinet. Radioactive medium was
removed by pipette, mixed with virkon to inactivdte virus, and placed into liquid
disposal container fot'S waste. Cells were lysed in appropriate lysis druftaemmli
buffer to make total cell extracts, NP40 buffer formunoprecipitation assay). All
tubes, pipettes and used dishes were placed isdlig waste disposal area oIS

waste.
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2.11 Gel fixation and drying

Resolved SDS-PAGE gels containing samples that been labelled with®s-
methionine/-cysteine were placed in destain satufibable 2.5) for 20 min at room
temperature. The gel was dried on cardboard ®€80r two hours under vacuum with
a Speed Gel SG 200 gel dryer to remove the watdrergel. The dried gel was then
exposed to x-ray film at -80° C for the appropriaig@osure time and developed using

Kodak developer/fixer solutions.

Table 2.5 Ingredients of destain solution

Destain solution
25 % Methanol

10 % Acetic Acid
65 % UHP water

2.12 Immunoprecipitation

Anti-elF4G and anti-PABP immunoprecipitation frometabolically labeled cell
extracts was performed as follows. After labelisgiuble cell extracts were prepared in
NP-40 lysis buffer (NLB) and centrifuged at 1000G&g 10 min at 4C. Extracts were
treated with a cocktail of nucleases (RNAse A, RN&& and Micrococcal Nuclease)
then precleared with gl normal rabbit serum and incubated withlZrimary antibody

for 1 h. Then samples were added to Protein A Sephabeads (GE Healthcare) and
incubated for another hour at @. Beads were washed 3 times in NP-40 buffer and

boiled in Laemmli buffer.
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NP-40 lysis buffer (10 ml)

5Q00f 1 M HEPES/KOH pH 7.4 containing 40 mM EDTA
4Q00f 2.5 M NacCl (Sigma)

abof 0.25 M NaVvO, (Calbiochem)

2500f 1 M Glycerophosphate (Calbiochem)

13bof 2 % NP-40

10of 1.5 M MgClh (Sigma)

8.56 mhwer

1 protedshibitor cocktail tablet (CompleteR Mini-tablets

Roche)

2.13 7-methyl GTP sepharose 4B chromatography

10" cells were washed in PBS then lysed in §OOLB, treated with RNAse A and
precleared with 80pl packed-bed volume (pbv) BSA-blocked sepharose 4B
(Amersham) for 1 h. Input samples were taken froracleared extracts and the
remaining sample was incubated with $0 pbv BSA-blocked 7-Methyl GTP-
Sepharose (Amersham) for 1 h then washed in NPyd® buffer, and boiled in

Laemmli buffer.

2.14 ssDNA-binding assay

3 x 10 cells were washed in PBS then lysed in NLB andrifaged at 10000 xg for 10
min at 4 C. Extracts were treated with RNAse A (3@) for 20 min at room
temperature, then treated with RNAse Inhibitor (SagAldrich). Extracts were
precleared for 1 h with 2@l p.b.v. anti-biotin antibody conjugated sephardé

(Sigma-Aldrich). Precleared extracts were then mogned with 7.5 ug
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phosphothioate-stabilized 5’-biotin conjugated s#DN (sequence:
ataattaataacaccatagaccaccgcccgaaggg) (Sigma) apd @2B.v. anti-biotin antibody-
conjugated sepharose 4B for 2 h %€4Resin was recovered and washed extensively in

NLB before boiling in Laemmli buffer.

2.15 Transfections
Cells were seeded in antibiotic-free medium anchsfiected using Fugene HD

Transfection Reagent (Roche) according to the naentwifer’s instructions.

2.16 Immunofluorescence

Cells were seeded on glass-bottom 35 mm dishesn@x@n On day 2 cells were
transfected with 0.5ig pGFP-I3L. On day 3 cells were infected overnid®&-20 h) at
the indicated moi. Cells were then fixed in 3.7 &rfaldehyde/PBS for 20 min, washed
extensively with PBS and permeabilized in 0.1 %orrifor 20 min. After washing,
dishes were blocked in a mixture of 3 % BSA and Détikey Serum in TBS for 40
min, then probed for 1h with anti-elF4G antiseruin3000) in 3 % BSA and 1 %
Donkey Serum in TBS-0.1 % Tween (TBS-T). Dishesewaashed three times with
TBS-T then probed for 40 min with TRITC (rhodamirs®thiocyanate derivative)-
conjugated cross-adsorbed donkey anti-rabbit seggn@ackson ImmunoResearch)
(1:1000) in 3 % BSA and 1 % Donkey Serum in TBSSamples were washed three
times with TBS-T, DNA was stained with Hoescht fomin and washed again in TBS-

T. Images were captured on a Leica DFC 500 micmesco
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2.17 Coomassie staining
After resolution of samples by SDS-PAGE, gels wsguentially soaked in coomassie
stain overnight.

Coomassie stain: 50 % MeOH

10 % Acedicid (Merck)

0.25 % Camsie Brilliant blue (Biochemica)

The following day gels were washed in destain smtu{see Table 2.5) for 90 min,

frequently changing the solution at first, and stbin destain solution.

2.18 Silver Staining and Mass Spectrometry Analysis

After resolution of samples by SDS-PAGE, gels wszquentially soaked for 10 min
each time in 50 % Methanol (Merck), 5 % Methan® uB1 DTT, 0.1 % (w/v) AgNQ
(Sigma), then visualized with 3 % (w/v) pGO;. Bands were excised from silver
stained gels and destained using a 1:1 mixtureOom® potassium ferricyanide/100
mM sodium thiosulfate solution. In-gel digestionings sequence grade trypsin
(Promega) at a concentration of 12.5uhgfypsin in 10 mM ammonium bicarbonate
containing 10 % (vol/vol) acetonitrile was carriedt overnight at 37C. Tryptic
peptides generated were extracted and analyzedCbM&/MS using an LTQ ion trap
mass spectrometer (Thermo Fisher Scientific). Téta dgenerated was searched using
BioWorks 3.3.1 (Thermo Fisher Scientific) againsiudset of human and viral proteins

from the SwissProt database.
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2.19 Isoelectric focusing

Isoelectric focusing (IEF) is an electrophoretictinoel of protein separation based on
their isoelectric point (pl). The pl is the pH ahieh the protein has no net charge and
does not move in an electric field. The net chasgbe sum of all positive and negative

charges of the protein. Proteins carry positivegatige or zero net electrical charge,

depending on the pH of their surroundings. IEF getste a pH gradient to separate the
proteins according to their unique pl (Garfin, 2P0Bhis description of the procedure

was kindly given to us by Dr. Simon Morley (Univigysof Sussex), and is based on the

vertical slab version of IEF published by Savinawa Jagus (1997).

Firstly, a 50 ml stock of incomplete gel mix wasdweafiltered using a 0.2gl filter

(large syringe and pressure, not vacuum) and strdC.

Table 2.6 The components of the incomplete gel mixte.

42.8 ml pure water 24.13 ml H20

4.86 g acrylamide 12.17 ml 40 % Acrylamige

274.3 mg bis-acrylamide| 13.7 ml 2 % Bis-acrylamjde

1.71 g CHAPS 1.71 g of CHAPS

2.19.1 Making and pouring the gel
The gel was mixed as outlined in table 2.7 leaving the APS and TEMED. The

mixture was gently heated at °3C waterbath to dissolve the urea. Once urea was
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dissolved, the APS and TEMED was added, and thevgelpoured right to the top of

plates, combs added and gels were allowed to set.

Table 2.7 The components of the gel used for IEF.

1 Gel (6 ml) 2 Gels (12 ml)
3.5 ml Incomplete gel mix 7 ml incomplete gel mix
3.24 g urea 6.48 g urea
0.45 ml ampholines* 0.9 ml ampholines
20l 10 % APS 4Qul 10 % APS
10 ul TEMED 10l TEMED

* pH range 3-10.

2.19.2 Sample buffer and sample preparation

7x sample buffer was made as described in tablel2hd aliquots were stored at 2D

to be reused when needed.

Table 2.8 The components of the 5 ml stock

Components Volume

21 % (v/v) ampholines (same as for gels) 1.05 ml
14 % (v/v) [3-mercaptoethanol 0.7 ml

35 % (w/v) CHAPS 1.75¢g

H>O 3.0 ml
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For sample preparation 1x sample buffer was madiessibed below.

1x sample buffer 143ul of 7 x sample buffer

0.54ga (gives 9 M final)
5aDMIlliQ water

Running buffers were prepared as described bel@aw.(Z.9).

Table 2.9 The components of the running buffer

Cathode (outer chamber) 0.05 M Histidine (= 3/868Qml)

Anode (inner chamber) 0.01 M Glutamic Acid0(£73g/500ml)

500 ml of each buffer was freshly made. The buffeese chilled as the high voltage

used during IEF can increase buffer temperaturenang the gels.

2.19.3 Running the gels
Once gel was set, the combs were removed and wetks washed out thoroughly with
water. 20-25ul of 1x sample buffer was added to each well. Thedlsvwere then
carefully overlayed with 1@ 6 M urea followed by glutamic acid. The inner oitzer
of the IEF apparatus was filled with 0.01 M glutamaid and the outer chamber was
filled with 250 ml 0.05 M histidine. The apparatuas placed in a plastic container and
surrounded with ice to maintain a low temperatiitee gels were then prefocused for a
total of 1 h on reverse polarity at the followingitage:

- 20 min at 200 V

- 20 min at 300 V

- 20 min at 400 V
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After prefocusing the wells were washed out thohbdygvith water. Before the end of

the prefocus stage the samples were prepared bgigoand allowing cooling. A 1:1

dilution of sample with 1x IEF sample buffer waspared. The samples were then
vortexed immediately and 34 of sample was loaded into each well. The same w
overlayed with urea and glutamic acid as for preéomtg and IEF was performed by
increasing voltages in 50 V increments every 20 stanting at 500 up to 750 V, each
one for 20 min, then run at 1000 V for another 40.mMgain, as for prefocus, IEF was
run on reverse polarity. After electrophoresis ¢fa¢ was transferred to nitrocellulose

and probed with antielF4E antiserum as describetiMiestern Blotting.

2.20 Cloning procedure and plasmids

2.20.1 Purification of 13 from VacV-infected cells

Since VacV genes do not have introns, genomic DIMA be used for cloning. To
prepare template for cloning, DNA was first isothfeom uninfected or VacV-infected
BSC40 cells, as described by Roper (2004). Celle warvested by scraping in PBS,
centrifuged, and lysed in buffer 1 (40 Tris-EDTA [pH 9], 1.5 M NacCl, HO) and
buffer 2 (40uM Tris-EDTA [pH 9], 7.5 % SDS, kD). Cells were then incubated with
proteinase K to remove proteins from the DNA. Hiaproteinase K was heat-
inactivated to avoid degradation of DNA polymeragsed in PCR reaction, and DNA

was purified by a phenol-chloroform extraction.

The I13L gene was then amplified from VacV genomiAby PCR using specific

primers as described below.
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2.20.2 PCR reaction

Primers were dissolved in TE buffer to make a 18lpul stock, from which the
working primer stock of 10 pMall was prepared. The target sequence was amplified
in a 50ul reaction using the KOD XL DNA polymerase kit (Nagen) and the PCR
conditions as indicated in table 2.10. The PCR padormed using 2720 Thermal
Cycler (Applied Biosystems). The amplified PCR prod was gel purified using
Qiagen kit and following the manufacturer’'s instrons. All necessary ingredients

were supplied with the kit.

Table 2.10 PCR conditions used in this study

Step of PCR reactiof] Temperature’C] Time [sec] Cycles
Initial denaturation 94 300 1
Denaturation 94 15 35
Annealing 60.3 30 35
Elongation 72 60 35

2.20.3 Restriction enzyme digestion of plasmid DNA

2 ul of each isolated product sample was run out dn% agarose gel to check for
degradation. 1ul of the product, together with the same amountthe plasmid

backbone, was then digested using@l.2f the specific restriction enzymes. The |10
digestion reaction was carried out for 1 h &tG7The backbone was then SAP (Shrimp

Alkaline Phosphatase) treated for 20 min &t G7SAP was inactivated by heating the
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reaction to 65C for 10 min. 1pl of each digestion reaction (backbone and PCR

digestion) was then run on 1 % agarose gel to ctieckizes.

2.20.4 Ligation of target DNA into a suitable vector

Ligation of the target DNA into a plasmid backbdirea ratio 1:1) was carried out in a
10 pl reaction including T4 DNA ligase (1), ligase buffer 10x (Jul), and usually Jul

of both target DNA and backbone plasmid. Threeedéiit types of plasmids were used
in this study: the mammalian expression vectorsned and pGFP-N, and the bacterial
expression plasmid pET-15b containing the operon. Ligation reaction was carried
out at 16 C for 1 h. To provide the control, an additionadation containing backbone

plasmid but no insert DNA was included.

2.20.5 Transformation of bacteria

1 pl of the ligation reaction was transformed into Eggpiate bacteria, DHb or
BL21(DE3) (both Invitrogen), following the manufacer’s instructions. Bacteria were
thawed on ice very slowly, mixed with the ligatiseaction and heat-shocked by
placing the transformation into the®37/42° C waterbath for approximately 30 sec, then
returned on ice for 2 min. Cells were then cultuied ml SOC at 37C in a shaking
incubator for 1 hour to recover and begin expregsasistance marker gene. gi0and
200 ul of the transformation reaction was then plated.8nAgar (Sigma) containing
the appropriate antibiotic. Bacterial culture whsrt spread on the plate using sterile
glass beads, and plates were incubated overni@® &. The next day single colonies
were isolated and inoculated in 3 ml LB broth (S#gntontaining the appropriate
antibiotic. The cultures were incubated overnigh8Z C in a shaking incubator, and

the next day minipreps were made from the bactpatét.
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2.20.6 DNA miniprep of plasmid DNA
Overnight bacterial cultures were centrifuged @A xg and the minipreps were made
using the QIlAprep System (Qiagen) and following thanufacturer’s instructions.
Three basic steps of the procedure include:

» Preparation and clearing of a bacterial lysate

» Adsorption of DNA onto the QIAprep membrane

» Washing and elution of plasmid DNA
DNA was eluted in 30-5Qul Buffer EB (10 mM Tris-Cl, pH 8.5). Plasmid DNA
purified by this system does not require phenotastion or ethanol precipitation, and

can be used directly for restriction enzyme digestind sequencing.

2.20.7 Plasmid DNA restriction enzyme digestion and sequeing

To confirm the orientation of the inserted DNA Iretplasmid, restriction digestion was
then carried out using the enzyme from the origah@hing and one enzyme outside the
insert. The digestion reaction was then run on agarose to check the orientation of
the insert.

In order to fully confirm the orientation of thesgrted DNA in the plasmid and exclude

mutations, the samples were sent to be sequenced.

2.20.8 Plasmids, restriction enzymes and primers used ithis study

2.20.8.1 Generation of His-tagged 13L

To generate His-tagged I3L the following primersreveised, containing EcoR1 and
Sall restriction sites for cloning. The His sequeisdtalicized.

Forward: GCAACT GAATTC CGCCGCC AT@at cat cat cat cat cat

AGTAAGGTAATCAAGAAG
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Reverse: GCAACT GTCGAC TCTAGT TCA TAC ATT GAATATGG CTT TTC

2.20.8.2 Generation of FLAG-tagged I3L

To generate FLAG-tagged I3L the following primersrer used, containing EcoR1 and
Sall restriction sites for cloning. The FLAG sequeers italicized.

Forward: GCAACT GAATTC CGCCGCC ATG AGTAAGGTAATCAAGAG

Reverse: GCAACT GTCGAC TCTAGT TCA#tt gtc gtc atc gtc ttt gta gftAC ATT

GAATATTGG CTTTTC

2.20.8.3 Generation of GFP-tagged I3L

To generate pGFP-I3L the following primers weredjssontaining EcoR1 and Kpnl
restriction sites, to amplify I3L from viral DNA.

Forward: GCAACT GA ATT CTC GCC GCC ATG AGT AAG GTATC AAG AAG
Reverse: GGC CCG CGG TAC CGT TAC ATT GAATAT TGGTCTTC

The amplified PCR product was gel purified and digd then ligated into the EcoR1-

Kpnl cloning site of the mammalian expression pldspiGFP-N (Clontech).

2.20.8.4 Generation of FLAG-tagged actin

FLAG-Actin was amplified from cDNA prepared from RNsolated from human cells.
The following primers, containing EcoR1 and Salktnetion sites, were used to
amplify the gene and ligate it into the EcoR1-Satining site of pCIl-Neo. The FLAG
sequence is italicized.

Forward: GCAACT GAATTC CGCCGCCATGTGCGACGAAGACGAGACC
Reverse:GCAACTGTCGACTCTAGTTCettgtcgtcatcgtctttgtagteAAGCATTTGCG

GTGGAC
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Ligations were transformed into DE5cells and individual colonies were isolated.
Recovered plasmids were analyzed by restrictioreddign then sequenced to ensure

cloning fidelity.

2.20.8.5 Generation of 13L fragments
To generate purified his-tagged full length I3 dragments thereof the I3L gene was

PCR amplified using the following primers contamiNotl and Ndel cloning sites:

Full Length 13:
Forward: GCAACTCATATGAGTAAGGTAATCAAGAAG

Reverse: GCAACTGCGGCCGCGACTAGTTCATACATTGAATATTGGCTTC

I3-F1:
Forward: GCAACTCATATGAGTAAGGTAATCAAGAAG

Reverse: GCAACT GCGGCCGC GACTAGT TCA atc aat ggtttactt gag

13-F2:
Forward: GCAACTCATATGAGTAAGGTAATCAAGAAG

Reverse: GCAACT GCGGCCGC GACTAGT TCAaac ata ttcdatcggc tcc

13-F3:
Forward: GCAACTCATATGAGTAAGGTAATCAAGAAG

Reverse: GCAACT GCGGCCGCGACTAGTTCAatacaacataggactyy

13-F4:
Forward: GCAACTCATATGAGTAAGGTAATCAAGAAG

Reverse: GCAACT GCGGCCGC GACTAGT TCA aca att agctty aga agc
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I3-F5:
Forward: GCAACTCATATGtct atc tct ata aaa ctt act g

Reverse: GCAACTGCGGCCGCGACTAGTTCATACATTGAATATTGGCTTC

PCR products were digested with Notl and Ndel aadeld into Notl/Ndel cloning
sites in the bacterial expression plasmid, pET-15bations were transformed into
DH5a cells and individual colonies were isolated. Rered plasmids were analyzed
by restriction digestion then sequenced to enslaeing fidelity. Plasmids were then

transformed into BL-21(DE3) cells (Invitrogen).

2.21 Protein purification

Overnight starter cultures were used to inocul&@ 2l cultures (LB broth containing
ampicillin) grown at room temperature until O.D.680 (approximately 5 h) then
induced with 0.05 mM isopropy-D-1-thiogalactopyranoside (IPTG) for 60 min. IPTG
Is a non-metabolisable metabolite of lactose thggérs transcription of thiac operon.
Cells were harvested by centrifugation at 6000 sig 15 min at 4 C. The specific
purification procedure was carried out for eachtgiroas described below, and all
proteins were then dialysed overnight, with bufédanges 2 h before and after the

overnight dialysis. The components of dialysis buffrere as follows:

Dialysis buffer components 20 mM HEPES-KOH pH 7.4

0aLmM KCI
5 % Glycerol

UHP water
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2.21.1 Purification of His-tagged I3 proteins

His-tagged I3 proteins were purified at room terapge using His-Talon columns
(Clontech). Cell pellet was resuspended in xTrabtdfer containing Benzonase (d
per 2 ml of buffer) and Protease Inhibitor CoctBIDTA-free (Roche) (1 tablet per 15
ml of buffer) and lysed by sonication using a Bamgrobe 102C (5 pulses of 10 sec
on, 10 sec off; performed on ice), then centrifuge@7000 xg for 15 min (Beckman
Avanti J-251, JA17 rotor) at °4C to separate soluble from insoluble proteins.
Supernatant was collected and applied on the dgetri which was previously
equilibrated according to the manufacturer’s ingians. Using a syringe attached to
the Luer Lock Adapter, the sample was passed thrdabhg column, the resin was
washed with the Wash Buffer provided with the kind eluted by applying 5 column
volumes of Elution Buffer. The 1 ml fractions oktpurified protein were collected and
analyzed by performing a Bradford assay (Bio-Radtdn Assay, Bio-Rad
Laboratories) (Bradford, 1976). Fractions were siiapen in a dry ice-EtOH bath, and

stored at -80C.

2.21.2 Purification of GST-tagged elF4G fragments

GST-tagged elF4G fragments (kind gift of Dr. Rob&thneider, NYU Langone
Medical Center) were purified from BL21(DE3) cells £ C by using the B-Per GST
Fusion Protein Spin Purification Kit (Pierce). Cpéllet was resuspended in cold PBS
containing Benzonase (d per 2 ml of PBS) and Protease Inhibitor Cocta),TA-free
(Roche) (1 tablet per 15 ml of PBS), lysed by satmn using a Branson probe 102C (5
pulses of 10 sec on, 10 sec off; performed on @eq, centrifuged at 27000 xg for 15
min (Beckman Avanti J-251, JA17 rotor) to separstduble from insoluble proteins.

Supernatant was collected and incubated with 1mhdinlized Glutathione (provided
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with the kit) at 4C for 1 h, then centrifuged at 1200 xg (Sigma 1PX5 for 5 min at 4

C. The supernatant was removed and the gel sluasyreasuspended with 0.25 ml Wash
Buffer, transferred to a column provided with the &nd centrifuged at 1200 xg for 2

min at 4 C. Washing step was repeated once more, and timewas then eluted using

the Elution Buffer, according to the manufacturenstructions. The 1 ml fractions of

the purified protein were collected and analyzedbsforming a Bradford assay (Bio-

Rad Protein Assay, Bio-Rad Laboratories) (Bradf@&y6). Fractions were snap-frozen

in a dry ice-EtOH bath, and stored at>80

2.21.3 Batch-purification of elF4E

Untagged human elF4E was batch-purified from BLAZDcells at 2C. Cell pellet
was resuspended in cold PBS containing Proteasmitmh Cocktail, EDTA-free
(Roche) (1 tablet per 15 ml of PBS), lysed by satmn using a Branson probe 102C (5
pulses of 10 sec on, 10 sec off; performed on &e(l, centrifuged at 27000 xg for 15
min (Beckman Avanti J-251, JA17 rotor) to separstéuble from insoluble proteins.
Supernatant was collected and snap-frozen in écdrEtOH bath, and stored at °8D.
When needed, lysates were thawed on ice, treatibxdoenzonase and batch-purified by
incubation with 7-Methyl GTP Sepharose 4B for 14%E. The resin was then washed

several times to remove unbound debris.

2.22 Generation of VacV mutant
Deletion of the I3L gene was carried out using aeh@pplication of the VAC-BAQY
system in which the complete VacV genome is clomeda bacterial artificial

chromosome (BAC), and rescued by fowlpox virusjstiadtly related poxvirus (Domi
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and Moss, 2002). A two-step procedure was usedpglace the I3L ORF of the VAC-
BAC plasmid with the ampicillin (Amp) resistancengeby homologous recombination
in E.coli DH10B cells. In the first step I3L ORF was repldhaeith the Amp ORF. In
the second step VAC-BAGI3L plasmid was transfected into fowlpox virus-icied

cells that are not permissive for fowlpox virus.

2.22.1 Deletion of 13L ORF

2.22.1.1Primers and PCR

To amplify the ampicillin ORF from the pET plasmiy PCR the following primers

containing approximately 18 bp of the 5 and 3’ esfdthe amp gene and 50 bp of
homologous sequences flanking the region whereolatrlaps the 12L and 4L ORFs

were used:

Forward: AAAGTGAAAATATATATC ATTATATTACAAAGTACAA
TTATTTAGGTTTATCTTGA AGACGAAAGGGCC
Reverse: TCCGGAGACCCCATAAAT ACACCAAATATAGCGGC

GTACAACTTATCCATGAG ATTATCAAAAAGG

To confirm that ampicillin ORF replaced I13L ORF tfidlowing primers containing the

I3L flanking sequences were used:

Forward: CAAAGTACAATTATTTAGG

Reverse: AATACACCAAATATAGCGG

The conditions used for the PCR reactions are thestim table 2.6
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2.22.1.2 Preparation of electrocompetent VAC-BAC cells
E.coli cells strain DH10B harboring VAC-BA&/plasmid (gift of A. Domi and B.
Moss) needed to be specially treated in order tdope the efficient transformation

through electroporation.

2.22.1.2.1 Activation of the recombination system

To induce expression of recombination genes ik.coli DH10B/VAC-BAC/A, the
protocol recommended by Domi and Moss (2005) wasl.uS0 ml of LB medium
containing tetracycline (2ag/ml) and chloramphenicol (34g/ml) was inoculated with
500 pl of an overnight culture of.coli DH10B/VAC-BAC/A and incubated at ST
until ODggo Was approximately 0.6. Then, the culture was ieduat 42 C for 45 min.

The cells were chilled on ice for about 10 min.

2.22.1.2.2Cell wash

After activation of the recombination system, 15 eell aliquots were collected by
centrifugation at 4C, 2200 xg for 10 min (Beckman Avanti J-25I, JADor). After
discarding supernatant the pellet was washed 3stwith ice-cold 10 % glycerol in
UHP water, and resuspended inlB®f the same solution. Electrocompetent cells were

then snap-frozen in a dry ice-EtOH bath, and state8C C

2.22.1.3Transformation of DH10B cells

ElectrocompetenkE.coli DH10B cells harboring VAC-BAQ/ plasmid were thawed on
wet-ice, and 5Qul of the cells was mixed with 1 ng of the PCR aringdi DNA (Amp
ORF containing the flanking sequences), then geralysferred into the pre-chilled on

ice electroporation (EP) cuvettes (Gene Pulser Teiv@®.1 cm electrode, Bio-Rad
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Laboratories). EP cuvettes were kept on ice fornsthen dried and placed in the
electroporator. Transformations were performed gisinGene Pulser 1l Electroporator

(Bio-Rad Laboratories). The following EP parametgese used:

EP parameters 200Q

2.0 kv

2

10-12 MSec
Immediately after electroporation cells were ditte 1 ml of SOC medium (Sigma),
mixed gently by pipetting up and down and transf@rto the 30 ml tube. Cells were
incubated at 37C shaking incubator for 1 h. Then, 2@Dcultures were plated on LB
Agar plates containing Amp and chloramphenicol amdibated at 37C overnight for

selection of efficiently transformed cells.

2.22.1.4BAC purification

In order to recover VAC-BAQV plasmid from DH10B cells, the BAC purification was
performed using the QIAGEN Large-Construct Kit, @iis based on the QIAGEN
Anion-Exchange Resin.

The single colonies of the wildtype DH10B/VAC-BAC/ cells and the recombinant
DH10B/VAC-BACAI3L/A were used to inoculate a starter culture of 3Bimedium
containing selective antibiotics (Amp and chlorampicol). Cultures were incubated at
37°C for 6-8 h with vigorous shaking (225 rpm). Therg ml of the starter culture was
inoculated into 500 ml selective LB medium, andvgnaat 37 C for 16 h with vigorous
shaking. Cells were harvested by centrifugatioB0f0 xg for 15 min at4C (Beckman

Avanti J-251, JA17 rotor), and purified according the manufacturer’s instructions.

90



Basically, the protocol starts with modified alkedilysis and integrated ATP-dependent
exonuclease digestion, which ensures selective vaimof contaminating genomic
DNA. Following digestion, BAC was then bound to @EN Resin under appropriate
low-salt and pH conditions. RNA, proteins, dyes] &mw-molecular-weight impurities
were removed by a medium-salt wash. BAC was elutekigh-salt buffer and then
concentrated and desalted by isopropanol predgmitaDNA was then diluted in TE

buffer, measured on Nanodrop and stored @t 4

2.22.2 Rescue of infectious virus

To recover the recombinant virus BSC40 cells wafected with 0.1 PFU per cell of
the helper fowlpox virus (FPV) to provide the tramgtion system, as infection cannot
be initiated with viral DNA alone. At 2 hpi cellsere transfected with fug of the
VAC-BAC or VAC-BAC-AI3L plasmid using Fugene HD Transfection Reagent
(Roche) according to the manufacturer’s instrugiofransfected cells were incubated
at 37 C until the plagues could be seen (5-7 days). Ce#se then fixed in

formaldehyde as outlined before.
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Section 3.0

Results
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3.1 Kinetics of infection in a variety of cell lines

Three different cell types were used in this study:
(1) normal human diploid fibroblasts (NFs);
(2) human embryonic kidney 293 cells KHED3);

(3) transformed monkey kidney cells (BIBE).

The kinetics of VacV infection needed to be essdidd in each cell type in order to

perform further experiments.

Cells were cultured on 35 mm dishes and mock-ietedr infected with VacV with
multiplicity of infection (moi) 5. After indicatetime post infection (8, 16 or 25 hours)
cells were metabolically labeled witfi>$]methionine-cysteine for 1 h, and lysed in
Laemmli buffer. Cell extracts were fractionated®yS-PAGE and gels were dried and
exposed to x-ray film at -8@. First, comparison of transformed lines (HEK-2981
BSC40s) indicated similar kinetics in each cellelifFig. 3.1.1). At 8 hours post
infection (hpi) significant inhibition of cellulaprotein synthesis was observed, while
more complete host shut-off and robust translatiblate viral proteins was evident by
16 hpi in both cell lines. By 25 hpi the patterfigpmtein synthesis were unchanged but
had declined in intensity, demonstrating that f#tases of infection were reached by 16

hpi in these cells.
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M 8 16 25

HEK-293

Figure 3.1.1 Autoradiograph illustrating the time-course of VagWotein synthesis in two
transformed cell lines used in this study. Cellsanmetabolically labeled witii8]methionine-
cysteine for 1 h prior to sampling. Molecular weigharkers are indicated to the left. (M =

mock)
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The previous experiments were performed in transéor cells. However, to simulate
the metabolic state of cells in the body more digsee often use normal human
diploid fibroblasts (NHDFs) and serum-starvation gmwth-arrest these cells. This
allows us to observe activation of signaling patysvand translation complexes that
might be induced during viral infection, but aldteats the kinetics of infection (Walsh

et al, 2008).

As such, cycling and serum-starved NHDFs were mofgdcted or VacV-infected at
moi 5. Extracts of cells metabolically labeled wftfS]methionine-cysteine were made
at 16 and 25 hpi, and analyzed as described alboveycling NHDFs, late stage
infection, as determined by host shut-off and vjpabtein synthesis patterns, were
reached by 16hpi, similar to transformed lines. cémtrast to cycling cells, in serum-
starved NHDFs the highest level of viral proteimtéyesis was detected at 24-25 hpi
(Fig. 3.1.2 a), while at 16 h host shut-off wasoimplete and some intermediate protein
synthesis remained detectable (marked by astding. indicates that reducing the cells
metabolism by starvation extends the replicatiorieepf VacV. As can be seen in Fig.
3.1.2 b, western blotting showed that in serumvsthrcells viral protein production
reached the intermediate phase by 16 hpi with cetmplaccumulation of the
intermediate protein 13 (Fig. 3.1.2 c). However,iletsome structural proteins were
produced, they continued to increase in abundagc2sbhpi, while others were only

detected in 25 h but not 16 h samples.

The majority of further research was carried ougistarved NHDFs infected for 16 or

24-25 hours, to analyze the middle or late phasefeétion.
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16 24 16 24 hpi

Starved Starved Cycling

Figure 3.1.2 (a)Comparison of the kinetic of VacV infection in ciyg and serum-starved
NHDFs. Intermediate protein synthesis still deteletan serum-starved but not cycling cells at
late stages of infection (16 hpi) are marked witeax. Molecular weight markers are indicated

to the left.
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M V16 V25 M V16 V25

Figure 3.1.2 (b, c))mmunobilots illustrating the accumulation of tot&cV proteins (b) and the
intermediate protein I3 in serum-starved NHDFsMojecular weight markers are indicated to
the left. (M = mock, Vs= VacV-infected for 16 h, ¥ = VacV-infected for 25 h)
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3.2 Analysis of signaling and translation during vaccima virus infection
3.2.1 Manipulation of the cellular PISK pathway by vaccinia virus

It has recently been shown that VacV activates mCORo phosphorylate 4E-BP1
(Walshet al, 2008). However, whether VacV activates mTORCZEdly or induces
upstream signaling remained unknown so far. In shisly we aimed to investigate the
mechanism used by VacV to manipulate the PI3K/AK@OR pathway that leads to the
activation of mMTORC1 and inhibition of the trangdatl repressor 4E-BP1. To assign a
role for the PI3 kinase in VacV translational stgiés, the phosphorylation of its
downstream effectors in the presence of specifiubitors that block PI3K and

MTORCL1 (LY294002 and rapamycin, respectively) (Big.1) was evaluated.

Serum-starved normal human diploid fibroblasts (NHspwere pre-treated for 1 hour
with equal volumes of the following inhibitors: datiyl sulfoxide (DMSQO) solvent
control, 40 pM LY294002 (LY), and 2 pKrapamycin. Cells were then uninfected or
infected with 10 PFU VacV, and phosphorylation elested proteins was measured at
16 hpi by immunoblotting of whole cell extracts ngi specific antisera against
phosphorylated forms of Akt (P-Akt) and ERK (P-ERI§) total forms of Akt (T-Akt),

p70S6K and 4E-BP.

Interestingly, VacV caused increased phosphorylatib Akt in infected cells, while
LY294002 completely blocked this process (Fig. 3.2In addition, inhibitors did not
affect the total level of Akt. The fold change (F.Gn Akt phosphorylation was

guantified by densitometry and averaged, and thesented relative to uninfected

% High concentration (40uM) of LY294002 was usedawse high doses of this drug were shown to
inhibit both class | and class Il of P13 kinasehjle/low doses (2uM) inhibit only class | (Vlahd€994).

* High concentration (2uM) of rapamycin was usednmake sure mTORC1 activity is completely
inhibited. Concentrations are normally betweef-200 nM.
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levels, arbitrarily set at .1LY294002 also inhibited phosphorylation of mTOR
downstream substrates: p70S6 kinase (p70S6K) ar8PAE which are activated and
phosphorylated in VacV-infected cells (Fig. 3.2.8)milar effects of LY294002 were
observed in uninfected, serum-starved NHDFs (notvsi). Multiple phosphorylation
of 4E-BP1 and p70S6K was detected by mobility saifalysis with high-percentage
SDS-PAGE gels (hyper- and hypophosphorylated fasnesindicated). The mTORC1
inhibitor, rapamycin, blocked VacV-induced phospfation of p70S6K and 4E-BP1,
as reported previously (Walgt al, 2008), but did not reduce Akt phosphorylation

which lies upstream of mTORC1 (Fig. 3.2.3).

The abundance of elF4E, used as a loading com&wlained unaltered and inhibitors
did not significantly affect phosphorylation of ERI& kinase outside of the PI3K
pathway which phosphorylates the elF4E kinase MN#1d is known to be activated
by VacV. This indicates the specificity of PIS3K amIOR inhibitors. The fold change
(F.C.) in ERK phosphorylation was quantified by siemmetry and averaged, and then

presented relative to uninfected levels, arbityasét at 1 (Fig. 3.2.4).

These results reveal the importance of the hoskiREse in VacV-induced downstream
signaling to mTORC1 and its substrates, 4E-BP1 @f@56K. Therefore, we further

examined the impact of PI3K inhibition on the fotroa of elF4F complexes.
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Figure 3.2.1 Simplistic PI3K pathway including key factors invel and points at which

inhibitors function. T-bars represent suppressttircled P’s represent phosphorylation events.

100



M VACV

P-AKT F.C. 1 3.3 - 3.6
P-AKT | s e

T — - —

DMSO DMSO LY RAPA

Figure 3.2.2 (a)Western blot analysis of AKT phosphorylation in rk@M) and VacV-infected
cells (VACV) in a presence of indicated inhibitor§-.C.= fold change measured by
densitometry; LY = LY294002; Rapa = rapamycin)

M DMSO V DMSO VLY V Rapa

Figure 3.2.2 (b) Densitometry analysis of AKT phosphorylation in rkand VacV-infected
cells in the presence of indicated inhibitors. (Mnack; V = VacV-infected; LY = LY294002,

Rapa = rapamycin)
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DMSO DMSO LY RAPA

Figure 3.2.3 Immunoblot illustrating the LY294002 and rapamyadffects on mTOR'’s
substrates phosphorylation in mock (M) and Vac\eatéd cells. (LY = LY294002, Rapa =

rapamycin)
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M VACV

P-ERK F.C. 1 22.7 20.1 23.9

CIFAE  “— — ”
DMSO DMSO LY RAPA

Figure 3.2.4 (a)Immunoblot illustrating phosphorylation of ERK inock (M) and VacV-
infected cells in the presence of indicated inbiflsit (F.C. = fold change measured by
densitometry; LY = LY294002; Rapa = rapamycin)

257

20

151

10+

M DMSO V DMSO VLY V Rapa

Figure 3.2.4 (b)Densitometry analysis of ERK phosphorylation in knaad VacV-infected
cells in the presence of indicated inhibitgid = mock; V = VacV-infected; LY = LY294002,

Rapa = rapamycin)
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3.2.2 The effect of LY294002 and rapamycin on elF4F compk formation in

VacV-infected cells

3.2.2.1The levels and binding of elF4G, elF4E and 4E-BP1

To examine the effect of LY294002 and rapamycirttenformation of elF4F complex
during VacV-infection, 7-methylguanosine cap bigdassays were carried out. Serum-
starved NHDFs were uninfected or infected with JToUPVacV in the presence of
DMSO, 40 uM LY294002 or 2 uM rapamycin, and 16 th@ soluble cell extract was
made. elF4E was recovered from the lysate by 7ylgihnosine GTP batch
chromatography, as described in Section 2.2.8,santples were fractionated by SDS-
page and probed with antisera towards elF4E, elBA® 4E-BP1 to establish the

composition of elF4E-bound complexes in each sample

In mock-infected cells both elF4G and 4E-BP1 ndlityiraound to individual elF4E

molecules and were recovered on cap resin. Vacufggntly increased the amount of
elF4G in elF4E-bound complexes and blocked theibgndf 4E-BP1, as expected and
reported previously (Walskt al, 2008). However, inhibition of PI3K resulted in a
strong recruitment of 4E-BP1 to elF4E and inhilmtaf elF4G binding (Fig. 3.2.5 a). In
addition, rapamycin only slightly affected bindionf§ elF4G, but did prevent 4E-BP1
phosphorylation by VacV, which can be observedhpput samples as well. The levels
of elF4E remained constant. The fold change (RrCelF4G and 4E-BP1 binding was
guantified by densitometry and averaged, and thesented relative to uninfected

levels, arbitrarily set at 1 (Fig. 3.2.5 b, ¢).

These results demonstrated that by 16 hpi of sestanved NHDFs, VacV increased

levels of elF4F in a PI3K-dependent manner.
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Input

DMSO DMSO LY RAPA

Figure 3.2.5 (a)lmmunoblot illustrating elF4F complex formation imock (M) and VacV-

infected cells in the presence of indicated inbifsit (LY = LY294002, Rapa = rapamycin)
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M DMSO V DMSO VLY V Rapa

Figure 3.2.5 (b)Densitometry analysis of elF4G binding to elF4HEniock and VacV-infected
cells in the presence of indicated inhibitgfd = mock; V = VacV-infected; LY = LY294002,
Rapa = rapamycin)

M DMSO V DMSO VLY V Rapa

Figure 3.2.5 (c)Densitometry analysis of 4E-BP1 binding to elF4Hniock and VacV-infected
cells in the presence of indicated inhibitdfd = mock; V = VacV-infected; LY = LY294002,
Rapa = rapamycin)
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3.2.2.2The effects of inhibitors on the abundance of 4E-BP in VacV-infected

NHDFs

VacV infection has been shown to decrease the anoedof 4E-BP1 in a rapamycin-
sensitive manner (Wals#t al, 2008). We therefore examined effects of PI3Khitlon

on 4E-BP1 abundance in infected cells.

The total levels of 4E-BP1 in the samples describedhe previous section were
analyzed by immunoblotting using low-percentag® @) gel and with anti-4E-BP1
antiserum. Low percentage gel was used to previeat resolution of multiple
phosphorylated 4E-BP1 isoforms, and monitor thadstestate levels of 4E-BP1. This
experiment demonstrated that in fact rapamycinkddcAE-BP1 degradation in VacV-
infected cells; however, LY294002 dramatically emsed the abundance of this
repressor bringing it to a higher level than obsdrin mock-infected cells (Fig. 3.2.6
a). The fold change (F.C.) of 4E-BP1 levels wasntjtiad by densitometry and
averaged, and then presented relative to uninfdetesdls, arbitrarily set at 1 (Fig. 3.2.6

b).
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Figure 3.2.6 (a)Immunoblot illustrating the total 4E-BP1 levels imock (M) and VacV-
infected cells in the presence of indicated inbitsit (F.C. = fold change measured by
densitometry; LY = LY294002, Rapa = rapamycin)

M DMSO V DMSO VLY V Rapa

Figure 3.2.6 (b)Densitometry analysis of 4E-BP1 accumulation in W-fected cells in the
presence of indicated inhibitor@M = mock; V = VacV-infected; LY = LY294002, Rapa =
rapamycin)
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3.2.2.3The effect of PIS3K and mTORC1 inhibitors on elF4E ghosphorylation in

VacV-infected cells

Since the PI3K inhibitor was found to significandlifect elF4G association with elF4E,
the effect of LY294002 on elF4E phosphorylation wasamined. elF4E is
phosphorylated as part of elF4F complex by elF4§a@ated kinase Mnk1/2, and this
process is mediated by the MAPK/Erk signaling pati@Wanget al, 1998; Schepest
al., 2001). Although the role of elF4E phosphorylatiancellular translation has not
been fully explored, it appears to play an impdrtarie in VacV protein synthesis.
Walshet al. (2008) demonstrated that inhibition of Mnk1 by (B3B80 significantly
decreased VacV replication. Here, we examined Hiibition of PI3 kinase by

LY294002 also impairs elF4E phosphorylation.

Serum-starved NHDFs were pre-treated with LY294602apamycin for 1 hour, then
mock or VacV-infected at moi 10, and lysed in Ladimmffer at 16 hpi. The lysates
were resolved by isoelectric focusing to separabe tphosphorylated and
unphosphorylated forms of elF4E and analyzed by umomblotting using anti-elF4E

antiserum. As shown in Fig. 3.2.7, VacV infectiathanced phosphorylation of elF4E,
whereas LY294002 significantly reduced this event do the collapse of elF4F
complexes in which elF4E phosphorylation occurspd®aycin did not significantly

affect elF4E phosphorylation.
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Figure 3.2.7Immunoblot illustrating elF4E phosphorylation in cho(M) and VacV-infected
cells in the presence of indicated inhibitors. Migwn of phosphorylated (P-elF4E) and
hypophosphrylated (elF4E) elF4E is indicated toldiie (LY = LY294002, Rapa = rapamycin)
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3.2.2.4The effect of the PI3K and mTORC1 inhibitors on elEG phosphorylation

in VacV-infected cells

To investigate if other factors might be involved e€IF4F disruption caused by
LY294002 in VacV-infected cells, the phosphorylatiof elF4G was examined. elF4G
is thought to be phosphorylated by a number ofd@sancluding mTORC1 (Raugét

al., 2000; Linget al, 2005). Cell extracts were analyzed by westerrtihtp using

antisera against the total (T-elF4G) or phosphtegldP-elF4G) forms of elF4G. The
results demonstrated that while the total levelsel®4G remained constant, VacV
evidently increased the accumulation of phosphtegl& IFAG (Fig. 3.2.8). Treating the
cells with mTORCL1 inhibitor prevented this stimigat maintaining phosphorylation at
basal uninfected levels, whereas inhibition of RiBase resulted in only modestly
decreased elF4G phosphorylation compared to urieddevels. As such, dramatic loss
of elF4G phosphorylation did not occur specificatyl Y294002-treated samples and

is unlikely to contribute to the collapse of elF4F.

T-elF4G

DMSO DMSO LY RAPA

Figure 3.2.8Immunobilot illustrating elF4G phosphorylation in choand VacV-infected cells
in the presence of indicated inhibitors. (LY = L2, Rapa = rapamycin)
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3.2.3 The effect of LY294002 and rapamycin on cellular séss response in VacV-

infected cells

As mentioned before (section 1.2.2), initiationtémeIF2 catalyses Met-tRNAinding

to the 40S ribosomal subunit during the formatibthe ternary complex. elF2 consists
of three subunitss, B, andy. Phosphorylation of the smallest) (subunit can be caused
by physiological stresses such as heat shock s wnfection, and leads to disruption in
overall protein synthesis or cell death by apopgto&lemens, 2001). Therefore,
increased phosphorylation of el considered one of the indicators of cellulaesdt
and/or apoptosis. Another such an indicator isghoto be cleavage of elF4G, which is
an early event in apoptosis and results in the yotooh of modified elF4F complex
containing elF4E, elF4A, and the central fragmdnel&4G instead of the full length

(Morley, 2001).

In the previous experiments no changes in elF4Gddmce were observed, suggesting
that LY294002 was not inducing a cellular stresspomse. To further determine
whether or not the observed LY294002 effect invsltlee cellular stress responses, the
phosphorylation of elr2was examined. Serum-starved NHDFs were infecté¢d 20
PFU VacV per cell in the presence of DMSO, LY294@02apamycin. At 16 hpi cells
were lysed in Laemmli buffer and analyzed by immhlatiing using antisera against
the phosphorylated forms of el&pha (P- elF21). The results, illustrated in Fig. 3.2.9,
did not show noticeable changes in the total elpRosphorylation, demonstrating that
the observed effects of LY294002 and rapamycin seetmto be a result of cellular

stress responses.
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Figure 3.2.9lmmunobilot illustratingelF2o0. phosphorylation in mock (M) and VacV-infected
cells in the presence of indicated inhibitors. (£Y.Y294002, RAPA = rapamycin)

Furthermore, looking at cells morphology in a phesetrast microscope confirmed that
cells were indeed infected characterized by lonfjulee protrusions and cell-cell
detachment. However, LY294002-treated -cultures adgtuexhibited a reduced
cytopathic effect compared to cells treated with @M (Fig. 3.2.10). This suggested
that LY294002 protected infected cells from morpigotal changes caused by the
virus, and that VacV could not carry out its normgglication cycle in cells where PI3

kinase was inhibited. In contrast, rapamycin ditiprotect the cells.
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Figure 3.2.10 Phase contrast microscopy photographs of mock aacVv\ihfected serum-
starved NHDFs treated with LY294002 or rapamycin.
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3.2.4 The effect of LY294002 and rapamycin on VacV protei synthesis

Next, the effect of PI3K and mTORCL1 inhibitors ootal vaccinia virus protein
synthesis was examined. Serum-starved NHDFs weknay VacV-infected in the
presence of inhibitors, and at 16 hpi metabolicallgbeled with {°S]
methionine/cysteine for 1 hour. Then cells wereetlysin Laemmli buffer and
fractionated by SDS-PAGE; the gels were dried aqbsed to X-ray film at -80C or
analyzed by immnoblotting using antiserum agairetcinia virus. As observed in
Figure 3.2.11, the inhibition of PI3K had a hugéeef on the protein synthesis in
infected cells. The translational rates were sigaiftly suppressed even at high input
doses of the virus, suggesting that viral protemsd not be efficiently produced in the
presence of LY294002, while rapamycin did not dffeprotein synthesis.
Immunoblotting of the same samples using antiseagainst VacV confirmed the

inhibition of protein production by LY294002.
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Figure 3.2.11The effect of LY294002 and rapamycin on VacV tratishal rates. Growth-
arrested NHDFs were mock or VacV-infected in thespnce of DMSO, LY294002 or
rapamycin. Cells were metabolically labeled wittS]methionine-cysteine, then samples were
resolved by SDS-PAGE and exposed to x-ray filmtfanleft) or analyzed by immunoblotting
(on the right).
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3.2.5 The LY294002 effect on the production of infectiousirus

We then examined the production of infectious vimiells treated with inhibitors.
6x10F NHDFs were infected with 10 PFU VacV per cell iretpresence of DMSO,
rapamycin or LY294002, and at 18 hpi the virus Wwasvested by repeated freeze/thaw
cycles to disrupt cellular membranes and release Mihus. Infectious virus was
measured by diluting the lysates and infecting B®@#lls. The virus titer was
quantified by plaque assay and illustrated on tlaply (Fig. 3.2.12). LY294002 clearly
reduced the production of infectious virus up tefdi@, which again confirmed the
importance of PI3 kinase in VacV replication. Senito the previous results, rapamycin
did not affect VacV life cycle significantly, redag viral titers by only 3-fold. The

assay was repeated several times giving comparediéts each time.
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Figure 3.2.12Titration of infectious virus production in the pence of DMSO, LY294002
(LY) or rapamycin (Rapa).
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3.2.6 Investigation of apoptosis in LY294002-treated cedlinfected with VacV

After publishing the results described above (Zabwska and Walsh, 2009), a
subsequent paper showed apoptotic effects of LY@®4d mouse A31 cell line

infected with vaccinia or cowpox virus (Soamtsal, 2009). As we had used serum-
starved human cells, we then examined whether apispbccurred in other cell types

treated with this PI3K inhibitor.

In our lab we had noticed before that the Akt intoitpy Akt I, induces extensive
apoptosis in human cells. This served as a cofdrotletection of apoptosis in cells
treated with LY294002. Three different cell linescluding normal human cells
(NHDFs), transformed human cells (HEK-293) and dfarmed monkey cells
(BSC40s) were pretreated with DMSO, LY294002 or ikiibitor (Akti) for one hour,
and then mock-infected or infected with VacV. Thexinday cells morphology was
analyzed by phase microscopy and photographed 8dgl3 a-c). Examination of the
images clearly shows that cells treated with Aktibitor underwent apoptosis in all
mock- and VacV-infected lines. In contrast, the KiBhibitor protected cells from
morphological changes that suggested apoptotichdddite results were equal in all
three analyzed cell lines, normal and transformaadn cells and transformed monkey
cells, suggesting that apoptosis caused by LY294002acV-infected cells described
by Soarest al. (2009) is specific only for certain cell types Buas those derived from

mice.
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Figure 3.2.13 (a)Phase contrast microscopy photographs of mock (d)\éacV-infected (V)

cycling NHDFs treated with DMSO, LY294002 and Akti.
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LY29400

Figure 3.2.13 (b)Phase contrast microscopy photographs of mock (M)\éacV-infected (V)
HEK-293 cells treated with DMSO, LY294002 and Akti.
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Figure 3.2.13 (c)Phase contrast microscopy photographs of mock ¢M)\éacV-infected (V)
BSC40 cells treated with DMSO, LY294002 and Akti.
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To examine the effect of the inhibitors, LY294002daAkti on total VacV protein
production, HEK-293 cells were pretreated with ftnéibitors for 1 hour before
infection with VacV. At 16 hpi cell lysates wereaétionated on SDS-PAGE gel and
probed for expression of viral genes by western aialysis using antibodies against
VacV proteins. As shown in Fig. 3.2.14, the Vac\otpin levels were reduced by
LY294002, as observed in serum-starved NHDFs, whilbie presence of Akti neither
cellular nor viral proteins were detected suggestirat virus replication could not take
place, most likely on account of the cells deathadidition, LY294002 blocked Akt

phosphorylation demonstrating that the inhibitoswe#ective (Fig. 3.2.14).

Finally, the influence of LY294002 and Akti on PAR& indicator of apoptosis, was
examined. PARP (Poly [ADP-ribose] polymerase) ig af the targets for caspase-3
and caspase-7, the execution caspases that pkytiaksoles in apoptosis. Once PARP
and other substrates are cleaved by caspases,ytbplasmic endonucleases are
activated leading to degradation of nuclear mdtana cytoskeletal proteins (Elmore,
2007).

The samples described above were fractionated dB-FBGE gel and analyzed by
immunoblotting against PARP and Caspase-7. As shawigure 3.2.14, LY294002
did not cause PARP cleavage or caspase-7 procdaasmngck- or VacV-infected cells;
while inhibition of Akt clearly resulted in PARPedvage and apoptotic death of both

mock-infected and VacV-infected cells.

These results demonstrated that inhibition of PlaK,contrasted with the effects of
Akti, does not cause apoptosis in a number of @ffecell types infected with vaccinia

virus.
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Figure 3.2.14lmmunoblots illustrating the effect of LY294002 aA#ti on VacV protein levels
(the upper part of image) and PARP cleavage armhsas/ processing (lower part of image) in
mock-infected (Mock) and VacV-infected (VV) HEK-2@8lIs.
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3.2.7 The role of mTOR in VacV protein synthesis

As demonstrated before (sections 3.2.2.1, 3.2.th2)effect of LY294002 on 4E-BP1
and P-Akt was distinct from rapamycin; it causextrang accumulation of 4E-BP1 and
inhibited Akt phosphorylation in VacV-infected cellThis suggests that other unknown
branches of the PI3K pathway may be involved inBHE- regulation and elF4F
formation. Notably, rapamycin only partially inhi®imTORC1 and does not affect
MTORC2 complexes. In contrast to rapamycin, themtyg discovered inhibitor Torinl
potently inhibits both mTORC1 (including rapamysensitive and rapamycin-
insensitive mMTORC1) and mTORC2 complexes (Thoreteal, 2009). We therefore
tested its influence on VacV infection in primamynhan cells. Figure 3.2.15 shows that
Torinl (50nM) blocked the phosphorylation of Aktdacaused 4E-BP1 accumulation in
VacV-infected cells. This was also observed inscettated with two distinct inhibitors

of PI3K, LY294002 (4QuM) and wortmannin (1gM°) (Walkeret al, 2000).

Figure 3.2.15Immunoblot illustrating the effect of Torinl on Aghosphorylation and 4E-BP1

phosphorylation and accumulation.

® 10puM wortmannin is considered a high concentratiat inhibits PI3K class I, Il and IIl, while low
concentrations (250 nM) inhibit only class | of RI8VIahos, 1994). However, for longer experiments
higher concentrations are also necessary as wonimanunstable.
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As Torinl reproduced the effects of PI3K inhibitors 4E-BP1 dephosphorylation and
accumulation, 7-methyl GTP sepharose chromatogragbkgy was carried out to look
at the influence of Torinl on elF4F complex forroati Serum-starved NHDFs were
pretreated with DMSO or 50 nM Torinl for 1 hourethmock-infected or infected with

10 PFU VacV per cell for 18 hours. Cap-binding édFahd levels of associated elF4G
were examined by western blotting. The results sbthat, similarly to LY294002,

Torinl disrupted the elF4F complex in both mocleotéd and VacV-infected cells

(Fig. 3.2.16).

Torini - - - -
elFAG § = 3
7M-Cap
BT S <e——
Mock Vv

Figure 3.2.16lmmunoblot illustrating the effect of Torinl on diF complex formation in VacV-
infected (VV) serum-starved NHDFs.

Examining rates of translation in VacV-infected wsarstarved NHDFs at 18 hpi
demonstrated that, although Torinl reduced viratgin synthesis more efficiently than
rapamycin, its effects were not as dramatic as migh expected, given the robust

inhibition of elF4F formation by Torinl (Fig. 3.Z. R).

In addition, viral protein accumulation at 18 hpaswnot affected by Torinl to the same
extent as by LY294002 or wortmannin (Fig. 3.2.17Two different concentrations of
the PI3K inhibitors were used in this experimenwoT distinct concentrations of

wortmannin (10uM and 30uM) reduced VacV protein synthesis to similar leyealsd
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similar to this, high concentration of LY294002 (gM), which inhibits both class |

and class Il of the PI3K (Vlahos, 1994), also retl¥acV protein levels. In contrast,
low concentrations of LY294002 (2M), which did not completely block Akt or 4E-
BP1 phosphorylation (not shown), were more simtlarthe effects of rapamycin.
However, the effects of Torinl were stronger coragaio rapamycin demonstrating
that elF4F does play a role in the synthesis ofWpioteins, but that other functions of

PI3K were also important in VacV replication.

Similar effects were obtained when performing titna of infectious virus production
in the presence of inhibitors. 6XINHDFs were infected with 10 PFU VacV per cell in
the presence of DMSO, M rapamycin, 50 nM Torinl or 4aM LY294002, and at 18
hpi the virus was harvested by repeated freeze/tbgwles to disrupt cellular
membranes and release the virus. Infectious vias measured by diluting the lysates
and infecting BSC40 cells. The virus titer was difeea by plaque assay and illustrated
on the graph (Fig. 3.2.17 c), which clearly sholes increasing effect of each inhibitor
on the production of infectious virus, in agreemeith their effects on viral protein

production.
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Figure 3.2.17 (a)Autoradiograph showing the effect of rapamycin dratinl on the total
VacV protein synthesis. Cells metabolically labeteith [**S]methionine-cysteine from 15-16
hpi. Molecular weight markers are indicated toldfe
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10uM 30uM 2uM 40uM
DMSO Rapa  Torinl Wort Wort LY LY

Figure 3.2.17 (b) Immunoblot comparison of the effect of Torinl, rapain, and PI3K
inhibitors on the total VacV protein accumulationserum-starved NHDFs at 18 hpi. Samples
analyzed by western blotting using anti-VacV amtise (Rapa = rapamycin, Wort =
wortmannin, LY = LY294002)
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Figure 3.2.17 (c)Titration of infectious virus production in the pemce of 1- DMSO, 2-

rapamycin, 3- Torinl, and 4- LY294002.
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3.3 Redistribution of translation factors during VacV infection

In the beginning of our investigation on redisttiba of host translation factors caused
by VacV, we speculated that a specific viral pmoter cellular protein induced by the
virus might associate with elF4F and cause itsraegement in infected cells.
Therefore, we screened components of the elF4F leamp VacV-infected cells to
search for such a protein. This was done initiaing serum-starved NHDFs infected

for 16 hours to perform immunoprecipitation assaythe mid-phase of infection.

3.3.1 Identification of a viral protein associated with éF4G in VacV-infected

cells

The screening of translation factors was perforimgchetabolically labeling uninfected
and VacV-infected cells from 15-16 hpi, and themmiomoprecipitation of complexes
from cell extracts using specific antibodies agael§&4G and PABP. Afterwards the
immune complexes were resolved by SDS-PAGE andifidged gels were exposed to
x-ray film. Analysis of the detected proteins aetitranslated during labeling time in
VacV-infected cells showed a 34-kDa protein asgediavith elF4G that was not
present in mock-infected cells (Fig. 3.3.1 a). tdidon, immunoprecipitating elF4G
from cells infected for 24 hours demonstrated tthet signal intensity from this
polypeptide decreased significantly (Fig. 3.3.1 f)ggesting that it was no longer

synthesized or no longer associated with elF4@iatpoint.
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Figure 3.3.1 Autoradiographs of metabolically labeled starved D4 illustrating (a) an
unknown 34-kDa protein associated with elF4G ahp6 and(b) its signal intensity at 16 and
24 hpi (to the right) Molecular weight markers ardicated to the left. (M = mock, V = VacV-
infected, PI = pre-immune serum, 4G = anti-elF4G1= 16hpi, 24 = 24hpi)

We further examined whether this protein was presen anti-PABP immune
complexes. PABP is an abundant RNA-binding protewolved in different cellular
processes including translational control, but iacV-infected cells the majority of
PABP is distributed to different areas of the ab#itinct from elF4G (Mangust al,

2003; Walshet al, 2008). Immunoprecipitation of anti-elF4G andi-&ABP immune

complexes clearly demonstrated that the 34-kDaepratas only detected at significant
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levels in anti-elF4G immune complexes, and it dit visibly associate with anti-PABP

immune complexes (Fig. 3.3.2).

220—

97

66—

46—

30—

- -
M \') Vv M Vv Vv
Figure 3.3.2Autoradiograph illustrating metabolically labeledrsed NHDFs and the specific

association of the 34-kDa protein with elF4G facbrl6 hpi (4G). (M = mock, V = VacV-

infected)

Looking at elF4E abundance by western blottingnnmunoprecipitated elF4G- and
PABP-complexes in infected serum-starved NHDFs subwhat this cap-binding

protein was recovered with elF4G in large amoubtsg, only very small amounts of
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elF4E were noticed in anti-PABP immune complexespite efficient antigen recovery
(Fig. 3.3.3). This demonstrated that, of the tatabunt of this abundant multifunctional
cellular protein, only small amounts of PABP wessaciated with elF4F complexes in
these cells. In the case of infected cells, PABIP rdit appear to associate with large
amounts of either elF4E or the 34-kDa protein foaasglociated with elF4G. Also, at 16
h point where elF4F assembly begins an increassdRAE recovery is seen in both

elF4G and PABP immune complexes from infected cells

M vV

4G Pabp 4G Pabp

IP <PABP

IP - - <elF4E

Input - - - - ‘:E[F“E

Figure 3.3.3Immunoblot illustrating anti-elF4G and anti-PABPwmaexes immunoprecipitated
from infected serum-starved NHDFs. (M = mock, V acV-infected)

To identify the unknown 34-kDa protein, BSC40 cellsre mock-infected or infected
for 16 h. Nuclease-treated soluble cell extractsewmepared and immunoprecipitated
with anti-elF4G antiserum. Immune-complexes wesolked by SDS-PAGE, and the
gels were silver-stained as described in secti@ril2. A specific band present only in
infected samples and migrating at 34-kDa was detiedtig. 3.3.4 a). The band was cut

out and analyzed by mass spectrometry. During tiaysis in various independent
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experiments an average of 4-6 peptides were idedtiall of which corresponded to the
VacV-encoded ssDNA-binding phosphoprotein I3 (Gl 66275869), with sequence
coverage ranging from 18.2-23 %. A sample MS/MSspen is shown in figure 3.3.4
b.

I3 protein is encoded by the VacV I3L gene, and pr@viously been shown to be an
early-to-intermediate stage protein (RochesterTmattman, 1998), which explains our
observation that it is actively synthesized ancecketd in elF4G immune complexes at

intermediate, but not late stages of infection (Bi§.1 b).

Figure 3.3.4 (a)Protein identification: representative image froitwes-stained gel, with an

asterix indicating the 34-kDa protein in questifvi.= mock, V = VacV-infected)
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Figure 3.3.4 (b)Protein identification: a sample MS/MS spectra peatide from 13.
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3.3.2 A non-immune based assay to examine I3 association

To verify the interaction of I3 with elF4G by arteahative, non-immune-based assay,
cell extracts were analyzed by 7-Methyl GTP-sepdarchromatography. In this
experiment we used HEK-293 cells to examine a wiffe cell type and where the
infection reaches late stage by 16 hpi. This waelldus if I3 remained associated with
elFAG at late stages of infection, when its synghkg the virus decreases, as shown in
Fig. 3.3.1. HEK-293 cells were mock-infected orerted at moi 5 for 16 h, and then
cap-binding elF4F complexes were recovered from BiN#eated soluble cell extracts

on 7-Methyl GTP-sepharose.

Analysis of these complexes by western blottingutyeshowed that 13 associated with
elF4F complexes purified from VacV-infected cellsrthermore, after addition of 3
mM free 7-Methyl GTP - which competes with the cgpharose for binding to elF4F
complex - to the extracts, I3 binding together wtite elF4F components elF4E and
elF4G was strongly inhibited (Fig 3.3.5). All imagwere from the same blots and
exposures, cropped to remove replicate experiméntdower-migrating non-specific
band noticed in all cap-bound samples probed witit18 antiserum is indicated with

an asterix, and is not I3 protein.
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Figure 3.3.5Immunoblot illustrating cap-bound complexes in m¢dk) and VacV-infected
(VV) HEK-293 cells. (+/-) indicate the presencefse of free 7-Methyl GTP. Asterix

indicates non-specific band.

3.3.3 Localization of I3 protein in infected cells

It has been shown recently that cellular transtetidactors such as elF4G and PABP
are redistributed during VacV infection to viraktaries by an unknown mechanism
(Katsafanas and Moss, 2007; Watghal, 2008). Having identified I3 as a viral protein
associating with elF4G, the subcellular localizataf 13 and elF4G in VacV-infected

cells was examined by immunofluorescence assaydolthis we GFP-tagged the I3L
gene and transfected cells, then infected the cmild analyzed the subcellular

localization of 13 together with its binding partredF4G.

First of all, the I3L gene was PCR-amplified fronad¥ genomic DNA isolated from

infected BSC40 cells using the primers containicgfEL and Kpnl restriction sites (for
details see section 2.2.13). DNA from uninfectedlscevas used as a control for
specificity of the PCR reaction. The amplified P@Rduct was analyzed by agarose
gel electrophoresis, which confirmed the preserfcth® amplified gene of expected

size (Fig. 3.3.6). The PCR product was then putifdigested with EcoR1 and Kpnl
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enzymes, then ligated into the EcoR1-Kpnl cloniibg af the mammalian expression
plasmid pGFP-N which carried kanamycin resistat@generate a C-terminally GFP-

tagged form of I3 protein. pGFP plasmid containsemhanced GFP mutant which

allows the expression of GFP to be visualized Withlight.

1000 bp

500 bp

Figure 3.3.6Gel electrophoresis analysis of PCR-amplified pG3E-(M = mock, V = VacV-

infected)

HEK-293 cells were transfected with empty plasmidd® pg pGFP-I3L. To confirm

the functionality of the fusion protein, at 24 heynost transfection cells were lysed in
NP-40 Lysis Buffer, treated with nuclease and aredyby 7-Methyl GTP-sepharose
chromatography. Western blotting of the samples aretnated that GFP-13 was
recovered in cap-complexes together with elF4G e@lfRdE, although at low levels -

most likely because of low efficiency of the traarditransfection (Fig. 3.3.7).
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Figure 3.3.7Immunobilot illustrating’-Methyl GTP-sepharose chromatographylak-
293 cells transfected with the control DNA (-) @BFP-13 (+).

To perform the immunofluorescence assay, translemés were VacV-infected at moi
5 for 16 hours. Cells were fixed in formaldehyde @nobed with anti-elF4G antiserum,
which was detected with TRITC-conjugated anti-ralskbcondary. Cellular DNA in the
nucleus and viral DNA in the factories were vispadl using Hoescht, and cells were
analyzed under a fluorescence microscope. As showiigure 3.3.8, numerous viral
factories formed nearby the nuclei, some of thengelathan others and diffusely
stained. elF4G, normally dispersed in the nuclewsthe cytoplasm of uninfected cells,
relocalized to the viral replication compartmerds, reported previously (Katsafanas
and Moss, 2007; Walsht al, 2008). Interestingly, GFP-tagged I3 colocalizethw
elF4G within the same distinct areas of viral faiet®, as can be seen in merged image
(Fig. 3.3.8). Colocalization could be observed wero80 % of the cells that expressed
the plasmid at low levels, whereas high expreskuoals resulted in saturation of cells

with GFP-13, and difficulties to distinguish coldization.
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Figure 3.3.8 Immunofluorescence images illustrating accumulatiérelF4G and GFP-I3 in

viral factories in VacV-infected HEK-293 cells.
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3.3.4 Investigation of I3-elF4F interaction in uninfectedcells

The previous experiments showed that I3 assocwitbselF4F complexes in infected
cells. To examine the binding ability of I3 to eF4n the absence of other viral

proteins, experiments with uninfected cells expresiL gene were carried out.

3.3.4.1Expression of his-13 in HEK-293 cells

To examine the ability of 13 to associate with éfFHd uninfected cells, first of all I3L

gene needed to be cloned and expressed in the TedI3L gene was PCR-amplified
from VacV genomic DNA isolated from uninfected afacted BSC40 cells using the
primers containing EcoR1 and Sall restriction sites well as N-terminal 6 x His
sequence (for details see Section 2). The ampliR&R product was analyzed by
agarose gel electrophoresis, which confirmed tlesence of the amplified gene (Fig.

3.3.9).

1000 bp - <— His-I3

500 bp -

Figure 3.3.9Gel electrophoresis analysis of PCR-amplified Bis-I(M = mock, V = VacV-

infected)
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The amplified gene was purified, digested with Eta®td Sall, then ligated into the
EcoR1-Sall cloning site of the mammalian expresplasmid pCIl-Neo which carried
ampicillin resistance, to generate N-terminally-tasigged form of I3 protein. After
transformation of pCI-His-I3L in DH&lpha cells, eight separated colonies (labeled A-
H) were chosen to isolate the plasmids. DNA seqgugnaf those plasmids showed no

mutations, and plasmid G was chosen to perfornméurgxperiments.

Two sets of HEK-293 cells, which were 45 % and 9Qéafluent, were transfected

with empty plasmid or 200 ng pCl-His-I3L. To comfirthe presence of the fusion

protein, 24 and 48 hours post transfection (hptlsceere lysed and analyzed by
western blotting using mouse anti-his antiserurgufé 3.3.10 illustrates the expression
of his-I13L plasmid 24 hpt, and shows the increasqaression in the sample containing
double amount of the cells. The expression of taerpid significantly decreased at 48
hpt (data not shown), thus the analysis of tramstecells in further experiments was

performed at 24 hpt.

90% 45% confluent

His o
C  His-I3

Figure 3.3.10lmmunoblot illustrating his-13 expression in HEK28ells. (C = control sample

transfected with empty plasmid)
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3.3.4.2His-13 interaction with anti-elF4G immune complexesin transfected cells

The 13-elF4G interaction in HEK-293 cells was teskg/ recovering anti-his immune
complexes from cell extracts. As 13 is an ss-DNAding protein, to examine if
exogenous ssDNA molecules could enhance I3-elF4€acagion in vitro, 7.5 ug

ssDNA was added to the cell extracts.

As shown in figure 3.3.11, his-tagged I3 was recegeefficiently from the cells

expressing this protein, while no his-reactive sanere noticed in the control sample
that did not contain 13. In contrast, elF4G wasowered not only in the samples
containing his-I13, but also in control samples Iagkl3, suggesting the unspecific
binding between anti-his antibody and elF4G. Fat teason we decided to repeat the

cloning procedure and tag 13 with different seq@snio avoid the unspecific binding.

Input

IP

His
His-13 - - + + - - + +
ssDNA - + - + - + - +

Figure 3.3.11Immunoblot illustrating anti-his immune complexasniunoprecipitated from
HEK-293 cells.
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3.3.4.3Expression of FLAG-I3 in uninfected cells

The FLAG-tag sequence was fused to either C- oerWvnhal of I3L during PCR

amplification, and the cloning procedure of FLAGgad I3 was carried out as
described in Section 3.2.8.1. HEK-293 cells havenbehosen again to examine the
expression of C- and N-FLAG-tagged 13. Analysis tdnsfected cell extracts by
western blotting demonstrated that C-FLAG-tagge@Xpressed more efficiently than
N-FLAG-13 (not shown), thus the C-FLAG-I3 plasmidasvused to perform further

experiments.

3.3.4.4FLAG-I3 interaction with anti-elF4G immune complexes in transfected

cells

The FLAG-I3 interaction with elF4G in HEK-293 celigas tested by recovering anti-
FLAG immune complexes from uninfected cell extra&ds shown in figure 3.3.12,
FLAG-tagged 13 has been efficiently recovered frthra cells expressing this protein,
although it was not detected in input samples. @IW&as not recovered with FLAG-13,
most likely because of the low FLAG-I3 abundanceairalyzed samples. However,
elF4G was not detected in the samples lacking FUA@Giot shown), which indicates

that no unspecific binding between anti-FLAG antib@and elF4G protein occurs.

IP Input

13 -—

FLAG-I3 -+ -

Figure 3.3.12Immunoblot illustrating anti-FLAG immune complexesmunoprecipitated from
HEK-293 cells.
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3.3.4.5Making stable cell lines

Because of the low expression levels of 13 in tiemtty transfected cells, we decided to
create stable HEK-293 cell line over-expressindnhayels of FLAG-13. Having stable
cell line highly expressing FLAG-I3 would provideortsistency in performing
experiments using always the same cells, instegaedbrming transient transfection

for each experiment.

The following steps needed to be performed in ordestablish a new stable cell line:

Transfection with the construct

-

Selection of cells expressing the construct

-

Clonal expansion of single cells in 96-well plate

-

Screening for expressing clones

-

Expanding and developing cell lines

145



3.3.4.5.1 Cloning FLAG-tagged actin

To provide the control for 13-expressing cells bétacell lines over-expressing FLAG-
tagged actin and FLAG-tagged empty vector have ladsm established. Actin is the
most abundant protein in eukaryotic cells and dofilar size to 13 thus is thought to
make a good control for over-expressing genes.

C-FLAG-actin was amplified from cDNA prepared froRNA isolated from human

cells, and cloned as described in Section 3.2.8.1.

3.3.4.5.2 Selection of transfected cells

HEK-293 cells were transfected with 200 ng FLAG-R,AG-actin or FLAG-empty
vector. The following day cells expressing recamait genes were selected by adding

geneticin.

Geneticin (G418) is an aminoglycoside antibioticatthinhibits prokaryotic and
eukaryotic protein synthesis, thus is toxic for maatian cells. G418 is commonly used
as a selective agent for the bactenab and kan genes. The product of these genes,
aminoglycoside 3’-phosphotransferase (neomycin pihaisansferase) inactivates
G418, neomycin, and kanamycin by phosphorylatidrer&fore, introduction of any of

these genes into cells results in their resistame418.

Recombinant genes used in this study have beetedigato pCl-neo plasmid which
carries G418 resistance. The amount of G418 ne¢dedliminate the cells not
expressing the constructs was titrated using HE&«Is (not shown).

At 24 hpt of cells with 0..lug of plasmid, the standard media were replaced melia

containing G418 in a concentration of 1.5 mg/mirtially select the cells that have
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stably incorporated the plasmid. Selection wasi@amut for seven days, within which
most of the cells that did not express the incafeat plasmid efficiently died. This was
in line with the low transfection efficiency we veeachieving with transient transfection
experiments. The remaining cells were seeded onveéB-plates using medium
containing reduced concentration of G418, in ortdegrow the colonies from single
cells. Plates were viewed to identify wells conitagnsingle cells, which were marked,
and plates were incubated at®%7. When confluent, clones from 12-14 wells were
trypsinized. Half of the cells was seeded into Zihwlates to continue the culture,
while the other half was re-seeded into 96-weltgdaThe next day, when the cells on
96-well plate were confluent, they were lysed inetremli buffer and screened by

western blotting using anti-FLAG or anti-I3 antiger to examine the expression of

recombinant genes (Fig. 3.3.13 a, b).

3 4 5 6 8 9 10 11 12 13

Figure 3.3.13(a) Immunoblot illustrating the expression of FLAG-acth selected HEK-293
cells. (1-13 indicate numerical order of the wéltsn which cells expressing FLAG-actin were
lysed)

1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 3.3.13 (b)Immunoblot illustrating the expression of FLAG-IB selected HEK-293
cells. (1-13 indicate numerical order of the wditsm which cells expressing FLAG-I3 were

lysed)
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The clones with the highest expression of reconmtiganes (no. 11 for FLAG-actin,

no. 12 for FLAG-13) were selected to perform furtb&periments.

3.3.4.6FLAG-I3 interaction with anti-elF4G immune complexes

A stable HEK-293 cell line over-expressing reconabin FLAG-tagged 13 was then
used to examine I3 interaction with elF4G by recmge anti-FLAG immune
complexes from uninfected and infected cell extakttfecting the cells was performed
in order to compare the efficiency of recoveringr3he presence and absence of the
other viral components. Immunoprecipitated compexeere analyzed by western

blotting using anti-elF4G and anti-FLAG/I3 antisera

As shown in figure 3.3.14, elF4G clearly associateith 13 in uninfected cells

overexpressing FLAG-I3, although a faint band d¥4& was noticed in the sample
lacking the recombinant I3 (first lane); howevdnge thigher position of that band
suggests that it could be unspecific. SurprisinghacV-infection reduced elF4G
binding, most likely as a result of a competiticgtvieeen viral and recombinant 13 for
binding to elF4G. Since virus produces much greateounts of 13 during replication

(see input samples), it competed away FLAG-13 fedf4G.

Probing with anti-FLAG or anti-I3 antibodies reveadlequal amounts of FLAG-I3 in
both mock and infected samples. Moreover, no |3dess detected in infected sample
lacking FLAG-I3, indicating the specificity of reeering anti-FLAG immune

complexes from cell extracts.
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Figure 3.3.14lmmunoblot illustrating anti-FLAG immune complexesmunoprecipitated from
HEK-293 cells. (M = mock, V = VacV-infected, emptyempty vector)

Looking at the input samples demonstrated simiaounts of elF4G accumulated in all
samples. Interestingly, anti-I3 antibody detectethbFLAG-tagged (upper band) and

viral 13, showing the differences in expressionhe recombinant and viral 13.

3.3.4.7Studies of FLAG-I3 binding to elF4F by 7M GTP-sephaose 4B

chromatography

The stable HEK-293 cell line expressing recombikdmaG-tagged 13 was then used to
examine I3 association with cap complexes in uctef@ cells. Soluble cell extracts
were prepared from HEK-293 cells expressing empttar and FLAG-I3, and treated
with RNAseA. 7-Methyl GTP-sepharose 4B chromatohyapssay was performed, and
samples were analyzed by western blotting usingsenat against elF4G, elF4E and

FLAG. As shown in figure 3.3.15, 13 was clearly elgable on 7-Methyl GTP-
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sepharose, together with other components of théFetomplex. A non-specific band
located just below 13 in input samples was alsedet by anti-FLAG antiserum, but it
was not detected in 7M-Cap samples. In contrasta8 not detected on sepharose resin
alone, which was used as the control for the I3libigp (not shown). This experiment

confirmed that other viral gene products are nquired for the interaction of 13 with

elF4F.
/M-Cap Input
elF4G -- Y
FLAG “‘  — - :|3
elF4E o — -
I3L expression - + - +

Figure 3.3.15 Immunoblot illustrating cap-bound complexes in HE83 cells expressing
FLAG-I3. Migration of 13 detected with anti-FLAG aserum is indicated with the arrow (<). A

non-specific band detected by this antiserum intisamples is indicated by the asterix.

3.3.5 Investigation of I3-elF4F interactionin vitro

To determine whether I3 interacts with elF4G diseot whether it involves additional
factors, we performeth vitro binding assays using purified 13 and elF4G pratekirst

of all, 13 was cloned and ligated into the baclegdgression plasmid pET-15b, which
contains an N-terminal His-sequence tag, and thamed into BL21 cells. Overnight
seed cultures were used to inoculate 500 ml, wiva$ induced to express His-13 using
IPTG for 1 h. The protein was then purified by ringhbenzonase-treated cell lysates

over His-TALON columns, followed by dialysis, artetpresence of I3 was confirmed
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by gel electrophoresis and western blotting. Duewoyields 13 could not be visualized

well by coomassie staining (not shown).

To examine the binding, 200 ng his-I13 was incubdtedl hour with 7-Methyl GTP-

sepharose 4B alone or 7-Methyl GTP-sepharose 4Bhidd been preincubated with
nuclease treated HEK-293 cell extracts containiit@gfe complexes. As an additional
control, his-I3 was also incubated with sepharog& ahly, that had also been
preincubated with HEK-293 cell extracts. After 1 ilcubation all beads were
extensively washed to remove unbound complexes, sangples were analyzed by
western blotting. As shown in figure 3.3.16, recamabt I3 specifically associated with
elF4F purified from cell extracts, and did not naieg with the control sepharose 4B
beads. In addition, the association with 7-MethyIResepharose 4B did not occur in the

absence of elF4F, indicating the specificity oblBding to that complex.

293 - + +
e -
-

elF4E

Cap 4B Cap

Figure 3.3.16 Immunoblot illustrating cap-bound complexes isafateom HEK-293 cell
extracts and incubated with his-13. (Cap/=Methyl GTP-sepharose 4B; 4B = sepharose
4B)
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3.3.6 Investigation of I3-elF4G interaction byin vitro binding assays

The previous experiments demonstrated that I3 anterwith elF4F complexes in
infected or uninfected cells, while purified hisit8eracted with elF4F from uninfected
cell extracts. To examine whether 13 binds to elFdif@ctly or whether it involves
other factors that mediate indirect 13-elF4G intéicm, in vitro binding reactions were
carried out. Three different fragments of GST-elF4€re used in this experiment to

define regions of binding, and because full lergd#4 G is difficult to purify.

Three GST-tagged fragments of elF4G: N-(aal57-628)aa627-1045) and C-
(2aa1045-1560) terminal, were used in the assay st@u al, 2000). Schematic
representation of the regions is shown in figu@13¥, which also indicates the binding
domains for PABP, elF4E and RNA. To perform theagsgach of the fragments was
isolated from benzonase — treated BL21 cells, andigd with glutathione-sepharose
4B. The presence of the proteins was then confirbnyegerforming gel electrophoresis

and coomassie brilliant blue staining (not shown).

PABP elF4E RNA
[ W E E % |
(157-626) (627-1045) (1045-1560)

Figure 3.3.17 Schematic representation of the GST-tagged N-amMt C-terminal regions of

elF4G. (The corresponding amino acid numbers df @&agment are indicated in brackets).
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3.3.6.1In vitro binding reactions with elF4G fragments

To perform the binding assapurified proteins were incubated together with
glutathione-sepharose which recovers GST-taggeglex®s from the reaction buffer.

200 ng his-13 was incubated for 2 hours with eittidysis buffer alone, to provide a
control for the samples containing elF4G, or togetlith 1 pg of each GST-tagged
elF4G fragment. The resin-bound complexes were tvashed and analyzed by
western blotting.

As illustrated in figure 3.3.18, each of the elFff@gments was evidently recovered
from the reaction buffer with similar efficiency.oMever, while 13 was present at
identical levels in input samples, it was foundbiod specifically to the C-terminal

fragment of elF4G in Glutathione-sepharose samples.

elF4G fragment - N M C
GST
; GST -
& ‘.l m.. e T Bound
) L
His

A Al aen .

Figure 3.3.18 Immunoblot illustrating association of his-I3 witN-, M- and C-terminal

fragments of elF4G. Samples were probd with anfi-@SST) or anti-His (His) antibodies.

This result clearly demonstrates that viral 13 asges with elF4G protein through

direct interaction. Moreover, it indicates that tbeation of 13-binding site on elF4G
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differs not only from PABP- and elF4E-binding domsiwhich are located on the N-
terminal fragment of elF4G, but also from bindirmpthins for RNA situated largely in
the M-fragment, demonstrating that I3 associatiah ribt involve the nucleic acid-

binding regions of elF4G.

3.3.7 Invitro binding reactions with 13 fragments

3.3.7.1Generation of 13-fragments

To identify the region of I3 involved in its assaion with C-terminal fragment of
elF4G, binding reactions were performed using @iféerent fragments of 13, that was
serially deleted in its C-terminal region by appmoately 50 amino acids each time
(Fragments 1-4) or deleted in its N-terminus bya8ino acids (Fragment 5) (Fig.
3.3.19) during PCR amplification. The PCR produstse confirmed by agarose gel
electrophoresis (Fig. 3.3.20). The sizes of the Ipeamplified I3 fragments are
indicated in table 3.3.1. Each fragment was putjfeigested and his-tagged by ligation
into pET-15b plasmid. The plasmids were then tramséd into BL21 cells, and

proteins purified as described in Section 3.2.7.1.

F-1
F-2
F-3
F-4 l
1 60 110 160 216 269
N’ cC
B "
o7 F-5

Figure 3.3.19Schematic representation of the full-length 13 dtsdcorresponding fragments

together with their amino acids.
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Table 3.3.1The sizes (in base pairs [bp]) of full length (F8)and its fragments (F1-F5)

I3 fragment Size [bp]
FL 807
F1 648
F2 480
F3 330
F4 180
F5 636

- 1000 bp
- 500 bp

Figure 3.3.20Gel electrophoresis image showing PCR-amplifieftd§ments F1-Fb5.
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3.3.7.2In vitro binding reactions

To examine which fragment(s) of his-13 interactshwelF4G, glutathione-sepharose
and GST-tagged C-terminal elF4G (C-4G) were incedbabgether with dialysis buffer
alone, to provide the control sample, or contairfuiflength or truncated his-I13. Two
independent preparations of full-length 13 wereduse this assay (#1 and #2). The
results from sample analysis by western blottirggg anti-his and anti-GST antibodies
to detect I3 fragments and C-4G, are illustratefigare 3.3.21. As can be seen on the
immunoblots, C-4G was efficiently recovered on glbione-sepharose in each sample.
Both full-length I3 fragments were also recoverathvC-4G, although differences in
their abundance were noticed, more clearly illusttan the lighter exposure of the
input samples (lower panel). Furthermore, one eflthfragments labeled F1 (aal-216)
also bound to C-4G. Despite its low abundance coedpt® other fragments and seen in
input samples, F1 clearly bound to C-4G suggestiag|3 associates with elF4G by its
C-terminal 160-216 fragment (Fig. 3.3.22). Howeusnding was not restored in F5,
which contains that 160-216 domain. Possible rea$onthis finding are discussed in

Section 4.
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F2— i Input
F3— o
F4—> —
— Input
—e  (light)

- 1 #2 F1 F2 F3 F4 F5

Figure 3.3.21 Immunoblot illustrating the binding reactions of Bagments 1-5 with C-
terminal elF4G. (#1, #2 — full-length (FL) I3 frotwo independent preparations; F1-F5 — 13

fragments)
F-1
F-2
F-3
F-4 l
l ¥
1 60 110 1 216 269
N’ ssDNA || c4G C’
» N
o7 F-5

Figure 3.3.22Schematic representation of the full-length 13 @sdcorresponding fragments
indicating I3 binding site for elF4G and ssDNA.
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3.3.8 The role of MTORCL1 in I3 binding to elF4F

As mentioned before, mMTORC1 is a complex regulagitigtG phosphorylation as well
as the activity of the translational repressor 4ELBFurthermore, mTORCL1 controls
elF4F complex formation by indirect regulation ®F4E availability through 4E-BP1.
Thus, its role in mediating the binding of viralti3cellular elF4G/elF4F was examined
by treating the cells with rapamycin, the mTORCHilitor. Binding was studied by 7-

Methyl GTP-sepharose chromatography and immunggtation assays.

3.3.8.1Rapamycin effect on 13-elF4F interaction

HEK-293 cells were infected overnight in the preseonf 2uM rapamycin or DMSO

solvent control, then 7-Methyl GTP-bound complexese recovered from RNAseA-
treated soluble cell extracts, and associated ipsoteere analyzed by western blotting
using antisera against elF4G, elF4E and I13. HEK-28iB were used because viral
infection has little effect on elF4F levels in maamtively cycling transformed cell lines
where-in initiation complexes are largely pre-adsieh (Walsh and Mohr, 2004),
eliminating the complexity of analyzing potentiaiffekrences in 13 binding under

conditions where elF4F levels were also signifibaaltered.

As shown before (see section 3.2.2), rapamycinnreat effectively prevented 4E-BP1
phosphorylation and release stimulated by VacVcinda in both cap-bound and input
samples (Fig. 3.3.23), but had no significant éflac elF4F complex levels and the
accumulation of 13 in infected cell extracts. Inntast, elF4F-bound I3 was reduced
approximately 3-fold in rapamycin-treated culturébese findings demonstrated that
maximal 13 binding to the elF4F complex requiretutar mTORCL1 activity, although

significant amounts of I3 remained associated wiffdF in the presence of rapamycin.
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Increasing volumes (1x and 2.5x) of input sampsé®wn in Fig. 3.3.23, were probed
with anti-I3 antiserum to confirm quantitative ayen detection on blots, and minimal
effects of rapamycin on I3 accumulation comparedtdceffects on association with

elF4F.

7M-Cap
M v v Input
ersc (D (b b
1 x Load 2.5 x Load
o B
M Vv Y, M Vv Y,

5 | “ L= “

DMSO + + - + + - + + -
Rapa - - + - - + - - +

331
s

Figure 3.3.23 Immunoblot illustrating the influence of rapamyaim I3 binding to elF4F

complex.(M = mock, V = VacV-infected, Rapa = rapamycin)

To investigate this further, the effect of rapamymon I[3-elF4F interaction was
examined by binding assay using uninfected celtagis. As demonstrated before,
recombinant I3 interacts with elF4F complexes pediffrom HEK-293 cell extracts
using 7-Methyl GTP-sepharose 4B. To examine if mTOQRnNhibition affects this
interaction, the same binding assay was perfornsgaglextracts prepared from HEK-
293 cells treated with DMSO solvent control M2 rapamycin overnight, and the
samples were analyzed by western blotting. As shawirigure 3.3.24, mTORCL1
inhibitor reduced the efficiency of I3 binding. Nbly, the effects on I3 binding and

changes in 4E-BP1 association mediated by rapamyere smaller than that in
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infected cells. This result confirmed that the efffef rapamycin on the association of I3

with 7-Methyl GTP-bound complexes was not limitedhe context of infection.

elF4G ) oad

elF4E N aEm—

13 R —

AE-BP1 S =1

Rapa - +

Figure 3.3.24lmmunoblotillustrating the effect o2 uM rapamycin on I13-elF4F interaction in

HEK-293 cell extracts. (Rapa = rapamycin)

3.3.8.2Rapamycin effect on 13-elF4G association

To examine if inhibition of MTORC1 affects the agation of I3 with elF4G during

VacV infection, the immunoprecipitation of anti-dil6 and anti-I3 bound complexes
from cell extracts was carried out. To avoid baokigid noticed on western blots after
probing for 13 in elF4G immune complexes (data slmdbwn), the association of these
two proteins was determined by metabolic labelihthe cells, as described in section

3.3.1.

HEK-293 cells were mock or VacV-infected at mon&the presence of DMSO solvent
control or 2uM rapamycin, then labeled witfi®S]methionine-cysteindor 1 h before

making cell extracts. VacV replicates relativelgtfan those actively dividing cells, thus
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the infection was ended after 8 hours, when I3 stillsactively synthesized and readily
detectable (see timecourse in section 3.1). Cediewysed in NP-40 Buffer, nuclease
treated and precleared with normal rabbit serurterAhat samples were divided in two
and immunoprecipitated with either anti-elF4G oti-é® antiserum. The levels of

elF4G and elF4F were analyzed by western blottivigle I3 levels were examined by

exposing fixed and dried gel on X-ray film.

M V V
ciFic S -
CIF4AE s s s | |P: elF4G
%3-13
»S-13 ——|P: |3
oot [ ..
DMSO + + -
Rapa - - +

Figure 3.3.25Immunoblot illustrating the influence of rapamyan 13 association with elF4G

complex. (M = mock, V = VacV-infected, Rapa = rapain)

As demonstrated in Fig. 3.3.25, the same amoun&FfG were recovered with anti-
elF4G bound complexes, and rapamycin did not atteetlevels of elF4E associated
with elF4G in infected cells, in agreement with @uevious findings that elF4F levels

were not affected by rapamycin treatment in HEK-2@8s in cap-bound complexes
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(Fig. 3.3.23). However, rapamycin did not affectel&E4G binding in recovered anti-
elF4G complexes (Fig. 3.3.25), whereas it did desmethe amounts of 13 bound to
elF4F in 7M GTP-sepharose assay (Fig. 3.3.23).dditian, intensity of 13 signal
remained unchanged also in anti-I3-immunoprecipitatsamples (Fig. 3.3.25),
indicating that there were no differences in thesaf 13 synthesis that could influence
the interpretation of the I13-elF4G binding assawildfe of rapamycin to inhibit
MTORCL1 in this particular experiment was also edetl as analysis of the input
samples by western blotting demonstrated that rgpiameffectively blocked 4E-BP1

phosphorylation (Fig. 3.3.23).

3.3.9 Investigation of possible 13-elF4E interaction

The previous experiments demonstrated that 13 bgqnth elF4F, but not accumulation
was reduced by approximately 3-fold in rapamyceated cultures (Fig. 3.3.11), and
that the association of I3 with 7-Methyl GTP-bowamplexes was not limited to the
context of infection (Fig. 3.3.12). In addition, moth cases the effects of rapamycin on
I3 binding were proportional to the changes in 4EtBbinding to the cap, while no
changes in elF4G binding were observed. Theretbeeassociation of 13 with the 4E-
BP1 binding partner - elF4E, was considered ancestigated in the following

experiment.

First of all, elF4E was batch-purified from BL21llseon 7-Methyl GTP as described in
Section 2. Then purified elF4E was incubated forwlith 200 ng his-I3, and the
samples were analyzed by western blotting usingedR4E and anti-13 antisera. Figure
3.3.26 shows that while 13 did not associate witMathyl GTP resin alone, it was

recovered with the cap in the presence of elF4gestqng an [13-elF4E interaction.
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Subsequently, the ability of I3 to associate witR4& in the presence of elF4G was
examined. Since elF4E interacts with the N-termiinagment of elF4G, the N-4G
(aal57-626) used in the previous experiments wed testest the binding. Increasing
amounts of a GST-fused N-4G was added into theifgndeactions containing 7-
Methyl GTP-associated elF4E and his-I3, and samplesre analyzed by
immunoblotting using anti-GST and anti-His antiseka can be seen in figure 3.3.26,
inclusion of N-4G did not affect the I3 binding tap complexes, suggesting that 13
association with elF4E was not competitive at |éasthe large N-terminal fragment of

elF4G containing the elF4E binding site.

N-4G - - 0.2 0.5 2 4 pg
N-4G . -‘
13 B d— T | 7M-Cap
elF4E SN ——
v
Input
3 D o o 4 o o

elF4E - + + + + +

Figure 3.3.26lmmunobilot illustrating the 13 association with 4 in HEK-293 cells. N-4G
was detected with anti-GST antibody, 13 was detkatéth anti-His antibody, elF4E was
detected with anti-elF4E antibody. 7M GTP Sephaaieae (-) or batch absorbed with elF4E

(+) is indicated at the bottom of the panel.
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3.3.10 Inhibition of viral DNA polymerase by PAA and its influence on translation

Our findings to date suggested that mTORC1 wavateti by VacV and the viral
protein 13 binds elF4G and possibly elF4E, also. hen examined the stage of viral
infection at which these events occur by using PAA.

Phosphonoacetic acid (PAA) is an organophosphoamspound that inhibits DNA
polymerase. PAA preferentially inhibits viral buttnessential eukaryotic DNA
polymerases, which is the basis for the therapeusticof this drug as an antiviral agent.
There are many antibiotics and synthetic compouhds inhibit synthesis of DNA,
such as oligomycin and chromomycin (Watdal, 1965). However, these inhibitors
interfere with DNA synthesis by forming a complexXiwtemplate DNA. This type of
interaction lacks specificity and results in inkidon of all DNA-primed enzymes. In
contrast, PAA was shown not to interact with tertplBNA (Maoet al, 1975). The
mechanism of blocking DNA synthesis appears toibela in all types of viruses.
PAA binds to the pyrophosphate exchange site of Dpil\ymerase and blocks
formation of the 3’-5’-phosphodiester linkage, whiprevents further elongation of

viral DNA (Leinbachet al, 1976).

PAA was found to inhibit the replication of a vadyief animal viruses such as herpes
simplex virus (Shipkowitzt al, 1973), cytomegalovirus (Huang, 1975), vacciniayi
(Boldenet al, 1975), Marek’s disease virus (Leinbasthal, 1976), Epstein-Barr virus
(Nyormoiet al, 1976), and African swine fever virus (Moregioal, 1978). In addition,
Overbyet al. (1977) noted that this drug reduced VacV plaquen&tion, although the
level of inhibition was lower than that observedhwherpesviruses. PAA was also
shown to block the formation of viral factoriesgthistinct compartments of VacV

replication, and to reduce 4E-BP1 phosphorylatianng) VacV infection, leading to
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the suggestion that late gene products or viralofgcformation may be involved
(Walsh et al, 2008). However, the full effect of this inhibit@n elF4F complex

formation has not been explored so far.

3.3.10.1 The effect of PAA on elF4F complex formation

To examine the effect of PAA on elF4F complex fotiorain more detail, 7-Methyl

GTP-sepharose chromatography assay was perforneeginSstarved NHDFs, cells in
which assembly of elF4F during VacV infection iaddy detected, were mock-infected
or infected with VacV in the presence or absenc®AA, and the levels of elF4E-

bound elF4G and 4E-BP1 were examined as descrifede(Section 3.3.3).

As reported previously, VacV infection stimulated-BP1 phosphorylation and release
from elF4E, and increased the binding of elF4G If4E. In contrast, PAA did not
significantly alter the ability of VacV to releagéd=-BP1 from elF4E, although it did
affect the mobility of 4E-BP1 in input samples (F&3.27). This suggested that the
turnover or rate of 4E-BP1 phosphorylation was @éd by PAA, but not enough to
affect release from elF4E. In agreement, PAA orditlp reduced the phosphorylation
of Akt at either T308 or S473 (Fig. 3.3.28). HoweRAA significantly reduced VacV-
induced enhancement of elF4G binding to elF4E, daestnating that elF4F complex
formation was stimulated at late stages of infecitoconjunction with DNA replication

and viral factory formation.
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Figure 3.3.27Immunoblot illustrating the effect of PAA on elF4Bmplex formation in mock

and VacV-infected serum-starved NHDFs. (M = mock; VacV-infected)

M M Vv Vv

Akt — T308 A —

AKI—SA73 % . .

PAA - + . +

Figure 3.3.28lmmunoblot illustrating the effect of PAA on Akt psphorylation in mock and
VacV-infected NHDFs. (M = mock, V = VacV-infected)
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3.3.10.2 The effect of PAA on I3 binding

We then examined whether PAA affected I3 bindingetb4F complexes. HEK-293
cells were used in this experiment as infecting Nid0n the presence of PAA caused
changes in elF4F levels that would complicate titerpretation of binding results.
HEK-293 cells were pretreated with PAA and mocleatéd or infected with VacV for
16 hours. Soluble cell extracts were treated wiARe and a cap-pulldown assay was
performed. Input and cap-bound samples were ardlygavestern blotting (Fig 3.3.29
a). 13 binding to elF4F was not affected by PAAmdastrating that it was bound to
elF4F early in infection. Western blotting of inpsamples against VacV proteins
demonstrated that PAA had worked to block lateestanf VacV infection (Fig. 3.3.29
b). This suggested that I3 bound to elF4F earlyifection but that elF4F assembly in

NHDFs required late stage events.

7M Cap Input

Figure 3.3.29 (a)lmmunobilot illustrating the effect of PAA on I3 kimg to elF4F in VacV-
infected HEK-293 cells.
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Figure 3.3.29 (b)Immunoblot illustratinghe effect of PAA on the total VacV protein

accumulation. (M = mock, V = VacV-infected)

3.3.10.3 The effect of PAA on VacV protein synthesis

Next, the synthesis of VacV proteins in the preseot PAA was examined. Serum-
starved NHDFs were pre-treated for 1 h with PAAenthinfected at moi 10 and
metabolically labeled at 18-19 hpi followed by hgiin Laemmli buffer. The cell

extracts were resolved by SDS-PAGE and fixed, dyedd were exposed to x-ray film.

Analysis of the proteins actively translated duritige labeling time showed that
although PAA notably decreased cellular proteindpation, it effectively blocked the
synthesis of viral proteins, as illustrated in figu3.3.30. This result indicates the

significance of DNA synthesis in VacV replicationdaprotein synthesis.

PAA treated samples showed that some viral protgare actively translated while the

virus failed to completely shut down host translatilt is possible that more complete
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host shut-off needs the formation of viral facterihere translation factors are

sequestered.

150 -

75 -

50 -

37 -

25 -

DMSO
PAA - -+

Figure 3.3.30Autoradiograph illustrating the PAA effect on tloea rates of VacV protein

synthesis. (M = mock, V = VacV-infected)
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3.3.11 The effect of I3 on cellular translational rates

To determine if I3 affected cellular translatiomates, the control HEK-293 cells and
cells expressing recombinant 13 (FLAG-I3) were rbeteally labeled for 1 h and
analyzed by SDS-PAGE. Figure 3.3.31 demonstratasnib significant differences in

the pattern or rates of cellular protein synthesse observed.

220—
97—
66—

46—

30—

FLAG-I3 - +

Figure 3.3.31 Autoradiograph illustrating the I3 effect on ce#lul protein synthesis in
metabolically labeled empty vector control (-) &AdAG-I3 (+) HEK-293 cells.Migration of
molecular weight standards (in kDa) is indicatethileft.
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3.3.12 The effect of I3 on translation of viral RNAin vitro

To examine the effect of 13 on viral translatiomfially RNA was isolated from VacV-
infected HEK-293 cells. Next, rabbit reticulocytgsdtes containing”S-Methionine
were programmed with 1fdg of total RNA isolated from infected cells in theesence
of dialysis buffer alone or 200 ng purified his-Ehd the reactions were incubated at
30°C for 1h. After that the samples were boiled witiu@ volumes of 2x Laemmli
buffer (the experiment to this stage was perforiogdr. Derek Walsh) and resolved
by SDS-PAGE. The gels were fixed, dried and expdsex-ray film. As shown in
figure 3.3.32, the presence of I3 im vitro translation reactions did not significantly

affect the rates or patterns of viral protein sesth.

150—

75—

50~

25—

I3 - +

Figure 3.3.32Autoradiograph illustrating the effect of recombihd3 on translation of VacV
RNA. Migration of molecular weight standards (in&Ds indicated to the left.
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3.3.13 Recruitment of translational factors to ssSDNA

We have shown that VacV-encoded I3 binds elF4F PAA-insensitive manner yet
elF4G assembly and host shut-off were sensitivieAA. It has been shown previously
that elF4G and elF4E (Walh al, 2008) as well as I3 (Rochester and Traktman, 11998
redistribution are sensitive to inhibitors of DNAptication, which prevent viral factoy
formation. Indeed, we demonstrated that elF4G @hdo-localize within factories.
These findings suggest that 13 may not directlgnstate elF4F formation but may act

to retain elF4F in factories once they form.

As demonstrated earlier in this study, exogenoasg|yessed 13 associates with elF4F
in uninfected cells. Accumulation of I3 in factaies thought to be due to its binding to
ssDNA, retaining it there. Thus, the possibilitath3 can mediate the recruitment of
translation initiation factors to ssDNi vitro was examined, mimicking what might

happen in viral factories.

Soluble cell extracts were prepared from FLAG-Actind FLAG-13-expressing HEK-
293 cells, and a binding assay with recovering DdhAanti-biotin antibody-conjugated
sepharose was carried out, as described in Se2tibhe samples were then analyzed
by immunoblotting using anti-elF4G, anti-PABP, aauti-13 antibodies. The results
illustrated a low level of elF4G bound to ssDNAdontrol extracts with FLAG-actin
(Fig. 3.3.32). However, in the presence of I3 laageounts of elF4G were recovered.
Similarly to elF4G, significantly greater amounfsP®ABP were also bound to the beads

in the presence of I3.

To verify the specificity of translation factor redment by 13 the association of RBM3
was examined in the same samples. RBM3 is a celpriatein with both RNA and

ssDNA binding properties that has been shown tematly interact with VacV A2
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protein, but not I3 (Dernet al, 1995; Delliset al, 2004). While RBM3 was found
associated with ssDNA in both extracts its assmriatvas modestly reduced in 13
samples comparing to control extracts (Fig. 3.3.pB)bably as a result of competition

for binding from 13 itself.

FLAG-I3 - + - +

Figure 3.3.33Immunoblot illustrating recruitment of translatitactors to sSDNA by I3.

These results suggested that 13 did not directlyence translation of cellular or viral
MRNASs but is likely to play a role in the redistition of factors to viral factories

during infection.
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3.3.14 Creating a VacV mutant lacking the I3L gene

As a final point of this study we aimed to deterenia role for I3 in regulating
translation and manipulation of the elF4F complexirdy infection. Previous attempts
to generate I3L mutants by recombination were uressful (Rochester and Traktman,
1998). We attempted to create a viral mutant lagkime I3L gene using a novel
DH10B/Vac-Bacdk system established by Domi and Moss (2005). The (B/Mac-
Bac/h system is a bacterial artificial chromosome (BA®htaining the entire VacV
genome engineered irEscherichia coli by homologous recombination, using
bacteriophagé\.-encoded enzymes that mediate recombination proddss system
uses recombinogenic engineering technology, whicbida the use of restriction
enzymes or ligases and allows efficient recombomabf BACs maintained ifE. coli
(Copelandet al, 2001; Brittet al, 2004) The system contains a mikiprophage
encoding thered recombination system composed of 5 to 3’ exoraste (Ex0), a
single-strand DNA binding protein (Bet) and a naske inhibitor (Gam), under the
control of the temperature-sensiti%ecl857 repressor (Ywet al, 2000; Courtet al,

2002).

3.3.14.1 Deletion of the I3L ORF

The 13L ORF was deleted from the VAC-BAC plasmidtwo steps. In the first step
I3L ORF in the VAC-BAC plasmid was replaced witketampicillin (Amp) resistance
gene by recombination ikscherichia coli The Amp gene was amplified from pET
plasmid by PCR using primers containing approximyai® bp of the 5’ and 3’end of
the Amp gene and 50 bp of homologous sequencekirftarthe region where I3L

overlaps the adjacent I2L or 14L genes. Analysigshe#f PCR product by agarose gel
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electrophoresis confirmed the amplification of fmp gene with the expected size of

approximate 700 bp (Fig. 3.3.34).

1000bp
500bp

Figure 3.3.34 Gel electrophoresis image showing PCR-amplified Ageme containing the
homologous sequences flanking the region wherevé8laps with the adjacent 12 and 14 gene.

(Amp = PCR amplified ampicillin)

The PCR product was then gel purified and usedaiestorm competert.coli cells
harboring VAC-BAC plasmid/ (cells preparation described in Section 2) through
electroporation, and ampicillin-resistant colonvesre selected to isolate recombinant
VAC-BAC that had taken up the Amp gene in placé&of

To confirm the presence of Amp insert in the VAC®Alasmid, the PCR using the
Amp primers used for its amplification was perfodr{eot shown). To confirm that the
Amp gene replaced the I3L ORF, PCR was performedwidtype (WT) and
recombinant 4A13L) VAC-BAC DNA using primers flanking the 13 gerie VacV. As
can be seen in figure 3.3.35, the Amp ORF succigsfeplaced I3L ORF. The
difference in sizes of the products results from fict that the Amp gene is larger than

I3L.
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WT AI3L

1500bp -
1000bp -

500bp -

Figure 3.3.35Gel electrophoresis image showing PCR-amplifiedusages using primers in
the adjacent 12 and 14 gene of VacV. (WT = wildtyp&C-BAC containing I13L geneAI3L =
recombinant VAC-BAC containing Amp gene in the glac I13L)

3.3.14.2 Attempting to recover AI3L mutant virus

The final step was to recover the infectious recmantt virus by transfecting BSC40
cells with the VAC-BACAI3L plasmid in a presence of 0.1 PFU per cell helpe
fowlpox virus (FPV). Because VAC-BAC plasmid doest rcontain viral enzymes
needed to initiate replication, the fowlpox virusasvused to provide the enzyme
functions necessary. FPV is an avian poxvirus tuas not replicate in mammalian
cells and no recombination with the VacV genome wdetected (Scheiflingest al,
1992). At 2 hpi cells were transfected withglof the VAC-BAC or VAC-BACAI3L.
Transfected cells were incubated af &7 for several days. During that time, viral

plague formation was expected to be seen in tinsfeats.

After 5 days cytopathic effect and plaque formategre observed in cells transfected
with wildtype VAC-BAC (two plaques can be seen ig.R3.3.36 a), but no cytopathic
effect was seen either in the control well transf@cwith no DNA or in the cells

containing VAC-BACAI3L up to 10 days post-transfection (Fig. 3.3.36 T test if
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exogenously added I3 could rescue the Vad$t mutant, cells were transfected with
1ug of VAC-BAC-AI3L and Jug of his-tagged pCI-13, but no cytopathic effectswa
observed up to 10 days post-transfection (Fig.38.8). As can be seen in figures 3.37
a-c, extending incubation time up to 17 days resuih increased cytopathic effect in
cells containing wildtype VAC-BAC, demonstratingethproduction of infectious,
replicating virus (Fig. 3.3.37 a), while still n@ss of virus replication were noticed in
the presence oAI3L mutant (Fig. 3.3.37 b-c). These results sugglestinability of

VacV replication in the absence of I3L.

The experiment described above was carried owvandifferent types of cells (BSC40
and HEK-293) and with the use of two independemfparations of VAC-BAC and

VAC-BAC-AI3L. Furthermore, three unsuccessful attempts ofeggion the VacV-

AI3L mutant were carried out, but the virus lackiBf gene did not replicate in the
cells. Thus, our study confirmed the previous aggions (Rochester and Traktman,
1998) that I3L is an essential poxvirus gene. Haweilt is possible that I3 contains
unknown promoters that regulate 12 expression dhatlost when 13 is replaced by the
Amp gene. This is something we need to investidgatther before dismissing this

approach.

Furthermore, three independent siRNAs targeting IBh@enRNA failed to affect 13
accumulation in HEK-293 or HelLa cells (not showMus, further analysis of the role
of I3 in regulating translation in infected cellsllwequire more competent methods to
affect 13 expression during infection or the getieraof partial deletions in I3L that

might allow virus to be recovered.
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Figure 3.3.36 (a)Photograph of BCS40 cells transfected with VAC-BA@iage was taken 10

days post-transfection by phase contrast microscopy

Figure 3.3.36 (b)Photograph of BCS40 cells transfected with VAC-BAGL. Image was

taken 10 days post-transfection by phase contriasbstopy.
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Figure 3.3.36 (c)Photograph of BCS40 cells transfected with VAC-BAGL and pClI-I3

Image was taken 10 days post-transfection by ptaseast microscopy.
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Figure 3.3.37 (a)Photograph of BCS40 cells transfected with VAC-BA@age was taken 17

days post-transfection by phase contrast microscopy

Figure 3.3.37 (b)Photograph of BCS40 cells transfected with VAC-BAGL. Image was

taken 17 days post-transfection by phase contrizgsbstopy.
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Figure 3.3.37 (c)Photograph of BCS40 cells transfected with VAC-BAGL and pCI-I3

Image was taken 17 days post-transfection by pt@seast microscopy.
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Section 4.0

Discussion
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4.1 General overview

Even the largest and most complex known viruseding hundreds of proteins
remain dependent upon the host translational machinThe reason is that viral
genomes are not large enough to encode all ofattters necessary for translation, and
viruses do not harbor functional ribosomes in thanons. Therefore, successful
amplification of the viral genome requires competit between viral and cellular
MRNAs for the host cell translation apparatus. Assult both RNA and DNA viruses

developed a variety of sophisticated strategiesstop host ribosomes.

A major target for all RNA and DNA viruses is elR4& key translation initiation

complex (Schneider and Mohr, 2003; Mattral, 2007). Depending on the strategy
used by a particular virus, elF4F can be completelgtivated or actively stimulated by
viral factors. As such, in addition to modulatingllglar signaling pathways that
regulate host translation factor activity, a grogvimumber of viruses are being found to
encode proteins that directly interact with thed&ifeomplex. Furthermore, a number of
viruses have been shown to generate substitutepaiicular translation initiation

factors (Groft and Burley, 2002; Burgeii al, 2007; Mir and Panganiban, 2008).

VacV was previously shown to dynamically stimultte activity of the elF4F complex
to promote viral translation. VacV infection resulh inactivation of the translational
repressor 4E-BP1 and stimulation of elF4E asseriity an active elF4F complex.
VacV was also found to stimulate the elF4G-assedi&inase Mnk1 to promote elF4E
phosphorylation and enhance viral protein synthesid replication (Walslet al,

2008). Moreover, VacV infection causes redistribntof cellular translational factors to

the viral replication sites (Katsafanas and Mo$¥)72 Walshet al, 2008). However,
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the strategies used by VacV to manipulate the elfetiplex have not been established
so far.

In this study we evaluated the signaling pathwdyat regulate assembly of elF4F
complexes in VacV-infected cells. Furthermore, weppse that VacV-encoded I3

protein plays a significant role in usurping calultranslational factors and their

redistribution by VacV.
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4.2 Signaling pathways regulating elF4F complex assempin VacV-infected cells

Manipulation of intracellular signaling pathways isportant for successful viral
replication. In the case of poxviruses, regulatdsignaling pathways has been shown
to play a pivotal role in the biology of these pmjbns (de Magalhaexst al, 2001,
McFadden, 2005; Werden and McFadden, 2008). Intiaddithe strategies of altering
signaling pathways appear to be virus specific @rddiffer within a virus family. For
example, while both VacV and cowpox virus (CPXM)mtlate the MEK/extracellular
signal-regulated kinase (ERK)/EGR-1 pathway, irtiobi of this pathway affected

VacV, but not CPXV replication (Silvet al, 2006).

One of the key cellular signaling pathways thatufaetg the assembly of elF4F
complexes is phosphatidylinositol 3'-kinase—Akt—maatian target of rapamycin
(PI3BK—Akt—-mTOR). Mammalian DNA viruses have evohadange of mechanisms to
obtain the benefits from activating this pathwaygluding regulation of translation
through the activation of mMTOR. mTOR kinase hasbieeind to associate with two
functionally varying complexes named mTORC1 and R0O2 (Sarbassowet al,

2004). Vaccinia virus has recently been shown tonwdate mTORC1 and
phosphorylate the translational repressor 4E-BPla impamycin-sensitive manner
(Walshet al, 2008). However, whether VacV activates mTORCZe&ddly or involves

kinases regulating mTOR remained unknown so farthis study, we aimed to
determine if stimulation of mMTOR by VacV involvestigation of the host PI3 kinase,

and investigate its impact on virus replicatiorvamious cell lines.
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4.2.1 Role of PI3K signaling in poxvirus protein synthess

The PI3K pathway is the major pathway that controBRNA translation, hence it is a
significant target for many viruses trying to tatantrol of the cell (Rahawt al, 2006;
Hale and Randall, 2007). However, a number of esusuch as measles virus and
vesicular stomatitis virus do not require activataf P13 kinase to replicate, stimulating
rather its downstream substrates (Avetaal, 2001; Gruenbergt al, 2006; Dunnet
al., 2009). Previous studies of poxvirus signalingendemonstrated that myxoma virus,
a rabbit-specific poxvirus, stimulates Akt directhy the host range protein MT-5,
without involving its upstream regulator PI3K (Waagd Zal, 2006; Stanfordt al.,
2007; Werdenet al, 2007). Importantly, this was insensitive to evéigh
concentrations of the PI3K inhibitor, LY294002. Eewe showed that VacV activates
upstream PI3K/Akt signaling to activate mTOR. Théerof PI3K in regulating VacV
translation was examined by using specific inhilsitof PI3K, LY294002 and

Wortmannin (Povi®t al, 1994; Vlahost al, 1994).

Looking at the kinases and substrates downstreamPI8K in infected cells
demonstrated that LY294002 dramatically reducedsphorylation of the crucial
factors regulating translation such as Akt anddthlestrates of mTORC1: 4E-BP1 and
p70S6 kinase (p70S6K) (Fig. 3.2.1, 3.2.3). Simylanhibition of mMTORCL1 activity by
rapamycin resulted in blocked VacV-mediated phosghtion of 4E-BP1, as expected
and reported previously (Walskt al, 2008), and prevented phosphorylation of
p70S6K. However, in contrast to LY294002, rapamygich not block phosphorylation
of Akt, the upstream target of mTORC1 (Fig. 3.2.istead, rapamycin caused a
modest increase in phosphorylation of this kinddes increase might be due to the

feedback mechanisms where mTORC1 inhibits Akt aatly through mTORC2 (Julien
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et al, 2010). These findings clearly demonstrate thatWainlike myxoma virus, does

require the host PI3 kinase to stimulate downstreigmaling to mTORC1.

Inhibition of PI3K also significantly affected thfermation of elF4F complexes by
preventing VacV-stimulated phosphorylation of tlatienal repressor 4E-BP1 (Fig.
3.2.5). Indeed, PI3K inhibition resulted in robustruitment of 4E-BP1 to elF4E
exceeding the levels observed in the cells eitherfected or infected in the presence of
rapamycin, and caused a corresponding strong lieduct the amount of elF4G bound
to elF4E. In contrast, rapamycin treatment only esby reduced the amounts of elF4G
bound to elF4E, and did not stop the virus fronteasing elF4F levels above those in
infected cells. Inhibition of VacV-induced phospylation of 4E-BP1 in the presence
of rapamycin, and more complete hypophosphorylateused by LY294002 was also
observed in input samples. Although both drugs emed VacV-induced
phosphorylation of 4E-BP1 with similar efficienapaintaining it at the levels observed
in uninfected cells or below, looking at the to@bundance of 4E-BP1 in low
percentage gel demonstrated that rapamycin prevétstelegradation in infected cells,
as reported previously (Walsdt al, 2008), but accumulation of hypophosphorylated
4E-BP1 occurred to a much greater extent in thegmee of LY294002 (Fig. 3.2.6),
despite the fact that both inhibitors blocked plnasglation of p70S6K equally (Fig.
3.2.3). This suggests that rapamycin prevents thes-gtimulated phosphorylation of
4E-BP1, but LY294002 reduces this phosphorylatietow the levels observed in
uninfected cells. Recent data demonstrated thaspgdturylation of 4E-BP1 leads to
ubiquitination and degradation of this protein &t al, 2008), which results in
enhanced protein synthesis. In contrast, dephoylation of 4E-BP1 was shown to
increase its stability (Schneidet al, 2005; Le Bouffanet al, 2006), which leads to

inhibition of translational rates. This may explaithe increased levels of
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hypophosphorylated 4E-BP1 in LY294002-treated catisompanied by dramatically
reduced translational rates caused by this drugdtiition, phosphorylation of elF4E,
known to enhance VacV replication (Walgh al, 2008), was also suppressed in
LY294002-treated cultures (Fig. 3.2.7), most likelye to the collapse of elF4F
complexes, which prevents proper positioning of #iE4G-bound kinase Mnkl in
proximity to its substrate, elF4E, similar to p@ys reports (Tuazoet al, 1990;
Pyronnetet al, 1999; Walsh and Mohr, 2006). Furthermore, we destrated that
LY294002 did not cause significant changes in elFdlasphorylation, which is
partially regulated by mTORC1 (Fig. 3.2.8). Thusardatic loss of phosphorylated

forms of this scaffold protein is unlikely to coibute to the collapse of elF4F.

To this point, the VacV strategies to commandeerhbst translation machinery were
examined in rapamycin-sensitive way, showing thedrtance of the mammalian target
of rapamycin (MTOR) in stimulation of 4E-BP1 phosphation (Walshet al, 2008).

A number of research teams noticed the stimulatiomTOR by numerous groups of
viruses (Feigenblum and Schneider, 1996; GingrasSonenberg, 1997; Kudchodkar
et al, 2004; Walsh and Mohr, 2004; Moodyal., 2005; Ofet al, 2006; Castellet al,
2009). However, rapamycin treatment usually does significantly affect virus
replication or protein synthesis. Kudchodledral. (2004) showed that in cells infected
with human cytomegalovirus (HCMV), rapamycin onharfally affects 4E-BP1
phosphorylation, and distorted composition of b@fhORC1 and mTORC2 complexes
in infected cells may explain this effect (Kudchadkt al, 2004). In contrast, in cells
infected with herpes simplex virus type 1 (HSV-tdpamycin completely blocks
phosphorylation and release of 4E-BP1, and hasdest@ffect on elF4F formation and
virus replication (Walsh and Mohr, 2004). The effeof rapamycin observed in this

research are very similar, and suggest that 4E-&8RMhdance may be insufficient in
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regulating virus replication, at least in NHDFs dige this study. In addition, the effects
of LY294002 illustrate that rapamycin-insensitiignaling pathway controls both 4E-
BP1 phosphorylation and accumulation to suppresgreformation in VacV-infected

cells by an unknown mechanism that may involve mTQRinase.

Given their effects on elF4F formation, the effett.Y294002 and rapamycin on total
VacV translational rates, CPE and virus replicatias examined. The role of PI3K in
the VacV life cycle was evident in various expenntsecarried out in this study.
Looking at the morphology of the cells treated wWittBK inhibitor before and during
infection, and comparing them with infected cetlsated with DMSO, clearly showed
that cells were indeed infected in the presenceY®&94002, but a reduced cytopathic
effect suggested that VacV replication was stronghybited by this drug, but not by
rapamycin (Fig. 3.2.10). These observations sugdestat PI3 kinase, in contrast to

rapamycin-sensitive mTORC1, is crucial for effeetreplication of VacV.

While rapamycin did not affect viral protein synsiee LY294002 robustly suppressed
translational rates, even at high input doses dfisviFig. 3.2.11). The effects on
translation rates were also reflected in the abooelaf late viral proteins and viral
titers, which were dramatically reduced in LY294a62ated cells, but not in those
treated with rapamycin. Low levels of translatidmserved in those samples, despite
disruption and dramatically reduced levels of elledmplexes, may reflect suggestions
that although VacV mRNAs require elF4F for effidigmotein synthesis, translational
processes can still be carried out in infectedsciellthe absence of those complexes

(Aldabeet al, 1995; Mulderet al, 1998; Shirokikh and Spirin, 2008).

Stimulation of other kinases activated by VacV lmeturring outside of the PI3K

pathway, such as extracellular signal regulateddenErk) (de Magalhaes al, 2001),
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was only slightly affected by PI3K inhibition (Fi@.2.4), proving that the inhibitors
worked only for the specific proteins. The modd&tat on Erk was likely due to effects
on virus replication rather than off-target effeafghe inhibitors. Indeed, the inhibitors
were used at a lower concentration than those lig&dang and Zal (2006), Stanfoet!
al. (2007) and Werdeat al (2007), and to which myxoma virus is resistarg. stich,

VacV and myxoma virus activate Akt by distinct maotsms.

4.2.2 Investigation of cellular stress response and apopsis in LY294002-treated

cells infected with VacV

The PI3K/Akt/mTORC1 pathway regulates cellular meses such as cell growth,
proliferation, protein synthesis and apoptosis (lcawand Alessi, 2001) that are
important for viral replication. Therefore, manigtibn of this pathway appears to be a
common strategy used by many viruses to contrdiepresynthesis and cell survival.
This pathway would be particularly important for BNiruses whose translation is cap
dependent. However, the Akt signaling can also tegg affect viral replication. For
example, activation of some kinases downstream kif signaling results in cellular

stress responses that can inhibit mMTORC1 (Lee ateb&n, 1994; Avrucét al, 2006).

Here, we examined if inhibition of PI3K by LY294003uses cellular stress response in
VacV-infected cells. As mentioned previously (Secti 3.2.3), increased
phosphorylation of elR2can be caused by physiological stress and leddtoption in
translation or cell death. Therefore it is one lué widely used indicators of cellular
stress responses and apoptosis (Clemens, 2001kudovihe levels of phosphorylated
forms of elF2 in VacV-infected cells treated with DMSO solveonntrol, rapamycin or

LY294002 showed no noticeable differences in themaples (Fig. 3.2.9). Furthermore,
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no changes in elF4G abundance, a factor that &/eteduring apoptosis (Clemeet
al., 1998), were noticed in those samples suggedtiaigcellular stress responses were
not involved in inhibition of viral replication caad by this drug. Furthermore, studying
the morphology of the cells showed no signs of &pepdeath and demonstrated that
LY294002 actually protected the cells from morpigadal changes caused by the virus,
suggesting that VacV replication cycle was robustigibited by this drug, while

rapamycin did not seem to reduce virus replicatiag. 3.2.10).

Interestingly, shortly after publishing our findsnZaborowska and Walsh, 2009),
Soareset al. (2009) demonstrated that LY294002 caused apopitosisuse A31 cells
infected with vaccinia or cowpox virus (CPXV). Thasoup showed that inhibition of
PI3 kinase by LY294002 during either VacV or CPX¥eiction increased the cleavage
of proteins associated with the induction of apsistosuch as the executioner caspase-3
and PARP. Furthermore, inhibition of proapoptotgnals by zZVAD.fmk prevented the
cleavage of caspase-3 and increased viral regitati was suggested that increased
cytopathic effect in VacV- and CPXV-infected A31lllsdreated with LY294002 was
due to pharmacological inhibition of the antiapaigtoactivity mediated by the
PI3K/Akt pathway. However, our investigation of @pamsis in various human and
monkey cell lines did not show any significant ajotiec effects of LY294002 (Fig.
3.2.14). Our findings demonstrate that treatingddlés with LY294002 did not result in
the cleavage of caspase-7 or PARP, observed ircdhe&ol cells treated with Akt
inhibitor | (Akt)®. In addition, no changes in cell morphology wetsserved in
cultures infected in the presence of LY294002 sstigg that cells did not undergo
apoptosis, in contrast to the cells treated withi Akig. 3.2.13 a-c). Similarly, other

groups investigating LY294002’s effect on VacV-icted human and monkey cells did

® Apoptotic death of the cells treated with Akti magy off-target effect of the drug or could be calisg
Akt inhibition while PI13K is still active. Howevehere Akti served as a control for apoptosis.
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not notice apoptotic death caused by this inhibjiunn et al, 2009, Huet al 2009;
McNulty et al, 2010). Therefore, apoptosis caused by LY29400¥anV-infected

cells appears to be specific only for certain maredkline(s).

4.2.3 The role of mTOR in VacV protein synthesis

At the time our results were being published, Tkharand colleagues (2009) identified
a new mTOR inhibitor named Torinl, a member of plyedinonequinoline class of
kinase inhibitors, which acts as a highly potend arlective inhibitor that suppresses
both mTORC1 and mTORC2 complexes withd€alues between 2 and 10nM through
an ATP-competitive mechanism. Interestingly, thisup demonstrated that the effects
of Torinl were independent of mMTORC2 inhibition amere instead caused by
suppression of rapamycin-resistant functions of lRTQ that are crucial for cap-
dependent translation. Furthermore, the effectsTofinl were at least partially

mediated by mTORC1-dependent and rapamycin-resigtersphorylation of 4E-BP1.

We therefore tested whether Torinl affected Vad¥dtion of NHDFs as described in
section 3.1.6. We showed that inhibition of mTOR&id mTORC2 using Torinl
completely disrupted elF4F complexes both in irddctand uninfected cells,
demonstrating that PI3K activation of mTOR signgimas involved in the formation of
elF4F during VacV infection, and confirming thatetteffects of LY294002 were
specific to this signaling pathway. In addition,riid blocked phosphorylation of Akt
and prevented VacV-induced phosphorylation of 4B-BRusing its accumulation at
similar levels as LY294002 (Fig. 3.2.15) indicatirnthat phosphorylation and
accumulation of this translational repressor isulagd in rapamycin-insensitive

manner. These findings demonstrate that treatirgyMafected cells with either Torinl
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or LY294002 results in similar impact on the magnsaling pathway regulating protein
synthesis and leads to disruption of elF4F. HowgeVerinl did not significantly affect
VacV protein synthesis (it affected translation téetthan rapamycin, but not as
drastically as LY294002 or wortmannin) despite fioet that elF4F was disrupted in the
presence of this inhibitor, with the translatiomates of VacV proteins only partly
reduced (Fig. 3.2.17 a-b). This suggests that mTi@Rtivation and elF4F disruption
contribute to the effects of LY294002 on VacV reption but that other PI3K-
dependent processes are involved in the effectisi®inhibitor on virus replication. In
terms of mMTORC1 and mTORC2, Moorman and Shenk (R@d€ently showed that
Torinl, but not rapamycin, blocks mTOR signalingsrdptsassembly of elF4F, and
significantly decreases accumulation of viral pircgein human cytomegalovirus- and
HSV-infected cells. However, these experiments vpendormed at moi 0.05 for three
days, which amplifies small defects in virus reglion. As such, the effects of mMTOR
inhibition in herpesvirus-infected cells appearb® similar to the effects in VacV-
infected cells. Our results suggest that VacV hapexifically low requirement for
elF4F to translate its mMRNASs. This is in agreenwattt previous studies in transformed
cell lines (Aldabeet al, 1995; Mulderet al, 1998) and a recent in vitro analysis that
suggested that the unusual polyA-tract in the 5’'WFRacV mRNAs may reduce their
dependence on normal cap-dependent translatioiatiort processes (Shirokikh and
Spirin, 2008). However, their seemingly low deperze on elF4F may simply be

similar to abundant, unstructured “housekeeping’NAR.

Our findings do demonstrate that elF4F activity ardes viral protein synthesis and is
beneficial for virus replication, even if the effef disrupting this critical complex is

not as dramatic as might be expected.

193



4.3 Direct manipulation of the elF4F complex by vaccirm virus

Given the importance of the elF4F complex in retjudptranslation, a number of
viruses encode proteins that directly interact wetR4F to manipulate its function.
Among RNA viruses, rotavirus-encoded protein NSHBd$ specifically to the
conserved 3’end of viral mMRNA and to the transkaiiatiation protein elF4G (Piroat
al., 1998; Vendeet al, 2000). In addition, elF4G displays higher affynibr NSP3 than
for PABP and as a consequence the interaction keetwd#-4G and PABP is disrupted
in rotavirus-infected cells (Groft and Burley, 200&hich results in reduced efficiency
of host mMRNA translation and circularization-medthtenhancement of viral protein
synthesis. Similarly, the expression of influensaiy NS1 protein has been shown to
promote translation of viral but not cellular mMRNBg association with elF4G (Aragon
et al, 2000; Burguiet al, 2003). NS1 was found to recruit elF4G to the 5RJaf the
viral mRNA, allowing the preferential translatiori the influenza virus messengers.
Further study demonstrated that influenza virussded polymerase competes with
elF4E to bind to the cellular cap structures arfe#@l, and suggested the role of viral
polymerase as a substitute for the elF4E facton wie aim to promote viral mMRNA
translation (Burguet al, 2007). Hantavirus in turn took this approach eftether and
has been recently shown to replace the entire laelelF4F complex with the viral
nucleocapsid protein (N) (Mir and Panganiban, 208Bprotein was shown to directly
interact with 5’mRNA cap replacing elF4E functioand with 43S pre-initiation
complex functionally replacing elF4G activity. N svalso able to substitute as an RNA
helicase in rabbit reticulocyte lysates, functibpakplacing elF4A activity. Thus N
protein acts as a viral translation initiation tactvith all of the properties of the elF4F

complex. N-mediated translation initiation is aaVistrategy comparable to IRES. While
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IRES is acis-acting element that functionally supplants theunezment for cap-
dependent translation, N igrans-acting element that replaces elF4F.

In the case of DNA viruses, adenovirus-encoded 1@@itein was shown to inhibit
phosphorylation of elF4E at Ser209 and block caflpirotein synthesis during the late
phase of infection by preventing the associatiorihef elF4E kinase Mnk1l with the
scaffold protein elF4G (Cuesa al, 2000). In addition, Xet al. (2004) demonstrated
that 100k binds to elF4G to promote translationicdl mMRNAs via ribosome shunting,
whereby the ribosomes jump to the start codon rathan scanning the mRNA.
Another example is ICP6 protein encoded by HSV+ls/iWalsh and Mohr, 2006),
which has homology to the cellular chaperone Hepat regulates elF4F levels during
stress (Cuestat al, 2000). ICP6 was shown to promote the assemblelBAF
complexes and is thought to directly promote thgoeistion of elF4E with the N
terminus of elF4G without involving other cellular viral components (Walsh and

Mohr, 2006).

Looking at the growing number of viruses encodiagtdrs that interact with the
scaffold protein elF4G suggests that it is a comrswategy used by both RNA and
DNA viruses to directly manipulate the key translatinitiation complex elF4F. How
vaccinia virus, the prototypical poxvirus, contrdise host translational apparatus
remained unknown so far. Our findings demonstr#hed, in addition to activating the
signal pathways that regulate elF4F, VacV also des@ protein that directly interacts

with this complex.
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4.3.1 Redistribution of selected proteins during VacV inéction

An unusual feature of VacV is that, although iai®NA virus, it replicates exclusively
in the cytoplasm of the infected cell. During Vaawvfection a number of selected
cellular proteins such as molecular chaperone Hgd8@get al, 2002), Cyclophilin A
(Castroet al, 2003), G3BP/Caprin-1 (p137) heterodimer (Katsasaand Moss, 2007),
Topoisomerase |l (Liret al, 2008), and DNA Ligase | (Parat al, 2009) have been
shown to redistribute to viral factories suggestimgjir importance in VacV replication.
Amongst cellular translational factors, the compuseof elF4F complex, elF4G and
elF4E were found to be dramatically redistributeal accumulated within the viral
factories, while the poly(A)-binding protein (PABRBRhd ribosomal proteins appear to
accumulate mostly around the factories (Katsafaaras Moss, 2007; Walskt al,
2008). In contrast, a number of other RNA-bindingteins do not redistribute during
infection. Therefore, rearrangement of cellulartgires during VacV infection appears
to be selective and most likely mediated by spediinctions, like in the case of the
recruitment of cellular topoisomerase Il by viraNPB ligase described by Liet al.

(2008).

Apart from VacV, African swine fever virus (ASFVis the only other DNA virus that

replicates exclusively in the cytoplasm and it ateoses relocalization of both elF4G
and elF4E to viral factories (Castel al, 2009). In addition, immunofluorescence
technique revealed redistribution of other inibatiand elongation factors such as elF3,
elF2, eEF2 and ribosomes, and their accumulatidhinvend around the virosomes,

suggesting that viral replication, transcriptioranislation and morphogenesis occur in
close proximity in ASFV virosomes. Consequently, taese processes appear to be

tightly coupled, taking place in discrete cytoplasm@reas to maximize their efficiency.
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The same group investigated redistribution of thechondrial network during ASFV

infection using MitoTracker probes, which are aeseof mitochondrion-selective dyes
that are retained during cell fixation. While mibtondria appeared uniformly
distributed in the cytoplasm of uninfected cellsit accumulation at the periphery of
ASFV factories was evident at 16 hpi, suggestirag thTP synthesis is also coupled

with viral replication and protein synthesis (C#stet al, 2009).

VacV proteins also accumulate in the sites of ogpion. For instance, VacV-encoded
E3, a double-stranded RNA-binding protein that pres activation of PKR and RNase
L innate immune defenses (Chaeg al, 1992; Rivaset al, 1998), was found to
associate with factories. In addition, the fact theal-encoded transcription factors also
accumulate within the virosomes led to the suggestihat poxvirus transcription and
translation are linked, but probably not directbupled as in bacteria (Katsafanas and
Moss, 2007). Several other VacV early proteins dadoby genes B1R, H5R (Beaud
and Beaud, 1997) and early/intermediate proteinoded by I3L (Rochester and
Traktman, 1998) were also found to associate whith factories; moreover, it was
suggested that those proteins are simultaneouslytdcursors of sites of viral DNA
synthesis, since the factories incorporated BrdWnupvashout of a viral DNA
replication inhibitor (Domi and Beaud, 2000). Onatore of these proteins may play a

role in redistribution of host factors to viral fages.

4.3.2 Discovery of a VacV protein that associates with E4F

In the beginning of the investigation of redisttibn of translation factors caused by

VacV we speculated that a specific viral proteircelfular protein induced by the virus
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might interact with elF4F and/or other factors itweal in protein synthesis and trigger
their relocation in infected cells. Screening tlenponents of the elF4F complex in
VacV-infected normal human diploid fibroblasts (NH§) resulted in discovery of a
34-kDa protein actively translated and associatith anti-elF4G immune complexes at
16 but not 24 hpi (Fig. 3.3.1 a-b), which suggested it is either no longer synthesized
or no longer associated with elF4G at late stagesfection. In contrast, the 34-kDa
protein did not associate with anti-PABP immune ptaxes immunoprecipitated from
the cell extracts (Fig. 3.3.2). The 34-kDa proteias then identified by mass
spectrometry as an ssDNA-binding phosphoproteih ¢f3coded by VacV I13L ORF
(Fig. 3.3.4 b).

I3 has been shown previously to be an early-todiméeliate stage protein (Rochester
and Traktman, 1998), which agrees with the ide& ithia not actively synthesized at
late stages of infection (Fig. 3.3.1 b). FurthereydB shows strong affinity for ssSDNA
and was revealed to associate with ribonucleotdieictase, suggesting an interaction
with the nucleotide synthetic machinery at the iogpion fork and its potential role in
DNA replication and/or repair (Davis and Mathew893; Rochester and Traktman,
1998; Domi and Beaud, 2000; Welsehal, 2003). In addition, I3 phosphorylation on
serine residues does not alter its binding progertior ssDNA (Rochester and
Traktman, 1998). The function of I3 is poorly umgteod, although previous
observations lead to the suggestion that I3 playsssential role in the vaccinia virus
infectious cycle, most likely as a viral SSB (Rostlee and Traktman, 1998), but other

functions of I3 can not be excluded.

The interaction between I3 and elF4G was verified gerforming the reverse
Immunoprecipitation using anti-13 antiserum. AtsfirelF4G was not recovered with

anti-1I3 immune complexes, most likely because titébady epitope and elF4G binding
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site are the same region, or because direct bindfingn antibody to 13 alters its
structure causing release of bound factors, sud&FEG. Generating a stable cell line
over-expressing FLAG-tagged I3 allowed us to imnpreoipitate anti-FLAG immune
complexes from infected and uninfected cells exqings FLAG-I3, together with
associated elF4G. As shown in figure 3.3.14, FLAGelearly bound to elF4G in
uninfected cells. In addition, viral I3 competedagvthe recombinant I3 from binding to
elF4G, which resulted in the loss of elF4G ass@mmatvith FLAG-immune complexes
in infected cells. This could be the effect of muokver expression of recombinant
versus viral 13 detected by anti-I3 antiserum ipunsamples. However, the fact that
elF4G can be recovered together with FLAG-I3 comgdesuggests an interaction

between those two proteins that does not requiver atiral factors.

Our discovery that I3 interacts with elF4G was fiedi by an alternative, non-immune
based assay. elF4F complexes were recovered frégoted HEK-293 cells by 7-
Methyl GTP-sepharose 4B chromatography and the lssmpere then analyzed by
immunoblotting. As shown in figure 3.3.5, while i®was detected in mock-infected
sample, it clearly associated with elF4F complexemfected cells. In addition, the
binding of 13 was competitively inhibited by thediiibn of free 7-Methyl GTP to the
extracts. The fact that 13 was bound to elF4F inKFE®3 cells at this time point
suggested that 13 did remain associated with eli4ke late stages of infection reached
by 16 h in HEK-293 cells. This further supported ttiea that the lack &fS-labelled 13

in elF4G immune complexes at 24 hpi in serum-sthiNeiDFs simply reflected the

fact that its synthesis declined at late stages.

Furthermore, recovering cap-bound complexes fromnfected HEK-293 cells over-

expressing 13 by performing 7-Methyl GTP-sepharod® chromatography
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demonstrated that I3 was able to bind to elF4AR®w0Wn, in the absence of other viral
proteins and enzymes (Fig. 3.3.15). Direct inteoacbf 13 with cap complexes was
also verified by adding purified 13 to HEK-293 celttracts (Fig. 3.3.16). These results
strongly confirmed the specificity of 13-elF4F irdetion. The ability of 13 to directly

interact with elF4G was investigated further byfpemingin vitro binding assays.

4.3.3 Identification of 13- and elF4G-binding domains

Having identified 13 as a viral protein associatwgh translational factor elF4G we
then precisely investigated this interaction. Bgegsies of experiments using purified
proteins we demonstrated that 13 binds to elF4Glibgct interaction, moreover, this

binding occurred in the absence of other viral gire.

As demonstrated in Section 3.3.5, recovering cappbexes from uninfected HEK-293
cell extracts confirmed the ability of purified,shiagged 13 to associate with elFdF
vitro (Fig. 3.3.16). Therefore, a binding assay with &@Rfagments could be carried
out with the aim to determine whether 13 associatgl elF4G directly or whether it
involves other factors that mediate that reactibime binding assays were performed
using his-13 and three GST-tagged fragments of GIFM-(aal57-626), M-(aa627-
1045), and C-(aal045-1560) terminal, and GST-bawordplexes were recovered by
glutathione-sepharose 4B. Analysis of the samplegrimunoblotting suggested that
the 13-binding site is localized on the C-termifidlgment of elF4G. It is worth to
mention that RNA-binding domains of elF4G are ledamostly in the M-fragment,
while the direct interaction with I3 occurred withe C-terminal part of the gene,
indicating that this interaction did not involveetmucleic acid-binding regions of

elF4G. Moreover, 13 does not appear to compete witter elF4E or PABP for the

200



binding site of elF4G, as their domains are siiatéhin the N-terminal fragment. C-
terminal part of elF4G contains, however, the Mgkftinding domains, and Ad 100k
protein also binds the C-terminus to evict Mnk12l anhibit translation (Cuestt al,
2000). However, the competition between Mnk1/2 EBncan be excluded on account of
the fact that VacV was shown to stimulate the elk#iase during infection to promote
elF4E phosphorylation (Walsdt al, 2008). This suggests that I3 seems to bind amegi

of C-4G distinct from that of Mnk1/2 and Ad 100k.

Identification of the region of I3 involved in its association lwielF4G was then
performed by the same binding assay, using fivaagged deletion fragments of I3 as
described in Section 3.3.7, and GST-tagged C-tamiragment of elF4G (C-4G).
Sample analysis by immunoblotting using anti-hid anti-GST antisera demonstrated
that only the fragment labeled F1 (aal-216) andtddlwithin the C-terminal region of
I3 was found to associate with C-4vitro, despite its low abundance in the reaction
observed in input samples (Fig. 3.3.21). Noteworshiye fact that the predicted nucleic
acid-binding domain of I3 is located within amineids 91-154 (Rochester and
Traktman, 1998), which is a part of the fragment &l distinct from the region
required for binding to C-4G (Fig. 3.3.22). Morenvihe C-terminus of I3 containing
the putative elF4G binding site has been shown dohlghly acidic (Davis and
Mathews, 1993), similar to other ssDNA-binding pios such as bacteriophage T4
gene 32 protein, where a role in replication hasnbéemonstrated (Chase and
Williams, 1986). In addition, this region of thenge32 protein was also shown to
mediate interactions with other proteins (Krassal, 1991), suggesting that it shares

similar features with VacV 13.
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Surprisingly, the large fragment F5 deleted inNtderminal domain but containing
amino acid sequences from region 160-216 failede&iore binding to C-4G. The
possible reason is that the loss of N-terminalaegesulted in changing the protein
structure that is no longer able to interact witlR4&, or it could be that both domains
are involved in binding. Although the binding ass&yl needs to be optimized, finding
the region of 13 responsible for its interactiorttwelF4G provides an important issue

for future study.

Study of 13 interactions demonstrated that thigganodirectly associates with the key
cellular translational factor elF4G and with capngdexes, suggesting its role as an
important tool used by the virus to commandeer iafucomponents of the host

translational apparatus.

4.4 Inhibition of host mMTORCL1 activity and its influence on I3-elF4F interaction

It was shown previously that VacV infection stimtel the activity of mTORC1
complex which results in inactivation of the traginal repressor 4E-BP1 by
phosphorylation leading to stimulation of elF4F @bex formation (Walshet al,

2008). Treating cells with the mTORC1 inhibitorapamycin - effectively prevented
inactivation of 4E-BP1 and patrtially reduced thedarction of infectious virus, as can
be seen in figure 3.2.12. Here, we establishedittmition of mMTORC1 also affects

the interaction between I3 and elF4F complexes.

4.4.1 Effect of rapamycin on I3 association with elF4F coplexes

To examine 13-elF4F interaction in the presenceapmycin, 7-Methyl GTP-bound

complexes were recovered from infected HEK-293s¢c@hd associated proteins were
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analyzed by western blotting. As shown previousipamycin effectively prevented
phosphorylation of 4E-BP1 mediated by VacV but dmt alter the levels of elF4F
complexes and had no significant effect on the medation of 13 in infected cell
extracts (Fig. 3.3.23). However, rapamycin did wthe levels of 13 bound to elF4F
approximately 3-fold, although significant amourk I3 remained associated with
elF4F, which was not disrupted by rapamycin. Sirylabinding of recombinant, his-
tagged I3 to elF4F was partially reduced when cayppdexes were recovered from
uninfected cell extracts treated with rapamycing(R3.3.24), demonstrating that the
effect of rapamycin is not limited to the contekirdection. These results indicate that
I3 continues to associate with the major initiaticomplex in the presence of
rapamycin, which would explain why this inhibitoiddnot affect the total VacV
translational rates or total levels of 13, as illated in figure 3.2.11. Furthermore, our
results do demonstrate that although rapamycinndiddrastically affect interaction
between I3 and cap complexes, maximal I3 bindirguired the activity of cellular

MTORCI1.

4.4.2 Effect of rapamycin on I3 association with elF4G

We then examined whether the same effects wereazkevhen the association of 13
with elF4F complexes was performed by immunoprégifgin of elF4G from infected
cells. Western blot analysis demonstrated that @Ifé¢hd elF4E levels remained
unaltered in infected cells with or without the g@ace of rapamycin (Fig. 3.3.25),
indicating that elF4F complex is not disrupted @apamycin in HEK-293 cells.
Surprisingly, in contrast to findings with 7-Meth@@TP-sepharose, rapamycin did not

affect the levels of*S-labeled 13 associated with elF4G indicating tBaassociation
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with the scaffold protein in infected cells is megulated by mTORC1 complexes. This
outcome could explain our previous findings thataraycin, in contrast to LY294002,

does not affect VacV protein synthesis or accunmnadf viral proteins (Fig. 3.2.11).

The fact that inhibition of MTORC1 results in retion of 13 levels associated with 7-
Methyl GTP cap complexes, but not with elF4G itsetiuld reflect differences in the
sensitivity of assays used in those experimentsvever, each assay was directly
recovering different components of the elF4F compleamely elF4E and elF4G,
which suggests the possibility of I3 interactionttwother factors bound to the cap.
Taking into consideration that during VacV infectiairal 13, as well as cellular elF4G
and elF4E were shown to accumulate within the sitegral replication (Rochester and
Traktman, 1998; Katsafanas and Moss, 2007; Weilsll, 2008), we tested whether 13

might also associate with the cap-binding protéH4E.

4.4.3 Investigation of possible 13-elF4E interaction

To test if I3 could bind to elF4E, a binding assaing his-13 and batch-purified elF4E
was carried out. As demonstrated in figure 3.3I136Jid associate with the 7-Methyl
GTP cap complexes in the presence of elF4E, atlteiabsence of the remaining elF4F
components. This result suggests that I3 might hlageability to associate with both
elF4G and elF4E factors, although this implicatimeds to be verified by performing

in vitro binding assays using purified elF4E protein anttdgments.

On the assumption that 13 does interact with elfRd&examined whether the efficiency
of this binding is affected by the presence of @FZo do this, increasing amounts of a
GST-tagged N-terminal fragment of elF4G (N-4G) eamhg the elF4E binding site,

but bereft of the binding site for 13, was addedh® binding reactions. Western blotting
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analysis of the samples demonstrated that inclusidd-4G did not change the levels
of 13 bound to the cap complexes (Fig. 3.3.26)bit&ling did not increase as I3 binds
the C-terminal domain of elF4G. This experiment destrated that association of I3
with elF4E was not competitive at least for theeXstinal fragment of elF4G, and

suggested that 13 can interact with both free drd@-associated elF4E.

Those results suggest that most likely the intevadtetween 13 and elF4E does occur.
Moreover, our observations imply that the effecrajfamycin on association between
I3 and cap-complexes might reflect competition leetw 13 and 4E-BP1 for binding to
free elF4E that is not a part of elF4F complex.sThwbuld explain why inhibition of
MTORCL1 did not affect 13 binding to elF4G but ildieduce the 13 association with
cap-complexes. Furthermore, it was suggested thRdEehas a larger footprint for 4E-
BP1 than that of elF4G, which partially overlaps #iF4G-binding domain (Matsued
al., 1997; Tomocet al, 2006; Moerkeet al, 2007). If that is the case, with its larger
footprint on elF4E, 4E-BP1 could potentially affdbe association of proteins with

elF4E that are not affected by binding of elF4G.

4.5 Regulation of PABP in VacV-infected cells

In addition to enhancing the levels of elF4F, Vaalgo stimulates the recruitment of
PABP to elF4F complexes in infected cells (Wadshl, 2008). As reported previously,
in contrast to elF4G and elF4E proteins that acdataunside the factories (Rochester
and Traktman, 1998; Katsafanas and Moss, 2007; Wetisal, 2008), only small
amounts of PABP are recruited into these sitesraf veplication (Walsket al. 2008).
However, the redistribution and localization ofgarpools of PABP near the factories

suggest that PABP might play a role in VacV protnthesis. Our findings imply that
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low abundance of PABP found in the factories miggthe result of its interaction with

elF4F complexes bound to I3 protein.

As demonstrated previously by performing cap-asségsV infection causes increased
formation of elF4F complexes and recruitment of PAR/hile the overall abundances
of elF4F components as well as PABP remain constainfected and uninfected cells
(Walshet al, 2008). This study confirmed the increased forarabf elF4F complexes
and recruitment of PABP by immunoprecipitation, destrating increased recovery of
elF4E in elF4G and PABP immune complexes recovdreoh infected cells. In
addition, only low levels of elF4E were detected RABP immune complexes
recovered from both mock and infected cells (Fig.3, suggesting that only small
amounts of the total cellular pool of PABP were fact associated with elF4F
complexes, at least in NHDFs. This would explaim fiict that only very little of PABP
was found accumulated within viral factories, midetly as a result of its association
with 13-bound elF4F complexes. Similarly, it is pdse that PABP complexes contain
small amounts of I3 as part of the elF4F-associgedion of PABP that was not
detected by the assay. The fact that I3 was abltaeddiate the recruitment of elF4G-
bound PABP to ssDNAnN vitro (Fig. 3.3.33) appears to confirm that assumption.
Therefore, this study demonstrates that althougivd3 not able to directly associate
with PABP, it could effectively recruit elF4F coneples associated with PABP. Indeed,
our findings demonstrate that binding domains 8amd PABP are located on different
termini of elF4G, suggesting that those two praeire likely to be able to interact with

the scaffold protein simultaneously.
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4.6 Function of 13 in regulating translation

The precise function(s) of 13 remain poorly undeost Rochester and Traktman (1998)
identified 13 as a viral single-stranded DNA (ssDNWinding protein (SSB), and its
role as a viral SSB has been considered. The FedtI8 is intensively synthesized
before and during DNA replication, its accumulation the sites of viral DNA
replication and high-affinity binding to ssSDNA maké an ideal candidate for a viral

SSB.

Single-stranded DNA-binding proteins (SSBs) areiadelements in cells of all living
organisms. SSB proteins associati¢gh ssDNA in a sequence independent manner,
preventing ssDNA from forming secondary structures and frongrddation by
nucleases (Greipadt al, 1989). As such, SSBs participate in all processeslving
ssDNA, suchas replication, repair and recombination, playing rae of a
multifunctional protein (Greipekt al, 1989; Meyerand Laine, 1990; Mooret al,
1991; Alaniet al, 1992). SSB proteins occur in prokaryotes and swkes and share

sequences as well as biochemical and struatbeahcteristics.

During their investigation of the potential rolel8fas an SSB carried out by Rochester
and Traktman (1998), the analogy of I3 to the ¢atliReplication Protein A (RPA),
which acts as a human SSB, has been considered. iRRAheterotrimeric single-
stranded DNA-binding protein (SSB) that is highbnserved in eukaryotes and plays a
critical role in many aspects of nucleic acid metsm. RPA homologues have been
identified in all eukaryotic organisms examined antéract with and/or modify the
activities of multiple proteins (Wold MS, 1997),céuas the components of the repair
machinery as well as the replication machinery @eal, 1995; Liet al, 1995;

Nagelhuset al, 1997). Similarly, I3 might associate with suchaVienzymes as the
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uracil DNA glycosylase (UDG). Verification of su@n interaction would clarify the
fact that UDG, similarly to 13, was shown to beeasgsal for DNA replication (Stuast

al., 1993; Millnset al, 1994).

Furthermore, earlier studies showed the interadigtween 13 and VacV ribonucleotide
reductase, suggesting that I3 may interact witmildeotide synthetic machinery at the
replication fork. It was also considered whetherid3dnvolved in promoting poxviral
recombination (Tsengt al, 1999). Furthermore, David and Mathews (1993)0olex
that 13, similarly to SSB of bacteriophage T4 (g&2eprotein), has a highly acidic C-
terminus. This fragment of gene 32 protein is resgde for mediating interactions
with other proteins. Similarly, we demonstratedtthiae C-terminal region of I3

interacts with the scaffold protein elF4G.

Studies to date of the function of 13 in VacV lidgcle were limited to its role in viral
replication as a viral SSB protein. The resultscdbsd in our study provide the first

evidence of 13’s interaction with key cellular peots mediating protein synthesis.

4.6.1 Role of I3 in stimulating translation

This study demonstrated that I3 associated with é¢b&4tF complex at early-to-
intermediate stages of infection (Fig. 3.3.1, 3,3vzhen the majority of viral proteins
are synthesized, and was not affected by PAA (%i8.29). However, PAA did affect
elF4F formation in infected cells (Fig. 3.3.27)ggasting that I3 was not capable of
directly stimulating the formation of elF4F compdsx In addition, looking at the
translational rates of control HEK-293 cells andlscexpressing recombinant 13
demonstrated that no significant changes in rat@atberns of cellular protein synthesis

were observed in the presence of I3 (Fig. 3.3.88).also examined whether 13 affects
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translation of RNA isolated from VacV-infected &alh vitro using rabbit reticulocyte
lysates programmed with RNA isolated from infeckteK-293 cells. As illustrated in
figure 3.3.34, similarly to the effects of I3 ondbgrotein synthesis, the presence of 13
did not significantly influence the rates or patteof viral protein synthesis. As such, I3
does not appear to have any significant directcetba the translation of either host or

viral messages.

4.6.2 Role of I3 in recruitment of translational factors to the factories

Although 13 did not influence translation directiyur findings demonstrate that it is
likely to be involved in indirect regulation of trelation by associating with
translational factors and retaining them withinaVvifactories. While redistribution of
translational factors elF4G, elF4E and PABP causgd/acV has been previously
described (Katsafanas and Moss, 2007; Waislal, 2008), the mechanism of this
movement remained unknown so far. By performing imofluorescence assay using
VacV-infected cells expressing GFP-tagged 13 we alestrated that it colocalized
within viral factories together with the scaffoldogein elF4G (Fig. 3.3.8), suggesting
direct involvement of I3 in redistribution of elF4@nd most likely elF4E shown to
colocalize with elF4G within the virosomes (Wakthal, 2008). We examined the role
of ssDNA in the ability of I3 to associate with rnisdational factors and their

relocalization to the factories.

I3 was shown to have high affinity for SSDNA, whigppears to explain its retention in
viral factories (Rochester and Traktman, 1998; §semnal, 1999; Domi and Beaud,
2000). By performing binding assay using exogenoadded ssDNA we demonstrated

that 13 is able to selectively recruit host tratiska initiation factors to ssDNAn vitro
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(Fig. 3.3.32) Specificity of recruitment of translational facdoby 13 was verified by
looking at the association of RBM3, the cellulantgin interacting with both RNA and
ssDNA, in the same samples. As illustrated in #g3:3.32, binding of RBM3 to
ssDNA was visibly reduced in the presence of I3siniikely as a consequence of
competition from 13 for binding to ssDNA. In additi to confirming the specificity of
I3 function in recruiting translation factors, thé&dso demonstrated that 13 was not
simply stabilizing the input ssDNA in extracts atitgreby, non-specifically mediating
the increased recovery of nucleotide-binding prstein general. The fact that 13
possessed the ability to directly bind and recsgpiecific factors to ssDNA and co-
localize with them to distinct sites of viral regdiion suggests a novel approach

adopted by a DNA virus to manipulate the transtatiotiation complex elF4F.

4.6.2.1Effect of PAA on elF4F complex formation

Recently a number of viruses have been shown teease the levels of elF4F to
promote viral protein synthesis. Although many DN#&uses are now known to
inactivate 4E-BP1, several DNA viruses including\H§ HCMV, and VacV are able
to mediate elF4F complex formation through addalpnrapamycin-insensitive
mechanisms due to enhancement of elF4G bindingRéEe which can occur in the
absence of significant release of the repressdBRE{Kudchodkaet al, 2004; Walsh
and Mohr, 2004; Walskt al, 2005; Zaborowska and Walsh, 2009). Interestingly
HSV-1-infected cells the release of 4E-BP1 alonesdonot appear to be sufficient to
promote elF4F complex formation in the absencehef\iral elF4F chaperone ICP6
(Walsh and Mohr, 2006). Similarly, we show thatmatiation of elF4F complex

formation in VacV-infected cells was reduced in thesence of PAA in spite of
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efficient release of 4E-BP1 from elF4E (Fig. 3.3.2h addition, PAA did not
significantly affect the ability of I3 to interawtith elF4F (Fig. 3.3.29) suggesting that,
in contrast to HSV-1-encoded ICP6 protein, I3 hbmgdialone is not sufficient to
promote initiation complex formation. PAA blocksrali factory formation and
redistribution of elF4G (Walslet al, 2008) suggesting that 13 might increase the
formation of elF4F complexes in cell types where thtes of complex formation are
low by concentrating host translation factors withiiral factories to enhance the
efficiency of viral protein synthesis. Similar pess of elF4F assembly was also
observed in serum-starved NHDFs infected with hurmogtomegalovirus (HCMV)
(Walsh et al, 2005). HCMV induces an increase in the overaliralance of elF4F
components and promotes assembly of elF4F compledagever, in contrast to HSV-
1, HCMV does not appear to encode any protein reain promoting the formation of

elF4F and, in contrast to VacV, does not redistelhost translation factors.

It is likely that increased levels of elF4F commexobserved in VacV-infected serum-
starved NHDFs, which contain low levels of transkatfactors (Ariaset al, 2009), are
caused by changes in the on-off rates of elF4E®@IRdteraction under more
concentrated conditions within viral factories. ig8unlikely to affect on-off rates of
elF4E:elFA4G interaction directly and in the presen€ PAA, when no viral factories
are formed to accumulate the factors, thus theldewé elFAF complexes remain

unaltered compared to those in uninfected cells.
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4.6.3 VacV AlI3L mutant

The literature to date, as well as the results inbth in this study, indicate the
importance of I3 protein in VacV replication andofgin synthesis. The attempt to
generate a VacV mutant lacking I3L gene by recoatimn, carried out in P.
Traktman’s laboratory (Rochester and Traktman, 199@s unsuccessful. Similarly,
this study shows that using a Vac-Baskstem developed by Domi and Moss (2005)
also failed to recoveAl3L mutant virus, although it was possible to repla3L ORF
with the gene encoding ampicillin (Fig. 3.3.35)daecover wild-type virus from the
BAC system (Fig. 3.36-a, 3.37-a). Furthermore, sdwdifferent sSiRNAs targeting the
I3 mMRNA failed to affect I3 accumulation in HEK-298 HelLa cells (not shown).
These outcomes suggest that the I13L gene prodestsential during the vaccinia virus
infectious cycle. However, despite the fact thad tssay was performed in three
repeats, it is possible that inability to recoyd#BL mutant was caused by spontaneous
mutation within the viral genome. Unfortunately,chase of time limitation more
thorough analysis of Vac\MI3L mutants could not be performed. However, furthe
investigation of 13 function based on Vac-Baslstem would be highly recommended.
Furthermore, due to incredibly fast headway in tgyag new techniques in molecular
biology, it may be possible to develop new techegjof creating viral mutants that
would allow efficient studies of the role of thisutiifunctional protein in VacV life

cycle.
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Section 5.0

Conclusion and future work
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5.1 Conclusion

In this study we demonstrate that Pl 3-kinase plagsitical role in regulating protein
production during VacV infection, at least in pést controlling the abundance and
activity of 4E-BP1, the translational repressor. Vé¢so show that 4E-BP1
phosphorylation and abundance is regulated by umkneapamycin-insensitive
mechanism regulated by PI3K, inhibition of whiclsults in dramatic suppression of
both the elF4F complex formation and the total stamonal rates in VacV-infected

cells.

Inhibition of both mMTORC1 and mTORC2 complexes gsannovel inhibitor Torinl
resulted in suppression of elF4F formation butrdi dramatically affect VacV protein
synthesis, suggesting VacV has a low requiremer¢lfe4F to translate its mRNAs, as
reported previously. However, we show that elF4Eviag enhances viral protein

synthesis and is beneficial to virus replication.

Moreover, we provide the first evidence of intei@actbetween VacV-encoded protein
I3 and cellular translational factors. This studiypws that 13 binds to elF4G by direct
interaction with its C-terminal region, and likelgteracts with elF4E as well. We
demonstrate that 13 is capable of specifically wdirg initiation factors elF4G and
PABP to ssDNA and co-localizes with elF4G withimaVifactories. In addition PAA, a
DNA polymerase inhibitor, did not significantly efft the ability of 13 to interact with
elF4F but it did suppress viral factory formationdaelF4F complex formation,
suggesting that I3 binding alone is not sufficiempromote complex assembly. I3 did
not appear to affect host or viral mRNA translatié&ss such, we propose that 13

regulates translation factor redistribution to Meactories during infection.
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Furthermore, mTORC1 inhibition by rapamycin only desetly affected VacV
translation and the association of I3 with elF4Hilevit did prevent VacV-induced
phosphorylation of 4E-BP1. However, our resultsidate that maximal efficiency of

VacV protein synthesis and I3 binding requireddbsvity of cellular mTORCL1.

Our attempts to recover a VacV mutant lacking tBle gene using Vac-Bak/system

were unsuccessful, although we did replace I3L @RFk the gene encoding ampicillin.
In addition, siRNA targeting 13 mRNA did not affel@ accumulation. These findings
indicate that I3L is an essential gene in VacV iogpion, in agreement with the

previous reports.

In overall conclusion, this study proposes a nduettion of VacV-encoded protein I3
in translation and therefore suggests a novel agbradopted by a DNA virus to
manipulate the translation initiation complex elF#éwever, the exact mechanism of

this process remains to be investigated further.
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5.2 Future directions

» In the case of signaling, more extensive investigabf Torinl effect on

PI3K signaling pathway during VacV infection shoblel carried out.

» Study the mechanism of the PI3K activation by VacV.

» It would be recommended to investigate the possitikraction between I3

and elF4E by performing the binding assays withfijgar proteins.

» It is possible that 13 binds also the other hodl faetors, in addition to
translation factors. Analysis of anti-I3 immune quexes recovered from

infected cells would be interesting.

» Further studies of the exact mechanism by whichuleel translational
factors are redistributed during VacV infection ahd role of ssDNA in this

mechanism would be highly recommended.

» It would be also interesting to study the possibteraction between I3 and

microtubules responsible for intracellular trangpor

» Further research based on the Vac-Baystem using multiple repeats of
VacV AI3L mutant preparation could result in recoverihg mutant virus

and allow to study the function of 13 in VacV priotesynthesis.

» Finally, it would be recommended to study the rofePABP in VacV
infectious cycle, starting from identifying the urdwn protein associated

with anti-PABP immune complexes in infected catisticed in figure 3.3.2.
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